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Abstract

In this study, we examined the interaction of the osteoblast which forms bone and sulfated hyaturonan (SHya), For the purpose
of the creation of a new functional polysaccharide, we introduced a sulfate group in hyaluronan (Hya) of high molecular weight, and
SHya of high molecular weight could be obtained for the first time. When rat calvarial osteoblast (rORB) cells were cultured with a
high concentration of SHya, they formed aggregated spheroids after 4h and the spheroids grew to about 200 um after 24 k. We
examined the expression of cell adhesion molecules in order to clarify the mechanism of aggregate formation. The N-cadherin (N-
cad) and Connexind3 (Cx43) expression level of rOB cells cultured with SHya remarkably increased after 2h. A difference in the
expression of Integrin Bl (Intpl) could not be observed between the SHya addition and control group. The alkaline phosphatase
(ALPase) activity of OB cells cultured with SHya after 8 h was significantly enhanced in comparison with control. Therefore, the
sulfate group of SHya seems to enhance expression of celi adhesion protein such as N-cad and Cx43, resulting in ageregate for-

mation and further remarkable induction of the Al Pase activity of rOB cells.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Sulfated hyaluronan; Osteoblast; Aggregation; N-cadherin; Connexin; ALPase activity

It is reported that the extracellular matrix (ECM)
provides positional and environmental information es-
sential for tissue function [1]. ECMs are complex, con-
sisting of several different classes of molecules that may
regulate modeling and remodeling [2]. Sulfated poly-
saccharides, such as heparan sulfate (HS) or heparin
(Hep), stabilize fibroblast growth factor (FGF) and
transforming growth factor p (TGF-B) in an active
conformation, protect them against pH, thermal, and
proteolytic degradations, and strongly potentiate their
mitogenic activity in many cell types. Growth factors

* Corresponding author, Fax: +81-3-3700-9196.
E-mail address: nagahata@nihs.go.jp (M. Nagahata).

0006-291X/3 - see front matter © 2004 Elsevier Inc. All rights reserved.
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play a key role in the process of bone repair [3,4].
However, when the size of the defect is large, growth
factor alone is not enough for bone repair. One prom-
ising way of promoting bone repair is to use cell scaffold,
such as collagen [3]. However, there are problems, such
as the antigenicity on the proteins. Therefore, we tried
the regeneration of the bone using biocompatibility
polysaccharides. Hyaluronan (Hya) has by far the
highest molecular weight of the glycosaminoglycans
(GAGs) and is thought to facilitate cell migration,
adhesicn, proliferation, and tissue repair [6].

Then, we synthesized sulfated hyaluronan (SHya)
with different degrees of sulfation. We examined the
effect of SHya on the cell function of rOB cells.
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Materials and methods

Sulfated hyaluronan. On the sulfation of the polysaccharide, vari-
ous methods are reported [7-10]. However, the sugar chain is ¢asily cut
off under reaction and the molecular weight lowers. Therefore, a
method using sulfur trioxide (SO,) complex was developed to prevent
the lowering of the molecular weight {11-13). The molecular weight
simply lowers on Hya by acid and heating. Then, the synthesis was
carried out using dimethylformamide (DMF)}-S0Oy complex and tri-
methylamine (TMA)}-SO; complex. Hya derivatives with different
sulfation degrees can be obtained by changing the amount of DMF-
80, complex and TMA-50; complex,

Dimethylformamide-S0; complex. Ten percent Hyal 50 (molecular
weight, 1.5x10%) solution in N, N-dimethylformamide (DMF)
(WAKO Pure Chemical Industries) was mixed with DMF-50; com-
plex [14] and stirred for 14h at 0°C. The reaction mixture was then
diluted, neutralized, and precipitated by adding to a large quantity of
acetone, The precipitate was dissolved in distilled water again and
dialyzed against distilled water.

Trimethylamine-SO; complex. Ten percent Hyal30 solution in
DMF was mixed with TMA-SO; complex (Aldrich Chemical) and
stirred for 48 h at 60°C. §Hya was obtained after the reaction by the
method equal to the above-mentioned DMF-50; complex method.

The degree of substitution {DS) of SHya was 1.2, 2.1, and 3.4 as
determined by the chelate titration method [15], Moreover, the effec-
tiveness of sulfation was also demonstrated by FT-IR analysis. The IR
spectrum of SHya exhibited two absorption bands at 1240 and
820cm ? due to the 5=0 and SO; stretching, respectively. Charac-
teristics of $Hya are summarized in Table 1 and chemical structures
are illustrated in Fig. 1. The number, which is at the end of the com-
pound’s name, indicates MW [x10%] and the subscript shows the DS,

Cell culture. The OB cells were isclated and cultured using the
method described by Hamano et al [16}. rOB cells were cultured in a
sterile tissue culture dish (NUNCLON) with the use of Dulbecco’s

Table 1
Characteristics of polysaccharides

Polysaccharides Number of sulfate MW (x10%
£roups per two
saccharide rings
Hya 0 30
1.2 SHya 1.2 55
2.1 SHya 2.1 20
3.4 SHya 34 5
COONg* HL0H
s
H
HO
n
Hyaluroenan (Hya)
OO Na* H:LOR
@) 0
R I
R, RO COCH;
Sulfated hyaluronan (SHya)
R=sOsNaor H

Fig. 1. Structure of hyaluronan and sulfated hyaluronan.

modified Eagle’s medivm (DMEM, Nissui-seiyaku) supplemented with
10% fetal bovin serum (FBS, Gibco). Cultures were maintained in a 5%
CO; humidified atmosphere at 37°C. The cells were plated in 24-well
tissue culture plates (NUNCLON) or 100mm ¢ tissue culture dish
(NUNCLON) at an initial density of 5 x 104 cells/em? for study of the
effects of Hya and SHya on cell function. The cells were subconfluent
after 2-3 days of culture and confluent after 3-4 days.

Western blotting analysis. Immunoblots of N-cadherin (N-cad),
Integrin p1 (Intp1), and Connexind3 (Cx43) were performed according
to the method of Matsuda et al. [17]. rOB cells were plated in 100mm
¢ dishes. The cells were incubated with SHya for different time inter-
vals as indicated in the results, washed with phosphate-buffered saline
(PBS (-)), and lysed for 30min at 4°C with RIPA buffer. After soni-
cating the lysates for 30s using a sonicator, their protein concentra-
tions were determined using DC protein assay (Bio-Rad Laboratories).
The lysate was mixed with equal volumes of Laemmli sample buffer,
and proteins were separated on 7.5% polyacrylamide gels and trans-
ferred to nitrocellulose membranes (OSMONICS). After blocking with
3% nonfat dried milk in Tris-buffered saline with Tween 20 buffer, the
membranes were incubated successively with a primary antibody,
followed by incubation with antimouse antibodies conjugated with
ALP, and detection with ALP detection reagent (Gibco). Primary
antibodies used include those recognizing N-cad, Intpl, and Cx43. All
antibodies were monoclonal mouse antibodies and were obtained from
BD Transduction Laboratories.

Preparation of cell lysate for assay. Cell Iysates were prepared ac-
cording to the method of Hamano et al. [16], After removal of the
cutture medium from the dishes, cells were washed three times with
PBS (=). One milliliter of PBS (=) containing 0.04% Nonidet P-40
(Nacalai tesque) was poured into the dishes and incubated at 37 °C for
10 min. The suspension was homogenated with an ultrasonic disrupter
(BH-200P, TOMY SEIK.O) and centrifuged at 1000 rpm for 10 min at
4°C. These cell lysates were used as sample solutions for the mea-
surements of protein content and ALPase activity.

Protein cantent. Total protein content of cell lysate was measured
by the BIO-RAD protein assay method (Protein assay, Bio-Rad
Laboratories) and absorbance at 595nm was measured using an
ELISA reader (Bio-Rad Laboratories), using bovine serum albumin
{WAKO Pure Chemical Industries) as reference standard.

Alkaline phosphatase activity. Alkaline phosphatase (ALPase) ac-
tivity was determined by the moedification of the methods of Hamano
et al. [16] and Lowry et al. [18]). The reaction mixture consisted of
0.1'ml cell lysate and 0.4ml of 16mM p-nitrophenylphosphate diso-
dium salt hexahydrate (WAKO Pure Chemical Industries). The solu-
tion was incubated at 37°C for 30min. The enzymatic reaction was
stopped by adding 0.5ml of 0.5N NaOH and absorbance at 410 nm of
p-nitrophenol liberate was measured. The enzyme activity was
expressed in units/mg of protein, where 1 U corresponded to I nmol of
p-nitrophenol liberate per 30min at 37°C. For determination of the
localization of the ALPase activity, cells were rinsed with PBS (-) and
fixed with 10% formalin (pH 7.4) overnight at 4 °C. These fixed dishes
were tinsed three times with distilled water and Azo staining solution
(5 mg naphthol AS-BI phosphoric acid sodium salt (FLUKA) in 10ml
of 6,05M 2-amino-2-methyl-1,3-propandiol (WAKOQO Pure Chemical
Industries) buffer (pH 9.8)) for Smin at room temperature. Finally,
they were washed three times with distilled water.

Culture conditions for estimating the interaction of serum and SHya.
Four kinds of dishes were prepared as follows: (A) DMEM only, (B)
DMEM with 10% FBS, (C) 2.1SHya in DMEM with 10% FBS, and
{D) 2.1SHya only in DMEM into 35-mm tissue culture dish (NUN-
CLON), and incubated for 2h at 37°C, respectively, After the incu-
bation, these dishes were washed up with PBS (=) three times. rOB
cells were suspended in DMEM without serum, the cell suspensions
were added into these dishes, and cell adhesion and morphological
change were examined after 24 h-incubation.

Interaction of serum components and SHya. The cells were plated in
serum free DMEM supplemented with fibronectin (FN), basic FGF
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(bFGF), and SHya. Celis in culture were incubated at 37°C for 24h
with 5% CO,.

Resnlts

Fig. 2 shows the morphologies of the attachment of
rOB cells cultured with four different concentrations of
2.1SHya after 24 h. OB cells treated with high concen-
trations (0.25 and 0.5mg/ml) of 2.15Hya formed large
aggregations. Western blotting was used to examine the
effect of 2.15Hya on adhesion protein expression in rOB
cells. The cultures were washed with cold PBS (-) and
protein samples were collected by the addition of a lysis
buffer. As shown in Fig. 3A, the control time-depen-
dently increased protein levels of N-cad, Intpl after in-
cubation with rOB cells for 24 h, The time-dependence
of 2.1SHya stimulation of N-cad is shown in Fig. 3B.
This response was considerably earlier than that ob-
served for the control, peaking 2~6h after 2.1SHya ad-
dition (Fig. 3C). Expression of Intfi] was not observed
in great difference for the 2.1SHya addition and control,
Cx43 expression level in the 2.1SHya addition reached a
peak at 2—4h, and increase in some expression levels of
protein was observed in comparison with the control
(Fig. 3C). N-cadherin in Fig. 4 shows the morphologies
of the attachment of rOB cells treated with different DS

A EEY

3
*‘" s S

0.25 mg/ml

SHya and Hya after 24 h. Cell aggregations were formed
in the case of high DS SHya (2.1SHya, 3.4SHya). In the
meantime, with low DS 1.28Hya or nonsulfated Hya,
aggregations were not formed. However, when 1.25Hya
was added in high density, rOB formed aggregations.
Fig. 5 shows rOB cell proliferation in the presence of
SHya and Hya. In the presence of 2.15SHya, cell prolif-
eration was suppressed after seeding 48 h. However, rOB
cells treated with 2.1SHya gradually proliferated after-
wards and it reached confluence after 120 h. Hya showed
similar trends in the control (TCD). Fig, 6 shows pho-
tographs of the Azo staining used for the determination
of ALPase activity localization on rOB cell monolayers
and aggregates cultured for 24h. The staining also im-
maturely dyed the central part of the aggregation ob-
served in the 2.1SHya. The rOB cells in TCD and Hya
did not stain with Azo staining. The ALPase activity
was only expressed in the aggregates. Compared with
the control and Hya, 2.1SHya also time-dependently
enhanced the ALPase activity of rOB cells when exam-
ined at & concentration of 0.5mg/m! (Fig. 7). The effect
of the existence of serum component and 2.1SHya on
the formation of aggregation of rOB cells was exam-
ined (Fig. 8). rOB cells did not form aggregations
without 2.1SHya in the case of the serum-free medium
(Fig. 8D). The adherent cell number increased when it

200 pm

T

Fig. 2. Relationship between 2.1SHya concentration and rOB cell adhesion after 24 h. rOB cells were treated with various concentrations of 2.13Hya.
(A) Control. (B) 0.1 mg/ml of 2.15Hya. (C) 0.25 mg/m! of 2.1SHya. (D} 0.5 mg/ml of 2.15Hya. Phase contrast micrographs. Scale bar 200 ym.
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Fig. 3. Effect of SHya on adhesion protein expression in rOB cefls. rOB cells were incubated with 2.18Hya for the times shown. Cells were lysed and
proteins were separated by SDS-PAGE followed by Western blotting. (A) Without 2.1SHya (B) with 2.1SHya (C) quantification of band intensities

was measured by NIH images.

was incubated in the culture medium including the se-
rum (Fig. 8B) in comparison with the serum-free system.
However, when SHya coexisted with the serum, rOB
cells formed aggregations (Fig. 8C). rOB cells were
seeded onto the plates in the presence or absence of FN
and bFGF of added SHya for the study of effects of
serum protein and SHya on cell aggregation (Fig. 9).
bFGF was shown to form aggregation in rOB cells but
not in the case of FN addition. Furthermore, when
SHya was added with the bFGF, the cell aggregation
was increased by the addition of SHya under the pres-
ence of bFGF.

Discussion

The aim of this study was to elucidate the mechanism
of the enhancement of ALPase activity induced by the

high molecular weight of sulfated polysaccharides. Hep,
HS, and Hya are common components of the ECM in
most tissues [19]. It is reported that sulfated polysac-
charides like Hep/HS are the major FGF, TGF-, and
bone morphogenetic protein (BMP)-binding molecules
in the ECM [20]. However, the molecular weights of
Hep/HS and chondroitin sulfate (Chs) are lower than
Hya [21]. Therefore, we synthesized SHya with varying
DS and high molecular weight in order to obtain a high
molecular weight of sulfated polysaccharides. Hya is
easily decomposed in heat and acid [19]. Therefore, by
the change of type and quantity of the SO; complex,
SHya of varying DS and high molecular weight was
synthesized. In this study, we examined the effect of
SHya on the initial differentiation marker of the osteo-
blast. As a resuit of examining the effect of SHya in rOB
cells on cell morphology, the following fact became
clear: rOB cells formed aggregations in over 3mg/ml



M. Nagahata et al. | Biochemical and Biophysical Research Communications 315 (2004) 603-611 607

2l .
SIS R

control

1.2SHya

T

Fig. 4. Cell morphologies of rOB cells in the presence of 0.5mg/m! Hya and SHya after 24 h. rOB cells were treated with Hya and varying DS of

SHya. (A) Control, (B) Hya, (C) 1.2SHya, and (D) 3.45Hya.
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Fig. 5. Effect of 0.5 mg/m! Hya and $Hya on the proliferation of OB
cells. TOB cells were treated with Hya and 2.1SHya for 72h. The
proliferation of OB cells treated with Hya and 2.158Hya was deter-
mined. Values are means £ SD for four dishes.

concentration in the case of SHya of low DS (1.25Hya)
and in over 0.25mg/m! concentration in the case of
SHya of high DS (2.1SHya, 3.4S8Hya). However, rOB
cells cuitured with Hya without the sulfate group did not
form aggregations (data not shown). Also, aggregations
were not formed when Hep and Chs were added. After
the SHya addition, rOB cells began to form aggrega-
tions after 4h and large aggregations were formed after
24 h. Therefore, by introducing a sulfate group into the
hyaluronan, rOB cells formed aggregations.

Cell—<ell contacts and communication between bone
cells are essential for coordinated bone development and
remodeling. Celi—c¢ll adhesion mediated by the cadherin
superfamily plays an important role in osteogenesis.
Cadherins play essential roles in the regulation of several
physiological processes such as cell migration, prolifer-
ation, and differentiation {22]. Tsutsumimoto et al. [23]
reported that the expression of N-cad is involved in the
aggregate formation of MC3T3-El. Also, integrins are
the principle mediators of the molecular dialogue be-
tween a cell and its ECM environment such as collagen
and fibronectin [24,25]. Osteoblasts express several in-
tegrin subunits and their presence may be important in
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Fig. 6. Appearance of Azo-stained cultures of rOB cells in the presence
of 0.5 mg/ml Hya and SHya after 24 h. rOB cells were treated with Hya
and 2.18Hya for 24 h, rOB cells were stained by the Azo stain method.

regulating the response of these cells to the ECM, sug-
gesting that integrin participates in the differentiation.
By Western blotting, the expression of N-cad and Intpl
proteins in osteoblasts was confirmed. In the presence of
2.1SHya, rOB cells increased protein levels of N-cad at
early stages, but protein levels of IntBl were not ob-
served in great difference between the 2.1SHya addition
and control group, To clarify the roles of N-cad in
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Fig. 7. Eifect of 0.5mg/m]l Hya and SHya on the ALPase activity of
rOB cells. rOB cells were treated with Hya and 2.1SHya for 72h, The
ALPase activity of rOB cells treated with Hya and 2,1SHya was
determined. Values are means + SD for four dishes.

SHya-induced cell aggregation, the effects of N-cad
function-perturbing agents such as blocking antibodies
were tested. This N-cad antibody was shown to inhibit
cell-cell aggregation in rOB cells. These results confirm
a direct involvement of N-cad in aggregation process
(data not shown). Gap and adherens junctions are ob-
served in osteoblast cell-cell contact [26,27]). Gap junc-
tional intercellular communication (GJIC) is the key
function by which cells exchange small molecules in-
cluding signal molecules directly from the inside of a
cell to neighboring cells. Gap junctions that are medi-
ated by Cx have been well studied in osteoblasts,
Among the Cx family, Cx43 is a major protein in os-
teoblasts [23]. By Western blotting, the expression of
the Cx43 protein in these cells was confirmed. Cx43
expression level in the 2.1SHya addition reached a
peak at 2-4h, and the increase in expression level of
protein was observed in comparison with the control.
Some reports have proposed that cadherin is also in-
volved in the regulation of the GJIC. This suggests that
cadherin-mediated cellcell adhesion is essential for
GIJIC and cadherin may also regulate GJIC in osteo-
blasts. Chiba et al. [29] demonstrated that Cx43 ex-
pression parallels ALPase activity and osteocalcin
secretion in differentiating human osteoblastic cells.
These data suggest that Cx43 expression contributes to
osteoblastic differentiation.

Proliferation of rOB cells after aggregation formation
was inhibited with the SHya addition more than with
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Fig. 8. Eifect of FBS and 2.15Hya on cellular adhesion after 24 h. Four kinds of dishes were prepared as follows: (A) DMEM only, (B) DMEM with
10% FRS, (C) 2.1SHya in DMEM with 10% FBS, and (D) 2.15Hya only in DMEM into 35-mm tissue culture dish (NUNCLON]} were incubated at
37°C for 2 under the 5% CQO3-95% air conditions, respectively, and washed with PBS (~) three times. Then, rOB cell suspensions in DMEM were
added to four kinds of dishes (A-D). After 24 h-incubation, the cell appearances were observed as shown in (A-D}. Magnification 100x.
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Fig. 9. Effect of serum component and 2.1SHya on celhzlar adhesion after 24 h. The cells were plated in serum free DMEM supplemented with FN,

bFGF, and SHya, and incubated for 24 h at 37 °C with 5% CO,.

the control or Hya addition. It is known that the
osteoblast shifts to differentiation after it stops prolif-
eration [30]. Recently, C-terminal Cx protein was found
to suppress cell proliferation {31]. Then, we evaluated

the effect of SHya on the ALPase activity of the initial
differentiation marker for the osteoblast. The ALPase
activity of rOB cells cultured with SHya was only ex-
pressed in the aggregation, when localization of the



