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Abstract

The Janus kinases (Jaks) are hubs in the signaling process of more than 50 cytokine or hor-
mone receptors. However, the function of Jak in bone metabolism remains to be elucidated.
Here, we showed that the inhibition of Jak1 and/or Jak2 in osteoblast-lineage cells led to
impaired osteoclastogenesis due to the reduced expression of receptor activator of nuclear
factor-kB ligand (RANKL). Murine calvaria-derived osteoblasts induced differentiation of
bone marrow cells into osteoclasts in the presence of 1,25-dihydroxyvitamin D3 (1,25D3)
and prostaglandin E, (PGE,) in vitro. However, treatment with the Jak1/2 inhibitor, bariciti-
nib, markedly inhibited osteoclastogenesis in the co-culture. On the other hand, baricitinib
did not inhibit RANKL-induced osteoclast differentiation of bone marrow macrophages.
These results indicated that baricitinib acted on osteoblasts, but not on bone marrow macro-
phages. Baricitinib suppressed 1,25D5 and PGE»-induced up-regulation of RANKL in osteo-
blasts, but not macrophage colony-stimulating factor expression. Moreover, the addition of
recombinant RANKL to co-cultures completely rescued baricitinib-induced impairment of
osteoclastogenesis. shRNA-mediated knockdown of Jak1 or Jak2 also suppressed RANKL
expression in osteoblasts and inhibited osteoclastogenesis. Finally, cytokine array revealed
that 1,25D5 and PGE; stimulated secretion of interleukin-6 (IL-6), IL-11, and leukemia inhibi-
tory factor in the co-culture. Hence, Jak1 and Jak2 represent novel therapeutic targets for
osteoporosis as well as inflammatory bone diseases including rheumatoid arthritis.

Introduction

Osteoclasts are bone-resorbing cells that differentiate from monocyte-macrophage lineage
cells [1]. This differentiation is tightly regulated by osteoblast lineage cells such as osteoblasts
[2] and osteocytes [3, 4]. Osteoblasts express two essential cytokines for osteoclast differentia-
tion: receptor activator of nuclear factor-xB ligand (RANKL) and macrophage colony-stimu-
lating factor (M-CSF) [1]. The expression of RANKL is induced by bone resorption factors
including 1,25-dihydroxyvitamin D5 (1,25D3) and prostaglandin E, (PGE,) [1]. RANKL binds
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to its receptor RANK in osteoclast precursors and induces expression of nuclear factor-acti-
vated T cell cytoplasmic 1 (NFATc1), which is a master transcription factor for regulating ter-
minal differentiation of osteoclasts [5].

The Janus kinases (Jaks) are a family of intracellular tyrosine kinases that function as hubs in
the signaling process of more than 50 cytokine or hormone receptors [6, 7]. The mammalian
Jak family has four members, named Jakl, Jak2, Jak3, and tyrosine kinase 2 (Tyk2), which selec-
tively bind different receptor chains [8]. The selective usage of Jak by different receptors yields
specific or relatively discrete functional outcomes. Therefore, Jaks have been demonstrated to
be excellent targets for therapeutic interventions for various cytokine-mediated disorders.

Cytokine signaling via Jaks also plays an important role in osteoclast formation [9]. To date,
several studies have investigated whether Jak inhibition can influence osteoclast formation. Tofa-
citinib (a pan-Jak inhibitor) had no effect on RANKL-induced osteoclast differentiation [10, 11].
On the other hand, Jak2 inhibition with AG490 suppressed osteoclast differentiation induced by
RANKL [12, 13]. However, it remains unclear which Jak plays a role in osteoclastogenesis, or
whether inhibition of Jak influences osteoblasts’ ability to regulate osteoclast formation.

In the current study, we demonstrate that a selective Jakl and Jak2 inhibitor, baricitinib,
inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts induced by 1,25D,
and PGE, in vitro. Adenovirus-mediated knockdown of Jak1 or Jak2 also inhibits osteoclast
formation. These findings indicate that baricitinib is a potential therapeutic agent to prevent
bone resorption.

Material and methods

Mice

Male ddY mice, aged 6 weeks, were purchased from Japan SLC (Hamamatsu, Shizuoka, Japan).
Animal experiments were performed in compliance with the 3Rs, and all efforts were made to

minimize suffering. All procedures for animal care were approved by the Animal Management
Committee of Matsumoto Dental University (permit number 292) and performed accordingly.

In vitro osteoclast differentiation assay

Primary murine calvarial cells were isolated from the calvariae of neonates, as previously
described [14]. To generate osteoclasts, bone marrow cells were co-cultured for 6-7 d with cal-
varial cells in minimal essential media (a-MEM) containing penicillin/streptomycin (100 units
and 100 pg/ml, respectively), 2 mM L-glutamine, and 10% fetal bovine serum with or without
baricitinib (Chemscene, Monmouth Junction, NJ) in the presence of 10°*M 1,25D; and 10°°
M PGE, (both; Wako, Osaka, Japan).

Mice were sacrificed by cervical dislocation, and bone marrow cells were collected by flush-
ing the tibia. Bone marrow macrophages were obtained from cultures treated with M-CSF (50
ng ml™") for 3 d and subsequently cultured with or without baricitinib in the presence of
M-CSF and GST-RANKL (200 ng ml™; Oriental Yeast, Tokyo, Japan) for 3-4 d. These cultures
were fixed with 4% paraformaldehyde in PBS and stained for tartrate-resistant acid phospha-
tase (TRAP) activity, as previously described [14]. TRAP-positive multinuclear cells (TRAP*
MNC; more than three nuclei) were counted as osteoclasts.

Cell viability assay in osteoblasts

Calvaria-derived osteoblasts were enriched in 96-well plates and cultured with indicated doses
of baricitinib or vehicle (DMSO). After 24 h of treatment, cell numbers were counted using a
cell counting kit-8 (Dojindo, Kumamoto, Japan).

PLOS ONE | https://doi.org/10.1371/journal.pone.0181126  July 14,2017 2/12


https://doi.org/10.1371/journal.pone.0181126

@° PLOS | ONE

Baricitinib inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts

Quantitative reverse transcription-PCR (qPCR) assay

After reaching confluence, the osteoblasts were cultured for 24 h with 2.5 uM baricitinib or
DMSO in the presence or absence of 1,25D; and PGE,. The f-actin, RANKL, M-CSF, Osteopro-
tegerin (OPG), Suppressor of cytokine signaling 3 (Socs3), Interleukin-6 (IL-6), IL-11, and leuke-
mia inhibitory factor (LIF) transcript abundances were measured by qPCR. Total cellular RNA
was extracted from osteoblasts using TRIzol Reagent (Invitrogen, Carlsbad, CA), and 2.5 pg
was reverse transcribed from an oligo(dT) primer and a random primer using reverse tran-
scriptase (ReverTra Ace; Toyobo, Osaka, Japan). The PCR (20 pl) contained 5 ng of cDNA, 50
nM of each primer, 10 pl of 2xSYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA), and H,0. The amplification was accomplished with a StepOne Plus instrument (Applied
Biosystems) programmed for incubations of 20 s at 95°C, followed by 40 cycles of denaturation
for 1 s at 95°C and an annealing/extension for 20 s at 60°C. Each primer set was purchased
from Takara Bio Inc. (Otsu, Shiga, Japan). Each qPCR included reactions with serially diluted
standard cDNA. The transcript copy number in each unknown sample was determined from
Cr by reference to the appropriate standard curve. Each primer set produced the same single
peak melting curve for all of the samples, and a single band with the predicted size was de-
tected by 2% agarose gel electrophoresis. The data were calculated as transcript abundance rel-
ative to S-actin as the internal standard.

Immunoblotting assay

Cell lysates preparation and SDS-polyacrylamide gel electrophoresis /immunoblotting analysis
were performed according to a standard protocol. Proteins were harvested in cell lysis buffer
supplemented with proteinase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, 1:100) and
phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich, 1:100). Immunoblotting was per-
formed using the following antibodies; anti-phospho Jak1 (Tyr1022/1023) rabbit IgG (3331;
Cell Signaling Technology, Beverly, MA, 1:1000), anti-Jakl rabbit IgG (3332; Cell Signaling
Technology, 1:1000), anti-phospho Jak2 (Tyr1007/1008) rabbit IgG (3776; Cell Signaling Tech-
nology, 1:1000), anti-Jak2 rabbit IgG (3230; Cell Signaling Technology, 1:1000), anti-RANKL
goat IgG (sc-7628; Santa Cruz Biotechnology, Santa Cruz, CA, 1:1000), anti-phospho Stat3
(Tyr705) rabbit IgG (9145; Cell Signaling Technology, 1:2000), anti-Stat3c rabbit IgG (8768;
Cell Signaling Technology, 1:1000), anti-o: tubulin mouse IgG (CP06; Calbiochem, San Diego,
CA, 1:1000), donkey anti-rabbit IgG-HRP (NA934V; GE Healthcare, Little Chalfont, UK,
1:5000), goat anti-mouse IgG-HRP (170-6516; Bio-Rad Laboratories, Hercules, CA, 1:2000),
and donkey anti-goat IgG-HRP (sc-2056; Santa Cruz Biotechnology, 1:5000).

Mouse cytokine protein array

Osteoblasts and bone marrow cells were enriched in the presence or absence of 1,25D; and
PGE, for 3 days, and the supernatants were collected. To determine the presence of various
cytokines, we used the proteome profiler mouse XL cytokine array kit (ARY028; R&D Systems,
Minneapolis, MN), according to the manufacturer’s instructions. The dot blot membranes
were analyzed using Image] software (National Institutes of Health, Bethesda, MD) and nor-
malized to reference spots. Cytokine spots were averaged, the backgrounds subtracted, and the
average values reported for each cytokine.

Adenovirus-mediated knockdown of Jak1 or Jak2

Short hairpin RNAs (shRNAs) were designed to target mouse Jakl or Jak2 using an shRNA
sequence designing tool published by Takara Bio. The designed sequence was inserted into a
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PSIREN vector, and then ligated into adenoviral vector pAdenoX-ZsGreenl (Takara Bio). The
linearized vectors were transfected into HEK293T cells to produce an adenovirus, according to
the manufacturer’s instructions. Osteoblasts were transduced with virus supernatant for 24 h
before treatment with 1,25D; and PGE, for qPCR analysis, or simultaneously for the osteoclast
differentiation assay. The target sequences of Jakl or Jak2 are as follows; sh-Jak1#1; 5’ - TCCG
AACCGAATCATCACT-3",sh-Jak1#2; 5’ - TGGCGACATTCTCCAAAGA-3", sh-Jak2#1; 57 -
GTGGTATTACGCCTGTGTA-3", sh-Jak2#2; 5’ ~-CAGGCATGACATACTCTAC-3".

Statistical analyses

For cell culture experiments, all experiments were performed in triplicate and similar results
were obtained. All values represented the means with the SE. Statistical analysis was performed
using Statcel 3 software. Results were analyzed using 1-way ANOVAs. When the 1-way
ANOVA showed significance, results were compared using a 2-tailed Student’s ¢-test after
Tukey’s correction for multiple comparisons, or using Dunnett’s multiple comparison test. A
P value of less than 0.05 was considered to be significant.

Results

To examine the effects of baricitinib on osteoclast differentiation in vitro, mouse bone marrow
cells were co-cultured with calvaria-derived osteoblasts in the presence of 10°® M 1,25D5 and
10"* M PGE, (Fig 1A and 1B). Mouse bone marrow cells efficiently differentiated into TRAP™-
multinuclear osteoclasts in the presence of 1,25D3 and PGE, within 7 d, while the treatment
with baricitinib suppressed TRAP"-osteoclast formation in a dose-dependent manner. Next,
we examined effects of baricitinib on RANKL-induced osteoclast formation (Fig 1C and 1D).
Bone marrow macrophages as osteoclast precursors were cultured in the presence of M-CSF
and RANKL with/without baricitinib. Unlike co-cultures, baricitinib did not inhibit RANKL-
induced osteoclast differentiation (Fig 1D), and giant osteoclasts were frequently observed in
the cultures with baricitinib (Fig 1C). These results indicated that baricitinib acted on osteo-
blasts and then inhibited osteoclastogenesis.

We examined the effects of baricitinib on the cell viability of osteoblasts (Fig 2A). Doses of
0.01-10 uM baricitinib did not affect the viability of osteoblasts, and a dose of 2.5 uM was used
in subsequent experiments. We next assessed the effects of baricitinib on the ability of osteo-
blasts to induce osteoclast differentiation. 1,25D; and PGE, up-regulated the expression of
RANKL and M-CSF mRNA in primary osteoblasts and slightly down-regulated the expression
of Osteoprotegerin (OPG) mRNA (Fig 2B). Then, baricitinib treatment significantly inhibited
1,25D; and PGE,-induced up-regulation of RANKL mRNA, but did not alter the expression of
M-CSF and OPG. Given our findings that baricitinib treatment led to a decrease of RANKL up-
regulation, we investigated the effects of RANKL on osteoclastogenesis under baricitinib treat-
ment. Suppression of osteoclastogenesis by baricitinib treatment was rescued when recombi-
nant RANKL, but not M-CSF, was added to the co-cultures (Fig 2C and 2D). Thus, baricitinib
inhibited osteoclastogenesis by suppressing RANKL expression in osteoblasts.

To assess whether Jak1 or Jak2 induces RANKL expression in osteoblasts, we silenced Jak1
or Jak2 expression by adenovirus-mediated expression of shRNA against Jak1 or Jak2. The
knockdown efficiency and specificity were verified by immunoblotting (Fig 3A). Although
bone marrow cells differentiated into TRAP*-multinuclear osteoclasts in control shRNA,
either Jakl or Jak2 silencing strongly decreased osteoclast formation in co-cultures (Fig 3B). In
contrast, siRNA-mediated knockdown of Jakl or Jak2 in bone marrow macrophages failed to
reduce RANKL-induced osteoclastogenesis (Fig 3C). In addition, up-regulated expression of
RANKL elicited by 1,25D; and PGE, was cancelled by shjakl or shJak2 (Fig 3D and 3E).
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induced osteoclastogenesis. (A, B) Effects of baricitinib on osteoclast formation in co-cultures of calvaria-derived osteoblasts and bone marrow cells
as osteoclast precursors, treated with 108 M 1,25D5 and 107® M PGE.,. (C, D) Effects of baricitinib on osteoclast formation in bone marrow macrophage
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osteoclasts. Scale bar, 500 ym. In B and D: error bars, s.e. (n =4). **P<0.01, Student’s ttest. T 1P < 0.01, Dunnett’s multiple comparisons test (vs
vehicle with 1,25D3 and PGE»).

https://doi.org/10.1371/journal.pone.0181126.9001

These data suggested that osteoblasts require Jakl as well as Jak2 in 1,25D; and PGE,-induced
RANKL expression.

Further, we investigated whether 1,25D; and PGE, alter the expression of type I/II cyto-
kines with a cytokine array. We enriched osteoblasts and bone marrow derived cells for 3 days,
and then examined the supernatant. The results revealed that secretion of three interleukin-6
(IL-6) family cytokines, IL-6, IL-11, and leukemia inhibitory factor (LIF), were stimulated by
1,25D; and PGE, (Fig 4A). These cytokines bind to their receptor complexes that share the sig-
nal transducer glycoprotein 130 (gp130) and subsequently activate Jaks. This activation enables
Jaks to recruit and phosphorylate the signal transducers and activators of transcription 3
(Stat3) [15]. Indeed, Jakl and Jak2 in osteoblasts were phosphorylated by treatment with
1,25D3 and PGE, for 1 h (Fig 4B). In addition, 1,25D3 and PGE, phosphorylated Stat3 in oste-
oblasts (Fig 4C) and up-regulated suppressor of cytokine signaling 3 (Socs3) mRNA, which is a
target gene of Stat3 (Fig 4D). Jak1/2 inhibitor baricitinib inhibited the activations. Immuno-
blot analysis further revealed that an activator of Stat3, colivelin, rescued baricitinib-induced
RANKL suppression in osteoblasts (Fig 4E). Finally, we confirmed that IL-6 family cytokine
LIF induced osteoclast formation in co-cultures and treatment with baricitinib significantly
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Fig 2. Baricitinib inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts. (A) The dose-response curve of viability of
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https://doi.org/10.1371/journal.pone.0181126.9002

inhibited the osteoclast formation (S2 Fig). These results suggest that baricitinib inhibits
gp130/Jak1-2/Stat3 signal transduction, which in turn suppresses RANKL expression in co-
cultures treated with 1,25D5 and PGE,.

Discussion

Baricitinib (formerly INCB-28050), which was co-developed by Incyte and Lilly, has been
shown to be a potent and selective inhibitor of Jakl and Jak2. Baricitinib has shown efficacy in
rats with collagen-induced arthritis or anti-collagen antibody-induced arthritis [16]. In human
RA, baricitinib halts radiographic disease progression, with significant differences in erosions
and joint-space narrowing [17]. The mechanism by which baricitinib prevents bone destruc-
tion in arthritis has not yet been fully investigated. The present study demonstrates a possible
pathway by which baricitinib inhibits RANKL expression in osteoblasts, thereby suppressing
osteoclastogenesis. Thus, Jakl and Jak2 represent novel therapeutic targets for bone metabolic
diseases.
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1,25D; and PGE, induce RANKL expression in osteoblasts via vitamin D receptors and PGE,
receptors 2 and 4, respectively [18, 19]. However, osteoclastogenesis induced by 1,25D; and PGE,
is suppressed by anti-gp130 neutralization antibody [20]; therefore, the function of 1,25D; and
PGE, as an inducer of osteoclastogenesis is considered to, at least partly, depend on the gp130 sig-
naling pathway. This study found that 1,25D; and PGE, stimulated IL-6, IL-11, and LIF secretion
in co-cultures. 1,25D; and PGE, up-regulated IL-6, IL-11, and LIF mRNA expressions in osteo-
blasts (S2 Fig) and led to activation of both Jak1 and Jak2 and subsequent phosphorylation of
Stat3 in osteoblast cultures. These findings indicate that secreted IL-6, IL-11, and LIF in co-cul-
tures are, at least partially, derived from osteoblasts and have effects on RANKL expression in an
autocrine manner. Thus, IL-6, IL-11, and/or LIF play a key role in osteoclast formation induced
by 1,25D; and PGE; in a co-culture of osteoblasts and bone marrow cells.
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Fig 3. shRNA-mediated knockdown of Jak1 or Jak2 also suppressed expression of RANKL in osteoblasts. (A) Immunoblot images of
adenovirus-mediated knockdown of murine Jak1 or Jak2. (B, C) Effects of shJak1_#1, #2, shdJak2_#1 or #2 on osteoclast formation in co-cultures of
osteoblasts and bone marrow cells treated with 1,25D3 and PGE, (B) or in bone marrow macrophage cultures treated with RANKL and M-CSF (C). (D,
E) Effects of shdak1_#1, #2, shJak2_#1 or #2 on expression of RANKL mRNAs (D) and proteins (E) in osteoblasts. Osteoblasts were transfected with
shCitrl (lane 1, lane 2), shdak1_#1 (lane 3), shJak1_#2 (lane 4), shJak2_#1 (lane 5) or shJak2_#2 (lane 6) and treated with (lane 2—6) or without (lane 1)
1,25D5 and PGE; for 24 h. In B-D: error bars, s.e. (n = 3-4). **P < 0.01, Student’s ttest. T 1P < 0.01, Dunnett’s multiple comparisons test (vs shCtrl with
1,25D3 and PGEy). Original immunoblot images are shown in S1 Fig.

https://doi.org/10.1371/journal.pone.0181126.9g003
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https://doi.org/10.1371/journal.pone.0181126.9004

Jaks are involved in various cellular events, and which Jak is involved in these events
depends on the cell [15]. In fibrosarcoma-derived cells, IL-6 signaling depends on the presence
of Jakl [21]. In osteoblasts, however, it has not been determined whether Jaks are interchange-
able, or whether there is a hierarchy in IL-6 family cytokine signaling. In this study, adenovi-
rus-mediated knockdown of Jakl or Jak2 strongly reduced 1,25D; and PGE,-induced RANKL
expression in osteoblasts and suppressed osteoclastogenesis in co-cultures. These results indi-
cate that osteoblasts require both Jakl and Jak2 in the IL-6 family signaling pathway in a non-
redundant manner, and that Jakl and Jak2 form a hetero-dimer or that there is a hierarchy in
the signaling pathway in osteoblasts.

Previous studies described that tofacitinib (a pan-Jak inhibitor) did not inhibit RANKL-
induced osteoclastogenesis in bone marrow macrophage cultures in the absence of osteoblastic
cells [10, 11]. Our data using baricitinib were compatible with these previous results. We also
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found large osteoclasts in bone marrow macrophage cultures in the presence of RANKL and
M-CSF with baricitinib. Impaired LIF/LIF receptor signaling led to increased survival and
fusion of osteoclast precursors via the enhancement of Bcl-2 expression [22, 23]. The number
and size of osteoclasts were increased in LIF-mutant newborn mice [24]. Furthermore, osteo-
clasts were larger in bone marrow macrophage cultures prepared from cathepsin-K-driven
gp130-deficient mice [25]. Based on these findings, we speculate that baricitinib would inhibit
LIF/gp130 signaling; therefore, big osteoclasts would be formed.

In vivo roles of the gp130/JAK pathway in osteoclastogenesis remain controversial [26].
When gp130 was deleted in the entire osteoblast lineage, the osteoclast number did not signifi-
cantly differ between knockout mice and controls [27]. This finding suggests that the stimula-
tory actions of IL-6 family cytokines on RANKL expression and osteoclast generation by the
osteoblast lineage may not be largely involved in physiological bone remodeling. On the other
hand, several studies have mentioned the contribution of the gp130/JAK pathway to pathologi-
cal bone resorption. Global IL-6-null mice failed to exhibit increased osteoclastogenesis in
response to ovariectomy [28] or inflammatory arthritis [29]. Since IL-6 family cytokines can
also stimulate bone formation [30-36], inhibition of the IL-6 family/gp130/Jak pathway would
be effective for excessive bone resorption, but not for the physiological state.

Taken together, the present study revealed the role of Jakl and Jak2 in osteoclastogenesis in
vitro. In a co-culture of osteoblasts and bone marrow cells, 1,25D5 and PGE, simulate secretion
of IL-6, IL-11, and LIF and induce expression of RANKL in osteoblasts via the gp130/Jak sig-
naling pathway. This pathway depends on the presence of both Jakl and Jak2; therefore, a
selective Jak1/2 inhibitor, baricitinib, inhibits osteoclast formation. Thus, baricitinib is a
potential therapeutic agent to prevent bone resorption.

Supporting information

S1 Fig. Original images of immunoblot analyses presented in Figs 3A, 3E, 4B, 4C and 4E.
(PDF)

S$2 Fig. Baricitinib inhibits LIF-induced osteoclastogenesis in the co-culture. Effects of

2.5 uM baricitinib on osteoclast formation in co-cultures of calvaria-derived osteoblasts and
bone marrow cells as osteoclast precursors, treated with 10? units ml™* LIF (ESGRO®, Merck
Millipore). error bars, s.e. (n = 4). **P < 0.01, Student’s t test.

(PDF)

S3 Fig. 1,25D; and PGE, up-regulated the expression of IL-6, IL-11, and LIF mRNA in
osteoblasts. Primary osteoblasts were cultured for 24 h in the presence or absence of 10 M
1,25D5 and 107 M PGE,. Total cellular RNA was extracted from osteoblasts, and 2.5 ug was
reverse transcribed. Then, qPCR analysis was performed. error bars, s.e. (n = 3). *P < 0.05,
**P < 0.01, Student’s ¢ test.

(PDF)

Acknowledgments

The authors would like to thank members of the bone club in MDU for stimulating
discussion.

Author Contributions
Conceptualization: Kohei Murakami, Yasuhiro Kobayashi, Yukio Nakamura.

Data curation: Kohei Murakami.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181126  July 14,2017 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181126.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181126.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181126.s003
https://doi.org/10.1371/journal.pone.0181126

@° PLOS | ONE

Baricitinib inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts

Formal analysis: Kohei Murakami, Yasuhiro Kobayashi, Takako Suzuki, Masanori Koide,
Teruhito Yamashita, Midori Nakamura, Naoyuki Takahashi, Nobuyuki Udagawa, Yukio
Nakamura.

Funding acquisition: Yukio Nakamura.

Investigation: Kohei Murakami, Shunsuke Uehara.

Methodology: Kohei Murakami, Yasuhiro Kobayashi, Shunsuke Uehara, Yukio Nakamura.
Project administration: Kohei Murakami.

Resources: Hiroyuki Kato, Yukio Nakamura.

Supervision: Yukio Nakamura.

Validation: Kohei Murakami, Yasuhiro Kobayashi, Yukio Nakamura.

Writing - original draft: Yasuhiro Kobayashi.

Writing - review & editing: Shunsuke Uehara, Masanori Koide, Naoyuki Takahashi, Yukio
Nakamura.

References

1. SudaT, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin TJ, Modulation of osteoclast differentia-
tion and function by the new members of the tumor necrosis factor receptor and ligand families. Endocr
Rev. 1999; 20: 345-357. https://doi.org/10.1210/edrv.20.3.0367 PMID: 10368775

2. TakahashiN, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A, Moseley JM, et al. Osteoblastic cells are
involved in osteoclast formation. Endocrinology. 1988; 123: 2600-2602. https://doi.org/10.1210/endo-
123-5-2600 PMID: 2844518

3. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-hora M, Feng JQ, et al. Evidence for osteocyte
regulation of bone homeostasis through RANKL expression. Nat Med. 2011; 17: 1231-1234. https:/
doi.org/10.1038/nm.2452 PMID: 21909105

4. XiongJ, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O’brien CA, Matrix-embedded cells control
osteoclast formation. Nat Med. 2011; 17: 1235-1241. https://doi.org/10.1038/nm.2448 PMID: 21909103

5. TakayanagiH, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction and activation of the tran-
scription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of osteoclasts.
Dev Cell. 2002; 3: 889-901. PMID: 12479813

6. Rawlings JS, Rosler KM, Harrison DA, The JAK/STAT signaling pathway. J Cell Sci. 2004; 117: 1281—
12883. https://doi.org/10.1242/jcs.00963 PMID: 15020666

7. Murray PJ, The JAK-STAT signaling pathway: input and output integration. J Immunol. 2007; 178:
2623-2629. PMID: 17312100

8. Schindler C, Levy DE, Decker T, JAK-STAT signaling: from interferons to cytokines. J Biol Chem. 2007;
282: 20059-20063. https://doi.org/10.1074/jbc.R700016200 PMID: 17502367

9. Lee YK, Kim HH, The Role of Jak/STAT Pathways in Osteoclast Differentiation. Biomol Ther. 2011; 19:
141-148.

10. Mori T, Miyamoto T, Yoshida H, Asakawa M, Kawasumi M, Kobayashi T, et al. IL-1B and TNFa-initiated
IL-6—STAT3 pathway is critical in mediating inflammatory cytokines and RANKL expression in inflam-
matory arthritis. Int Immunol. 2011; 23: 701-712. https://doi.org/10.1093/intimm/dxr077 PMID:
21937456

11. LaBranche TP, Jesson MI, Radi ZA, Storer CE, Guzova JA, Bonar SL, et al. JAK inhibition with tofaciti-
nib suppresses arthritic joint structural damage through decreased RANKL production. Arthritis Rheu-
matol. 2012; 64: 3531-3542.

12. LiCH, Zhao JX, SunL, Yao ZQ, Deng XL, Liu R, et al. AG490 inhibits NFATc1 expression and STAT3
activation during RANKL induced osteoclastogenesis. Biochem Biophys Res Commun. 2013; 435:
533-539. https://doi.org/10.1016/j.bbrc.2013.04.084 PMID: 23665018

13. Park JS, Lee J, Lim MA, Kim EK, Kim SM, Ryu JG, et al. JAK2-STAT3 blockade by AG490 suppresses

autoimmune arthritis in mice via reciprocal regulation of regulatory T Cells and Th17 cells. J Immunol.
2014; 192: 4417—-4424. hitps://doi.org/10.4049/jimmunol.1300514 PMID: 24688026

PLOS ONE | https://doi.org/10.1371/journal.pone.0181126  July 14,2017 10/12


https://doi.org/10.1210/edrv.20.3.0367
http://www.ncbi.nlm.nih.gov/pubmed/10368775
https://doi.org/10.1210/endo-123-5-2600
https://doi.org/10.1210/endo-123-5-2600
http://www.ncbi.nlm.nih.gov/pubmed/2844518
https://doi.org/10.1038/nm.2452
https://doi.org/10.1038/nm.2452
http://www.ncbi.nlm.nih.gov/pubmed/21909105
https://doi.org/10.1038/nm.2448
http://www.ncbi.nlm.nih.gov/pubmed/21909103
http://www.ncbi.nlm.nih.gov/pubmed/12479813
https://doi.org/10.1242/jcs.00963
http://www.ncbi.nlm.nih.gov/pubmed/15020666
http://www.ncbi.nlm.nih.gov/pubmed/17312100
https://doi.org/10.1074/jbc.R700016200
http://www.ncbi.nlm.nih.gov/pubmed/17502367
https://doi.org/10.1093/intimm/dxr077
http://www.ncbi.nlm.nih.gov/pubmed/21937456
https://doi.org/10.1016/j.bbrc.2013.04.084
http://www.ncbi.nlm.nih.gov/pubmed/23665018
https://doi.org/10.4049/jimmunol.1300514
http://www.ncbi.nlm.nih.gov/pubmed/24688026
https://doi.org/10.1371/journal.pone.0181126

@° PLOS | ONE

Baricitinib inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Maeda K, Kobayashi Y, Udagawa N, Uehara S, Ishihara A, Mizoguchi T, et al. Wnt5a-Ror2 signaling
between osteoblast-lineage cells and osteoclast precursors enhances osteoclastogenesis. Nat Med.
2012; 18: 405—412. https://doi.org/10.1038/nm.2653 PMID: 22344299

Heinrich PC, Behrmann I, Muller-Newen G, Schaper F, Graeve L, Interleukin-6-type cytokine signalling
through the gp130/Jak/STAT pathway. Biochem J. 1998; 334: 297-314. PMID: 9716487

Fridman JS, Scherle PA, Collins R, Burn TC, Li VY, Li J, et al. Selective inhibition of JAK1 and JAK2 is
efficacious in rodent models of arthritis: preclinical characterization of INCB028050. J Immunol. 2010;
184: 5298-5307. https://doi.org/10.4049/jimmunol.0902819 PMID: 20363976

Taylor PC, Keystone EC, van der Heijde D, Weinblatt ME, del Carmen ML, Reyes GJ, et al. Baricitinib
versus Placebo or Adalimumab in Rheumatoid Arthritis. N Engl J Med. 2017; 376: 652—662. https://doi.
org/10.1056/NEJMoa1608345 PMID: 28199814

Takeda S, Yoshizawa T, Nagai Y, Yamato H, Fukumoto S, Sekline K| et al. Stimulation of osteoclast for-
mation by 1, 25-dihydroxyvitamin D requires its binding to vitamin D receptor (VDR) in osteoblastic
cells: studies using VDR knockout mice. Endocrinology. 1999; 140: 1005—1008. https://doi.org/10.
1210/endo.140.2.6673 PMID: 9927335

Li X, Pilbeam CC, Pan L, Breyer RM, Raisz LG, Effects of prostaglandin E 2 on gene expression in pri-
mary osteoblastic cells from prostaglandin receptor knockout mice. Bone. 2002; 30: 567-573. PMID:
11934647

Romas E, Udagawa N, Zhou H, Tamura T, Saito M, Taga T, et al. The role of gp130-mediated signals in
osteoclast development: regulation of interleukin 11 production by osteoblasts and distribution of its
receptor in bone marrow cultures. J Exp Med. 1996; 183: 2581-2591. PMID: 8676079

Guschin D, Rogers N, Briscoe J, Witthuhn B, Watling D, Horn F, et al. A major role for the protein tyro-
sine kinase JAK1 in the JAK/STAT signal transduction pathway in response to interleukin-6. EMBO J.
1995; 14: 1421-1429. PMID: 7537214

McGill GG, Horstmann M, Widlund HR, Du J, Motyckova G, Nishimura EK, et al. Bcl2 regulation by the
melanocyte master regulator Mitf modulates lineage survival and melanoma cell viability. Cell. 2002;
109: 707-718. PMID: 12086670

Stephanou A, Brar BK, Knight RA, Latchman DS, Opposing actions of STAT-1 and STAT-3 on the Bcl-
2 and Bcl-x promoters. Cell Death Differ. 2000; 7: 329—-330. https://doi.org/10.1038/sj.cdd.4400656
PMID: 10866494

Bozec A, Bakiri L, Hoebertz A, Eferl R, Schilling AF, Komnenovic V, et al. Osteoclast size is controlled
by Fra-2 through LIF/LIF-receptor signalling and hypoxia. Nature. 2008; 454: 221-225. https://doi.org/
10.1038/nature07019 PMID: 18548006

Johnson RW, McGregor NE, Brennan HJ, Crimeen-Irwin B, Poulton IJ, Martin TJ, et al. Glycopro-
tein130 (Gp130)/interleukin-6 (IL-6) signalling in osteoclasts promotes bone formation in periosteal and
trabecular bone. Bone. 2015; 81: 343-351. https://doi.org/10.1016/j.bone.2015.08.005 PMID:
26255596

Sims NA, Vrahnas C, Regulation of cortical and trabecular bone mass by communication between oste-
oblasts, osteocytes and osteoclasts. Arch Biochem Biophys. 2014; 561: 22—28. https://doi.org/10.1016/
j.abb.2014.05.015 PMID: 24875146

Johnson RW, Brennan HJ, Vrahnas C, Poulton IJ, McGregor NE, Standal T, et al. The primary function
of gp130 signaling in osteoblasts is to maintain bone formation and strength, rather than promote osteo-
clast formation. J Bone Miner Res. 2014; 29: 1492-1505. https://doi.org/10.1002/jbmr.2159 PMID:
24339143

Poli V, Balena R, Fattori E, Markatos A, Yamamoto M, Tanaka H, et al. Interleukin-6 deficient mice are
protected from bone loss caused by estrogen depletion. EMBO J. 1994; 13: 1189—-1196. PMID:
8131749

Wong PK, Quinn JM, Sims NA, van Nieuwenhuijze A, Campbell IK, Wicks IP, Interleukin-6 modulates
production of T lymphocyte—derived cytokines in antigen-induced arthritis and drives inflammation-
induced osteoclastogenesis. Arthritis Rheumatol. 2006; 54: 158—168.

Walker EC, McGregor NE, Poulton IJ, Solano M, Pompolo S, Fernandes TJ, et al. Oncostatin M pro-
motes bone formation independently of resorption when signaling through leukemia inhibitory factor
receptor in mice. J Clin Invest. 2010; 120: 582-592. https://doi.org/10.1172/JCI40568 PMID: 20051625

Walker EC, McGregor NE, Poulton IJ, Pompolo S, Allan EH, Quinn JM, et al. Cardiotrophin-1 is an oste-
oclast-derived stimulus of bone formation required for normal bone remodeling. J Bone Miner Res.
2008; 23: 2025-2032. https://doi.org/10.1359/jbmr.080706 PMID: 18665789

Sims NA, Walsh NC, GP130 cytokines and bone remodelling in health and disease. BMB Rep. 2010;
43:513-523. PMID: 20797312

PLOS ONE | https://doi.org/10.1371/journal.pone.0181126  July 14,2017 11/12


https://doi.org/10.1038/nm.2653
http://www.ncbi.nlm.nih.gov/pubmed/22344299
http://www.ncbi.nlm.nih.gov/pubmed/9716487
https://doi.org/10.4049/jimmunol.0902819
http://www.ncbi.nlm.nih.gov/pubmed/20363976
https://doi.org/10.1056/NEJMoa1608345
https://doi.org/10.1056/NEJMoa1608345
http://www.ncbi.nlm.nih.gov/pubmed/28199814
https://doi.org/10.1210/endo.140.2.6673
https://doi.org/10.1210/endo.140.2.6673
http://www.ncbi.nlm.nih.gov/pubmed/9927335
http://www.ncbi.nlm.nih.gov/pubmed/11934647
http://www.ncbi.nlm.nih.gov/pubmed/8676079
http://www.ncbi.nlm.nih.gov/pubmed/7537214
http://www.ncbi.nlm.nih.gov/pubmed/12086670
https://doi.org/10.1038/sj.cdd.4400656
http://www.ncbi.nlm.nih.gov/pubmed/10866494
https://doi.org/10.1038/nature07019
https://doi.org/10.1038/nature07019
http://www.ncbi.nlm.nih.gov/pubmed/18548006
https://doi.org/10.1016/j.bone.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26255596
https://doi.org/10.1016/j.abb.2014.05.015
https://doi.org/10.1016/j.abb.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24875146
https://doi.org/10.1002/jbmr.2159
http://www.ncbi.nlm.nih.gov/pubmed/24339143
http://www.ncbi.nlm.nih.gov/pubmed/8131749
https://doi.org/10.1172/JCI40568
http://www.ncbi.nlm.nih.gov/pubmed/20051625
https://doi.org/10.1359/jbmr.080706
http://www.ncbi.nlm.nih.gov/pubmed/18665789
http://www.ncbi.nlm.nih.gov/pubmed/20797312
https://doi.org/10.1371/journal.pone.0181126

@° PLOS | ONE

Baricitinib inhibits osteoclastogenesis by suppressing RANKL expression in osteoblasts

33.

34.

35.

36.

Metcalf D, Gearing DP, Fatal syndrome in mice engrafted with cells producing high levels of the leuke-
mia inhibitory factor. Proc Natl Acad Sci. 1989; 86: 5948-5952. PMID: 2569739

Cornish J, Callon KE, Edgar SG, Reid IR, Leukemia inhibitory factor is mitogenic to osteoblasts. Bone.
199721: 243-247.

Malaval L, Gupta AK, Aubin JE, Leukemia inhibitory factor inhibits osteogenic differentiation in rat cal-
varia cell cultures. Endocrinology. 1995; 136: 1411-1418. https://doi.org/10.1210/endo.136.4.7895651
PMID: 7895651

Poulton IJ, McGregor NE, Pompolo S, Walker EC, Sims NA, Contrasting roles of leukemia inhibitory
factor in murine bone development and remodeling involve region-specific changes in vascularization. J
Bone Miner Res. 2012; 27: 586-595. https://doi.org/10.1002/jomr.1485 PMID: 22143976

PLOS ONE | https://doi.org/10.1371/journal.pone.0181126  July 14,2017 12/12


http://www.ncbi.nlm.nih.gov/pubmed/2569739
https://doi.org/10.1210/endo.136.4.7895651
http://www.ncbi.nlm.nih.gov/pubmed/7895651
https://doi.org/10.1002/jbmr.1485
http://www.ncbi.nlm.nih.gov/pubmed/22143976
https://doi.org/10.1371/journal.pone.0181126

