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The aim of this study was to evaluate the qualitative change in reparative cartilage after autologous chondro-
cyte implantation (ACI). Ten knees of 10 patients were studied. The signal intensities of reparative and
normal cartilage were evaluated by fat-suppressed three-dimensional spoiled-gradient recalled (FS 3D-
SPGR) MR imaging. The signal intensity (SI) index (signal intensity of reparative cartilage divided by that
of normal cartilage) was defined and the change in ST index was investigated. Histological and biochemical
evaluation was done at the second look arthroscopy. The SI index was at its lowest level immediately after
ACIT and increased with time to 9 months thereafter. After 9-12 months, the SI index settled to almost level
and was maintained at that value for at least 2-3 years postoperatively. The average of the SI indexes after
12 months to the last examination was 74.2 + 4.6 (range 64.2—82.8), which means signal intensity of repara-
tive cartilage was maintained at a value lower than that of normal cartilage. The total ICRS score was 11.6
+2.3 points (mean * SD), The GAG concentration was 107.9 + 17.0 pg/mg (mean + SD) in normal cartilage
and 65.9 + 9.4 pg/mg in reparative cartilage. The quality of reparative cartilage as hyaline cartilage was
inferior to that of normal cartilage. In the present study, the time course change in the SI index indicates
that the major maturation process of implanted chondrocytes neared completion in 9-12 months. Minor
changes, such as matrix remodeling with reorganization of the collagen fibers in reparative cartilage, may
continue, but an almost identical condition seemed to be maintained during the first 2—3 years of follow-up.
SI index does not always reflect all properties of reparative cartilage but may be a useful parameter for
noninvasive evaluation.
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INTRODUCTION

Autologous chondrocyte implantation (ACI) has re-
cently become a widely used technique for articular car-
tilage lesions. Formerly, it was known as an effective,
essential treatment, especially for the large osteochon-
dral defects of knee articular cartilage (15).

Until now, most follow-up studies of ACI treatment
in humans have been conducted by using clinical assess-
ments; however, only a few follow-up studies concern-
ing the qualitative aspect of reparative cartilage have
been conducted (15). One of the reasons for the small
number of follow-up studies has been that the qualitative
evaluation of reparative cartilage could be achieved only
by invasive methods, such as arthroscopy with biopsy.

The aim of this study was to evaluate the time course

change of quality in reparative cartilage after ACI by
using magnetic resonance (MR) imaging. We performed
fat-suppressed three-dimensional spoiled-gradient re-
called (FS 3D-SPGR) MR imaging to investigate the
changes of signal intensity in reparative cartilage. With
this imaging technique, normal articular cartilage ap-
pears higher in signal intensity than adjacent structures
(6). Histological and biochemical evaluation of repara-
tive cartilage was done at the second-look arthroscopy
to assess how closely the reparative cartilage resembled
normal cartilage.

MATERIALS AND METHODS

The knees of 10 patients (seven males and three fe-
males) were investigated after the patients had under-
gone ACI of the femoral condyle (seven medial femoral
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condyles and three lateral femoral condyles). The pa-
tients’ mean age at the time of ACI was 21.2 + 7.5 years
(range 13-35 years), and the mean size of the defect
was 4.5 £ 2.1 cm? (range 2.3-10.5 cm?). This study was
approved by the ethics review committee of Chiba Uni-
versity Hospital, and informed consent was obtained
from all patients.

ACI was performed according to the method de-
scribed by Brittberg and colleagues (3). In brief, healthy
cartilage was obtained from a non-weight-bearing area
of the affected knee during an initial arthroscopy. Chon-
drocytes were then isolated from the cartilage and cul-
tured in the laboratory for about 4 weeks (Genzyme Tis-
sue Repair, Cambridge, MA). The cultured chondrocytes
were injected into the defect, which was covered by a
periosteal flap that had been removed from the tibia. The
rehabilitation schedule included active movement of the
knee, which was started immediately after surgery.
Weight bearing was gradually introduced at 6 weeks
after ACI and increased to full weight bearing by 10
weeks after ACL

FS 3D-SPGR MR imaging was performed in the sa-
gittal plane at 0, 3, 6, 9, 12, 18, 24, and 36 months after
ACT using an MR imaging system at 1.5 Tesla with a
dedicated knee coil (Signa Horizon General Electronic,
Milwaukee, WI) (In three cases, imaging was performed
up to 24 months.) The scanning parameters were 52 ms
repetition time, 10 ms echo time, 60° flip angle, 130 x
130 mm field of view, 1.5 mm section thickness, and
512 x 512 matrix. To compare the signal intensity of re-
parative cartilage with that of normal cartilage over
time, we defined the signal intensity (SI) index (signal
intensity of reparative cartilage divided by the signal in-
tensity of normal cartilage) and expressed it as a per-
centage. We investigated the change in SI index during
the observation period.

It is known that the signal intensity on MR images
by FS 3D-SPGR imaging is given by the equation:

SI = {k -p[1 — exp(-TR/T))Isinc.}/
[1 - coso » exp(-TR/T})]

where k is the constant factor determined by the imaging
apparatus, p is proton density, o is flip angle, TR is
repetition time, and 7 is longitudinal relaxation time.

The T of articular cartilage may vary depending on
the histological and biochemical characteristics of the
cartilage. With this imaging technique, a strong 7}
weighted image is obtained and signal intensity is con-
sidered to mainly reflect the tissue-specific T, when the
imaging apparatus and scanning parameters are the
same. To verify that the signal intensity of reparative
cartilage and normal cartilage in FS 3D-SPGR MR im-
ages represented the 7, of the two cartilages, T, mea-
surements were performed.

T\ measurements were performed at 21.2+10.4
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months (range 13-38 months) after ACI by using a MR
imaging system at 1.5 Tesla (Gyroscan Intera; Philips
Medical Systems, Holland). A time course T; measure-
ment was also performed for a patient at 1, 4, 8, 12, 18,
and 24 months after ACL Inversion recovery turbo-spin
echo images were obtained at six inversion times: 50,
100, 200, 400, 800, and 1600 ms. The scanning parame-
ters were 1800 ms repetition time, 28 ms echo time, 130
X 130 mm field of view, 3.0 mm section thickness, 512
X 512 matrix, and 6 turbo spin echo factor. T} calculated
maps were generated from inversion recovery images,
using the commercially available software, Dr. View
(Asahikasei; Tokyo, Japan), and the Tis of reparative
cartilage and normal cartilage were investigated. We in-
vestigated the change of T in the patient who underwent
time course 7 measurement.

For the signal intensity and T, measurements, the re-
gion of interest (ROI) was drawn in the whole area of
reparative cartilage. The hypertrophic periosteum (if it
existed) was not included in the ROL The ROI of nor-
mal cartilage was drawn in the weighi-bearing area of
the femoral condyle about 2 cm apart from the repara-
tive cartilage (to avoid including the damaged cartilage
near reparative cartilage). To standardize the procedure,
all ROIs were drawn by the same investigator.

A second-look arthroscopy with biopsy was per-
formed at 12.3 + 0.5 months (range 12—13 months) after
ACI surgery. Using an 11-gauge biopsy needle (Trap-
system MDTECH, Gainesville, FL), we took biopsies
from all cases of reparative cartilage and from seven
cases of normal cartilage. Reparative cartilage was stained
with hematoxylin and eosin (H&E) and toluidine blue
(TB) for general histology and the assessment of meta-
chromasia. The International Cartilage Repair Society
(ICRS) assessment form for repair of cartilage (14) was
used to score the histological appearance of reparative
cartilage (Table 1). The concentration of glycosaminog-
lycan (GAG), a major macromolecular constituent of ar-
ticular cartilage, that was obtained from biopsy was
evaluated with high-performance liquid chromatography
in nine cases of reparative cartilage and seven cases of
normal cartilage.

The Lysholm score (13) was performed to quantify
the clinical status of the patients before ACI, 1 year after
ACI, and at the time of the last evaluation (30.6 + 8.9
months, range 18-47 months, after the ACI).

A r-test was used for statistical evaluation and signifi-
cant difference was defined as p < 0.05.

RESULTS

In the MR images of a typical case, the signal inten-
sity of reparative cartilage appeared low immediately
after ACI, but it increased and approached that of nor-
mal cartilage with time (Fig. 1).

In all cases, the SI index fell to its lowest level imme-
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Table 1. ICRS Visual Histological Assessment Scale

Feature Score
1. Surface
Smooth/continuous 3
Discontinuities/irregularities 0
2. Matrix
Hyaline 3
Mixture: hyaline/fibrocartilage 2
Fibrocartilage 1
Fibrous tissue 0

3. Cell distribution

Columnar 3
Mixed/columnar-clusters 2
Clusters 1
Individual cells/disorganized 0
4. Cell population viability
Predominantly viable 3
Partially viable 2
<10% viable 0
5. Subchondral bone
Normal 3
Increased remodeling 2
Bone necrosis/granulation tissue 1
Detached/fracture/callus at base 0
6. Cartilage mineralization (calcified cartilage)
Normal 3
Abnormal/inappropriate location 0

diately after ACI but increased rapidly for 9 months
thereafter. After 9—12 months, the SI index settled to
almost level and was maintained at that value for at least
2-3 years postoperatively (Fig. 2). The average of the
SI indexes from 12 months to the last examination was
74.2 + 4.6 (range 64.2-82.8). This average means that
the signal intensity of reparative cartilage was main-
tained at a value lower than that of normal cartilage.

The T, of reparative cartilage was significantly higher
than that of normal cartilage, 1.34 £0.13 and 1.03 &
0.08 s, respectively (p < 0.05). The T in the patient who
underwent time course 7 measurement was at its high-
est level immediately after ACI, decreased with time to
9 months, and settled to almost level after that, which
was compatible with the change of SI index (Fig. 3).

The average ICRS score of each criteria (see Table
1) was: 1) 1.2 £ 1.5 points, 2) 2.5 £ 0.7 points, 3) 1.6 +
0.5 points, 4) 1.4 + 0.8 points, 5) 1.9 + 0.3 points, 6) 3.0 +
0 points; the total was 11.6 * 2.3 points. The histological
appearance of reparative cartilage after ACI was not as
good as that of normal cartilage.

The GAG concentration obtained from biopsy was
107.9 + 17.0 pg/mg in normal cartilage and 65.9 +9.4
lle/mg in reparative cartilage. This difference in concen-
tration was statistically significant (p < 0.05). In fact, the
GAG concentrations of reparative cartilage were lower
than normal cartilage in all cases.
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There was a significant improvement in patients’
Lysholm scores from a mean of 63.0 £ 12.2 points be-
fore surgery to 94.9 + 5.1 points 1 year after surgery,
and 97.7 + 4.9 points at the time of the last evaluation.

DISCUSSION

The T in cartilage may be shortened by decreased
water content, increased concentration of macromolecu-
lar matrix components, and increased regularity of the
collagen network structure (9). The time course change
in the SI index that we observed may have been caused
by changes in T, during the maturing process of the
transplanted chondrocytes from the state of suspension
to hard hyaline-like cartilage. Indeed, the T} in repara-
tive cartilage decreased with time after grafting in this

Figure 1. The time course change of signal intensity in three-
dimensional spoiled gradient-recalled (3D-SPGR) magnetic
resonance (MR) images of a typical case. The signal intensity
of reparative cartilage (arrows) appeared low immediately
after autologous chondrocytes implantation (ACI), but it in-
creased and approached that of normal cartilage with time. (a)
MR image immediately afier ACI, (b) MR image 3 months
after ACI, (c) MR image 12 months atter ACIL
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study. In simple words, as the reparative cartilage be-
came more compaiible with normal hyaline cartilage,
the SI index increased. The SI index does not always
reflect all properties of reparative cartilage but may be
a useful parameter of changes in reparative cartilage in
noninvasive evaluation.

Several animal studies on ACI concerning time
course change of reparative cartilage have been done.
However, differences in the outcomes between animals
studied have been shown. For example, in a rabbit study,
the reparative tissue appeared to mature towards hyaline
cartilage for about 3 months, and an almost identical
condition was maintained after that (4). In contrast, in a
canine study, the reparative tissue appeared to mature
for about 3-6 months, but the reparative cartilage ap-
peared to become progressively damaged after that (1).
Why there should be this apparent difference between
animal species is unclear. In humans, the literature con-
tains only a few reports that focus on the time course
of cartilage maturation. The main maturation process of
implanted cartilage in humans is believed to near com-
pletion within 1 year after implantation (10,11,17). In
the present study, the time course change in the SI index
that we observed indicates that the major maturation
process of implanted chondrocytes neared completion in
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9-12 months. We also observed that the quality of re-
parative cartilage as hyaline cartilage was inferior to that
of normal cartilage. Minor changes, such as matrix re-
modeling with reorganization of the collagen fibers in
reparative cartilage, may continue, but an almost identi-
cal condition was maintained during the first 2-3 years
of follow-up. This is similar to the impression obtained
from clinical results that it reached nearly full marks 1
year after operation and was maintained until the time
of the final observation.

Evaluation of the maturation process of reparative
cartilage is important in determining postoperative treat-
ment such as adjustment of weight bearing and restric-
tions of activity. Evaluation of reparative cartilage after
maturation is also important in assessing (reatment re-
sults and predicting outcomes such as the presence or
absence of long-term degenerative changes. This study
suggested that the first 9 months after ACI were impor-
tant because the histological success of reparative carti-
lage might be determined. Adjustments of the postopera-
tive treatment, which could influence maturation of the
reparative tissue, during this period could result in mak-
ing reparative cartilage that is closer to normal hyaline
cartilage.

Histology of reparative cartilage after ACI has been

90

80 -o-Case 1
70 - Case 2
- Case 3
g 60 -o-Case 4
5 -« Case 5
% 50 / -=-Case 6
f {//// —~Case 7
N 40 % -+ Case 8
/ - Case 9

30 / —+ Case 10

0 3 6 9 12 18 24 36

Months postoperative

Figure 2. The signal intensity (SI) index after autologus chondrocytes implantation. The SI index was at its lowest level immedi-
ately after ACI and increased with time to 9 months thereafter. After 9-12 months, the SI index settled to almost level and was
maintained at that value for at least 2~3 years postoperatively.
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Figure 3. The 7, in a patient after autologus chondrocytes implantation. The T was at its highest level immediately after ACI,
decreased with time to 9 months, and seftled to almost level thereafter, which was compatible with the change of SI index.

reported to be generally superior to that after the con-
ventional cartilage repair methods such as subchondral
drilling (7), abrasion chondroplasty (8), and microfrac-
ture (18). However, histology of reparative cartilage
after ACI has been reported to be inferior to normal hya-
line cartilage, and has been considered to be mixed carti-
lage composed of hyaline-like cartilage and fibrocarti-
lage (2,12,16). Our MR imaging findings and histological
and biochemical examinations showed reparative carti-
lage that is definitely inferior to normal hyaline carti-
lage. This finding was consistent with previously re-
ported findings. This study had a relatively small number
of patients and thus statistical analysis concerning the
relationship between the histology of biopsy samples
and the SI indexes has not been determined. Further
studies are required.

ACI is often performed in relatively young patients.
Therefore, to avoid long-term degenerative changes, re-
generation using more durable hyaline cartilage is de-
sired. To improve ACI to obtain stable clinical results
and good long-term outcomes, various studies targeting
the acquisition of good repair cartilage tissues close to
healthy hyaline cartilage are being performed (5). For
the clinical application of these new ACI techniques in
the future, our evaluation method using MR imaging
may be useful for comparing the maturation process and
long-term durability of reparative cartilage between the

present and new ACI techniques. Our MR imaging
method may be also useful for follow-up on each patient
after ACI, but studies on additional cases are necessary.
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Bone anabolic action of PTH has been suggested to be medi-
ated by induction of IGF-I in osteoblasts; however, little is
known about the molecular mechanism by which IGF-I leads
to bone formation under the PTH stimulation. This study ini-
tially confirmed in mouse osteoblast cultures that PTH treat-
ment increased IGF-I mRNA and protein levels and alkaline
phosphatase activity, which were accompanied by phospho-
rylations of IGF-I receptor, insulin receptor substrate (IRS)-1
and IRS-2, essential adaptor molecules for the IGF-I signaling.
To learn the involvement of IRS-1 and IRS-2 in the bone an-
abolic action of PTH in vive, IRS-1—-/— and IRS-2—/- mice and
their respective wild-type littermates were given daily injec-
tions of PTH (80 ug/kg) or vehicle for 4 wk. In the wild-type
mice, the PTH injection increased bone mineral densities of

the femur, tibia, and vertebrae by 10-20% without altering the
serum IGF-I level. These stimulations were similarly seen in
IRS-2—/— mice; however, they were markedly suppressed in
IRS-1—/— mice. Although the PTH anabolic effects were stron-
ger on trabecular bones than on cortical bones, the stimula-
tions on both bones were blocked in IRS-1—/— mice but not in
IRS-2—/— mice. Histomorphometric and biochemical analyses
showed an increased bone turnover by PTH, which was also
blunted by the IRS-1 deficiency, though not by the IRS-2 de-
ficiency. These results indicate that the PTH bone anabolic
action is mediated by the activation of IRS-1, but not IRS-2, as
a downstream signaling of IGF-I that acts locally as an auto-
crine/paracrine factor. (Endocrinology 146: 26202628, 2005)

NABOLIC EFFECTS of PTH on bone have atfracted
considerable clinical attention and led to the approval

of PTH for osteoporosis treatment (1-3). Although it has been
well established that intermittent administration of PTH ex-
erts potent anabolic effects on bone in animals and humans
(4), the underlying mechanism is still controversial and un-
clear. PTH is reported to increase production of osteopro-
genitors and differentiation of osteoblasts from an existing
pool of osteoprogenitors and to decrease apoptosis of pre-
existing osteoblasts (5-7). Accumulated evidence has shown
that IGF-1 is an attractive candidate as a mediator for some
or all of the anabolic actions of PTH on bone, in that PTH
stimulates IGF-I production by ostecblastic cells (8, 9) and
IGF-1 can reproduce the effects of PTH on osteoblast pro-
liferation, differentiation, and survival (10). From in vitro
studies, IGF-I-blocking antibodies inhibited collagen synthe-
sis and alkaline phosphatase (ALP) activity, as well as the
expression of osteocalcin mRNA induced by PTH stimula-
tion on osteoblasts (11, 12). Furthermore, PTH anabolic ac-
tions were suppressed when administered to IGF-]-deficient
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mice {13, 14), suggesting the importance of the IGF-1 signal-
ing in vivo.

IGF-1 initiates cellular responses by binding to its cell-
surface receptor tyrosine kinase IGF-I receptor, which then
activates essential adaptor molecule insulin receptor sub-
strates (IRS’s) followed by downstream signaling pathways
like phosphatidylinositol-3 kinase (PI3K)/Akt and MAPKs
(15). The mammalian IRS family contains at least four mem-
bers: ubiquitous IRS-1 and IRS-2, adipose tissue-predomi-
nant IRS-3, and IRS-4 which is expressed in the thymus,
brain, and kidney. We previously reported that IRS-1 and
IRS-2 are expressed in bone (16, 17). Our further studies on
mice lacking the IRS-1 gene (IRS-1-/— mice) or the IRS-2
gene (IRS-2—/— mice) revealed that these knockout mice
exhibited severe osteopenia with distinct mechanisms: IRS-
1—/— mice showed a low bone turnover in which both bone
formation and resorption were decreased (16), whereas IRS-
2—/— mice showed an uncoupling status with decreased
bone formation and increased bone resorption (17). It there-
fore seems that under physiological conditions, IRS-1 is im-
portant for maintaining bone turnover, whereas IR5-2 is im-~
poriant for retaining the predominance of anabolic function
over catabolic function of osteoblasts.

To learn the molecular mechanism by which IGF-1 leads
to bone formation under the PTH stimulation, the present
study investigated the role of IRS-1 and IRS-2 in mediating
the anabolic effects of recombinant human PTH(1-34) on
bone. We first studied the effects of PTH on the IGF-I
related molecules in cultured mouse osteoblasts and ex-
amined skeletal responses to PTH in IRS-1~/— and IRS-
2—/— mice.
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Materials and Methods
Animals

Mice with the original C57BL6/CBA hybrid background were gen-
erated and maintained as reported previously (16, 17). In each experi-
ment, homozygous wild-type (WT) and IRS-1—/— male mice, as well as
homozygous WT and IRS-2—/— male mice, that were littermates gen-
erated from the intercross between heterozygous mice were compared.
All mice werekeptin plastic ca ges under standard laboratory conditions
with a 12-h dark, 12-h light cycle, a constant temperature of 23 C, and
humidity of 48%. The mice were fed a standard rodent diet (CE-2; CLEA
Japan, Inc., Tokyo, Japan) containing 25.2% protein, 4.6% fat, 4.4% fiber,
6.5% ash, 3.44 kcal/g, 2.5 TU vitamin D;/g, 1.09% calcium, and 0.93%
phosphorus with water ad libitin. All arimal experiments were re-
viewed and approved by the University of Tokyo, Faculty of Medical
Animal Care and Use Committee, before the study.

Osteoblast cultures

Osteoblasts were isolated from calvariae of neonatal WT, IRS-1—/—,
and IRS-2—/— littermates. Calvariae were digested for 10 min, 5 times,
at 37 C in an enzyme solution containing 0.1% collagenase and 0.2%
dispase. Cells isolated by the last four digestions were combined as an
osteoblast population and cultured in «MEM (Invitrogen, Carlsbad, CA)
containing 10% FBS (HyClone Laboratories, Inc., Logan, UT) and 50
pg/ml ascorbic acid (Sigma-Aldrich Corp., St. Louis, MO).

For real-time quantitative RT-PCR analysis, primary osteoblasts were
inoculated at a density of 1 X 10% cells/well in a 24-multiwell plate, and
cultured in the medium above, with or without 100 na recombinant
human PTH(1-34) (Sigma-Aldrich Corp.) for 14 d. Total RNA was ex-
tracted with an ISOGEN kit (Wako Pure Chemical Industries Ltd.,
Osaka, Japan), according to the manufacturer’s instructions. One mi-
crogram of RNA was reverse-transcribed using a Takara RNA PCR Kit,
version 2.1 (Takara Shuzo Co., Shiga, Japan), to make single-stranded
cDNA. The ABI Prism Sequence Detection System 7000 and Primer
Express Software (Applied Biosystems, Foster City, CA) were used for
PCR amplification and quantitative analysis, respectively. For the IGF-]
gene, a set of primers was designed using sequences obtained from the
GenBanlk as follows: 5'GACAGATACARRCTGTGCTCA-3' and 5'-CT-
GAAGCTTGCTAACATCGC-3'. The PCR consisted of QuantiTect SYBR
Green Master Mix (QIAGEN, Tokyo, Japan), 0.3 M specific primers, and
20 ng cDNA.

For the IGF-I protein level measurement, primary osteoblasts were
cultured, as described above, for 14 d, and the free IGF-1 concentration
in the culture media was measured with a Non-Extraction IGE-I ELISA
kit (Diagnostic Systems Laboratories, Inc., Sparks, MD).

For ALP activity measurement, primary osteoblasts were cultured in
the medium above with or without 10 n g/ml recombinant mouse IGF-I
(Sigma-Aldrich Corp.) and 5 nM antimouse IGF-I antibody (Sigma-
Aldrich Corp.). At 14 d of culture, cells were sonicated in 10 mn Tris-HCl
buffer (pH 8.0) containing 1 mmv MgCl, and 0.5% Triton X-100, and ALP
activity in the lysate was measured using an ALP assay kit (Wako Pure
Chemical Industries Ltd.). The protein content was determined using
BCA protein assay reagent (Pierce Chemical Co., Rockford, IL).

Immunoprecipitation and immunoblotting

After stimulation by 100 na PTH for the indicated time, cultured
osteoblasts were lysed with TNE buffer (10 maa Tris-HCl, 150 mat NaCl,
1% NP-40, 1 mm EDTA, 10 mM NaF, 2 mum Na,VO,, 1 mym aminoethyl-
benzenesulfonyl fluoride, and 10 pg/ml aprotinin). A part of the cell
lysates (100 j1g) was immunoprecipitated with an antiphosphotyrosine
antibody, an antimouse IGF-I receptor antibody, an antimouse insulin
receptor antibody, an antimouse IRS-1 antibody, or an antimouse IRS-2
antibody (all from Upstate Biotechnology, Inc., Waltham, MA) conju-
gated to protein G-Sepharose (Invitrogen) for 4 h at 4 C. The cell lysates
with or without the immunoprecipitation that contained an equivalent
amount of protein (20 ng) were electrophoresed by 8% SDS-PAGE and
transferred to nitrocellulose membrane. After blocking with 5% BSA
solution, they were incubated with the antibodies above, and the im-
munoreactive bands were stained using the ECL chemiluminescence
reaction (Amersham, Arlington Heights, IL). The intensity of each band
was measured by densitometry (Bio-Rad Laboratories, Inc., Richmond,
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CA) and was expressed as the mean value of five independent
experiments.

PTH treatment on mice

IRS-1~/— mice and their littermates and IRS-2 —/— mice and their
littermates (males, all n = 10) received either PTH (80 pg/kg body
weight) or vehicle (PBS) by sc injection every day for 4 wk beginning at
10 wk of age. Blood samples were collected by heart punciure under
nembutal (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) anesthe-
sia before being killed. For radiological and histological analyses, ani-
mals were killed after 4 wk of PTH treatment by diethylether. The right
femurs and tibiae were obtained for bone densitometry, and the left
femurs and tibiae for peripheral quantitative computerized tomography
(pQCT) and histological analyses, respectively. Lumbar vertebral bodies
from L2-L5 were also obtained for bone densitometry.

Bone densitometry and pQCT

Bone mineral density (BMD; milligrams per square centimeter) of the
right femur, tibiae, and 1.2-L5 vertebral bodies was determined using
dual-energy x-ray absorptiometry (PIXImus Mouse Densitometer; Lu-
nar Corp., Madison, WI) according to the manufacturer’s instructions.
Computerized tomography was performed with a pQCT analyzer (XCT
Research SA +; Stratec Medizintechnik GmbH, Pforzheim, Germany)
operating at a resolution of 80 um. Metaphyseal pQCT scans of the left
femurs were performed to measure the trabecular volumetric BMD. The
scan was positioned in the metaphysis at 1.2 mm proximal from the
distal growth plate. Because this area contains trabecular and cortical
bones, the trabecular bone region was defined by setting the threshold
to 395 mg/cm®. Middiaphyseal pQCT scans of the left femurs were
performed to determine the cortical thickness. The middiaphyseal re-
gion of femurs in mice contains mostly cortical bone. The cortical bone
region was defined by setting the threshold to 690 mg/cm?®, The inter-
assay coefficients of variation for the pQCT measurements were less

than 2%.

Histological analyses

For the assessment of dynamic histomorphometric indices, mice were
injected with calcein (16 mg/kg body weight) sc at 10 d and 3 d before
being killed, after which the left tibiae were excised and fixed with
ethanol, and the undecalcified bones were embedded in glycalmethac-
rylate. Three-micrometer sagittal sections from the proximal parts of
tibiae were stained with toluidine blue and were visualized under flu-
orescent light microscopy for calcein labeling. The specimens were sub-
Jected to histomorphometric analyses using a semiautomated system
(Osteoplan II; Carl Zeiss, Oberkochen, Germany), and measurements
were made at X400 magnification. Parameters for the trabecular bone
were measured in an area 1.2 mm in length, from 250 um below the
growth plate at the proximal metaphysis of the tibiae. Nomenclature,
symbols, and units are those recommended by the Nomenclature Com-
mittee of the American Society for Bone and Mineral Research (18).

Serum biochemical assays

For serum IGF-1 levels, acid ethanol extraction was used to remove
the IGF-binding proteins, and the extracted samples were assayed for
IGF-T with a RIA kit from Nichols Institute Diagnostics (San Juan Cap-
istrano, CA). Serum osteocalcin levels were determined by using the
competitive RIA kit (Biomedical Technologies, Stoughton, MA). The
sensitivity of the assay was 19 ng/ml, and the interassay and intraassay
coefficients of variation were less than 10%. Serum ALP activity was
determined by liquitech ALP kit (Roche Diagnostics, Basel, Switzerland)
with an autoanalyzer (type 7170; Hitachi High-Technologies Corpora-
tion, Tokyo, Japan). ALP activity of the blood samples was expressed as
nanomoles per minute and per milligram of protein.

Statistical analysis

Means of groups were compared by ANOVA, and significance of
differences was determined by post Jioc testing using Bonferroni‘s
method.
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Fra. 1. Effects of PTH on cultured osteoblasts iso-
lated from neonatal mouse calvariae. A, IGF-I mRNA
level determined by real-time quantitative RT-PCR
(left), IGF-I protein level in the culture medium (mid-
dle), and ALP activity in the cell lysate (right) in the
primary calvarial osteoblast culture in the presence
and absence of PTH (100 nM), an antibody against
IGPF-1I (o-IGF-I, 5 nM), and recombinant mouse IGF-I
(rmlIGF-I, 10 ng/ml) for 2 wk. Data are expressed as
means (bars) = SEM (error bars) for eight wells per
group. ¥, Significant increase compared with the con-
trol culture, P < 0.01; #, significant inhibition by
a-1GF-I, P < 0.05. B, Protein levels by immunopre-
cipitation (IP) and innmumoblotting (IB) of IGF-I re-
ceptor, insulin receptor, IRS-1, and IRS-2 with or
without phosphorylation in osteoblasts cultured with
PTH (100 nM) for the indicated times. Some of the cell
lysates were inmmunoprecipitated with an antiphos-
photyrosine antibody (o-PY), and the cell lysates with
or without (—) the immunoprecipitation were immu-
noblotted with an antimouse 1GF-I receptor (a-1GF-
IR), an antimouse insulin receptor («-IR), an anti-
mouse IRS-1 (a-IRS-1), or an antimouse IRS-2
antibody (x-IRS-2). Some of the cell lysates were re-
ciprocally immunoprecipitated with «-IGFR or «-IR
and imnrmnoblotted with «-PY. Blottings with an anti-
p-actin (¢-actin) were used as loading controls. Sim-
ilar results were obtained in five independent exper-
iments. The graph below shows the mean values of'the
band intensities of phosphorylated proteins normal-
ized to a-actin quantified using densitometry in five
independent experiments. Data are expressed as the

ratio of the value at time zero. Although the data of

proteins without phosphorylation are not shown in the
graph, they were not significantly affected by PTH
during the observation period (the ratio values were
from 0.8-1.2). Data are expressed as means (bars) =
SEM (error bars) of five independent experiments. *
Significant difference from that at time zero, P < 0. o1,
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Results
Effects of PTH on cultured osteoblasts

We first examined the effects of recombinant human
PTH(1-34) in the cultures of primary osteoblasts derived
from mouse calvariae. IGF-I mRNA level determined by
real-time RT-PCR, IGF-I protein level in the cultured me-
dium, and ALP activity in the cell lysate were all increased
about 2-fold with PTH (100 nm) treatment compared with the
control cultures (Fig. 1A). A neutralizing antibody against
IGF-T significantly, although not completely, suppressed the
PTH stimulation of ALP activity. Furthermore, addition of a
recombinant mouse IGF-1 at a concentration similar to that
of endogenous IGF-I (10 mg/ml) stimulated by PTH in-
creased the ALP activity to a level similar to that by PTH.
These lines of results confirm that the PTH anabolic action is,
at least partly, mediated by the IGF-I production in osteo-
blasts, as previously reported (8, 11, 12).

To provide some insights into signaling pathways that are
involved in the PTH action on primary osteoblasts, we ex-
amined the phosphorylations of IGF-1 receptor, insulin re-
ceptor, IRS-1, and IRS-2 in five independent experiments
(Fig. 1B). Immunoprecipitation and immunoblotting analy-
ses revealed that phosphorylations of IGF-I receptor and
IRS-1 were clearly induced at 1 min and reached maximum
at 5 min. IRS-2 was also phosphorylated by PTH, although
not as strongly as IGF-I receptor and IRS-1. Insulin receptor
was hardly phosphorylated by PTH. None of the protein
levels of IGF-1 receptor, insulin receptor, IRS-1, or IRS-2 were

Endocrinology, June 2005, 146(6):2620-2628 2623

altered by PTH during the observation period up to 60 min,
suggesting that PTH does not show transcriptional or trans-
lational regulation of these signaling molecules. These results
indicate that IGF-I production followed by the activation of
its intracellular signaling pathways may be related to the
PTH action in osteoblasts.

Effects of PTH on bones in IRS-1—/— and IRS-2—/— mice

To learn the roles of the IRS-1 and IRS-2 in the PTH action
on bone in vivo, we analyzed the PTH effects on the knockout
mice by comparing them with those of respective WT litter-
mates using radiological and histological analyses. Both
knockout mice were healthy, with no abnormality in major
organs except that IRS-1—/~ mice alone showed about 20%
shorter limbs and trunk, whereas IRS-2—/— mice were nor-
mal in size compared with WT littermates (19-21). The mice
(10 wk old, males) were given daily sc injections of PTH (80
g/ kg) or vehicle for 4 wk, after which their femurs, tibiae,
and lumbar vertebrae underwent radiolegical and histolog-
ical analyses. As we previously reported for bone pheno-
types under physiological conditions (16, 17), both knockout
mice showed osteopenia when injected with vehicle: BMDs
of femur, tibia, and lumbar vertebra in IRS-1—/— and those
of femur and tibia in IRS-2—/— were significantly lower than
respective WT littermates (Fig. 2). The PTH injection in-
creased BMDs of these bones 10-20% in WT; however, this
increase was hardly seen in the IRS-1~/— bones (Fig. 2A).
The stimulations by PTH, on the contrary, seen in the IRS-
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F1¢. 2. Effects of PTH trealment on bone densities in IRS-1—/— mice (A) and IRS-2—/ — mice (B), compared with respective WT littermates.
IRS-1-/— mice and the littermates and JRS-2 -/ — mice and the littermates (males, 10 wk old, n = 10/group) received daily sc injections of
either PTH (80 pg/kg body weight) or vehicle for 4 wk. Mice were killed; and the right femurs, tibiae, and L2-L5 vertebral bodies were excised.
BMD values of the entire femurs, tibiae, and vertebral bodies were determined using dual-energy x-ray absorptiometry. Data are expressed
as means (bars) = SEM (error bars) of 10 hones per group. *, Significant effect of PTH, P < 0.01; #, significant difference from WT, P < 0.01.
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2—/— bones were similar to those of the WT littermates (Fig.
2B). These results suggest that IRS-1, but not IRS-2, is needed
for the bone anabolic action of PTH.

We further examined trabecular and cortical bones sep-
arately in the femurs using pQCT (Fig. 3). In trabecular
bones at the distal metaphysis of femurs, both IRS-1—/—
and IRS-2—/— mice showed lower bone density (Fig. 3, A
and C). PTH injection increased the trabecular bone den-
sity about 60% in WT. Here again, this PTH effect was
abolished by the IRS-1 deficiency but was not altered by
the IRS-2 deficiency. In the cortical bones at the midshaft
of the femurs, although the PTH effects on cortical thick-
ness were milder than those on the trabecular density, this
was blocked by the IRS-1 deficiency, although not by the
IRS-2 deficiency (Fig. 3, B and D).
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Histological features of the proximal tibiae showed de-
creases of trabecular bones in vehicle-treated [RS-1—/— and
IRS-2—/— mice compared with the respective WT littermates
(Fig. 4). After PTH treatment for 4 wk, increases of these
bones were observed in IRS-2—/— and WT littermates to a
similar extent (Fig. 4B), whereas no increase was observed in
the IRS-1—/— trabeculae (Fig. 4A). Bone histomorphometric
measurements in this area confirmed that the PTH injection
augmented the bone volume (trabecular bone volume ex-
pressed as a percent of total tissue volume) of WT mice by
50-60%, with the increases of both bone formation param-
eters (percent of bone surface covered by cuboidal oste-
oclasts, and bone formation rate) and resorption parameters
(percent of bone surface covered by mature osteoclasts, and
percent of eroded surface), indicating a high bone turnover
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Fle. 8. Effects of PTH treatment on trabecular and cortical bones in JRS-1—/ — mice (A and B) and JRS-2—/ — mice (C and D)), compared with
respective WT littermates. After daily injections of either PTH (80 pg/kg body weight) or vehicle for 4 wk, mice were killed, and the distal
metaphysis (A and C) and the middiaphysis (B and D) of the excised left fermurs underwent pQCT analysis. The color gradient indicating bone
density is shown in the right bars. The trabecular density at the metaphysis and the cortical thickness at the middiaphysis are shown in the
graphs belowe. Data in all graphs are expressed as means (burs) = SEMs (error burs) of 10 bones per group. *, Significant effect of PTH, P < 0.01;

#, significant difference from WT, P < 0.01.
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A Vehicle
WT

IRS=1+/

B ’ _ Vehicla PTH
WT

IRS-2-/-

Fie. 4. Effects of PTH treatment on histological features of the Prox-
imal metaphysis of tibiae in IRS-1-/ — mice (A) and IRS-2— / — mice
(B), compared with respective WT littermates. After death, the left
tibiae were excised, fixed, and embedded in GMA without decalcifi-
cation, and the sagittal sections were stained by toluidine blue. Rep-
resentative samples are shown from mice of each genotype given
either PTH or vehicle. Data of histomorphometric analyses are shown
in Table 1. Bar, 100 pm.

state (Table 1). IRS-1—/— and IRS-2—/— mice showed 30~
40% lower bone volume than respective WT littermates when
injected with vehicle. As we previously reported (16, 17),
IRS-1—/~ exhibited a low bone turnover, with decreases in
both bone formation and resorption parameters, whereas
[R5-2—/— mice showed an uncoupling status of bone turn-
over, with decreased bone formation and increased bone
resorption. The PTH injection affected neither the bone vol-
ume nor the bone turnover in the IRS-1—/— mice; however,
in the IR5-2—/— mice, PTH increased bone volume mainly

TABLE 1. Histomorphometry of trabecular bones in proximal tibiae
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through the up-regulation of bone formation rather than
bone resorption.

Effects of PTH on blood chemistries in IRS-1—/— and
IRS-2—/— mice

The serum markers osteocalcin and ALP supported the
increase of bone formation by the PTH injection in WT mice
(Fig. b). Here again, these stimulations were not seen in
IRS-1—/— mice but were maintained in IRS-2 —/— mice. Be-
cause the serum IGF-I levels were not different between
PTH- and vehicle-treated mice in all genotypes, IGF-I that is
induced by PTH, as shown in Fig. 1A, seemed not to act as
a systemic factor but to act locally in bone as an autocrine/
paracrine factor.

Discussion

The present study demonstrated that the bone anabolic
function of PTH is mediated by the activation of IGF-1R and
IRS-1, but not IRS-2, as a downstream signaling of IGF-I that
acts locally in bone. Although IRS-1 and IRS-2 are known to
be essential for intracellular signaling of IGF-I and insulin,
these two adaptor molecules have distinct biological roles
and are differentially expressed in a variety of cells. Regard-
ing glucose homeostasis, IRS-1 plays an important role in the
metabolic actions of insulin, mainly in skeletal muscle and
adipose tissue, whereas IRS-2 does so in the liver (22). Our
previous studies revealed that only IRS-1, but not IRS-2, was
expressed in the cartilage of the growth plate or the fracture
callus, so that skeletal growth and fracture healing were
impaired in IR5-1—/— mice, whereas they were normal in
IRS-2—/— mice (21, 23). In bone, IRS-1 is expressed solely in
cells of osteoblast lineage, whereas IRS-2 is expressed in cells
of both osteoblast and osteoclast lineages (16, 17). As de-
scribed above, our previous studies on bones of these two
knockout mice disclosed that IRS-1 is important for main-
taining bone turnover, and IRS-2 for maintaining predomi-
nance of anabolic function over catabolic function of osteo-
blasts (16, 17). In the meantime, previous and present studies
have shown that PTH treatment increases bone turnover in
animals and humans (24, 25). The fact that the suppression
of bone turnover by IRS-1 deficiency suppressed the bone
anabolic action of PTH suggests the importance of elevated
turnover for the PTH function. This is consistent with the

BV/TV (%) Ob.S/BS (%) BFR (mm®cmn?/year) 0c.8/BS (%) ES/BS (%)
WT + vehicle 9.35 = 0.69 8.38 £ 0.80 4.96 * 0.62 5.28 = 1.39 6.02 = 0.99
WT + PTH 14.23 v 1.84° 12.27 ' 1.89 8.21 ' 0.83% 1051 1 1.835% 9.14 ' 0.51°¢
IRS-1-/~ + vehicle 5.97 = 0.62° 2.67 = 1.02° 1.06 = 0.20° 2.23 * 0.38° 3.42 x 0.59°
IRS-1-/— + PTH 6.25 = 0.73 4.50 = 0.93 1.31 = 0.38 2.71 = 1.08 4.14 + 1.22
WT + vehicle 0.04 ' 0.81 849 ' 153 4.22 1 0.29 4.90 1 0.78 535 1 0.71
WT + PTH 15.79 = 1.60° 13.61 = 2.24 9.72 + 1.83“ 8.84 = 1.27 9.60 x 1.21¢
IRS-2—/— + vehicle 6.86 + 0.63° 12.93 + 2.83 2.06 = 0.31° 7.92 * 0.69° 0.22 * 1.09°
IRS-2~-/— + PTH 16.95 1 2.27¢ 1571 ' 1.80 871 1 0.59% 9.93 + 1.43 11.42 ' 2.01

Parameters for the trabeeular bone were measured in an area 1.2 mm in length from 250 pm below the growth plate at the proximal
metaphysis of the tibiae in Villanueva-Goldner and calcein double-labeled sections. Data expressed as means and SEM for 10 bones per group.
BV/TV, Trabecular bone volume expressed as a percentage of total tissue volume; Ob.5/BS, percentage of bone surface covered by cuboidal
osteoblasts; BFR, bone formation rate; Oe.8/BS, percentage of bone surface covered by mature osteoclasts; ES/BS, percentage of eroded surface.

¢ Significant effect of PTH, P < 0.01.
b Significant difference from WT, P < 0.01.
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1. 5. Effects of PTH treatment on sertn osteocalcin, ALP, and IGF-1 levels in IRS-1— / — mice and IRS-2—/ — mice, compared with respective
WT littermates. Mice received either PTH or vehicle for 4 wk as described above, and blood samples were collected by heart puncture before
death. The levels were measured as described in Materials and Methods. *, Significant effect of PTH, P < 0.05; #, significant difference from

WT, P < 0.05.

results of clinical studies showing that the concurrent use of
alendronate, a potent bisphosphonate that markedly sup-
presses bone turnover, reduced the bone anabolic action of
PTH in male and female osteoporosis patients (26, 27).
Because it is unlikely that PTH directly activates IGF-I
receptor and IRS-1, there seem to be two possible molecular
mechanisms underlying the suppression of PTH action by
the IRS-1 deficiency: 1) PTH induces IGF-I production, caus-
ing IGF-1 receptor and IRS-1 activation; and 2) IRS-1 signal-
ing affects the intracellular signaling lying downstream of
the PTH/PTH-related protein receptor after PTH binds to it.
The quick phosphorylation of IGF-] receptor and IRS-1 after
PTH treatment in primary osteoblast culture in the present
study (Fig. 1B) supports the former mechanism. Hormones
like PTH and prostaglandin E, that increase cAMP synthesis
and PKA activation are reported to induce the transcription
of IGF-I by way of a C/EBP (CCAAT /enhancer-binding
protein)-sensitive element in exon 1 of the IGF-I gene (28, 29).
However, the latter possibility cannot be denied, because the
inhibition of the PTH stimulation on ALP activity by a neu-
tralizing antibody against IGF-I was not complete, but par-
tial, in the primary osteoblast culture (Fig. 1A). In fact, IRS-1
and PTH/PPR (PTH/PTH-related protein receptor) are
known to share several common signaling pathways. The
main pathways lying downstream of IRS-1 are PI3K/Aktand
MAPKs, which are important regulators of cell growth and
differentiation. PTH has been shown to directly activate the

p42/p44 MAPK by protein kinase C-dependent, but Ras-
independent, signaling in rat osteoblasts (30) and to up-
regulate PI3K/Ak’c acthlty, which contributes to the MAPK
actlvahon in rat enterocytes (31). In addition, both PTH and
IGF-1 have been shown to be involved in the activation of
o-fos expression (32, 33) and cyclin-dependent kinase expres-
sion in osteoblasts (34, 35). These lines of evidence indicate
the PTH signaling pathway may possibly be affected by the
IRS-1 signaling at several points, and the absence of an [RS-1
signaling pathway may result in the failure of PTH to stim-
ulate key target molecules necessary for its anabolic action.

Another potential explanation for the lack of PTH re-
sponse in [RS-1—/— mice could be the impairment of pro-
liferation or differentiation ability of osteoprogenitor cells, so
that they are insensitive not only to PTH but also to other
stimulations. In fact, our present and previous studies dem-
onstrated the decreases in histomorphometric parameters
and serum markers for bone formation in IRS-1—/— mice
under physiological conditions (16). In this regard, however,
our previous study has shown that proliferation and differ-
entiation of primary calvarial cells were stimulated, respond-
ing to fibroblast growth factor-2 and bone morphogenetic
plotem—Z 1espegt1vely similarly to those of the WT cells,
indicating that functions of IRS-1—/- cells are normal as long
as adequate signals other than IGF-I signal were applied (16)
Hence, the decreased bone f(nmatlon under physiological
conditions in [RS-1—/— mice is likely to be due to the deficit
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of anabolic signaling of endogenous IGF-I. Interestingly,
PTH increased the JGF-I protein level in the culture medium
of primary osteoblasts (Fig. 1A) but did not affect the serum
IGF-I level in vivo (Fig. 5), indicating the importance of local
action of IGF-I as an autocrine/ paracrine factor for bone
formation rather than its systemic action as a hormone. This
result is consistent with previous reports that disruption of
IGF-I genes, specifically in liver, decreased serum IGF-I by
80% but caused no skeletal abnormality (36, 37). Because the
remaining 20% IGF-I in serum is probably derived from
several tissues, including bone, it is not surprising that PTH
treatment did not increase circulating levels of IGF-I. The
findings that PTH anabolic effects can be suppressed by an
IGF—I-neutralizing antibody in osteoblast cultures in the
present and previous studies (11, 12) also support the idea
that the PTH-induced bone formation involves increased
local production, but not increased circulating levels, of
IGF-1.

The requirement of IGF-1/IRS-1 for mediating the anabolic
effects of bone regulatory hormones may not be unique to
PTH, because previous findings have revealed that many of
the major hormones exert significant effects on IGF-1 expres-
sion. GH is a well-known stimulus of IGFE-I production in a
variety of tissues, including bone, and exerts its effects on
bone mainly through IGF-I mediation (38). Estradiol, another
important regulator of skeletal metabolism, has been shown
to increase IGF-1 production, and IGF-1 receptor-blocking
antibodies inhibited the proliferative effect of estradiol in rat
osteoblasts (39, 40). Similarly, other hormones with potent
effects on bone, such as thyroid hormone and androgens,
alter IGF-I levels in bone in a manner consistent with IGF-]
playing a role in the actions of these hormones on bone (41,
42). Although these studies did not examine the involvement
of IRS-1 or IRS-2 in their anabolic actions, it is possible that
the IGF/IRS pathway might be a common signaling for ac-
tions of these major hormones in bone. Further understand-
ing of the molecular mechanism by which the hormones
induce IGF-I and the intracellular signaling that lies down-
stream of IGF-1/IRS in osteoblasts will greatly help to elu-
cidate the complex network of bone formation under 5yS-
temic regulationsA
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Inhibition of Cdké Expression Through p38 MAP
Kinase Is Involved in Differentiation of Mouse
Prechondrocyte ATDC5

TORU MORO,’ TORU OGASAWARA," HIROTAKA CHIKUDA," TOSHIYUKI IKEDA,! NAOSHI OGATA,’
ZENJIRO MARUYAMA,? TOSHIHISA KOMORI,? KAZUTO HOSHI," UNG-IL CHUNG,'
KOZO NAKAMURA, HIROTO OKAYAMA,? anp HIROSHI KAWAGUCHI'
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University of Tokyo, Tokyo, Japan
2Djvision of Oral Cytology and Cell Biology, Nagasaki University
Graduate School of Biomedical Sciences, Nagasaki, Japan
3Department of Biochemistry and Molecular Biology, Faculty of Medicine,
University of Tokyo, Tokyo, Japan

Because a temporal arrest in the G1-phase of the cell cycle is a prerequisite for cell differentiation, this study investigated the
involvement of cell cycle factors in the differentiation of cultured mouse prechondrocyte cell line ATDC5. Among the G1 cell cycle
factors examined, both protein and mRNA levels of cyclin-dependent kinase (Cdké) were downregulated during the culture in a
differentiation medium. The protein degradation of Cdké was not involved in this downregulation because proteasome inhibitors
did not reverse the protein level. When inhibitors of p38 MAPK, ERK-1/2, and PI3K/Akt were added to the culture, only a p38 MAPK
inhibitor SB203580 blocked the decrease in the Cdké protein level by the differentiation medium, indicating that the Cdké
inhibition was mediated by p38 MAPK pathway. In fact, p38 MAPK was confirmed to be phosphorylated during differentiation of
ATDCS cells. Enforced expression of Cdké in ATDCS5 cells blocked the chondrocyte differentiation and inhibited Sox5 and Sox6
expressions. However, the Cdké overexpression did not affect the proliferation or the cell cycle progression, suggesting that the
inhibitory effect of Cdké on the differentiation was exerted by a mechanism largely independent of its cell cycle regulation. These
results indicate that Cdk6 may be a regulator of chondrocyte differentiation and that its p38-mediated downregulation is involved in
the efficient differentiation. . Cell. Physiol. 204: 927-933, 2005. © 2005 Wiley-Liss, Inc.

Endochondral ossification is an essential process for
embryonic development, skeletal growth, and fracture
healing. This highly regulated process involves the
coordination of chondrocyte proliferation and differen-
tiation to give rise to the cartilaginous structures, which
are subsequently replaced by bone (Karsenty and
Wagner, 2002). Chondrocytes that are derived from
mesenchymal cells proliferate to expand the cartilage
mold, and then form columns of flattened proliferative
cells. Chondrocytes then permanently exit the cell cycle,
and postmitotic cells further differentiate into pre-
hypertrophic and hypertrophic chondrocytes, which
secrete an extracellular matrix that becomes miner-
alized. Analyses of transgenic and knockout mice have
demonstrated that disturbance of the fine balance
between chondrocyte proliferation and differentiation
can cause skeletal defects such as skeletal dysplasias
(Mundlos and Olsen, 1997a,b; Serra et al., 1997). Thus,
in this process of endochondral bone formation, prolif-
eration and differentiation of chondrocytes must be
properly coordinated; however, the molecular processes
regulating these functions remain largely unknown.

Cell cycle factors appear to play an important role in
the control of chondrocyte proliferation and differentia-
tion (Beier et al, 1999a; LuValle and Beier, 2000).
Proliferation of eukaryotic cells depends on their
progression through the cell cycle, and at least a
temporal cell cycle arrest at the G1-phase is thought to
be a prerequisite for cell differentiation (Sherr, 1994).
Complexes of cyclin and cyclin-dependent kinase (Cdk)
promote G1/S-phase transition by phosphorylating the
retinoblastoma (Rb) pocket protein family members Rb,
p107, and p130. Phosphorylation of the pocket protein
blocks their ability to repress E2F family members,

© 2005 WILEY-LISS, INC.

leading to activation of genes required for S-phase entry.
The predominant G1 cyclin—Cdk complexes are cyclin
D-Cdk4/6, and in late G1, cyclin E-Cdk2. The D-type
cyclins are upregulated by mitogenic stimuli (Coqueret,
2002), and cyclin—Cdk complexes are inhibited by two
major families of Cdk inhibitors (CKls) (Sherr and
Roberts, 1999). The INK4 family specifically binds and
inactivates monomeric Cdk4 or Cdk6, whereas the CiP/
KiP family, which includes p21, p27, and p57, inhibits
all G1/S-phase cyclin—Cdk complexes, except for the
cyclin D3—Cdk6 complex (Lin et al., 200 1.

Since in lower eukaryotes the control of cell cycle
factors driving S-phase onset greatly influences the
commitment to cell differentiation, the present study
investigated the possibility of crucial participation of
these factors in chondrocyte differentiation using a
mouse prechondrocyte cell line ATDCS, and found that
in the differentiation medium containing insulin Cdk6
was downregulated primarily by p38 mitogen-activated
protein kinase (MAPK) signal-invoked transcriptional
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repression and that its down-regulation was involved in
the efficient differentiation.

MATERIALS AND METHODS

Reagents and antibodies

Insulin-transferrin-sodium selenite supplement (ITS) was
purchased from Roche Molecular Biochemicals (Mannheim,
Germany). Antibodies against Cdk2 (H-298), Cdk4 (C-22),
Cdk6 (C-21), cyclin A (C-19), cyclin D1 (C-20), cyclin D2 (M-20),
cyelin D3 (C-16), cyclin E (M-20), p15 (K-18), p16 (H-156), pl8
(M-20), p19 (M-20), p21 (M-19), p27 (F-8), and p57 (C-20) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against p38 MAPK (#9212) and phosphorylated p38
MAPK (#92118) were purchased from Cell Signaling Technol-
ogy, Inc. (Beverly, MA). Antibodies against fB-actin (AC-15)
were purchased from Sigma Chemical Co. (St. Louis, MO).
4-(4-ﬂuor0phenyl)-2-(4-methylsulﬁnylphenyl)-5~(4-pyridy1)-
1H-imidazole (SB203580), 2-(4-morpholinyl)-8-phenyl-4H-
1-benzopyran-4-one (L.Y294002), and 2'-Amino-3'-metho-
xyflanone (PD98059) were purchased from Calbiochem
Novabiochem Co. (La Jolla, CA).

Cell culture

Mouse prechondrocyte cell line ATDCS5 cells were purchased
from the Riken Cell Bank (Tsukuba, Japan). The cells were
maintained in Dulbecco’s minimal essential medium nutrient
mixture F-12 HAM (DMEM/F12; Sigma) containing 5% fetal
bovine serum (FBS; Sigma) in 5% COgy in air. For induction of
chondrogenesis, cells were inoculated at 5 x 10% cells in a 6-well
plate or 5 x 105 cells in a 10-cm diameter plate with the culture
medium changed to DMEM without FBS, and were precul-
tured under serum starvation for 24—48 h. The growth-
arrested ATDC5 cells were then stimulated with 5% FBS in
the presence or absence of ITS (10 pg/ml insulin, 10 pg/ml
transferrin, and 3 x 10~°® M sodium selenite) for 6—72 h. To
block protein degradation, we added the proteasome inhibitors
MG132 (2 uM, Z-Leu-Leu-Leu-aldehyde; Peptide Institute,
Osaka, Japan) and lactacystin (20 M, Calbiochem Novabio.
chem Co.) to the experimental medium, as previously reported
(Urano et al., 1999; Ogasawara et al., 2004b). To block p38
MAPK, extracellular signal-regulated kinase (ERK)-1/2, and
phosphatidylinositol 3 kinase (PI3K)/Akt pathways, we used
SB203580 (30 pM), PD98059 (20 M), and 1.Y294002 (40 uM),
respectively (Nakamura et al., 1999; Hidaka et al., 2001,
Watanabe et al., 2001).

Construction of cell clones constitutively
expressing Cdké

ATDCS5 cells were inoculated at 5 x 10° cells per 6-cm
diameter plate, incubated for 24 h, and then transfected with
the pEF/neo I vector carrying a human Cdk6 ¢DNA or no
insert by use of the Lipofectamine reagent (Life Technolo-
gies, Inc., Grand Island, NY) according to the manufacturer’s
instructions. Twenty-four hours later, the cells were split
1:10 to 1:100 and selected in DMEM/F12 containing 5% FBS
and 200 pg/ml of G418 (Geneticin; Life Technologies, Inc.).
Stable G418-resistant colonies were then isolated and
expanded for 2 weeks in the medium above. The levels of
Cdk6 were then quantified by Western blotting to select high
expressing and low expressing clones. Cells with less than
1.5-fold of Cdk6 protein levels compared to the empty vector
(EV)-transfected cells, determined by densitometry (Bio-Rad
Laboratories, Richmond, CA), were defined as low expressers
and those with more than fivefold of EV cells as high
expressers. To know the effect of ITS on the Cdk6 over-
expression level, Western blotting was performed after 5
weeks of additional culture in the presence of ITS. Cdk2 and
Cdk4 levels were also examined in both situations.

Western blot analysis

The cells were rinsed with ice-cold phosphate-huffered
saline (PBS) and lysed with RIPA buffer (10 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% Nonidet P-40 [NP-40], 0.1% sodium
dodecyl sulfate [SDS], 10 ug of aprotinin/ml, 0.1 M NaF, 2 mM
Na3V04, and 1% Na deoxycholate). After a brief sonication,
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the lysed cells were centrifuged at 15,000g for 20 min at 4°C to
obtain soluble cell extracts. The protein concentration in the
cell lysate was measured using a Protein Assay Kit II (Bio-
Rad). The cell extracts (10 ug of protein each) were separated by
SDS-7.5, 10, or 12.5% polyacrylamide gel electrophoresis and
electrotransferred to polyvinylidene diffuoride membranes
(Immobilon-P; Millipore Corp., Bedford, MA). After the
blocking of nonspecific binding by soaking of the filters in 5%
skim milk, the desired proteins were immunodetected with
their respective antibodies, followed by visualization using the
ECL Plus Western blotting detection system (Amersham
Pharmacia Biotech, Buckinghamshire, UK) according to the
manufacturer’s instructions.

Reverse transcription-PCR (RT-PCR)

‘Total RNA (1 pg) was extracted from cells using ISOGEN
(Wako Pure Chemicals, Osaka, Japan) following the manu-
facturer’s instructions, reverse transcribed using SUPER-
SCRIPT First-Strand Synthesis System for RT-PCR (Life
Technologies, Inc.), and amplified within an exponential phase
of the amplification with a Perkin Elmer PCR Thermal Cycler
(PE-2400). The gene-specific primer pairs used were as follows:
5-CGTGGTCAGGTTGTTTGATG-3" and 5'-TGCGAAACATT-
TCTGCAAAG-3 for Cdk6, 5-AGTAACTTCGTGCCTAGCAA-
3" and 5'-TCCTTTCACGCCTTTGAAGC-3' for type II collagen
(COL2), 5-AGGCAAGCCAGGCTATGGAA-3 and 5-GCTGT-
CCTGGAAAGCCGTTT-3' for type X collagen (COL10), 5'-
CATGTAGGCCATGAGGTCCACCAC-3 and 5-TGAAGGT-
CGGTGTGAACGGATTTGGC-3 for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The cycling parameters
were 30 sec at 94°C, 30 sec at 55°C, and 90 sec at 72°C for
Cdk6 and GAPDH; and 30 sec at 94°C, 30 sec at 60°C, and 90 sec
at 72°C for COL2 and COL10.

Real-time quantitative RT-PCR

Total RNA extracted as described above was reverse-
transcribed with Takara RNA PCR Kit (AMV) ver.2.1 (Takara,
Tokyo, Japan) to generate single-stranded ¢cDNA. PCR was
performed with an ABI Prism 7000 Sequence Detection
System (Applied Biosystems, Foster, CA). PCR reactions
consisted of 1x QuantiTect SYBR Green PCR Master Mix
(Qiagen, Hilden, Germany), 0.3 pM specific primers, and
500 ng of eDNA. mRNA copy number of a specific gene in each
total RNA was calculated with a standard curve generated
with serially diluted plasmids containing PCR amplicon
sequences, and normalized to the rodent total RNA (Applied
Biosystems) with B-actin as an internal control. Standard
plasmids were synthesized with TOPO TA Cloning Kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction. All reactions were run in triplicate. Primer
sequences for Sox5 were, sense (5'-CTCGCTGGAAAGCTA-
TGACC-3') and antisense (5-GATGGGGATCTGTGCTTGTT-
3'), for Sox6 were, sense (5-GGATTGGG- GAGTACAAGCAA-
3’) and antisense (6’-CATCTGAGGTGATGGTGTGG-3), for
Sox9 were, sense (5'-CGACTACGCTGACCATCAGA-3) and
antisense (5-AGACTGGTTGTTCCCAGTGC-3), and for B-
actin were, sense(5’-AGATGTGGATCAGCAAGCAG-3) and
antisense (5'-GCGCAAGTTAGGTTTTGTCA-3).

Alecian blue, alizarin red, and alkaline
phosphatase (ALP) stainings

ATDCS5 cells were inoculated at 5 x 10% cells per wellin a 6-
well plate and cultured in DMEM/F12 containing 5% FBS in
5% COgq in air. After being cultured to be subconfluent, the
cells were induced for differentition by adding 10 pg/ml ITS
and cultured for 3 weeks, then the culture medium was
changed to o-minimum essential medium (cMEM; Life
Technologies, Inc.) containing 5% FBS with ITS, and the
cells were cultured in 3% COg in air for more 2 weeks. Alcian
blue staining was done at 3 weeks after induction of
chondrogenesis, and Alizarin red and ALP stainings at
5 weeks. For Alcian blue staining, the cells were rinsed with
PBS, fixed with 10% (vol/vol) formaldehyde, and stained with
0.3% Alcian blue 8GS (Fluka, Buchs, Switzerland) in 0.1 N
HCL. For Alizarin red staining, the cells were rinsed with PBS
and fixed with 10% (vol/vol) formaldehyde, and were stained
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with 1% Alizarin red S (pH 4.0) (Sigma). For ALP staining,
the cells were rinsed with PBS and fixed with 70% ethanol in
PBS and then stained with naphthol AS-MX phosphate
(Sigma) as a substrate in N,N-dimethyl formamide, and Fast
BB salt (Sigma) as a coupler.

BrdU incorporation assay

ATDCS5 cells were inoculated at 10 cells per well in a 96-well
plate and cultured in DMEM/F12 containing 5% FBS with
or without ITS. After 72 h of culture, the cells were labeled with
bromodeoxyuridine (BrdU) for 2 h, and the cell population
entering S-phase was determined by quantifying the incorpo-
rated BrdU (Cell Proliferation KELISA; Roche Molecular
Biochemical) according to the manufacturer’s instructions.

Flow cytometric analysis

After 72 h of culture, approximately 10° cells were suspended
in 0.02 m} of citrate buffer and suhjected to the following serial
treatments at room temperature: (i) the addition of 0.18 ml of
solution A (0.03 mg of trypsin/ml, 3.4 mM trisodium citrate, 0.1%
NP-40, 1.5 mM spermine-4HCl, and 0.5 mM Tris-HCl [pH 7.6])
and incubation for 10 min; (ii) the addition of 0.15 ml of solution B
(8.4 mM trisodium citrate, 0.1% NP-40, 1.5 mM spermine-4HCl,
0.5 mM Tris-HCI [pH 7.6], 0.5 mg of trypsin inhibitor/ml, 0.1 mg
of RNase A/ml) and incubation for 10 min; and (iii) the addition of
0.15 ml of solution C (4.16 mg of propidium iodide/ml, 3.4 mM
trisodium citrate, 0.1% NP-40, 4.8 mM spermine-4HCl, 0.5 mM
Tris-HC] [pH 7.6]) and incubation for 10 min. The DNA content
was determined and analyzed with EPICS XL and XL EXPO32
instruments (Beckman, Fullerton, CA).

Statistical analysis

The means of groups were compared by analysis of variance,
and the significance of differences was determined by posthoc
testing using the Bonferroni method.

RESULTS
Downregulation of Cdké during
differentiation of ATDCS cells

Considering that ATDCS5 cells begin to express COL2,
a representative marker of chondrocytes, within 72—
96 h of culture in the medium containing ITS, a putative
inducer of chondrocyte differentiation (Shukunami
et al., 1996, 1998}, we assumed that the commitment of
this cell line to differentiation occurred well within 72 h,
and therefore analyzed the effect of ITS on the initial
72 h expression levels of cell cycle factors that critically
regulate the onset of S-phase. The cells were arrested in
quiescence by serum starvation, stimulated with serum
in the presence or absence of ITS, and the amounts of
cyclins (A, D1, D2, D3, and E), Cdk2, Cdk4, Cdk6, and
CKIs (p15,pl6,p18,pl9, p21, p27, and p57) in the whole
cell lysate at each time point were analyzed every 12—
24 h by Western blotting (Fig. 1A). Interestingly, only
Cdks6 protein level was significantly decreased by I'T'S at
24 h of eulture and thereafter, while other Cdks, cyclins,
and CKls were hardly affected by the stimulation.
Although Cdk4 and Cdké have about 70% homeology of
amino acid sequence (Meyerson et al., 1992) and share D
cyclins as their catalytic partners, only Cdk6 was
regulated, indicating that Cdk6 was specifically down-
regulated during the chondrocyte differentiation. To
know the regulation of Cdk6 at the transcriptional level,
we performed a semiquantitative RT-PCR analysis of
the Cdk6 transcript and found that the mRNA level was
also decreased when ATDC5 cells were stimulated with
ITS (Fig. 1B). To further examine the involvement of the
ubiquitin-proteasome pathway in the decreased Cdk6
protein level, ATDCS5 cells were cultured with MG132
and lactacystin, potent proteasome inhibitors (Fig. 1C).
These inhibitors did not affect the Cdk6 downregulation
by ITS, suggesting that the effect of ITS was not due
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Fig. 1. Downregulation of Cdk6 during differentiation of ATDCS
cells. Growth-arrested ATDCB cells were stimulated with 5% FBS in
the presence or absence of ITS, a putative inducer of chondrocyte
differentiation, and cell sampling was done at the indicated times.
A: Time course of protein levels of cell cycle factors Cdks, cyclins, and
CKIs, controlling the G1-S transition in ATDC5 cells during
differentiation induction by ITS. The amounts of cell cycle factors
were determined by Western blotting. B-actin was used as a loading
control. B: Time course of the mRNA level of Cdk6 by a semiquanti-
tative RT-PCR analysis in ATDC5 cells during differentiation by ITS.
GAPDH was used as a loading control. C: Effects of proteasome
inhibitors MG132 (2 uM) and lactacystin (20 pM) on the decreased
Cdk6 protein level determined by Western blotting during ATDC5 cell
differentiation by ITS. Growth-arrested ATDCS5 cells were stimulated
for 24 h, and the amounts were determined by Western blotting. p-
actin was used as a loading control. In each figure a representative
blotting is shown among at least three independent experiments that
showed similar results.

to protein degradation by the ubiquitin-proteasome
pathway. These findings indicate that the decreased
Cdk6 expression during chondrocyte differentiation
was mainly, if not exclusively, by transcriptional
suppression.

Mediation of p38 MAPK in
the downregulation of Cdk6

Since insulin, the principal factor in ITS for chon-
drocyte differentaition, is known to initiate cellular
responses by binding to distinct cell-surface receptor
tyrosine kinases that regulate a variety of signaling
pathways such as those of MAPK and PI3K/Akt
(Kadowaki et al., 1996), we examined the involvement
of these pathways in the mechanism of the Cdké
downregulation by ITS. Western blotting showed that
ITS induced the phosphyrylation of p38 MAPK in
cultured ATDC5 cells, which was confirmed to be
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Fig. 2. Mediation of p38 MAPK, ERK-1/2, and PI3K/Akt pathways in
the downregulation of Cdk6é during differentiation of ATDCH cells.
A: Effects of ITS and a p38 MAPK inhibitor SB203580 on the Cdké
protein level and the p38 MAPK phosphorylation in the ATDC5 cell
cultures. Growth-arrested ATDC5 cells were stimulated for 24 and 48
h, and the amounts were determined by Western blotting using
specific antibodies. B: Effects of PD98059 and LY294002, inhibitors of
ERK-1/2 and PISK/Akt signalings, respectively, on the decreased
Cdk6 protein level during ATDC5 cell differentiation by ITS. Growth-
arrested ATDC5 cells were stimulated for 24 and 48 h, and the
amounts were determined by Western blotting. In each figure a
representative blotting is shown among at least four independent
experiments that showed similar results. B-actin was used as a loading
control.

blocked by SB203580, a p38 MAPK inhibitor (Fig. 2A).
More importantly, SB203580 caused the restoration of
the decreased Cdké protein level by ITS (Fig. 2A). On the
other hand, PD98059 and L.Y294002, inhibitors of ERK-
1/2 and PIBK/Akt signalings, respectively, did not alter
the ITS-induced inhibition of the Cdké protein level
(Fig. 2B). These findings demonstrate that downregula-
tion of Cdk6 expression by ITS is at least partly
mediated by the p38 MAPK pathway.

Impaired differentiation of ATDC5 cells
overexpressing Cdké

To further examine whether or not Cdké is function-
ally involved in chondrocyte differentiation, we gener-
ated ATDC5 cell clones stably overexpressing Cdk6 by
transfecting with an expressing vector harboring Cdk6
cDNA, and tested their ability to respond to ITS and
differentiate to chondrocytes. We initially selected
clones with low expression (#55 and #74) and high
expression (#14 and #51), and confirmed that these
overexpressions were maintained even after 5 weeks of
culture in the presence of ITS (Fig. 3A). These over-
expressions of Cdk6 affected neither the Cdk2 nor Cdk4
expression profiles even after long periods of culture
with ITS (Fig. 3A). The ability of ITS to induce
differentiation determined by Alcian blue, Alizarin
red, and ALP stainings was then compared among the
EV-transfected cells, low expressing cells, and high
expressing cells after 3—5 weeks of culture. ITS induced
the differentiation similarly in EV cells and low
expressers; however, it was markedly decreased in high
expressers (Fig, 3B). The ability of ITS to induce
chondrocyte differentiation, as monitored by COL2
(Fig. 3C) and COL10 (Fig. 8D) mRNA levels by

MORO ET AL.

semiquantitative RT-PCR was further studied in the
three kinds of transfected cells above. Here again, ITS
strongly induced both COL2 and COL10 in the EV cells
and low expressers, which was markedly decreased in
high expressers. We further compared the expressions
of Sox 5, Sox6, and Sox9, the key transcription factors for
chondrogenic differentiation from precursors (Bi et al.,
1999; Smits et al., 2001) by real-time quantitative RT-
PCR analysis among the three kinds of transfected cells
that were cultured for 24 h in the presence of ITS. The
mRNA levels of Sox5 and Sox6, but not Sox9, were
significantly lower in the high expressers than other two
kinds of cells, indicating that Cdk6 exerts inhibitory
action from an early stage of chondrocyte differentiation
(Fig. 3E).

Unchanged cell cycle regulation of
ATDCS5 cells overexpressing Cdké

Because Cdk6 promotes the G1-S transition, suppres-
sion of chondrocyte differentiation by overexpressed
Cdke6 could be secondary to its execution of this role. We
therefore examined the effect of Cdk6 overexpression on
the proliferation and the G1-S transition of ATDC5 cells.
The three kinds of transfected cells were similarly
arrested in quiescence, stimulated with serum in the
presence and absence of ITS, and analyzed for cell
proliferation and populations in GO/G1 and G2/M by
BrdU incorporation and FACS, respectively (Table 1). At
72 h of culture, when chondrocyte differentiation had
Just begun, ITS slightly increased the cell proliferation
and the G2/M population; however, Cdk6 overexpres-
sion caused no significant changes in either of them.
These results indicate that the inhibitory effect of Cdké
on chondrocyte differentiation was not exerted via the
cell cycle regulation.

DISCUSSION

In the present study, we have shown that Cdké
expression is suppressed during differentiation of
mouse prechondrocyte ATDC5 mainly at the transcrip-
tional level and that this suppression, mediated by p38
MAPK signaling, is involved in the efficient differentia-
tion. The work has demonstrated that Cdk6 plays a role
in determining the differentiation rate of chondrocytes
as a downstream effector of p38 MAPK signaling.

Although Cdké and Cdk4 and their partner D cyclins
are all known to be critical factors controlling the cell
growth potential (Baldin et al., 1993; Hengstschlager
et al., 1999), several specific roles have been reported for
Cdk6. The Cdk6-cyclin D3 complex is unique among
cyclin D and cognate kinase combinations and evades
inhibition by CKIs (Lin et al., 2001). Therefore, it can
greatly enhance the proliferative potential of fibroblasts
under growth-suppressive conditions (Lin et al., 2001)
and, consequently, sensitizes cells to physical and
chemical transformation (Chen et al, 2003). Cdké6
combined with cyclin K, encoded by human herpes virus
8 which is the causative agent of Kaposi sarcoma, is also
reported to be immune to inhibition by CKIs (Swanton
et al., 1997). These functions were not seen in Cdk4
complexes. This study also discovered a novel function of
Cdk6 as an inhibitor of the transition to the differentia-
tion stage without affecting the cell cycle regulation.
Although Cdk4 has about 70% homology of amino acid
sequence with Cdk6 (Meyerson et al., 1992), the Cdk4
protein level was not changed during ATDC5 differ-
entiation in this study. We hereby propose that Cdk4
and Cdké play different roles and that Cdk4 cannot
substitute for Cdk6 in chondrocyte differentiation.



Cdk6 IN CHONDROCYTE DIFFERENTIATION

A EV Low exp. High exp.
Clone #55 #74 #H4  #51
Cdké
ITS () | Cdk2
Cdk4 1
Cdké
ITS (+)| Cdk2
Cdk4
B
EV Low exp. High exp.
Clone #55 #74 #14 #51
Alcian k

blue

Alizarin |
red |

ALP

Fig. 3. Chondrocyte differentiation of ATDCS cells with high and low
expressions of Cdk6. A: Stable clones of ATDCS5 cells transfected with
Cdk6 cDNA were isolated as described in Materials and Methods, and
clones with low expression (#55 and #74) and high expression (#14 and
#51) were selected on Western blotting after 2 weeks of expansion
culture in the absence of ITS [ITS (—)]. To examine the effect of I'TS on
the Cdk6 overexpression, Western blotting was performed after
5 weeks of additional culture in the presence of ITS [ITS (+)1.
B: Chondrocyte differentiation determined by Alcian blue, Alizarin
red, and ALP stainings in the cultures of the low and high expressing

The direct control of a factor(s) critically involved in
the differentiation that is independent of cell cycle
regulation, implicated as a Cdk6 action in this study,
may not be as remote as generally thought. In fission
yeast, Pasl cyclin and its partner kinase Pef1 activate a
transcriptional factor complex functionally equivalent
to E2F-DP of mammals, thereby promoting S-phase
entry just like Cdk6, yet they independently inhibit the
mating pheromone signaling whose activation is essen-
tial for differentiation of this yeast cell (Tanaka and
Okayama, 2000). Thus, this might be a good preceding
model for the situation of Cdk6 in chondrocyte differ-
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clones, and empty vector (EV)-transfected ATDC5 cells under the
induction of ITS for 3—5 weeks. C, D: mRNA levels of COL2 (C) and
COL10 (D), as determined by semiquantitative RT-PCR, in EV cells,
low expressers (#55), and high expressers (#14) cultured for 3 days and
14 days, respectively, in the presence or absence of ITS. GAPDH was
used as a loading control. E: Expressions of Sox 5, Sox8, and Sox9, as
determined by real-time quantitative RT-PCR analysis in EV cells,
low expressers (#55), and high expressers (#14) cultured for 24 h in the
presence of ITS. For (B—E), other clones with low and high expressions
showed similar results.

entiation, highlighting a potential functional similarity
between Cdk6 and Pefl.

Since Cdks are believed to have vital roles in
controlling cell cycle progression among cell cycle
factors, much attention has been devoted to the view
that CKI-led inhibition of G1-specific Cdks is critical
for cell differentiation. Recent reports have stated that
some members of CKIs may function during the exit
from the cell cycle and differentiation processes
(Harper and Elledge, 1996; Chellappan et al., 1998).
Overexpression of p21 and p27 has, in fact, promoted
myogenesis, neurogenesis, and hematopoiesis (Liu

TABLE 1. Proliferation and cell cycle distribution of ATDCS cells overexpressing Cdk6

FACS
BrdU (OD) GO/G1 (%) G2/M (%)
ITS (=) ITs (+ ITS (-) ITS (+) ITS () ITS ()
EV 0.25+0.01 0.35+0.10 66.0+0.6 62.7+0.8 20.9+0.2 23.6+0.7
#55 (low) 0.23£0.05 0.35+0.09 65.6+1.1 63.9+0.7 224409 23.7+£05
#74 (low) 0.23+0.03 0.394+0.10 66.1+0.1 64.8+0.6 20.640.5 22.5+0.7
#14 (high) 0.20 £0.04 0.34+0.11 66.3+1.1 65.2+0.5 20.4+0.2 21.8+0.7
#51 (high) 0.25+0.01 0.36+0.04 64.7+1.2 62.6+1.0 22.74+0.3 24.7+0.3

Cell proliferation was determined by BrdU incorporation into EV, low expressing and high ex
cycle distribution was determined by FACS at 72 h of culture, and percentage of cells in each

pressing clones in the presence and absence of ITS at 72 h of culture. Cell
cell cycle stage (GO/G1 and G2/M) are shown. Data are expressed as the

mean + SD for 8 wells/clone. Cdk6 overexpression did not significantly affect the cell proliferation and the cell cycle distribution.



