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Abstract

Background: We have previously reported that repeated treatment of human
periodontal ligament cells and murine pre-osteoblast MC3T3-E1 cells with
transforming growth factor-beta 1 (TGF-$1) inhibited their osteoblastic
differentiation because of decreased insulin-like growth factor-1 (IGF-1) secretion.
We also found that IGF-1/PI3K signaling plays an important role in osteoblast
differentiation induced by TGF-B1 treatment; however, the downstream signaling
controlling this remains unknown. The aim of this current study is to investigate
whether Akt activation is required for osteoblast differentiation.
Methodology/Principal Findings: MC3T3-E1 cells were cultured in osteoblast
differentiation medium (OBM) with or without 0.1 ng/mL TGF-1. OBM containing
TGF-B1 was changed every 12 h to provide repeated TGF-f1 administration.
MC3T3-E1 cells were infected with retroviral vectors expressing constitutively
active (CA) or dominant-negative (DN)-Akt. Alkaline phosphatase (ALP) activity
and osteoblastic marker mRNA levels were substantially decreased by repeated
TGF-B1 treatment compared with a single TGF-B1 treatment. However, expression
of CA-Akt restored ALP activity following TGF-B1 treatment. Surprisingly, ALP
activity increased following multiple TGF-B1 treatments as the number of
administrations of TGF-B1 increased. Activation of Akt significantly enhanced
expression of osteocalcin, but TGF-B1 treatment inhibited this. Mineralization of
MC3T3-E1 cells was markedly enhanced by CA-Akt expression under all medium
conditions. Exogenous IGF-1 restored the down-regulation of osteoblast-related
gene expression by repeated TGF-1 administration. However, in cells expressing
DN-Akt, these levels remained inhibited regardless of IGF-1 treatment. These
findings indicate that Akt activation is required for the early phase of osteoblast
differentiation of MC3T3-E1 cells induced by TGF-B1. However, Akt activation is
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insufficient to reverse the inhibitory effects of TGF-B1 in the late stages of
osteoblast differentiation.

Conclusions: TGF-B1 could be an inducer or an inhibitor of osteoblastic
differentiation of MC3T3-E1 cells depending on the state of Akt phosphorylation.
Our results indicate that Akt is the molecular switch for TGF-B1-induced
osteoblastic differentiation of MC3T3-E1 cells.

Introduction

Inflammatory periodontal disease is the major cause of tooth loss in adults [1].
Regeneration of tooth-supporting tissues including alveolar bone is the ultimate
goal for treatment of periodontal diseases [2]. Many preclinical and clinical
studies have indicated that the use of growth factors could be a viable treatment
modality for periodontal regeneration. Indeed, local application of platelet-
derived growth factor (PDGF)-BB, fibroblast growth factor-2 (FGF-2), or bone
morphogenetic proteins (BMPs) has demonstrated encouraging results [3]. Other
potential approaches to enhancing periodontal regeneration such as stem cell
treatment and gene therapy also have drawn much attention [4].

Transforming growth factor (TGF)-fl influences a wide variety of important
cellular activities and is secreted by a diverse range of cells that include immune
cells localizing to inflammatory sites [5]. Importantly, TGF-B1 can stimulate
osteoblast proliferation and regulate osteoclast functions, such as the production
and secretion of osteoclast Wnt10b, and could contribute to coupling [6].
Therefore, TGF-B1 has potential as a promising candidate for the treatment of
periodontal diseases. However, recent studies have revealed that TGF-B1 is a
pivotal modulator of connective tissue regeneration and bone remodeling [7].
Here, TGF-B1 induces differentiation and proliferation of osteoblasts and their
precursors, with the precise response dependent on the cell phenotype and stage
of maturity [8—10]. TGF-B1 also increases alkaline phosphatase (ALP) activity in
murine bone marrow stromal cells [11]. Although TGF-B1 promotes osteoblast
differentiation and bone formation [12-15], it inhibits osteogenesis by various
mechanisms depending on its concentration, the cell density, and the
differentiation stage of the target cells [16—18].

A major pathway by which TGF-B1 exerts its various effects on cells is via
phosphatidylinositol 3-kinases (PI3K) signaling. PI3K is a central signaling
molecule that plays important roles in many cellular activities [19-21]. PI3K
phosphorylates PIP, to PIP; within the membrane, enabling the interaction of
PIP; with the GTP-binding proteins Rac, PKC, or Akt. Akt in particular has been
studied as the major target of PI3K signaling, and the PI3K/Akt pathway can be
activated by growth factors and other extracellular signals to regulate many
fundamental cellular processes including cell growth, proliferation, and survival
[19,22,23]. Several signal transduction pathways including Smad signaling and
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the mitogen-activated protein kinase (MAPK) cascade have been implicated in the
formation of bone [24], and recent reports indicate that the PI3K-Akt signaling
pathway could be important for osteoblast differentiation [25-29]. However, the
role of the PI3K pathway in TGF-B1-induced osteoblast differentiation remains
unknown.

Previously, we have reported that repeated TGF-P1 treatment inhibited
osteoblastic differentiation of human periodontal ligament (HPDL) cells via
suppression of insulin-like growth factor-1 (IGF-1) expression [30]. The PI3K/Akt
pathway is activated by the IGF-I receptor via the adaptor molecules insulin
receptor substrate (IRS)-1 and IRS-2 in bone cells [31,32], and PI3K signaling has
been found to have an essential role in IGF-induced osteoblast differentiation
[20]. Therefore, persistent exposure to TGF-B1 could inhibit osteoblast
differentiation via the suppression of IGF-1 expression and subsequent down-
regulation of the PI3K/Akt pathway.

Here, we have investigated the functional roles of Akt in TGF-B1-regulated
osteogenesis. We found that repeated TGF-B1 treatment reduced ALP activity in
MC3T3-E1 cells. However, forced expression of constitutively active (CA)-Akt
ameliorated this suppression of ALP activity under conditions of repeated TGF-f1
administration. While ALP activity was increased following TGF-P1 treatment,
osteocalcin mRNA levels were decreased. We conclude that Akt activation is a
critical step in the TGF-B1-induced osteoblast differentiation of murine pre-
osteoblast cells, but its functional role differs depending on the phase of
osteogenesis.

Materials and Methods

Cell culture

MC3T3-E1 cells were purchased from RIKEN BioResource Center (Ibaraki,
Japan) and cultured in a-MEM (Invitrogen, Carlsbad, CA, USA) containing 10%
fetal bovine serum (FBS) and 1% penicillin and streptomycin. The Platinum-E
Retroviral Packaging Cell Line (PLAT-E; Cell Biolabs, San Diego, CA, USA) was
maintained in Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich, St.
Louis, MO, USA), 10% FBS, 1 pg/mL puromycin, 10 pg/mL blasticidin, 1%
penicillin and streptomycin.

Retroviral Gene Transfer and Osteogenic Differentiation

PLAT-E cells (3.5 x 10° cells/100 mm dish) were plated in DMEM and incubated
overnight. Cells were transfected with 9 pg of relevant plasmid DNA (pBabe-puro;
Mock, pBabe-puro-AKT1; CA-Akt, pBabe-puroL-myr-Akt; DN-Akt) using
Fugene 6 transfection reagent (Roche Diagnostics, Basel, Switzerland). The
following day, MC3T3-E1 cells were seeded at 1.2 x 10° cells/cm” and incubated
overnight. Forty-eight hours after transfection, the culture medium was replaced
with equal amounts of PLAT-E supernatant containing each of the three
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retroviruses, which were collected and filtered through a 0.45-um filter
supplemented with 4 pg/mL of polybrene, and incubated overnight. The next day
cells were detached and reseeded at 2 x 10° cells/cm?. Subsequently, 24 h later the
medium was changed to osteoblast differentiation medium (OBM), consisting of
a-MEM supplemented with 50 pg/mL L-ascorbic acid (Wako Pure Chemical
Industries Ltd., Osaka, Japan) and 10 mM B-glycerophosphate, with or without
0.1 ng/mL recombinant human (rh) TGF-B1 (Wako Pure Chemical Industries
Ltd., Osaka, Japan) as indicated. This concentration of TGF-B1 was optimized in
our previous study [30] and preliminary experiments. Under the condition of a
single instance of TGF-B1 administration, the medium was not changed until day
three. Otherwise, culture media were replaced with new media containing fresh
TGEF-B1 every 12 h. The cells were also treated with or without 5, 10, or 25 uM
PI3K inhibitor LY294002 (Cell Signaling Technology Inc., Danvers, MA, USA)
and 200 ng/mL rhIGF-1 (Wako Pure Chemical Industries Ltd., Osaka, Japan) as
indicated.

ALP Activity and Mineralization

Three days after treatment, cells were washed twice with phosphate-buffered saline
(PBS), fixed in 4% paraformaldehyde for 5 min at room temperature, and then
washed three more times with PBS. For staining, an ALP substrate solution
(Roche Diagnostics, Basel, Switzerland) was added to fixed cells for 30 min at
room temperature. Cells were then washed three times with distilled water, and
images were scored. ALP activity was quantitatively measured as follows. The cells
were washed twice with PBS and lysed with lysis buffer (10 mM Tris-HCI

(pH 7.5), 150 mM NaCl, complete protease inhibitor mixture, and 1% Nonidet
P-40). The protein concentration was measured with a DC protein assay kit (Bio-
Rad, Marnes-la-Coquette, France) according to the manufacturer’s instructions.
ALP activity was assayed using p-nitrophenyl phosphate as a substrate, and
calculated as micromoles of p-nitrophenol/min/mg of protein.

To detect calcium deposits in mineralized tissue, cells were fixed by the same
method described above and then stained with Alizarin Red S solution (pH 6.38;
Wako Pure Chemical Industries Ltd., Osaka, Japan) for 5 min at room
temperature.

Quantitative Real Time-PCR (qRT-PCR)

We measured the expression of osteoblast differentiation markers by qRT-PCR.
Total RNA was extracted using QIAzol reagent (Qiagen Inc., Valencia, CA, USA)
according to the manufacturer’s instructions. cDNA was synthesized using a high
capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). qRT-PCR analysis was performed using the Premix Ex Taq reagent (Takara
Bio Inc., Shiga, Japan) according to the manufacturer’s instructions. Target genes
included Alp, Igf-1, bone sialoprotein (Bsp), osteocalcin (Oc), runt-related
transcription factor 2 (Runx2), and osterix (Osx). Measurement of 18S rRNA
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Table 1. Primers used for gqRT-PCR.

Forward primer Reverse primer

Gene symbol accession no. sequence sequence

Gen Bank

NM_007431.2
Bsp NM_008318.2
Igf-1 NM_001111274.1
Oc NM_007541.2
Osx (Sp7) NM_130458.3
Runx2 NM_001145920.1
18S rRNA M11188.1

cggatcctgaccaaaaacc tcatgatgtccgtggtcaat
gaaaatggagacggcgatag cattgttttcctcttcgttiga
tcggcctcatagtacccact acgacatgatgtgtatctttattgc
agactccggcegctacctt ctcgtcacaagcagggttaag
ctcctgcaggceagtectc gggaagggtgggtagtcatt
gcccaggcgtatttcaga tgcctggctceticttactgag
cggacaggattgacagattg cgctccaccaactaagaacg

doi:10.1371/journal.pone.0112566.t001

served as an internal control. All primers and probes are presented in Table 1 and
were designed using Probefinder Version 2.45. The relative levels of gene
expression were estimated using the 2~**“" method.

Protein Extraction and Immunoblotting

Cells were lysed with lysis buffer (10 mM Tris-HCI (pH 7.5), 150 mM NaCl,
complete protease inhibitor mixture, 1 mM sodium orthovanadate, and 1%
Nonidet P-40), and the protein content was measured using a DC protein assay
kit (Bio-Rad, Marnes-la-Coquette, France). Equivalent amounts of protein were
separated by electrophoresis on NuPAGE 4-12% Bis-Tris gels (Invitrogen) and
transferred to a PVDF membrane. The membranes were probed with anti-Akt
(1:1000; #4691, Cell Signaling Technology Inc.) and anti-phosphorylated Akt
(1:2000; #4060, Cell Signaling Technology Inc.) antibodies, followed by HRP-
conjugated goat anti-rabbit IgG. Bound antibodies were visualized using a
chemiluminescent substrate (ECL plus; GE Healthcare, Buckinghamshire, UK)
and ImageQuant LAS 4000 mini (GE Healthcare).

Statistical Analysis

All data are expressed as mean + standard error (S.E.). When analysis of variance
indicated differences between groups, multiple comparisons between each
experimental group were performed using the Bonferroni test. Statistical
significance was defined as p<<0.05.

Results

PI3K inhibition and repeated TGF-B1 treatment inhibited
osteoblast differentiation in MC3T3-E1 cells

We have previously shown that repeated administration of TGF-B1 inhibits
osteoblastic differentiation of HPDL cells through suppression of IGF-1
expression and the subsequent down-regulation of the PI3K/Akt pathway [30]. It
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has been well established that TGF-B1 inhibits osteoblastic differentiation of
MC3T3-El cells. Here, we have built upon these findings by investigating whether
inhibition of PI3K could suppress ALP activity. The ALP activity of cells in OBM
containing the PI3K inhibitor LY294002 was decreased regardless of the presence
of TGEF-P1 (Fig. 1A and B). We also found that repeated administration of 0.1 ng/
mL TGF-B1 resulted in decreased mRNA expression of osteoblast differentiation-
related genes such as Alp, Oc, and Bsp (Fig. 2A, C, D), although the decrease in Igf-
I (Fig. 2B) was not statistically significant.

Overexpression of constitutively active Akt reversed the inhibition
of ALP activity mediated by repeated TGF-B1 administration

MC3T3-E1 cells were infected with mock retrovirus or that encoding CA-Akt (
Fig. 3A). In MC3T3-E1 cells infected with the mock virus (Mock cells), a single
dose of TGF-f1 increased pAkt, while repeated TGF-B1 administration decreased
pAkt following the third treatment (Fig. 3B). However, in MC3T3-E1 cells
expressing CA-Akt (CA-Akt cells), pAkt was significantly increased after this third
treatment. In Mock cells, ALP activity was significantly decreased as the number
of administrations of TGF-B1 increased, while the opposite trend was found for
CA-Akt cells (Fig. 3C and D).

Forced expression of dominant-negative Akt abrogated the effect
of IGF-1

We have previously demonstrated that exogenous IGF-1 recovered the
suppression of osteoblast differentiation induced by repeated TGF-B1 treatment
[30]. Here, we have further investigated the effect of IGF-1 on osteoblastic
differentiation of cells expressing dominant-negative (DN)-Akt (Fig. 4A). In
Mock cells, the expression of Alp and Oc was significantly decreased by repeated
TGF-B1 treatment, while the addition of 200 ng/mL IGF-1 partially reversed this
inhibition (Fig. 4B and C). In MC3T3-E1 cells expressing DN-Akt (DN-Akt cells),
however, the addition of IGF-1 exerted no significant effect on the expression of
Alp and Oc induced by TGF-B1 treatment (Fig. 4D and E).

Overexpression of CA-Akt enhanced expression of osteoblast
differentiation markers (Osx, Oc) and mineralization, but could not
prevent TGF-B1-mediated inhibition of osteoblast differentiation

Both Oc and Osx were expressed at significantly higher levels in CA-Akt cells than
in Mock cells, but repeated TGF-P1 treatment suppressed this effect (Fig. 5A and
B). Runx2 expression in Mock cells was increased in the presence of TGF-B1, and
expression of CA-Akt slightly increased Runx2 mRNA levels (Fig. 5C). However,
repeated TGF-B1 treatment abrogated this effect.
Mock cells cultured for 2 weeks in OBM showed slightly increased

mineralization levels following a single treatment with 0.1 ng/mL TGF-f1;
however, decreased mineralization was observed with repeated TGF-B1 treatment.
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Figure 1. Abrogation of PI3K signaling inhibits TGF-p1-mediated osteoblast differentiation in MC3T3-
E1 cells. (A) Confluent MC3T3-E1 cells were cultured in OBM with and without 0.1 ng/mL TGF-B1 in the
absence or presence of the PI3K inhibitor LY294002 (5, 10, or 25 uM) for 72 h. ALP activity was visualized by
ALP staining of cells. (B) Cells were cultured in OBM with and without 0.1 ng/mL TGF-B1 in the absence or
presence of 10 pM LY294002 for 72 h, and ALP activity was measured. Each experiment was performed in
triplicate, and the data represent the means + S.E. (n=3). The Bonferroni correction for multiple comparisons
was applied. *, p<<0.001.

doi:10.1371/journal.pone.0112566.9001

For CA-Akt cells, significantly increased mineralization was observed under all
medium conditions (Fig. 5D).

Discussion

TGF-B1 exerts a range of effects on osteoblasts dependent on their maturity,
culture conditions, and population density [33]. These different effects have been
attributed to complex interactions between signaling cascades and their regulatory
systems [24,34]. The mechanisms underlying TGF-B1-induced osteoblast
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Figure 2. Repeated TGF-f1 treatment inhibits expression of osteoblast differentiation markers in MC3T3-E1 cells. Confluent MC3T3-E1 cells were
treated for 72 h with OBM, OBM with a single administration of 0.1 ng/mL TGF-B1, and OBM with a triple administration of 0.1 ng/mL TGF-B1. Repeated
TGF-B1 treatment significantly decreased the expression of Alp (A), Oc (C), and Bsp (D). The decrease in the expression of Igf-1 (B) was not statistically
significant. Expression of these genes was analyzed by gqRT-PCR, and their mRNA levels were normalized to that of 18S rRNA and measured in triplicate.
Values represent mean + S.E. (n=3). Bonferroni correction for multiple comparisons was applied. *, p<0.001; **, p<<0.01; ***, p<<0.05.

doi:10.1371/journal.pone.0112566.9002

differentiation have been reported [35, 36]; however, the involvement and
influence of other signaling pathways remain to be determined. We have
previously reported that repeated TGF-B1 treatment could inhibit osteoblastic
differentiation of HPDL cells because of decreased IGF-1 expression [30].
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Figure 3. Overexpression of CA-Akt reverses the inhibition of ALP activity induced by repeated
administration of TGF-p1. MC3T3-E1 cells were infected with CA-Akt vector or Mock vector.
Phosphorylation of Akt is evident in CA-Akt cells cultured in a-MEM (A). Then cells were treated with or
without repeated administration of 0.1 ng/mL TGF-B1 for 72 h in OBM. The levels of phosphorylated Akt in
these cells were detected by western blot analysis (B). ALP staining (C) and ALP activity (D) were assessed
following repeated TGF-B1 administration. Figures shown represent at least three independent experiments.
Values represent mean + S.E. (n=4). Bonferroni correction for multiple comparisons was applied.

*, p<0.001.

doi:10.1371/journal.pone.0112566.9003

Consistently, TGF-B1 and IGF-1 are released from the bone tissue matrix and are
responsible for critical events in bone regeneration. We have also shown that the
IGF-1/PI3K pathway is indispensable for TGF-B1-induced osteogenesis [30]. In
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Figure 4. Forced expression of dominant-negative Akt abrogates the pro-differentiation effect of IGF-1. MC3T3-E1 cells were infected with DN-Akt
vector or Mock vector (A), and then cells were cultured in OBM with and without a triple administration of 0.1 ng/mL TGF-B1 for 72 h. Exogenous IGF-1
(200 ng/mL) was applied in conjunction with administration of TGF-B1 and the expression of Alp and Oc mRNA levels measured in Mock (B, C) and DN-Akt
(D, E) cells. Gene expression was analyzed by gRT-PCR, and mRNA levels were normalized to that of 18S rRNA and measured in triplicate. Values
represent mean + S.E. (n=3). Bonferroni correction for multiple comparisons was applied. *, p<0.001; ***, p<<0.05.

doi:10.1371/journal.pone.0112566.9004

this current study, we aimed to elucidate the main pathway by which PI3K
influences osteogenesis, and found that Akt activation could reverse the inhibitory
effects of TGF-B1 on ALP expression in the murine osteoblast precursor cell
MC3T3-E1.

MC3T3-E1 cells have been previously used to study the effects of TGF-B1 in
osteoblast development [34,37], and it has been established that TGF-B1 inhibits
osteoblast differentiation of MC3T3-E1 cells. In this study, both the PI3K
inhibitor LY294002 and repeated TGF-B1 treatment effectively inhibited both
ALP activity and the mRNA expression of osteoblast markers in MC3T3-E1 cells.

Akt is a serine-threonine kinase and a major target molecule of PI3K [22,23].
Therefore, we investigated whether constitutively activated Akt could reverse the
inhibition of osteoblast differentiation induced by repeated TGF-B1 treatment.
Although ALP activity was reduced in both Mock and DN-Akt cells following
repeated treatment with TGF-B1, the ALP activity in CA-Akt cells was actually
elevated. This indicates that TGF-f1 is able to enhance ALP activity in MC3T3-E1
cells, as long as Akt is activated. Exogenous IGF-1 administration can reverse the
inhibition of osteoblast differentiation induced by repeated administration of
TGF-B1 to MC3T3-E1 cells. Chen et al. identified that bone resorption
supernatant, which reportedly includes IGF-1 and TGF-f1, could enhance Akt
phosphorylation and promote the differentiation of MC3T3-E1 cells [38]. This is
consistent with our findings that IGF-1 is required for TGF-p1-induced osteoblast
differentiation. Inhibition of Akt phosphorylation by use of a DN-Akt could not
reverse the suppression induced by TGF-B1 even with IGF-1 treatment. These
results indicate that TGF-PB1 regulates osteoblast differentiation via IGF-1/PI3K/
Akt. In the present study, it is demonstrated that TGF-B1 could decrease the
expression of Alp and Oc in DN-AKkt cells. This finding may indicate that other
signaling pathways such as Smad and MAPK are likely to be involved in this
process.

Oc mRNA levels are a marker of terminal osteoblast differentiation [39], and
were decreased depending on the number of TGF-B1 administrations in both
Mock and CA-Akt cells. Mock cells also underwent decreased mineralization with
repeated administration of TGF-B1. Similarly, repeated TGF-B1 treatments
inhibited mineralization of CA-Akt cells, although basal mineralization was
increased in these cells. Collectively, these results indicate that TGF-P1 enhances
osteoblast differentiation via activation of Akt in the early phase of differentiation
rather than in the late phase. Compared with Mock cells, the degree of
mineralization was significantly increased by CA-Akt in all medium conditions. In
CA-Akt cells, TGF-B1 promoted osteoblast differentiation by increasing ALP
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doi:10.1371/journal.pone.0112566.9005
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expression. Akt is thought to be essential for mineralization based on the evidence
that Akt1/Akt2 knockout mice exhibit delayed bone ossification [40], and that
Aktl KO mice showed reduced bone size and delayed formation of secondary
ossification centers [41]. In this study, cells expressing CA-Akt had elevated Oc
levels in all medium conditions when compared with Mock cells. This suggests
that phosphorylation of Akt is essential for osteoblast differentiation. However,
interestingly, expression of the late phase osteoblast markers (Osx, Oc) was
decreased as the number of TGF-B1 treatments increased. This indicates that Akt
activation alone is not sufficient to reverse the inhibitory effect of TGF-B1 on the
late phase of osteoblast differentiation.

Some studies have reported that crosstalk between TGF-B1 and other signaling
pathways exists during osteoblast differentiation [24,34]. A relationship between
Akt and TGF-fB1 has also been demonstrated in previous studies [6,42], while
PDGF positively modulates TGF-B-induced osteogenic differentiation of human
mesenchymal stem cells through synergistic crosstalk between MEK and PI3K/Akt
signaling [43]. Furthermore, Remy et al. have shown that Akt inhibits the
transcriptional activity of Smad3 by direct binding in cancer cells [44]. In the
present study, western blot analysis showed that CA-Akt enhanced the
phosphorylation of Erk1/2 and Smad3 (Fig. S1). Our results indicate that CA-Akt
did not interfere with either the canonical or non-canonical pathway of TGF-f1,
but rather influenced TGF-f1 signaling and enhanced TGF-B1-induced
osteogenesis.

In conclusion, our results reveal that activation of Akt positively regulates the
early phase of TGF-B1-induced osteoblast differentiation as evidenced by
increased ALP expression following TGF-B1 treatment. Although activation of
Akt enhanced the late phase of osteoblast differentiation with increased Oc
expression and mineralization, repeated TGF-P1 treatments decreased Oc
expression even in the presence of CA-Akt expression. Thus, PI3K/Akt signaling
differentially regulates TGF-B1 signaling at different stages of osteoblast
differentiation. Further studies are needed to clarify the mechanisms responsible
for this.

TGF-B1 plays a major role in inflammatory conditions [5], and high TGF-B1
production is considered to be a protective factor for periodontitis [45]. Although
a pivotal role in the bone-remodeling process has been assigned to TGF-B1 [7],
excessive TGF-P1 production can also inhibit osteoblast differentiation. We have
now shown that PI3K/AKkt signaling plays an important role in reversing the
inhibition of osteoblastic differentiation by TGF-B1. Our results indicate that Akt
is the molecular switch for TGF-B1-induced osteoblastic differentiation of
MC3T3-E1 cells. The activation of Akt could therefore be a useful treatment
approach for bone regeneration in inflammatory disease.
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Supporting Information

Figure S1. Akt activation enhances phosphorylation of Erk1/2 and Smad3.
MC3T3-E1 cells were infected with CA-Akt vector or Mock vector, and then cells
were treated with or without repeated administration of 0.1 ng/mL TGF-f1 for
72 h. Protein was extracted and analyzed by western blot. Antibodies used were
anti-Erk1/2, anti-phosphorylated Erk1/2, anti-Smad3, anti-phosphorylated
Smad3, and B-Actin (all 1:1000, except anti-Erk1/2 1:2000; all from Cell Signaling
Technology Inc.).

doi:10.1371/journal.pone.0112566 (TIF)

Author Contributions

Conceived and designed the experiments: HO-S TA. Performed the experiments:
ES HA SO Akiko Saito. Analyzed the data: ES Atsushi Saito. Wrote the paper: ES
HO-S Atsushi Saito TA.

References

1. Pihlstrom BL, Michalowicz BS, Johnson NW (2005) Periodontal diseases. Lancet 366: 1809-1820.

2. Susin C, Wikesjo UME (2013) Regenerative periodontal therapy: 30 years of lessons learned and
unlearned. Periodontol 2000 62: 232-242.

3. Stavropoulos A, Wikesjo UME (2012) Growth and differentiation factors for periodontal regeneration: a
review on factors with clinical testing. J Periodontal Res 47: 545-553.

4. Rios HF, Lin Z, Oh B, Park CH, Giannobile WV (2011) Cell- and gene-based therapeutic strategies for
periodontal regenerative medicine. J Periodontol 82: 1223-1237.

5. Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA (2009) Anti-inflammatory and pro-inflammatory
roles of TGF-beta, IL-10, and IL-22 in immunity and autoimmunity. Curr Opin Pharmacol 9: 447—-453.

6. Ota K, Quint P, Ruan M, Pederson L, Westendorf JJ, et al. (2013) TGF-$ induces Wnt10b in
osteoclasts from female mice to enhance coupling to osteoblasts. Endocrinology 154: 3745-3752.

7. Janssens K, ten Dijke P, Janssens S, Van Hul W (2005) Transforming growth factor-beta1 to the bone.
Endocr Rev 26: 743-774.

8. Centrella M, McCarthy TL, Canalis E (1987) Transforming growth factor beta is a bifunctional regulator
of replication and collagen synthesis in osteoblast-enriched cell cultures from fetal rat bone. J Biol Chem
262: 2869-2874.

9. Centrella M, Horowitz MC,Wozney JM, McCarthy TL (1994) Transforming growth factor-beta gene
family members and bone. Endocr Rev 15: 27-39.

10. Centrella M, Casinghino S, Kim J, Pham T, Rosen V, et al. (1995) Independent changes in type | and
type |l receptors for transforming growth factor beta induced by bone morphogenetic protein 2 parallel
expression of the osteoblast phenotype. Mol Cell Biol 15: 3273-3281.

11. Zhao L, Jiang S, Hantash BM (2010) Transforming growth factor beta1 induces osteogenic
differentiation of murine bone marrow stromal cells. Tissue Eng Part A 16: 725-733.

12. Lee K-S, Hong S-H, Bae S-C (2002) Both the Smad and p38 MAPK pathways play a crucial role in
Runx2 expression following induction by transforming growth factor-beta and bone morphogenetic
protein. Oncogene 21: 7156-7163.

13. Zhang H, Ahmad M, Gronowicz G (2003) Effects of transforming growth factor-beta 1 (TGF-beta1) on
in vitro mineralization of human osteoblasts on implant materials. Biomaterials 24: 2013-2020.

PLOS ONE | DOI:10.1371/journal.pone.0112566 December 3, 2014 14 /16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0112566

@'PLOS | ONE

Akt in TGF-B1-Induced Osteoblast Differentiation

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.
24.

25,

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

Lee J-Y, Kim K-H, Shin S-Y, Rhyu I-C, Lee Y-M, et al. (2006) Enhanced bone formation by transforming
growth factor-beta1-releasing collagen/chitosan microgranules. J Biomed Mater Res A 76: 530-539.

Ripamonti U, Ferretti C, Teare J, Blann L (2009) Transforming growth factor-beta isoforms and the
induction of bone formation: implications for reconstructive craniofacial surgery. J Craniofac Surg 20:
1544-1555.

Noda M (1989) Transcriptional regulation of osteocalcin production by transforming growth factor-beta in
rat osteoblast-like cells. Endocrinology 124: 612-617.

Alliston T, Choy L, Ducy P, Karsenty G, Derynck R (2001) TGF-beta-induced repression of CBFA1 by
Smad3 decreases cbfal and osteocalcin expression and inhibits osteoblast differentiation. EMBO J 20:
2254-2272.

Kaji H, Naito J, Sowa H, Sugimoto T, Chihara K (2006) Smad3 differently affects osteoblast
differentiation depending upon its differentiation stage. Horm Metab Res 38: 740-745.

Cantrell DA (2001) Phosphoinositide 3-kinase signalling pathways. J Cell Sci 114: 1439-1445.

Mukherjee A, Rotwein P (2009) Akt promotes BMP2-mediated osteoblast differentiation and bone
development. J Cell Sci 122: 716-726.

Guntur AR, Rosen CJ (2011) The skeleton: a multi-functional complex organ: new insights into
osteoblasts and their role in bone formation: the central role of PI3Kinase. J Endocrinol 211: 123—-130.

Vanhaesebroeck B, Alessi DR (2000) The PI3K-PDK1 connection: more than just a road to PKB.
Biochem J 346 Pt 3: 561-576.

Cantley LC (2002) The phosphoinositide 3-kinase pathway. Science 296: 1655-1657.

Chen G, Deng C, Li Y (2012) TGF-$ and BMP signaling in osteoblast differentiation and bone formation.
Int J Biol Sci 8: 272-288.

Ghosh-Choudhury N, Abboud SL, Nishimura R, Celeste A, Mahimainathan L, et al. (2002)
Requirement of BMP-2-induced phosphatidylinositol 3-kinase and Akt serine/threonine kinase in
osteoblast differentiation and Smad-dependent BMP-2 gene transcription. J Biol Chem 277: 33361—
33368.

Fujita T, Azuma Y, Fukuyama R, Hattori Y, Yoshida C, et al. (2004) Runx2 induces osteoblast and
chondrocyte differentiation and enhances their migration by coupling with PI3K-Akt signaling. J Cell Biol
166: 85-95.

Osyczka AM, Leboy PS (2005) Bone morphogenetic protein regulation of early osteoblast genes in
human marrow stromal cells is mediated by extracellular signal-regulated kinase and
phosphatidylinositol 3-kinase signaling. Endocrinology 146: 3428-3437.

Liu X, Bruxvoort KJ, Zylstra CR, Liu J, Cichowski R, et al. (2007) Lifelong accumulation of bone in
mice lacking Pten in osteoblasts. Proc Natl Acad Sci U S A 104: 2259-2264.

Guntur AR, Rosen CJ (2011) The skeleton: a multi-functional complex organ: new insights into
osteoblasts and their role in bone formation: the central role of PI3Kinase. J Endocrinol 211: 123-130.

Ochiai H, Okada S, Saito A, Hoshi K, Yamashita H, et al. (2012) Inhibition of insulin-like growth factor-
1 (IGF-1) expression by prolonged transforming growth factor-f1 (TGF-B1) administration suppresses
osteoblast differentiation. J Biol Chem 287: 22654—-22661.

Kadowaki T, Tobe K, Honda-Yamamoto R, Tamemoto H, Kaburagi Y, et al. (1996) Signal
transduction mechanism of insulin and insulin-like growth factor-1. Endocr J 43 Suppl: S33-41.

Ogata N, Chikazu D, Kubota N, Terauchi Y, Tobe K, et al. (2000) Insulin receptor substrate-1 in
osteoblast is indispensable for maintaining bone turnover. J Clin Invest 105: 935-943.

Kanaan RA, Kanaan LA (2006) Transforming growth factor beta1, bone connection. Med Sci Monit 12:
RA164-9.

Sowa H, Kaji H, Yamaguchi T, Sugimoto T, Chihara K (2002) Activations of ERK1/2 and JNK by
transforming growth factor beta negatively regulate Smad3-induced alkaline phosphatase activity and
mineralization in mouse osteoblastic cells. J Biol Chem 277: 36024—36031.

Ramirez-Yafiez GO, Hamlet S, Jonarta A, Seymour GJ, Symons AL (2006) Prostaglandin E2
enhances transforming growth factor-beta 1 and TGF-beta receptors synthesis: an in vivo and in vitro
study. Prostaglandins Leukot Essent Fatty Acids 74: 183-192.

PLOS ONE | DOI:10.1371/journal.pone.0112566 December 3, 2014 15/16



@'PLOS | ONE

Akt in TGF-B1-Induced Osteoblast Differentiation

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Matsunobu T, Torigoe K, Ishikawa M, de Vega S, Kulkarni AB, et al. (2009) Critical roles of the TGF-
beta type | receptor ALK5 in perichondrial formation and function, cartilage integrity, and osteoblast
differentiation during growth plate development. Dev Biol 332: 325-338.

Spinella-Jaegle S, Roman-Roman S, Faucheu C, Dunn FW, Kawai S, et al. (2001) Opposite effects of
bone morphogenetic protein-2 and transforming growth factor-beta1 on osteoblast differentiation. Bone
29: 323-330.

Chen L-L, Huang M, Tan J-Y, Chen X-T, Lei L-H, et al. (2013) PI3K/AKT pathway involvement in the
osteogenic effects of osteoclast culture supernatants on preosteoblast cells. Tissue Eng Part A 19:
2226-2232.

Choi JY, Lee BH, Song KB, Park RW, Kim IS, et al. (1996) Expression patterns of bone-related
proteins during osteoblastic differentiation in MC3T3-E1 cells. J Cell Biochem 61: 609-618.

Peng X, Xu P, Chen M-L, Hahn-Windgassen A, Skeen J, et al. (2003) Dwarfism, impaired skin
development, skeletal muscle atrophy, delayed bone development, and impeded adipogenesis in mice
lacking Akt1 and Akt2. Genes Dev 17: 1352—1365.

Ulici V, Hoenselaar KD, Agoston H, McErlain DD, Umoh J, et al. (2009) The role of Akt1 in terminal
stages of endochondral bone formation: angiogenesis and ossification. Bone 45: 1133-1145.

Lian N, Lin T, Liu W, Wang W, Li L, et al. (2012) Transforming growth factor 3 suppresses osteoblast
differentiation via the vimentin activating transcription factor 4 (ATF4) axis. J Biol Chem 287: 35975—
35984.

Yokota J, Chosa N, Sawada S, Okubo N, Takahashi N, et al. (2014) PDGF-induced PI3K-mediated
signaling enhances the TGF-B-induced osteogenic differentiation of human mesenchymal stem cells in a
TGF-B-activated MEK-dependent manner. Int J Mol Med 33: 534-542.

Remy I, Montmarquette A, Michnick SW (2004) PKB/Akt modulates TGF-beta signalling through a
direct interaction with Smad3. Nat Cell Biol 6: 358—365.

Matarese G, Isola G, Anastasi GP, Favaloro A, Milardi D, et al. (2012) Immunohistochemical analysis
of TGF-B1 and VEGEF in gingival and periodontal tissues: a role of these biomarkers in the pathogenesis
of scleroderma and periodontal disease. Int J Mol Med 30: 502-508.

PLOS ONE | DOI:10.1371/journal.pone.0112566 December 3, 2014 16/ 16



	TABLE_1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Section_20
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45

