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A possible suppressive role of galectin-3 in upregulated
osteoclastogenesis accompanying adjuvant-induced
arthritis in rats

Yin-Ji Li', Akiko Kukita?, Junpei Teramachi', Kengo Nagata3, Zhou Wu?, Akifumi Akamine® and Toshio Kukita'

Galectin-3 is a f-galactoside-binding animal lectin having pleiotropic effects on cell growth, differentiation, and apop-
tosis. This lectin has been shown to be involved in phagocytosis by macrophages and in inflammation. Here we
investigated an involvement of galectin-3 in the regulatory process of inflammatory bone resorption in rats with
adjuvant-induced arthritis (AA rats) accompanying severe bone destruction in the ankle joints. The protein level of
galectin-3 in the ankle-joint extracts was markedly augmented at week 3 after adjuvant injection, at the time when severe
bone destruction was observed. Immunohistochemical analysis revealed an extremely high expression of galectin-3 in
macrophages and granulocytes infiltrated in the area of severe bone destruction. To estimate the role of galectin-3 in
osteoclastogenesis and osteoclastic bone resorption, recombinant galectin-3 was added to in vitro culture systems.
Galectin-3 markedly inhibited the formation of osteoclasts in cultures of murine osteoclast precursor cell line as well as in
rat bone marrow culture systems. This inhibition was not observed by heat-inactivated galectin-3 or by galectin-7.
Although recombinant galectin-3 did not affect signaling through mitogen-activated protein kinase (MAPK) or nuclear
factor-xB (NF-kB), it specifically suppressed the induction of nuclear factor of activated T-cells c1 (NFATc1). Galectin-3
significantly inhibited dentine resorption by mature osteoclasts in vitro. Furthermore, in vivo studies clearly showed a
significant suppression of bone destruction and osteoclast recruitment accompanying arthritis, when galectin-3 was
injected into the cavity of ankle joint of AA rats. Thus, abundant galectin-3 observed in the area of severe bone
destruction may act as a negative regulator for the upregulated osteoclastogenesis accompanying inflammation to
prevent excess bone destruction.

Laboratory Investigation (2009) 89, 26-37; doi:10.1038/labinvest.2008.111; published online 17 November 2008

KEYWORDS: adjuvant arthritis; bone destruction; galectin-3; NFATc1; RANKL; rheumatoid arthritis

Galectins are a family of animal lectins having at least one
carbohydrate recognition domain (CRD) with a high affinity

inflammatory conditions, such as in tears from patients with
ocular diseases and in human atherosclerotic lesions.”” The

for f-galactoside. This family now contains 15 members in
mammals.! Galectin-3 is composed of two domains;
C-terminal domain, containing a carbohydrate-binding
region; and the N-terminal domain, consisting mainly of
tandem repeats of nine amino acids to cross-link to carbo-
hydrate ligands or noncarbohydrate ligands, respectively.”
This protein is expressed in various inflammatory cells, in-
cluding monocytes, macrophages, neutrophils, and eosino-
phils.”™ The expression of galectin-3 is upregulated under

expression of galectin-3 was also detected in bronchoalveolar
lavage fluid obtained from mice with inflamed airways.®
These findings implicate galectin-3 expression in the patho-
logical responses of inflammation.

Rheumatoid arthritis (RA) is a chronic inflammatory
disease accompanying severe destruction of bone and
articular cartilage.” Bone destruction in RA is mainly medi-
ated by bone-resorbing cells, osteoclasts,'”!! multinucleated
giant cells derived from hematopoietic stem cells.'* Receptor
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activator of nuclear factor-kB (NF-xB) ligand (RANKL) is
considered a key regulator of osteoclast differentiation and
function."”” RANKL, highly expressed by synovial fibroblasts
and T cells in inflammatory synovial tissues of patients with
RA, is believed to be involved in the aberrant stimulation of
osteoclastogenesis in inflammatory lesions.'*'> We have
previously shown lines of evidence suggesting the involve-
ment of the chemokine MIP-1« in the process of bone de-
struction accompanying adjuvant-induced arthritis (AA) in
rats.'® Recently, it has been reported that anti-inflammatory
drugs such as leflunomide, tacrolimus, and cyclosporine A
suppress bone destruction through direct inhibition of
RANKL-mediated osteclastogenesis.'””'® These findings are
suggesting the availability of anti-inflammatory drugs or
cytokines as the suppressor of bone destruction. Interestingly,
Lopez et al has reported that galectin-3 acts as an anti-
inflammatory factor in experimental acute or chronic asth-
ma.'”?? In their works, gene therapy using plasmid encoding
galectin-3 regulated in an improvement of cellular and
functional respiratory parameters affected in the process of
asthma.

It has been reported that a high level of galectin-3
expression is associated with synovial tissues of patients with
RA.*" In these patients, the protein level of galectin-3 is also
significantly elevated in sera and synovial fluid. Ortega et al**
reported that galectin-3 can inhibit osteoclast recruitment at
the chondro-osseous boundary. However, it is unclear how
galectin-3 is involved in the regulation of bone destruc-
tion associated with RA. Galectin-3, also designated Mac-2,
previously identified as a marker for murine activated
macrophages,” was also shown to be expressed in osteo-
clasts,** suggesting the possible involvement of galectin-3 in
the regulation of osteoclastic bone resorption.

In this study, we focused on investigating the possible
involvement of galectin-3 in the regulation of inflammatory
bone destruction using rats with AA accompanying severe
bone destruction around the ankle joints, considered to be
experimental model for human RA. We detected abundant
galectin-3 expression in inflammatory cells infiltrated into
areas of severe bone destruction, whereas only a low level of
galectin-3 was detected in osteoclasts. We further examined
the precise effects of administrated galectin-3 on
inflammatory bone destruction, using an in vivo system of
inflammatory bone destruction in AA rats as well as using an
in vitro culture system for evaluating osteoclastogenesis and
pit formation.

MATERIALS AND METHODS

Animals and Reagents

Sprague—Dawley (SD) rats and Lewis rats were obtained from
Kyudo (Tosu, Japan). Heat-killed Mycobacterium butyricum
and mineral oil were obtained from Difco Laboratories
(Detroit, MI, USA). Recombinant mouse galectin-3 was
purchased from R&D Systems (Minneapolis, MN, USA).
Recombinant human soluble RANKL was from PeproTech
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(London, UK), and recombinant human TNF-o was obtained
from Roche Molecular Biochemical (Mannheim, Germany).
10,,25-Dihydroxy vitamin D3 (12,25(OH),D3) was purchased
from Biomol Research Laboratories (Plymouth Meeting,
UK). Leukocyte acid phosphatase kit and f-lactose were
obtained from Sigma (St Louis, MO, USA). Anti-phospho-
extracellular signal-regulated kinase (ERK), jun N-terminal
kinase (JNK), p38 mitogen-activated protein kinase (MAPK)
and anti-ERK, JNK, p38 MAPK, and NF-xB inhibitor (IxB)
antibodies (Abs) were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA). Anti-galectin-3, nuclear factor of
activated T-cells c1 (NFATc1), actin, and galectin-3 siRNA
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Peroxidase-conjugated anti-mouse and anti-rabbit
IgG Abs and enhanced chemiluminescence (ECL) kits were
purchased from Amersham Biosciences (Buckinghamshire,
UK).

Induction of Adjuvant Arthritis

Adjuvant arthritis was induced as described previously.
Briefly, female Lewis rats at 5 weeks were intradermally
injected at the base of the tail with complete adjuvant
consisting of 25mg/kg heat-killed M. butyricum suspended
in mineral oil. For the control experiments, rats were
injected with mineral oil alone. The rats were killed on day
21 after the adjuvant injection and processed for
immunohistochemical analysis. In the case of galectin-3
administration, the recombinant galectin-3 or vehicle (PBS)
was injected into the ankle-joint cavities of adjuvant-injected
rats. Thirty-gauge needles were used to inject 5ug
recombinant galectin-3 in 30 ul PBS into the left ankle joint.
As an internal control, 30 ul PBS was injected into the right
ankle joint. The injections were performed twice a week
beginning on day 6 after the adjuvant injection. The rats were
killed on day 14 after the first injection of recombinant
galectin-3 or PBS. The hind paws (tarsal bones and tibia) of
rats were collected and imaged on ultraspeed radiographic
film (Kodak, Rochester, NY, USA). The level of bone
destruction was analyzed by a soft X-ray analysis system
(SOFRON: SRO-M 50; Sofron Inc., Tokyo, Japan). All
animal treatments were performed according to the guide-
lines for the care and use of laboratory animals at Kyushu
University.

25,26

Immunohistochemistry and Histological Analysis

After fixation by perfusion with 4% paraformaldehyde/PBS,
tissue blocks were taken from the hind paws and immersed in
the same fixative for 6h at 4°C, followed by washing in PBS
overnight at 4°C. After decalcification in 10% EDTA for 3
weeks at 4°C, the tissue blocks were embedded in paraffin.
Sections (6 um) of ankle joints including tibia-tarsal-
calcaneus bones were prepared and immunostained. After
blocking the nonspecific binding sites with 10% donkey
serum for 30min at room temperature, sections were
incubated with rabbit polyclonal anti-rat galectin-3 antibody
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(1:100 dilution) in a humidified chamber overnight at 4°C.
Sections were incubated with biotinylated donkey anti-rabbit
IgG (1:200 dilution; Jackson Immunoresearch Laboratories,
West Grove, PA, USA) for 1 h at room temperature, followed
by reaction with peroxidase-conjugated streptoavidin (1:300
dilution; Dako Japan, Kyoto, Japan) for 1h at room tem-
perature. Color development was performed using a DAB
substrate kit (Vector Laboratories, Burlingame, CA, USA).
The sections were also stained for tartrate-resistant acid
phosphatase (TRAP). The mean number of osteoclasts in
each unit area (0.1452 mm?) was determined in metatarsal
bones using TRAP-stained sections.

Double-Immunofluorescence Staining

The sections were hydrated and pretreated with 10% normal
donkey serum for 1h at room temperature. Sections were
incubated with primary Abs, which were rabbit polyclonal
anti-rat galectin-3 Ab (1:100 dilution) mixed with mouse
monoclonal anti-macrophage Ab ED1 (1:200 dilution; BMA
Biomedicals, Augst, Switzerland) or goat polyclonal anti-
neutrophil elastase (1:100 dilution; Santa Cruz Biotechnol-
ogy) in a humidified chamber overnight at 4°C. After
washing with PBS, the sections were incubated with a mix-
ture of FITC-conjugated donkey anti-rabbit IgG (1:200
dilution; Jackson) with rhodamine-conjugated donkey anti-
mouse IgG (1:200 dilution; Jackson) or Cy3-conjugated
mouse anti-goat I1gG (1:100 dilution; Jackson) for 1h at
room temperature. After washing with PBS, the sections were
observed under a fluorescence microscope (Olympus; AX70,
Tokyo, Japan).

Cell Culture and Differentiation of Osteoclasts
Formation of osteoclasts from rat bone marrow cells was
performed mainly as described previously.”” Briefly, bone
marrow cells were obtained from the tibia and femur of male
SD rats of 4 weeks old. Bone marrow stromal cells were
depleted with a Sephadex G10 column. These cells were
cultured in 96-well plates (4 x 10° cells per well) in «-MEM
(Gibco, Grand Island, NY, USA) containing 15% FBS
(Biosource, Rockville, MD, USA) in the presence of 1078M
10,25(0OH),D3, 20 ng/ml of RANKL, and 10% heat-treated
ROS17/2.8 cell-conditioned medium (htROSCM), as des-
cribed previously.”® Various concentrations of recombinant
galectin-3 or f-lactose was added to these cultures. After 4
days of culture, the cells were fixed and stained for TRAP.
TRAP-positive multinucleated cells (TRAP* MNCs)
containing three or more nuclei were then counted.

The osteoclast precursor cell line, RAW-D, is a subclone of
murine macrophage cell line RAW264 cells and has an
extremely high potential ability to differentiate into osteo-
clasts.”” RAW-D cells were cultured in 96-well plates
(6.8 x 10° cells per well) in o-MEM containing 10% FBS for 3
days in the presence of RANKL (20 ng/ml), TNF-o (1 ng/ml),
and various concentrations of recombinant galectin-3.

28

Western Blotting

RAW-D cells were starved in «-MEM containing 0.5%
FBS for 5h, then incubated with or without recombinant
galectin-3 for 60min. These cells were stimulated with
100ng/ml RANKL and further incubated for the indicated
times. Thereafter, the cells were harvested and lysed in lysis
buffer containing 1% Triton X-100, 0.5% NP-40, 150 mM
NaCl, 50mM Tris—-HCl (pH 7.4), and protease inhibitor
cocktail (Sigma). The lysates, containing equal amounts of
proteins, were separated by 10% SDS—-PAGE and transferred
to nitrocellulose membranes. After blocking with 5% nonfat
dry milk, the membranes were probed with anti-phospho
ERK1/2, JNK1/2, and p38 Abs and then reacted with per-
oxidase-conjugated anti-mouse or anti-rabbit IgG Abs. The
same membranes were stripped and reprobed with anti-
ERK1/2, JNK1/2, p38, IxB, NFATc1 or actin, and the proteins
were visualized by ECL Kkit.

Areas of distal tibia were dissected from AA rats and
control rats and then frozen immediately in liquid nitrogen.
Tissues were reduced to powder under liquid nitrogen using
small mortar and pestle. Then the total proteins were
extracted in lysis buffer containing 20 mM Tris—HCl (pH
7.2), 10mM EDTA, 0.3M NaCl, 0.1% Triton X-100, 0.05%
Tween 20 and protease inhibitor cocktail overnight at 4°C.
Equal amounts lysate proteins were subjected to western
blotting analysis, as described above.

Observation of Actin-Ring Formation

Rat bone marrow cells were cultured in Lab-Teck chamber
slides for 4 days. Cells were starved in a-MEM containing
0.1% FBS and pretreated with or without recombinant
galectin-3 for 60min. These cells were stimulated with
100 ng/ml RANKL and further incubated for 30 min. Cells
were fixed in 4% paraformaldehyde for 20 min at room
temperature and permeabilized with 0.1% Triton X-100 for
4 min. After rinsing in PBS, cells were stained for actin with
phalloidin-TRITC diluted with PBS for 20min at room
temperature. Actin ring was observed under fluorescence
microscopy.

Dentine Resorption Assay

Rat bone marrow cells were cultured in 24-well plates
(1 x 10° cells per well) in «-MEM containing 15% FBS in the
presence of 10" M 1¢,25(0OH),D5 and 10% (v/v) htROSCM.
After 4 days of culture, the cells were detached from the
culture plates with 0.05% trypsin and 0.02% EDTA in PBS.
The osteoclasts were replated on dentine slices (diameter
4.4mm) that had been placed in 96-well plates, which were
then further incubated in the a-MEM containing 15% FBS
for 3 days in the presence or absence of galectin-3 in the
absence of any osteoclastogenic factors. After incubation,
attached cells were completely removed from the dentine
slices by ultrasonification. Resorption pits on the slices were
observed using a scanning electron microscopy (JEOL JSM-
5400LV, Tokyo, Japan) as described previously.”®*° The total
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areas of resorption pits and the total number of resorption
pits per dentine slice were analyzed by use of Scion Image
version Beta 4.02 software.

RT-PCR

RAW-D cells were cultured in six-well plates (1.5 x 10> cells
per well) with RANKL and TNF-o for the indicated time.
Total cellular RNA was extracted by using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and subjected to PCR using
RT-PCR kit (Takara Bio, Otsu, Japan). The primers used for
PCR were as follows: galectin-3 forward, GTTGCCTTCCAC
TTTAACCC, galectin-3 reverse, CCGGAGGTTCTTCATCCG
AT; TRAP forward, CAGCTGTCCTGGCTCAAAA, TRAP
reverse, ACATAGCCCACACCGTTCTC; GAPDH forward,
AAACCCATCACCATCTTCCA, GAPDP reverse, GTGGTTC
ACACCCATCACAA. PCR reactions at 94°C for 30s, at
55-60°C for 30s, and at 72°C for 1 min were carried out for
25-30 cycles. The PCR products were separated by electro-
phoresis on 1.5% agarose gels and visualized by ethidium
bromide staining with UV light illumination.

siRNA Transfection

RAW-D cells were plated in 6-well plates (1.5 x 10° cells per
well) or 96-well plates (6.8 x 10° cells per well) before 24 h of
transfection. The cells were transfected transiently with
siRNA for galectin-3, using siPORT lipid transfection reagent
(Ambion, Woodward St Austin, TX, USA) as described
previously.31 After 4h of transfection, the «cells were
incubated with 20 ng/ml of RANKL and 1 ng/ml of TNF-u for
the indicated time.

RESULTS

Extremely High Expression of Galectin-3 in Distal Tibia

of AA Rats with Severe Bone Destruction

To understand the involvement of galectin-3 in the regulation
of inflammatory bone destruction, we investigated its
expression in distal tibia of AA rats with severe bone
destruction around the ankle joints. In contrast to control
rats injected with mineral oil alone (Figure la), which have
no histological abnormality, the distal tibia (Figure 1b) and
tarsal bones of rats with severe arthritis showed marked bone
destruction. Aggregates of numerous multinucleated osteo-
clast-like cells were observed in the bone marrow cavity of
distal tibia and tarsal bones in AA rats (Figure 1d). In control
rats, only a limited number of cells were positive for galectin-
3 (Figure le, g and i); however, in AA rats, numerous
galectin-3-positive cells were detected in the distal tibia
(Figure 1f, h and j). In line with these data, the protein level
of galectin-3 was dramatically augmented in protein extracts
obtained from the distal tibia of AA rats (Figure 1m). A low
level of galectin-3 expression was observed in osteoclasts in
AA rats (Figure 1h). In contrast, an extremely high expres-
sion of galectin-3 was detected in numerous mononuclear
cells observed in the bone marrow cavity of distal tibia in AA
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rats. A high-magnification view of galectin-3-positive
mononuclear cells (Figure 1j) showed that these cells were
likely macrophages and granulocytes. Control rabbit IgG
showed no staining signal both in control rats (Figure 1k)
and AA rats (Figure 11). To confirm the cell type of galectin-
3-positive cells abundant in AA rats, we performed
double-immunofluorescence staining using anti-macrophage
antibody (anti-ED1 antigen antibody) or anti-granulocyte
antibody (anti-neutrophil elastase antibody), respectively. As
shown in Figure 1n and o, the ED1-positive cells and neutro-
phil elastase-positive cells expressed galectin-3, demons-
trating that galectin-3-positive mononuclear cells observed in
AA rats are indeed macrophages and granulocytes. Isotype
control Abs showed no staining in these sections (data not
shown). These data suggest that an extremely high level of
galectin-3 is secreted by inflammatory cells that are infiltrated
in sites showing severe bone destruction in AA rats.
Supplementary Figure 1 shows the time—course expression of
galectin-3 proteins in AA rats. Expression of galectin-3 was
detected from 2 weeks after adjuvant —injection, however, the
expression level is rather suppressed. The expression of
galectin-3 protein was significantly augmented from 3 to 4
weeks. In contrast, osteoclast number reached to the max-
imum level at 3 weeks followed by a gradual decrease in the
number in the area of bone destruction. These data suggest a
role of galectin-3 as the negative regulator of osteoclasto-
genesis in vivo.

Inhibition of Osteoclast Formation by Galectin-3

To estimate the role of galectin-3 observed in the area
of severe bone destruction in AA rats, the recombinant
galectin-3 was added an in vitro culture system for evaluating
osteoclast differentiation. Galectin-3 significantly inhibited
formation of TRAP-positive multinucleated osteoclast-like
cells in RAW-D cell cultures in a dose-dependent manner
(Figure 2a and b). Galectin-3 also significantly inhibited
osteoclast formation in a rat bone marrow culture system
depleted of stromal cells (Figure 2c). To determine that the
inhibitory effect of galectin-3 on osteoclastogenesis was not
because of cytotoxicity or reduced cell growth, MTT assay
was performed on RAW-D cells and stromal cell-depleted rat
bone marrow cells treated with galectin-3 (1-10 ug/ml) for
72 h. Galectin-3 did not show any cytotoxicity (Figure 2d).
These data suggest that galectin-3 is an effective and potent
inhibitor of osteoclastogenesis in vitro.

The Inhibitory Effect of Galectin-3 on Osteoclast
Formation was not Mediated in a Carbohydrate-
Dependent Manner

The biological activities of extracellular galectin-3 are mainly
modulated through its interactions with various f-galactose-
containing glycans by its CRD.** In general, the regulatory
effects of galectin-3 on cell signaling are reversed by addition
of p-lactose.** To know whether the inhibitory effect of
recombinant galectin-3 is dependent on the moiety of CRD,
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the galectin-3 was added to the stromal cell-depleted rat bone
marrow culture system in the presence or absence of f-lac-
tose. Its inhibitory effect on osteoclast differentiation was not
reversed by the addition of f-lactose (Figure 3a), suggesting
that recombinant galectin-3 may inhibit osteoclastogenesis
without binding to the ff-galactoside moiety of glycoproteins
expressed on cell surface of osteoclast precursors.

To find out whether this inhibitory effect is intrinsic to
galectin-3, heat-inactivated galectin-3 preparations and
galectin-7, a prototype galectin bearing only CRD,” were also
assessed in vitro culture system. Neither heat-inactivated
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galectin-3 nor galectin-7 inhibited osteoclastogenesis
(Figure 3b and c), strongly suggesting that the observed
inhibitory effects on osteoclastogenesis are an intrinsic
property of galectin-3.

Inhibition of NFATc1 Induction Induced by RANKL by
Galectin-3

It is well known that MAPK, NF-«B, and NFATc1 pathways
are important in RANKL-induced osteoclast differentiation.
To know the molecular mechanisms of galectin-3-mediated
inhibition of osteoclastogenesis, we investigated the effect of
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Figure 2 Inhibition of osteoclast formation by galectin-3. (a, b) RAW-D cell culture. RAW-D cells were cultured in 96-well plates with RANKL (20 ng/ml) and
TNF-o (1 ng/ml) for 3 days in the presence or absence of the indicated concentrations of galectin-3. Cells were fixed and stained for TRAP, and TRAP-positive
multinuclear cells with three or more nuclei were counted. (c) Bone marrow culture. Stromal cell-depleted nonadherent rat bone marrow cells (NABMC)
were cultured in 96-well plates with 1¢,25(0OH),Ds (1 0~8M), RANKL (20 ng/ml), and 10% (v/v) htROSCM for 4 days in the presence of various concentrations
of galectin-3. Cells were fixed and stained for TRAP, and TRAP-positive multinuclear cells were counted. (d) MTT assay. RAW-D cells and NABMC were

cultured for forming osteoclasts as described above in the presence or absence of the indicated concentrations of galectin-3. MTT assay was performed, and
the absorbance was read at 595 nm. Data present mean * s.d. from triplicate cultures in one representative experiment. Similar results were obtained in
three independent experiments. Data were analyzed by Student’s t-test. *P < 0.05, **P<0.01, and ***P < 0.001 compared with the culture without galectin-3.

«

Figure 1 Expression of galectin-3 in distal tibia of AA rats with severe bone destruction. Microscopic observations of distal tibia of control rats (a, ¢, e, g, i, k)
and AA rats (b, d, f, h, j, I) at 21 days after adjuvant injection. Representative sections were stained with hematoxylin and eosin (H&E) (a—d) or rabbit
antigalectin-3 Ab (e-j), and control rabbit IgG (k, I). (¢, d) High-magnification views of (a) (*) and (b) (**), respectively. (g, i) High-magnification views of (e) (*)
and (e) (#), respectively. (h, j) High-magnification views of (f) (*) and (f) (#), respectively. Arrows indicate the galectin-3-positive cells in AA rat. A low level of
galectin-3 expression was detected on osteoclasts in AA rats (h). In contrast, an extremely high level of galectin-3 expression was detected in infiltrated
mononuclear cells in AA rats (j). (m) Marked induction of galectin-3 proteins in the protein extracts of distal tibia of AA rats detected by western blot
analysis. Equal amounts of protein extracts (control: control rats; AA: AA rats) were subjected to SDS-PAGE and immunoblotting, followed by detection with
rabbit antigalectin-3 Ab. (n, o) Expression of galectin-3 in ED-1-positive macrophages and neutrophil elastase-positive cells. Photographs show double-
immunofluoresence staining of distal tibia of AA rats at 21 days after the adjuvant injection. (n) Sections were stained with murine antirat ED-1 Ab (red, left
panel) and rabbit anti-rat galectin-3 Ab (green, middle panel). The merged image of ED-1-positive cells and galectin-3-positive cells are shown at right.
Arrows indicate cells expressing both of ED-1 antigen and galectin-3 (yellow). (0) Sections were stained with goat anti-neutrophil elastase Ab (red, left panel)
and rabbit anti-galectin-3 Ab (green, middle panel). The merged image of neutrophil elastase-positive cells and galectin-3-positive cells are shown at right.
Arrows indicate cells expressing both of neutrophil elastase and galectin-3 (yellow; original magnifications a, b, e, f: x 10; ¢, d, g, h, i, j, k, I, n, o: x 100).

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 January 2009 31


http://www.laboratoryinvestigation.org

Galectin-3 inhibits osteoclastogenesis
Y-J Li et al

(=)
(=}

TRAP(+)MNCs
'
o

[\
[T

Galectin-3 - + + + - -
B-lactose - - 5 25 5 25

b 700

[V
o 2
oS O
T T

W

<

(=
T

TRAP(+)MNCs
[\ B
28 8

100

Control Galectin-3 A Galectin-3

TRAP(+)MNCs
S N
g 8

[\

(=3

[
T

(=]

Control Galectin-3 Galactin-7

Figure 3 Inhibition of osteoclastogenesis by galectin-3. (a) The inhibitory
effect of galectin-3 on osteoclast formation was not mediated in a
carbohydrate-dependent manner. Stromal cell-depleted rat bone marrow
cells were cultured in 96-well plates with 10,25(0H),D; (1078 M), RANKL
(20 ng/ml), and 10% (v/v) htROSCM for 4 days in the presence or absence of
10 ug/ml galectin-3. Various concentrations of f-lactose were added to
these cultures. Cells were fixed and stained for TRAP, and TRAP-positive
multinuclear cells were counted. (b, c) Inhibitory effect of galectin-3 is
intrinsic to recombinant galectin-3. RAW-D cells were cultured in 96-well
plates with RANKL (20 ng/ml) and TNF-o (1 ng/ml) for 3 days in the presence
or absence of the 10 ug/ml of galectin-3 and heat-inactivated galectin-3
preparations (b) or galectin-7 (c). Cells were fixed and stained for TRAP, and
TRAP-positive multinuclear cells with three or more nuclei were counted.
Results are presented as mean + s.d. from triplicate cultures in one
representative experiment. Similar results were obtained in three
independent experiments. Data were analyzed by Student’s t-test.

%P <0.001 compared with the culture without galectin-3 (control).

galectin-3 on these pathways with western blot analysis.
Although addition of recombinant galectin-3-stimulated
phosphorylation of ERK, p38 MAPK, and JNK in the absence
of RANKL (Figure 4a), costimulation with RANKL did not
affect the level of galectin-3-induced phosphorylation of
ERK, p38, or JNK. IxB degradation associated with NF-«xB
activation induced by RANKL was not affected by galectin-3
(Figure 4a). In contrast, recombinant galectin-3 markedly
inhibited RANKL-induced NFATc1 expression (Figure 4b).
During osteoclastogenesis in RAW-D cell culture system, in
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Figure 4 Marked inhibition of NFATc1 expression by galectin-3. RAW-D
cells were starved with «-MEM containing 0.1% FBS for 5h and incubated
with or without 10 ug/ml of galectin-3 for 60 min. RANKL (100 ng/ml) was
added, and the cells were further incubated for 20 min. Total cell lysates
were prepared, and equal amounts of proteins were subjected to western
blot analysis. (a) Galectin-3 does not affect most RANKL signaling. The cell
lysates were subjected to western blot analysis using anti-P-p38, p38,
P-JNK, JNK, P-ERK, ERK, IxB, and anti-actin Abs. (b) Marked inhibition of
NFATc1. Cell lysates were also analyzed by western blotting using anti-
NFATc1 or anti-actin Ab. (c) Time-course expression of NFATc1 in
osteoclastogenesis. RAW-D cells were stimulated with RANKL (20 ng/ml)
and TNF-u (1 ng/ml) for the indicated period of time. Total cell lysates were
prepared, and equal amounts of proteins were subjected to western blot
analysis using anti-NFATc1 or anti-actin Ab. (d) Marked suppression of
NFATc1 by galectin-3. RAW-D cells were stimulated with or without RANKL
(20 ng/ml) and TNF-a (1 ng/ml) for 16 h in the presence or absence of 10 ug/
ml of galectin-3. Total cell lysates were prepared, and equal amounts of
proteins were subjected to western blot analysis using anti-NFATc1 or anti-
actin Ab.

which RANKL and TNF-o were added, the peak induction of
NFATcl came around 16h after adding these cytokines
(Figure 4c). The NFATcl level was markedly suppressed by
the addition of galectin-3 at 16h after cytokine treatment
(Figure 4d). Taken together, these results strongly suggest that
recombinant galectin-3 regulates osteoclast differentiation by
suppressing the level of NFATc1 in the protein level.
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Figure 5 Marked inhibition of osteoclast function by galectin-3. Mature osteoclasts obtained from rat whole bone marrow cultures were replated on
dentine slices and cultured for 72 h in the presence of the indicated concentrations of galectin-3. Resorption pits on the dentine slices were visualized by
scanning electron microscopy (a, upper panels). Demonstration of TRAP-positive osteoclasts observed on dentine slices (a, lower panels). Total area of
resorption pits (b) and number of pits (c) per dentine slice were analyzed with Scion Image version Beta 4.02 software. Results are presented as mean + s.d.
from triplicate cultures in one representative experiment. Similar results were obtained in three independent experiments. Data were analyzed by Student’s
t-test. *P<0.05, **P<0.01 and ***P<0.001 compared with the culture without galectin-3 (bars indicate 200 um in a).

Inhibition of Bone-Resorbing Activity of Osteoclasts by
Galectin-3

We further investigated the effect of recombinant galectin-3
on the function of mature osteoclasts. We replated osteoclasts
formed in the rat whole bone marrow culture system on
dentine slices, culturing them in the presence or absence of
galectin-3 for 72 h. Galectin-3 dramatically reduced both the
total area of resorption pits and the total number of pits
(Figure 5a—c). In spite of the marked inhibition of osteoclast
function, galectin-3 did not affect adhesion of osteoclasts on
dentine surface (Figure 5a lower panels). These results
demonstrate that galectin-3 inhibits the bone-resorbing
activity of mature osteoclasts without affecting adhesiveness
of osteoclasts. Interestingly galectin-3 suppressed the
formation of actin ring, a cytological structure highly associ-
ated with osteoclasts in function (Supplementary Figure 4).

Successful Inhibition of Bone Destruction by Intrajoint

Injection of Galectin-3 in AA Rats

To investigate the effects of galectin-3 on osteoclastic bone de-
struction, rats with AA were given injections in the ankle-joint

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 January 2009

cavity with recombinant galectin-3 or PBS for 2 weeks. Galectin-3
was injected into the left ankle joint, as an internal control, PBS
(vehicle) was injected into right ankle joint. At the end of the
experiment, we examined radiographs of hind paws. Although
the inflammation level was not significantly affected, bone
destruction was clearly affected. As shown in Figure 6a, the right
ankle joints treated with PBS showed severe bone destruction in
the distal tibia and metatarsal bones (Figure 6a, control),
whereas in the left ankle joints treated with recombinant galectin-
3, bone destruction was significantly inhibited, especially in
metatarsal bones (Figure 6a, galectin-3). To further determine the
inhibitory effect of bone destruction, histological analysis was
performed. In the control sections that injected with PBS only,
marked accumulation of osteoclasts identified as TRAP-positive
multinucleated cells were observed in the area of metatarsal
bones (Figure 6¢, e and f). In contrast, the number of osteoclasts
was significantly decreased in the area of metatarsal bones by
injection with galectin-3 (Figure 6b, d and f). These results
strongly suggest that recombinant galectin-3 suppresses bone
destruction accompanying arthritis through inhibition of osteo-
clast formation.
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Figure 6 Suppression of bone destruction by intra-articularly injected galectin-3. Rats with adjuvant-induced arthritis received injections in the cavity of
their ankle joints with recombinant galectin-3 (5 ug) or PBS. Recombinant galectin-3 was injected into the left ankle joint (panel: left) and the PBS was
injected into right ankle joint (panel: right) as an internal control. The injections were performed twice a week for 2 weeks beginning on day 6 after the
adjuvant injection. (a) X-ray photograph showing a marked suppression of bone destruction associated with adjuvant-induced arthritis by intra-articularly
injected galectin-3. The arrows indicate the portions of increased bone mass compared with control. (b—f) Metatarsal area of control (c, e) and galectin-3-
injected paw (b, d) were histologically analyzed. Representative sections stained with TRAP (b-e). (d, e) High-magnification views of (b) (#) and (c) (##),
respectively. The injection of galectin-3 inhibited formation of TRAP-positive osteoclasts compared with control in the metatarsal area (d, e). (f) Histological
quantification of galectin-3-mediated inhibition of osteoclastogenesis. Each value represents the mean number of osteoclasts + s.d. in randomly selected 10
unit areas taken from the typical tissue sections of the metatarsal bone. Data were analyzed by Student’s t-test. ***P<0.001 compared with the control
sections that injected only PBS. These data represent the typical results from four independent experiments. Mt: metatarsal bone, Ta: tarsal bone (original
magnifications b, ¢ x 10; d, e: x 50).
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Expression Blockage of Endogenous Galectin-3 in
Osteoclast had no Significant Effect on
Osteoclastogenesis

As a low level of galectin-3 was detected in osteoclasts in the
bone destruction sites (Figure 1h), we investigated the
involvement of endogenous galectin-3 in the regulatory
process of osteoclast differentiation. We examined the gene
expression pattern of galectin-3 gene during osteoclasto-
genesis in RAW-D cells by RT-PCR and western blot analysis.
In 3 days, RAW-D cells differentiate into TRAP-positive
osteoclasts in the presence of RANKL and TNF-a. The
expression of galectin-3 mRNA increased within 48 h after
RANKL and TNF-a treatment and was further upregulated
over a period of 72 h (Supplementary Figure 2A). In line with
the expression pattern of galectin-3 mRNA, the protein level
of galectin-3 increased at 48 h and at 72 h after RANKL and
TNF-o treatment (Supplementary Figure 2B). The protein
level of galectin-3 also increased at 48h and at 72h after
treatment with RANKL or TNF-a alone (Supplementary
Figure 2C and D). However, in the absence of RANKL and
TNF-o, the level of galectin-3 protein was augmented even
when cells were just cultured on plastic plates (Supplemen-
tary Figure 2E). These data suggest that the increase in ga-
lectin-3 in RAW-D cell cultures was not associated with
osteoclastogenesis induced by osteoclastogenic factors.

We performed a loss-of-function experiment using the
specific siRNA for galectin-3. Galectin-3 knockdown had no
effect on the osteoclast differentiation in RAW-D cells
(Supplementary Figure 3A). Supplementary Figure 3B shows
a successful knockdown of galectin-3 expression in protein
level by treatment with galectin-3-specific siRNA. These
results suggest that endogenous galectin-3 expressed in
osteoclasts had no regulatory function in osteoclastogenesis.

DISCUSSION
In this study, we showed that marked expression of galectin-3
in numerous macrophages and granulocytes penetrated to
the sites of severe bone destruction in AA rats, whereas
normal rats expressed only a suppressed level of galectin-3 in
the corresponding joint tissues. Several reports have shown
that galectin-3 is expressed in synovial fibroblasts of patients
with RA.***” When arthritic bone destruction occurs, it is
believed that osteoclast precursors as well as inflammatory
cells accumulated in the inflamed synovial membrane
migrate to the sites of future bone destruction.”®”® Shou
et al*® recently showed that galectin-3 expression was upre-
gulated in a rat collagen-induced arthritis model. It is now
clear that galectin-3 expression is associated with the in-
cidence of arthritis. However, its actual role in inflammatory
bone destruction has been ambiguous. Our current study
suggests an involvement of galectin-3 in the negative reg-
ulation of bone destruction in rats with AA.

Ortega et al*® reported that galectin-3 has a regulatory role
in the recruitment of osteoclasts from the site of calcified
cartilages to form a new bone marrow cavity in the long-
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bone development in matrix metalloproteinase-1 (MMP-1)
gene-deficient mice. Galectin-3, a substrate for MMP-1, was
abnormally accumulated in the chondro-osseus junction and
prohibited normal penetration of osteoclasts from the peri-
osteum into the central region of the future bone column.
However, they do not mention any role for galectin-3 in
osteoclastogenesis. In this study, using an in vitro culture
system, we have successfully shown a clear regulatory role of
galectin-3 in osteoclastogenesis. We also have successfully
shown a marked inhibition of the osteoclastic-resorbing
function using an in vitro assay system. In galectin-mediated
inhibition of osteoclastogenesis, galectin-3 markedly
inhibited induction of NFATc1 protein expression, affecting
neither the phosphorylation of ERK, JNK, or p38 nor
degradation of IkB induced by RANKL. Our findings suggest
that inhibitory effect of galectin-3 on osteoclastogenesis was
not through a simple blockage of RANKL signaling. The
possibility was ruled out that galectin-3 treatment induces
osteoprotegerin, a decoy receptor for RANKL,*" to block
RANKL activity, as galectin-3 treatment affected neither the
phosphorylation of ERK, JNK, or p38 nor degradation of IkB
induced by RANKL. Our current study demonstrates that
inhibition mediated by galectin-3 was not blocked by the
addition of f-lactose, which is expected to block biological
activities of proteins of the galectin family. This suggests that
a site independent of CRD on galectin-3 interacts with
receptor-like molecules on cell surface of osteoclast pre-
cursors to inhibit osteoclast formation. Similarly, it has been
reported that the osteoclast inhibitory lectin, a C-type lectin,
inhibits osteoclast formation*>*’ without acting through
their carbohydrate recognition moieties.** As the N-terminal
portions bearing no glycan-binding sites have unique prop-
erties to bind nonglycan ligands,*” this portion of galectin-3
is likely to contribute to the suppression of osteoclasto-
genesis. Elucidating the receptors for galectin-3 expressed on
the cell surface of osteoclasts and their precursors will be
challenging. We could not detected any inhibitory effect on
osteoclastogenesis by the other galectin family member
galectin-7, a prototype galectin composed of only CRD,
which acts mainly on epithelial cells.”®> Furthermore, heat-
inactivated galectin-3 preparation showed no inhibitory
effect on osteoclastogenesis. Therefore, an inhibitory effect of
galectin-3 on osteoclastogenesis is thought to be an intrinsic
activity of galectin-3 protein itself, possibly through non-
CRD of galectin-3. Recently, Janelle-Montcalm et al*®
reported that extracellular localization of galectin-3 shows a
deleterious effect in joint tissues. They observed joint swelling
in normal mice by intra-articular injection of human
recombinant galectin-3. The most important difference
between their work and ours is that they injected the joints of
normal mice, not mice with arthritis. In our study,
intra-articularly injected galectin-3 only suppressed bone
destruction but not inflammation itself. As our study clearly
showed the suppressive effect of galectin-3 on osteoclast
formation and function not only in vitro but also in vivo, it is
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assumed that galectin-3 expresses the opposite function in
response to inflammatory or normal conditions in joint tis-
sues.

Galectin-3 has been shown to function through both
intracellular and extracellular actions. Intracellular galectin-3
is implicated in several basic cellular processes such as pre-
mRNA splicing, control of cell cycle, and apoptosis,*’
whereas extracellular galectin-3 regulates cell adhesion and
chemoattraction and is also involved in signal transduction
events on cell surface.”***® Although osteoclasts express
endogenous galectin-3, its function is not clear.®* In this
study, the targeted inhibition of endogenous galectin-3
expression by the specific siRNA did not affect the formation
of osteoclasts. As we have successfully blocked galectin-3
expression in the protein level by a galectin-3-specific siRNA,
the possibility of insufficient blockage of gene expression can
be ruled out. Our results suggest that the endogenous
galectin-3 expressed by osteoclasts does not have a regulatory
role in osteoclastogenesis.

It has been reported that the level of galectin-3 was
elevated in sera and synovial fluid in RA patients.21 However,
the meaning of this increase has not been well understood. In
this study, the immunohistochemical data clearly showed
that galectin-3 expression was dramatically augmented in
numerous macrophages and granulocytes penetrating the
area of distal tibia with severe bone destruction in AA rats.
In vitro studies showed that recombinant galectin-3 potently
inhibits osteoclast differentiation and bone-resorption
activity without causing any cytotoxicity. Galectin-3 inhibits
osteoclastic function without affecting adhesiveness of
osteoclasts to dentine surface. It would be interesting to
assess the signaling mechanism in the suppression of osteo-
clastic function. The NFATcl signaling could similarly be
suppressed in the inhibition of osteoclast function as de-
monstrated in osteoclastogenesis. We successfully demon-
strated an inhibition of actin-ring formation in mature
osteoclasts by treatment with galectin-3, suggesting an
involvement of cytoskeletal regulation in galectin-3-mediated
suppression of bone resorption. As the actin-ring formation
is considered to be prerequisite for bone resorption, sup-
pression of actin-ring formation by galectin-3 would affect
formation of ruffled border, the ultrastructure required for
bone resorption. Furthermore, we successfully ameliorated
the severity of bone destruction by administering
recombinant galectin-3 into the joint cavities of AA rats.
Here we would like to propose the hypothesis that an
extremely high level of galectin-3 in the area of severe bone
destruction in AA rats acts as a negative regulator for os-
teoclastogenesis and osteoclastic function to prevent excessive
bone destruction.

Several reports have described the essential role of IFN-f
in the negative regulation of RANKL-dependent osteoclast
differentiation.**”>' The continuous production of IFN-f by
injection of IFN-f-expressing fibroblast or daily sub-
cutaneous treatment with recombinant IFN-f inhibited
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inflammation as well as bone destruction in a system of
collagen-induced arthritis in mice.”>> In addition, the
expression of IFN-fi was increased in synovial tissue of
patients with RA. Its increased production in RA may be a
reactive attempt to inhibit inflammation and bone destruc-
tion.”* The increased galectin-3 in the area of severe bone
destruction in AA rats could serve as a potent negative
regulator for osteoclastogenesis, like IFN-f. Our results sug-
gest the utility of exogenously administrated galectin-3 as one
of the effective therapies for preventing pathological bone
resorption observed in various bone diseases such as RA.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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