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ABSTRACT

Receptor activator of nuclear factor-κB ligand (RANKL) constitutes the master mediator 

of osteoclastogenesis, while its pharmaceutical inhibition by a monoclonal antibody has 

been approved for the treatment of postmenopausal osteoporosis. To date, the pursuit of 

pharmacologically more favorable approaches using low-molecular-weight inhibitors has 

been hampered by low specificity and high toxicity issues. This study aimed to discover 

small-molecule inhibitors targeting RANKL trimer formation. Through a systematic 

screening of 39 analogs of SPD-304, a dual inhibitor of TNF and RANKL trimerization, 

we identified 4 compounds (1b, 3b, 4a, and 4c) that selectively inhibited RANKL-induced 

osteoclastogenesis in a dose-dependent manner, without affecting TNF activity or 

osteoblast differentiation. Based on structure-activity observations extracted from the 

most potent and less toxic inhibitors of RANKL-induced osteoclastogenesis, we 

synthesized a focused set of compounds that revealed 3 potent inhibitors (19a, 19b and 

20a) with remarkably low cell-toxicity and improved therapeutic indexes as shown by the 

LC50 to IC50 ratio. These RANKL-selective inhibitors are an excellent starting point for the 

development of small-molecule therapeutics against osteolytic diseases.
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INTRODUCTION

Bone integrity is maintained through a dynamic process, known as bone remodeling, 

resulting from a continuous balanced interplay between bone resorption caused by 

osteoclasts and bone formation employed by osteoblasts. An increase in bone 

remodeling activity occurs in osteoporosis, the most common bone disease, that is 

characterized by low bone density, reduced bone quality and increased risk of fractures, 

causing serious health consequences.1 Receptor activator of nuclear factor-κB ligand 

(RANKL), a tumor necrosis factor (TNF) superfamily member, constitutes the master 

mediator of bone resorption as it promotes osteoclast differentiation, activity and 

survival.2–4 It is a type II transmembrane protein that contains a conserved extracellular 

TNF-like core domain forming an antiparallel β-sheet that is predicted to assemble into 

homotrimers required for binding to its cognate receptor RANK.5,6 Trimeric soluble 

RANKL is also produced either by proteolytic cleavage of the transmembrane form or by 

alternative splicing.7,8 Binding of RANKL to RANK initiates downstream signaling 

cascades, including nuclear factor κB (ΝF-κB), protein kinases, nuclear factor of activated 

T-cell c1 (NFATc1) and c-Fos, that activate osteoclastogenic genes.9 RANKL is also 

implicated in diverse in vivo biological processes such as immune regulation, mammary 

gland development, hormone-induced breast cancer induction, and body 

thermoregulation.10–13 Genetic ablations of RANKL and RANK result in severe autosomal 

recessive osteopetrosis, a disease caused by osteoclast deficit, demonstrating that the 

RANKL/RANK system is indispensable for osteoclastogenesis and bone resorption.14–18 

RANKL is physiologically inhibited by the natural decoy receptor osteoprotegerin (OPG) 

that prevents its binding to the RANK receptor and thus impairs the process of 
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osteoclastogenesis.19 An imbalance at the RANKL/OPG ratio caused by abundant 

RANKL levels is believed to be a major determinant in the development of bone loss 

diseases, including postmenopausal osteoporosis, bone metastasis, and multiple 

myeloma.20,21 Our research group has previously demonstrated that overexpression of 

human RANKL in transgenic mice leads to progressive bone resorption and osteoporosis 

in both sexes, establishing unique genetic models of osteoporosis for understanding the 

underlying pathogenic mechanisms and for preclinical evaluation of novel therapeutics.22 

During the past decades, many anti-osteoporotic therapeutic interventions have been 

established targeting mainly inhibition of bone resorption and to a lesser extent 

stimulation of bone formation.23,24 However, many drawbacks including poor clinical 

responses, undesired side-effects and high market cost have stimulated the research for 

new compounds with improved specificity and minimal adverse effects.25  The discovery 

of the RANKL/RANK/OPG system offered the possibility of developing novel therapeutics 

that target specifically the main bone-resorbing factor, RANKL. Denosumab, a human 

monoclonal antibody to RANKL that specifically blocks its binding to RANK constitutes 

the first RANKL inhibitor approved by FDA for the treatment of postmenopausal 

osteoporosis.26–28 However, functional limitations of therapeutic antibodies have come to 

light, such as inadequate pharmacokinetics, tissue accessibility and immunogenicity, 

which point to areas where additional research is needed.29 

Alternative therapeutic approaches using peptide-mimics,30,31 natural product inhibitors32 

or small molecules that inhibit RANKL function have been pursued in parallel.33–37 

Inhibition of RANKL using small-molecules has gained considerable attention due to the 

advantages of their low-cost production, desirable pharmacokinetic properties, and the 
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potential for oral administration. On these grounds, SPD-304 (Scheme 1) has been 

previously identified as a potent TNF inhibitor promoting dissociation of trimer 

assembly38, which also inhibits RANKL-induced osteoclastogenesis18,36, whereas its 

preclinical use has been hampered by its high toxicity.36,38 SPD-304 contains a potentially 

toxic 3-alkyindole moiety that can be activated by cytochrome P450 enzymes to produce 

α,β-unsaturated iminium species.39 Indeed, toxicological studies have shown that SPD-

304 can be dehydrogenated by CYP3A4 to the electrophilic 3-methyleneindolenine 

intermediate, in addition to other hydroxylation, N-dealkylation and epoxidation 

metabolites.40 With the aim to develop analogs of SPD-304 with improved toxicity profiles, 

we have previously employed structure-based design and synthesis of the compounds 

shown in Scheme 1.41,42 Their design strategy comprised of: (i) substitution of the 

trifluoromethylphenyl moiety of SPD-304 with electron-withdrawing groups, such as the 

phenylsulfonyl or the 3-nitrophenyl groups; (ii) conversion of the diamine linker into the 

corresponding diamide, or cyclization to 1-4-piperazinylone; and (iii) elimination of the 

methyl groups of the chromone moiety, or its substitution by other aromatic rings. Their 

screening against TNF revealed several equally potent inhibitors of TNF with respect to 

SPD-304,42 while incorporation of electron-withdrawing substituents at the indole moiety 

in conjunction with elimination of the 6΄-methyl group of the 4-chromone moiety, led to 

the identification of compound 1c as a significantly less toxic inhibitor of TNF/TNF-R1.41
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Scheme 1. Structures of the compounds designed as TNF inhibitors and used here in a 

systematic screening against RANKL-induced osteoclastogenesis.

Page 6 of 54

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

Herein, we report the identification of 7 novel RANKL inhibitors through RANKL-induced 

osteoclastogenesis assays, further supported by binding affinity and cytotoxicity assays. 

The efficacy of the compounds and the IC50 were estimated through a quantitative 

RANKL-induced osteoclastogenesis assay, while the MTT assay was used to measure 

cell viability and the LC50 on primary osteoclast precursors stimulated with compounds in 

a range of concentrations exceeding those tested for their efficacy in the absence of 

RANKL. By measuring the LC50 to IC50 ratio (therapeutic index)43, we evaluated whether 

the anti-osteoclastogenic effects of the compounds were attributed either to cellular 

toxicity unrelated to RANKL (ratio close to 1) or specific inhibition of the RANKL function 

(ratio >>1).  Based on the systematic screening of 39 SPD-304 analogs previously 

screened for TNF inhibition41,42 (Scheme 1, Table 1), we identified 4 compounds (1b, 3b, 

4a, and 4c) that displayed total inhibition of RANKL-induced osteoclastogenesis with low 

toxicity. We also report the development of 3 potent inhibitors (19a, 19b, 20a) of human 

RANKL-induced osteoclastogenesis with minimal toxicity in primary cell cultures of 

osteoclast precursors derived from bone marrow cells. We also suggest their potential 

binding mode at the interface of human RANKL dimer through ensemble docking 

calculations using representative structures from a series of molecular dynamics 

simulations.

Table 1. List of 39 compounds evaluated as RANKL inhibitors. With bold are highlighted the 

4 most active compounds. aQuantification of binding affinity to TNF by fluorescence assay, 
bMean± SD (n=3 independents experiments); p<0.01. cQuantification of inhibition of TNF-induced 

death in L929 cells. dQuantification of binding affinity to RANKL by fluorescence assay. 
eQuantification of compounds toxicity in BMΜ cells.  n.d.= not determined due to no inhibition of 

osteoclastogenesis, inactive= no binding affinity, toxic= cell toxicity is observed at 5μM, * Values 

taken from 41,42.
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Compou
nd ID

TNF binding
Affinity*a

(Kd, μΜ)b

Inhibition of 
TNF 

activity*c            
(IC50, μΜ)b

RANKL 
binding 
affinityd

(Kd, μΜ)b

Inhibition of 
osteoclastogenesis

at 5 μM

BMΜ 
viabilitye

(LC50, μM)

SPD-304 5.36 ± 0.21 5.00 ± 0.15 13.80±0.70 toxic <20

1a 8.50±0.56 7.50±0.15 8.71±0.44 toxic n.d

1b 7.60±0.62 50.00 ± 0.11 5.24±0.12 total >20

1c 5.10±0.23 10.00±0.15 4.90±0.31 total <20

1d 21.00±0.78 10.00±0.15 6.62±0.27 toxic n.d

2a 10.12 ± 0.67 10.00 ± 1.90 >10 total <20

2b 4.78 ± 0.45 30.00 ± 3.10 >11 none n.d

3a 5.12 ± 0.61 inactive 4.60±0.23 total <20

3b 12.22 ± 0.85 inactive 2.18±0.11 total >20

3c 25.36 ± 1.25 inactive >25 none n.d

3d 35.23 ± 1.92 inactive 17.61±0.78 none n.d

3e 14.12 ± 0.69 10.00 ± 1.30 19.06±1.47 none n.d

4a 7.00 ± 0.44 >60 4.60±0.34 total >20

4b 12.81 ± 0.78 15.00 ± 1.70 11.04±0.77 partial > 20

4c 3.16 ± 0.21 20.00 ± 1.60 4.60±0.38 total >20

4d 16.82 ± 0.51 20.00 ± 2.10 inactive total <20

4e 0.95 ± 0.06 25.00 ± 1.80 22.30±1.24 none n.d

4f 5.45 ± 0.62 20.00 ± 1.90 inactive none n.d

5a >35 inactive 3.55±0.22 none n.d

5b inactive inactive inactive none n.d

5c 17.27 ± 1.26 inactive >15 none n.d

5d inactive inactive 12.50±0.56 partial >20

5e inactive inactive inactive none n.d

6a 13.28 ± 1.15 inactive 2.82±0.31 total <20

6b inactive inactive inactive none n.d

6c 15.61 ± 1.46 40.00 ± 3.80 9.31±0.25 partial >20

7a inactive inactive inactive none n.d

7b 15.17 ± 1.34 inactive inactive none n.d

7c >35 inactive 5.34±0.41 partial <20

7d inactive inactive inactive none n.d

8a 1.61 ± 0.15 10.00 ± 0.90 8.49±0.34 partial >20

8b inactive inactive inactive total <20

8c 7.82 ± 1.06 20.00 ± 1.80 inactive none n.d

8d inactive inactive inactive partial >20

8e 2.11 ± 0.16 15.00 ± 1.10 18.64±0.63 partial >20

9a 5.20 ± 0.65 20.00 ± 1.90 inactive none n.d

9b 18.70 ± 1.90 inactive 18.35±0.95 none n.d

9c inactive inactive inactive none n.d

10a 17.85 ± 1.28 inactive 12.80±0.86 partial >20

10b 10.74 ± 1.32 inactive 15.80±0.64 none n.d
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RESULTS AND DISCUSSION

SPD-304 is a dual inhibitor for TNF and RANKL

SPD-304 (Scheme 1) has been discovered as a potent inhibitor of TNF, which promotes 

the dissociation of active TNF trimers.38 A crystallographic structure of TNF in complex 

with SPD-304 revealed the inhibitor bound at the interface of dimeric TNF intermediate, 

thus blocking the formation of trimers. To examine whether SPD-304 could also serve as 

an inhibitor of RANKL we performed a series of biochemical and biological assays. Using 

an in vitro fluorescence binding assay we measured the affinity of SPD-304 for human 

RANKL, which revealed a dissociation constant (Kd = 13.8 μΜ) that is higher than the 

corresponding values reported for TNF (Kd = 5.4 μΜ).41 By employing a quantitative 

osteoclastogenesis assay, we found that SPD-304 is a potent inhibitor of human RANKL-

induced osteoclastogenesis in a dose-dependent manner (IC50 =1.0 μΜ, Figure 1A,B). 
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Figure 1. Functional characterization of SPD-304 as inhibitor of RANKL and 
molecular modeling of SPD-304 interaction with RANKL. (A) Osteoclastogenesis 

cultures based on BM cells treated with various concentrations of SPD-304 in the presence 

of RANKL (40 ng/mL) and M-CSF (25 ng/mL) for 5 days upon staining with TRAP. (B) IC50 

calculation of SPD-304 effect on osteoclastogenesis was based on TRAP activity measured 

at day 4. (C) LC50 calculation of SPD304 effect (0-10 μΜ) on BM cell viability by MTT assay. 
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(D) Recombinant soluble human RANKL and SPD-304 were preincubated and crosslinked 

with DSS. The crosslinked complex was separated in 12% SDS-PAGE and immunoblotted 

using an anti-RANKL polyclonal antibody. (E) Representation of the X-ray crystal structure 

of TNF dimer in complex with the small-molecule inhibitor SPD-304 (PDB ID: 2AZ5)38. 

The two TNF subunits are shown in green and cyan for chains A and B, respectively, 

while the inhibitor is color-coded using yellow C, red O, blue N and cyan F atoms. Inset 

is a surface representation of the surrounding residues that form the inhibitor-binding 

pocket, with an asterisk indicating residues that differ in human RANKL. (F) Molecular 

model of human RANKL dimer based on the TNF dimer and the X-ray structure of RANKL 

complex with the N-terminal fragment of its decoy receptor osteoprotegerin (PDB ID: 

3URF).19 Inset is a close-up view of the RANKL interface, in the same orientation as 

shown for TNF, illustrating a favorable bound pose of the dual inhibitor SPD-304.

However, SPD-304 proved to be of equally high toxicity to osteoclast precursors derived 

from bone marrow cells (LC50= 3.2 ± 0.1 μΜ) (Figure 1C, Table 2). To understand the 

molecular basis of human RANKL inhibition by SPD-304, we investigated its effect at the 

level of RANKL trimerization using chemical cross-linking experiments. In this 

experimental setup, pre-incubated soluble human RANKL with SPD-304 at equimolar, or 

excess molar ratio, were cross-linked and analyzed in SDS polyacrylamide gel 

electrophoresis (PAGE) for the detection of RANKL trimers, dimers, and monomers. A 

dramatic increase of RANKL monomers was detected in the presence of SPD-304 

(Figure 1D), indicating that the inhibitor promotes human RANKL subunit disassembly. 

Taken together, we demonstrate that SPD-304 is a dual inhibitor of human TNF and 

RANKL, which mediates inactivation of the cytokines through dissociation of the 
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biologically active trimers, but with a low therapeutic index43 (LC50 / IC50 = 3.2), indicating  

high toxicity (Table 2).

Table 2.  Evaluation of potency and toxicity of most effective RANKL inhibitors. 
aQuantification of inhibition of RANKL-induced TRAP Activity in BM cells, bQuantification of 

compounds toxicity in BMΜ cells, cValues are mean ± standard deviation from 3 independents 

experiments, dCalculated as the ratio of LC50 to IC50.

Compound 
ID

TRAP Activitya

IC50 (µM)c
Toxicityb

LC50 (µM)c
Therapeutic 

Indexd

SPD-304 1.00 ± 0.20 3.20 ± 0.10 3.2

1b 2.50 ± 0.67 58.50 ± 5.00 23.4

3b 1.88 ± 0.25 44.25 ± 2.64 27.8

4a 2.86 ± 1.16 62.33 ± 2.59 21.8

4c 5.07 ± 0.87 32.20 ± 3.55 6.3

19a 2.70 ± 0.67 >300 >112

19b 2.00 ± 0.19 >500 >250

19c 1.90 ± 0.26 18.30 ± 1.10 9.5

20a 1.40 ± 0.67 123.00 ± 4.00 84.8

20b 5.10 ± 1.10 52.60 ± 7.20 10.4

20c 6.40 ± 0.88 118.00 ± 26.00 18.5

Structural model of RANKL bound to SPD-304 

SPD-304 has been shown to bind TNF dimer mostly through a shape-driven interaction 

within a hydrophobic pocket comprising 6 aromatic tyrosine residues (Tyr59, Tyr119, and 

Tyr152 from each monomer, Figure 1E). To investigate whether SPD-304 could operate 

via a similar mechanism as inhibitor of RANKL trimerization, we prepared a model of 

human RANKL dimer based on the TNF dimer as template and the crystallographic 
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structure of human RANKL complex with the N-terminal fragment of its decoy receptor 

OPG.19 Examination of the model revealed a significant change in the shape of the 

corresponding pocket at the interface of human RANKL dimer, mainly due to the change 

of Tyr119 and Leu57 in TNF to Asn276 and Tyr215 in RANKL, respectively (Figure 1F). 

It is thus reasonable to assume that SPD-304 does not bind RANKL in such a compact 

conformation as displayed in the co-crystal structure in complex with TNF dimer. Indeed, 

molecular docking calculations of SPD-304 using the energy minimized model of RANKL 

dimer revealed a large number of diverse binding modes (clusters of conformations), 

displaying comparable binding affinities with respect to the standard error of the method 

(see Computational Methods for more detail). This challenging task was also the case 

when re-docking of SPD-304 to the X-ray structure of the TNF dimer was performed with 

the widely-used AutoDock software.44 In particular, the top-ranked and the most 

populated clusters of conformations failed to identify the crystallographic bound pose of 

SPD-304 within a root-mean-square deviation (RMSDref) of 2.5 Å (Supporting Information 

Table S1 and Figure S1), indicating the large conformational space available on the dimer 

interface. 

To tackle the even more challenging case of human RANKL dimer, for which there is no 

structural information of small-molecule inhibitors to date, we performed a combination 

of molecular dynamics simulations (MDs) with docking calculations, a method termed 

ensemble docking.45,46  Briefly, a representative set of 5 conformations of human RANKL 

dimer were extracted from atomistic MDs in explicit solvent using two clustering criteria 

(Supporting Information Figure S2); one by considering only the interface residues and 

the second using all residues of the dimer. A characteristic analysis of the MDs revealed 
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a notable stability of the RANKL dimer model at the 100-ns timescale of the simulations 

(Supporting Information Figures S3–S4). Docking of SPD-304 at the initial, energy-

minimized structure of human RANKL dimer (designated as RANKL-min) and the 5 

representative conformations from the MDs (Supporting Information Figure S2) displayed 

a significant number of low populated clusters of conformations (Supporting Information 

Table S2). However, including the dynamic structural information using multiple 

conformations of RANKL allowed for a more systematic selection of the most probable 

ligand binding mode. Specifically, the highest-populated clusters among the top-10 

ranked solutions revealed very similar bound poses of SPD-304 in 5 out of the 6 

conformations of RANKL employed (Supporting Information Figure S5). We selected the 

most populated cluster rather than the highest-ranked conformation for each target 

considering that this choice has been shown to increase the predictive power of docking 

in several cases.47,48 The representative model of RANKL-min in complex with SPD-304 

displays the ligand in a significantly different conformation than in the X-ray structure of 

the TNF dimer (Figure 1E,F), which is accommodated at two shallow pockets separated 

by Asn276 and flagged by Tyr215 and Tyr273 residues of both RANKL monomers. In this 

pose, the ligand could form 2 hydrogen bonds between the two chromenone oxygens of 

SPD-304 as acceptors and the phenolic group of Tyr273 and the main chain amide of 

Asn276 as donors. Although lack of an experimentally determined structure renders this 

analysis highly speculative, taken together with our results from the binding assay and 

the RANKL trimerization cross-linking experiment, suggest a putative mechanism of 

action similar to that proposed for TNF.38 Thus, SPD-304 could potentially bind to the 
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active RANKL trimer in a more extended conformation, forming an intermediate complex 

that mediates the subunit dissociation process. 

Discovery of 4 selective inhibitors of human RANKL

The finding that SPD-304 inhibits human RANKL and TNF effectively, prompted us to 

investigate a series of SPD-304 analogs that have been developed previously as TNF 

inhibitors (Scheme 1).41,42  Their systematic screening comprised measurement of their 

binding affinity for human RANKL in comparison with the reported affinity for TNF,42 and 

evaluation of their efficacy to inhibit RANKL-mediated osteoclastogenesis at a single  

concentration of 5 μM  (Table 1). Compounds that displayed partial or total inhibition were 

further evaluated through MTT viability assay. Analysis of our screening results revealed 

10 compounds that completely prevented osteoclast formation and 8 compounds that 

partially inhibited RANKL-induced osteoclastogenesis. 19 compounds had no effect on 

RANKL-induced osteoclastogenesis, while 2 compounds displayed similar toxicity to 

SPD-304 (Table 1). From the 10 most potent RANKL inhibitors (total inhibition of 

osteoclastogenesis at 5 μM), 4 compounds displayed a relatively low toxicity of LC50 >20 

μM (1b, 3b, 4a and 4c, Scheme 1). Interestingly, these 4 compounds had not been 

identified as potent inhibitors of TNF activity (IC50 > 20 μM, Table 1), and thus selected 

for further investigation. Their assessment comprised of osteoclastogenesis assays 

(quantitative TRAP activity, phalloidin staining), toxicity assays, osteoblast differentiation 

(alkaline phosphatase activity), RANKL signaling (NFATc1, c-Fos) and RANKL 

trimerization. 
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Compound 1b was developed by substitution of the m-trifluoromethylphenyl ring of SPD-

304 by a phenylsulfonyl group, in addition to removal of both methyl groups at the 4-

chromone moiety (Scheme 1). The binding affinity of 1b (Kd = 5.24 ± 0.12 μΜ) displayed 

a 2.7-fold increase compared to SPD-304 (Table 1). Τhe effect of 1b on RANKL-induced 

osteoclastogenesis demonstrated a dramatic inhibition of osteoclast formation at 5 and 

10 μΜ, as shown by the absence of multinuclear TRAP+ cells (Figure 2A), and the 

decrease of phalloidin-labeled actin ring formation (Figure 2B-C). Further evaluation 

revealed a RANKL inhibitory potency of IC50 = 2.5 μM, with a significantly lower toxicity 

than SPD-304 (LC50= 58.5 ± 5.0 μΜ for 1b vs 3.2 ± 0.1 μΜ for SPD-304) (Figure 2D-E). 

Cross-linking assays showed that preincubation of 1b with human RANKL protein 

promoted a substantial release of monomers in a dose-dependent manner (Figure 2F), 

suggesting an interference with the RANKL trimerization process. We further investigated 

whether 1b mediated undesirable inhibitory effects on osteoblasts. To this scope, we 

examined the effects of 1b on the differentiation of pre-osteoblastic MC3T3-E1 cells 

through quantification of alkaline phosphatase (ALP) activity, a widely recognized marker 

for osteoblastic differentiation and activity. MC3T3-E1 cells were treated with 1b at 

indicated concentrations (Figure 2G) for 14 days and ALP activity was measured at the 

endpoint. Our analysis showed that 1b at a concentration range of 2–10 μM did not 

interfere with osteoblast differentiation and activity (Figure 2G). Therefore, 1b emerged 

as a potent RANKL inhibitor with an increased therapeutic index compared to SPD-304 

(23.4 vs 3.2, Table 2), indicating low toxicity. 
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Figure 2. Characterization of the small-molecule 1b as RANKL inhibitor. (A) 

Osteoclastogenesis cultures based on BM cells treated with compound 1b at 5 and 10 

μM in the presence of RANKL (40 ng/mL) and M-CSF (25 ng/mL) for 5 days upon staining 

with TRAP. (B) Actin ring organization in osteoclastogenesis cultures upon exposure to 

compound 1b at 5 and 10 μM as shown by phalloidin staining (green) and DAPI to 

visualize nuclei (blue). (C) Quantification of intact F-actin rings per mm2 on 

osteoclastogenesis cultures treated with compound 1b at 5 and 10 μM. (D) IC50 

calculation for compound 1b effect on RANKL-induced osteoclastogenesis based on 

TRAP activity measured at day 4. (E) LC50 calculation of compound 1b effect (0–100 μΜ) 

on BMM cell viability by MTT assay. (F) Recombinant soluble RANKL and compound 1b 
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were preincubated either at equal molar ratio or excess and then crosslinked with DSS. 

The crosslinked complex was separated in 12% SDS-PAGE and immunoblotted using 

an anti-RANKL polyclonal antibody. (G) Effect of compound 1b (2, 5 and 10 μM) on the 

differentiation of pre-osteoblastic MC3T3-E1 cells as measured by alkaline phosphatase 

activity (ALP). Undifferentiated MC3T3-E1 cells are marked as c. All experimental assays 

were repeated at least three times. Results are presented as means ± SD (n>3). *p>0.05, 

**p>0.01.

Compound 3b comprises a diamide linker instead of the diamine moiety in SPD-304, and 

a 3-nitrophenyl instead of the trifluoromethylphenyl group (Scheme 1). 3b displayed the 

highest binding affinity (Kd = 2.18 ± 0.11 μΜ) among the compounds tested (Table 1), and 

inhibited RANKL-induced osteoclastogenesis in a dose-dependent manner (Figure 3A-

D), as detected by staining of cultures with TRAP and phalloidin, as well as by quantitative 

TRAP activity (IC50 = 1.88 ± 0.25 μM). Regarding cell toxicity, 3b displayed a superior 

profile compared to SPD-304 (LC50 = 44.25 ± 2.64 μM) (Figure 3E). Moreover, 3b at a 

concentration range of 2–10 μM had no effect on MC3T3-E1 differentiation, as measured 

by ALP activity (Figure 3F). Cross-linking biochemical assays showed that 3b promoted 

a dramatic release of human RANKL monomers, even at 1:3 molar ratio (Figure 3G), an 

effect that is in agreement with the high binding affinity of 3b for RANKL. We then 

investigated whether 3b affects the signaling pathways activated downstream of RANKL 

by examining the levels of the transcription factors NFATc1 and c-Fos in RAW264.7 cells 

through western blot.49–51 Our results indicate that 3b diminished the NFATc1 and c-Fos 

protein levels in RAW264.7 cells treated with RANKL (Figure 3H). Taken together, these 

data indicate that 3b promotes inhibition of RANKL-induced osteoclastogenesis and as 
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a consequence of RANKL-induced signaling pathways involving NFATc1 and c-Fos, 

while its toxicity is much lower than SPD-304 based on the therapeutic index (27.8 vs 

3.2, Table 2).

Figure 3. Characterization of the small-molecule 3b as RANKL inhibitor. (A) 

Osteoclastogenesis cultures treated with compound 3b at 5 and 10 μM in the presence 

of RANKL (40 ng/mL) and M-CSF (25 ng/mL) for 5 days upon staining with TRAP. (B) 

Actin ring organization in osteoclastogenesis cultures upon exposure to compound 3b at 

5 and 10 μM as shown by phalloidin staining and DAPI. (C) Quantification of intact F-

actin rings per mm2 on osteoclastogenesis cultures treated with compound 3b at 5 and 
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10 μM. (D) IC50 calculation for compound 3b effect on RANKL-induced 

osteoclastogenesis based on TRAP activity measured at day 4. (E) LC50 calculation of 

compound 3b effect (0–100 μΜ) on BMM cell viability by MTT assay. (F) Effect of 

compound 3b (2, 5 and 10 μM) on the differentiation of pre-osteoblastic MC3T3-E1 cells 

as measured by ALP activity. (G) Recombinant soluble RANKL and compound 3b were 

preincubated either at equal molar ratio or excess and then crosslinked with DSS. The 

crosslinked complex was separated in 12% SDS-PAGE and immunoblotted using an anti-

RANKL polyclonal antibody. (H) Western blot showing the effect of preincubated 

compound 3b with RANKL at the indicated concentrations on the induction of NFATc1 

and c-Fos in RAW264.7 cells. Antibody specific for β-actin was used for normalization. 

Numbers below NFATc1 and c-Fos blots indicate relative expression compared to 

positive control. All experimental assays were repeated at least three times. Results are 

presented as means ± SD (n>3). *p>0.05, **p>0.01.

Compound 4a is the closest analog of 1b, but with diamide moiety as in 3b (Scheme 1). 

Biochemical evaluation revealed that 4a displayed a 3-fold higher binding affinity than 

SPD-304 (Table 1), and effectively inhibited osteoclastogenesis in a dose-depended 

manner (IC50 = 2.86 ± 1.16 μM, Supporting Information Figure S6A-D). More importantly, 

4a was found to be 20-fold less toxic than SPD-304 (LC50 = 62.33 ± 2.59 μM), without 

affecting differentiation of the pre-osteoblastic cell line MC3T3-E1 (Supporting 

Information Figure S6E,F). 

The fourth potent inhibitor identified, 4c, is a 3-nitrophenylsulfonyl derivative of 4a 

(Scheme 1). Similarly, 4c showed an improved binding affinity with respect to SPD-304 

(Kd = 4.60 ± 0.38 μΜ), displayed inhibition of osteoclast formation in a dose-dependent 

manner (IC50 = 5.07 ± 0.87 μM, Supporting Information Figure S7A-D), with a 10-fold 

lower cell-toxicity compared to SPD-304 (LC50 = 32.20 ± 3.55 μM, Supporting Information 
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Figure S7E). 4c also effectively reduced the induction of the transcription factors NFATc1 

and c-Fos in RAW264.7 cells, while not affecting differentiation of pre-osteoblastic cells 

(Supporting Information Figures S7F,G), indicating a specific effect of 4c in RANKL-

induced osteoclastogenesis. Taken together, compounds 1b, 3b, 4a and 4c inhibit 

RANKL-induced osteoclastogenesis and display an increase of the therapeutic index, 2-

8 times compared to SPD-304 (Table 2). 

Structure-activity relationships of the identified RANKL inhibitors

Considering the structural characteristic of the 4 most potent and less toxic inhibitors 

identified, we can make the following observations. With respect to the parent compound 

(SPD-304) all 4 potent inhibitors of RANKL comprise the 4-chromone moiety but without 

its two methyl substituents. In 3 of these (1b, 4a and 4c) the trifluoromethylphenyl group 

is replaced by a phenylsulfonyl moiety, whereas 3b contains the 3-nitrophenyl moiety. 

Interestingly, although the nitro group is considered as a toxicophore, albeit its wide use 

in therapeutics,52 2 out of the 4 RANKL inhibitors (3b and 4c) contain the 3-nitrophenyl 

moiety and are >10-fold less toxic than SPD-304. Lastly, except for 1b that comprise the 

diamine linker as in SPD-304, this moiety is converted to the more rigid diamide in the 

other 3 inhibitors. To gain further insight into their structure-activity relationships, we 

predicted their binding mode to human RANKL dimer following the same methodology as 

described above (Figure 4). As in the case of SPD-304, the docking results were 

evaluated by means of the most populated clusters of conformations in the 6 

representative structures of the RANKL dimer (Supporting Information Tables S3–S6 and 

Figures S8–S10). Specifically, the most favorable bound pose of 1a was selected in 

conjunction with those displayed by 4a, similarly to the selection of the most favorable 
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conformations for 3b and 4c. For the first couple of inhibitors (Figure 4A,C), the presence 

of the phenylsulfonyl-1H-indole moiety favors its interaction at an aromatic-rich pocket 

comprising of Tyr215 (both chains A and B), Tyr217(B) and Tyr307(B). In this bound 

pose, their sulfonyl group can accept 2 hydrogen bonds from the side-chain amide of 

Asn276(B) and the phenolic group of Tyr215(B). Although conversion of the diamine of 

1b to diamide in 4a decrease its conformational freedom, the linker with the 4-chromone 

moiety is accommodated accordingly to accept a hydrogen bond from the main chain 

amide of Asn276(A) and probably interact with Gly278(A) as well (Figure 4A,C). For 

inhibitors 3b and 4c, it is possible that the presence of the nitro group can mediate their 

binding at an inverted orientation with respect to 1b and 4a (Figure 4B,D). This effect is 

probably due to the favorable hydrogen-bonding interactions with the two side chain 

amines of Lys262 (chains A and B), in addition to a potential hydrogen bond with the 

phenolic group of Tyr273(A). The sulfonyl group of 4c display the potential to form 

hydrogen bonds with the hydroxyl groups of Tyr273(B) and probably Ser274(A), which 

are not possible for 3b (Figure 4B), which in contrast, exhibits the potential to form a 

hydrogen bond with the main-chain amide of Asn276(B) (Figure 4D). For both 3b and 4c, 

the 4-chromone moiety is predicted to interact with Tyr215 (both A and B) without 

exhibiting any hydrogen bonds, whereas the adjacent carbonyl group of their linker can 

form a hydrogen bond with the amide of Gly278(A).
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Figure 4. Close-up view of human RANKL dimer models in complex with the 4 
potent inhibitors 1b (A), 3b (B), 4a (C) and 4c (D). Putative hydrogen bonding 

interactions are indicated with yellow dashed lines and the heavy atom distance in Å, 

whereas atom colors are as described in Figure 1.  The models of RANKL dimer were 

based on the X-ray structure of human RANKL with PDB ID: 3URF.19

Page 23 of 54

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24

Development of 3 potent inhibitors of RANKL-induced osteoclastogenesis with low 

cell-toxicity

Based on the above observations, we decided to investigate the effect of substituting the 

4-chromone and its adjacent amide moiety with a phenylsulfonylamide group. Although 

substitution of the 4-chomone ring of SPD-304 by other aryl or heteroaryl rings (e.g. 5a-

e, 7a-d, 8c-e, 9b-c and 10a-b in Scheme 1) did not reveal any potent inhibitor of RANKL, 

rather than partial inhibitors of osteoclastogenesis (7c, 8d-e and 10a in Table 1), our 

choice was mainly driven by the positive effect of the phenylsuflonyl group displayed by 

the most potent inhibitors 1b, 4a and 4c. By considering the potential hydrogen bonding 

interactions of the 3-nitrophenyl group of 4c (Figure 4D), we prepared compounds 19a-c 

according to Scheme 2.
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Scheme 2. Synthesis of compounds 19a-c and 20a-c.Reagents and conditions: (i) KOH, 
EtOH; then acetone at r.t.; (ii) POCl3, DMF at r.t; then aq. KOH reflux; (iii) NaClO2, 
H3NSO3, t-BuOH/H2O at r.t.; (iv) C₆F₅OH, EDC, DCM at r.t.; (v) Et3N, DCM at r.t.

 In particular, the 4-chromone ring and the adjacent amide of 4c have been substituted 

by phenylsulfonylamide (19a), 4-cyano-phenylsulfonylamide (19b) and 3-nitro-

phenylsulfonylamide (19c). We also prepared the corresponding cyclized piperazine 

derivatives 20a, 20b, and 20c (Scheme 2), with the aim to investigate the effect of the 

additional conformational restriction imposed by the cyclization of the linker moiety, and 

based on the results obtained for the cyclized analogs of two potent RANKL inhibitors. 

Specifically, 4b and 4d (the piperazine analogs of 4a and 4c, Scheme 1) displayed partial 

and total inhibition of osteoclastogenesis, but with low and high toxicity, respectively 

(Table 1).

Experimentally, all 6 compounds effectively inhibited RANKL-induced osteoclast 

formation within an IC50 range of 1.40–6.40 μΜ and were less toxic than SPD-304 (Figure 

5A-C, Supporting Information Figure S11, Table 2). Notably, three compounds (19a, 19b, 

and 20a) displayed an increase of the therapeutic index (LC50/ IC50 ratio), more than 25 

times compared to SPD-304 (Table 2). In particular, 19a and 19b displayed a dramatic 

decrease of cellular toxicity, exhibiting LC50 values of more than 300 and 500 μΜ, 

respectively, while retaining a high inhibitory effect in RANKL-induced 

osteoclastogenesis. Compound 20a displayed the lowest IC50 values in TRAP activity 

and attenuated NFATc1 and c-Fos induction upon RANKL treatment with a significant 

(40-fold) decrease in toxicity with respect to SPD-304 (Figure 5D, Table 2). On the other 

hand, 19c, 20b and 20c displayed a mild increase of the therapeutic index (LC50/ IC50 
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ratio), 3-6 times compared to SPD-304 (Table 2). Taken together our results indicate that 

despite the small number of compounds tested, we succeeded in developing 3 new 

inhibitors of RANKL-induced osteoclastogenesis with a high therapeutic index (LC50 / IC50 

> 85). 

Figure 5. Compounds 19a, 19b and 20a inhibit human RANKL-induced 
osteoclastogenesis and exhibit a dramatic decrease of toxicity. (A) 

Osteoclastogenesis cultures treated with compounds 19a, 19b and 20a at 5μM in the 

presence of RANKL (40 ng/mL) and M-CSF (25 ng/mL) for 5 days upon staining with 
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TRAP. (B) IC50 calculation for each compound effect on RANKL-induced 

osteoclastogenesis based on TRAP activity measured at day 4. (C) LC50 calculation for 

each compound on BMM cell viability by MTT assay. (D) Western blot showing the effect 

of preincubated compound 20a with RANKL at the indicated concentrations on the 

induction of NFATc1 and c-Fos in RAW264.7 cells. All experimental assays were 

repeated at least three times.

Examination of the molecular models of the most potent compounds (Supporting 

Information Tables S7–S9 and Figures S12–S13) reveals that introduction of the second 

phenylsulfonyl moiety in 19a and 19b, the 2 less toxic compounds identified (Figure 6), 

retains the overall binding geometry with respect to that predicted for 3b and 4c (Figure 

4). However, the increased versatility of the phenylsulfonyl group with respect to the rigid 

chromenone ring exhibits a potential to be accommodated inside the shallow pocket of 

RANKL, in addition to the formation of a putative hydrogen bond with the side chain of 

Tyr215(A). The 4-cyano substituent of 19b shows an additional hydrogen bonding 

potential as acceptor from the phenolic group of Tyr307(A) at the base of the pocket 

(Figure 6B). Notably, the selected model of a cyclized analog, 20a, revealed a very similar 

mode of binding with 19a-b (Figure 6C), albeit the conformational restraint imposed by 

the 1,4-substituted piperazine moiety. Still, however, experimental verification of these 

predictions has to wait for the determination of a co-crystal structure with the human 

RANKL dimer.
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Figure 6. Close-up views of the predicted inhibitor binding interface RANKL in 
complex with 19a (A), 19b (B), and 20a (C). Putative hydrogen bonding interactions are 

indicated with yellow dashed lines and the heavy atom distance in Å, whereas atom colors 

are as described in Figure 1. The models of RANKL dimer were based on the X-ray 

structure of human RANKL with PDB ID: 3URF.19
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CONCLUSION

The development of RANKL inhibitors constitutes the most efficient approach to treat 

osteoporosis and other bone resorption diseases. To date, the monoclonal antibody 

denosumab has been approved for postmenopausal osteoporosis and bone metastasis 

from solid tumors26–28, while only a few selective small-molecule inhibitors of RANKL have 

been identified as alternative therapeutics36,37. Unfortunately, the majority of the potential 

RANKL inhibitors were screened in activity and viability cell assays at similar 

concentration ranges without providing IC50 and LC50 values, arising concerns about 

interference of toxicity with the observed effectiveness.37,53 Furthermore, the use of 

immortalized cell lines such as the preosteoclastic RAW264.7 cells for the LC50 

evaluation35,53,54 could lead to underestimation of the compound toxicity compared to 

primary cell cultures. Thus, the therapeutic index (LC50 to IC50 ratio) is an important 

indicator of the probability of the successful development of a drug. SPD-304, despite its 

promising effect as a dual inhibitor of RANKL and TNF41,42, displays a low therapeutic 

index (LC50 / IC50 = 3.2), indicating high toxicity.

In the present study, we evaluated systematically 39 compounds against human RANKL, 

using quantitative biochemical and cellular assays based on primary pre-osteoclasts to 

determine their binding affinity, inhibition potency and toxicity, including specific cellular 

assays to elucidate their mechanism of action. Four compounds, 1b, 3b, 4a, and 4c, 

exhibited a dose-dependent inhibition of RANKL-induced osteoclastogenesis and 

displayed substantially lower toxicity compared to SPD-304 (LC50/IC50 range between 6.3 

and 27.8). At the mechanistic basis of inhibition, we demonstrated that compounds 1b 

and 3b interfered with the trimerization of human RANKL protein, similarly to SPD-304. 
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At the signaling cascade level, selected compounds (3b, 4c) ameliorated RANKL 

signaling through the reduction of NFATc1 and c-Fos induction upon RANKL stimulation. 

More importantly, these 4 inhibitors displayed high selectivity for RANKL-induced 

osteoclastogenesis, without any observable inhibition of TNF activity, or osteoblast 

differentiation. Based on these findings we synthesized and evaluated a focused set of 

compounds, which revealed 3 more potent inhibitors (19a, 19b and 20a). Interestingly, 

these compounds exhibited the lowest toxicity among the compounds tested, revealing 

high therapeutic indexes with LC50/IC50 ratios from 85 to more than 250.

Taken together, our systematic study revealed 7 inhibitors of RANKL-induced 

osteoclastogenesis that display low toxicity, 3 of which with a dramatic increase of the 

therapeutic indexes, that can be used as a starting point for the development of safe 

small molecule-based therapeutic approaches in osteolytic diseases.
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EXPERIMENTAL SECTION
Materials

All final compounds were purified to ≥95% purity as determined by the liquid 

chromatography–mass spectrometry (LCMS) system described below. LCMS data was 

collected on a Shimadzu LCMS system equipped with a DGU-20A3 degasser, an LC-

20AD binary gradient pump, an SPD-20A photodiode array detector, an SIL-20AC 

autosampler, a CTO-20AC column oven, an LCMS-2010EV single quadrupole mass 

spectrometer, and a Purospher RP8 250 × 4.6 mm × 5.0 μm column using Formic acid 

in aqueous CH3COONH4 10 mM to adjust pH=3.9 (A) and LCMS-grade Methanol (B) at 

a flow rate of 0.5 mL/min and a run time of 45.01 min. The gradient profiles were 80% B 

to 100% B in 20 min, held for 15 min, at 35.01 min 80% B, held until 45.01 min. Max plot 

conditions: the wavelength was set at 225 and 254 nm. Purity is reported as the lowest 

value peak area. NMR spectra were recorded on a Bruker Advance spectrometer 

operating at 500 MHz for proton (1H NMR) and 126 MHz for carbon (13C NMR); chemical 

shifts are reported in ppm (δ) relative to residual protons in deuterated solvent peaks. 

Molecular formula and SMILES strings of all compounds tested are provided in the 

Supporting Information.

Synthetic route for compounds 19a-c, 20a-c

1-((3-nitrophenyl)sulfonyl)-1H-indole (11). Commercially available 1H-indole (1.0 

mmol) was added in a solution of potassium hydroxide (1.2 mmol) in ethanol (10 mL) and 

the reaction mixture remained under stirring for 10 min at room temperature. Then 

ethanol was removed under reduced pressure and acetone (10 mL) was added as 

solvent media. After 5 min, 3-nitrobenzenesulfonyl chloride (1.2 mmol) was added 
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dropwise and the reaction mixtures remained for 3 h under stirring. The formed solid was 

removed by filtration and the corresponding filtrate was condensed under reduced 

pressure. The remained residue was washed with cold ethanol (3×10 mL), dried and 

further purified with flash column chromatography.

1-((3-nitrophenyl)sulfonyl)-1H-indole-3-carbaldehyde (12). In an ice bath phosphoryl 

chloride (POCl3) (2.5 mmol) was added dropwise in dimethylformamide (DMF) (5 mL per 

1 mL POCl3). The reaction mixture was stirred for 5 min and then 11 (1 mmol) was added 

as a solution in dimethylformamide (DMF) (10 mL per 1 g of 11). The reaction mixture 

was left under stirring at room temperature for 3 h. After completion of the reaction, 10 

mM from aqueous KOH 3.8 M was added dropwise and the reaction mixture was left to 

reflux overnight. After cooling at room temperature, saturated sodium bicarbonate 

(NaHCO3) was added. The aqueous phase was washed with ethyl acetate (EtOAc) (3×10 

mL), the organic phases were collected, dried over sodium sulfate (Na2SO4) and 

condensed under reduced pressure. Aldehyde 12 was used in the next step without 

further purification.

1-((3-nitrophenyl)sulfonyl)-1H-indole-3-carboxylic acid (13). Sodium chlorite 

(NaClO2, 2 mmol) and sulfamic acid (H3NSO3, 6 mmol) were added in a solution of 12 in 

tert-butanol/H2O (20 mL, 1:1) at room temperature and the reaction mixture was stirred 

for 2 h. After completion of the reaction ethyl acetate (20 mL) was added and the organic 

phase was washed with 0.1 N HCl (1×10 mL), Η2Ο (4×10 mL) και NaCl (2×5 mL). The 

organic phase was dried over sodium sulfate (Na2SO4) and condensed under reduced 

pressure. The resulting residue was treated with cold ether and was further purified with 

flash column chromatography.
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N-methyl-N-(2-(methylamino)ethyl)-1-((3-nitrophenyl)sulfonyl)-1H-indole-3-

carboxamide (16) and (1-((3-nitrophenyl)sulfonyl)-1H-indol-3-yl)(piperazin-1-

yl)methanone (17). Pentafluorophenol (2.2 mmol) and 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC, 2.2 mmol) was added to a solution of 13 (1.0 

mmol) in dichloromethane (DCM, 12 mL) at 0 ºC. The reaction mixture was stirred for 4 

h at room temperature. Then DCM was removed under reduced pressure and the formed 

residue was dissolved in chloroform, cooled at 0 ºC and a solution of amine 14 or 15 (10 

mmol) in chloroform (CHCl3, 10 mL) was added. The reaction mixture was left under 

stirring at room temperature for 12 h. The white solid formed was removed from the 

reaction mixture via filtration and the filtrate was washed with water (3×10 mL). The 

organic phase was dried over sodium sulfate (Na2SO4) and condensed under reduced 

pressure. The resulting residue was further purified with flash column chromatography to 

produce the corresponding amine 16 or 17, respectively.

General procedure for the preparation of 19a-c and 20a-c. To a solution of the amine 

16 or 17 (1.0 mmol) in dichloromethane (DCM, 6 mL), triethylamine (Et3N, 22 mmol), the 

corresponding sulfonyl chloride 18a-c (1.5 mmol) was added and the reaction mixture 

was stirred at room temperature for 3 h. After completion of the reaction DCM was added 

and the organic phase was washed with water (3×10 mL), dried over sodium sulfate 

(Na2SO4) and condensed under reduced pressure. The resulting residue was further 

purified with flash column chromatography to produce the corresponding final compounds 

19a-c and 20a-c (Scheme 2) in good yields. Their 1H and 13C NMR spectra, and the 

LCMS analysis are provided in the Supporting Information Figures S14−S19.

Page 33 of 54

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



34

N-methyl-N-(2-(N-methylphenylsulfonamido)ethyl)-1-((3-nitrophenyl)sulfonyl)-1H-

indole-3-carboxamide (19a). Yield: 66.4% (purity: 100.0%). [M+H]+: C25H25N4O7S2
+; 

Calc. Mass, [Μ+Η]+: 557.12; Found mass, [Μ+Η]+: 557.35; 1H NMR (500 MHz, CDCl3) δ 

8.79 (s, 1H), 8.38 (d, J = 7.6 Hz, 1H), 8.22 (bs, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.87 (s, 1H), 

7.78 (bs, 3H), 7.68 (t, J = 8.1 Hz, 1H), 7.60 (t, J = 7.3 Hz, 1H), 7.53 (t, J = 7.3 Hz, 2H), 

7.41 (t, J = 7.7 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 3.77 (s, 2H), 3.31 (s, 2H), 3.23 (s, 3H), 

2.83 (s, 3H). 13C NMR (125.5 MHz, CDCl3) δ 165.39, 148.34, 139.63, 134.44, 132.91, 

132.81, 132.61, 131.29, 129.34, 129.09, 128.71, 127.31, 126.62, 126.51, 126.47, 126.16, 

124.91, 122.40, 122.27, 122.09, 113.35, 47.68, 45.23, 38.09, 35.40.

N-(2-((4-cyano-N-methylphenyl)sulfonamido)ethyl)-N-methyl-1-((3-

nitrophenyl)sulfonyl)-1H-indole-3-carboxamide (19b). Yield: 67.0% (purity: 94.6%); 

[M+H]+: C26H24N5O7S2
+; Calc. Mass, [Μ+Η]+: 582.11; Found mass, [Μ+Η]+: 582.20; 1H 

NMR (500 MHz, CDCl3) δ 8.76 (s, 1H), 8.38 (d, J = 7.9 1H), 7.67 (t, J = 8.0 Hz, 1H), 7.41 

(t, J = 7.5 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H), 3.78 (s, 2H), 3.36 (s, 2H), 3.24 (s, 3H), 2.87 

(s, 3H). 13C NMR (125.5 MHz, CDCl3) δ 165.52, 148.39, 139.56, 134.43, 133.18, 132.48, 

131.22, 129.00, 128.74, 127.86, 126.58, 126.21, 124.92, 122.43, 122.00, 118.44, 117.32, 

116.64, 113.37, 47.66, 45.22, 38.14, 35.28.

N-methyl-N-(2-((N-methyl-3-nitrophenyl)sulfonamido)ethyl)-1-((3-

nitrophenyl)sulfonyl)-1H-indole-3-carboxamide (19c). Yield: 51.7% (purity: 100.0%); 

[M+H]+: C25H24N5O9S2
+; Calc. Mass, [Μ+Η]+: 602.1; Found mass, [Μ+Η]+: 602.25; 1H 

NMR (500 MHz, CDCl3) δ 8.78 (s, 1H), 8.61 (s, 1H), 8.45 (d, J = 8.1 Hz, 1H), 8.39 (d, J = 

8.1 Hz, 1H), 8.22 (d, J = 7.2 Hz, 1H), 8.12 (s, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.87 (s, 1H), 

7.77 (t, J = 7.8 Hz, 2H), 7.68 (t, J = 8.1 Hz, 1H), 7.42 (t, J = 7.7 Hz, 1H), 7.34 (t, J = 7.6 
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Hz, 1H), 3.81 (s, 2H), 3.40 (s, 2H), 3.26 (s, 3H), 2.91 (s, 3H). 13C NMR (125.5 MHz, 

CDCl3) δ 165.49, 148.60, 148.43, 140.31, 139.63, 134.49, 132.82, 132.51, 131.25, 

130.82, 129.09, 128.76, 127.36, 126.56, 126.24, 124.96, 122.48, 122.30, 122.06, 118.52, 

113.40, 47.72, 45.12, 38.10, 35.33.

(1-((3-nitrophenyl)sulfonyl)-1H-indol-3-yl)(4-(phenylsulfonyl)piperazin-1-

yl)methanone (20a). Yield: 79.0% (purity: 99.8%); [M+H]+: C25H23N4O7S2
+; Calc. Mass, 

[Μ+Η]+: 555.1; Found mass, [Μ+Η]+: 555.35; 1H NMR (500 MHz, CDCl3) δ 8.73 (t, J = 1.8 

Hz, 1H), 8.42 (dd, J = 8.2, 1.1 Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 

7.76 (d, J = 7.2 Hz, 2H), 7.73‐7.62 (m, 2H), 7.61 – 7.49 (m, 2H), 7.45‐7.28 (m, 4H), 3.78 

(s, 4H), 3.07 (s, 4H). 13C NMR (125.5 MHz, CDCl3) δ 163.79, 148.39, 139.50, 135.44, 

134.28, 133.42, 132.35, 131.26, 129.48, 128.37, 127.80, 126.41, 126.17, 126.12, 124.95, 

122.36, 122.26, 121.38, 121.32, 117.68, 113.45, 46.20.

4-((4-(1-((3-nitrophenyl)sulfonyl)-1H-indole-3-carbonyl)piperazin-1-

yl)sulfonyl)benzonitrile (20b). Yield: 93.0% (purity: 99.6%); [M+H]+: C26H22N5O7S2
+; 

Calc. Mass, [Μ+Η]+: 580.1; Found mass, [Μ+Η]+: 580.05; 1H NMR (500 MHz, CDCl3) δ 

8.70 (s, 1H), 8.42 (d, J = 8.1 Hz, 1H), 8.20 (d, J = 7.9 Hz, 1H), 7.98 (d, J = 8.4 Hz,1H), 

7.87 (s, 4H), 7.74 – 7.68 (m, 2H), 7.54 (d, J = 7.9 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 7.31 

(t, J = 7.6 Hz, 1H), 3.80 (s, 4H), 3.10 (s, 4H). 13C NMR (125.5 MHz, CDCl3) δ 163.93, 

148.47, 140.15, 139.53, 134.33, 133.32, 132.40, 131.32, 128.98, 128.38, 128.31, 126.54, 

126.35, 125.05, 122.32, 121.33, 117.50, 117.24, 117.19, 113.53, 46.16.

(1-((3-nitrophenyl)sulfonyl)-1H-indol-3-yl)(4-((3-nitrophenyl)sulfonyl)piperazin-1-

yl)methanone (20c). Yield: 84.0% (purity: 99.8%); [M+H]+: C25H22N5O9S2
+; Calc. Mass, 

[Μ+Η]+: 600.09; Found mass, [Μ+Η]+: 599.95; 1H NMR (500 MHz, CDCl3) δ 8.71 (s, 1H), 
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8.59 (s, 1H), 8.50 (d, J = 7.3 Hz, 1H), 8.42 (d, J = 7.3 Hz, 1H), 8.20 (d, J = 7.1 Hz, 1H), 

8.09 (d, J = 7.0 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.82 (t, J = 7.6 Hz, 1H), 7.72 (bs, 2H), 

7.54 (d, J = 7.3 Hz, 1H), 7.44 – 7.39 (m, 1H), 7.33 – 7.29 (m, 1H), 3.82 (s, 4H), 3.14 (s, 

4H). 13C NMR (125.5 MHz, CDCl3) δ 163.96, 148.67, 148.47, 139.55, 138.16, 134.34, 

133.21, 132.40, 131.32, 131.01, 128.99, 128.28, 127.90, 126.55, 126.42, 122.89, 122.36, 

121.33, 117.49, 113.55, 46.22, 29.83.

Computational Methods

To obtain an appropriate model of RANKL for docking of the inhibitors, we employed the 

crystallographic structure of the TNF complex with SPD-304 as template.38 The structure 

revealed that the small-molecule mediated displacement of one subunit of the trimer and 

the resulting TNF dimer retained the same subunit fold as the intact trimer. However, the 

angle between the two subunits was slightly widened with respect to the native trimer. 

The X-ray structure of the TNF complex with SPD-304 was retrieved from the Protein 

Data Bank (accession code 2AZ538) and the protein atoms comprising chains A and B 

were extracted from the PDB file. A single monomer of RANKL was taken from the 

asymmetric unit of the recent X-ray structure of the human RANKL complex with the N-

terminal fragment of its decoy receptor osteoprotegerin (PDB accession code 3URF).19 

The model of RANKL dimer was obtained by superimposing the RANKL monomer with 

each subunit of the TNF dimer using the multiseq module of VMD 1.9.55 The position of 

hydrogen atoms were calculated using the H++ server with default parameters at pH 

6.5.56 

Atomistic molecular dynamics simulations in explicit solvent were performed with the 

GPU-accelerated version of PMEMD in AMBER v18,57 using the ff14SB force field.58 The 
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model of human RANKL dimer was immersed in a truncated octahedral TIP3P water box 

with a buffer distance of 12 Å around the solute, and then counter ions were added to 

neutralize the total charge of the system using the XLEaP module. Initially, energy 

minimization of the system was carried out with 1,000 steps of steepest descent and 

1,500 steps of conjugate gradient without any restraints. Then, positional restraints of 50 

Kcal×mol−1×Å−2 were applied to all Cα atoms, and the system was heated to 300 K within 

100 ps of simulation under constant volume (NVT ensemble). The density of the system 

was then equilibrated under constant pressure of 1 bar and temperature of 300 K through 

400 ps of simulation, in which the positional restraints were gradually removed. An 

additional 1,500 ps of equilibration was performed in the NPT ensemble without any 

restraints. Five independent production runs of 100 ns were performed in the NPT 

ensemble with a time step of 2 fs, using different random seed numbers for the 

assignment of initial velocities at 300 K. The Langevin thermostat with a collision 

frequency of 2 ps−1 was used to regulate the temperature and the Berendsen weak-

coupling algorithm with a relaxation time of 1 ps to regulate the pressure. The particle 

mesh Ewald summation method was used to treat long-range electrostatic interactions 

with a tolerance of 10–6. The real space cut-off was set to 9 Å and all hydrogen atoms 

were constrained to their equilibrium distance using the SHAKE algorithm. Trajectories 

were updated every 5,000 steps, resulting in 10,000 frames per 10 ps for each simulation. 

Analysis and clustering of the 5 trajectories was performed with the agglomerative 

hierarchical clustering algorithm employed in the CCPTRAJ module of AMBER.59 

The initial conformations of the designed compounds were generated from SMILES 

representations using the program Omega 2.3 with default parameters.60,61 For the 
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RANKL models and ligands, all non-polar hydrogen atoms were removed and Gasteiger 

charges were applied in AutoDockTools 1.5.4.44 The search space was defined by a grid 

box centered at the interface of the RANKL dimer that comprised 80×80×60 grid points 

of 0.375 Å spacing. For each complex, 100 docking rounds were calculated using 

AutoDock 4.2, employing the Lamarckian genetic algorithm with default parameters,62,63 

except for the maximum number of energy evaluations that was set to 10 million. The 

resulting conformations were clustered using a 2.0-Å cutoff, while visual examination of 

the results and rendering of the figures was performed using PyMol 1.8.4. All calculations 

were carried out on an AMD workstation equipped with RTX GPUs, running under Linux 

5.2 kernel with CUDA v10. 

Expression, purification and electrophoresis of human RANKL

The extracellular domain of RANKL (Lys159 – Asp317) was expressed in BL21(DE3) 

pLysS strain of E. coli as a Glutathione S-Transferase (GST)-fusion protein as previously 

described.64  GST-RANKL was purified as previously described 64 while separation of 

RANKL from its GST fusion partner was accomplished by proteolytic cleavage with the 

type-14 human rhinovirus 3C protease (America Pharmacia Biotech). The concentration 

of protein in the samples was determined by the Bradford method using bovine albumin 

as standard. Proteins were separated by electrophoresis in 12% (w/v) SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) as previously described.64
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Fluorescence binding assay and determination of dissociation constant (Kd)

Fluorescence intensity was measured with a Hitachi F-2500 fluorescence 

spectrophotometer in 1.0 x 4.5 cm quartz cuvettes at 25 ºC as previously described in 65 

using the following equation: 

  (1)
2

]][[4])][]([])][]([
][

2
TTdTTdTT

PFPBGobs
LPKPLKPL

MFFRPMFFF
FF




In Eq. (1) Fobs is the observed fluorescence intensity; FBG is the fluorescence background 

signal; and PF are the molar fluorescence and concentration of free protein, 
FPMF

respectively; FR is the fluorescence ratio of bound protein; LT and PT are the total 

concentration of ligand and protein respectively. A detailed analysis of the development 

of the fluorescence ligand-binding assay has been previously described.65 

Differences in fluorescence intensity at 302 nm between the complex (RANKL/ligand) 

and free protein (excitation at 274 nm) were analyzed as previously described in65 (Eq. 

1) in order to determine the dissociation constant (Kd) of RANKL with various ligands.  

The experiments were performed in 25 mM Tris-HCl buffer (pH 7.5), 100 mM NaCl, 

containing either 5% DMSO or 5% Polyethylene glycol 3350 (PEG3350). The slits were 

set at 5 and 20 nm in excitation and emission respectively. In order to determine the 

dilution effect of RANKL (due to ligand addition) and any fluorescence effect by unbound 

ligand, a blank sample containing Tyr with the same fluorescence signal was titrated with 

ligand additions as described above. The sample absorbance was kept below 0.1 to 

minimize the inner filter effect.66 Data were analyzed using Prism V.6 (GraphPad 

Software, San Diego, CA).
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Ex Vivo RANKL-induced osteoclastogenesis assay

Bone marrow (BM) cells were collected after flushing out of mouse femurs and tibiae, 

subjected to gradient purification using Ficoll-Paque (GE Healthcare), plated in 96-well 

plates at a density of 6 × 104 cells per well and cultured in alpha Minimum Essential 

Medium (aMEM) (GIBCO) containing 10% fetal bovine serum supplemented with 40 

ng/mL human RANKL prepared as previously described and 25 ng/mL macrophage 

colony stimulating factor (M-CSF) (R&D Systems) for 5 days.18  All tested compounds 

were pre-incubated with RANKL at 5 and 10 µM in aMEM medium for 1 h at room 

temperature and then added to cell cultures that were replenished with fresh medium 

every 2 days. Osteoclasts were stained for tartrate-resistant acid phosphatase (TRAP) 

activity using a leukocyte acid phosphatase (TRAP kit) (Sigma–Aldrich). All animal 

experiments performed in the manuscript were conducted in compliance with institutional 

guidelines, PD 56/2013 and European Directive 2010/63/EU.

Quantitative TRAP Activity Assay 

In the TRAP activity assay, BM cells isolated as above described, were plated in 96-well 

plates at a density of 6 × 104 cells per well and cultured in aMEM medium containing 10% 

fetal bovine serum supplemented with 40 ng/ml RANKL and 25 ng/ml M-CSF (R&D 

Systems) for 4 days. Then, cells were lysed in ice-cold phosphate buffer containing 0.1% 

Triton X-100. Lysates were added to 96-well plates containing phosphatase substrate (p-

nitrophenol phosphate, Sigma–Aldrich) and 40 mM tartrate acid buffer and incubated at 

37 ºC for 30 min. The reaction was stopped with the addition of 0.5 N NaOH. Absorbance 

was measured at 405 nm on a microplate reader (Optimax, Molecular Devices). TRAP 

activity was normalized to total protein which was determined using the Bradford assay 
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(Bio-Rad). Percentage of TRAP activity was calculated relatively to the absorbance of the 

positive control (untreated). IC50 values (mean ± standard deviation calculated from five 

or more measuring points) were determined from three independent experiments.

Phalloidin Labeling

BM cells were seeded at 2 × 104 cells/well into 24 well plates and cultured in aMEM 

medium (Gibco) containing 10% fetal bovine serum supplemented with 40 ng/ml RANKL 

and 25 ng/ml M-CSF (R&D Systems)  for 4 days. All tested compounds were pre-

incubated with RANKL at 5 and 10 µM in aMEM medium for 1 h at room temperature and 

then added to cell cultures that were replenished with fresh medium every 2 days.  Cells 

were then fixed with 10% formalin for 10 min followed by permeabilization with 0.1% (v/v) 

Triton X-100 (Sigma-Aldrich). Osteoclast actin rings were stained with Alexa Fluor 488-

conjugated phalloidin (Molecular Probes. Invitrogen), cells were washed PBS and stained 

with 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI; Sigma-Aldrich). Actin rings 

were visualized under a fluorescence microscope Nikon and osteoclasts with intact F-

actin rings were counted normalized per mm2.

Viability assay

Cell viability was evaluated in pre-osteoclasts (bone marrow-derived macrophages, 

BMMs) using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay, which measures the ability of viable cells to reduce a soluble tetrazolium salt to 

an insoluble purple formazan precipitate. BM cells used for MTT assay were seeded at a 

density of 105 cells/well in 96-well plates and incubated with all tested compounds for 48 

h in aMEM containing 10% fetal bovine serum supplemented with 25 ng/ml M-CSF (R&D 
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Systems). After removal of the medium, each well was incubated with 0.5 mg/mL MTT 

(Sigma–Aldrich) in aMEM serum-free medium at 37 ºC for 2 h. At the end of the incubation 

period, the medium was removed and the intracellular formazan was solubilized with 200 

µL DMSO and quantified by reading the absorbance at 550 nm on a microplate reader 

(Optimax, Molecular Devices). The percentage of cell viability was calculated based on 

the absorbance measured relative to the absorbance of the untreated control. LC50 values 

(mean ± standard deviation calculated from five or more measuring points) were 

determined from three independent experiments.

Cross-Linking Assay and SDS-PAGE 

The chemical crosslinking reagent disuccinimidyl suberate (DSS) (Sigma–Aldrich) was 

used to examine the RANKL conformation as trimers, dimers, and monomers. 50 mM of 

DSS was prepared as a stock solution in dimethyl sulfoxide. All tested compounds were 

preincubated either at an equal molar ratio or excess with human RANKL for 1 h at room 

temperature and then crosslinked with 1 mM DSS. The crosslinking reactions were 

carried out for 1 h at room temperature and terminated with 50 mM Tris (pH 7.5) for 30 

min. The crosslinked complex was separated in a 12% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted using a polyclonal 

human RANKL antibody (R&D Systems). Western blots have been repeated at least 

twice for each compound. 
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Western Blotting for NFATc1 and c-Fos 

RAW264.7 cells were plated in 48-well plates at a density of 6 × 104 cells per well and 

cultured in aMEM medium containing 10% fetal bovine serum supplemented with 40 

ng/mL RANKL (R&D Systems). All tested compounds were pre-incubated with RANKL at 

2, 5, and 10 µM in aMEM medium for 1 h at room temperature and then added to cell 

cultures for 2 days. RAW264.7 whole cell lysates were isolated, separated by SDS-

PAGE, and transferred onto nitrocellulose membranes (Millipore, Bedford, MA, U.S.A.). 

The membranes were blocked with 5% BSA fraction V in PBS-T (PBS, 0.1% Tween 20), 

and immunostained with polyclonal antibodies against NFATc1 (Proteintech), c-Fos 

(SantaCruz Biotechnology) and actin (Santa Cruz Biotechnology). The intensities of 

NFATc1 and c-Fos protein bands were analyzed and normalized against actin protein 

band (ImageLab Software, Biorad). Western blots have been repeated at least twice for 

each compound. 

MC3T3-E1 differentiation and ALP activity 

The mouse pre-osteoblastic cell line MC3T3-E1 (ATCC, USA), was maintained in aMEM 

medium (Gibco) with 10% FBS in the absence of ascorbic acid. The cells were cultured 

at 37 ºC in a humid atmosphere containing 5% CO2. For the osteoblast differentiation 

determination, the cells were seeded at a density of 2.5×104 cells/well in a 24-well plate, 

and cultured in aMEM containing 10% fetal bovine serum, 2 mM L-glutamate, 10 mM β-

glycerol phosphate (Sigma-Aldrich), 50 µg/mL ascorbic acid (Sigma-Aldrich) and all 

tested compounds were added at concentrations of 2, 5 and 10 μM for 14 days. Cell 

culture media were changed every 3 days. ALP activity was determined using p-

nitrophenyl phosphate substrate (p-NPP). On day 14, cells were washed with cold PBS 
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and lysed with saline and 1% NP40. Then cell lysate was mixed with 100 μL of 6.7mmol/L 

p-nitrophenyl phosphate solution (Sigma–Aldrich) and incubated at 37 °C for 1h. 

Absorbance was measured at 405 nm on a microplate reader (Optimax, Molecular 

Devices). ALP activity was normalized to total protein which was determined using the 

Bradford assay (Bio-Rad). ALP Activity/μg of total protein is expressed as a percentage 

of the positive control.

Statistical Analysis

All results are expressed as mean ± standard deviation (SD). Statistical significance was 

calculated for two groups using Student’s t-tests. One-Way analysis of variance (ANOVA) 

and Tukey post-hoc test was performed to compare means of multiple groups. P-values 

<0.05 were considered significant; *p < 0.05, **p < 0.01, ***p < 0.001 when not otherwise 

specified. 
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