Fig. 5A, B TEM analysis of 2 PLGA/COL sheet with cells.
Ultrastructural analysis was performed 2 weeks after cell seeding.
Note the abundant collagen fibrils produced from the cells (A

KUSA-A1 cells produce abundant collagen fibrils
on the scaffolds

TEM revealed that the cells were tightly adherent to the
surface of the PLGA fibers covered with collagen

arrows) and the abundant rough endoplasmic reticulum (rough ER)
at 2 weeks (B arrows)

microsponges 24 h after seeding. The cells were spin-
dle-shaped and in close contact to each other. The cell
nuclei had become large and bright at 2 weeks, and the
nucleoli had also increased in size. The abundant collagen
fibrils bridged the intercellular spaces and connected to
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Sham operation

& i

Fig. 6A-F Cranial defects implanted with hybrid sheets containing
osteoblasts. No bone formation in the defect is seen at 4 weeks
(4W) or 8 weeks (8W) after a sham operation (A, D) or after
implantation of PLGA/COL sheets alone (B, E). Bone formation

Fig. 7A-F Radiographs of cal-
varia. A A 4.3-mm defect (ar-
rowheads} was created on the
left side of skull. The X-ray
density of the KUSA-Al-seed-
ed sheet gradually increased (B
0 week, C 1 week, D 2 weeks, E
4 weeks, F 8 weeks). A x2, B-F
x6

Sheet alone

I

can be observed following hematoxylin and eosin staining of
KUSA-Al-loaded sheets 4 weeks (C) and 8 weeks (F) after the
sheets were grafted into a cranial defect. Insets: High-power views.
A-F x20, Insets x200
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Fig. 8A-H Cylinder-shaped bone formation. A Protocol. B Solid  removal of the silicone core, G Histological view of a cross section.
bone formation around the silicone core after 4 weeks of subcu- H Higher magnification of G. B x1.4, C x1, D x1.4, E, F x1, G x6,
taneous tissue culture. Macroscopic views (C, D) and radiographs H x40

(E axial view, F longitudinal view) of a cylinder of bone after
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Fig. 3A~-H Generation of a bone knot and phalanx-like bone. A-D  the bone knot in mice. E~H Phalanx-like bone, E, G Macroscopic
Bone knot. Bone formed in the predesigned knotted PLGA/COL  view of the bone generated (with thumb of X.T. for reference). F, H
sheet. A, C Macroscopic view of a bone knot. B, D Radiographs of Radiographs of the phalanx-like bone in mice. A-I» x1.3, E-H x1.1
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the synthetic fiber surface (Fig. 5A). The cells contained
extensive dilated rough endoplasmic reticulum in their
cytoplasm (Fig. 5B), thereby demonstrating the high
affinity between the cells and collagen and the active
protein-synthesizing capacity of the cells on the scaffold.

Implantation of laminated collagen hybrid PLGA sheets
with KUSA-A1 cells for calvarial defects

We investigated whether calvarial defects were restored
by the implantation of laminated collagen hybrid PLGA
sheets with KUSA-A1 cells. No bridging of the cranial
defects with new bone was observed at 4 weeks or at
8 weeks in mice, either in the sham-operated group or in
the sheet alone group (n=10). The healing response in the
control groups consisted of only a thin layer of connective
tissue spanning the defects. Because of the scaffold
remnants, the connective tissue was thicker in the defects
treated with sheets alone than in the sharn-operated group.
By contrast, implantation of the hybrid PLGA sheet with
KUSA-A1 cells over the calvarial defects resulted in
closure of the defects with newly synthesized bone within
4 weeks in 10 out of 10 trials (Fig. 6). To determine the
contribution of the implanted cells to osteogenesis, we
labeied the implanted cells with S-galactosidase. The
percentage of implanted cells was 96% in the generated
bone, implying that most of the osteoblasts were derived
from the donor cells. The thickness of the generated bone
was variable and seemed to be related to the numbers of
sheets. The scaffolds persisted at 4 weeks but had been
completely absorbed at 8 weeks. The synthesized bone
contained many vascular channels, and vascular endothe-
lial cells were positive when immunohistochemically
stained with Factor VIII antibody at 4 weeks. The newly
formed bone contained a more prominent marrow space at
8 weeks. Bone healing was monitored radiographically at
designated times after surgery (Fig. 7); the results showed
a gradual increase in newly formed bone in the calvarial
defects, and complete healing at 8 weeks.

Custom-shaped osteogenesis with PLGA/COL sheets

Since cylinder-shaped scaffolds are more suitable for
segmental long bone defects, the cell-seeded sheets were
rolled up around a hollow silicene rod (3 mm in diameter)
immediately before implantation into subcutaneous tis-
sue. After 4 weeks of cultivation in vivo, cylinder-shaped
bone had formed (Fig. 8). Its outer circumference was
covered with a fibrous layer, and ubiquitous vascular
channels were connected to it. We then attempted to
produce bone of more complex shapes (Fig. 9). The rolled
sheets were knotted and transplanted into subcutanecous
tissue, and uniquely shaped knots of bone were created.
The cell-seeded sheets wrapped around silicone rubber
blocks conformed well to the shape of the distal phalanx
when removed from the mouse after 4 weeks.
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Discussion

The shape of the sheets used in this study was not planned
in advance. However, the sheets could easily be molded
into desired shapes, such as a cylinder, knot, and phalanx.
Thickness and shape could be adjusted by simply lam-
inating, lapping, curling, or rolling the sheet, implying
that almost any desired shape of bone can be produced
with the sheets.

Up-regulation of cell adhesiveness by hybridization
of collagen microsponge to hydrophobic sheets

Cells find it difficult to adhere to hydrophobic scaffolds,
but hybridization of such scaffolds with collagen mi-
crosponges increases their cell adhesiveness. We have
previously reported a novel three-dimensional porous
scaffold hybridizing synthetic PLGA (Ochi et al. 2003)
and naturally derived collagen for cartilage tissue engi-
neering (Chen et al. 2000, 2001a). Osteoprogenitor cells
can be readily processed into three-dimensional porous
structures with desired pore morphological features that
fit the defect, prior to surgery. However, cell seeding
becomes more difficult as the thickness of the scaffold
increases. Cell density and glycosaminoglycan content
have been found to decrease with thickness in cartilage
tissue engineering (Freed et al. 1994). Introduction of a
novel PLGA-hybrid sheet with a thin planar sheet
structure greatly improves cell seeding and even cell
distribution. Since cell adhesion to the collagen mi-
crosponge in the opening of the PLGA is specific and
rapid, this adhesion may result in transmission of “adhe-
sive” signals that are important for the maintenance and/
or commitment of marrow-derived stromal cells, such as
osteoblasts and chondrocytes. This novel hybrid sheet
shows a high degrég of cell adhesion capacity and a more
even cell distribution than we had expected.

Validity of the PLGA/COL hybrid sheet as a scaffold
for bone tissue engineering

Bicomaterials are essential for bone tissue engineering, and
whether permanent or biodegradable, naturally occurring
or synthetic, they must be biocompatible and ideally
should be ostecinductive and osteoconductive (Urist
1965; Thomson et al. 1995). We have employed a
PLGA/COL hybrid, one of the most promising scaffolds
for osteogenesis. High-molecular weight molecules, such
as poly{lactic acid) and poly(glycolic acid) (Laurencin et
al. 1996; Gopferich et al. 1999), and inorganic materials,
such as ceramics (Ohgushi et al. 1996), hydroxyapatite
(Freed et al. 1999), and B-tricalcium phosphate (TCP),
have been evaluated as scaffolds for osteogenesis. Hy-
droxyapatite and TCP efficiently conduct osteoprogenitor
cells into themselves and become highly integrated with
adjoining native bone (Osborn and Newesely 1980;
Ohgushi et al. 1990), i.e., they have excellent osteocon-
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ductivity and osseointegration properties. However, they
do not induce osteogenic differentiation, ie., they lack
osteoinductivity. Moreover, problems arise associated
with their slow biodegradability and their association with
inflammation because of immunologic reactions.

Further modification of PLGA/COL sheets
for bone tissue engineering

To circumvent these limitations, natural or synthetic
materials and composite scaffolds based on poly(lactic
acid), poly(glycolic acid), and their co-polymer, PLGA,
have been developed to increase biodegradability (Ishaug
et al. 1997; Ishaug-Riley et al. 1998) and decrease im-
munological reactions (Mikos et al. 1998). These syn-
thetic polymers are mechanically stronger (Boyan et al.
1999) than naturally derived polymers, such as collagen,
and the scaffold can be used either alone, in combination
with osteoinductive growth factors, or with osteoconduc-
tive inorganic materials (Chen et al. 2001b; Kikuchi et al.
2002). Growth factors, such as bone morphogenetic
proteins (Lane et al. 1999; Oldham et al. 2000; Peter et
al. 2000) and vascular endothelial growth factor (Murphy
et al. 2000; Tabata et al. 2000), can be incorporated into
these synthetic polymers, and small hydroxyapatite par-
ticles can also be coated onto the polymers. Thus, the
FLGA/COL hybrid sheet can be endowed with osteoin-
ductivity and osteoconductivity to shorten the osteogen-
esis peried after implantation and to obtain mechanical
strength with plasticity. However, even after the addition
of hydroxyapatite, the mechanical strength of the scaffold
may be insufficient to maintain its original shape when
the scaffold is used to treat long bone defects, and greater
strength may be required to resist excessive mechanical
ovetload or to support body weight. There is also concern
that the acidic milieu associated with PLGA degradation
may be toxic to cells and may induce inflammation
(Bostman 1991; Wake et al. 1998), but we have found no
evidence of such adverse reactions in our study.
Synthetic polymers are currently used for a number of
orthopedic devices, including suture anchors and inter-
~ ference screws. Collagraft (Zimmer, Warsaw, Ind), a
composite of porous calcium phosphate granules and
bovine-derived fibrillar collagen for bone regeneration
(Comell et al. 1991), was approved by the US Food and
Drug Administration (FDA) in 1993 (Naughton 2002).
Our hybrid sheet also consists of matrices that have been
approved by the FDA. Some tissue-engineered skin re-
placement products are on the market, and the technology
of tissue engineering for sheet materials is well-estab-
lished. The scaffold used in this study retains large
numbers of osteoprogenitors or osteoblasts derived from
bone marrow, and because of its flexibility, assembles
them into tissue of the desired shape in mice. The hybrid
sheet is expected to become a useful scaffold for bone
tissue engineering, and by taking advantage of its unique
sheet form, it may be applicable elsewhere, such as in the

regeneration of skin, blood vessels, ligaments, and peri-
osteum, in addition to bone tissue engineering.
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Brain transplantation of genetically modified bone
marrow stromal cells corrects CNS pathology
and cognitive function in MPS VII mice
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Current therapies for lysosomal storage diseases (LSDs),
enzyme replacement therapy and bone marrow transpianta-
tion are effective for visceral organ pathology of LSD, but
their effectiveness for brain involvement in LSDs is still a
subject of coniroversy. As an altemative approach, we
. transplanted genetically modified bone marrow stromal
(BMS}) cells to lateral ventricle of newborn mucopolysacchar-
idosis ViIi (MPS VIi) mice. MPS VIl is one of LSDs and
caused by deficiency of beta-glucuronidase (GUSB), result-
ing in accumnulfation of glycosaminoglycans (GAGs) in brain.
At 2 weeks after transplantation, the GUSB enzyme-positive
cells were identified in offactory bulb, striatum and cerebral
cortex, and the enzymatic activities In various brain areas

increased. The GAGs contents in brain were reduced to near
normal level at 4 weeks after transplaniation. Although
GUSB activity declined to homozygous level after 8 weeks,
the reduction of GAGs persisted for 16 weeks. Microscopic
exarination indicated that the lysosomal distention was not
found in treated animal brain. Cognitive function in MPS Vil
animals as evaluated by Morris Water Maze test in treated
mice showed a marked improvement over nonfreated
animals. Brain transplantation of genetically modified BMS
cells appears to be a promising approach to treat diffuse
CNS involvement of LSDs.

Gene Therapy (2004) 11, 1475-1481. doi:10.1038/
5j.gt.3302338; Published online 5 August 2004

Keywords: bone marrow stromal cells; MPS VII; intraventricular transplantation; beta-glucuronidase; Morris Water Maze

Introduction

Mucopolysaccharidosis type VII (MPS VII, Sly syn-
drome) is one of lysosomal storage diseases (LSDs)
caused by deficiency of beta-glucuronidase (GUSB},
resulting in progressive accumulation of undegraded
glycosaminoglycans (GAGs) in various tissues including
the brain.»? A murine model of MPS VII is available and
its clinical, biochemical and pathological features closely
reflect those of human MPS VIL** Using this mouse
model, various therapeutic approaches including en-
zyme replacement therapy,®® bone marrow transplanta-
tion (BMT),*" gene therapy?¢ and cell therapy'>"
have previously been attempted with varying degree
of success. In case of enzyme replacement therapy,
patients must continue to receive enzyme replacement
in their whole life and the cost of recombinant enzyme
is another big burden to patients. BMT results in high
mortality and morbidity rate, especially at early infancy.
In gene therapy, although AAV vectors appear to have
a promise, it is still difficult to produce large amount of
recombinant virus. The safety issue of lentivirus vector
is another major concern for use of this virus vector
to human. In cell therapy, although transplantation of
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neural stem cells or amniotic cells shows a great hope to
treat CNS involvement in MPS VII, ethical and immu-
nologic problems mustbe cleared.

Recent studies have demonstrated that the bone
marrow stromal (BMS) cells have ability to differentiate
into osteocytes, chondrocytes, adipocytes, muscle and
also into neural cells,’®** and that the brain transplanta-
tion of BMS cells induces good dlinical outcome in
neurological diseases such as brain infarcton®® and
LSD.?* Patient's BMS cells could be harvested by a
simple bone marrow aspiration and grow rapidly in
culture, and autologous transplantation can overcome
ethical and immunologic problems associated with
transplantation of neural stem cells or amniotic cells.
In the present study, we demonstrate that the intraven-
tricular transplantation of BMS cells overexpressing
GUSB in neonatal MPS VII mice corrects the CNS
pathology and function in these mutant mice.

Results

Transduction of KUSA/AT by MND/HBG

KUSA/Al, mouse bone marrow stromal cell, was
transduced with human GUSB gene by retrovirus vector.
The GUSB activity in transduced cell (KUSA/HBG) was
increased from 5.9 x 10! to 1.9 x 10° nmol/h/mg. Histo-
chemical staining of GUSB-bearing KUSA/HBG cells
exhibited positive staining for GUSB, while parental
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KUSA /A1 cells were negative for the staining {data not
shown). These results are consistent with the data of
enzymatic activity.

Distribution of GUSB activity in the brain after
transplantation

At 2 and 8 weeks after transplantation, GUSB activities
in the recipient brains were determined. Serial coronal
sectons of mouse brain as shown in Figure 1 were
collected and GUSB activity was assayed quantitatively
in each section. GUSB activity in all brain regions of
treated MPS VII mice 2 weeks after transplantation was
higher than in those of age-matched untreated MPS VII
mice (Figure 1). GUSB activity of treated MPS VII mouse
brain was approximately 50 times higher than that
of untreated MPSVII mice in each section. This value
corresponds to approximately 20% of heterozygote
mouse level. At 8 weeks after transplantation, GUSB
activity in treated mouse brain declined to homozygote
mouse level.

Biochemical response of the brain in treated MPS VI
mice

It has been known that the enzyme activity of other
lysosomal enzymes such as o-galactosidase A («¢-Gal)
and hexosaminidase (Hex) are elevated in MPS VII
mouse brain, and that the reduction of these enzymes
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Figure 1 GUSB activity in various regions of the brain after transplanta-
tion. Average of GUSB activity in various regions of the brain of mice
at 2 (n=2) and 8 (n=23} weeks after transplantation and age-matched
untreated mutant mice. Mouse brains were divided into serial five coronal
sections. The regions were defined by anatornical landmark: a, olfactory
bulb; b, from end of olfactory bulb to beginning of striatum; c, striatum
to the rostal edge of the hippocampus; d, hippocampus to colliculus and
midbrain; e, cerebellum and brain stem. GUSB activity was expressed
as nmolfhjmg protein.
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by treatment is well correlated with therapeutic
effect.®'° Thus, to monitor the therapeutic effect of cell
transplantation, we assayed enzyme activities of x-Gal
and Hex in the brain of mice at 2 weeks after
transplantation. Activities of both enzymes in the treated
mouse brain decreased to those of heterozygous mouse
level (Figure 2a, b).

Histochemical detection of GUSB-positive celfs

in treated mouse brain

At 2 weeks after transplantation, we examined the
survival and distribution of transplanted cells by GUSB
histochemical analysis. In transplanted mice GUSB
positive cells (red) were found not only in meninges
and subventricular regions (Figure 3a) but also in
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Figure 2 a-Galactosidase A (w-Gal) and hexosaminidase (Hex) activity
in various brain regions of treated MPS VII mice. At 2 weeks after
fransplantation, average activities of a-Gal (a) and Hex (b) in the same
tissues (n=2) as described in Figure 1. These enzymatic activities in the
brain of treated MPS VII decreased to heterozygous level, These activities
are expressed as nmolfhjmg protein.
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Figure 3 Histochemical detection of GUSB-positive cells in treated mouse
brain. Cryosection of the brain in treated MPS VII mice at 2 weeks after
transplaniation. The GUSB positive cells were detected in various regions,
(a) subventricle, (b) cerebral cortex, and (c) olfactory bulb, of transplanted
MPS5 VI mouse brain. {bar = 200 pm).



cerebral cortex (Figure 3b) and olfactory bulb (Figure 3c),
while GUSB-positive cells were not found in control
untreated brain.

Correction of lysosomal distention in the brain

of treated MPS Vi mice

To evaluate lysosomal distention of MPS VII mouse
brain, histopathological analysis was performed in
variety of brain regions, such as cerebral cortex, olfactory
bulb, and striatum at 4 weeks after transplantation
(Figure 4). Profound lysosomal distention in neural cell
was observed in age-matched untreated MPS VII mice
(indicated by arrow, Figure 4a~c), while this was not
observed in olfactory bulb (Figure 4d), striatum
(Figure 4e} or cortex (Figure 4f) in treated MPS VII
mouse brain. There was no lysosomal distension in the
brain of the heterozygous mouse {data not shown).

Reduction in levels of GAGs In the brain of treated
MPS Vil mice

Levels of GAGs in the brain were determined in treated
MPS VII mice at 4, 8, 16 weeks after transplantation
(Table 1). In this study, we assayed amount of total
chondroitin sulfate (T-CS) and hyaluronic acid (HA),
which are known to accumulate in the MPS VII brain. At
4 weeks after transplantation, both of these two GAGs
in treated MPS VII mice were reduced significantly as
compared to age-matched untreated MPS VII mice (T-CS;
P=0.0012, HA; P=0.0002 respectively). Although the

Figure 4 Correction of lysosomal distention in the brain of treated MPS
VII mice. Pathological analysis of the MPS VII mouse brain. (a-c)
Untreated MPS VII mouse brain, (d—f) Treated MPS VI mouse brain,
{a and d) olfactory bulb, (b and &) striatum and (c and f) cerebral cortex
of the mouse brain. Although there were many cells with lysosomal disten-
tion in the multiple brain regions of untreated MPS VII mice (a—c), all
regions of treated MPS VII mouse brain 4 weeks after transplantation (d-f)
have no lysosomal storage vacuoles. (bar =40 um).
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Table 1 Reduction in levels of glycosaminoglycans (GAGs) in the
brain of treated MPS VII mice

Age (n) T-C5S (ugle wei-tissue) FHA (uglg wet-tissue)
Untreated 4 wk (n=3) 316.600 (+14.860)  £7.967 (+£2.835)
MPSVII 8wki(n=3) 531733 (+39.434)  BL667 (+4.47)

16 wk (n=23) 523.067 (£32452)  87.400 (+1.877)
Treated 4wk (n=4) 131975 (+£21.276)* 34.275 (+3.95)
MPS VI 8wk (n=3) 255.167 (£15.048)* 34.900 (x=2.757)"
16 wk (m=3) 312467 (+£25.894)* 45500 (£2.100)*
Normal 4 wk (n=3) 85.800 (£3.980) 24.467 (+1.110)
8wk (n=3) 182400 (+8.229) 36.733 (£ 5.584)
16 wk (n=3) 145267 (+19.368}  44.967 (45.109)

*P<0.01, **P<0.001.

Versus untreated MPS VII mice.

Total chondroitin sulfate (T-CS) and hyaluronic acid (HA) of GAGs
were measured biochemically 4, 8 and 16 weeks after transplanta-
tion by HPLC methods. *Indicates significant reduction (P<0.01)
versus age-matched untreated MPS VII mice. **Indicates significant
reduction (P <0.001) versus age-matched untreated MPS VI mice.

enzymatic activity diminished to homozygous level 8
weeks after transplantation, a significant reduction
(T-C5; P=0.0071, HA; P=0.0001) of GAGs in the brain
of treated MPS VII mice persisted up to 16 weeks after
treatment.

Improvement of cognitive function with the Morris
Water Maze (MWM) test

We performed the visible test before nonvisible test and
there was no significant difference of normal mice and
untreated MPS VII mice at 6 weeks old (data not shown).
These data indicate that there is no significant difference
of motor function between wild-type mouse and mutant
mouse. At 6 weeks after transplantation, we performed
the MWM to evaluate improvement of cognitive function
by the treatment. Mice_were adapted to the pool at the
day before the acquisition phase. The acquisition phase:
All of mice were trained from day 1 to day 5 to memorize
the platform place. The probe test (Figure 5): The probe
test was performed on day 6, immediately after the
acquisition phase. The platform was removed and the
amount of time spent in each quadrant was monitored.
It is well known that normal mice spend longer time in
target quadrant where the platform was placed at the
acquisition phase than the mean of other three nontarget
quadrants. Average of the time spent in the target
quadrant by treated mice was 22.4 (s), whereas average
of the time spent by untreated mice was 18.2 (s). Treated
MPS VII mice spent significantly more time in the target
quadrant than in the mean of other three nontarget
quadrants (P =0.0028), whereas in untreated MPS VII
mice the difference of time spent in the target quadrant
and the mean of the other three nontarget quadrants was
not statistically significant (P =0.3201),

Discussion

Cuwrrent available therapies for LSDs are BMT and
enzyme replacement therapy. However, both approaches
have inherent problems. BMT has high mortality and
morbidity rate and enzyme replacement therapy has
economic problems and life-long infusion of enzyme
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Figure 5 Improvement of cognitive function with the Morris Water Maze
Test. The probe test was performed on day 6 immediately after the
acquisition phase. After the platform was removed, the amount of fime
spent in each quadrant was monitored. Filled bars indicate the time spent
in the target quadrant, and open bars indicate the average time spent in
each of the three nontarget quadrants. Treated MPS VI ntice and normal
mice spent significantly more time in the farget quadrant than in the other
three nontarget quadrants (P<0.001), whereas in untreated MPS VII mice
the difference of time spent in larget quadrant and the other three
nontarget quadrants was not statistically significant (P=0.320). Un-
treated MPS VII mice (n=5), treated MPS VII mice (n = 6), normal mice
(n=>5).
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replacement is required. Moreover, it is still controversial
whether both approaches have a therapeutic effect for
CNS involvement in the LSDs. To circumvent these
problems, various approaches have been attempted to
develop a new treatment for CNS involvement of LSDs,
such as gene therapy and cell therapy. However, both
approaches still have limitations. In gene therapy,
although AAV vectors appear to have a promise, it is
still difficult to produce large amount of recombinant
virus. The safety issue of lentivirus vector is another
major concern for use of this virus vector to human.
In cell therapy, although transplantation of neural stem
cells or amniotic cells shows a great hope to treat CNS
involvement in MPS VII, ethical and immunologic
problems must be cleared.

In the present study, we tested BMS cells as a vehicle
to deliver the missing enzyme to wide region of the brain
of LSD mouse model. The BMS celis have several
advantages as compared to other stem/progenitor cells.
First, the BMS cells are readily accessible from bone
marrow and grow well in vitro. Second, the autologous
transplantation overcomes the ethical and immunologic
concerns. BMS cells have capability to differentiate into
various neural cell lineages. We generated GUSB over-
expressing BMS cell (KUSA /HBG) and KUSA /HBG was
transplanted into lateral ventricle of newborn MPS VII
mice. At 2 weeks after transplantation, expression of
GUSB was observed in all of brain lesions. GUSB
histochemical staining revealed that transplanted cells
migrated to various brain regions not only ventricles also
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brain parenchyma, including cerebral cortex and olfac-
tory bulb. Even though the number of transplanted
cells in brain parenchyma was small, the pathological
improvement is significant. Lysosomal storage in most of
cells, such as endothelial cells, glial cells and neurons
from various brain regions, was reduced. The amount
of T-CS and HA, which was accumulated GAGs in MPS
VII brain, was also reduced markedly.

To assess the functional improvement of the treated
animals, we performed the MWM testThe MWM is
known as test to evaluate cognitive functions. At 6 weeks
after the transplantation, treated MPS VII mice spent
significantly more time in the target quadrant than in the
other three nontarget quadrants and the time spent in the
target quadrant by treated MPS VII increased compared
with by untreated MPS VII mice. Earlier report also
demonstrated that the enzyme replacement therapy in
neonatal period,” gene therapy using lentivirus vector'
successfully restored brain function of MPS II mice. The
expression of GUSB in the brain of treated animals 8
weeks after transplantation was markedly reduced. This
relatively early reduction of GUSB activity in trans-
planted cells might be due to a mismatched allograft
transplantation. KUSA/A1 cells are derived from C3H
mouse, while MPS VII mice are C57BL/6 background. In
addition, because KUSA/HBG expresses huge amount
of human enzyme and the mouse immune system might
recognize transplanted cell as a foreign cells. Thus, there
Is a possibility that transplanted cells were rejected by
immunological mechanisms. Another possibility is that
the transplanted cells underwent apoptosis from other
unspecified mechanisms. We previously transplanted
human neural stem cells into lateral ventricle of newborn
MPS VII mice.'® The human neural cells transduced with
GUSB gene successfully corrected CNS pathology and
restored enzyme levels, but grafted cells later underwent
cell death by apoptosis mechanisms. The experiment is
currently under way to understand the mechanism(s) for
early death 8f KUSA/HBG cells in mouse brain. In the
present study, although GUSB activity of treated mice 8
weeks after transplantation declined to those of un-
treated mice, interestingly, the restored GAGs contents in
treated mouse brain were maintained up to 16 weeks
after transplantation. Moreover the MWM showed that
the brain function of treated mice still improved.

These results suggest that once MPS VII mice receive
certain amount of GUSB cells in early stage, the brain
function was maintained even after the considerable
reduction of enzymatic activity. GAGs synthesis and
GAGs turn over in adult MPS VII brain may be small so
that GAGs do not re-accumulate. Large amount of GUSB
may not be necessary for adult MPS VII brain after
newborn brain treatment with GUSB.

Another question is what kinds of cell types trans-
planted cells differentiate into following brain transplan-
tation. Previous reports have shown that the marrow
stromal cells transplanted into the brain migrate to the
parenchyma and differentiate into neural cells2t2
Number of KUSA/HBG cells in brain parenchyma was
too small to perform double immunostaining, thus we
performed another set of experiments. Briefly, KUSA /A1
cells were transduced by a LacZ expressing retrovirus
vector and transplanted into striatum of adult C57BL/6
mice. After transplantation, frozen sections were made
and double stained with anti-LacZ antibody and cell



type specific antibody, such as anti-NeuN for neurons,
and anti-GFAP for astrocytes. Although a small number
of LacZ positive cells expressed NeuN, majority of LacZ
positive cells did not express any cell type specific
makers (data not shown). These observations suggest
that even if these cells have a migrating capacity in
mouse brain, most of cells lost differentiation capability
in vivo. We do not know the reason why our results differ
from those of previous reports. However, for our
purpose, transplanted cells do not necessarily differenti-
ate into certain neural cells, such as neuron and glial
cells. In another words, in order to treat the brain
pathology of MPS VII mice, enzyme competent cell
should migrate to various brain lesions and cross correct
enzyme deficient neighboring cells.?® In this regard, even
if transplanted BMS cells did not differentiate into neural
cells, BMS cell transplantation can correct the brain
involvement of MPS VII. There are still some obstacles to
be overcome to use BMS cell as a vehicle for treatment
of brain involvement of LSDs. We transplanted BMS cells
during neonatal period. However, it is quite rare that
LSDs patients were diagnosed in this period. The
development of newborn screening system for early
detection of LSDs patients may overcome this problem.
We do not know if BMS cell transplantation should have
beneficial effect for the CNS involvement in MPS VII in
later stage. Since a previous study has demonstrated that
the BMS cell brain transplantation in Niemann-Pick
disease mice at 3 weeks of age was effective for CNS
involvement, this may be the case for MPS VII as well.
The transplantation of BMS cell into the brain in MPS
mice at 3-4 weeks of age is underway.

In conclusion, we have demonstrated that the intra-
ventricular transplantation of BMS cells overexpressing
GUSB in neonatal MPS VII mice corrects the biochemical
defects, CNS pathology and cognitive behavior in these
mutant mice.

Materials and methods

Animals

Breeding pairs of (+/mps) were purchased form the
Jackson Laboratory and bred in our institutional animal
facility. Mutant mice (—/—) were identified by genetic
analysis of DNA from mouse tail.* Enzymatic activity

- of tail was also measured as described below to confirm

the diagnosis. Animals were maintained on a 12-h light/
dark cycle and given a standard rodent chow.

BMS cell

Mouse BMS cell line, KUSA/A1, was established by
limiting dilution of Dexter long-term cultures from C3H/
He female mouse. The detailed methods and characters
of this cell line were described previously.® This cell line
is able to differentiate into osteoblasts and neural cells,
including neurons, astrocytes and oligodendrocytes
under specific conditions. This cell line was cultivated
in DMEM/10% FCS at 37°C and 5% CQO,.

In vitro retroviral transduction

- Full-length human GUSB ¢DNA (provided by Dr WS Sly
of Saint Louis University) was cloned into EcoRI site of
retrovirus vector plasmid pMNDXSN (provided by Dr
DB Kohn of University Southern California)? The
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recombinant retrovirus expressing human GUSB was
generated by transfection of this plasmid to PA317
packaging lines. The condition medium of packaging
cells were collected and filtered through 0.45 pm filter.
The resultant condition medium was added to ~50%
confluent KUSA /A1 cells and incubated at 37°C for 2h
in the presence of polybrene (8 pg/ml). After incubation,
the condition medium was removed and fresh medium
(DMEM/10% FCS) was added. About 24 h later, the cells
were selected with G418 (400 pg/ml) and resistant cells
were pooled (KUSA/HBG). The GUSB activity in
KUSA/HBG was assayed as described below to confirm
successful transduction. Cytochemical analysis of GUSB
was also performed.

Intraventricular transplantation of KUSA/HBG
KUSA/HBG was washed and harvested by 0.1% trypsin.
The cells were resuspended in PBS and injected into the
both lateral ventricles of mice within 48 h after birth
using a 30G needle attached to a Hamilton syringe.2® At
this age, mutant mice do not exhibit any clinical and
pathological symptoms. Thus, we expect maximized
therapeutic effect. Injected volume of cell suspension was
approximately 5 pl and the number of transplanted cells
per mouse was from 1 x 10° to 1 x 108,

Histochemical/cytochemical analysis of GUSB
Transplanted mice were killed at 2 weeks after trans-
plantation. Brain was removed and immediately em-
bedded with OCT compound (Miles) and frozen in a
liquid nitrogen bath. The samples were cut 10 pm
sections by eryostat. The sections were fixed with chloral-
formal-acetone fixative. The histochemical analysis of
GUSB activity was performed using naphthol-AS-BI
p-D-glucuronide as a substrate. The detail method of
this staining was described elsewhere.?® After hisito-
chemical staining of GUSB, sections were counterstained
with 1% methyl greencThe culture cells were fixed and
stained with same method as stated above.

Lysosomal enzymes activities

Cells were washed briefly with PBS twice and harvested
by 0.1% trypsin. After centrifugation, cell pellets were
stocked at —B80°C until assay. Cell pellets were resus-
pended in water and sonicated. The cell lysate was
centrifuged at 14000 g for 10 min at 4°C. The treated
mice, age-matched mutant (~/-) and heterozygote
(+/-) mice were killed at 2 and & weeks after
transplantation. Harvested mouse brains were also
stocked at —80°C until assay. To assess the distribution
of transplanted cells, brain was cut into five serial
coronal sections (Figure 1). To make tissue lysate, tissue
was homogenized in water using a glass homogenizer.
The homogenates were also centrifuged at 14 000 g for
10 min at 4°C and the resultant supernatant was used as
enzyme source. The enzymatic activities of GUSB, a-Gal
and Hex were measured fluorometrically using the
artificial substrate, 4-methylumbelliferyl (4MU) p-D-
glucuronide, 4MU ao-D-galactopyrancside and 4MU
N-acetyl-B-D-glucosaminide dihydrate (Sigma) respec-
tively.****% Protein concentration was determined by
the BCA kit (Pierce) following the manufacture’s
instruction. Activity was expressed as nanomoles of
4-methylumbelliferone released per mg protein per hour.

1479

Gene Therapy

-230-



Brain transplantation of genetically modified BMS cells in MPS VIl mice
K Sakurai et af

1480

Histopathological analysis of lysosomal distension

At 4 weeks after transplantation, treated mice, age-
matched mutant and heterozygote mice were killed.
Small blocks (3 x3x3mm?®) of various brain regions
(olfactory bulb, cerebral cortex, and striatum) were
immersed in 2% glutaraldehyde in PBS and fixed for
2-3 weeks. After fixation, the samples were embedded
in Epon-araldite. Ultrathin sections (1.0 um) were cut
and were stained with toluidine blue to evaluate
lysosomal distention.*2¢

Analysis of GAG contents

Brain contents of T-CS and HA, which is substrate of
GUSB, were measured by enzyme digestion and HPLC
method.** The amount of T-CS and HA were expressed
as pg/g wet tissue.

The MWM test

The MWM test was carried out at 6 weeks after
transplantation. The acquisition phase and the probe
test of the MWM test were performed as previously
described.*** The MWM test was slightly modified for
this test. Briefly, the pool of a diameter 100 cm was filled
30 cm deep with water at 20°C. A transparent circular
plexiglass platform 10 em in a diameter was placed 1 em
below the surface of the water and 20 em from the wall
of the pool. The pool was designed as divided into four
quadrants. The mice were released to the pool facing the
wall at three points, four trials per a day were made for
each mouse and the order of the releasing points was
selected at random but all mice were followed the same
order. If the mouse found the platform within 60 s, it was
allowed to stay on the platform for 15s. If the mouse
could not find the platform within 60 s, it was guided to

the platform by experimenter and it was allowed to stay -

on the platform for 15s. All of the mouse traces were
recorded by the over-head video camera. The acquisition
phase of the test was performed for the 5 consecutive
days (days 1-5). On day 6, the platform was removed
and mice were released from the opposite side of the
original platform place and the amount of time spent
in each quadrant was monitored (the probe test).

Stalistical analysis

A two-tailed Student’s #-test was used for comparing
the significance. The data are presented as meanzs.e.
P-value less than 0.05 was considered as significant.
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ABSTRACT

In Drosophila melanogaster, the wings apart-like (wapl) gene encodes a
protein that regulates heterochromatin structure. Here, we characterize a
novel human homelogue of wap! (termed kuman WAPL; AWAPL). The
RWAPL mRNA was predominantly expressed in uterine cervical cancer,
with weak expression in all other normal and tumor tissues examined,
hWAPL expression in benign epithelia was confined to the basal cell
layers, whereas in dysplasias it increasingly appeared in more superficial
cell layers and showed a significant correlation with severity of dysplasia.
Diffuse hWAPL expression was found in all invasive squamous cell car-
cinomas examined. In addition, NIH3T3 cells overexpressing hWAPL
developed into tumors on injection into nude mice, Furthermore, repres-
sion of AWAPL expression by RNA interference induced cell death in SiHa

cells. These resnlts demonstrate that hWAPL is associated with cell

growth, and the AWAPL expression may play a significant role in cervical
carcinogenesis and tumor progression.

INTRODUCTION

The wings apart-like {(wapl) gene of Drosophila melanogaster
encodes a protein that regulates heterochromatin structure (1).
Mutations of wapl prevent the normal close apposition of sister
chromatids in heterochromatin regions but do not appear to affect
either heterochromatin condensation or chromosomal segregation
(1). This evidence suggests that wap! is required to hold sister
chromatids together in mitotic heterochromatin. wap! has also been
implicated in both heterochromatin pairing during famale meiosis
and the modulation of position effect variegation (1). In addition,
d P element screen of Drosophila identified wap! as a modifier of
chromosome inheritance (2). '

Among all varieties of cancer, uterine cervical cancer is'um'que
because of its association with high-risk human papillomavirus (HPV)
infection, with strains like HPV-16 and HPV-18. High-risk HPVs
encode two oncoproteins, E6 and E7, which subvert crucial cellular
regulatory mechanisms that reactivate and maintain DNA synthesis in
the host cell. E6 accelerates proteosomal degradation of the p53 tumor
suppressor, and E7 inactivates the retinoblastoma protein, interfering
with the action of both p16™¥4* (3) and the cyclin-dependent kinase
inhibitor pZIC‘P‘ (4, 5). Both the E6 and E7 high-risk HPV oncopro-
teins independently induce genomic instability in normal buman cells
(6, 7). Only a small portion of precursor lesions infected with HPV,
however, develops into invasive carcinomas (8). Therefore, additional
genetic and microenvironmental factors subsequent to HPV infection
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are thought to play an important role in the initiation and progression
of cervical neoplasia (8-10).

In this study, we describe the isolation and characterization of a
novel human wapl-related gene termed human WAPL (hWAPL). We
have also demonstrated that AWAPL has the characteristics of an
oncogene and is associated with uterine cervical cancer.

MATERIALS AND METHODS

¢DNA Cloning and Construction of the hWAPL Expression Vector. To
isolate the complete AWAPL ¢DNA sequence, we used a human testis Mara-
thon-Ready cDNA kit (Clontech, Palo Alto, CA).

To create an expression vector encoding AWAPL, a HindllI-EcoRI cDNA

- fragment containing the complete coding region of AWAPL was amplified by

PCR using the primers 5-TTAAGCTITGAAACTGGTGTCAAAATGA-
CATCCAGATT-3' and 5-TTGAATTCAAGCAATGTTCCAAATATICA-
ATCACTCTAGAG-3' and inserted into the hemagglutinin (HA)-tagged mam-
malian expression vector, pHM6 (HA-hWAPL; Roche Diagnostics, Mann-
heim, Germany).

Northern Blot and Quantitative Real-Time PCR Analysis. RNA isola-
tion (11) and Northern blot analysis (11, 12) were performed as described. The
674-bp Dpnll fragment of AWAPL ¢DNA was used as a probe and labeled with
2P using the Rediprime II random prime labeling system (Amersham Bio-
sciences, Piscataway, NJ). A human B-actn ¢cDNA contrel probe (Clontech)
was used as a controk.

First-strand cDNA synthesis was performed as described (13). Real-ime
PCR analysis was performied using the Smart Cycler System (Cepheid, Sunny-
vale, CA) with SYBR Green 1 (Cambrex, Washington, DC). Real-time PCR
used the AWAPL-specific primers 5'-GAATTCATAGGCACAGOGCTGA-
ACTGTGTG-3' and 5'-TTGAATTCCTAGCAATGTTCCAAATATTCA-3'
and B-actin-specific primers 5'-GGGAAATCGTGCGTGACATTAAG-3' and
5" TGTGTTGGCGTACAGGTCTTTG-3'. Reaction mixtures were denatured
at 95°C for 30 s and then were subjected to 40 PCR cycles at 95°C for 3 s,
68°C for 30 s, and 87°C for 6 5. AWAPL mRNA levels were normalized to
B-actin signals.

Immunohistochemistry and Immunoblot Analysis. To generate mouse
monoclonal antibodies against RWAPL, we immunized mice against 8 § X
histidine-tagged hWAPL COOH terminus (amino acids 814-1037) fusion
protein. Spleen cells of an immunized mouse were fused with P3UI mouse
myeloma cells as described previously (14). Of the 128 hybrids generated, one
clone {clone R929) showed exclusive reactivity with hWAPL by ELISA. We
used the supernatant of this clone as anti-hWAPL antibody.

Immunohistochemieal assays were performed on formalin-fixed, paraffin-
embedded sections using Ventana HX System Benchmark (Ventana Medicat
Systems Inc., Tucson, AZ). Immunohistochemical stains for FWWAPL were
interpreted semiquantitatively by assessing the intensity and extent of staining
on the entire tissue sections present on the slides as described (9).

Immmunoblot analyses were performed as described previously (15). The
anti-HA {Roche Diagnostics; 3F10) and monoclonal anti-a-tubulin ¢clone B-5-
1-2 (Sigma Chemical Co., St. Louis, MO; T-5168) antibodies were purchased.

Animals and Treatment. BALB/cAJcl-nu female mice (4 weeks old)
were purchased from Charles River Japan, Inc. (Kanagawa, Japan).

The tumorigeneicity of the stable NIH3T3 transformants overexpressing
hWAPL in vivo was examined as described previcusly (16).

Cell Culture and small interfering RNA (siRNA) Transfection. SiHa
and NTH3T3 cells were grown in DMEM (Sigma) containing 10% fetal bovine
serum at 37°C in a 5% CO, environment. For the transfection of siRNA, we

3545

-233-



AWAPL EXPRESSION IN UTERINE CERVICAL MALIGNANCY

generated siRNAs using a Silencer siRNA Construction Kit (Ambion, Austin,
TX). siRNA transfection was performed in DMEM without serum using
Oligofectamine Reagent {Invitrogen Japan, Tokyo, Japan) and Opti-MEM I
(Invitrogen Japan).

For cell quantitation, we harvested the cells from the wells of a 12-well plate
and resuspended them in 100 wl of PBS. Trypan blue solution (100 g, 0.4%;
Sigma)} was added to each sample, and viable cell numbers were quantitated
using an erythrometer. The resulis shown are representative of three independ-
ent cell count analyses.

RESULTS

Molecular Cloning of AWAPL. To isolate wapl-related genes
from human cells, we searched DNA databases and identified a cDNA
fragment, KIAAO0261 (17), and three expressed sequence tag clones,
BE410177, BF79516, and BE257022, containing the KIAAQ251 se-
quence. We also performed 5" rapid amplification of ¢cDNA ends.
From these DNA sequences, we cloned and confirmed the full-length
coding region sequence of the ¢cDNA containing KIAAQ261, We
named this gene AWAPL (GenBank accession no. AB065003) 1o
reflect its homology to wapl. The RWAPL gene product shows high
sequence similarity in the WAPL-conserved region (aminc acids
627-1169, 34% identical and 56% similar) and low similarity through-
out the other regions to the wapl gene product. Several additional
stretches of amino acids are also present in wapl protein (Fig. 14).

High-Level Expression of ktWAPL in Human Cervical Cancer.
As wapl is involved in sister chromatid cohesion, hWAPL may
modify chromosomal inheritance. Deregulation of the expression of
genes invelved in chromosomal inheritance directly induces a variety
of disorders associated with aneuploidy, including birth defects and
cancer. Northern blot analysis detected AWAPL mRNA expression in
several invasive cervical cancer samples, examined in tandem with
additional human cancers and normal tissues (Fig. 18). We confirmed
the AWAPL expression in cervical cancers by quantitative real-time
PCR analysis of tumor and normal tissue samples. The levels of
AWAPL mRNA expression in cervical cancers were significantly
higher than the levels observed in either normal cervical controls or
endometrial, ovarian, breast, lung, stomach, renal, and colon cancers
(Fig. 10).

To investigate the connection between hWAPL expression and
oncogenesis in cervical malignancies, we examined the expression of
hWAPL by immunohistochemistry in a series of clinical samples of
the various grades of cervical dysplasia [cervical intraepithelial peo-
plasia (CIN) I-TII] and invasive squamnous cell carcinoma. We found
nuclear immunostaining for h(WAPL in all samples (Fig. 24). hWAPL
expression in benign squamous epithelia was confined to the basal and
parabasal cell layers. In contrast, hWAPL expression in squamous
dysplasia and invasive carcinoma increasingly appeared in the more
superficial cell layers and was significantly increased compared with
the adjacent benign epithelia (P = 0.0002 for CIN I, P = 0.0003 for
CIN II, P = 00001 for CIN III, and P = 0.0001 for invasive
squatmous cell carcinoma; Wilcoxon's signed rank test). CIN I and II
cases showed hWAPL expression in the basal 50 and 70% of the
epithelial thickness, respectively, whereas CIN III and invasive squa-
mous cell carcinoma showed hWAPL expression in the full thickness
of the dysplastic epithelia (Fig. 24). Furthermore, the mean hWAPL
staining score increased remarkably with increasing grade of dyspla-
sia (Fig. 2B). These data strongly suggest that the unscheduled high-
level expression of h'WAPL may play a significant role in cervical
carcinogenesis and tumor progression.

hWAPL Has Oncogenic Characteristics. Because we observed
high-level expression of RWAPL in turnors, we sought to determine
whether hWAPL overexpression promotes tumor development, We
transfected NIH3T3 cells with an HA-tagged hWAPL expression

vector (HA-hWAPL 3T3) or HA expression vector (HA-3T3). Then,
we compared the ability of HA-hWAPL 3T3 with HA-3T3 cells to
grow as tumors in nude mice. We injected 10° cells into three s.c. sites
of each nude mouse. HA-hWAPL 3T3 cells produced tumors in all
nude mice within 10 days after injection of cells (100%, » = 18; Fig.
3A). HA-3T3 failed to produce tumors in any mice (0%, » = 18). We
confirmed high hWAPL expression levels in the resultant tumors by
Western blot analysis (Fig. 3B). These results suggest that AWAPL has
the characteristics of an oncogene.

Repression of hAWAPL Expression Induces Cell Death. We ex-
amined hWAPL function by suppressing hWAPL expression. Initial
artempts to generate a WAPL-deficient mouse demonstrated that the
loss of WAPL was embryonic lethal (data not shown). Therefore, we
designed two 21-nucleotide, double-stranded siRNAs, siRNA(D) and
siRNACII), 10 repress AWAPL expression (Refs. 18 and 19; Figs. 14
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Fig. 1. Sauctures of wings apar-like (WAPL) proteins and human WAPL (hWAPL)
expression in normal and mor human tissues. A, schematic stracture of the AWAPL and
Drosophila wapl gene products. The site corresponding to the probe sequence used for
Northern blot analysis is indicated by “‘probe.” The antibody recognition site is indicated
by “hWAPL-C.” The small interfering RNA (siRNA) targeting sites are indicated by
“siRNA()” and “siRNA(II)." B, Northern blot analysis of RWAPL in several normal (V)
and wmer (7) buman tissues. €, quantitative real-time PCR analysis demonstrating
AWAPL mRNA levels in various normal (V) and tumor (7) human tissues. Colunms, the
means of examined samples. The minimum mRNA expression level was arbitrarily set to
1 in the graphical presentation; afl other mRNA signals were normalized to this valve.
Bars, SD.
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Fig. 2. Immunchistochemicat analysis of buman wings apart-like (AWAPL) expression in uterine carvical epithelia of Hiormal, dysplasia, and carcinoma. A, immunohistochemical
suining of hWAPL expression in benign squamous epithelium, various grades of squamous dysplasia [cervical intraepithelial neoplasia (CIV} grades I, II, and I}, and invasive
squamous cell carcinoma (/SCC). BWAPL was stained with hematoxylin counterstain; H&E. B, graphical represeatation of the increase of the BWAPL expression with increasing
severity of dysplasia in cervical squamous epithelia. The mean hWAPL staining scores were calculated as described (9). Bars, SD. €, Western blot analysis with the total extract from
a uterine cervical cancer-derived cell line, SiHa, to confirm the specificity of the anti-hWAPL monoclonal antibody EWAPL-C,

and 4A). We examined various human cancer-derived cell lines and
found that cervical cancer-derived cell lines containing both HPV-
positive and -negative cells exhibited higher levels of hWAPL
expression compared with the other cell lines (data not shown).
Then, we examined the effects of suppressing AWAPL in a cervical
cancer-derived cell line, SiHa. siRNA transfection at a concentration
of either 1 nm siRNA(I) or siRNA(II) reduced AWAPL mRNA levels
(Fig. 4B). siRNA(I) was more effective at reducing RWAPL mRNA
than siRNA(H). Thus, we used siRNA(I) in the subsequent experi-
ments. hWAPL protein levels were also significantly reduced after
siRNA(I) transfection (Fig. 4C). Interestingly, siRNA(I) repressed the
growth of the cells and subsequently induced cell death (Fig. 4, D and
E). siRNA(TI) repressed cell growth in a similar manner as siRNA(I)
(Fig. 4D), suggesting that the effects of these siRNAs on poliferation
and viability are likely caused by the repression of hWAPL expression.
Similar results were obtained in another cervical cancer-derived cell
ling, CaSki, with 10 nm siRNA(Y) (data not shown). On the contrary,
we did not observe any effects of siRNA(I) on cells expressing
relatively low levels of BWAPL, such as Saos-2 and HCT116 (data not
shown).

To investigate the fate of cells transfected with siRNA(D, we
analyzed siRNA-transfected cells by flow c¢ytomeuy (Fig. 5). In

siRNA()-transfected cells, the population of cells exhibiting $ phase
DNA content increased (Fig. 5; 48 and 72 h). In addition, there was
an increase in the number of apoptotic cells exhibiting subG, DNA
content (Fig. 5; 72 h). Many cells showing S phase DNA content may
also be apoptotic cells at G,-M phase, Taken together, these results
suggest that a malfunction in the hWAPL pathway activates an S
phase checkpoint or another apoptotic pathway and consequently
leads to cell death.

DISCUSSION

In this study, we report the isolation and characterization of a novel
human gene termed AWAPL. We were unable to identify additional
genes similar to wap! within the human genome sequence database.
Thus, although the high-sequence conservation between hWAPL and
wapl is limited to a third of the protein sequence encoded by wap!
(Fig. LA), we consider hWAPL to be the human homologue of wapl.
We did not find any protein sequence motifs in hWAPL, except for
the WAPL-conserved region (Fig. 14). We therefore expect that
hWAPL has similar functions to the wapl protein, Two hybridization
signals for RWAPL were visible by Northern blot analysis (Fig. 18).
Western blot analysis, however, detected only a single band for
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Fig. 3. Human wings agart-like (AWAPL) overexpression promotes tumor davelop-
ment. A, tumorigenecity of HA-hWAPL 3T3 in nude mice. The lower mouse in the panel
is shown 10 days after the injection of HA-hWAPL-3T3 at three s.c. sites, The upper
mouse was injected with the control HA-3T3 cells. B, Western blot analysis of hWAPL
protein in mmor and other control tissues from HA-hWAPL-3T3-injected nude mice, Top
panel, anti-hWAPL antibody; bottom panel, anti-HA antibody.

hWAPL (Fig. 2C). In addition, we did not obtain additional pucleotide
sequences similar to the open reading frame of hWWAPL by PCR
analysis with various PCR primers (data not shown). Thus, we con-
sider that the two hybridization signals may reflect the difference of
the length of the untranslated regions of the AWAPL mRNA.
High-level expression of AWAPL was observed in cervical cancers
(Fig. 1, B and C). Furthermore, hWAPL-overexpressing 3T3 cells
developed into tumors on injection into nude mice (Fig. 3). These
results suggest that AWAPL has oncogenic characteristics. Cervical
cancer is a serious health problem, with ~500,000 women developing
the disease each year worldwide. In many developing countries, it is
the most common cause of cancer death and years of life lost because
of cancer (20). Although the fundamental role of high-risk HPV
infection in the pathogenesis of cervical carcinoma is well established,
other factors are thought to play a role in cervical carcinogenesis (8,
21). Because all of uterine cervical samples examined were HPV
positive (data not shown), it is still to be confirmed whether h(WAPL
expression is inducible by HPV infection. However, HPV-positive
normal cervical tissue samples exhibited low hWAPL expression (Fig.
1, B and C and data not shown), and an HPV-negative, uterine cervical
cancer-derived cell line, C33A, showed high hWAPL expression (data
not shown), Thus, hWAPL expression is likely to be more closely
related with cervical carcinogenesis than HPV infection. Recently,
Acs et al. (9) found significant correlation among expression of Epo
receptor, pl6™**%, and bel-2 in benign and dysplastic squamous
epithelia. In our results, AWWAPL showed similar expression pattern to
Epo receptor and pl6™%*® in benign and dysplastic cervical squa-
mous epithelia and invasive squamous cell carcinomas (Fig. 2, A and
B). Although we did not find any evidence for RfWAPL being involved
in hypoxia-inducible Epo signaling, htWAPL may cooperate with the
Epo signaling in the progression of cervical neoplasia. These obser-
vations indicate that hWWAPL overexpression can be used as a useful

diagnostic tool in the detection of cervical dysplasia like pl674a
(22) and Epo receptor (9). In addition, our results provide the neces-
sity to investigate the potential of hWAPL as a cancer therapentic
target.
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Fig. 4. chn:sswn of human wings apart-like (h WA.PL) expression by small
interfering RNA (siRNA) treatment induces cefl death. A, sequences and structures of
siRNAs. The negative conirol siRNA possesses the same nucleotide composition as
siRNAQ) but lacks bomology to any known buman genes. B, reduction of the RWAPL
transcript by siRNA in SiHa cells, After siRNA transfection, SiHa cells were har-
vested at either 48 or 72 h. Total RNA was extracted from the cells and subjected to
real-time PCR analysis. I, siRNA(I); I7, siRNAII); ne, negative contro) SiRNA; wt,
untransfected wild type. Data were normalized to a maximum mRNA level that was
arbitrarily set to 1 in the graphical presentation. C, reduction of hWAPL protein levels
by siRNA, Western blot analysis of total cell extracts from untreated SiHa or $iHa
cells 72 b after wansfection with siRNA(1) or negative control $iRNA, e-mbulin is
shown as a loading conirol, D. active siRNA specific for AWAPL induces cell death,
SiHa cells transfected with $iRNA(T), siRNA(D, or negative control siRNA were
harvested at 24, 48, 72, and 96 h after transfection. Cell numbers were counted usiog
an erythrometer. Bars, SE. E, representative phase-contrast images of SiHa cells
transfected with siRNA(I) and negative control siRNA are shown.
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Fig. 5. Flow cytometric analysis of SiHa cells after small interfering RNA (siRNA)
transfection, SiHa cells were transfected with either siRNA(T) or negative control siRNA,
then harvested at 24, 48, and 72 b after transfection, Cells were stained with propidium
iodide and subjected to flow cytometric analysis fo examine DNA content. A total of
50,000 cells was counted for the sample siRNA(T) 72 b, and 20,000 cells were counted for
the other samples.

Loss of WAPL was embryonic lethal in mouse (data not shown),
and repression of hWAPL expression in Sila cells led 10 ¢ell death
(Fig. 4). Flow cytometry analysis demonstrated that malfunction of
hWAPL may cause apoptosis and/or arrest of cells at S phase (Fig. 5).
In addition, Drosephila wapl is associated with regulation of chro-
matin organization {1). Thus, we expect that hWWAPL is also associ-
ated with regulation of chromatin structure, and deregulation of
hWAPL expression may induce chromosomal instability. Although
additional investigations are pecessary to elucidate the actual function
of hWAPL in normal and malignant cells, our results have demon-
strated that the novel oncogene, hWAPL, is one of the essential genes
for development and cell growth and may play a significant role for
cervical carcionogenesis and tumor progression,
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Abstract

Background Cel! transplantation has recently been challenged to improve
cardiac function of severe heart failure. Human mesenchymal stem cells
(hMSCs) are multipotent cells that can be isolated from adult marrow stroma,
but because of their limited life span, it is difficult to study them further. To
overcome this problem, we attempted to prolong the life span of hMSCs and
investigate whether the hMSCs modified with cell-cycle-associated genes can
differentiate into cardiomyocytes in vitro.

Methods We attempted to prolong the life span of hMSCs by infecting
retrovirus enceding bmi-1, human papillomavirus E6 and E7, and/or human
telomerase reverse transcriptase genes. To determine whether the hMSCs with
an extended life span could differentiate into cardiomyocytes, 5-azacytidine-
treated hMSCs were co-cultured with fetal cardiomyoeytes in vitro.

Result The established hMSCs proliferated over 150 population doublings.
On day 3 of co-cultivation, the hMSCS became elongated, like myotubes,
began spontaneously beating, and acquired automaticity. Their rthythm clearly
differed from that of the surrounding fetal mouse cardiomyocytes. The
number of beating cardiomyocytes increased until 3 weeks. hMSCs clearly
exhibited differentiated cardiomyocyte phenotypes in vitro as revealed by
immunocytochemistry, RT-PCR, and action potential recording,.

Conclusions The life span of hMSCs was prelonged without interfering with
cardiomyogenic differentiation. hMSCs with an extended life span can be used
to preduce a good experimental model of cardiac cell transplantation and
may serve as a highly useful cell source for cardiomyocytic transplantation.
Copyright @ 2004 John Wiley & Sons, Ltd.

Keywords Bmi-1; marrow stroma; cardiomyocytes; immortalization; papillo-
mavirus; senescence

introduction

Cell tansplantation has recently been attempted to improve cardiac
function in severe heart failure. Many types of cells, such as embry-
onic stem cells [1,2], fetal cardiomyocytes [3-5], myoblasts [6,7],
bone marrow hematopoietic cells [8,9], and mesenchymal stem cells
(MSCs) [10-12], have been transplanted to functionally restore damaged
or diseased tissue in animal models, and mononuclear cells [13-16]
or myoblasts [17] have been injected into ischemic hearts clinically.
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