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Abstract

Fibroblast growth factor 23 (FGF23) is a key humoral factor in phosphate homeostasis and skeletogenesis, though the nature of its
intracellular signaling is still unclear. Recently, Egr-1, a zinc-finger transcription factor, was identified as an immediate early response
gene of FGF23 in the kidney. We report here, that FGF23 induces not only Egr-1 but also two isoforms of NAB2, which are specific
co-repressors of Egr-1. Both isoforms of NAB2 induced by FGF23 were localized in the nucleus and suppressed the transcriptional activ-
ity of Egr-1. A negative feedback loop established by Egr-1 and NAB2 may thus be involved in medlatmg the physiological effects of

FGF23.
© 2006 Elsevier Inc. All rights reserved.

Keywords: FGF23; Egr-1; NAB2; Co-repressor; Transcription

Fibroblast growth factor 23 (FGF23) is a member of the
FGF family and a key humoral factor in phosphate
homeostasis and skeletogenesis [1-4]. Elevation of serum
levels of FGF23 causes hypophosphatemia and skeletal
abnormalities in patients who have mutations of the
FGF23 gene or tumor cells over-expressing FGF23, such
as those with autosomal-dominant hypophosphatemic
rickets, tumor-induced osteomalacia, and X-linked hypo-
phosphatemia [5-7]. FGF23 activity is regulated by prote-
ases and its specific receptors. Mature FGF23 is degraded
to two small fragments by furin family proteases [8].

Abbreviations: FGF, fibroblast growth factor; Egr-1, early growth
response-1; NGFI-A, nerve growth factor-induced clone A; NAB, NGFI-
A binding; NCD, NAB conserved domain.
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Recently, Klotho and FGF type I receptors were identified
as binding and signaling receptors, respectively [9,10].
Although FGF type I receptors are widely expressed in var- -
ious tissues, systemically administered FGF23 acts only in
the kidney [10]. Klotho, which is abundantly expressed in
the kidney, appears to be a specific regulator of the activa-
tion of FGF23 signaling [10]. However, the intracellular
signaling of FGF23 through these receptors remains to
be clarified. _

Early growth response-1 (Egr-1), also termed nerve
growth factor-induced clone A (NGFI-A) or Krox-24, is
an immediate early response transcription factor with
zinc-finger motifs [11-13]. Egr-1 couples extracellular sig-
nals to the induction of cellular programs for differentia-
tion, growth, and cell death [11,14]. Transcription of Egr-
1 has been observed during osteoblast differentiation and
tooth development, suggesting that Egr-1 plays important
roles in bone and teeth [15,16).
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The transcriptional activity of Egr-1 is negatively regu-
lated by constitutive and inducible co-repressors, NGFI-
A-binding protein (NAB) 1 and 2, respectively [13,17-21],
which have highly conserved regions in their N-terminal
and C-terminal portions termed NAB conserved domains
(NCD) 1 and 2, respectively. It has been proposed that
NCDI is required for both interaction with Egr-1 and
homo-oligomerization [11], and that NCD2 is essential
for transcriptional repression [22,23). The repressive func-
tion of NAB2 is mediated through two independent
domains. The chromodomain helicase DNA-binding pro-
tein 4 interacting domain (CID) is recruited into the nucle-
osome remodeling and deacetylase complex through direct
interaction. NCD2 is an independent repressive domain of
NAB?2 that exerts its repressive function through unidenti-
fied HDAC-independent mechanisms [24]. In contrast to
full-length NAB2, an alternative form lacking exon 3
(NAB2AE3) lost repressive capacity due to disruption of
NCD?2 and a nuclear localization signal [12]. Egr-1 directly
activates the promoter activity of NAB2 and thereby estab-
lishes a negative feedback loop to suppress extracellular
signaling [25].

Recently, Egr-1 was identified as one of the immediate
early target genes of FGF23 signaling in the kidney in vivo
[10]. This finding suggested that an Egr-1-dependent path-
way plays an important role in intracellular signaling
through FGF23 receptors. In the present study, we found
that FGF23 induced not only Egr-1 but also two isoforms
of NAB2, a full-length form and one lacking exon 6
(NAB2AES). In contrast to NAB2AE3, NAB2AES exhibit-
ed sustained capacity to suppress the transcriptional activ-
ity of Egr-1 as a full-length form of NAB2. Taken together,
these findings suggest that the negative feedback loop
established by Egr-1 and NAB2 may play roles in mediat-
ing the physiological effects of FGF23 in phosphate
homeostasis and skeletogenesis.

Materials and methods

Administration of FGF-23 in vivo and in vitro. Balb/c mice at 6 weeks of
age were i.p. injected with FGF23 at 20 pg/head. After 0.5 h, the kidney
was removed under anesthesia and total RNA was extracted. HEK293T
cells were treated with conditioned medium containing human FGF23
prepared by transient transfection of an expression vector carrying human
FGF23 with R176Q and R179Q mutations in COS7 cells. Concentrations
of FGF23 in conditioned medium were determined with a FGF23 ELISA
kit (KAINOS, Tokyo, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR
was performed using total RNA as described [26]. The primers used were
as follows: human NAB2, 5'-tggccgtttcgactctaage-3' (forward) and 5'-
caggacatctgtccagcage-3’ (reverse), mouse NAB2, 5'-gacgatcatgacgeccag-3'
(forward) and 5'-cttcceccactttcactgee-3' (reverse), human Egr-1, 5'-gac-
agcagtcccatttactc-3’ (forward) and 5'-atcttggtatgectettgeg-3' (reverse),
mouse Egr-1, 5'-cttaataccacctactaccaatcccage-3’ (forward) and 5'-
gttgaggtgctgaaggagetgetga-3' (reverse).

Co-immunoprecipitation and immunoblotting. For immunoprecipita-
tion, cells were co-transfected with expression vectors for FLAG-mouse
Egr-1 and Myc-mouse NAB2 proteins using Lipofectoamine 2000 trans-
fection reagent (Invitrogen, Carlsbad, CA) according to the manufactur-
er’s instructions. After 20 h, the cells were lysed in buffer [10 mM Tris-HCI

(pH 7.5), 1% Triton X-100, 0.15 M NaCl, 1x protease inhibitor cocktail]
and supernatants of the extracts were immunoprecipitated with anti-
FLAG M2 agarose beads (Sigma-Aldrich, St. Louis, MO). After repeated
washing with the lysis buffer, precipitates were subjected to immunoblot-
ting using anti-Myc antibody (clone 9E10, Santa Cruz Biotechnology,
Santa Cruz, CA).

Immunohistochemical staining. Immunohistochemical staining was
performed as described. In brief, cells co-transfected with expression
vectors for FLAG- and His-tagged proteins were fixed with 10% formalin
18 h later and doubly stained with anti-FLAG (clone M2, Sigma-Aldrich)
and anti-Myc (MBL Medical & Biological Laboratories Co., Nagoya,
Japan) antibodies.

Luciferase activity. Cells were co-transfected with expression vectors
for Egr-1 and NAB2 with 1d985-luc carrying a Egr-1 consensus sequence
and pRL-SV40 (Promega, Madison, WI) using Lipofectamine 2000
(Invitrogen) as described previously [27]. After 20 h, luciferase activity was

" determined using a Dual Luciferase assay kit (Promega).

Results
FGF23 induces expression of NAB2 in vivo and in vitro

Recently, Egr-1 was identified as an immediate early
response gene of FGF23 in the kidney [10]. We found that
administration of FGF23 stimulated two transcripts of
NAB?2 of different sizes in the mouse kidney within 0.5 h
(Fig. 1A). Stimulation of these NAB2 transcripts by
FGF23 was also detected at 2h in HEK293T cells with
over-expression of exogenous Klotho (Fig. 1B). In these
cells, Egr-1 mRNA was also induced within 0.5h by
FGF23 (Fig. 1B). Determination of DNA sequences of
the long and short transcripts of NAB2 indicated that they
were the full-length (NAB2full) and an alternatively spliced
form of NAB2 lacking exon 6 (NAB2AES6), respectively
(Fig. 1C). The transcripts of both NAB2full and
NAB2AE6 were ubiquitously expressed in various tissues
in mice (Fig. 1D). We detected no isoform of NAB2 lack-
ing exon 3 (NABAE3) in any types of cells examined (data
not shown).

Cellular localization and functions of two types of NAB2
isoforms

Immunoprecipitation followed by Western blot analysis
indicated that both NAB2full and NAB2AE6 interacted
with Egr-1 and formed homo- and hetero-oligomers with
each other (Fig. 2A). However, neither NAB2full nor
NAB2AE6 exhibited capacity to interact with osterix,
another type of C2H2 zinc-finger protein (Fig. 2A). Tran-
sient over-expression of Myc-tagged NAB2full or
NAB2AE6 with FLLAG-tagged Egr-1 indicated that all of
these proteins were localized in the nucleus, suggesting that
they had formed complexes in the nuclei (Fig. 2B). Both
NAB2full and NAB2AE6 suppressed the transcriptional
activity of Egr-1 (Fig. 2C).

A previous study revealed that a point mutation of
E51K in NCDI in mouse NABI interfered with its ability
to bind to Egr-1 [17]. We therefore introduced the corre-
sponding mutation, E82K, into mouse NAB2full and
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Fig. 1. FGF-23 induced NAB?2 expression. (A) FGF23 induced expression of Egr-1 and NAB2 in mouse kidney. Mice were injected i.p. with FGF23 at
20 pg/head, and then total RNA was prepared from the kidney after 0.5 h. RT-PCR analysis was performed for Egr-1, NAB2, and G3PDH. (B) FGF23
induced transcription of both Egr-1 and NAB2 in vitro. HEK293T cells with Klotho over-expression were treated with conditioned medium containing
FGF23 for the indicated period. RT-PCR analysis was performed for Egr-1, NAB2, and G3PDH. (C) Schematic structures of three isoforms of NAB2,
NAB2fufl, NAB2AE3, and NAB2AE6. Two independent, highly conserved domains in NAB proteins are indicated as NCD1 and NCD2. Primers used in
RT-PCR analysis are indicated by arrows. (D) RT-PCR analysis of NAB2 mRNAs in various tissues of mice.
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Fig. 2. Comparison of properties of NAB2full and NAB2AE6. (A) Interactions of NABfull and NAB2AE6 and Egr-1. FLAG-tagged NAB2full,
NAB2AES, Egr-1 or Osterix and Myc-tagged NAB2full or NAB2AE6 were co-transfected in COS7 cells, and then immunoprecipitated with anti-FLAG
M2 agarose beads. The precipitates were subjected to Western blot analysis using anti-Myc antibody. (B) Cellular location of NABfull or NAB2AES6 and
Egr-1. Myc-tagged NAB2full or NAB2AE6 was co-transfected with FLAG-tagged Egr-1 in HEK293T cells. The cells were immunohistochemically stained
with anti-FLAG and anti-Myc antibodies. (C) NAB2full and NAB2AE6 suppressed the transcriptional activity of Egr-1. A luciferase reporter carrying an
Egr-1 consensus sequence was co-transfected with NAB2full or NAB2AES6 in the presence of Egr-1. Luciferase activities were determined using a kit.

NAB2AES6 and examined their properties. The E82K muta-
tion abolished the abilities of both NAB2full and
NAB2AE6 to bind to Egr-1, though they were still
able to form homo- and hetero-oligomers with each

other (Fig. 3A). Immunohistochemical analysis indicated
that these E82K mutants of NAB2, especially
NAB2AEG6(E82K), formed snake-like structures in the
nuclei, although Egr-1 was distributed homogeneously in
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Fig. 3. Characterization of properties of NAB2full and NAB2AE6 with
E82K mutation. (A) Interactions of NABfull(E82K) and NAB2-
AE6(E82K) with Egr-1. FLAG-tagged Egr-1 and Myc-tagged NAB2ful-
I(E82K) or NAB2AEG6(E82K) were co-transfected in COS7 cells, and then
immunoprecipitated with anti-FLAG M2 agarose beads. The precipitates
were subjected to Western blot analysis using anti-Myc antibody. (B)
Cellular location of NABfull(E82K) or NAB2AE6(E82K) and Egr-1.
Myc-tagged NAB2full(E82K) or NAB2AE6(E82K) was co-transfected
with FLAG-tagged Egr-1 in HEK293T cells. The cells were immunohis-
tochemically stained with anti-FLAG and anti-Myc antibodies. Typical
snake-like structures are indicated by the arrowheads. ’

the nucleus (Fig. 3B). Thus, the location of the E82K
mutant proteins of NAB2 differed completely from that
of Egr-1.

Discussion

FGF23 is an important factor in phosphate homeostasis
and skeletogenesis in vertebrates [2-4]. Although the
molecular mechanisms in FGF23 signaling have not been
elucidated, Klotho and FGF type I receptors were recently
identified as specific receptors for FGF23 [9,10). In addi-
tion, recent work revealed that FGF23 induced Egr-1
expression as an immediate early response gene in the kid-
ney in vivo [10]. In the present study, we found that FGF23
induced expression of not only Egr-1 but also NAB2 in vivo
and in vitro in the presence of Klotho.- Mice doubly defi-
cient in NAB1 and NAB2 exhibited abnormalities in vari-

ous tissues, including the skeleton [28]. It has been reported
that Egr-1 directly activates the promoter activity of NAB2
[25]) Taken together, these findings suggested that FGF23
induces Egr-1 and then NAB?2 in a negative feedback loop
to suppress its own signaling. Egr-1- and NAB2-dependent
intracellular signaling may play roles in mediating the
physiological effects of FGF23, such as phosphate homeo-
stasis and skeletogenesis. This possibility can be tested by
administration of FGF23 to Egr-1 or NAB2-deficient mice
in the future. :

We found that FGF23 induced two isoforms of NAB2
transcripts, a full-length form and an alternative spliced
one lacking exon 6, NAB2AE6. Another form of NAB2
lacking exon 3, NAB2AE3, had been detected in the cyto-
plasm and had lost the ability to inhibit the transcriptional
activity of Egr-1 due to disruption of NCD2 and nuclear
localization signal [12]. The present findings suggest that
both NAB2full and NAB2AE6 are major forms of NAB2
in various tissues and cell lines. In contrast to NAB2AE3,
however, NAB2AE6 had both complete NCD2 and nuclear
localization domain and had retained the ability to bind to
Egr-1 and suppress its transcriptional activity. These find-
ings clearly indicated that NAB2AE®6 is a functional iso-
form like full-length NAB2 and quite different from
NAB2AE3. This was further confirmed by examination
of NAB2AE6(E82K), which showed that it did not bind
Egr-1. The cellular location of NAB2AE6(E82K) differed
from Egr-1 in the nucleus, though NAB2AE6 was co-local-
ized with Egr-1, suggesting that the interaction of NAB2-
AE6(E82K) and Egr-1 had been disrupted by the point
mutation in vivo.

In conclusion, we found a novel regulatory system for
FGF23 signaling mediated though Egr-1 and NAB2. Fur-
ther study of FGF23 signaling will provide new insights
into the physiological roles of FGF23 in phosphate homeo-
stasis and skeletogenesis.
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Abstract

Platelet-rich plasma (PRP) is clinically used as an autologous blood product to stimulate bone formation in vivo. In the present study,
we examined the effects of PRP on proliferation and osteoblast differentiation in vitro in the presence of bone morphogenetic proteins
(BMPs). PRP and its soluble fraction stimulated osteoblastic differentiation of myoblasts and osteoblastic cells in the presence of BMP-2,
BMP-4, BMP-6 or BMP-7. The soluble PRP fraction stimulated osteoblastic differentiation in 3D cultures using scaffolds made of col-
lagen or hydroxyapatite. Moreover, heparin-binding fractions obtained from serum also stimulated osteoblastic differentiation in the
presence of BMP-4. These results suggested that platelets contain not only growth factors for proliferation but also novel potentiator(s)

for BMP-dependent osteoblastic differentiation.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Bone morphogenetic proteins; Platelet-rich plasma; Osteoblasts; Scaffolds

Bone morphogenetic proteins (BMPs) have a unique
and specific activity that is capable of inducing bone forma-
tion in vivo [1]. BMPs are responsible for not only artificial
ectopic bone formation but also physiological skeletal
development [2]. The bone-inducing activity of BMPs
should be useful for the development of therapeutic drugs
for in vivo bone regeneration [3,4]. However, it has been
reported that, compared with rodents, more than 100-fold
amounts of BMPs are required to induce bone formation in
higher animals such as monkeys and humans [5]. We previ-
ously found that sulfated polysaccharides such as heparin
and heparan sulfate enhanced BMP-induced osteoblast dif-

" Corresponding author. Fax: +81 42 985 7214,
E-mail address: katagiri@saitama-med.ac.jp (T. Katagiri).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.06.142

‘'vascular endothelial growth factor,

ferentiation in vitro [6,7]. Moreover, heparin enhanced the
ectopic bone formation in vivo induced by BMP-2 by pro-
tecting BMPs from degradation and inhibition by antago-
nists [6,7]. This finding suggests that BMP potentiators
may be clinically useful for administration of BMPs to
stimulate local bone formation in vivo.

Platelets are anuclear cells derived from megakaryo-
cytes, and play important roles as rich sources of growth
factors, including platelet-derived growth factor (PDGF),
and transforming
growth factor-B (TGF-B) [8,9]. These factors stored in a-
granules of platelets are released through the activation
of platelets by various stimuli [8,9]. Platelet-rich plasma
(PRP) is clinically used as an autologous blood product
to stimulate tissue regeneration in periodontal defects,
extraction sockets, during implant placement, and in
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guided bone regeneration around implants [8,9]). The
capacity of PRP to stimulate bone regeneration is believed
to be due to the stimulatory activities of the growth factors
released from activated platelets on proliferation of pro-
genitor cells and vascularization at local sites [8,9].

In the present study, we examined the effects of PRP on
proliferation and osteoblastic differentiation in vitro in the
presence of small amounts of BMPs, and found that PRP
stimulated the osteoblastic differentiation. Moreover, a sol-
uble fraction prepared from activated PRP also exhibited
stimulatory effects on the BMP activity in 3D cultures on
scaffolds. These findings suggest that simultaneous admin-
istration of BMPs and PRP with scaffolds is a simple and
useful method of stimulating bone formation in vivo. They
also suggest that platelets contain novel potentiator(s) of
BMPs that stimulate osteoblastic differentiation of progen-
itor cells.

Materials and methods

Materials. Bovine plasma was purchased from Funakoshi, Tokyo,
Japan. Dulbecco’s modified Eagle’s medium (DMEM) a-minimal essential
medium (a-MEM) were obtained from Sigma-Aldrich (St. Louis, MO).
Fetal bovine serum (FBS) and calf serum (CS) were obtained from
Moregate Biotech (Bulimba, QId, Australia). Bovine thrombin was
obtained from Wako Pure Chemical Industries (Osaka, Japan). Recom-

1.8

1.5
1.2
0.9
0.6
0.3

0

PRP (ul): 0 063 1.25 25
PPP (ul): 10 9.37 875

.

0 625 125 25 50
PRP or PPP (uliwell)

ALP activity (O.D. 405 nm) J»

0.25

o©
(%}

=4
o

0.05

Cell proliferation (O.D. 492 nm) ¢
o
&

PRP(%): 0 4 8 0 4 8 16 32
-

GAPDH

binant BMP-2 produced in Escherichia coli was obtained from Acris
Antibodies GmbH (Nordhein-Westfalen, Germany). Recombinant human
BMP-4, BMP-6, and BMP-7 were purchased from R&D Systems (Min-
neapolis, MN). SuperScript III and Platinum Pfx DNA polymerase were
from Invitrogen (Carlsbad, CA). Collagen sponge and porous hydroxy-
apatite (Celllyard, HA) were obtained from Wako Pure Chemical Indus-
tries and Pentax (Tokyo, Japan), respectively. A Cell Count Reagent SF
kit was from Nacalai Tesque, Tokyo, Japan. Heparin sepharose CL-6B
column was obtained from GE Healthcare (Fairfield, CT).

Cell cultures. A mouse cell line, C2C12, was maintained in DMEM
containing 15% FBS [10], and ST-2, MC3T3-E1l and 3T3-L1 cells were
maintained in «-MEM containing 10% FBS. C2CI12 cells were inoculated
at 1.0 x 10* cells/well in type I collagen-coated 96-well plates (IWAKI,
Tokyo, Japan) and cultured overnight before treatment with stimuli. ST-2,
MC3T3-El, and 3T3-L1 cells were inoculated at 500 cells/well in type I
collagen-coated plates and cultured for 2 days. BMPs at various concen-
trations were added to the cultures in fresh medium containing 1% FBS
with or without PRP or a soluble fraction prepared from PRP or platelet-
poor plasma (PPP). Osteoblastic differentiation was determined by mea-
suring alkaline phosphatase (ALP) activity and mRNA levels as described
below.

Preparations of PRP and PPP, and soluble fractions of PRP and PPP.
Human or bovine plasma was centrifuged at 2100g for 20 min to precip-
itate platelets. PRP was prepared by re-suspending the precipitates in
1/100 volume of PPP, which was the supernatant fraction derived from
centrifugation of plasma. The PRP and PPP were diluted 1/10 in DMEM
containing 1% FBS and then activated with 0.01 U/pl of bovine thrombin
in the presence of 0.025% CaCl,. The activated PRP and PPP were cen-
trifuged at 3400g for 10 min to remove fibrin clots, and the supernatants
were prepared as soluble fractions of PRP and PPP, respectively.
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Fig. 1. Human and bovine PRP stimulate proliferation and osteoblastic differentiation of C2C12 myoblasts in the presence of BMP-4. (A) Human PRP
diluted with PPP was added to cultures of C2C12 cells in the presence (solid bars) and absence (open bars) of 20 ng/ml of BMP-4. Total amount of the
mixture was fixed at 10 pl in 150 pl of total culture volume. On day 6, ALP activity was determined as a marker of osteoblastic differentiation. (B) Soluble
fraction prepared from bovine PRP (solid bars) or PPP (open bars) was added to C2C12 cultures with increasing concentrations of BMP-4. ALP activity
was determined on day 4. (C) Effects of soluble PRP (circles) and PPP (triangles) fractions on proliferation of C2C12 cells in the presence (solid symbols)
or absence (open symbols) of 25 ng/ml of BMP-4. Cell proliferation capacity was determined on day 4. (D) RT-PCR analysis of levels of expression of
ALP mRNAs. C2C12 cells were treated for 4 days with increasing amounts of soluble PRP fraction in the presence or absence of 25 ng/ml of BMP-4.
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Measurements of ALP activity and cell proliferation. ALP activity was
measured as described previously [11]. In brief, the cells were rinsed with
PBS and enzyme activity was determined by directly adding ALP buffer
containing a substrate (0.6 M diethanolamine, 0.6 mM MgCl,, 0.1% Tri-
ton X-100, and 30 mM p-nitrophenylphosphate) to each well. After
incubation for 15 min-at room temperature, the reaction was terminated
by adding 3 M NaOH, and absorbance at 405 nm was measured using a
microplate reader (ASYS Hitech Gmbh, Eugendorf, Austria). Cell
proliferation was measured by absorbance at 492 nm using a Cell Count
Reagent SF kit according to the manufacture’s instructions.

Reverse transcription-polymerase chain reaction (RT-PCR). Levels of
expression of ALP mRNA were analyzed by a RT-PCR technique as
described [12]. In brief, cDNA was reverse transcribed from 5 pg of total
RNA, and then each sequence was amplified by PCR (94 °C, 45 s; 60 °C,
1 min; 68 °C, 1 min; 30 cycles). Primers for ALP and glyceraldehyde-3-
dehydrogenase were used {12].

Heparin sepharose CL-6B column chromatography. One liter of CS was
pre-fractionated using a heparin sepharose CL-6B column equilibrated
with 50 mM Tris-HC], pH 7.5, containing 0.1% Chaps by a linear gradient
of NaCl. This procedure was repeated five times. Fractions eluted with
1.0-1.5 M NaCl were pooled and applied to a new heparin sepharose CL-
6B column. The bound proteins were eluted with a linear gradient of NaCl
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from 0 to 2.0 M. Each fraction was examined for ALP-inducing activity in
C2CI2 cells in the presence or absence of 20 ng/ml of BMP-4.

Results

PRP and soluble fraction of PRP stimulate BMP-4-induced
osteoblastic differentiation and proliferation of C2CI2
myoblasts

BMP-4 at 20 ng/ml slightly induced ALP activity in
C2C12 cells (Fig. 1A). Addition of human PRP to the cul-
tures stimulated ALP activity at lower concentrations,
although the degree of stimulation gradually decreased at
higher concentrations (Fig. 1A). In contrast, human PPP
failed to stimulate ALP activity at all concentrations exam-
ined (Fig. 1A). We further examined the stimulatory activ-
ity in the soluble fractions prepared from bovine activated
PRP and PPP. The ALP activity induced by BMP-4 at 12.5
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Fig. 2. Soluble PRP fraction stimulates osteoblastic differentiation of C2C12, ST-2, and MC3T3-E! cells induced by various BMPs. Soluble fraction
prepared from bovine PPP (open and gray bars) or PRP (light gray and solid bars) was added to cultures of C2C12 cells in the absence (open and light gray
bars) or presence (gray and solid bars) of 300 ng/ml of BMP-2 (A), 25 ng/ml of BMP-4 (B), 150 ng/ml of BMP-6 (C), or 200 ng/ml of BMP-7 (D). ST-2
bone marrow stromal cells (E) and MC3T3-El osteoblasts (F) were cultured with graded concentrations of BMP-4 in the presence of soluble fraction
prepared from bovine PPP (open bars) or PRP (solid bars). ALP activity was determined on day 4. *P < 0.05 vs. PPP.
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Fig. 3. Soluble PRP fraction and BMP-4 are retained in scaffolds and stimulate osteoblastic differentiation in vitro. Scaffolds made of collagen (A) and
hydroxyapatite (B) were pre-incubated for 1 h with graded concentrations of soluble PRP fraction in the presence or absence of 3 ng of BMP-4 at room
temperature, and then rinsed with PBS. C2C12 cells were inoculated on these scaffolds without additional PRP or BMP-4. ALP activity was determined on

day 7.

and 25 ng/ml was much higher in the presence of the solu-
ble fraction of PRP than that of PPP (Fig. 1B). Both solu-
ble fractions of PRP and PPP stimulated proliferation at
higher concentrations regardless of the presence of BMP-
4, and higher stimulatory capacity was observed with the
PRP fraction (Fig. 1C). The soluble PRP fraction increased
levels of expression of ALP mRNA at lower concentrations
in the presence of BMP-4 (Fig. 1D).

Ligand- and cell type-specificities of stimulatory activity of
PRP

We examined the stimulatory effect of the soluble PRP
fraction on osteoblastic differentiation in the presence of
other BMPs. The soluble fraction of PRP, but not that
of PPP, stimulated ALP activity in C2C12 cells in the pres-
ence of BMP-2, BMP-4, BMP-6, and BMP-7 (Fig. 2A-D).
Higher concentrations of the soluble PRP fraction sup-
pressed the ALP activity induced by each BMP examined,
suggesting some inhibitors were also present in it. We next
examined the stimulation of the BMP activity by the solu-

ble fraction of PRP in two types of osteoblastic cells, ST-2
bone marrow stromat cells and MC3T3-El osteoblasts. In
both types of cells, BMP-4 induced ALP activity at lower
concentrations than in C2C12 myoblasts (Fig. 2E and F).
As in C2C12 cells, ALP activity was much higher in the
presence of the soluble fraction of PRP than that of PPP
in both osteoblastic cell lines (Fig. 2E and F). 3T3-L1 pre-
adipocytes also exhibited ALP activity on stimulation by
the PRP fraction with more than 2 pg/ml of BMP-4 (data
not shown).

Soluble PRP fraction stimulates osteoblastic differentiation
of C2C12 cells cultured on scaffolds

BMPs are usually used in vivo with scaffolds made of
collagen or hydroxyapatite to maintain local concentra-
tions at sites of implantation [13,14]. We therefore pre-trea-
ted scaffolds of collagen sponge or hydroxyapatite with a
mixture of BMP-4 and increasing amounts of the soluble
PRP fraction. C2C12 cells were cultured on these scaffoids
without additional BMPs or PRP. ALP activity was

400
NaCl (M)
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1 10 20

30
Fraction number
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60

Fig. 4. BMP potentiator in CS binds to a heparin sepharose CL-6B column. Pre-fractionated CS was applied to a heparin sepharose CL-6B column as
described in Materials and methods. The bound proteins were eluted by a linear gradient of NaCl from 0 to 2.0 M. Absorbance at 280 nm was monitored.
The BMP potentiator activity in each fraction was determined by measuring ALP activity in C2C12 cells cultured with (triangles) or without (asterisks)

20 ng/ml of BMP-4.
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induced on scaffolds pre-treated with the soluble PRP frac-
tion and BMP-4, although enzyme activity gradually
decreased with increasing amounts of the PRP fraction
(Fig. 3A and B).

BMP potentiator in serum binds to a heparin sepharose CL-
6B column

We have reported purification and identification of
BMP-4 from bovine serum [11]. In our preliminary exper-
iments, BMP potentiator was also detected in CS, which
contains various factors released from platelets. To charac-
terize the BMP potentiators, CS was applied to a heparin
sepharose CL-6B column, and the bound proteins were
eluted with a linear gradient of NaCl (Fig. 4). Fractions
35-53 induced high ALP activity in the presence of
BMP-4 (Fig. 4). The potentiator activity on BMP-4 in a
pool of the fractions 35-53 was lost by digestion with tryp-
sin (data not shown).

Discussion

In the present study, we found that the soluble fraction
prepared from activated PRP stimulates osteoblastic differ-
entiation in the presence of BMPs in mesenchymal progen-
itor cells. Pretreatment of scaffolds with BMP-4 and the
soluble PRP fraction stimulated osteoblastic differentiation
in vitro. Because PRP is an autologous blood product,
simultaneous application of PRP and BMPs with scaffolds
may be a simple and useful method for enhancement of
bone formation in vivo.

The stimulatory activity of PRP on bone healing in vivo
is believed to be due to stimulation of proliferation of pro-
genitor cells by growth factors released from activated
platelets [8,9]. Interestingly, we found dual effects of the
soluble fraction prepared from PRP on proliferation and
differentiation. At lower concentrations, the PRP fraction
markedly stimulated the osteoblastic differentiation in the
presence of BMPs, while at higher concentrations the same
fraction stimulated proliferation and suppressed osteoblas-
tic differentiation. PDGF and TGF-B, which are abun-
dantly stored in platelets, may be involved in stimulation
of proliferation and suppression of differentiation, since
such activities of PDGF and TGF-f have been reported
in osteoblast progenitor cells {10,15,16]. These findings sug-
gest that optimal dosages of PRP and BMPs must be deter-
mined to stimulate bone formation in vivo.

BMP activities are regulated positively and negatively by
various types of molecules in the extracellular environment
{17-19]. Although many inhibitors of BMPs have been
identified as antagonists, such as noggin, chordin, follista-
tin, and the DAN family members, potentiators of BMPs
have yet to be clearly identified [17-19]. We previously
reported that some native and synthetic sulfated polysac-
charides act as BMP potentiators in vitro and in vivo
[6,7). This activity is strongly dependent on both their size
and the number of sulfated residues [6]. Recently, KCP, a

Kielin/chordin-like protein, was identified as a novel
BMP potentiator in the kidney [20]. KCP plays an impor-
tant role in attenuating the pathology of renal fibrotic dis-
ease [21]. Our findings here suggest that platelets contain
not only growth factors for proliferation but also novel
potentiator(s) for BMP-dependent differentiation. Syner-
gism between novel potentiator(s) in platelets and BMPs
may also be involved in the stimulation of bone healing
with use of PRP alone, since BMPs are present in bone
matrix {22]. It is possible that a similar stimulation of the
BMP activity by novel potentiator(s) plays an important
role in native fracture healing in vivo. Identification of this
novel potentiator and establishment of conditions of appli-
cation of it with BMPs should enable clinically use of it for
stimulation of local bone formation in vivo. Our findings
suggested that this potentiator is a heparin-binding protein
rather than a polysaccharide. This novel BMP potentiator
produced by platelets is presently being studied in greater
detail in our laboratory.

In conclusion, we found that PRP stimulates osteoblas-
tic differentiation of mesenchymal progenitor cells in vitro
in the presence of BMPs. Simultaneous administration of
PRP and BMPs with scaffolds should be useful for stimu-
lation of bone formation in vivo.
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Introduction

Summary

Interleukin (IL)-4 and IL-13 are closely related cytokines known to inhibit
osteoclast formation by targeting osteoblasts to produce an inhibitor,
osteoprotegerin (OPG), as well as by directly targeting osteoclast precur-
sors. However, whether their inhibitory actions are the same remains
unclear. The inhibitory effect of IL-4 was stronger than that of IL-13 in
an osteoclast-differentiation culture system containing mouse osteoblasts
and osteoclast precursors. Both cytokines induced OPG production by
osteoblasts in similar time- and dose-dependent manners. However, 1L-4
was stronger in direct inhibition that targeted osteoclast precursors. Fur-
thermore, 1L-4 induced phosphorylation of signal transducer and activator
of transcription-6 (STAT6) at lower concentrations than those of IL-13
in osteoclast precursors. 1L-4 but not IL-13 strongly inhibited the expres-
sion of nuclear factor of activated T-cells, cytoplasmic 1 (nuclear factor-
ATcl), a key factor of osteoclast differentiation, by those precursors.
Thus, the activities of 1L-4 and IL-13 toward osteoclast precursors were
shown to be different in regards to inhibition of osteoclast differentiation,
whereas those toward osteoblasts for inducing OPG expression were
equivalent.

Keywords: IL-4; IL-13; osteoclasts; osteoblasts; cellular differentiation

by interrupting the interaction between RANKL and its
receptor RANK.>™ OPG gene-deficient mice exhibit

Osteoclasts are multinucleated giant cells that play a role
in bone resorption during bone metabolism. Osteoclast
differentiation is induced by the receptor activator of
nuclear factor (NF)-xB ligand (RANKL), which is pro-
duced by osteoblasts/stromal cells.! Osteoblasts/stromal
cells also produce osteoprotegerin (OPG), a decoy recep-
tor for RANKL, which inhibits osteoclast differentiation

severe osteoporosis, because of the increase in number of
osteoclasts.” Therefore, a balanced gene expression level
of RANKL and OPG is critical for regulation of bone
mineral density.

Many investigators have explored the mechanisms of
osteoclast differentiation using coculture and bone mar-
row-derived macrophage (BMM) culture systems. In

Abbreviations: IL, interleukin; OPG, osteoprotegerin; BMC, bone marrow cell; BMM, bone marrow-derived macrophage;
RANKL, receptor activator of nuclear factor kB ligand; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1.
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previous coculture systems, bone marrow cells (BMCs)
and osteoblasts were cocultured in the presence of 1a,25-
dihydroxyvitamin D; [la,25-(OH),D;}, which induced
the production of RANKL and suppressed that of OPG in
osteoblasts.”® Further, in a BMM culture system, BMMs
that were shown to be identical to osteoclast precursors
were cultured in the presence of M-CSF and RANKL pro-
teins.” Although both culture systems produced osteo-
clasts, the coculture system is considered to be more
effective for examining the role of osteoblasts in osteoclast
differentiation, while the BMM culture system is useful to
examine the direct actions of various factors toward osteo-
clast precursors.

It has been reported that lymphocyte-derived cytokines
play critical roles during bone metabolism under physio-
logical and pathological conditions.'® IL-4 and IL-13, T
helper 2 (Th2) cytokines, are pleiotropic lymphokines
produced by antigen activated T ‘cells that play partic-
ularly important roles in inflammatory and immune
responses.” Because IL-4 and IL-13 share a common
receptor complex, quite similar intracellular signals are
activated by these cytokines.'®'? In addition, binding of
IL-4 to the receptor IL-4Ra induces heterodimerization
with a common vy-chain (yc) (type I receptor complex)
or IL-13Ral (type II receptor complex). On the other
hand, binding of IL-13 to its receptor IL-13Ral with
moderate affinity induces heterodimerization with IL-
4Ra. Such dimerization of the receptors activates down-
stream signalling molecules, including Janus kinase-1
(JAK1) and -3, and signal transducer and activator of
transcription-6 (STAT6).'> However, the expression levels
of the receptors for 1L-4 and IL-13 are regulated differ-
ently depending on cell type.

IL-4 is known to suppress RANKL-induced osteoclast
differentiation through direct action on osteoclast precur-
sors.”> Recently, Palmgvist et al. reported that both IL-4
and IL-13 inhibited osteoclast differentiation by a mech-
anism that increased OPG in osteoblasts, and also
decreased RANKL and RANK expression."*

In the present study, we compared the effects of IL-4
and IL-13 toward the inhibition of osteoclast differenti-
ation using both coculture and BMM culture systems.
Our results suggest that IL-4 is more effective than IL-13
toward osteoclast precursors, while they are equivalent in
regards to stimulation of OPG production from osteo-
blasts.

Materials and methods

Chemicals

Recombinant murine IL-4 and IL-13, and transforming
growth factor-B (TGF-P) were purchased from R & D
systems (Minneapolis, MN). Alpha-modified minimum
essential medium (a-MEM) and 1¢,25(OH),D; were pur-
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chased from Sigma (St. Louis, MO). Human macrophage
colony-stimulating factor (M-CSF, Leukoprol®) was pur-
chased from Kyowa Hakko Kogyo (Osaka, Japan). The
soluble form of human TRANCE (human RANKL) was a
kind gift from Dr Yongwon Choi (University of Pennsyl-
vania School of Medicine).!>!¢

Cell cultures

Primary calvarial osteoblasts were obtained from the
calvariae of neonatal ddY mice (Saitama Experimental
Animals, Saitama, Japan) using 0-1% collagenase and
0-2% dispase.'” BMCs were obtained from the long bones
of 4- to 6-week-old ddY male mice. To obtain BMM:s,
BMCs were cultured for 3 days in a-MEM containing
10% fetal bovine serum (Sigma), M-CSF (50 ng/ml), and
TGF-B (1 ng/ml) in 100-mm diameter type-1 collagen-
coated culture dishes (IWAKI-Asahi Glass, Tokyo, Japan)
(1 x 107 cells/dish). After culturing for 3 days, cells
attached to the culture plates were collected and used as
BMMs. In the BMM culture system, BMMs were cultured-
on 96-well cell culture plates (Corning, Corning, NY) in
the presence of M-CSF (50 ng/ml) and RANKL (150 ng/ml)
for 4 days. In the coculture system, BMMs (2 x 10* cells/
well) or BMCs (1 x 10° cells/well) were cultured on
96-well cell culture plates (Corning) with mouse primary
osteoblasts or cells from the stromal/osteoblastic cell line
UAMS-32 (5 x 10° cells/well), in the presence or absence
of 1a,25-(OH),D5 (10 nm) for 6 days. After culturing,
some of the cells were fixed and stained for tartrate-
resistant acid phosphatase (TRAP), a marker enzyme of
osteoclasts.

Measurement of TRAP activity

Cells in a 96-well culture plate were rinsed with phos-
phate-buffered saline and dissolved with 150 pl of lysis
buffer (50 mM acetic acid buffer, pH 5-0, containing 1%
sodium tartrate and 0-1% Triton-X). The cell lysates were
briefly sonicated, then 20 pl of cell lysate was mixed with
100 pl of p-nitrophenyl phosphate solution (1 mg/ml in
50 mMm acetic acid buffer, pH 5-0, containing 1% sodium
tartrate) and incubated at 37° for 30 min. After the addi-
tion of 50 pl of 1 M NaOH, absorbance was measured at
405 nm.

Reverse transcriptase—polymerase chain reaction
(RT-PCR)

Total RNA (1 pg) was reverse-transcribed using Super-
script II (Invitrogen Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocols. PCR was per-
formed using Taq DNA polymerase (Sigma) under the
following conditions: denaturation at 94° for 30 s, anneal-
ing at 58° for 30 s, and extension at 72° for 30 s, with

© 2007 Blackwell Publishing Ltd, Immunology, 120, 573-579
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25 cycles for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and 30 cycles for mouse IL-4Ra, ¥, IL-13Ral,
and NFATcl. The oligonucleotide primers used for RT-
PCR were as follows:

GAPDH (452 bp), 5'-GAAGGTCGGTGTGAACGGATT
TGGC-3' and 5 -CATGTAGGCCATGAGGTCCACCAC-
3’; mouse IL-4Ra (432 bp), 5-ATCTGCGTGCTTGCT
GGTTCT-3' and 5-CTGGTATCTGTCTGATTGGACCG-
3’; mouse yc (266 bp), 5'-GTTCTGAGCCTCAGGCAA
CC-3' and 5-CAGATTGCTGAGTGTTAGAT-3'; mouse
IL-13Ral (385 bp), 5'-CATCTTCTCCTCAAAAATGGT
GCC-3' and 5-GGATTATGACTGCCACTGCGAC-3'; and
mouse NFATcl (565 bp), 5 -TCATCCTGTCCAACACC
AAA-3' and 5'-TTGCGGAAAGGTGGTATCTC-3'.

Northern blot analysis

Ten micrograms of total RNA was extracted from the
cells and electrophoresed on a 1% agarose gel containing
0-22 M formaldehyde, then blotted onto nylon membranes
(Hybond-N, Amersham Biosciences, Amersham, UK). Fil-
ters were serially hybridized with cDNA probes for mouse
OPG, RANKL, and 18S rRNA, then hybridization was
performed in Perfect Hybridization Solution (Sigma)
overnight at 65°. The membranes were washed twice with
2x saline sodium citrate (SSC) containing 0-1% sodium
dodecyl sulphate (SDS) at 65° for 30 min and once with
2% 'SSC at 65° for 30 min, followed by exposure to a
storm phosphoimager screen (Molecular Dynamics, Sun-
nyvale, CA). Signals were visualized and quantitated using
ImageQuant software (Molecular Dynamics).

Western blot analysis

Western blot analysis was performed as described previ-
ously.'® Briefly, the lysates of BMMs and UAMS-32 cells
treated with various concentrations of IL-4 and IL-13
were subjected to 10% SDS-polyacrylamide gel electropho-
resis and transferred to Immobilon-P membranes (Milli-
pore, Billerica, MA). The membranes were incubated with
antibodies against murine STAT6 and phospho-STAT6
(Cell Signaling Technology, Beverly, MA), following incu-
bation with horseradish peroxidase-conjugated secondary
antibody (Cell Signaling Technologies). Protein bands
were detected by use of ECL plus Western Blotting Detec-
tion system (Amersham Biosciences) and exposed to a
FUJI medical X-ray film (FUJIFILM, Kanagawa, Japan).

Quantification of OPG

Cells were cultured for various periods with increasing
amounts of OPG. The amount of OPG released into the
culture medium was determined using a mouse OPG/
TNFRSF11B Immunoassay kit (R & D Systems, Inc.)
according to the manufacturer’s instructions.

© 2007 Blackwell Publishing Ltd, Immunology, 120, 573-579
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Figure 1. Effects of IL-4 and IL-13 on osteoclast differentiation in a
coculture system. (a) BMMs were cocultured with UAMS-32 cells
and various concentrations of IL-4 (O) or IL-13 (A) in the presence
of 100 nm 1a,25-(OH),D;. The same cultures were also performed
in the absence of 1a,25-(OH),D; (D;) with IL-4 (@) or IL-13 (A).
After culturing the cells, cell lysates were harvested and TRAP activ-
ity was measured. Data are shown as the means £ SE (n = 4).
(b) BMMs cocultured with primary osteoblasts or UAMS-32 cells in
the absence or presence of 10 nm of 1a,25-(OH),D; (D3), 10 ng/ml
of IL-4 or 10 ng/ml IL-13. The cells were fixed and stained for TRAP
(original magnification: x10).

Results

Inhibition of osteoclast differentiation by IL-4
and IL-13 in coculture system

We first examined the effects of IL-4 and IL-13 on osteo-
clast differentiation in a coculture system, in which
mouse BMMs were cultured with UAMS-32 cells in the
presence of 1a,25-(OH),D3;, an inducer of RANKL
expression. The addition of IL-4 at a concentration of
1 ng/ml to the cocultures completely inhibited osteoclast
differentiation, whereas 10 ng/ml of IL-13 was required
for complete inhibition (Fig. 1a, b). The ICsy values of
IL-4 and IL-13 for osteoclast differentiation were 0-13
and 2-69 ng/ml, respectively (Fig. l1a). These results sug-
gest that the inhibitory activity of IL-4 is stronger than
that of IL-13 in the coculture system.

Regulation of OPG and RANKL expression
in osteoblasts by IL-4 and IL-13

Because OPG produced by osteoblasts is a potent inhib-
itor of osteoclast differentiation, we examined the expres-
sion levels of OPG mRNA before and after treatment
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