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Regeneration of Osteonecrosis of Canine Scapho-lunate Using Bone Marrow
Stromal Cells: Possible Therapeutic Approach for Kienbock Disease
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We evaluated the ability of canine bone marrow stromal cells (¢BMSCs) to regenerate bone in a cavity of
the scapholunate created by curretage and freeze—thawing with liquid nitrogen (LN). Autologous BMSCs
were harvested from the iliac crest and expanded in vitro. Their potential to differentiate into osteo-, chon-
dro-, and adipogenic lineages was confirmed using a standard differentiation induction assay. LN-treated
scapholunates showed no regeneration of bone tissue when the cavity was left alone, demonstrating severe
collapse and deformity as observed in human Kienbock disease. A combination of B-tri-calcium phosphate
and a vascularized bone graft with autologous fibroblasts failed to regenerate bone in the LN-treated cavity.
When the same procedure was performed using BMSCs, however, LN-treated scapholunates showed no
collapse and deformity, and the cavity was completely filled with normal cancerous bone within 4 weeks.
These results suggested the potential of using BMSCs to treat Kienbick discase.

Key words: Osteonecrosis; Kienbtck disease; Bone marrow stromal cells; Vascularized bone graft;

B-Tri-calcium phosphate (B-TCP)

INTRODUCTION

Mesenchymal stem cells (MSCs) represent a stem
cell population present in adult tissues that can be iso-
lated, expanded in culture, and characterized in vitro and
in vivo. MSCs differentiate readily into chondrocytes,
adipocytes, and osteocytes, and can support hematopoi-
etic stem cells or embryonic stem cells in culture (25,
26). The clinical application of MSCs to the regenera-
tion of bone has been investigated in several pathologi-
cal conditions, including avascular necrosis of bone (1,3,
7,8,10,12,16). In the case of avascular necrosis of the
femoral head, favorable clinical results were reported
(7,8,12), although direct evidence of the contribution of
MSC to the regeneration of bone has yet to be demon-
strated.

Kienbiick disease (osteonecrosis of the lunate or lu-
natemalacia) is an avascular necrosis of the lunate (18),
of which the precise incidence is unknown. This disease

may develop in any individual in the first to eighth de-
cade, but predominantly is found in the dominant hand
of male manual worker aged between 20 and 55 years
(15). Although its precise ctiology is still unknown, poor
anatomical vascularity and excess mechanical stress are
considered to be important factors related to the occur-
rence of this disease (15). When the disease becomes
advanced, affected lunates will collapse and lose their
anatomical structure, which may lead to intercarpal in-
stability, joint incongruity, and osteoarthritic change, re-
sulting in severe pain and disability (28). Because the
disease often afflicts young active laborers, treatment
should ideally allow the patient to return to work quickly.

A number of surgical procedures have been invented
based on two etiological factors mentioned above. Vas-
cularized bone graft (VBG) is the most theoretically rea-
sonable procedure among them because it induces revas-
cularization of and provides mechanical strength to the
affected lunate (6,13,17,23,33). However, relatively long-
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term initial immobilization (up to 3 months) is recom-
mended to prevent the collapse of the lunate, which may
limit range of motion (6), and it is known that the lunate
after VBG is revascularized slowly and easily recol-
lapses in cases of advanced Kienbock disease (17,23).
Ideally, procedures increasing bone strength quickly
without affecting wrist function should be combined
with VBG to treat advanced Kienbick disease. The
transplantation of MSC, with their potential to differen-
tiate into bone-lineage cells, is a promising procedure to
accelerate bone regeneration, the effect of which should
be investigated in appropriate experimental models.
However, there are no ideal animal models of Kienbick
disease. Sunagawa et al. reported an experimental model
of nonunion with avascular necrosis of the scaphoid us-
ing the radial carpal bone (scapholunate) of dogs, in
which freeze—thaw treatment was used to inhibit sponta-
neous healing (30). In this study, we created a severely
damaged scapholunate by curretage and freeze—thawing,
which showed no spontaneous repair, and investigated
the usefulness of MSC transplantation combined with
VBG for preventing the collapse of necrotic bone.

MATERIALS AND METHODS
Cell Isolation and Culture

Ten milliliters of bone marrow was aspirated from
the iliac crest of a male beagle dog (15 kg) under intra-
venous anesthesia. The marrow samples were fraction-
ated by centrifugation over a density cushion using Per-
coll gradient (Amersham Biosciences Corp., Piscataway,
NIJ) as described previously (4). The interface layer was
removed, and nucleated cells were plated on 100-mm
culture dishes in DMEM (Sigma Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Logan, UT) and antibiotics (0.1 mg/ml of
streptomycin and 100 IU of penicillin G), hereafter
called the standard medium, at 37°C in a humidified at-
mosphere of 5% COy/95% air. These cells were further
cultured as autologous bone marrow stromal cells (BMSCs).
Autologous fibroblasts (FBs) were prepared from subcu-
taneous connective tissue by enzymatic digestion with
0.1% collagenase (Nitta Gelatin, Osaka, Japan). Culture
conditions for FBs were the same as for BMSCs. BMSCs
and FBs were cultured for 21 days before transplanta-
tion, during which the culture medium was changed ev-
ery other day. Animal experiments were approved by
the institutional animal research committee, and per-
formedaccording to the Guidelines for Animal Experi-
ments of Kyoto University.

Induction of Differentiation

Differentiation was induced using the standard method
(25), and the content of differentiation induction me-
dium was as described in Table 1. For osteogenic induc-
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tion, cells (3 x 10%) were seeded on six-well plates with
standard medium. After 24 h, the medium was replaced
with osteogenic induction medium (Table 1), and further
cultured for 21 days before the calcification assay. The
medium was changed on every other day. For chondro-
genic induction, cells (2 x 10°) were transferred into a
15-ml polypropylene tube, centrifuged at 1500 rpm for
5 min, and resuspended in 0.5 ml of the chondrogenic
induction medium (Table 1). Cells were recentrifuged at
the medium change on every other day, and maintained
as a small pellet for 21 days. For adipogenic induction,
cells (2 x 10°) were seeded on six-well plates and cul-
tured with the standard medium. When the cells were
confluent, the adipogenic induction was initiated with
the induction medium (Table 1) for 3 days and main-
tained with the maintenance medium (Table 1) for the
next 3 days. This cyclic culture was repeated for 21 days.

Transduction of Lentiviral Vector Containing
the lacZ Gene

Ampho 293FT cells (6 x 10%) (Invitrogen, Carlbad,
CA) were seeded on 100-mm culture dishes 24 h before
transfection. The lentiviral vector containing the lacZ
gene (pLenti-6/V5-GW/lacZ; Invitrogen) was then co-
transfected with a mixture of packaging plasmids (pLP1,
pLP2, and pLP-VSVG:; Invitrogen) by lipofection using
lipofectamine 2000 (Invitrogen). The virus-containing
supernatant was harvested at 72 h posttransfection and
filtered by 0.45 pm filter (Millipore, Billerica, MA). The
aliquot was stocked at —80°C before use. For transduc-
tion, BMSCs and FBs (1 x 107 each) were seeded on
150-mm culture dishes and incubated with 10 ml of
virus-containing supernatant in the presence of poly-
brene (4 pg/ml). Transduced cells were cultured in
DMEM/Ham's F12 with 10% FBS for 24 h before the
transplantation.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted using Trizol Reagent (In-
vitrogen), followed by treatment with DNase I (Nippon
Gene, Tokyo, Japan). All RT reactions were performed
using 1 pg of total RNA with the Super Script First
Strand Synthesis System (Invitrogen) according to the
manufacturer's instructions. PCR amplification was car-
ried out using 1 pl of RT product in a final volume of
25 pl containing 20 pmol each of the sense and antisense
primers, 25 mM MgCl,, 0.2 mM of each dNTP, and one
unit of rTaq polymerase (TOYOBO, Osaka, Japan). All
PCRs were performed using GeneAmp 9700 (PE Ap-
plied Biosystem, Foster City, CA). Sequences of primers
are listed in Table 2. PCR products were separated in a
1.5% agarose gel and stained with ethidium bromide.
Culture experiments were done at least twice, and the
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Table 1. Composition of Differentiation Medium
Adipogenic Induction
Osteogenic Induction Chondrogenic Induction Induction Medium Maintenance Medium

Basic medium MSC growing medium* MSC growing medium* DMEM, high glucose DMEM, high glucose
Supplements  FBS 10%) FBS (10%) FBS (10%) FBS (10%)

Dexamethasone (0.1 mM) Dexamethasone (0.1 mM)  Insulin (0.01 mg/ml) Insulin (0.01 mg/ml)

Ascorbic acid (50 mM) Ascorbic acid (0.17 mM)  Dexamethasone (1 mM)

B-Glycerophosphate (10 mM) Insulin (6.25 mg/ml)
Linoleic acid (5.33 mM)
Proline (0.35 mM)
Selenous acid (6.25 ng/ml)
Sodium pyruvate (1 mM)
Transferrin (6.25 mg/ml)
BSA (1.25 mg/ml)
TGF-B3 (0.01 mg/ml)

Indomethacin (0.2 mM)
3-Isobutyl-1-
methylxanthine (0.5 mM)

*Bio Whittaker (Walkersville, MD),

RNA extracted from cells in each experiment was ana-
lyzed separately.

Preparation of the Cavity in Scapholunates

In anatomical structure, the canine carpal bone and
blood vessels are similar to their human counterparts (34,
35). The experimental model with scapholunate bone
was made using a modification of Sunagawa’s operation

(30). Adult beagle dogs weighing between 15 and 20 kg
were used. An IV injection of sodium pentobarbital was
used for anesthesia. The scapholunate was exposed dor-
sally, and a cortical window of 5% 10 mm was made,
through which as much cancerous bone was removed as
possible. After the curettage, the cavity was filled with
liquid nitrogen (LN) for 10 min, and the frozen bone
was thawed at room temperature for 10 min. This

Table 2. Primers Used in the RT-PCR Analyses

Size

Gene Primers* (bp) Position Accession No.

Cbfal/Runx2 TTCCTGTGCTCTGTGCTGCC 231 64-83 AY738265
GAAACTCTTGCCTCGTCCAC 275-294

Alp ACATACAACACCAACGCTCAG 426 649-669  XM_535374
CTTCTCGTCCATCTCATACTC 1054-1074

Osteocalcin CCTGGAGCCCAAGAGGGAA 62 24-42 AF2-05942
TGTGGTCAGCCAGCTCGTCAC 65-85

Collal CTGGAAGAGCGGAGAATACTG 609  3880-3900 NM_001003090
GTTGGGTGGGAGGGAGTTTA 44694488

Col2al ATGGTGGCTTCCACTTCAGC 291  4081-4100 NM_001006951
CGATCATAGTCTTGCCCCACTT 43504371

Aggrecan AGGGTTTCGTCCAGCGGCAT 176 6842-6861 U65989
TCCTGGAAGCTCCTCTCAGT 6998-7017

Ap2/Fabp4 TGGGTACCTGGAAACTTAGCTC 226 1928-1949 XM_548843
ACGTTTCTGTAATCCGCAGTAAC 2131-2153

Ppar-y TAAGTCGGATTCACGGATTCG 298 1287-1307 XM_533738
ATAAGGTGGGGATGCAGGCT 1565-1584

B-Actin AAGAGGGGCATCCTGACCCT 218  1645-1664 XM_536888
TACATGGCTGGGGTGTTGAA 18431862

*All primer sequences are written from 5 to 3'. For each pair, the top sequence is the sense primer and the

bottom sequence is the antisense primer,



414

freeze—thaw procedure was repeated three times. The
same operation was performed on the contralateral side.

Autologous Cell Transplantation

In the treatment groups (five dogs), the cavity was
filled with B-tri-calcium phosphate (B-TCP) granules
(0.2 cm?) (Osferion®, Olympus, Tokyo, Japan), and 1 x
107 cells of BMSCs suspended in 500 pl of phosphate-
buffered saline (PBS) were carefully injected into the
cavity on one side (hereafter called the BM side). The
same number of FBs was then injected into opposite side
(FB side). Finally the cortical window was plugged with
VBG, which was taken from the distal radius and nour-
ished by retrograde blood flow from the 3,4 intercom-
partmental supraretinacular artery, flowing orthograde
into the 2,3 intercompartmental supraretinacular artery
and its bony nutrient branch (30). At the time of surgery,
bleeding from the cut faces of the bone and arterial pul-
sation of the pedicle was observed in all VBG.

Imaging Analyses

X-Ray. X-Ray findings were evaluated at 4 weeks
after surgery. Antero-posterior and lateral views of both
wrists were obtained. The length between the distal capi-
tate and radius was divided by the length of the third
metacarpal bone to calculate the carpal height ratio
(CHR) from the AP view (38). Stahl index and angle
for radiolunate (RL angle) were measured from the lat-
eral view (9).

Magnetic Resonance Imaging (MRI). MRI was per-
formed on a SIMENS MAGNETOM Sonatal.5 T (40
mT/m maximum amplitude, 200 mT/m/ms slew rate,
Germany) with a Flex Coil. The protocol included stan-
dard T1-weighted sequence. Details were as follows:
repetition time (TR)/echo time (TE), 11.46/5.73 ms; flip
angle, 70°; field of view (FOV), 256 x 88 mm; slice
thickness, 0.5 mm; bandwidth, 130 Hz/pixel; pixel size,
0.5 % 0.5 mm.

Micro-Computed Tomography (Micro-CT). Canine
carpal bones were scanned by CT (SMX-100CT-SV3-
type, Shimazu, Kyoto, Japan). The image consisted of
800 slices with a voxel size of 68.224 pm in all three
axes. Coronal and sagittal cross-sectional views of the
scapholunate were reconstructed using adjunctive soft-
ware. This same setting was used for all samples. The
image reconstruction and quantification of the scapholu-
nate were performed with VG Studio MAX software
(Nihon Visual Science, Tokyo, Japan).

Macro- and Microscopic Assessments

The volume and weight of extracted scapholunate
bones were calculated. The samples were fixed in a 10%
formalin solution at 4°C for 24 h, decalcified with 10%
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EDTA for 56 days, and then embedded in paraffin. Se-
rial sections were cut at 4 pm and stained with hematox-
ylin-cosin. Using a light microscope, histological sec-
tions were scanned and imported into Adobe Photoshop
(Adobe Systems, Mountain View, CA). The bone tissue
area for each section was determined by dividing the
total number of bone pixels, based on color, by the total
area using Image Pro Plus Software (Media Cybemetics,
San Diego, CA) (14).

Tartrate-Resistant Acid Phosphate (TRAP) Staining

Deparaffinized sections were washed three times in
PBS. Sections were treated with TRAP solution (100
mM sodium acetate, 50 mM sodium tartate, 0.1 mg/ml
sodium naphthol AS-MX phosphate, 0.6 mg/ml Fast vi-
olet LB, and 0.1% Triton X) at room temperature.

X-gal Staining

The specimens were embedded in Optimum Cutting
Temperature (OCT) compound (Sakura Finetechnical
Co. Tokyo Japan), and cryosectioned at 6 pm thick. The
specimens were postfixed with 4% paraformaldehyde/
PBS and rinsed with rinsing buffer (0.1 M NaHPO,, 2
mM MgCl,, 0.01% sodium deoxycholate, and 0.02%
Nonidet P-40). The specimens were then incubated
overnight at 37°C in the dark in X-gal solution [1 mg/ml
of 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside, 5
mM K Fe(CN)s, 5 mM K:Fe(CN)g, and 20 mM Tris-HCl
in rinsing buffer, pH 7.4].

Statistics

Results arc expressed as the mean + SE. The statisti-
cal analysis was performed with Student’s r-test. A sig-
nificant difference was accepted at the p < 0.05 level.
Each experimental group was compared with its own
control andprepared and analyzed simultaneously.

RESULTS

Potential of cBMSCs to Differentiate

During the growing phase, cBMSCs had a slightly
plump, spindle shape, and did not differ greatly from
cFBs derived from subcutaneous connective tissues (Fig.
1A, a and b). Transduction efficacy of pLenti-6/V5-GW/
lacZ confirmed by X-gal staining was more than 80% in
both BMSCs and FBs (data not shown), which remained
at least until 4 weeks after transduction (Fig. 1A, c and
d). After the osteogenic induction, the expression of the
alkaline phosphatase (Alp) and Collal genes was upreg-
ulated in cBMSCs but not in cFBs (Fig. 1B). At 21 days
after the induction, cBMSCs made a calcified extracellu-
lar matrix (ECM) stained with alizarin red and alkaline
phosphatase (Fig. 1C). With the adipogenic induction,
the expression of adipose tissue-related genes such as
the Ap2 and Ppary genes was upregulated in the cBMSCs
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Figure 1. Osteogenic differentiation of ¢cBMSCs. (A) Phase contrast views of BMSCs (a) and FBs (b) in the growing phase.
Original magnification: x100, scale bar: 100 pm. X-gal staining of BMSCs (c) and FBs (d) at 4 weeks after the transduction of
pLenti-6/V5-GW/lacZ. Original magnification: x100, scale bar: 100pm. (B) mRNA expression of bone-related genes in BMSCs
and FBs. RNAs were extracted from BMSCs and FBs after 14 days of culture with (+) or without (-) osteogenic induction. (C)
Alizarin red and Alp staining of BMSCs and FBs. Cells were cultured with (+) or without (=) osteogenic induction for 14 days

and stained. Original magnification: x40, scale bar: 500 pm.
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(Fig. 2A). Intracellular lipid drops stained with Oil red
O were abundant in many cBMSCs but not in FBs (Fig.
2B). After a 21-day culture with chondrogenesis cBMSCs
expressed cartilage-related genes such as the aggrecan
and Col2al genes, and formed round pellets stained with
alcian blue (Fig. 2C and D). These findings indicated that
the cBMSCs isolated from the iliac crest were multipoten-
tial cells with the ability to differentiate into osteogenic,
adipogenic, and chondrogenic lineages. BMSCs trans-
duced of the lacZ gene showed identical results after the
induction of differentiation (data not shown).

LN Treatment After Curentage Induces the Collapse
of Scapholunate Bone

In a preliminary experiment, LN-treated scapholunate
left alone without any therapeutic intervenion collapsed
within 4 weeks (Fig. 3A, c and d). Six months after

p-actin L i B
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the operation, the proximal migration of the capitate and
rotatory subluxation of the scapholunate (dorsal sublux-
ation and palmer rotation) was observed, which is a fea-
ture of the final stage of Kienbdck disease (28) (Fig. 3A,
e and f). Carpal height ratio (CHR) was decreased from
0.32 to 0.26, and the Stihl index was from 64% to 40%.
MRI showed a shrunken scapholunate surrounded by
fluid (Fig. 3B, b). Macroscopically, the radial-side artic-
ular cartilage was separated from subchondral bone and
showed osteoarthritic change (Fig. 3C, b), and the size
of the scapholunate was significantly diminished (Fig.
3D, b). Microscopically, there were trabeculae with
many empty lacunae surrounded by necrotic bone mar-
row (Fig. 3E, a), and a similar finding was observed
even in the subchondral area (Fig. 3E, b), indicating that
the LN treatment effectively induced osteonecrosis in
the scapholunate (Fig. 3E, b). Therefore, there was no
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Figure 2. Adipogenic and chondrogenic differentiation of cBMSCs. (A, B) Adipogenic induction of BMSCs and FBs. Cells were
colure for 14 days with (+) or without (—) adipogenic induction, and the mRNA expression of adipose tissue-related genes was
analyzed by RT-PCR (A), and lipid drop formation was analyzed by Oil red O staining (B). (C, D) Chondrogenic induction of
BMSCs and FBs. Cells were cultured as pellets in centrifuge tubes for 14 days, and the mRNA expression of cartilage-related
genes was analyzed by RT-PCR (C), and production of proteoglycan was analyzed by alcian blue staining (D). Original magnifica-

tion: %200, scale bar: 100pm.
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Figure 3. Imaging and morphological changes in LN-treated scapholunate. (A) X-ray findings. AP and lateral view of scapholunate
pretreatment (a, b), and at 4 weeks (c, d), and 24 weeks (e, f) posttreatment. Note the proximal migration of the capitate and
rotatory subluxation of the scapholunate at 24 weeks postireatment (e, f). (B) MRI T1-weighted image of MRI before (a) and 24
weeks after (b) the treatment. (C) Macroscopic findings of the radiocapital joint without (a) and with treatment (at 24 weeks) (b).
Note the change of color of the joint surface. (D) Macroscopic view of the scapholunate without (a) and with treatment (at 24
weeks) (b). (E) Histological findirig of the scapholunate with LN treatment (at 24 weeks) in the periphery of cavity (a) and in the
subchondral area (b). Note normal looking articular chondrocytes. Original magnification: x100, scale bar: 500 pm.
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spontaneous healing of the LN-treated scapholunate,
suggesting that this model is appropriate for evaluating
the effect of therapeutic procedures.

Transplantation of cBMSCs Prevents Collapse
of the LN-Treated Scapholunate

As a preliminary experiment, we performed autolo-
gous cancerous bone transplantation with VBG, which
is our current method of choice for the treatment of
Kienbock disease, for the LN-treated scapholunate. This
procedure, however, failed to prevent collapse (data not
shown): early collapse of the lunate can be prevented by
immobilization and the avoidance of weight bearing in
human cases.

When ¢BMSCs were transplanted with §-TCP into
the LN-treated cavity, the collapse was prevented (Fig.
4). At 4 weeks after the operation, X-rays showed no
collapse on the BM side (Fig. 4A, a, c, and e), and the
CHR, Stahl index, and RL angle showed no significant
difference from preoperative values (Table 3). LN-
treated scapholunate on the FB side, however, showed
clear collapse, especially at the articular surface with
capitate (Fig. 4A, b, d, and f). The CHR and Stahl in-
dexes were lower, and the RL angle increased signifi-
cantly (Table 3). MRI also detected a significant differ-
ence in the shape of LN-treated scapholunates between
the BM side (Fig. 4B, a, c, and ¢) and FB side (Fig. 4B,
b, d, and f). However, the intensity in the T1-weighted
image was low in almost the entire scapholunates on
both sides (Fig. 4B).

To evaluate the quality of the regenerated tissues, a
micro-CT examination was performed at 4 weeks after
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Table 3. X-Ray Evaluation of Scapholunate Bone

Postoperative
Values
Preoperative
Parameters Values BM Side FB Side
CHR 0.32+0.02* 0.31+0.01* 028 £0.01*
Stihl index (%) 66+ 1* 6243 65 £ 5%
RL angle (degree) 14.7+09* 157+2.1* 243+21*

Postoperave values were evaluated at 4 weeks after the operation.
CHR was evaluated from the AP view. Stahl index and RL angle were
evaluated from the lateral view.

*n <0.05.

the operation. Large defects causing a collapse of the
distal pole were found on the FB side in all five dogs
(Fig. 4C, b, d, and f). Bony tissues in the center of the
cavity may be a remnant of VBG, suggesting that no
new bone formation was taking place in the LN-treated
cavity. In contrast, the LN-treated cavity on the BM side
was completely filled with regenerated trabeculae, mak-
ing it difficult to define the extent of the original cavity
(Fig. 4C, a, c, and ¢). These features were observed in
all five dogs. The results suggested that the transplanta-
tion of cBMSCs effectively enhanced the reconstruction
of cancerous bone tissues in LN-treated scapholunates.

Transplantation of cBMSCs Induces the Absorption
of B-TCP by Osteoclasts and Regeneration
of Cancerous Bone
Four weeks after the operation, the dogs were sacri-
ficed with an overdose of anesthetic delivered intrave-

Figure 4. Imaging analyses of LN-treated scapholunate after cell transplantation. Data for three dogs at 4 weeks after the operation
are presented. (A) X-ray findings; (B) T1-weighted MRI findings; (C) micro-CT findings. In each analysis, a and b, ¢ and d, and
e and f were identical animals, a, ¢, and e were on the BM side, and b, d, and f were on the FB side.
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nously, and LN-treated scapholunates were removed and
examined. The volume and weight of LN-treated sca-
pholunates were significantly higher on the BM side
than the FB side (Table 4). The bone volume of scapho-
lunate was measured by 3D image reconstruction in
each dog, and the value was always larger on the BM
than FB side (Table 4). Macroscopically, the cavity of
LN-treated scapholunates on the BM side was filled
with hard bone-like tissues (Fig. SA, a), whereas fibrous
tissues with an opaque-yellow appearance were found in
the corresponding area on the FB side (Fig. SA, b). The
histological findings in the low-power field corre-
sponded with macroscopic appearances; the cavity of the
BM side was filled with cancerous bone (Fig. 5B, a),
whereas little bone tissue was found in the cavity of
the FB side (Fig. 5B, b). Higher magnification showed
regenerated trabeculae with normal looking bone mar-
row and some transition from fibrous tissue to immature
bone on the BM side (Fig. 5B, c). Unabsorbed B-TCP
granules were occasionally found in trabeculae with a
layer of osteoblasts and attached by multinucleated cells
(Fig. 5B, e), which were positive for TRAP staining
(Fig. 5C, a), suggesting the ongoing resorption of B-TCP
by osteoclasts. Completely different features were ob-
served in the specimens taken from the FB side. Most
of the cavity was filled with the unabsorbed B-TCP
granules with intervening areas of necrotic tissue, and
regenerated bone tissue was found only in the peripheral
zone with a large amount of unabsorbed B-TCP (Fig.
5B, d). Fibrous tissues were found between the unab-
sorbed B-TCP, and TRAP-positive multinucleated cells
were found adjacent to the B-TCP (Fig. 5C, b), whereas
little transition to immature bone tissue was found (Fig.
5B, f). Some osteoblast-like cells lining the surface of
the bone structure were positive for X-gal staining, indi-
cating that transplanted cBMSCs participated in the re-
generation of bone (Fig. 5D). The area of bone was
quantified as described in Materials and Methods. The
area of bone was 1.5 times greater on the BM than FB
side and the difference was significant (Fig. SE).

DISCUSSION

The various surgical procedures invented for the
treatment of Kienbbck disease can be generally classi-

Table 4. Volume and Weight of Scapholunate Bone

Parameters BM Side FB Side

Volume (cm’) 1.58 £0.12* 1.43 £0.08*
Weight (g) 2.02+0.08* 191 £0.11*
Bone volume (cm’) 0.98 + 0.06* 0.77 £ 0.03*
Bone volume/total volume 0.62 £ 0.08* 0.53 £0.03*

Bone volume was evaluated by micro-CT.
*n < 0.05.
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fied into three approaches. The first approach is to re-
move the lunate with or without filling the defect using
a tendon or artificial materials (21,22,36). The second
approach involves deloading the lunate by joint leveling
or intercarpal fusion (5,32,37). The third approach is to
revascularize the lunate by using a VBG or vascular
pedicle transplantation (13,17,23,33). The VBG is ex-
pected to replace the necrotic bone with vascularized os-
seous tissue and produce new bone around it. However,
Moran et al. studied 26 patients with Kienbock disease
having undergone VBG to the lunate using magnetic
resonance images and revealed that affected lunates
were revascularized slowly, and six patients (23%) dem-
onstrated progression of the disease or collapse of the
lunate after VBG, leading to osteoarthritic change of the
wrist joint (23). Authors reporting excellent clinical out-
comes using VBG for the treatment of Kienbock disease
combined VBG with other procedures that could deload
the lunate, such as long-term cast immobilization of the
wrist, joint leveling surgery, or partial carpal fusion (17,
23), which may impede the early rehabilitation and cause
a loss of range of motion.

Cell transplantation therapy has already been per-
formed clinically for the aseptic necrosis of the femoral
head (7,8,10,12). The initial evidence of the effective-
ness of MSCs for the treatment of aseptic necrosis
stemmed from an incidental finding, in which bone mar-
row transplantation for the treatment of sickle cell ane-
mia simultancously improved steroid-induced aseptic
necrosis of the femoral head (10). The same group dem-
onstrated that the MSC pool was decreased in the neck
region of the femur with aseptic necrosis of the head
(11). Based on these results, they and another group
transplanted MSCs directly into the necrotic area after
curettage of the necrotic bone, and found that the pro-
gression of the disease decreased in the MSC-treated
group compared with the control group, although the
collapse of the femoral head continued in some cases
(7,8,12).

This is the first study to analyze the effect of two
therapeutic modalities, VBG and cell transplantation, in
large animals with an anatomical structure akin to that
of humans. We found that combined therapy effectively
and consistently prevented collapse and induced the re-
generation of bone in scapholunates with severely dam-
aged remodeling ability. At the initial stage of regenera-
tion, both osteoclasts and osteoblasts exist in the same
portion, and a balance between the resorption and for-
mation of bone is required (20). Revascularization takes
place surrounding the necrotic bone, which may be the
cause of the initial weakening of the regenerating ne-
crotic bone (2). We found multinucleated osteoclasts on
both the BM and FB sides (Fig. 5B, C). Multinucleated
osteoclasts are produced by the fusion of precursors of
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Figure 5. Histological findings of LN-treated scapholunate after cell transplantation. All specimens were from one dog at 4 weeks
after the operation. (A) Macroscopic findings of the cut surface of the resected scapholunate on the BM side (a) and FB side (b).
(B) HE staining. a, c, and e are scapholunate of the BM side, and b, d, and f are that of the FB side. Original magnification a and
b: x1, scale bar: 1 cm; c and d: %40, scale bar: 100 pum; e and f: x400, scale bar: 1 pm. (C) TRAP staining. a, BM side; b, FB
side. Ongmal magnification: %400, scale bar: 100 puM. (D) X-gal staining of the regenerated bone in the BM side. a, X-gal staining;
b, negative control. Original magnification: x400, scale bar: 100 pm. (E) Quantification of bone area. See Materials and Methods.

*p < 0.05.

hematopoietic and myelomonocytic origin after an ap-
propriate stimulus such as that afforded by RANKL and
M-CSF (27). These results suggest that progenitors of
osteoclasts were provided via remaining vascular struc-
tures and/or VBG equally on both sides. B-TCP is a bio-
degradable scaffold that has good biocompatibility for
the formation of bone (24,31), and is absorbed by acti-
vated osteoclasts (19). On the BM side, most of the -
TCP granules seemed to be absorbed, and the rest were
surrounded by bone tissues with a layer of osteoblasts
on the surface (Fig. 5B, e), which may stimulate multi-
nucleated osteoclasts to absorb B-TCP granules. Although
the number of osteoclasts on the FB side was no less
than that in the BM side, the resorption of B-TCP was

found to be poor on the FB side (Fig. 5B, d and f).
Because the activation of osteoclasts requires factors from
osteoblasts, the lack of osteoblasts may be the cause of
the poor absorption, which may eventually result in poor
regeneration of bone tissues. To exclude the possibility
that transplantation of fibroblasts inhibits the regenera-
tion of bone, we performed the same operation but with
no cell transplantation, and obtained the same result on
the FB side (data not shown). Therefore, it is clear that
the transplanted BMSCs contributed to the rapid regen-
eration of bone tissues, although the possibility was not
completely excluded that transplanted BMSCs fused with
host cells with osteogenic potentials.

We have to admit that our experimental model does
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not purely reflect the pathogenesis of Kienbick disease.
But it should be noted that the canine scapholunate is a
weight-bearing bone and no external or internal immobi-
lization was used after the operation. In spite of this det-
rimental condition, transplantation of BMSCs prevented
early collapse of the necrotic scapholunate consistently,
indicating rapid remodeling. The method described here
is considered applicable clinically and can be expected
to be a powerful tool in the treatment of advanced Kien-
béck disease, which may help to resolve the clinical
problems of VBG. We are currently preparing to start
the clinical application performed at the Cell Processing
Center in the Kyoto University Hospital.
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Abstract

Tissue stem cells may serve as progenitors for malignant tumors derived from the same tissue. Here, we report the establishment of
immortalized human mesenchymal stem cells (ihMSC) and tested the feasibility of using ihMSC as presarcomatous cells. Immortaliza-
tion was achieved by introducing the genes for human telomerase reverse transcriptase and Bmil. ihnMSC retained the potential for multi-
directional differentiation of the original MSC. To transform ihMSC, we introduced an oncogenic H-ras¥*"'? gene, and established the
cell line ihnMSC-ras. ihMSC-ras had the phenotype of fully transformed cells and retained adipogenic and chondrogenic, but not oste-
ogenic, potential. Interestingly, ihMSC-ras demonstrated morphological features of autophagy, and inhibition of the ERK pathway sup-
pressed the production of autophagosomes, indicating that ras/ERK signaling is responsible for the induction of autophagy. Thus
ihMSC will serve as a material with which to analyze the tumorigenic and differentiation-modifying effects of candidate oncogenes
involved in the development of sarcomas.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Mesenchymal stem cell; TERT; Bmil; ras; Transformation; Autophagy; Differentiation

Sarcomas are defined as malignant tumors derived
from non-epithelial tissues, but the precursors of sarcoma
cells are equivocal in most cases. For example, osteosar-
comas, the most common malignant bone tumor, are
defined as tumors producing immature bone tissue called
osteoid. This definition, however, does not mean that the
precursors of osteosarcomas are cells committed to the
osteoblastic lineage. One major histological subtype of
osteosarcoma is the chondroblastic osteosarcoma, in
which cartilaginous tissues are formed directly by tumor

" Corresponding author. Fax: +81 75 75] 4144,
E-mail address: togjun@frontier.kyoto-u.ac.jp (J. Toguchida).
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cells expressing a number of cartilage-related genes [1],
suggesting that cells of this type of osteosarcoma have
the potential to differentiate in at least two directions.
Most osteosarcomas develop from bone marrow, and
therefore bone marrow stromal cells are reasonable can-
didates for the precursors of osteosarcomas, and the
most plausible candidate cells are mesenchymal stem cells
(MSCs). MSCs are defined as cells with the potential to
differentiate into a variety of mesenchymal cell lineages
[2], and therefore have the potential to be the precursor
of a variety of mesenchymal tumors, although there have
been no reports showing the development of a particular
type of sarcoma from MSC. Considering that transfor-
mation requires the immortalization step, immortalized
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human MSC as presarcomatous cells would be a suitable
material with which to test the oncogenic potential of
candidate genes.

In this study, we tried to immortalize hMSC by inacti-
vating the p16'™K*A gene using the Bmil gene. Bmil was
first identified as an oncogene that cooperates with c-myc
in the generation of mouse lymphomas [3]. Bmil is a nucle-
ar protein which makes a complex with other polycomb
group proteins and binds to polycomb response elements
to inhibit the transcription of target genes including the
pl6™K4A gene [4]. A recent report stated that Bmil is
required for the self-renewal of stem cells in the peripheral
and central nervous systems [5]. The Bmil gene is also
thought to regulate the replicative life span of human fibro-
blasts [6] and recent reports described the immortalization
of human ovarian surface epithelial cells [7] and mesenchy-
mal stem cells [8).

Here, we established immortalized human MSC
(ihMSC), which retained the potential for multi-directional
differentiation of the original cells, and tested the feasibility
of using ihMSC as presarcomatous cells.

Materials and methods

Cell culture and reagents. Adult hMSC were purchased from Bio
Whittaker, and cultured in MSC growing medium (Bio Whittaker). EJ
and Saos2 were obtained from American Type Culture Collection, and
Ampho293 was obtained from Clontech and cultured in Dulbecco’s
Modified Eagle’s medium (DMEM, Sigma-Aldrich) with 10% fetal bovine
serum (FBS, Hyclone).

Antibodies against phospho-p44/42 MAPK (p-ERK1/2), pan-ERK,
phospho-p38 (p-p38), pan-p38, and pl16'™*** were purchased from BD
Biosciences. The antibody against human LC3 [9] was kindly provided by
Dr. Mizushima (National Institute for Basic Biology, Japan). The MEK
inhibitor U0126 was obtained from Promega.

Reverse transcription (RT)-PCR. Total RNA was extracted from cells
and pellets using an RNAse Easy Mini Kit (Qiagen), and reverse-tran-
scribed with the Superscript III first strand system (Invitrogen). The
synthesized cDNA was used as a template for each PCR, and the products
were electrophoresed on 1.5-2% agarose gels and visualized by ethidium
bromide staining. Information on the primer pairs used in the RT-PCR is
available upon request.

Retroviral vectors and infections. Retroviral vectors expressing hTERT
and the Bmil gene were previously described [10]. A retroviral vector
expressing oncogenic H-ras"*'"? was constructed using RNA derived from
the bladder carcinoma cell line EJ, which contained an oncogenic H-ras"*''?
gene [11]. After the reverse transcription, the entire coding region of the H-
ras¥¥'? gene wus amplified and first cloned into a TA vector (Invitrogen),
plasmids containing the correct sequence were selected, and the subcloned
into a retroviral vector pQCXIP-IRES-PURO (Clontech).

Amphotropic retroviruses were produced by transfection of the
ampho293 producer cell lines with each retroviral vector using lipofect-
amine 2000 (Invitrogen). Cells were infected with amphotropic retrovi-
ruses in 6 pg/ml of polybrane, and purified by selection with 100 pg/ml of
hygromycin B (Sigma-Aldrich) or 100 pg/ml of G418 (Sigma-Aldrich).

Western blotting. SDS-sample buffer was added directly to the dishes,
and cells were stripped with a cell scraper, and the cell lysate was then
sonicated. Total protein (20 pg) was electrophoresed on SDS polyacryl-
amide gels and transferred to Immobilon-P membranes (Millipore). The
membranes were blocked using a 5% dried milk powder, and incubated
with the antibody against each protein. They were then washed and
incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Santa Cruz Biotechnology) and HRP-conjugated swine anti rabbit

IgG (DAKO) and detected using enhanced chemiluminescence plus
reagents (Amersham Pharmacia Biotech).

Northern blot analysis. Total RNA was isolated from cells using Sep-
asol reagent (Nacalai tesque). Ten micrograms of total RNA was sepa-
rated on a 1% agarose-formaldehyde gel, and blotted on to a nylon
membrane, and hybridized with *?P-labeled probes. A part of the cDNA
of the human H-ras gene (NM005343) was amplified by RT-PCR and
used as a probe.

Telomere length and telomerase assay. Telomere length was measured
as described previously [12]. The telomerase activity in cells was detected
with the telomeric repeat amplification protocol (TRAP) as described
previously [12] using a Telo Chaser Kit (Toyobo).

Transmission electron microscopy. Cells were fixed with ice-cold 2%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.0), and thin sections
(70-80 nm) were prepared and stained with uranyl acetate and lead citrate
and observed using a transmission electron microscope.

G-handing karyotypic analysis. Metaphase spreads were prepared from
cells treated with colcemid, and 50 metaphases were analyzed by the
standard G-banding method.

Phenotype analyses

Proliferation assay. Cells (1 x 10%) were seeded in 60-mm culture dishes
in triplicate, and cultured in DMEM with 1% or 10% FBS. The number of
cells in each dish was counted by hemocytometer at each time point.

Soft agar assay. Cells (1 x 10%) were suspended in 0.35% low-melting
point agarose dissolved in DMEM with 10% FBS, and seeded in 60-mm
culture dishes precoated with 0.7% agarose. After 2 weeks, colonies in
three random fields of view at 200x magnification were scored. Experi-
ments were performed in triplicate.

Matrigel invasion assay. Cell suspensions (2.5 x 10°/0.5ml DMEM)
were added into the upper wells of 24-well chambers (BD Biosciences).
After incubation for 22 h, invading cells were fixed with 100% methanol
and stained with 1% Toluidine blue, Cells in five random fields of view at
200x magnification were counted and expressed as the average number of
cells per field of view. Data were expressed as the percent invasion through
the matrigel membrane relative to the migration through the control
membrane.

In vivo tumor formation. Cell suspensions containing 5 x 10° cells in
100 pl of PBS were injected subcutaneously into immunodeficient mice
(BALB/c nu/nu). Three mice were used for each cell type. Tumor volume
was calculated with the formula 4/3r .

Differentiation assay. Adipogenic, osteogenic, and chondrogenic dif-
ferentiation were performed as previously described [12], and Oil-Red-O
staining, Alizarin red staining, and Alcian blue staining were used to
evaluate the differentiation as previously described [12].

Results
Establishment of Bmil-hTERT-immortalized hMSC

After the sequential introduction of the hTERT and
Bmil genes into hMSC, drug-resistant cells were selected
and propagated. This polyclonal cell line, designated
hMSC-Bmil-hT, grew much faster than the original hMSC
with a doubling time of 48 h, and showed no signs of enter-
ing senescence after more than 24 months. The telomerase
activity of hMSC-Bmil-hT was comparable with that of
Hela (Fig. 1A), and the telomere length was maintained
even in late passaged cells (Fig. 1B). Expression of the
exogenous Bmil gene was confirmed by Northern blotting
(Fig. 1C), and the expression of the pl16™%4A gene was
markedly downregulated at both the mRNA and protein
level (Fig. 1D). This immortalized line may consist of cells



62 Y. Shima et al. | Biochemical and Biophysical Research Communications 353 (2007) 60-66

A B
S hMSC

T4

hMSC-
Bmil-hT
Cai  aa)

c &

& &
o
iy

D hMSC  hMSC-
ppz _ Pppg DMINT

-y -

p16INKaA

B-actin

Fig. 1. Establishment of immortalized hMSC. (A) Telomerase activity of immortalized hMSC (hMSC-Bmil-hT). (B) Telomere length of hMSC-Bmil-hT
in early and late passaged cells. (C) Expression of the exogenous Bmil gene. Closed and open arrows indicate the exogenous and endogenous Bmil gene,
respectively. (D) Downregulation of pl16'™~*** expression at the mRNA and protein level in hMSC-Bmi-hT. (E) Potential of ihMSC to differentiate.
Oil-Red-O, Alizarin red, and Alcian blue staining were performed after adipogenic, osteogenic, and chondrogenic induction, respectively.

differing in the potential to differentiate, as we previously
found in a study of hMSC immortalized by the HPVE6G/
E7 genes [12]. Single cell cloning by the limited dilution
method using 96-well culture plates was performed, and a
total of 100 clones were isolated, and the potential of each
clone to differentiate was analyzed. Five clones showed adi-
pogenic, osteogenic, and chondrogenic differentiation
potential, one of which was randomly selected for further
study. The differentiation potential of this clone, hereafter
called ihMSC, was stable even 24 months after cloning
(Fig. 1E).

In vitro transformation of ihMSC by oncogenic H-ras"™"?

To test the potential of ihMSC to serve as cells for the
screening of candidate oncogenes, the H-rasV*"'? gene was
introduced by a retroviral vector. The transduction of ret-
roviral vectors expressing the oncogenic H-ras"''? gene
into ihMSC was independently performed in two experi-
ments. Drug selection was started 48 h after the transduc-
tion, and cells were cultured and propagated until they
grew stably. Polyclonal cell lines for each experiment were
established, and designated ihMSC-ras-1 and ihMSC-ras-
2. As a control, Mock-transfected cells were also estab-
lished (ihMSC-Mock-1 and ihMSC-Mock-2). Expression
of the exogenous H-rasV*''? gene was confirmed by North-
ern blotting (Supplementary Fig. 1). The karyotypic analy-
sis of ihMSC-ras-1 showed that the dominant mode (39/50
metaphase) was (46, XY) with a marker chromosome (Sup-
plementary Fig. 2). The doubling-time of the ihMSC-ras

under standard (10% FBS) and serum-starved (1% FBS)
conditions was 18.3 and 30.0 h, respectively, shorter than
that of ihMSC (26.2 and 38.6 h). The anchorage-indepen-
dent growth potential of ihMSC-ras was confirmed by per-
forming a colony formation assay in soft agar (Fig. 2A).
The motility of ihMSC-ras was significantly increased com-
pared to that of ihMSC and ihMSC-Mock (Fig. 2B).
Although the number of cells capable of invading the
matrix was small, there was a significant difference between
ihMSC-ras and ihMSC-Mock (Fig. 2C). The innoculation
of ihMSC-ras into subcutaneous tissue in nude mice pro-
duced rapidly growing tumors with a frequency of 100%
(Fig. 2D), the histological diagnosis being undifferentiated
spindle cell tumors with no particular features (Fig. 2E).
These results indicated that the introduction of the
H-ras¥"? gene was able to completely transform ihMSC
into undifferentiated sarcoma cells.

Induction of autophagy by oncogenic H-ras"™"?

There was a clear morphological difference vall2
between the ihMSC and ihMSC-ras lines. Both ihMSC-
ras-1 (Fig. 3A, b) and ras-2 (data not shown) had an abun-
dance of cytosolic vacuoli, which were not found in ihMSC
(Fig. 3A, a), ihMSC-Mock-1 or -2 (data not shown).

Transmission electron microscopic analysis revealed
these vacuoli to be secondary lysosomes containing residu-
al bodies (Fig. 3B), a feature of autophagy [13]. LC3
(microtubule-associated protein 1 light chain 3) is a human
homologue of AtgR which is a key molecule in the
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Fig. 2. Oncogenic property of ihMSC-ras. (A) Anchorage-independent growth. (B) Cell motility assay. (C) Cell invasion assay. Samples in each lane were:
lane 1, ihMSC; lane 2, ihMSC-Mock-1; lane 3, ihMSC-Mock-2; lane 4, ihMSC-ras-1; and lane 5, ihMSC-ras-2. (D) Growth curve of in vive tumors. Closed
circles, ihMSC-ras-1 (three mice); open circles, ihMSC-ras-2 (two mice). (E) Histology of in vive tumors produced by ihMSC-ras-1.
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Fig. 3. Induction of autophagy by oncogenic H-ras**'? in ihMSC. (A) Phase contrast micrographs of ihMSC (), and ihMSC-ras-1 (b). (B) Transmission
electron micrographs of ihMSC-ras-1. Arrows and arrowheads indicated secondary lysomes and residual bodies, respectively. (C) Western blot for LC3.
Cell lysate was prepared from each cell line. (D) Expression of ERK1/2 in ihMSC lines. (E) Phase-contrast micrographs of ihMSC-ras-1 with or without
treatment with U0126. J

development of autophagosomes in yeast [14. A  autophagosome-associating form, LC3-II [14]. Western
C-terminal fragment of LC3 is cleaved immediately after ~ blot analysis using the antibody against LC3 clearly
synthesis, producing a cytosolic form known as LC3-I, showed the induction of LC3-II in ihMSC-ras-1
and a subpopulation of LC3-I is further converted to an (Fig. 3C), and ihMSC-ras-2 (data not shown).



