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Although the role of individual isoforms of PKC has been investigated in many fields, little is known about the
role of PKC in osteoblastic differentiation. Here, we investigated which isoforms of PKC are involved in
osteoblastic differentiation of the mouse preosteoblastic cell line MC3T3-E1l. Treatment with G66976, an
inhibitor of PKCa and PKCRI, increased alkaline phosphatase (ALP) activity as well as gene expression of ALP
and Osteocalcin (OCN), and enhanced calcification of the extracellular matrix. Concurrently, osteoblastic cell
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and OCN. In contrast, overexpression of wild-type PKCa decreased ALP activity and attenuated osteoblastic
differentiation markers including ALP and OCN, but promoted cell proliferation. Taken together, our results
indicate that PKCo suppresses osteoblastic differentiation, but promotes osteoblastic cell proliferation. These
results imply that PKCa may have a pivotal role in cell signaling that modulates the differentiation and
proliferation of osteoblasts.
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Introduction

Protein kinase C (PKC) is a serine/threonine protein kinase that is
known to be involved in multiple cellular signal transduction
pathways that mediate cellular functions such as proliferation and
differentiation [1-4]. PKC was first purified from bovine cerebellum
in 1977 as a new species of protein kinase [5], following which, it
was shown to be expressed in many other tissues [6]. To date, 11
PKC isoforms have been identified, which are classified into three
groups based on their structure and cofactor regulation [7,8]:
conventional PKC (e, I, pII, and ), novel PKC (5, €, 1, 8, and p), and
atypical PKC (¢ and \). Conventional PKCs are Ca**-dependent and
are activated by both phosphatidylserine (PS) and the second
messenger diacylglycerol (DAG). Novel PKCs are regulated by PS
and DAG, but their activation is Ca**-independent. Atypical PKCs
require neither Ca®* nor PS and DAG for activation. Although some
PKC isoforms are cell-type specific, PKCe, §, €, and ¢ seem to be
ubiquitous [7,9].
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The role of each PKC isoform has been mostly evaluated in a variey
of fields using genetic and molecular approaches employing isoform-
specific inhibitors [10-12], isoform-specific RNAi and/or isoform
overexpression. Much progress has been made in clinical studies of
the role of PKC isoforms in cardiovascular disease and tumorigenesis
and some isoforms of PKC are currently being used as theraupic
targets [13]. For example, a selective inhibitor of PKCB is under
evaluation in a clinical trial as a theraupic agent for diabetic
complications [14,15]. Although such systemic diseases often involve
a change in bone quantity and quality, little is known about the effects
of PKC on bone formation. Expression of PKC isoforms in osteoblasts
has been reported [4,16], suggesting that a therapeutic agent targeted
towards specific PKC isoforms might inadvertently modulate bone
formation. Conversely, if the involvement of isoforms of PKC in bone
formation are understood, a new agent for the regulation of bone
formation might be developed.

Our purpose was to determine which isoforms of PKC play an
important role in osteoblastic differentiation. In the present paper, we
mainly investigated the role of PKCo and PKCP in osteoblasts using
commercially available inhibitors of PKC isoforms. We speculated that
of the eleven different isoforms of PKC, PKCo: in particular may have a
suppressive role in osteoblastic differentiation. In addition, we
confirmed this role of PKCa by knockdown of PKCa, and by
overexpression of PKCoa, in MC3T3-E1 cells. Meanwhile, PKCo
promoted osteoblastic proliferation. Our present study indicates that
PKCa suppresses osteoblastic differentiation.
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Materials and methods
Cell culture

Mouse preosteoblastic MC3T3-E1 cells were obtained from Riken
Cell Bank (Tsukuba, Japan). The cells were seeded at a concentration
of 2.0x10%*cells/cm? in a-minimal essential medium (o-MEM;
Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone, Road Logan, UT, USA) (growth medium) at
37 °C under a humidified atmosphere of 5% CO,. For each assay, the
growth medium was replaced with growth medium supplemented
with 0.2 mM ascorbic acid (AA; Sigma-Aldrich, St. Louis, MO, USA)
and 10 mM B-glycerophosphate (BGP; Sigma-Aldrich) (differentia-
tion medium). The medium was changed twice per week.

Alkaline phosphatase (ALP) staining

MC3T3-E1 cells were seeded in a 24-well plate at a density of
2.0x10* cells/cm?. After 24 h incubation, the cells were treated with
the PKCcat/PKCPI inhibitor G66976 (Calbiochem, San Diego, CA, USA),
the PKCR inhibitor (Calbiochem), or with 12-O-tetradecanoylphorbol-
13-acetate (TPA; Calbiochem) in differentiation medium for 3 days.
For ALP staining, cells were washed with phosphate-buffered saline
(PBS; Sigma-Aldrich) and fixed for 15 min with 10% formalin at room
temperature. After fixation, the cells were incubated with the
ProtoBlot® II AP System with Stabilized Substrate (Promega, Madison,
WI, USA) for 1h at room temperature. For all experiments using
inhibitors and activators of PKC, we also assayed the vehicle (DMSO)
as a standard control [17].

ALP activity

. To measure ALP activity, cells were washed twice with PBS and
then lysed in mammalian protein extraction reagent (M-PER; Pierce,
Rockford, IL, USA) following the manufacturer's protocol. ALP activity
was measured using LabAssay™ ALP (Wako Pure Chemicals Indus-
tries, Ltd., Osaka, Japan) and p-nitrophenylphosphate as a substrate. In
order to normalize enzyme activity, the protein content was
measured using a bichinconinic acid (BCA) protein assay kit (Pierce).

Proliferation assay

MC3T3-E1 cells were cultured in 48-well plates at a concentration
of 2.0 x 10* cells/cm? in differentiation medium. Cell proliferation was
assessed using the Premix WST-1 cell proliferation assay system
(Takara Bio, Inc, Otsu, Japan) according to the manufacturer's
instructions. We performed this assay every 24 h.

Alizarin red staining

MC3T3-E1 cells were cultured for 28 days on BIOCOAT® 24-well
plates (Nippon Becton Dickinson Co., Ltd., Tokyo, Japan) in differen-
tiation medium. Then, the cells were washed twice with PBS, fixed in
10% formalin for 10 min and then stained with Alizarin Red S (Sigma-
Aldrich) at pH 6.3 for 1 h. After discarding the Alizarin Red S solution
and washing the cells three times with distilled water, bound Alizarin
Red was dissolved in 200 pL of 100 mM hexadecylpyridium chloride
(Sigma-Aldrich) and the absorbance of the supernatant was measured
at 570 nm.

Reverse transcription PCR (RT-PCR) and quantitative real-time PCR

Total RNA was isolated from cells using TRIzol (Invitrogen)
according to the manufacturer's instructions. cDNA was synthesized
using the Transcriptor First Strand cDNA Synthesis kit (Roche
Diagnostics GmbH, Mannheim, Germany). RT-PCR was performed

using a PCR Master Mix (Promega) and an appropriate pair of primers.
The sequences of the specific primers used for RT-PCR are shown in
Table 1. PCR products were separated by agarose gel electrophoresis
and stained with ethidium bromide. Each mRNA was measured using
a quantitative real-time PCR assay, which employed LightCycler®
TagMan® Master (Roche Diagnostics), a Universal ProbeLibrary Probe
(UPL Probe; Roche Diagnostics), an appropriate pair of primers
according to the manufacturer’s protocol. The sequences of specific
primers and UPL Probes used are shown in Table 2. Expression values
were normalized to GAPDH.

Western blotting

The cells were rapidly lysed on ice using Blue Loading Buffer
Reagents (Cell Signaling Technology, Beverly, MA, USA) containing
0.125 M dithiothreitol. These samples were subjected to 8% SDS-PAGE
and were then transferred onto nitrocellulose membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). After blocking with 0.1% Tween-
added PBS (T-PBS) containing 3% bovine serum albumin (BSA; Sigma-
Aldrich), the membranes were incubated with specific primary
antibodies against PKCa (Cell Signaling Technology), PKCR (Abnova
Co., Ltd., Taipei, Taiwan), PKCRIl (Santa Cruz Biotechnology, Inc.,
Austin, TX, USA), and B-actin (Sigma-Aldrich). Horseradish peroxi-
dase-conjugated anti-mouse or -rabbit secondary antibody (GE
Healthcare, UK) were incubated for 1 h at room temperature in 0.1%
T-PBS. The blots were visualized by enhanced chemiluminescence
substrate (Thermo Scientific, Rockford, IL, USA) using a Western
blotting detection system.

Knockdown of PKCa using RNA interference

MC3T3-E1 cells were transfected with small interfering RNA (siRNA)
using Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer's protocol. Two different sets of PKCo siRNA oligos were used for
knockdown of PKCa: site 1 (5-GGAUUUAUCUGAAGGCUGA-3’ and 5'-
UCAGCCUUCAGAUAAAUCC-3') and site 2 (5'-GCAAAGGACUUAUGAC-
CAA-3' and 5-UUGGUCAUAAGUCCUUUGC-3") (B-Bridge International,
Inc., Sunnyvale, CA, USA). Control siRNA was purchased from B-Bridge
International, Inc. MC3T3-E1 cells transfected with siRNA were seeded
in a 24-well plate at a concentration of 1.0x 10* cells/cm? for 48 h. The
medium was then replaced with differentiation medium and the cells
were incubated for 3 days prior to use for experiments,

Infection with adenovirus vectors

Adenovirus expressing rabbit PKCe, rabbit PKCRII, and B-galacto-
sidase were generous gifts from Dr. M. Ohba, Tokyo, Japan [18]. Each
recombinant adenovirus was plaque purified, expanded, and titered

Table 1
Sequences of PCR primers and specific probes used for quantitative real-time PCR.

Gene UPL probe no.  Primer Sequence (5’ 3')
ALP 81 Forward ~ ACTCAGGGCAATGAGGTCAC
Reverse CACCCGAGTGGTAGTCACAA
Osteocalcin 71 Forward  CACCATGAGGACCCTCTCTC
Reverse TGGACATGAAGGCTTTGTCA
Collagen type 1 al 15 Forward  CATGTTCAGCTTIGTGGACCT
Reverse GCAGCTGACTTCAGGGATGT
Runx2 34 Forward  GCCCAGGCGTATTTCAGAT
Reverse ~ TGCCTGGCTCTTCITACTIGAG
Osterix 106 Forward  CTCCTGCAGGCAGTCCTC
Reverse GGGAAGGGTGGGTAGTCATT
GAPDH 80 Forward  TGTCCGTCGTGGATCTGAC
Reverse CCTGCTTCACCACCTTCTTG
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Table 2
Sequences of PCR primers used to amplify each of genes in RT-PCR.

Gene Primer Sequence (5’ —3')
ALP Forward GCCCTCTCCAAGACATATA
Reverse CCATGATCACGTCGATATCC
Osteocalcin Forward CAAGTCCCACACAGCAGCTT
Reverse AAAGCCGAGCTGCCAGAGTT
Collagen type 1 a1 Forward GCAATCGGGATCAGTACGAA
Reverse CTTTCACGCCTTTGAAGCCA
Runx2 Forward GCTTGATGACTCTAAACCTA
Reverse AAAAAGGGCCCAGTTCTGAA
Osterix Forward GAAGAAGCTCACTATGGCTC
Reverse GAAAAGCCAGTTGCAGACGA
GAPDH Forward TGAACGGGAAGCTCACTGG
Reverse TCCACCACCCTGTTGCTGTA

in 293 cells (Riken Cell Bank). MC3T3-E1 cells were infected and
2 days later, the medium was replaced with differentiation medium,

Statistical analysis

All data are expressed as means+SD and a minimum of three
independent experiments were performed for each assay. A two-
sided unpaired Student's t-test, or analysis of variance (ANOVA) for
multiple comparisons, was used for statistical analysis. A statistical
difference between experimental groups was considered to be
significant when the p value was <0.05.

Results

Osteoblastic differentiation of MC3T3-E1 cells is promoted by the
PKCo/PKCBI inhibitor G66976

Prior to determination of the effects of PKC isoforms on
osteoblastic differentiation, we first evaluated the endogenous
expression of the PKC isoforms PKCo and PKCB in MC3T3-E1 cells
by western blotting. The expression of PKCo was identified in MC3T3-
E1 cells. On the other hand, the expression of PKCR, which indicates
both PKCBI and PKCBII, was almost unidentified in MC3T3-E1 cells
(Fig. 1A). We next investigated the effects of the expressed PKCs on
osteoblastic differentiation by assay of the effect of incubation of
MC3T3-E1 cells with various concentrations of the PKCo/PKCRI
inhibitor G66976 (0-1.0 uM) for 72 h on ALP staining. In MC3T3-E1
cells, treatment with G66976 strongly induced ALP staining in a dose-
dependent manner and also enhanced ALP activity (Fig. 1B). Further-
more, Alizarin Red S staining indicated that G66976 clearly promoted
calcification of the extracellular matrix (ECM) in MC3T3-E1 cells. The
degree of this ECM calcification was quantified by measurement of the
absorbance of the Alizarin Red S solution (Fig. 1C). Quantitative real-
time PCR assay showed acceleration of the mRNA expression of
osteoblastic differentiation markers, including ALP, OCN, and Colla1,
and of the transcription factor Runx2, by G66976 in a dose-dependent
manner (Fig. 1D). These findings indicate that G66976 promoted
osteoblastic differentiation in MC3T3-E1 cells suggesting that the
PKCa and/or PKCPI isoforms might have a suppressive effect on
osteoblastic differentiation in MC3T3-E1 cells.

Treatment with the PKCPB inhibitor does not promote osteoblastic
differentiation in MC3T3-E1 cells

To investigate which PKC isoform modulates osteoblastic differ-
entiation, we examined the contribution of PKCR to differentiation
using a specific PKCB inhibitor, which inhibits both PKCBI and PKCBIL
Treatment of MC3T3-E1 cells with this PKCR inhibitor had no
influence on ALP activity (Fig. 2A). Moreover, neither calcification of
the ECM (Fig. 2B), nor the expression of mRNA related to osteoblastic

differentiation (Fig. 2C), changed in the presence of different
concentrations of the PKCR inhibitor. The inhibitor also induced no
change in osteoblast-cell proliferation (data not shown). These data
indicated that PKCR, whether it is the PKCRI or PKCRII isoform, did not
affect osteoblastic differentiation or cell proliferation. We therefore
assumed that inhibition of PKCo by G66976 promoted osteoblastic
differentiation in MC3T3-E1 celis.

Knockdown of PKCa promotes osteoblastic differentiation

To further confirm the effects of PKCa inhibition on osteoblastic
differentiation in MC3T3-E1 cells, we investigated changes in cell
differentiation following knockdown of PKCa using an RNA interfer-
ence method. Fig. 3A shows the low cellular expression level of PKCe,
48 h after transfection of two different anti-PKCo siRNAs (Fig. 3A).
Knockdown of PKCa using either siPKCo-1 or siPKCo-2 caused the
up-regulation of ALP activity and the acceleration of ECM calcification
in MC3T3-E1 cells compared to cells transfected with control siRNA
(Figs. 3B and C). Furthermore, quantitative real-time PCR analysis
revealed that the gene expression of ALP and OCN was dramatically
increased by knockdown of PKCa but not by treatment with control
siRNA. Among the other genes tested, the expression of Collal
showed some tendency to increase following knockdown of PKCa.
Furthermore, knockdown of PKCa increased the mRNA expression of
both of the transcription factors Runx2 and Osterix (Figs. 3D, E). These
results indicated that PKCo may suppress osteoblastic differentiation.

Activation of PKC by TPA attenuates osteoblastic differentiation in
MC3T3-E1 cells

We next investigated the influence of PKC activation by TPA on
osteoblastic differentiation. Treatment with TPA (0-10 nM), which
activates not only PKCa but also other conventional PKC and novel
PKC isoforms, caused a decrease in ALP activity in a dose-dependent
manner (Fig. 4A). Activation of PKC by TPA did not stimulate
calcification of the ECM in MC3T3-E1 cells (Fig. 4B). In addition, RT-
PCR analysis and quantitative real-time PCR -showed that the
expression of osteoblastic differentiation markers such as ALP and
OCN were clearly decreased following TPA treatment in a dose-
dependent manner (Figs. 4C, D).

Adenoviral overexpression of PKCa suppresses osteoblastic
differentiation in MC3T3-E1 cells

To further confirm the functional role of PKCa in osteoblasts, we
performed adenoviral-mediated gene transfer of wild-type PKCo (Ad-
PKCot) and PKCRII (Ad-PKCRII) into MC3T3-E1 cells. Following gene
transfer, we then confirmed a high expression level of the Ad-PKCo
and Ad-PKCBII proteins by western blotting (Fig. 5A). We next
measured the proliferation of MC3T3-E1 cells infected with each of
the adenovirus vectors Ad-PKCa, Ad-PKCBII or Ad-Bgal (control).
Compared with cells transfected with Ad-Bgal, the proliferation of
MC3T3-E1 cells infected with Ad-PKCa was significantly increased on
Days 4 and 5 after transfection, while the proliferation of cells
transfected with Ad-PKCBII was similar to that of Ad-Pgal cells
(Fig. 5B). The observed acceleration of the proliferation of Ad-PKCa-
transfected MC3T3-E1 cells is consistent with a previous report that
PKCa has a stimulatory effect on human osteoblastic proliferation
[19]. In addition, the overexpression of PKCa, but not that of PKCRII,
suppressed ALP activity compared to overexpression of Ad-Bgal
(Fig. 5C). Quantitative real-time PCR analysis showed that over-
expression of PKCa also suppressed the mRNA expression of ALP,
Collal, Runx2, and Osterix compared with Ad-Bgal (Fig. 5D).
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Fig. 1. Osteoblastic differentiation of MC3T3-E1 cells promoted by the PKCo/PKCRI inhibitor G66976. (A) endogenous expression of the PKCat, PKCP proteins in MC3T3-E1 cells by
western blotting. B-Actin was used as the internal control. (B) ALP staining and activity of MC3T3-E1 cells treated with G66976 which inhibits PKCo and PKCBI. MC3T3-E1 celis
(2.0 10* cells/cm?) were cultured in growth medium for 24 h, and then replaced with G66976 in differentiation medium for 3 days. (C) MC3T3-E1 cells stained with Alizarin red
solution and quantified Ca content in the matrix of the cells. MC3T3-E1 cells were cultured with G66976 in differentiation medium for 28 days. Fresh medium was changed twice per
week. (D) total RNA isolated from MC3T3-E1 cells treated with G66976 for 3 days. mRNA expression of the osteoblast-related genes: ALP, OCN, Collad; the transcription factor
Runx2, and the gene Osterix was determined using quantitative real-time PCR analysis and UPL probes. The expression of each gene was normalized to GAPDH expression. (B, C, and
D) data are means + SD of three independent experiments performed in duplicate (a: p<0.05, b: p<0.01 compared with G66976-untreated control).

Discussion

In this study, we showed that PKCa has a suppressive effect on
osteoblastic differentiation in MC3T3-E1 cells. Since the PKCo/PKCRI
inhibitor G66976 accelerated ALP activity, and the PKCR inhibitor had
no influence on ALP activity, we concluded that PKCa is the PKC
isoform that functions as a suppressor of osteoblastic differentiation.
In addition, we confirmed which isoforms of PKC have specific effects
on osteoblastic differentiation in ST2 cells, mouse bone marrow
stromal cells. Although ST2 cells are more primitive than MC3T3-E1
cells, they are known to differentiate into osteoblast-like cells in
differentiation medium in a similar manner to MC3T3-E1 cells [20].

Treatment of ST2 cells with G66976 increased ALP activity, with
maximum activity observed at a concentration of 0.5 pM rather than
at 1.0pM, which was the concentration which gave maximum
activation in MC3T3-E1 cells. Treatment of ST2 cells with the PKCR
inhibitor or TPA in did not alter ALP activity (data not shown).
However, inhibition of PKCa also promoted osteoblastic differentia-
tion in ST2 cells. Taken together, these results suggest that PKCa has a
suppressive effect on osteoblastic differentiation that is not cell-type
dependent. Thus, we focused on the role of PKCa in osteoblastic
differentiation in MC3T3-E1 cells. Knockdown of PKCa promoted
osteoblastic differentiation. In addition, calcification of ECM in
MC3T3-E1 cells was also accelerated at 28 days after PKCa siRNA
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were cultured with PKCR inhibitor in differentiation medium for 28 days. Fresh medium was changed twice per week. (C) RT-PCR analysis of total RNA isolated from MC3T3-E1 cells
treated with PKCR inhibitor. Expression of osteoblastic related genes: ALP, OCN, Colla1, Runx2, and Osterix. (A and B) data are means =+ SD of three independent experiments
performed in duplicate (a: p<0.05, b: p<0.01 compared with PKCR inhibitor-untreated control).

transfection (Fig. 3C). In contrast, overexpression of PKCo decreased
ALP activity (Fig. 5C) and reduced the expression of the mRNA of
osteoblastic markers and transcription factors (Fig. 5D).

PKCa has been implicated in a number of biological functions such
as proliferation, differentiation, cell cycle control, apoptosis/cell
survival and cell adhesion [21]. In particular, PKCa is known to have
an essential role in the proliferation of, not only osteoblasts [19], but
also of other normal and tumor cells [22]. In the present study, we
further demonstrated that PKCo has a role in the promotion of
osteoblastic proliferation (Fig. 5B). Our data are in contrast to two
previous reports of the involvement of PKCa in osteoblastic
differentiation. Tang et al. [23,24] reported that PKCa is involved in
the signal transduction pathway induced by basic fibroblast growth
factor (bFGF) during stimulation of fibronectin expression in
osteoblasts. The second previous report indicated that fibroblast
growth factor receptor 2 (FGFR2) promotes osteogenic differentiation
in mesenchymal cells via ERK1/2 and PKCa [25]. In these reports,
PKCa was suggested to function in signal transduction pathways that
promote osteoblastic differentiation. If PKCa can promote osteoblas-
tic differentiation, inhibition of PKCa by G66976 and by PKCo siRNA
should decrease osteoblastic differentiation. However, in this study,
we showed that inhibition of PKCo promoted osteoblastic differen-
tiation, Since we directly investigated PKCa using an inhibitor of
PKCa as well as by knockdown and overexpression of PKCa, our
results regarding the role of PKCo in osteoblastic differentiation may
be more directly relevant to the cellular role of PKCa. Interestingly,
Ogata et al. [26] reported that the G protein, Goy, activated PKC, and
subsequently osteoblastic differention was suppressed. Although the

isoform of PKC that was involved in the suppression of osteoblastic
differentiation was not mentioned in that study, our data suggest the
possibility that the results of Ogata might be due to a specific
suppressive effect of the PKCa isoform.

Regarding the involvement of other isoforms of PKC in osteoblastic
differentiation, there have been some reports that PKCS activation
promotes bone formation [27,28]. We found that treatment of
MC3T3-E1 cells with G66983, which is an inhibitor of PKCa, B, v, 8,
and ¢, also enhanced ALP activity in a dose-dependent manner (data
not shown). To completely rule out the possibility that PKCv, 6, and ¢
may also affect osteoblastic differentiation would require evaluation
of the individual roles of PKCv, §, or ¢ in differentiation. However, our
data suggest that it is likely that inhibition of PKCo by G66983
strongly contributes to the promotion of ALP activity. Furthermore,
PKCa may have a stronger influence on osteoblastic differentiation
than PKCS. Based on the ICso values (half maximal inhibitory
concentration) obtained using G66983, G66983 inhibits PKCot and
PKCS to the same extent [11]. Nevertheless, inhibition of PKCo rather
than PKC6 might induce an increase in ALP activity in MC3T3-E1 cells.
These results suggest that of the eleven isoforms of PKC, PKCa might
have the most important for osteoblastic differentiation. We addi-
tionally confirmed that PKCR, whether it is PKCBI or PKCRII, had little
effects on osteoblastic differentiation or cell proliferation. This lack of
effect of PKCR may be related to a lack of expression of PKCB in
osteoblasts, as PKCR expression has been suggested to be limited to
specific tissues such as pancreatic islet cells,monocytes and brain [29].
We suggest that cellular function of PKCo on osteoblasts is not
replaced with that of PKCR, most similar isoform of PKCcx.
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Fig. 3. Knockdown of PKCa stimulates osteoblastic differentiation. (A) Western blotting analysis of PKCo knockdown in MC3T3-E1 cells by transfection with control or PKCe (sites 1
and 2) siRNA. The cells transfected with siRNA were cultured for 48 h. Western blotting was performed using cell lysates as described in Materials and methods. (B) ALP staining and
activity of MC3T3-E1 cells transfected with siRNA. The cells transfected with siRNA were incubated for 48 h, following which the medium was changed to differentiation medium.
The cells were then incubated for 3 days to evaluate the osteoblastic differentiation. (C) Alizarin red staining and quantified Ca content. MC3T3-E1 cells transfected with control and
PKCox siRNA were cultured and incubated in growth medium for 2 days, and then replaced in differentiation medium for 28 days. Fresh medium was changed twice per week. (D and
E) expression of osteoblastic-related genes in MC3T3-E1 cells transfected with control and PKCa siRNA was assessed by RT-PCR and quantitative real-time PCR. Total RNA was
extracted from MC3T3-E1 cells. The expression of each gene was normalized against GAPDH expression. (B, C, and E) Data are means = SD of three independent experiments
performed in duplicate (a: p<0.05, b: p<0.01 compared with siRNA control).

Signaling pathways activated downstream of PKCo have been p44/42 MAPK activation is regulated by inhibition of PKCax using the PKC
reported to involve the p44/42 MAPK, which is activated by PKCa in inhibitor or by knockdown of PKCao using RNA interference, or by
various types of cells [19,30-33]. We therefore investigated whether =~ overexpression of PKCa using Ad-PKCa in MC3T3-E1 cells. However,
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Fig. 4. Effect of TPA on osteoblastic differentiation in MC3T3-E1 cells. (A) ALP staining and activity of MC3T3-E1 cells. The cells were cultured for 24 h, and then incubated for 3 days
after treatment with TPA in differentiation medium. (B) MC3T3-E1 cells stained with Alizarin red solution and quantified Ca content in the matrix of the cells. MC3T3-E1 cells were
cultured with TPA in differentiation medium for 28 days. Fresh medium was changed twice per week. (C) RT-PCR analysis of total RNA isolated from MC3T3-E1 cells treated with
TPA. Expression of osteoblastic-related genes: ALP, OCN, Col1at1, Runx2, and Osterix. (D) total RNA isolated from MC3T3-E1 cells treated with TPA for 3 days. mRNA expression of the
osteoblast-related genes: ALP, OCN, Collal; the transcription factor Runx2, and the gene Osterix was determined using quantitative real-time PCR analysis and UPL probes. The
expression of each gene was normalized to GAPDH expression. (A, B and D) data are means 4 SD of three independent experiments performed in duplicate (a: p<0.05, b: p<0.01

compared with TPA-untreated control).

significant alteration of the phosphorylation of p44/42 MAPK, as
assessed by western blotting, was not correlated with PKCo (data not
shown). Interestingly, it is reported that p44/42 MAPK was activated by
insulin sitimulation in vastus lateralis skeletal muscles even in a PKCot
knockout mouse [34]. Since PKCa plays multiple roles in signal

transduction and it does not directly activate p44/42 MAPK [35,36], it
is possible that activation of downstream signal pathways other than
modulation of p44/42 MAPK by inhibition of PKCo might lead to
osteablastic differentiation. Further study is required to elucidate the
signal pathway downstream of PKCa during osteoblastic differentiation.
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Fig. 5. Effects of PKCo overexpression on MC3T3-E1 cells. (A) Western blotting analysis of PKCa and PKCRII overexpression. Total cell lysates were extracted from MC3T3-E1 cells
infected with adenovirus-encoding wild-type of PKCor, PKCRIL (B) proliferation of MC3T3-E1 cells infected with adenovirus encoding an empty vector, (Ad-Bgal, control), wild-type
PKCa (Ad-PKCat), or PKCRII (Ad-PKCRIN). Infected MC3T3-E1 cells were incubated for 2 days following which the medium was changed to differentiation medium and the cells were
incubated for a further 3 days. Cell proliferation was assayed at daily intervals over these 5 days of incubation. (C) ALP activity of MC3T3-E1 cells with PKCo overexpression. ALP
activity was determined and normalized to the protein content. (D) expression of ostecblastic-related gene in MC3T3-E1 cells infected with Ad-Bgal (control), Ad-PKCe, and Ad-
PKCRIH were assessed by real-time PCR analysis. Total RNA was extracted from MC3T3-E1 cells. (B, C, and D) Data are means + SD of three independent experiments performed in
duplicate (a: p<0.05, b: p<0.01 compared with Ad-pgal).
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In conclusion, the present study indicates that PKCa suppresses
osteoblastic differentiation but promoted osteoblastic proliferation.
On the other hand, PKCRI and PKCRII had little effect on osteoblastic
differentiation or proliferation. In addition, we demonstrated that of
the eleven known isoforms of PKC, PKCw is the most important for
suppression of osteoblastic differentiation. These results imply that
the processes of differentiation and cell proliferation may be different
cellular activity, and that PKCa has a pivotal role as a switch between
these essential cellular functions.
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There is a significant need for cell sources for cartilage regenerative medicine. It has been reported that
the combined transduction of two reprogramming factors (c-Myc and K1f4) and one chondrogenic factor
(SOX9) directly induces chondrogenic cells from mouse dermal fibroblast (MDF) culture. To gain insights
into the process by which cellular characteristics are altered by transduction of c-Myc, Kif4 and SOX9, we
examined marker gene expression in the MDF culture at various time points after transduction. The
expression of fibroblast-markers was reduced first, followed by an increase in the expression of a chon-
drocyte-marker. We detected no expression of pluripotent markers at any time point examined. To deter-
mine whether or not induced chondrogenic cells go through a pluripotent state after transduction, we
analyzed MDFs prepared from Nanog-GFP transgenic mice by monitoring expression of the GFP-labeled
pluripotent marker Nanog-GFP in the MDF culture, using time-lapse microscopic observation. Whole-
well time-lapse observation revealed that none of the induced chondrogenic cells displayed GFP fluores-
cence during induction. These results indicate that cells do not undergo a pluripotent state during direct

induction of chondrogenic cells from fibroblast culture by transduction of c-Myc, KIf4 and SOX9.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Articular hyaline cartilage covers the ends of bones and sustains
smooth articulation of joints. Hyaline cartilage consists of chondro-
cytes that are scattered in an extracellular matrix whose properties
define the mechanical function of cartilage. Chondrocytes produce
cartilage-specific matrix proteins including types 1l and XI colla-
gens and aggrecan, and thereby assemble cartilage extracellular
matrix. Hyaline cartilage has a very weak capacity for repair. Dam-
age of hyaline cartilage due to trauma or degeneration with age is
repaired with fibrous scar tissue which is called fibrocartilage [1].
Fibrocartilage contains type I collagen, which is absent in hyaline
cartilage and is inferior in mechanical functions to hyaline carti-
lage. Fibrocartilage is eventually lost due to mechanical stress,
resulting in debilitating conditions, such as osteoarthritis. Cur-
rently no drugs have been developed that can induce the produc-

Abbreviations: MDFs, mouse dermal fibroblasts; iPS cells, induced pluripotent
stem cells; Collal, a1(I) collagen chain gene; Colla2, o2(1) collagen chain gene;
Col2a1, o1(1l) collagen chain gene.
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tion of hyaline cartilage. This means that hyaline cartilage needs
to be developed using a regenerative medicine approach. Because
chondrocytes are limited in number and their expansion in mono-
layer culture results in dedifferentiation, as indicated by the
expression of type I collagen, there is a significant need for cell
sources for cartilage regenerative medicine. Induction of chondro-
genic cells from dermal fibroblasts using a cell type conversion
technique could increase the supply of a cell source for cartilage
regenerative medicine. One such approach is to induce pluripotent
stem (iPS) cells from dermal fibroblast culture by transduction of c-
Myec, Kif4, Oct3/4, and Sox2 followed by redifferentiation into
chondrogenic cells. Although this is a promising approach, it is
accompanied by a risk of teratoma formation when the cells are
implanted in vivo, even after redifferentiation into chondrogenic
cells, because a trace of residual pluripotent cells can give rise to
teratoma [2]. Recently, a second approach has been reported that
involves direct induction of hyaline chondrogenic cells from mouse
dermal fibroblast (MDF) culture by transduction of two reprogram-
ming factors (c-Myc and Kif4) and the chondrogenic factor Sox9
[3]. Nonchondrogenic cells in MDF culture give rise to the chondro-
genic cells, because the number of prechondrogenic cells indicated
by Sox9 expression in MDF culture is much lower than the number
of chondrogenic colonies which are induced by transduction of
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c-Myc, Kif4, and SOX9 [3]. This technique of direct conversion ap-
pears simpler than the approach that involves iPS cells and can
therefore shorten the putative reprogramming process. The result-
ing reduction in excessive reprogramming is likely to contribute to
the safety of the induced cells, including reduced genomic aberra-
tions and reduced risk of teratoma formation when implanted in
vivo. However, it is not clear whether chondrogenic cells induced
by this technique that employs c-Myc and Kif4 have, in actuality,
not gone through a pluripotent state during the process by which
fibroblasts are reprogrammed into chondrogenic cells.

To examine the effects of transduction of c-Myc, Kif4, and SOX9
on the characteristics of MDFs, we analyzed the mRNA expression
of pluripotent markers by MDFs over several days after transduc-
tion of c-Myec, Kif4 and SOX9 using RT-PCR. Pluripotent markers,
including Nanog and Oct3/4, were not expressed. We then ana-
lyzed MDFs prepared from Nanog-GFP transgenic mice [4], using
real-time monitoring of pluripotent markers. Time-lapse full-scan
observation of cells in culture dishes showed that the cells that la-
ter became chondrogenic cells exhibited only background levels of
Nanog-GFP fluorescence. These results indicate that chondrogenic
cells are induced from mouse fibroblast culture without going
through a pluripotent state.

2. Materials and methods
2.1. Preparation of Nanog-GFP MDFs

For MDF isolation, skin was prepared from six-week-old Nanog-
GFP transgenic mice [4]. After the hair was shaved off, the skin was
minced and trypsinized at 37 °C for 4 h. Dissociated cells were fil-
tered through a nylon mesh (pore size, 40 pm; Tokyo Screen, To-
kyo, Japan) to generate a single-cell suspension and then seeded
onto 100 mm dishes and cultured in DMEM supplemented with
10% FBS (passage 1).

2.2. Retroviral transduction and time-lapse imaging

Retroviral infection was performed as described previously [5].
One day after seeding Plat-E cells [6] at a density of 3.6 x 10° cells
per 10 cm dish, we transfected the cells with pMXs-c-Myc (Add-
gene plasmid 13375), pMXs-Kif4 (Addgene plasmid 13370),
pMXs-Oct3/4 (Addgene plasmid 13366), pMXs-Sox2 (Addgene
plasmid 13367) [5], and pMXs-hSOX9 by using the Fugene 6 trans-
fection reagent (Roche). Twenty-four hours after transfection, the
medium was replaced. Twenty-four hours after medium replace-
ment, the medium was collected as the virus-containing superna-
tant from Plat-E cultures.

Frozen stored MDFs were thawed, seeded onto 100 mm dishes
and cultured in DMEM supplemented with 10% FBS. One day
before transduction, the cells were trypsinized and replated at a
density of 1.7 x 10° cells per 6 cm dish (passage 3).

The virus-containing supernatants were filtered through a
0.45 pwm cellulose acetate filter (Schieicher & Schuell) and were
supplemented with 4 pg/ml polybrene (Nacalai Tesque).

Equal amounts of supernatants containing each of the retrovi-
ruses (pMXs-c-Myc, pMXs-Klf4, and pMXs-SOX9 for induction of
chondrogenic cells; pMXs-c-Myc, pMXs-KIf4, pMXs-Oct3/4, and
pMXs-Sox2 for induction of iPS cells) were mixed and added to
the MDF cultures (day 0). After overnight (16 h) incubation in the
virus-containing medium, the fibroblast culture in the 6 cm dish
was trypsinized and replated into six wells of a six-well plate in
fresh medium (day 1). The plates were subjected to time-lapse
GFP observation using Biostation CT (Nikon). Phase and GFP images
were captured every 8 h for 20 consecutive days. Entire wells were
each scanned using a total of 64 images (8 rows x 8 columns), and

a tiled image was reconstituted. Each image in the movie is shown
for 0.5, thus 8 h corresponds to 0.5 s. For induction of chondro-
genic cells the DMEM medium supplemented with 10% FBS was
changed every other day. On day 21, the cells in the dishes were
stained with toluidine blue. For induction of iPS cells, the cells
were replated on SNL feeder cells at a density of 2 x 10% cells per
well in a six-well plate and the medium was changed to ES cell
medium the next day according to a previously described method

[7].
2.3. Real-time RT-PCR and RT-PCR analyses

RNA was extracted from the MDF cells in culture just before
(day 0), and various days after transduction with c-Myc, Kif4,
and SOX9 by using RNeasy Mini Kits (Qiagen). Total RNA was di-
gested with DNase to eliminate any contaminating genomic DNA,
For real-time quantitative RT-PCR, 1 pg of total RNA was reverse
transcribed into first-strand cDNA by using SuperScript I (Invitro~
gen) and an oligo(dT)yo primer. The PCR amplification was per-
formed in a reaction volume of 20 pl containing 2 pl of cDNA,
10 pl of SYBER PremixExTaq (Takara) and 7900HT (Applied Biosys-
tems). The RNA expression levels were normalized to the level of
Gapdh expression. For RT-PCR analysis, 1 pug of total RNA was re-
verse transcribed into first-strand ¢cDNA by using SuperScript I
(Invitrogen) and oligo(dT)zo primers. PCR was performed using
the KODFX DNA polymerase (Toyobo). The primers used are listed
in Table 1. Control cells that were similarly analyzed were E14tg2a
ES cells that were maintained as described previously [8] and the
differentiated iPS cells d-iPS1 and 2 [7].

2.4. Immunohistochemistry

After retroviral transduction of MDFs with c-Myc, Kif4, and
Sox9, the cultures were continued for 3 weeks. Following fixation
with 4% paraformaldehyde, nodules were picked-up manually,
transferred into gelatin, and processed for sectioning for histologic
analysis. Immunohistochemical analysis was performed using
anti-type II collagen antibody (Thermo #MS-235-P0, dilution

Table 1

Sequences of the PCR primers used.
Primer Sequence
Collal S GCAACAGTCGCTTCACCTAC
Collal AS GTGGGAGGGAACCAGATTG
Colla2 S TCGGGCCTGCTGGTGTTCGTG
Colla2 AS TGGGCGCGGCTGTATGAGTICTTC
Col2al S TTGAGACAGCACGACGTGGAG
Col2al AS AGCCAGGTTGCCATCGCCATA
Gapdh S GAGATGATGACCCTTITGGCT
Gapdh AS TCAAGGCCGAGAATGGGAAG
Nanog S TCTTCCTGGTCCCCACAGTTT
Nanog AS GCAAGAATAGTTCTCGGGATGAA
Oct3/4 S CTGAGGGCCAGGCAGGAGCACGAG
Oct3/4 AS CTGTAGGGAGGGCTTCGGGCACTT
Sox2 S GGTTACCTCITCCTCCCACTCCAG
Sox2 AS TCACATGTGCGACAGGGGCAG
Rex1S ACGAGTGGCAGTTICITCTTGGGA
Rex1 AS TATGACTCACTTCCAGGGGGCACT
Utf1 S GGATGTCCCGGTGACTACGTCTG
Utf1 AS GGCGGATCTGGTTATCGAAGGGT
Brachyury S AACTTTCCTCCATGTGCTGAGAC
Brachyury AS TGACTTCCCAACACAAAAAGCT
Mixl1 S ACTTTCCAGCTCTTTCAAGAGCC
Mixl1 AS ATTGTGTACTCCCCAACTTTCCC
ApS TGCAGAAACACATCGAGGAGAG
Afp AS GCTTCACCAGGTTAATGAGAAGC
Sox17 S TTTGTGTATAAGCCCGAGATGG
Sox17 AS AAGATTGAGAAAACACGCATGAC
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1:200) and anti-Aggrecan antibodies (Santa Cruz, sc-25674, dilu-
tion 1:200). Immune complexes were detected using Alexa Fluor
488 (Invitrogen). DNA was stained with Hoechst 33,342 (invitro-
gen H3570).

All experiments were approved by our institutional animal
committee (the Institutional Animal Care and Use Committee (I1A-
CUC) of Osaka University Graduate School of Medicine) and institu-
tional biosafety committee (Osaka University Living Modified
Organism (LMO) Experiments Safety Committee).

3. Results

3.1. Analysis of fibroblast- and chondrocyte-marker gene expression by
MDFs after transduction of c-Myc, Klf4 and SOX9

To gain some insight into the course of the alteration in cell
characteristics following transduction of c-Myc, Kif4 and SOX9 into

Col1at Colta2

A

609

MDFs, we analyzed MDF expression of fibroblast- and chondro-
cyte-marker genes over several days after transduction, using
real-time RT-PCR analysis of MDF RNA (Fig. 1A). The mRNA expres-
sion levels of the fibroblast-markers, o1(I) collagen chain gene
(Collal) and o2(I) collagen chain gene (Col1a2), were maintained
for 1 day after transduction but were reduced 2 days after trans-
duction. On the other hand, the expression level of the chondro-
cyte-marker gene, ol(ll) collagen chain gene (Col2al), was
substantially increased on day 5 after transduction. These results
suggest that transduction of c-Myc, KIf4 and SOX9 into MDFs de-
creases fibroblastic characteristics, and this decrease is then fol-
lowed by acquisition of a chondrogenic phenotype. To confirm
that chondrogenic cells were indeed induced in this culture system
as previously reported [3], we continued the culture for 3 weeks
after transduction and then stained the cells using cartilage-spe-
cific stains. Cell aggregates with a nodular appearance were formed
in the dishes and displayed metachromatic toluidine blue staining

Col2a1
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Fig. 1. Analysis of marker gene expression in MDFs after transduction of c-Myc, KIf4 and SOX9. RNA was collected at the time points indicated at the bottom of each graph. (A)
Real-time RT-PCR analysis of the mRNA expression of fibroblast- and chondrocyte-marker genes. MPC, mouse primary chondrocytes. Error bars indicate mean £ SD (n = 3). For
Collal and Colla2, *p < 0.05 between samples on day 0 and samples collected at each time point as determined using Student's ¢ test. (B) MDF culture dishes stained with
crystal violet, toluidine blue or alcian blue 21 days after transduction of c-Myc, Kif4 and SOX9, or DsRed2. (C) Nodules that had formed in the MDF culture dishes 21 days after
transduction of c-Myc, KIf4 and SOX9 were picked-up, sectioned and immunostained with anti-type I collagen antibodies (green) and anti-Aggrecan antibodies (green). DNA
was stained with Hoechst 33,342 (blue). Scale bar, 100 pm. (D) RT-PCR analysis of the mRNA expression of pluripotent- and developmental-marker genes. ES, E14tg2a
embryonic stem cells; d-iPS1 and 2, differentiated iPS cells; MPC, mouse primary chondrocytes.
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Fig. 2. Time-lapse images of Nanog-GFP MDF culture transduced with c-Myc, Kif4 and SOXS. (A) Time-lapse phase contrast (top row) and GFP fluorescence (second row) tiled
images, spanning an entire well of a six-well plate. The top right panel shows toluidine blue staining of the well whose phase image is shown at left. One magnified phase
(third row) and GFP fluorescent (bottom row) image is shown. Scale bars: 10 mm in top and second rows; 1 mm in third and bottom rows, (B) Magnification of the nodules
indicated by an arrow in the right panel in the third row in (A). Scale bar, 100 pm. (C) As a control, Nanog-GFP MDFs were transduced with c-Myc, Kif4, Oct3/4 and Sox2. Phase
contrast (top row) and GFP fluorescent (second row) tiled images, spanning an entire well of a six-well plate are shown. One magnified phase contrast (third row) and GFP
fluorescent (bottom) image is shown. Scale bars: 10 mm in top and second rows; 1 mm in third and bottom rows (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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and intense Alcian blue staining (Fig. 1B). In addition, immunohis-
tochemical analysis detected type II collagen and Aggrecan immu-
noreactivity in the nodules (Fig. 1C). These results suggested that
chondrogenic cells were induced and formed cartilaginous nodules
following transduction.

3.2. Analysis of pluripotent- and developmental-maker gene
expression in MDFs after transduction of c-Myc, KIf4 and SOX9

We next examined the expression of pluripotent markers in the
MDFs over a period of 14 days after transduction of c-Myc, KIf4 and
SOX9, using RT-PCR. Expression of Nanog, Oct3/4, Sox2, Rex1, and
Utf1 mRNA were all below the detectable level over the time-
course examined, whereas their expression was detected in
Embryonic Stem (ES) cells (Fig. 1D). Analysis of the expression of
markers of specific developmental stages could not detect expres-
sion of genes characteristic of early mesoderm (Brachyury and
Mixl1) or of early endoderm (Afp and Sox17) (Fig. 1D). These re-
sults suggest that transduction of c-Myc, KIf4 and SOX9 do not
guide MDFs to these specific early developmental pathways.

3.3. Time-lapse observation of Nanog-GFP fluorescence during
induction of chondrogenic cells

A small number of the cells in the MDF culture that were trans-
duced with c-Myc, Kif4 and SOX9 gave rise to chondrogenic cells in
the culture dishes (Fig. 1B) [3]. The majority of the cells appeared
as fast-proliferating types of fibroblasts that were transduced with
the factors but were not guided to the chondrogenic lineage. To
determine whether the induced chondrogenic cells go through a
pluripotent stem cell state or not, we monitored pluripotency at
the single cell level by using MDFs prepared from Nanog-GFP
transgenic mice. Nanog-GFP transgenic mice bear the BAC trans-
gene in which EGFP is inserted into the 5'-untranslated region of
the Nanog gene, and express GFP in a pattern that is identical to
that of Nanog [4]. To detect potential transient expression of Na-
nog-GFP, we monitored Nanog-GFP fluorescence at 8 h intervals.
An entire well of a six-well plate was analyzed using 64 images
(8 rows x 8 columns), To construct a whole-well view, these 64
images were tiled for each well. The time-lapse tiled phase contrast
image, which spanned an entire well of a six-well plate, indicated
that multiple nodules appeared at 7 days after transduction of c-
Myc, Kif4 and SOX9 into Nanog-GFP MDFs (Fig. 2A, top row; Movie
S1). These nodules gradually grew in size. Toluidine blue staining
showed metachromatic staining of the nodules at 21 days after
transduction (Fig. 2A, top right panel), suggesting that these nodule
contain glycosaminoglycan and are therefore chondrogenic. Analy-
sis of GFP fluorescence showed background levels of fluorescence
throughout the observation period (Fig. 2A, second row; Movie
S2). Detailed examination of each image revealed that cells prolif-
erated vigorously on day 2 and started to form nodules by day 7
(Fig. 2A, third row; Movie S3), which is consistent with a previous
report [3]. The nodules had become substantial in size by 21 days
after transduction (Fig. 2A third right panel). Each nodule was com-
posed of multilayered polygonal-shaped cells and showed meta-
chromatic toluidine blue staining (Fig. 2B), indicating that these
cells were chondrogenic. A total of six wells were analyzed in this
manner, in which 64 phase contrast and GFP-fluorescent images
were captured per well, 3 times a day (8 h intervals), for 20 days.
Thus, 23,040 phase contrast and GFP images were captured in to-
tal. Nanog-GFP fluorescence was at background levels in all cells,
in all 23,040 GFP images, including cells which were later shown
to become chondrogenic cells (Table 2; Fig. 2A, bottom; Movie
S4). In contrast, the control iPS cells used for this study showed in-
tense GFP fluorescence following transduction of c-Myc, K1f4, Oct3/
4 and Sox2 (Fig. 2C; Movies S5-8). Substantial GFP fluorescence

Table 2
Number of nodules showing metachromatic toluidine blue staining and number of
cells showing Nanog-GFP fluorescence after transduction of ¢-Myc, KIf4 and SOXS.

Well of a Number of Number of nodules with Number of cells
six-well cells metachromatic toluidine with GFP

plate seeded biue staining fluorescence®

1 51x10* 20 0

2 51x10* 65 0

3 51x10' 25 0

4 2.5 x 10* 12 0

5 25x10* 15 0

6 C25%x10* 15 0

Total 23x10° 152 0

2 Sum of numbers of cells showing GFP fluorescence throughout observation.

was detected as early as 8-9 days after transduction (Movies S6
and S8).

4. Discussion

4.1. Cells do not pass through a pluripotent state during chondrogenic
induction

We did not detect mRNA expression of pluripotent stem cell
markers including Nanog, Oct3/4, Sox2, Rex1, and Utf1 in cells over
a period of 14 days after transduction of c-Myc, Klf4, and SOX9,
using RT-PCR analysis. We also did not detect Nanog-GFP expres-
sion above background levels in any of the cultured cells using
time-lapse analysis. Based on these results, we concluded that cells
do not pass through a pluripotent state during direct induction of
chondrogenic cells from fibroblast culture. It has been shown that
in vivo transplantation of chondrogenic cells that were directly in-
duced from dermal fibroblasts in culture does not result in the pro-
duction of a teratoma [3]. Our results confirmed that, at least in
theory, these induced chondrogenic cells should not produce a ter-
atoma when implanted in vivo.

The generation of iPS cells is associated with vigorous epige-
netic reprogramming, which can possibly cause DNA damage and
genomic instability [9,10]. If the degree of nuclear reorganization
during the cell reprogramming process is lower during direct
induction of chondrogenic cells from fibroblasts than that during
induction through iPS cells, then it is possible that genomic aberra-
tions will also be reduced in the directly induced chondrogenic
cells compared with those which are induced through iPS cells.

The sensitivity of detection of GFP fluorescence in our experi-
ment was high, since we were able to detect Nanog-GFP fluores-
cence during induction of iPS cells as early as day 8-9. We
therefore concluded that Nanog-GFP was not expressed by any cell
during induction of chondrogenic cells. However, it is still formally
possible that we may have missed a very short-lived, transient
expression of Nanog-GFP, if the GFP proteins were rapidly de-
graded in cells during chondrogenic cell induction.

Although efficient induction of iPS cells requires transduction of
four reprogramming factors, it has been reported that transduction

- of three factors (Kif4, Oct3/4, Sox2) can reprogram fibroblasts into

iPS cells with low efficiency {11]. Furthermore, transduction of
neural stem cells with Qct3/4 alone [12], transduction of certain
somatic cells with Oct3/4 in combination with specific chemical
molecules [13], or transduction of follicle dermal papilla cells with
Oct3/4 alone [14] results in the induction of iPS cells. These find-
ings imply that transduction of fewer reprogramming factors could
produce a pluripotent stem cell state, if the appropriate cells or
conditions are used. However, the efficiency of iPS cell induction
is very low when the number of reprogramming factors is reduced,
compared with the 0.1% efficiency of induction of chondrogenic
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cells from dermal fibroblast culture [3]. These findings support the
notion that cells do not undergo a pluripotent stem cell state dur-
ing induction of chondrogenic cells from dermal fibroblast culture
by transduction of c-Myc, Kif4 and SOX9.

4.2. Sequence of the disappearance of fibroblastic characteristics and
chondrogenic commitment

It has been reported that, during induction of iPS cells by forced
expression of c-Myc, Kif4, Oct3/4 and Sox2, downregulation of the
fibroblast-marker Thy1 occurs first, which is then followed by
upregulation of pluripotent markers [15]. Transduction of a combi-
nation of c-Myc and Kif4 is the most effective for downregulation
of a fibroblast marker, suggesting that c-Myc and KIf4 are respon-
sible for the disappearance of fibroblastic characteristics [16]. In
the present study, marked downregulation of Col1al and Collia2
mRNA expression began on day 2, and was followed by a gradual
upregulation of Col2al mRNA expression between days 5-7 after
transduction of c-Myc, Kif4, and SOX9. Combined with previous
data, it is likely that elimination of the fibroblastic phenotype is in-
duced by c-Myc and Kif4. Commitment and differentiation into
chondrogenic cells, which is caused by SOX9, appears to take place
once the fibroblast phenotype is eliminated.

In summary, our results indicate that chondrogenic cells in-
duced by ¢-Myc, Kif4 and SOX9 from MDFs do not pass through
a pluripotent state during induction. Such directly induced chon-
drogenic cells may be safer than chondrogenic cells that were

~ redifferentiated from iPS cells in terms of the risks of teratoma for-
mation and genomic aberrations.
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Disturbed endochondral ossification in X-linked hypophos-
phatemia indicates an involvement of P, in chondrogenesis.
We studied the role of the sodium-dependent P, cotransport-
ers (NPT), which are a widely recognized regulator of celular
P; homeostasis, and the downstream events in chondrogenesis
using Hyp mice, the murine homolog of human X-linked hy-
pophosphatemia. Hyp mice showed reduced apoptosis and
mineralization in hypertrophic cartilage. Hyp chondrocytes in
culture displayed decreased apoptosis and mineralization
compared with WT chondrocytes, whereas glycosaminoglycan
synthesis, an early event in chondrogenesis, was not altered.
Expression of the type III NPT Pit-1 and P; uptake were dimin-
ished, and intracellular ATP levels were also reduced in paral-
lel with decreased caspase-9 and caspase-3 activity in Hyp
chondrocytes. The competitive NPT inhibitor phosphonofor-
mic acid and ATP synthesis inhibitor 3-bromopyruvate dis-
turbed endochondral ossification with reduced apoptosis in
vivo and suppressed apoptosis and mineralization in conjunc-
tion with reduced P, uptake and ATP synthesis in WT chon-
drocytes. Overexpression of Pit-1 in Hyp chondrocytes re-
versed P, uptake and ATP synthesis and restored apoptosis
and mineralization. Our results suggest that cellular ATP syn-
thesis consequent to P; uptake via Piz-1 plays an important
role in chondrocyte apoptosis and mineralization, and that
chondrogenesis is ATP-dependent.

Endochondral ossification is critical to the development and
growth of mammals. The process begins with condensation of
undifferentiated mesenchymal cells, and these cells differentiate
into proliferating chondrocytes that express type II, IX, and XI
collagen and sulfated glycosaminoglycans (GAG)? (1). Proliferat-
ing chondrocytes further differentiate into hypertrophic chon-
drocytes expressing type X collagen, undergo apoptosis, mineral-
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ize, and are ultimately replaced by bone. Disturbance of the
endochondral ossification leads to a variety of skeletal disorders.

The genetic disease X-linked hypophosphatemia (XLH) is
the most common form of inherited rickets in humans and is
related to the dominant disorder of P, homeostasis (2). XLH
has been shown to be caused by inactive mutations of the
PHEX gene and characterized by hypophosphatemia second-
ary to renal P, wasting, growth retardation due to disturbed
endochondral ossification, osteomalacia resulting from re-
duced mineralization, and abnormally regulated vitamin D
metabolism (3). Hyp mice also display similar biochemical
and phenotypic abnormalities to human XLH, including
hypophosphatemia, osteomalacia, and skeletal abnormalities.
Hyp mice thus are a mouse homolog of human XLH (4). Pre-
vious studies reported that Hyp mice exhibited disorganized
hypertrophic cartilage with reduced apoptotic chondrocytes
and hypomineralization (5). We have reported previously that
osteoclast number was decreased in Hyp mice compared with
WT mice and that a high-P,; diet partially restored this, show-
ing that P, influences osteoclastogenesis and suggesting that
this P, effect on osteoclastogenesis may be associated with the
pathogenesis of abnormal skeletogenesis in Hyp mice (6).
However, it remains unclear whether disturbed P; homeosta-
sis influences endochondral ossification, leading to abnormal
skeletogenesis in Hyp mice. In this context, it is noted that
intracellular P, levels decrease and extracellular P, levels
prominently increase from the proliferating to the hyper-
trophic zone during chondrogenesis, suggesting that cellular
P, levels are associated with chondrocyte differentiation
(7-10).

Cellular P, levels are controlled by the sodium-dependent P,
cotransporters (NPT) (11). Previous studies reported that the
type III NPT Pit-1 was expressed in hypertrophic chondro-
cytes during endochondral ossification in mice (12) and that
the expression of the type Ila NPT Npt2a and Pit-1 was also
detected in chick chondrocytes (13). Moreover, it has been
demonstrated that P, modulates chondrocyte differentiation
(14-19) and apoptosis (13, 20).

On the basis of these earlier results, we hypothesized that
the NPT-P, system plays a critical role in the regulation of
chondrocyte differentiation. We found that Pit-1 expression
in chondrocytes was decreased in Hyp mice compared with
WT mice and that Pit-1 regulated apoptosis and mineraliza-
tion in chondrocytes through modulating intracellular ATP
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synthesis and apoptotic signaling activity. On the other hand,
Hyp chondrocytes showed no changes in GAG synthesis,
which is an early event in chondrogenesis. Our findings sug-
gest that ATP synthesis mediated by P, influx via Pit-1 is criti-
cal in the regulation of late chondrogenesis, including apopto-
sis and mineralization, and that the differentiation of cartilage
is an ATP-dependent event.

EXPERIMENTAL PROCEDURES

Animals—All mice used were of the C57BL/6] strain. Nor-
mal mice were purchased from Nihon-Dobutsu Inc. (Osaka,
Japan). Hyp mice were initially obtained from The Jackson
Laboratory (Bar Harbor, ME) and were produced by cross-
mating homozygous Hyp females (Hyp/Hyp) with hemizygous
Hyp males (Hyp/Y). All animal experiments were performed
according to the guidelines of the Institutional Animal Care
and Use Committee of the Osaka University Graduate School
of Dentistry.

Isolation and Culture of Mouse Growth Plate
Chondrocytes—Growth plate chondrocytes were isolated
from the ribs of 4-week-old normal and Hyp mice by sequen-
tial digestion with 0.2% trypsin (Invitrogen) for 30 min and
0.2% collagenase (Wako Pure Chemical Industries Ltd.,
Osaka, Japan) for 3 h as reported previously (21). Isolated cells
were plated onto 100-mm tissue culture dishes at a density of
1 X 10° cells in a-minimal essential medium (Sigma) supple-
mented with 10% FCS (Valley Biomedical, Inc., Winchester,
VA), 2 mmol/liter L-glutamine, and 0.1 mg/ml kanamycin.
Two days later, to induce chondrogenesis and cartilage nod-
ule formation, the cells were plated at 3 X 10° cells/well onto
24-well plates or at 5 X 10* cells/well on 96-well plates coated
with type I collagen (Nitta Gelatin Inc., Osaka, Japan) and
cultured in differentiation medium consisting of DMEM
(Sigma) supplemented with 10% FCS, 50 pg/ml ascorbic acid,
and 100 ng/ml recombinant human bone morphogenetic pro-
tein-2 (Astellas Pharma Inc., Tokyo, Japan) for 7 days. From
day 5 to day 7, to promote matrix mineralization, 5 mM
B-glycerophosphate was added to the differentiation medium.

RT-PCR and Real-time PCR—Total RNA from chondro-
cytes was prepared using an RNeasy kit (Qiagen, Inc., Valen-
cia, CA) and reverse-transcribed with SuperScript II reverse
transcriptase (Invitrogen). The primer sequences for mouse
Nptl, mouse Npt2a, GAPDH, and B-actin are available on
request. PCR assays were performed using Tag DNA polym-
erase (New England Biolabs, Ipswich, MA) and dNTP mixture
(Promega Corp., Madison, WI). Real-time PCR assays were
performed using a LightCycler system (Roche Diagnostics)
according to the manufacturer’s instructions. Each reaction
was carried out with Qiagen QuantiTect SYBR Green PCR
Master Mix. The expression levels of mRNA are indicated as
the relative expression normalized by GAPDH. The primer
sequences are available upon request. Each procedure was
repeated at least four times to assess reproducibility.

Measurement of Sodium-dependent P; Uptake— Assay for
sodium-dependent P, uptake by growth plate chondrocytes
was performed essentially as described (22). Briefly, confluent
cells cultured in 24-well Costar microtiter dishes were incu-
bated in 2 ml of uptake solution (150 mmol/liter NaCl, 1.0
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mmol/liter CaCl,, 1.8 mmol/liter MgSO,, and 10 mmol/liter
HEPES (pH 7.4)) at 37 °C for 5 min. Transport was then initi-
ated by replacing the uptake solution with fresh uptake solu-
tion (2 ml) supplemented with 0.1 mmol/liter KH,PO, and
containing 3 uCi/ml KH,**PQO, (MP Biomedicals, Inc., Irvine,
CA). Cells were then incubated for 5 min at 37 °C, and the
reaction was stopped by the addition of ice-cold uptake solu-
tion supplemented with 150 mmol/liter choline chloride sub-
stitution for NaCl. The same solution was then used to wash
the cells three times (2 ml/wash) and dissolved in 0.2 N
NaOH, and the 3?P activity was counted on a scintillation
counter. As a control, sodium-independent P, transport was
measured in the same way, except that NaCl was replaced by
choline chloride in the uptake solution. Data are expressed as
nanomoles of P,/mg of cellular protein/5 min, and sodium-de-
pendent P, transport was calculated by subtracting sodium-
independent P, transport from total P, transport.

Alcian Blue Staining—Cell layers in 24-well plates were
fixed with 3.7% formaldehyde for 10 min and with 70% etha-
nol for 5 min at room temperature. After fixation, the cells
were incubated with 5% acetic acid (pH 1.0, adjusted with
HCI) for 5 min and stained with 1% Alcian blue dye (Wako
Pure Chemical Industries Ltd.) in 5% acetic acid for 10 min.
The Alcian blue staining was quantified using NIH Image 1.63
software. ‘ .

Alizarin Red Staining—Cell layers in 24-well plates were
fixed with 3.7% formaldehyde for 10 min and with 95% etha-
nol for 10 min at room temperature. After fixation, mineral-
ized nodules were stained with 1% alizarin red S (Wako Pure
Chemical Industries Ltd.) at pH 6.4 for 10 min at room tem-
perature. The stained samples were washed three times with
water and then air-dried. The alizarin red staining was quanti-
fied using NTH Image 1.63 software.

Treatment with NPT Inhibitor—In vitro, chondrocytes were
treated with phosphonoformic acid (PFA or foscarnet,
Sigma), which is a competitive inhibitor of NPT (23), at con-
centrations of 107° to 1072 M in the differentiation medium
from day 1 to day 7. In vivo, mice received PFA as described
(24). PFA injection (intraperitoneal; 1000 mg/kg of body
weight) was started at 21 days of age and injected daily for 10
days into C57BL/6] mice. Histological analysis was performed
at 31 days of age. Control mice received vehicle PBS.

Knockdown of Npt2a and Pit-1 by siRNA—Chondrocytes
were seeded at a density of 5 X 10° cells in 100-mm tissue
culture dishes in a-minimal essential medium supplemented
with 10% FCS and 2 mmol/liter L-glutamine. The sequences
of Stealth RNAi duplex oligoribonucleotides for mouse Npt2a
and mouse Pit-1 are available upon request. Npt2a-targeted,
Pit-1-targeted, or negative control (medium GC, Invitrogen)
Stealth RNAi duplex oligoribonucleotides were each added to
1 ml of serum-free Opti-MEM I reduced serum medium (In-
vitrogen) at a final concentration of 24 nm. In a separate tube,
20 pl of Lipofectamine RNAIMAX (Invitrogen) were diluted
in 1 ml of serum-free Opti-MEM I reduced serum medium.
After adding the siRNA solution to the Lipofectamine solu-
tion, the final transfection mixture was incubated for 20 min
at room temperature. This transfection mixture was applied
to the cells. After 48 h, RNA extraction was performed for
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FIGURE 1. Apoptosis and related events in Hyp chondrocytes. A, histological examination of chondrocyte apoptosis. Hematoxylin/eosin staining (left)
and TUNEL staining (right) were performed using tibias of 4-week-old WT and Hyp mice. The hypertrophic zone is marked with dotted lines, and the scale
bars indicate 200 um. Representative pictures obtained of numerous sections of four mice from each group are shown. B, number of TUNEL-positive cells in
the tibial growth plates of WT and Hyp mice. C, quantitative determination of chondrocyte apoptosis. Cells were cultured in the differentiation medium in
96-well plates for 7 days. The determination was conducted using the cell death detection ELISAP"S kit after differentiation. Data are shown as apoptotic
activity. D, histochemical staining of WT and Hyp chondrocytes. Cells were cultured for 7 days in the differentiation medium and stained with Alcian blue for
GAG synthesis (upper) and with alizarin red S for mineralization (lower). E, quantification of Alcian blue staining. F, quantification of alizarin red staining. Re-
sults are expressed as the mean = S.E. of four separate experiments. ¥, significantly different from WT chondrocytes (p < 0.05).

RT-PCR, and transfected chondrocytes were plated onto 24-
or 96-well plates to determine P, transport, intracellular ATP
levels, caspase activity, and apoptosis.

Pit-1 Overexpression—The cDNA was subcloned into the
5'-Xhol/BamHI-3’ site of pcDNA3.1/Zeo (Invitrogen). The
cells were transfected using FuGENE™-6 (Roche Diagnos-
tics) according to the manufacturer’s protocol. After 48 h of
transfection, RNA extraction was performed for RT-PCR, or
transfected chondrocytes were replated onto 24- or 96-well
plates to determine P, transport, intracellular ATP levels,
caspase activity, and apoptosis. The cDNA for mouse Pit-1 in
the plasmid pBluescript was a generous gift of Dr. Kenichi
Miyamoto (University of Tokushima Graduate School, To-
kushima, Japan).

Histology and TUNEL Staining—Tibias were harvested,
washed with PBS, fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight, decalcified in 4.13%
EDTA at room temperature for 2 weeks, and embedded in
paraffin. Four-pm thick sections were made and stained with
hematoxylin and eosin. Apoptotic cells were identified using
the DeadEnd fluorometric TUNEL system (Promega Corp.).
After treatment with 10 mg/ml proteinase K for 10 min at
room temperature, sections were incubated with rTdT incu-
bation buffer for 1 h at 37 °C, rinsed, counterstained with 1
ug/ml DAPI (Vector Laboratories, Ltd., Burlingame, CA), and
mounted with Fluoromount-G (Southern Biotechnology As-
sociates, Inc., Birmingham, AL). The green TUNEL emission
was analyzed under a fluorescein filter set to view the green
fluorescence of fluorescein at 520 nm and blue DAPI at
460 nm.
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Measurement of Apoptotic Cell Death—DNA fragmentation
was measured using the cell death detection ELISAPYS kit
(Roche Diagnostics), which detects the cytoplasmic histone-
associated DNA fragments (mono- and oligonucleosomes) by
photometric enzyme immunoassay. Briefly, after differentia-
tion of chondrocytes in 96-well plates, cell lysates were used
for the ELISA procedure following the manufacturer’s proto-
col. DNA fragmentation was quantified at 405 nm. Results
were normalized to cellular protein concentration.

Measurement of Caspase-9 and Caspase-3 Activity—Activ-
ity of caspase-3 and caspase-9 was measured using the
Caspase-Glo 3/7 and Caspase-Glo 9 assay kit (Promega corp.)
according to the manufacturer’s instructions. Chondrocytes
were cultured at a density of 5 X 10* cells/well for 5 days in
96-well plates in the differentiation medium and processed
for caspase-9 and caspase-3 activity assays. The luminescence
was measured using a TD-20/20 luminometer (Tuner De-
signs, Sunnyvale, CA). Results were normalized to cellular
protein concentration.

Measurement of Intracellular ATP Levels—Intracellular
ATP levels were measured using an ATP assay kit (Calbio-
chem). This assay utilizes luciferase to catalyze the formation
of light from ATP and luciferin. Luminescence was measured
using a TD-20/20 luminometer. Chondrocytes were cultured
at a density of 5 X 10* cells/well for 24 h in 24-well plates and
processed for ATP bioluminescence assays. Results were nor-
malized to cellular protein concentration.

Treatment with ATP Synthesis Inhibitor—In vitro, 3-bro-
mopyruvate (3-BrPA; Sigma), a strong alkylating agent that
abolishes cell ATP production via the inhibition of both gly-
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FIGURE 2. Activity of apoptotic signaling pathways. A, caspase-9 activity in
WT and Hyp chondrocytes. B, caspase-3 activity in WT and Hyp chondrocytes.
Activity was measured using the Caspase-Glo 9 and Caspase-Glo 3/7 assay kits
after differentiation. C, intracellular ATP levels in WT and Hyp chondrocytes.
Cells were cultured at a density of 1 X 10* cells/well in 96-well plates for 24 h,
ATP levels were measured using the ATP assay kit. *, significantly different from
WT chondrocytes (p < 0.05). RLU, relative light units.

colysis and oxidative phosphorylation (25-27), was added at
107%~107° M in the differentiation medium from day 1 to
day 7. In vivo, 3-BrPA (20 ug/kg of body weight) was injected
intraperitoneally daily for 10 days into C57BL/6] mice. Con-
trol mice received vehicle PBS.

Statistical Analysis—Data are presented as the mean * S.E.
Raw data were analyzed by the Mann-Whitney U test or one-
way analysis of variance, followed by a post hoc test (Fisher’s
projected least significant difference) (StatView, SAS Insti-
tute, Inc., Cary, NC) with a significance level of p < 0.05.

RESULTS

Reduced Apoptosis and Mineralization in Growth Plate
Cartilage in Hyp Mice—It has been reported that apoptosis is
a prerequisite to mineralization of chondrocytes (28). Previ-
ous studies, including ours, have reported that the growth
plate cartilage in Hyp mice is hypomineralized (5, 6). We
therefore examined apoptosis in the growth plate cartilage in
Hyp mice compared with WT mice. Histological examination
revealed that hypertrophic cartilage was elongated and disor-
ganized in Hyp mice (Fig. 14, left). In conjunction with this,
TUNEL staining showed decreased apoptosis in hypertrophic
cartilage in Hyp mice (Fig. 1, A (right) and B). Consistent with
these in vivo results, chondrocytes isolated from Hyp mice
(Hyp chondrocytes) in culture showed decreased apoptosis
assessed by DNA fragmentation using a commercially avail-
able ELISA kit (Fig. 1C), and mineralization was determined
by alizarin red staining (Fig. 1D, lower). Quantification of aliz-
arin red staining is shown in Fig. 1F. However, GAG synthe-
sis, which takes place at an early stage of chondrogenesis, was
not altered in Hyp chondrocytes as determined by Alcian blue
staining (Fig. 1D, upper) Alcian blue staining is quantified in
Fig. 1E.

Cellular Events Involved in Reduced Apoptosis in Hyp
Chondrocytes—Because activation of caspase-9 and caspase-3
is an important step that leads to apoptosis, the activity of
caspase-9 and caspase-3 was next determined in WT and Hyp
chondrocytes in culture. The activity of caspase-9 (Fig. 24)
and caspase-3 (Fig. 2B) was significantly decreased in Hyp
chondrocytes. ATP has been reported to be critical in the ac-
tivation of caspase-9 and caspase-3 (29, 30). Accordingly, we
determined intracellular ATP levels in WT and Hyp chondro-
cytes and found that intracellular ATP levels in Hyp chondro-
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FIGURE 3. Characterization of Hyp chondrocytes. A, time course of P, up-
take in WT (O) and Hyp {®) chondrocytes. The cells were cultured for 7 days
in the differentiation medium, and P, uptake was determined as described
under “Experimental Procedures.” B, expression of Npt1, Npt2a, and Pit-1
mRNAs in WT and Hyp chondrocytes. Total RNA isolated from chondrocytes
cultured for 24 h was used for RT-PCR analysis using the primer pairs. -Ac-
tin was amplified as a control. C, time-dependent expression of Pit-1 mRNA
by real-time PCR. D, time-dependent expression of Npt2a mRNA by real-
time PCR. The amount of Npt2a and Pjt-1 of WT chondrocytes at day 0 was
designated as 1.0 and normalized to GAPDH. Results are expressed as the
mean = S.E. of four separate experiments. ¥, significantly different from WT
chondrocytes (p < 0.05).

cytes were significantly reduced compared with WT chondro-
cytes (Fig. 2C). Collectively, these results suggest that
decreased ATP levels impaired caspase signals following
apoptosis in Hyp chondrocytes.

Disturbed P, Homeostasis in Hyp Chondrocytes—It has been
described that P, is a source of ATP (31). Accordingly, we
next examined whether P, uptake was changed in Hyp chon-
drocytes. As expected, we found that P, uptake was signifi-
cantly less in Hyp chondrocytes than in WT chondrocytes
(Fig. 3A). Because cellular P; uptake is under the control of
NPT (11), NPT expression in Hyp chondrocytes was subse-
quently determined. RT-PCR showed that the type IIl NPT
Pit-1 expression was decreased in Hyp chondrocytes (Fig. 3B),
and real-time PCR demonstrated that Piz-1 expression was
reduced at the early stages of chondrocyte culture (Fig. 3C).
Consistent with our results, previous studies also reported
that an increase in Pit-1 expression at an early stage was asso-
ciated with late chondrocyte differentiation (16, 18). On the
other hand, there was no difference in the type Il Npt2a ex-
pression between WT and Hyp chondrocytes (Fig. 3, B and
D). The type I Nptl expression was not detected in WT and
Hyp chondrocytes (Fig. 3B). These results suggest that P, up-
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