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Abstract

Objective: Owing to the crucial role played by the osteoprotegerin-receptor activator of nuclear factor-kappa B-RANK ligand (OPG-
RANK-RANKL) triad in osteoclastogenesis, the interaction among these proteins is an attractive target for developing osteoporosis
drugs. RANKL binds to leucine-rich repeat containing G protein-coupled receptor 4 (LGR4) comparatively and suppresses the canonical
signaling of RANK on osteoclast differentiation. In the present study, we investigated whether a RANKL-derived small peptide, selected
based on the binding domain of RANKL with RANK, could lead the inhibition of osteoclast differentiation and activation in the absence
of the RANK signal. Methods: We introduced small peptides into the RANKL protein based on their binding to LGR4 and investigated
whether LGR4-RANKL signaling without RANK-RANKL could inhibit osteoclastogenesis. The binding affinities of RANK-peptides
and LGR4-peptides were measured using microscale thermophoresis. The generation and activation of osteoclasts were assessed by
tartrate-resistant acid phosphatase (TRAP) staining, bone resorption pit formation, real-time polymerase chain reaction, western blot,
and nuclear translocation of nuclear factor of activated T cells (NFATc1) to determine RANKL-derived small peptide. Radiographic
and histological analyses were performed to confirm the inhibitory effect on bone resorption in RANKL-induced mice. Results:
Treatment with a RANKL-derived small peptide led to the binding of LGR4 without binding to RANK, as well as to the inhibition of
NFATc1 nucleus translocation through the glycogen synthase kinase-3 beta (GSK-3 ) signaling pathway, and showed an inhibition of
TRAP activity and decrease of bone resorption in RANKL-induced mice. Conclusions: Our study provides a proof of concept that
a small fragment of RANKL could be used as a novel therapeutic agent by inhibition of osteoclast through competitive inhibition of
RANKL. This study suggests that RANKL-derived small peptides could be used as potential pharmaceutics for the osteoporosis treatment.
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Introduction kinase (MAPK), nuclear factor-kappa B (NF-xB), and the
nuclear factor of activated T cells (NFATc1) [5—7]. These
pathways culminate in the generation and activation of
bone-resorbing osteoclasts [8,9]. RANKL can be processed
into a soluble form, comprising the signaling, transmem-
brane, and extracellular domains, which retains its bio-

Abnormal bone resorption due to excessive osteo-
clast activity disrupts the balance in bone remodeling and
can lead to severe osteolytic bone diseases, including os-
teoporosis, osteoarthritis, and metastatic bone tumors [1].
The receptor activator of nuclear factor-kappa B ligand
(RANKL) is included in the tumor necrosis factor (TNF) logical activity [3]. While complex gene transfer proce-
superfamily and plays a pivotal role during differentiation dures are necessary to localize the transmembrane domain-
and activation of preosteoclasts [2-4]. Binding of RANKL containing isoform to the membrane, injection of the trun-
its receptor activator of nuclear factor-kappa B (RANK) cated soluble form is effective against osteoclast activation

in osteoclast-progenitor macrophages triggers subsequent i S€vere bone resorption .[10*.12.]' The rnolec1.11ar struc-
canonical pathways, including mitogen-activated protein  tures of RANKL alone and in binding complex with RANK
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reveal overall similar architecture that include unique con-
served elements conserved receptor binding domain [13,
14]. The mammalian RANKL is a 316-amino acid-long
transmembrane protein that includes a receptor-binding C-
terminal domain, a hydrophobic transmembrane domain
with 20 amino acid sequences, and a relatively long ex-
tracellular domain that includes a TNF-homologous region,
which serves as an active receptor-binding domain [3]. In
murine RANKL, the critical RANK-binding domains are
present at positions 180, 189, and 190 on the SA-AA’ loop-
BA, and at positions 223 and 224 on the SC-CD loop-
BD [15]. In another superfamily member, these domains
were known to be lack of intrinsic enzymatic activity and
play the role of intracellular signaling conversion to adaptor
proteins, leading to the activation of extracellular signal-
regulated kinase, c-Jun N-terminal kinase, NF-xB, p38,
NFATc1 and protein kinase B (AKT) signaling [16—18].

Currently, the leucine-rich repeat containing G
protein-coupled receptor 4 (LGR4) was introduced as an-
other membrane receptor of RANKL [19,20]. In osteo-
clast precursor cells, RANKL binds to LGR4 comparatively
and alleviates the RANK signal on osteoclastogenesis [21].
LGR4 signal leads to the activation of the Gaq and glyco-
gen synthase kinase-3 beta (GSK-373), which suppresses
the transcriptional NFATcl activation [21]. Additionally,
during osteoclastogenesis, signaling cascade of RANKL-
RANK-NFATc1 can lead the LGR4 expression, which
competes with canonical signaling of RANK by binding
of RANKL in differentiation of preosteoclasts [19,22,23].
LGR4 is known to belong to the family of LGR that in-
cludes two other members, receptor of follicle-stimulating
hormone and thyroid-stimulating hormone, which modu-
late bone-resorbing activity [24]. In the previous study,
based on the study about RANK-binding site on soluble
RANKL ectodomains [ 14], we designed a RANKL-derived
variant that can bind to LGR4 rather than RANK. It had
been investigated whether this variant could bind to LGR4
but not to RANK, and whether it could inhibit the osteocal-
stogenesis, resulted in inhibition of bone resorbing activi-
ties [25,26]. Our previous results with experimental mod-
els of osteoporosis indicated a potentially significant role
for the RANKL-derived variant in the relationship between
RANKL-LGR4 and RANKL-RANK binding signal.

In this study, we elucidated the therapeutic potential of
a small RANKL peptide containing a critical binding site
for LGR4. We examined the activities of this peptide to
inhibit murine RANKL-induced differentiation and activa-
tion of osteoclasts with the aim of developing a treatment
for osteoporosis. Additionally, we deciphered the mode of
binding to RANKL based on molecular modeling. In this
approach, the discovery of a novel small peptide as an in-
hibitor of RANKL will provide valuable information for
the development of antiresorptive therapeutics. The small
RANKL fragment described in this study should be a better
alternative to the one reported earlier [25,26] because the
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relatively large size of the latter would limit its clinical ap-
plications owing to rapid degradation and the generation of
immunogenicity.

Material and Methods
3D Structure Simulation of Small RANKL-Derived Peptide

The full-length RANKL sequence was searched
against amino acid sequences in the Protein Data Bank
using BLAST. The simulation of the three dimensional
(3D) structures of RANKL-derived fragments and template
search were performed using Phyre2 (http://www.sbg.bio.
ic.ac.uk/~phyre2/html/page.cgi?id=index).

Production of the Small RANKL-Derived Peptides

The complementary DNA (cDNA) for the small
RANKL-derived peptide was obtained from Bioneer Co.
Ltd. (Daejeon, Republic of Korea). The cDNA was trans-
formed into Escherichia coli BL21-CodonPlus (DE3)-RIPL
(69450, Novagen, Carlsbad, CA, USA) and the protein
product was obtained as previously described [25,26].

Tartrate-Resistant Acid Phosphatase (TRAP) Activity
Assay

For TRAP assay, bone marrow-derived macrophages
(BMMs) were isolated by flushing tibial and femoral shafts
from mice female Balb/c mice (age, 5 weeks; weight, ~
25 g; Orient Bio, Inc., Seongnam-si, Republic of Korea)
using a-minimal essential medium (a-MEM; 12571063,
Invitrogen, Carlsbad, CA, USA). Erythrocytes were re-
moved using Ammonium-Chloride-Potassium (ACK) ly-
sis buffer (A1049201, Gibco, Gaithersburg, MD, USA).
The remaining nucleated cells were resuspended in a-MEM
supplemented with 10 % fetal bovine serum (A5670701,
FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin. To iso-
late the identified BMMs, cells were incubated for 24 hours
with 10 ng/mL macrophage-colony stimulation factor (M-
CSF; 416-ML, R&D systems, Minneapolis, MN, USA).
Subsequently, non-adherent cells were collected and fur-
ther cultured with 30 ng/mL M-CSF for 72 hours to induce
differentiation into BMMs.

The BMMs were performed with mycoplasma test ac-
cording to manufacturer’s protocol (Takara Bio Inc., Shiga,
Japan) and confirmed that the mycoplasma did not exist
in all groups (Supplementary Fig. 1). The BMMs were
plated at a density of 1.4 x 10* cells/well in presence with
RANKL-derived fragments at indicated concentration and
stained according to previous protocol (Supplementary
Fig. 2) [25,26].

Bone Resorption Assay

To observe bone resorption in vitro, BMMs were cul-
tured with or without the indicated small RANKL peptide
according to previous protocol [25,26]. The images of bone
resorbing area were acquired using an inverted microscope
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Fig. 1. Classification of RANKL-derived small fragment proteins based on inhibition of osteoclast activation. (a) Schematic of the
RANKUL-derived sequences in our study. (b) 3D simulation of RANKL-derived small fragments based on the RANK-binding sequence.
(¢) A representative image of bone marrow-derived macrophages (BMMs) stained for tartrate-resistant acid phosphatase (TRAP; red)
following treatment with 158RANKL316 (75 ng/mL), 158RANKL316 (75 ng/mL) + 191RANKL225 (75 ng/mL) and 158RANKL316
(75 ng/mL) + 225RANKL316 (75 ng/mL). Magnification, x 100; scale bar = 20 um. (d) Quantification of TRAP-positive area; Data
are presented as the mean + SD of each data from independent measurements (n = 4). *p < 0.05 indicates a significant difference
at 158RANKL316 vs. 225RANKL316. ns, not significant. (e) A representative image of BMMs stained for TRAP (red) following
treatment with 158RANKL316 (75 ng/mL), 158RANKL316 (75 ng/mL) + 225RANKL244 (75 ng/mL), 158RANKL316 (75 ng/mL) +
225RANKL260 (75 ng/mL), I58RANKL316 (75 ng/mL) + 225RANKL282 (75 ng/mL), 158RANKL316 (75 ng/mL) + 225RANKL295
(75 ng/mL), 158RANKL316 (75 ng/mL) + 225RANKL300 (75 ng/mL), and 158RANKL316 (75 ng/mL) + 225RANKL316 (75 ng/mL).
Magnification, x100; scale bar = 20 pm. (f) Quantification of TRAP-positive area; Data are presented as the mean £ SD of each
data from independent measurements (n = 4). *p < 0.05 indicates a significant difference at 158RANKL316 vs. 225RANKL295,
225RANKL300 and 225RANKL316. ns, not significant. RANKL, RANK ligand; RANK, receptor activator of nuclear factor-kappa B;
3D, three dimensional; SD, standard deviation. The 3D simulations were created by Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html
/page.cgi?id=index) and quantified graphs by GraphPad Prism 10 software (https://www.graphpad.com/).
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Fig. 2. Selection of RANKL-derived sequential fragment proteins based on inhibition of osteoclast activation. (a) SDS-PAGE
of fractions in the stepwise purification of RANKL expressed in Escherichia coli upon IPTG induction (lane 1, protein marker;
lane 2, 225RANKL282; lane 3, 225RANKIL.283; lane 4, 225RANKIL285; lane 5, 225RANKL287; lane 6, 225RANKIL288; lane 7,
225RANKL290; lane 8, 225RANKIL292; lane 9, 225RANKL294; lane 10, 225RANKL295). (b) 3D simulation of RANKL-derived se-
quential fragment proteins based on RANK-binding sequence. (¢) A representative image of bone marrow-derived macrophages (BMMs)
stained for tartrate-resistant acid phosphatase (TRAP; red) following treatment with 158RANKL316 (75 ng/mL), 158RANKL316 (75
ng/mL) + 225RANKL282 (75 ng/mL), 158RANKL316 (75 ng/mL) + 225RANKL287 (75 ng/mL), 158RANKL316 (75 ng/mL) +
225RANKL290 (75 ng/mL), I58RANKL316 (75 ng/mL) + 225RANKL292 (75 ng/mL), 158RANKL316 (75 ng/mL) + 225RANKL294
(75 ng/mL), and 158RANKL316 (75 ng/mL) + 225RANKL295 (75 ng/mL). Magnification, x100; scale bar = 20 ym. (d) Quan-
tification of TRAP-positive area; Data are presented as the mean £ SD of each data from independent measurements (n = 4). *p
< 0.05 indicates a significant difference at 158RANKL316 vs. 225RANKL295. ns, not significant. SDS-PAGE, Sodium Do-
decyl Sulfate-Polyacrylamide Gel Electrophoresis; IPTG, Isopropyl S-D-1-thiogalactopyranoside. The 3D simulations were cre-
ated by Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) and quantified graph by GraphPad Prism 10 software
(https://www.graphpad.com/).
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Fig. 3. Confirmation of the inhibition of osteoclast activation by RANKL-derived sequential fragment proteins. (a) Bone resorp-
tion pits were observed in Con, 158RANKL316, 158RANKL316 + 225RANKL295, and 225RANKL295-treated bone marrow-derived
macrophages (BMMs). Magnification, x 100; scale bar = 20 um. (b) Quantification of resorption pits. Data are presented as the mean
=+ SD of each data from independent measurements (n = 4). *p < 0.05 indicates a significant difference at Con vs. 158RANKL316 and
**p < 0.05 at 1S8RANKL316 vs. 158RANKL316 + 225RANKL295. ns, not significant. (¢) Expression of osteoclast-related genes in
BMMs. BMMs were exposed to 158RANKL316 or 158RANKL316 + 225RANKL295 for 3 days. Data are presented as the mean +
SD of each data from independent measurements (n = 3). *p < 0.01 indicates a significant difference, respectively. ns, not significant.

Con, control. The quantified graphs were created by GraphPad Prism 10 software (https://www.graphpad.com/).

(Nikon, ECLIPSE Ti2, Melville, NY, USA) and measured
using Image J 1.52a software (National Institutes of Health,
Bethesda, MD, USA).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Procedure

The BMMs were cultured in six-well plates with
M-CSF (30 ng/mL) and indicated small RANKL peptide
(75 ng/mL) at 37.5 °C for designated durations (0, 1, 2 and
3 days). Total RNA was isolated using TRIzol® reagent
(Invitrogen, 15596026, Thermo Fisher Scientific, Carls-
bad, CA, USA), and complementary DNA (cDNA) was
synthesized from 2 pg of RNA employing the ReverTra
Ace qPCR RT Master Mix (FSQ-201, Toyobo Life Sci-
ence, Osaka, Japan) in accordance with the supplier’s in-
structions. Gene expression levels were subsequently as-
sessed via real-time PCR. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) served as the internal normaliza-
tion control. PCR reactions were carried out on the CFX
Connect Real-Time PCR Detection System (SP71, Bio-
Rad, Hercules, CA, USA) in a 20 uL volume containing
10 uL of iQ™ SYBR® Green Supermix (1708880, Bio-
Rad, Hercules, CA, USA), 10 pmol of each primer, and
1 ug of cDNA template. The sequences of primers for os-
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teoclast differentiation were prepared according to previous
research [25,26].

Measurement of the Binding Affinity

Binding affinity between ligand and receptor was
measured by microscale thermophoresis (MST) as de-
scribed previously [27]. For the binding check, as a re-
ceptor, RANK or LGR4, and RANKL ligands or indicated
small RANKL peptide were mixed. The binding curves
were determined using the manufacturer’s protocol, and the
Kd values were obtained from the mean of three replicates.

Western Blot Analysis

To investigate protein activation, cells were deprived
of serum for 8 hours and subsequently stimulated with
indicated small RANKL peptide (2 ug/mL) for 5, 15, or
30 minutes, respectively. Following stimulation, cells
were harvested using 5x SDS sample buffer supplemented
with protease and phosphatase inhibitor cocktails. Protein
extracts (~ 30 mg) were resolved on 10 % Sodium Do-
decyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) gels and transferred onto polyvinylidene difluoride
(PVDF) membranes (10600023, Amersham, Piscataway,
NJ, USA). Membranes were blocked for 30 minutes at room
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Table 1. Results of RANKL-based small fragment protein

modeling using Phyre2.
Template . .
Template . ) % Identification ~ Confidence
information
TNF-like
225RANKL282 . 100 97.2
superfamily
TNF-like
225RANKL285 100 99.3
superfamily
TNF-like
225RANKL287 100 99.3
superfamily
TNF-like
225RANKL290 100 99.5
superfamily
TNEF-like
225RANKL292 . 100 99.5
superfamily
TNF-like
225RANKL294 . 100 99.5
superfamily
TNF-like
225RANKL295 100 99.5
superfamily

RANKL, receptor activator of nuclear factor-kappa B ligand; TNF,

tumor necrosis factor.

temperature in Tris buffered saline with 0.1 % Tween-20
(TBST) containing 5 % non-fat dry milk (Tris-Buffered
Saline (TBS): 2.42 g/L Tris-HCI, 8 g/L NaCl; pH 7.6), then
washed with TBST. Primary antibodies against p-AKT,
AKT, p-GSK-3, GSK-33, RANK, LGR4 and GAPDH
were applied and incubated overnight at 4 °C according to
previous study [25,26]. After washing, signal detection was
performed using an enhanced chemiluminescence (ECL)
system (Amersham, RPN3004, Slough, UK).

Separation of Nuclear and Cytoplasmic Fractions

To separate the nuclear and cytoplasmic fractions for
NFATc1 detection, BMMs were prepared according to pre-
vious protocol [26]. The nuclear and cytosolic extracts
were examined using western blot analysis. Histone-H1
and [-actin were used as loading controls, respectively.

In Vivo Experiment

A total of 20 female Balb/c mice (age, 5 weeks;
weight, ~ 25 g; Orient Bio, Inc., Seongnam-si, Repub-
lic of Korea) were examined for in vivo experiment ac-
cording to previous study [25,26]. The mice were ran-
domly divided into four groups (n = 5/group) and the con-
trol groups were intraperitoneally injected with phosphate-
buffered saline (PBS), those of 158RANKL316 group were
injected with 158RANKL316 (1 mg/kg) in PBS, and those
of 158RANKL316 + 225RANKL295 group were injected
with 158RANKL316 (1 mg/kg) and 225RANKL295 (1
mg/kg) in PBS at 24 hours intervals for 2 days. The
225RANKL295 group was injected with 225RANKL295
(1 mg/kg in PBS). On day 3, after injection, all animals were
euthanized with 50 % COg, and femur bone samples were
acquired.
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Microcomputed Tomography (Micro-CT) Scanning

The scanning of the distal femur by micro-CT was
performed according to the method described previously
[26] using a Quantum GX micro-CT imaging system
(PerkinElmer, Inc., Waltham, MA, USA) at the Korea Basic
Science Institute (Gwangju, Republic of Korea). The bone
volume/tissue volume ratio (BV/TV), trabecular separation
(Tb. Sp.), and bone mineral density (BMD) of the femur
were analyzed and the values for the different parameters
are presented as mean =+ standard deviation (SD).

Histological Analysis of Mouse Tissue Samples

Mouse femurs were dissected, immersed in 4 %
formaldehyde, and decalcified in 7 % ethylenediamine
tetra-acetic acid (EDTA) for 30 days. After decalcifica-
tions, paraffine embed tissue sections were stained with
hematoxylin and eosin (H&E) or TRAP, according to the
method described previously [26].

Statistical Analyses

All in vitro and in vivo experiments were conducted at
least in triplicate. All quantitative results are presented as
mean + SD. Primary comparisons of all experiments were
carried out using a one-way analysis of variance with a Bon-
ferroni multiple-comparisons test or unpaired Student’s #-
test. All statistical analyses were performed using Graph-
Pad Prism, version 10 (GraphPad Inc., La Jolla, CA, USA).

Results

Classification of Small RANKL-Derived Peptides by
RANK-Binding and Loop Region for Inhibition of
Osteoclast Activation

The RANKL sequence encoded the 158 amino acid as
a target region, which included residues 158-316 (Fig. 1a).
In the present study, the RANKL active sites were classified
according to their RANK-binding sites. Small protein frag-
ments, in the 158-191, 191-225, and 225-316 amino acid
regions, were synthesized, and their structures were deter-
mined via 3D simulation (Fig. 1b). Additionally, to ana-
lyze the suppressive effect of the synthesized protein frag-
ments on osteoclast activity, TRAP staining was performed
following treatment of BMMs with the synthesized protein
containing the active site of RANKL (Fig. le,d). Treat-
ment with the protein containing the active site of RANKL,
158RANKL316, increased the TRAP-positive multinucle-
ated area. However, only 225RANKL316 had an inhibitory
effect on the generation of TRAP-positive area in the pres-
ence of 158RANKL316.

Based on the above results, the 225-316 re-
gion of RANKL was reclassified into three subregions:
225RANKIL244, which includes the SC-CD loop-8D re-
gion; 225RANKL260, which includes the SD-DE loop-
BE region; and 225RANKIL282, which includes the SE-
EF loop-SF region. 225RANKL295, 225RANKL300,
and 225RANKL316 were also identified as small-fragment
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Fig. 4. Effect of RANKL-derived small fragment proteins on the LGR4 signaling cascade. (a) A representative image of BMMs
stained for TRAP showing the dose-dependent effect of treatment with 158RANKL316 or 225RANKL295 on the generation of TRAP-
positive multinucleated cells. Magnification x 100; scale bar = 20 pm. (b) Quantification of TRAP-positive area; Data are presented as
the mean =+ SD of each data from independent measurements (n = 3). *p < 0.05 indicates a significant difference at ISSRANKL316 vs.
225RANKIL295, respectevely. ns, not significant. (¢) Concentration of 158RANKL316/225RANKL295 used in titration experiments,
and the concentration of the labeled RANK and LGR4 was constant at 250 nM. The y-axis presents ligand-receptor affinity data using
Frobenius normalization (F norm (%)). (d) Binding affinities (Kd values, dissociation constant) of RANK and LGR4 to 158RANKL316
and 225RANKL295. Data are presented as the mean + SD from three independent experiments. *p < 0.05 indicates a significant
difference at RANK-158RANKL316 vs. RANK-225RANKL295. ns, not significant. (e) Western blots of RANK and LGR4 signaling
pathway proteins. GAPDH was used as a loading control. The results are representative of three separate experiments with comparable
results. (f) Densitometric analysis of p-GSK-35/GSK-3/ and p-AKT/AKT determined. Data are presented as the mean 4+ SD of each
data from three independent measurements (n = 3). *p < 0.05 indicates a significant difference at IS8RANKL316 vs. 225RANKL295 at
15 minutes. ns, not significant. (g) Nuclear translocation of NFATc1 in 158RANKL316- or/and 225RANKIL295-treated BMMs analyzed
using cytoplasmic and nuclear fractions. (h) NFATc1 expressions in the nuclear and cytoplasmic fractions of 158RANKIL316- or/and
225RANKL295-treated BMMs are presented as the mean =+ standard deviation of three separate experiments. *p < 0.05 indicates a
significant difference at Con vs. 158RANKL316 and **p < 0.05 at 158RANKL316 vs. 158RANKL316 + 225RANKL295, ns, not
significant. LGR4, leucine-rich repeat containing G protein-coupled receptor 4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GSK-37, glycogen synthase kinase-3 beta; AKT, protein kinase B; NFATc1, nuclear factor of activated T cells. The quantified graphs
were created by GraphPad Prism 10 software (https://www.graphpad.com/).

PAGE revealed about 19 kDa bands, matching the predicted
size.

proteins. For selection, TRAP staining was performed
in 158RANKL316-treated BMMs, and the TRAP-positive
area was analyzed after treatment with each small frag-
ment of RANKL (Fig. le,f). Only 225RANKL295,
225RANKL300, and 225RANKIL316 significantly inhib-
ited the TRAP activity. Therefore, the small fragment of
RANKL from amino acid residue 225 was classified and
synthesized into fragments 282—-295 for further study.

The 3D structural simulation model of each small
RANKL fragment is shown in Fig. 2b. Protein mod-
els of 225RANKL290, 225RANKL292, 225RANKL294,
and 225RANKIL295 were generated using Phyre2 at con-
fidence levels >99.5 %, despite their sequences being 100
% identical to the TNF superfamily (Table 1). To select

the final idates for osteoclast inhibition, BMMs treat
Selection of RANKL-Derived Sequential Fragment Protein ¢ final candidates for osteoclast inhibition, s treated

for Inhibition of Osteoclast Activation

To determine the minimum size of the RANKL-
derived protein, small RANKL fragments, ranging from
amino acid residues 225, 282, and 295, were synthesized.
The expression of each small RANKL fragment was de-
tected in SDS-PAGE gel (Fig. 2a). The recombinant pro-
teins were purified using column chromatography. SDS-
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with 225RANKL282, 225RANKL287, 225RANKL290,
225RANKL292, 225RANKL294, and 225RANKL295 in
the presence of 158RANKL316 were subjected to TRAP
staining (Fig. 2¢,d). BMMs differentiated into multinucle-
ated TRAP-positive osteoclasts, and the area was signifi-
cantly higher for cells treated with 158RANKL316 alone.
However, treatment with 225RANKIL295 alone did not in-
duce differentiation into TRAP-positive osteoclasts unlike
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Fig. 5. Micro-CT analysis of RANKL-induced bone resorption. (a) Time schedule for treatment with the small RANKL frag-
ment and sampling. (b) Micro-CT images revealed the trabecular bone architecture in the volume of interest in Con, 158RANKL316,
158RANKL316 + 225RANKL295, and 225RANKL295-treated mouse femur. (¢) Bone mineral density (BMD), bone volume, bone
volume/tissue volume are represented. (d) Trabecular seperations and trabecular bone volume. (e) Cortical bone area and cortical thick-
ness. (c—e) Data are presented as the mean 4+ SD of each data from independent measurements (n = 5). *p < 0.05 compared with Con
vs. 158RANKL316 and **p < 0.05 compared with 158RANKL316 vs. 158RANKL316 + 225RANKL295. ns, not significant. CT,
computed tomography. The quantified graphs were created by GraphPad Prism 10 software (https://www.graphpad.com/).
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Fig. 6. Effect of RANKL-derived small fragment proteins on RANKL-induced bone resorption. (a) H&E and TRAP staining
of mice femur. Magnification, x200; scale bar = 10 um. (b) Analysis of TRAP-positive osteoclast surface/bone surface. (¢) CTX-1
level. (b,c) Data are presented as the mean =+ SD of each data from independent measurements (n = 5). *p < 0.05 compared with Con
vs. 158RANKL316 and **p < 0.05 compared with 15S8RANKL316 vs. 15S8RANKL316 + 225RANKL295. ns, not significant. H&E,
hematoxylin and eosin; CTX-1, C-telopeptide of collagen type 1. The quantified graphs were created by GraphPad Prism 10 software

(https://www.graphpad.com/).

that observed for other RANKL-derived small fragment
proteins.

Confirmation of the Inhibition of Osteoclast Activation by
RANKL-Derived Sequential Fragment Proteins

Bone resorption assays were performed to confirm the
inhibitory effects of 225RANKL295 on osteoclast activity.
Numerous resorption pits were observed in mature osteo-
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clasts treated with 158RANKL316 (Fig. 3a,b). However,
treatment with 225RANKL295 significantly decreased the
area of resorption pits.

To elucidate the effect of 225RANKL295 signaling
through the LGR4-involved pathway on osteoclastogen-
esis, we performed RT-PCR of osteoclast-specific genes,
namely TRAP, NFATcl, and osteoclast-associated receptor
(OSCAR), in BMMs treated with 158RANKL316 or/and
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225RANKL295 (Fig. 3¢). On day 3 post-treatment, the
messenger ribonucleic acid (mRNA) expressions of TRAP,
NFATcl, and OSCAR, which are markers of osteoclast
differentiation and activity, were significant decreased in
BMMs treated with 158RANKL316 and 225RANKL295
compared with the respective levels in 158RANKL316-
treated cells. These results mean that 225RANKL295 can
be a potential inhibitor of osteoclast activity.

Effect of RANKL-Derived Small Fragment Protein on the
LGR4 Signaling Cascade

To clarify the effects of 225RANKL295 on the LGR4
signaling pathway, we examined TRAP activity in BMMs
treated with 225RANKL295 alone. Treatment with 300
ng/mL 225RANKL295 did not affect the TRAP activity
compared with 158RANKL316 (Fig. 4a,b).

We determined the binding affinities of
158RANKL316 and 225RANKL295 to RANK and
LGR4 using the MST assay (Fig. 4¢,d). The Kd binding
value of 158RANKL316 with RANK was 33.3 £+ 0.8 nM
and that of 225RANKL295 with RANK was 154 4 16 nM,
meaning that the binding affinity of these small proteins
for RANK was significant. The measured Kd value of
active RANKL with RANK was 5-fold lower. However,
the Kd value of 158RANKL316 with LGR4 (409 + 21
nM) and of 225RANKL295 with LGR4 (436 + 15 nM)
was only slightly different. These results showed that
225RANKL295 could bind to LGR4, but not to RANK,
unlike the active RANKL.

To investigate the effect of 225RANK?295 on the
LGR4 intracellur signaling pathway, we analyzed whether
treatment of 158RANKL316 or 225RANKIL295 leads the
phosphorylated AKT and GSK-34 through the RANK and
LGR4 signaling pathway (Fig. 4e,f). The 225RANKL295
treatment induced an apparent increase in phosphorylation
of GSK-33 and a decrease in phosphorylation of AKT,
compared with that in the IS8RANKL316 treatment.

To investigate the effect of 225RANKL295 on the
LGR4-induced inhibition of NFATcl translocation to nu-
cleus, the nucleus and cytosolic NFATcl levels were an-
alyzed (Fig. 4gh). NFATcl in nucleus fraction of
225RANKL295-treated BMMs was not detected in the
presence of 158RANKL316. This finding suggests that
225RANK295 may stimulate GSK-33 phosphorylation
through the LGR4 signaling pathway without activating the
canonical signaling of RANK.

Effect of RANKL-Derived Small Fragment Protein on
RANKL-Induced Bone Resorption

To elucidate the effects of 225RANKL295 on
bone resorption, we administered 158RANKL316 and
225RANKL295 to healthy mice. Femoral trabecular and
cortical bones were then analyzed using by micro-CT
(Fig. 5a). Mice treated with 158RANKL316 developed
mild osteoporosis, as evidenced by significant reduction
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in BMD, bone volume, and BV/TV (Fig. 5b,¢). How-
ever, treatment with 225RANKI.295 led to an obvious in-
hibition of 158RANKL316-induced osteoporotic bone re-
sorption in mice. Furthermore, it significantly improved
BMD, bone volume, and BV/TV and there was no sig-
nificance in the values of these parameters between con-
trol and 225RANKL295-treated mice. Micro-CT analy-
sis of the mouse femur showed that 158RANKL316 af-
fected osteolysis. However, 225RANKL295 alone did not
have any impact on osteoclast differentiation. Trabecular
bones in the 158RANKL316-induced mice femur treated
with 225RANKL295 were apparently significantly thicker
and denser than those from untreated 158RANKL316-
induced mice. The trabecular bone volume in the con-
trol group (0.187 £ 0.02 mm?®) and in the group of
158RANKL316-induced mice treated with 225RANKIL.295
(0.123 4 0.09 mm?) was higher than that in the mice in-
duced by 158RANKL316 alone (0.031 + 0.001 mm?, both
p < 0.05), significantly (Fig. 5d). Trabecular separa-
tion in control and 225RANKL295-treated mice was also
lower than that in 158RANKL316-induced mice, signif-
icantly. In contrast, treatment with 158RANKL316 did
not showed significantly in the cortical bone area or cor-
tical thickness, and no significant change was noted upon
treatment with 225RANKL295 (Fig. 5e). These results
showed that the administration of 225RANKL295 to ac-
tive RANKL-treated mice significantly recovered bone re-
sorption and was particularly effective in suppressing the
resorption of the trabecular bone.

Effect of RANKL-Derived Small Fragment Protein on the
Activity of Osteoclast in RANKL-Induced Mice

To eclucidate the effect of small-fragment pro-
teins derived from RANKL on the inhibition of os-
teoclast activity, we analyzed the TRAP-positive osteo-
clasts number and surface area in the femur of mice
treated with 158RANKL316 (Fig. 6a—c). Mice treated
with 158RANKL316 showed an increase of the TRAP-
positive osteoclasts numbers in femur sections. How-
ever, 225RANKL295 treatment led to a significant decrease
in area and number of TRAP-positive surfaces. There-
fore, 225RANKL295 has the potential to inhibit RANKL-
induced bone resorption by inhibiting osteoclast activity in
mouse models.

Discussion

Over the past few decades, therapeutic approaches
targeting RANKL have been tried to be effective for os-
teoporosis treatment. Osteoprotegerin (OPG)-Fc, which
was originally identified as a RANK decoy receptor, was
designed as an inhibitor of RANKL [28]. These vari-
ants significantly reduce osteoclastogenesis [29]. In ad-
dition to OPG-Fc, several recombinant proteins targeting
RANKL have been developed as potential interventions
to reduce bone loss in osteoporosis [30]. One such pro-

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v053a02

European Cells and Materials Vol.53 2025 (pages 15-27) DOI: 10.22203/eCM.v053a02

tein, denosumab (Prolia), was approved by the U.S. Food
and Drug Administration (FDA) as a therapeutic agent for
bone loss in osteoporosis as well as for the management
of bone metastatic cancer. Denosumab acts as a scavenger
of RANKL and effectively inhibits the RANKL-RANK
pathway [31]. Despite their notable medical and commer-
cial success, antibody agents, including OPG-Fc¢ and deno-
sumab, have raised concerns owing to their limited half-
lives and potential immunogenicity. These challenges in-
clude manufacturing complexities, exorbitant treatment ex-
penses, patient adherence to regular injection schedules,
and limited effectiveness, as evidenced in numerous re-
ports [32,33]. Consequently, in comparison with antibod-
ies and other biologics, the use of small protein fragments
such as peptides presents a more favorable approach for
managing chronic diseases [34]. This is because of their
distinct advantages, including cost-effectiveness, reduced
immunogenicity, and minimal protein dosage required to
elicit a therapeutic response [35]. Therefore, the develop-
ment of treatment targeting LGR4 can be a viable and novel
therapeutic strategy for osteoporosis treatment. LGR4 was
recently identified as an additional receptor for RANKL
[21]. This newly discovered RANKL receptor for bind-
ing to RANKL competes with RANK, thereby, inhibiting
canonical RANK-NFATc]1 signaling and osteoclast activa-
tion [26]. LGR4 signal compensates the RANKL-induced
osteoclast activation [26]. This inhibition occurs through
the blocking of signaling pathways derived from RANK-
TNF receptor-associated factor (TRAF)6 and the inactiva-
tion of GSK-343, which is necessary for osteoclast activa-
tion.

To demonstrate this concept in the present study, a
small RANKL-derived fragment was used to initiate LGR4
signaling. This small-fragment protein was synthesized us-
ing the RANKL sequence and exhibited a structure closely
resembling that of the original RANKL. A specific small
fragment, 225RANKL295, did not exhibit a significant dif-
ference in LGR4 binding affinity. Both in vitro and in vivo
study showed that treatment with the small RANKL frag-
ment effectively hindered differentiation and activation of
osteoclast in the presence of active RANKL, suggesting that
the small RANKL fragment may function as a compensa-
tion of RANKL, acting as an LGR4 agonist. According to
our previous research, the LGR4 agonist activates the GSK-
33 signaling pathways and inhibits nucleus translocation of
NFATc! during osteoclast differentiation [27]. In the LGR4
small interfering ribonucleic acid (siRNA) treated cells,
GSK-34 signaling was not observed and NFATc1 transloca-
tion was detected in presence or absence of LGR4 agonist
in RANKL-induced BMMs [27]. These data provide the
evidence that LGR4 can play a trigger role in the negative
feedback mechanism for regulation of osteoclast activity.
The stimulation of LGR4 signal in pre-osteoclasts can ini-
tiate a negative regulatory signaling pathway that surpasses
the canonical RANK signaling and subsequently inhibits
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NFATc1-involved pathway. Luo et al. [21] announced that
the LGR4 extracellular domain could play a role of a decoy
receptor, effectively binding to RANKL. This interaction
subsequently hindered RANKL-induced osteoclastogene-
sis [21].

Recently, advances have been made in devising poten-
tial therapeutic approaches targeting RANKL; these include
the development of antibodies and vaccines [36]. Com-
pared with other biologics, peptides can offer a more favor-
able strategy for therapeutics owing to their distinct advan-
tages, including cost-effectiveness and the ability to induce
the desired effect with small protein doses [37,38]. There-
fore, the current approach, which employs the targeted in-
tegration of an immunogen, may serve as a viable solution
to circumvent these challenges. Further investigations on
the safety, stability in physiological environment and sig-
nificance of the peptide-sized proteins as well as on any
discernible adverse effects of immunization are necessary
as a long-term study. The present study had limitations
regarding the detection of bone remodeling and osteoblast
markers, including alkaline phosphatase (ALP) levels, as
well as the lack of histological evidence of bone remodel-
ing. In addition, investigation of the downstream molec-
ular events and signaling transduction cascade is required
to elucidate the effect of this present peptide on LGR4-
GSK-35-NFATc1 pathway. Furthermore, it is imperative
to investigate the human RANKL-derived peptides in hu-
man RANKL knock-ins to assess the clinical applicability
of this RANKL-derived peptide.

Conclusions

In this study, we showed that 225RANKL295, a small
fragment derived from RANKL based on its protein struc-
ture was able to bind to LGR4 but not to RANK. Treatment
with 225RANKL295 resulted in the GSK-35 phosphory-
lation and the inhibition of TRAP and osteoclast activity in
bone marrow-derived macrophages. This treatment also led
to the inhibition of bone resorption in the femur of RANKL-
treated mice. Our results offer empirical support for the
potential use of the RANKL fragment as a therapeutic in-
tervention for osteoporosis. The RANKL fragment inhib-
ited RANKL-induced osteoclastogenesis, and this inhibi-
tion was counterbalanced by RANKL inhibition. This study
suggests that the RANKL-derived small protein provides a
promising avenue for the advancement of novel therapeutic
approaches to treat osteoporosis.
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OPG, osteoprotegerin; RANK, receptor activator of
nuclear factor-kappa B; RANKL, RANK ligand; TRAP,
tartrate-resistant acid phosphatase; TNF, tumor necrosis
factor; MAPK, mitogen-activated protein kinase; NF-xB,
nuclear factor-kappa B; NFATcl, nuclear factor of ac-
tivated T cells; 3D, three dimensional; TRAFs, TNF
receptor-associated factors; GSK-33, glycogen synthase
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acid; BMMs, bone marrow-derived macrophages; OSCAR,
osteoclast-associated receptor; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; RT-PCR, real-time polymerase
chain reaction; MST, microscale thermophoresis; CT, com-
puted tomography; BV, bone volume; TV, tissue vol-
ume; Tb. Sp., trabecular separation; BMD, bone mineral
density; SD, standard deviation; EDTA, ethylenediamine
tetra-acetic acid; H&E, hematoxylin and eosin; M-CSF,
macrophage-colony stimulation factor; PBS, phosphate-
buffered saline; LGR4, leucine-rich repeat containing G
protein-coupled receptor 4; a-MEM, a-minimal essential
medium; TBST, Tris buffered saline with 0.1 % Tween-
20; AKT, protein kinase B; SDS-PAGE, Sodium Dode-
cyl Sulfate-Polyacrylamide Gel Electrophoresis; IPTG, Iso-
propyl 5-D-1-thiogalactopyranoside; Con, control; CTX-1,
C-telopeptide of collagen type 1.
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