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HEALTH AND MEDICINE

In silico experiments of bone remodeling explore
metabolic diseases and their drug treatment

Y. Kameo'?3, Y. Miya?, M. Hayashi®, T. Nakashima®®, T. Adachi'>3>*

Bone structure and function are maintained by well-regulated bone metabolism and remodeling. Although the
underlying molecular and cellular mechanisms are now being understood, physiological and pathological states

of bone are still difficult to predict due to the complexity of intercellular signaling. We have now developed a
novel in silico experimental platform, V-Bone, to integratively explore bone remodeling by linking complex
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microscopic molecular/cellular interactions to macroscopic tissue/organ adaptations. Mechano-biochemical
couplings modeled in V-Bone relate bone adaptation to mechanical loading and reproduce metabolic bone
diseases such as osteoporosis and osteopetrosis. V-Bone also enables in silico perturbation on a specific signaling
molecule to observe bone metabolic dynamics over time. We also demonstrate that this platform provides a
powerful way to predict in silico therapeutic effects of drugs against metabolic bone diseases. We anticipate that
these in silico experiments will substantially accelerate research into bone metabolism and remodeling.

INTRODUCTION
Bone structure and function are maintained by homeostatic load-
adaptive remodeling, which generates sophisticated bone micro-
architecture to satisfy mechanical demands. This adaptive mechanism
is the object of strong scientific and academic interest (1, 2). In ad-
dition, maintenance of load-bearing function throughout life is im-
portant to prevent bone fractures. Bone homeostasis can be disrupted
by an imbalance between bone resorption and formation due to
disuse or sex hormone aberrations, resulting in metabolic bone diseases
such as osteoporosis (3, 4). Thus, it is indispensable to fully elucidate
the underlying molecular and cellular mechanisms of bone metabo-
lism and remodeling, from both scientific and clinical viewpoints.
Recent advances in molecular and cellular biology have helped
identify multiple signaling pathways that regulate osteoclastic bone
resorption and osteoblastic bone formation, as well as their rela-
tionship to mechanical stress (5-7). For example, genetic modification
of signaling molecules in vivo has illuminated the molecular mech-
anisms of bone diseases (8, 9). These advances have also accelerated
the development of molecularly targeted drugs against bone diseases
(10-12). However, the physiological or pathological status of bone
as a system remains difficult to predict because of the interplay among
bone cells and because of the complexity of relevant signaling networks.
To effectively prevent and treat bone diseases through a full under-
standing of bone remodeling regulated by mechano-biochemical
couplings, computer simulation approaches—the so-called in silico
approaches—are of great significance. A large number of in silico
researches on bone remodeling have been conducted by focusing
on its mechanical aspect (13), and although they could reproduce
adaptive changes of the bone microstructure to external loadings,
the used in silico models were based on various phenomenological
hypotheses regarding cellular mechanism. Increasing knowledge on
cell-cell interaction via complex signaling pathways has motivated
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the development of in silico models that describe bone cell dynamics
by explicitly taking into account the involved intercellular signaling
(14-16). These models allow theoretical evaluation of a biochemical
aspect of bone remodeling. However, they cannot account for the
relationship between spatially organized bone structure and the under-
lying cellular activities. Hence, a novel in silico model to investigate
spatial and temporal behavior of bone remodeling that results from
mechano-biochemical couplings is required.

We now enable simultaneous spatiotemporal observation of
mechano-dependent intercellular signaling, bone cell dynamics, and
bone morphological change through an in silico experimental plat-
form (V-Bone) that mathematically models bone remodeling and
links microscopic molecular/cellular interaction to macroscopic tissue/
organ adaptation. The proposed in silico model was qualitatively
verified from both mechanical and biochemical viewpoints by re-
producing bone adaptation to mechanical loading and metabolic
bone diseases. To quantitatively show the validity of the in silico
model, in silico perturbation of a specific signaling molecule was
conducted to compare with corresponding in vivo experiments. After
quantitative validation, the in silico model was applied to predict
the therapeutic effects of various drugs against osteoporosis. This
platform is a revolutionary approach to fully and noninvasively ex-
plore bone remodeling dynamics over time, at scales ranging from
the molecule/cell to the tissue/organ in a living body. The platform
may also accelerate a paradigm shift in studies of bone metabolism
and remodeling.

RESULTS

In silico modeling of bone remodeling

We propose an in silico model to investigate bone remodeling by
incorporating mechano-biochemical couplings. Although bone
remodeling is regulated by both local signaling factors and systemic
hormones (17), to highlight osteocyte-driven bone remodeling as a
local event, the in silico model is based on the assumption that
mechanosensitive osteocytes buried in the bone matrix orchestrate
osteoclastic bone resorption and osteoblastic bone formation via
local intercellular signaling, without considering systemic hormonal
changes. In addition, this model is based on the hypothesis that osteo-
cytes regulate bone resorption and formation to achieve a locally
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uniform stress/strain state via bone remodeling (18, 19), which means
that bone remodeling is susceptible to the local spatial variation of
stress/strain in the bone tissue rather than their magnitude. Consider-
ing that osteocytes in the bone matrix are believed to be stimulated
by interstitial fluid flow (20), which is driven by the gradient of fluid
pressure instead of the fluid pressure itself, this hypothesis would be
reasonable and is validated through a theoretical study (21).

In particular, mechanically stimulated osteocytes embedded in the
bone matrix at position x produce the mechanical signal S,y (eq. S1),
which is the product of the density of osteocytes pocy and the modi-
fied equivalent stress G,cy, as shown in Fig. 1A (see Supplementary
Methods S1.1). Through intercellular communication, the cell located
on the bone surface at x,¢ integrates the local mechanical signals S,y
within the neighboring region € into S4 (eq. S3), which means the
weighted average of S,y in Q. Ultimately, bone remodeling depends
on the mechanical information S, (eq. S5), a measure of local non-
uniformity of stress defined by the ratio of Socy to Sa.

In response to mechanical stimuli, osteocytes activate or repress
the activities of osteoclasts and osteoblasts through complex signaling
cascades (see Supplementary Methods S1.2). An overview of inter-
cellular signaling incorporated in the in silico model is presented in
Fig. 1B. Sclerostin, a well-known mechanoresponsive protein in osteo-
cytes that plays an important role in bone remodeling, inhibits osteo-
blastogenesis by binding to LRP5/6 and blocking canonical Wnt
signaling and induces osteoblast apoptosis (6, 22). Production of
sclerostin from osteocytes is reduced by mechanical loading (17, 22).
On the other hand, the RANK/RANKL/OPG axis is primarily re-
sponsible for osteoclastogenesis. Osteoclast differentiation is induced
by binding of receptor activator of nuclear factor-xf§ (RANK), which
accumulates at the membrane of osteoclast progenitors, to RANK
ligand (RANKL) produced by mesenchymal cells such as osteo-
blasts and osteocytes (6, 7, 23). In contrast, osteoprotegerin (OPG)
released from mesenchymal cells inhibits osteoclast differentiation
by sequestering RANKL (7, 12). Semaphorin 3A (Sema3A) inhibits
osteoclast differentiation but promotes osteoblast differentiation by
binding to a receptor complex consisting of neuropilin-1 (Nrp1) and
one of the class A plexins (PlxnA) (24).

The spatial and temporal behavior of each signaling molecule is
modeled as shown in Fig. 1C, where the concentration of signaling
molecule i, ¢;, varies according to the reaction-diffusion equation
(eq. S8, see Supplementary Methods S1.3). The first, second, and third
terms denote production, degradation, and diffusion of molecule 7,
respectively, while the last term describes the reaction of molecule i
with molecule j, such as in ligand-receptor interaction (14-16). We
modeled mechano-biochemical coupling by describing the produc-
tion rate of sclerostin Pscy, as a monotonically decreasing function
of the mechanical information S; (egs. S10 and S11), based on the
experimental finding that Sost/sclerostin levels were reduced with
increasing strain magnitude (25).

Bone remodeling is a cyclical process of bone resorption by osteo-
clasts and bone formation by osteoblasts (6, 7, 26). To express the
initiation and termination of this cycle, the probability of cell genesis
(i.e., differentiation from precursor cells and proliferation) pge, and
apoptosis papo for bone surface cell i (i = ocl or obl) was modeled as
a function of the concentration of signaling molecules (egs. S24 to
S27, see Supplementary Methods S1.4). As shown in Fig. 1D, the
probability of osteoclastogenesis increases with the RANKL con-
centration but decreases with increasing Sema3A concentration. On
the other hand, osteoblastogenesis increases with the Sema3A concen-
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Fig. 1. In silico model of bone remodeling that incorporates mechano-
biochemical couplings. (A) Model of mechanosensing by osteocytes. Osteocytes
produce mechanical signals Soc, in response to a mechanical stimulus, defined as
the modified equivalent stress cocy (€q. S2in Supplementary Methods S1.1), and
transmit these signals to bone surface cells. S, is a critical mechanical information
that influences bone remodeling and is assumed to be the ratio of So to Sg, the
latter being the average Socy over the region Q. (B) Intercellular signaling for bone
remodeling as incorporated into the bone remodeling platform (V-Bone). (C) Formu-
lation of the spatial and temporal behavior of signaling molecules. The concentration
of each signaling molecule ¢;is varied according to the reaction-diffusion equation,
which includes production, degradation, diffusion, and reaction terms. (D) Probability
of cell genesis, i.e., differentiation from precursor cells and proliferation and apop-
tosis for osteoclasts (pgg'n, pgf,'o) and osteoblasts (pggL, pg,El,) These are regulated by
the concentration of RANKL (RNL), Sema3A-Nrp1-PIxnA complex (SNP), sclerostin
(SCL), and the mechanical information S, and can be described by Hill-type activator/
repressor functions.

tration but decreases with increasing sclerostin concentration. The
probability of osteoblast apoptosis increases with the sclerostin con-
centration. An increase in mechanical information S, was assumed
to promote osteoclast apoptosis and inhibit osteoblast apoptosis.
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By combining these in silico models (Supplementary Methods
S1.1 to S1.4) with a voxel finite element method (FEM) for mechanical
analysis (see Materials and Methods) (18, 27), we have constructed
a unique and state-of-the-art in silico experimental platform
(V-Bone) that incorporates mechano-biochemical coupling
into bone remodeling.

Bone adaptation to mechanical loading

Cancellous bone alters its trabecular orientation to coincide with
principal stress trajectories, a phenomenon known as Wolff’s law
(28-30). V-Bone enables observation of such mechanical adaptation
in silico. To qualitatively verify the validity of the in silico model
from a mechanical viewpoint, we reproduced bone adaptation to
mechanical loading in a single trabecula and in cancellous bone
spanning multiple trabeculae.

First, we simulated the adaptation of single trabeculae with two
different configurations to compressive loading. A cylindrical tra-
becula with an inclined longitudinal axis was found to reorient paral-
lel to the loading direction (Fig. 2A). In a Y-shaped trabecula, the
branches moved toward each other. These results show functional
adaptations in a single trabecula in response to external loads.

We then simulated the morphology of cancellous bone in a mouse
distal femur subjected to physiological compressive loading using a
model reconstructed from microcomputed tomography images
(hereinafter called “control model;” Fig. 2B). Comprising multiple
trabeculae within the inner cuboid region, most trabeculae acquired

e

0 weeks

morphology suitable for supporting the load within 10 weeks (red
arrowheads in Fig. 2C and movie S1). Several trabeculae perpendicular
to the loading direction were also lost by bone resorption (yellow
arrowheads in Fig. 2C). These results show that although individual
trabeculae are networked in cancellous bone, they successfully adapt
to imposed mechanical loads.

To quantify the adaptation in the region of interest, structural
anisotropy was evaluated based on a fabric ellipsoid obtained by the
mean intercept length method (18, 27). The direction of the three
principal axes of the ellipsoid coincides with the principal directions
of trabecular orientation, and their lengths indicate the characteristic
lengths spanning bone and marrow space in the corresponding di-
rections. Strikingly, the fabric ellipsoid stretched along the z direction
as a result of 10-week remodeling (Fig. 2D), implying that cancellous
bone acquired trabecular architecture totally parallel to the loading
direction to satisfy the mechanical demand and suggesting functional
adaptation at multiple trabeculae.

Together, the results indicate that by modeling complex inter-
cellular signaling, V-Bone can reproduce bone adaptation to the
mechanical loading, not only in a single trabecula but also in cancel-
lous bone.

Metabolic bone diseases: Osteoporosis and osteopetrosis

Osteoporosis, which is characterized by low bone mineral density
and low bone quality, substantially reduces bone strength, leading
to increased risk of bone fractures. The disease is triggered by low

Hi=100 pm
HilH; =128

Hi =117 um

10 weeks 1 =143

Fig. 2. In silico reproduction of bone adaptation to mechanical loading. (A) Morphological changes by cooperative osteoclastic bone resorption (red) and osteoblas-
tic bone formation (blue) in an inclined single trabecula (left) and a Y-shaped trabecula (right) under compressive load. Both trabeculae were compressed through elastic
plates to attain 0.1% apparent strain along the z direction. (B) Three-dimensional model of a mouse distal femur reconstructed from microcomputed tomography images.
This model was compressed to attain 0.1% apparent strain along the z direction, corresponding to the longitudinal direction of the femur. A cancellous bone cube with
edge size 735 um was selected as volumetric region of interest. (C) Morphological changes in trabeculae in the region of interest after 10 weeks of remodeling. A trabecula
acquired the morphology suitable for supporting the load (red arrowhead), while a trabecula perpendicular to the loading direction was eroded (yellow arrowhead).
(D) Measurement of the structural anisotropy of trabeculae in the region of interest using fabric ellipsoids based on the mean intercept length method. The lengths of
the three principal semi-axes are denoted H;, i = 1, 2, 3 (H; > H, > Hs). The degree of anisotropy, defined as H:/Hs, increased from 1.28 to 1.43 after remodeling. For clarity,
the fabric ellipsoid is displayed at twice its true size.
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mechanical stress due to disuse (31) or by accumulation of factors
that promote bone resorption, e.g., RANKL, due to sex hormone
imbalance (5-7). On the other hand, osteopetrosis is one of inhered
osteosclerotic disorders in which osteoclast dysregulation results in
excess bone formation and bone hardening. Previously, we reported
that conditional knockout of RANKL triggers osteopetrosis in mice
(23). For qualitative verification of the in silico model from a bio-
chemical viewpoint, we reproduced these metabolic bone diseases
that include unloading-induced osteoporosis, as well as osteoporosis
and osteopetrosis due to abnormal RANKL expression, by using
multiple mouse femurs (N = 5).

We reproduced osteoporosis due to low mechanical stress, as
observed in cases of extended bed rest and space flight (31). In par-
ticular, mouse femurs were simulated under low compressive loadings
(hereinafter called “unloading model”) and compared with the control
models (movies S2 to S5). In the unloading model, several trabeculae
were lost around the central region of the femur (Fig. 3A), owing to
excess bone resorption by osteoclasts at trabecular surfaces (Fig. 3B).
Accordingly, the bone volume/tissue volume (BV/TV) ratio remark-
ably decreased in the first 2 weeks compared to that in the control
model because of an increase in the osteoclast surface/bone surface
(Oc.S/BS) ratio and a decrease in the osteoblast surface/bone sur-
face (Ob.S/BS) ratio. Nevertheless, BV/TV plateaued after 2 weeks
(Fig. 3C), indicating that cancellous bone adapts to the loss of external
load within 2 weeks, at which point bone resorption and formation
are again at equilibrium.

We also reproduced osteoporosis by up-regulating RANKL (here-
inafter called “osteoporosis model”) (movies S6 and S7). In contrast
to the unloading model, the osteoporosis model formed trabeculae
throughout the femur (Fig. 3D, top). In addition, sustained activa-
tion of osteoclasts and slight inhibition of osteoblasts resulted in a
gradual decrease in BV/TV over 10 weeks (Fig. 3E). These results
imply that osteoporosis due to RANKL overexpression is characterized
by chronic bone loss, while osteoporosis due to low mechanical
stress is characterized by acute bone erosion (Fig. 3C). These obser-
vations are consistent with experimental data showing that BV/TV
during bed rest or space flight decreases about 10 times faster than
in primary osteoporosis (31).

Last, we reproduced an osteopetrotic state, which is characterized
by abnormally high bone density, by down-regulating RANKL
(hereinafter called “osteopetrosis model”) (movies S8 and S9). This
model is characterized by increased trabecular thickness (Fig. 3D,
bottom), with BV/TV monotonically increasing with time due to loss
of RANKL-induced osteoclastogenesis (Fig. 3E).

Collectively, we have successfully simulated osteoporotic and osteo-
petrotic pathologies in silico, suggesting that V-Bone may reproduce
a variety of metabolic bone diseases due to mechanical and bio-
chemical determinants such as loss of mechanical stress and abnormal
expression of signaling molecules.

In silico perturbation of signaling molecules

Here, we describe an innovative approach to investigate the role of
an essential signaling molecule in bone remodeling, in which the
molecule of interest is perturbed in silico as is often done in vivo.
Previously, mice deficient in Sema3A, a dual-function signaling
molecule that inhibits bone resorption and promotes bone forma-
tion, were found to have a severe osteopenic phenotype due to osteo-
clast accumulation (24). Conversely, bone volume increases in mice
treated with Sema3A, following loss of osteoclasts and accumulation

Kameo et al., Sci. Adv. 2020; 6 : eaax0938 6 March 2020
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Fig. 3. In silico reproduction of osteoporosis and osteopetrosis caused by
aberrant mechanical or biochemical conditions. (A) Change in cancellous bone
morphology after 5 weeks in a control model and an unloading model (in proximal
view). In the unloading model, the applied uniaxial strain was /10 of that applied to
the control model. Scale bar, 1 mm. (B) Enlarged views of cancellous bone in control
and unloading models. Osteoclasts and osteoblasts on the trabecular surface are
colored red and blue, respectively. Voxel size, 15 um. (C) Quantification of changes
in BV/TV, Oc.5/BS, and Ob.S/BS for 10 weeks in control (N = 5) and unloading models
(N =5). Oc.S/BS and Ob.S/BS are normalized by total bone surface. (D) Change in
cancellous bone morphology for 10 weeks in an osteoporosis and osteopetrosis
model (in proximal view). In these models, production of RANKL from the bone
surface, exclusive of surface osteoclasts, was set to 1.3 and 0.7 times of that in the
control model, respectively. Scale bar, 1 mm. (E) Quantification of changes in BV/TV,
0c.S/BS, and Ob.S/BS over 10 weeks in control (N = 5), osteoporosis (N = 5), and
osteopetrosis models (N = 5).
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of osteoblasts. We conducted in silico perturbation of Sema3A
using multiple mouse femurs (N = 5) under the same conditions as
in these in vivo experiments. Through quantitative comparison of
the in vivo and in silico experimental results, the in silico model
was validated.

Sema3A-deficient mice were modeled by down-regulating Sema3A
(hereinafter called “Sema3A-deficient model”) and compared to the
control model. Cancellous bone morphology in the Sema3A-deficient
model was similar after 10 weeks of simulation to that obtained
in vivo (Fig. 4A), with BV/TV and trabecular number (Tb.N) sig-
nificantly smaller than those in the control model (Fig. 4B). In addition,
the Sema3A-deficient model initially accumulated more osteoclasts
at the trabecular surface to enhance bone resorption (Fig. 4, Cand D).
These results quantitatively resemble in vivo data (24).

To investigate the therapeutic potential of Sema3A, bone re-
modeling was simulated for 5 weeks in the control model, followed
by up-regulation of Sema3A for 5 weeks (hereinafter called “Sema3A-
treated model”). The Sema3A-treated model generated thicker tra-
beculae than the control model after 10 weeks, as observed in vivo
(Fig. 4E). The corresponding BV/TV and Tb.N values were also in
close agreement with in vivo data (Fig. 4F). Immediately after Sema3A
treatment, osteoblasts accumulated at the trabecular surface, as ob-
served in vivo (Fig. 4, G and H).

Together, the data showed that in silico perturbation is a powerful
way to clarify the effects of signaling molecules on bone dynamics at
molecular/cellular and tissue/organ scales. Hence, such experiments
may enhance the design of subsequent in vivo experiments and thus
provide a novel approach to inspire and test new hypotheses re-
garding complex biological phenomena.

>

Sema3A-deficient B M Control
B Sema3A-deficient

In vivo
8

Control

In vivo

In silico

*hk

()

M Osteoblast 0

M Osteoclast

Fig. 4. In silico perturbation of Sema3A to compare with corresponding in vivo experiments. (A) Cancellous bone morphology in a mouse femur obtained by in vivo

o

and in silico experiments on Sema3A-deficient mice. In the Sema3A-deficient model,

E

Drug treatment of metabolic bone diseases

We propose a method to predict the therapeutic effects of various
drugs against metabolic bone diseases in silico using V-Bone. We
have now used this method to investigate the effects of dose, the
resulting bone quality after drug treatment, and even the effects of
different treatment regimens. In particular, we simulated the treat-
ment of osteoporosis using bisphosphonate, anti-RANKL, anti-
sclerostin, and Sema3A. Bisphosphonate, a current first-line therapy
against osteoporosis, is specifically taken up by osteoclasts and is an
inhibitor of bone resorption (11). Similarly, anti-RANKL potently
inhibits bone resorption by suppressing osteoclastogenesis via RANKL
(11, 12). Anti-sclerostin blocks binding of sclerostin to LRP5/6 and
activates canonical Wnt signaling, thereby promoting bone formation
and suppressing bone resorption (11, 22). Sema3A inhibits osteo-
clastic bone resorption and promotes osteoblastic bone formation
(24). The effects of these drugs were modeled in V-Bone (see Sup-
plementary Methods S1.5).

To predict the effects of patient-specific drug treatment, we sim-
ulated standard- and high-dose treatments (Fig. 5A) of one specific
mouse femur, which are absolutely impossible to conduct in vivo.
We assumed an idealized administration of each drug where the
bioavailability is 100% and the plasma drug concentration is constant.
In untreated osteoporotic models, BV/TV decreased from 18 to 9%
after 10 weeks (Fig. 5B). At standard doses of all four drugs, BV/TV
stabilized at about 15%. Standard doses also suppressed osteoclasto-
genesis (Fig. 5C). Whereas anti-sclerostin and Sema3A up-regulated
osteoblastogenesis, bisphosphonate and anti-RANKL did not (Fig. 5D).
These simulation results are consistent with the therapeutic effects
reported in the in vivo experiments (32, 33). At high doses (threefold

Control

Sema3A-treated T M Control
" B Sema3A-treated

In vivo

In silico

*% 0O
J . 530
—o % o ' ' 8%
M Osteoclast o 0

production of Sema3A from the bone surface, exclusive of surface osteoclasts, was

set to 0.5 times of that in the control model. Scale bar, T mm. (B) BV/TV and Tbh.N as measured in vivo and in silico (N = 5). (C) Distribution of osteoclasts and osteoblasts
on the trabecular surface immediately after starting simulation of control and Sema3A-deficient models. Voxel size, 15 um. (D) Oc.S/BS and Ob.S/BS as measured in silico
(N = 5). (E) Cancellous bone morphology in vivo and in silico in control and Sema3A-treated mice. Treatment with Sema3A was simulated by setting Sema3A production
from the bone surface, exclusive of surface osteoclasts, to 1.5 times of that in the control model. Scale bar, 1 mm. (F) BV/TV and Tb.N as measured in vivo and in silico (N = 5).
(G) Distribution of osteoclasts and osteoblasts on the trabecular surface after 5 weeks without treatment and immediately after starting Sema3A treatment. Voxel size, 15 um.

(H) Oc.S/BS and Ob.S/BS as measured in silico (N = 5). **P < 0.01; ***P < 0.005; NS, not
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significant, by Student’s t test.
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Fig. 5. In silico prediction of the therapeutic effects of the osteoporosis drugs bisphosphonate (BP), anti-RANKL (RANKL-Ab), anti-sclerostin (SCL-Ab), and
Sema3A. (A) Cancellous bone morphology in a mouse femur modeled in silico without and with drug treatment. Upper panels show osteoporotic bones treated
without and with drugs at high doses for 10 weeks. Lower panels are enlarged views. (B to D) Changes in (B) BV/TV, (C) Oc.5/BS, and (D) Ob.S/BS during drug treatment.
(E) Rm.S/BS immediately after starting treatment with standard doses, and fraction of Oc.5/BS and Ob.S/BS in Rm.S/BS. (F) Apparent stiffness of cancellous bone along
the loading direction after 10 weeks of drug treatment at standard dose. (G) Percentage changes in BV/TV and Oc.S/BS from the initial state when continuing or discon-
tinuing anti-RANKL therapy. (H) Percentage changes in Ob.S/BS from the initial state when continuing bisphosphonate therapy or transitioning to anti-RANKL and

anti-sclerostin therapy.
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of the standard dose), antibodies to RANKL and sclerostin sup-
pressed osteoclastogenesis (Fig. 5C), while anti-sclerostin and Sema3A
enhanced osteoblastogenesis (Fig. 5D). Consequently, high doses
of anti-sclerostin were the most effective in increasing BV/TV,
while high doses of bisphosphonate exerted little influence on bone
volume (Fig. 5B). Thus, therapeutic benefits gained from dose
escalation substantially depend on the mechanism of action of the
drug, highlighting the value of computational drug assessment in
dose management.

In silico medication experiments enable analysis not only of bone
quantity but also of bone quality, an important index for drug as-
sessment. Although all four drugs stabilized BV/TV at almost the
same level, the resulting bone quality varied, especially as assessed
by repair of accumulated microdamage through remodeling (i.e., bone
turnover rate) and by mechanical function to support external loads
(i.e., bone mechanical integrity). Bone turnover rate was estimated
as remodeling surface/bone surface (Rm.S/BS), also defined as the
sum of Oc.S/BS and Ob.S/BS. Bone mechanical integrity was evaluated
as the apparent stiffness of cancellous bone along the loading direc-
tion, a property that strongly depends on trabecular architecture
(34, 35). Simulation results showed that administration of anti-sclerostin
and Sema3A generates relatively high Rm.S/BS (Fig. 5E, left), mainly
because of enhanced generation of osteoblasts (Fig. 5E, right). On
the other hand, the apparent stiffness of cancellous bone after bis-
phosphonate therapy was lower than that after treatment with all
other drugs (Fig. 5F). These results suggest that drugs that promote
bone formation but inhibit bone resorption are more effective in
improving both bone quantity and quality. The data also highlight
that in silico experiments, unlike in vivo experiments, can simul-
taneously analyze cellular activities and mechanical properties for
drug assessment.

Furthermore, in silico medication experiments provide a power-
ful way to predict the therapeutic effects of potential treatment reg-
imens. For example, we simulated the following clinically relevant
scenarios: discontinuation of anti-RANKL (36) and transition from
bisphosphonate to anti-RANKL or anti-sclerostin (37). These scenarios
were simulated to occur 5 weeks after treatment with the standard
dose. Discontinuation of anti-RANKL decreased BV/TV at a con-
stant rate (Fig. 5G, left) but rapidly increased Oc.S/BS, although the
latter also gradually declined after peaking (Fig. 5G, right). These
behaviors qualitatively coincide with clinical effects observed after
discontinuation of anti-RANKL (36). Switching from bisphosphonate
to anti-sclerostin increased Ob.S/BS to a larger extent than switching
to anti-RANKL or retaining bisphosphonate (Fig. 5H). Together,
the data suggest that V-Bone may potentially assist clinicians to devise
previously untested treatment regimens before clinical trials.

DISCUSSION

We have developed a novel in silico experimental platform (V-Bone)
to investigate spatial and temporal behavior of bone remodeling
regulated by mechano-biochemical couplings, while previous in silico
models of bone remodeling addressed bone structure/function and
bone cell dynamics separately. The platform enables spatiotemporal
observation and prediction of bone physiological and pathological
conditions resulting from complex intercellular signaling. In con-
junction with in vivo and in vitro experiments, in silico experiments
provide a third avenue to explore bone metabolism and may thus
accelerate research. Furthermore, we anticipate that V-Bone will prove

Kameo et al., Sci. Adv. 2020; 6 : eaax0938 6 March 2020

valuable in clinical practice, such as in comprehensive drug assess-
ment and formulation of effective treatment regimens.

The in silico model of bone remodeling was qualitatively verified
from mechanical and biochemical viewpoints: We reproduced bone
adaptation to mechanical loading (Fig. 2), as well as pathological bone
states due to low mechanical stress and abnormal expression of sig-
naling molecules (Fig. 3). To more rigorously validate the in silico
model, we also demonstrated in silico perturbation of a specific sig-
naling molecule, a standard in vivo technique in life science, and
quantitatively compared the results with those from corresponding
in vivo experiments (Fig. 4). In silico perturbation enables observa-
tion of the spatial and temporal dynamics of bone remodeling, which
is difficult to achieve in vivo. Last, we applied the in silico model to
predict the therapeutic effects of various drugs against osteoporosis
and showed that in silico medication experiments provide a power-
ful way to assess the effects of drugs on bone cells and morphology
in clinically relevant scenarios (Fig. 5). In all the in silico experi-
ments conducted in the present study, mouse femurs were uniaxially
compressed despite multiple loadings in vivo because of a lack of
information on actual boundary conditions, which resulted in a
unidirectional trabecular structure (Fig. 2, C and D). By considering
more realistic loading conditions in the in silico model, which can
produce various trabecular orientations (28), the reproducibility of
the trabecular structure in response to mechanical loadings will be
quantitatively corroborated by in vivo experimental data.

Measuring bone turnover markers and bone mineral density is
the conventional noninvasive method to evaluate bone metabolic
dynamics. Whereas this technique can measure temporal changes
in the balance between bone resorption and formation, the result-
ing data do not include spatial information on bone morphology
and cellular distribution. Although x-ray microcomputed tomography
(38) can help bridge bone metabolism to the three-dimensional bone
microstructure, live imaging of cellular behavior is difficult. Recently,
intravital imaging of bone tissue has gained much attention as a new
technique for real-time observation of spatiotemporal cellular ac-
tivities (39), although it is only suitable for flat bone such as calvaria.
In comparison to these experimental methods, V-Bone allows simul-
taneous spatiotemporal in silico observation and prediction of the
distribution of signaling molecules, of bone cellular behaviors, and
of bone microstructure.

An in silico experiment is an innovative way to explore molecular
phenomena and thus will contribute invaluably to the progress of
life science. The standard method to elucidate the role of a specific
signaling molecule in a complex biological system is to test a research
hypothesis in vivo, typically by perturbing the molecule of interest
by techniques such as genetic manipulation. In contrast, we per-
turbed Sema3A in silico, a molecule that exhibits dual functions of
inhibiting bone resorption and promoting bone formation, to em-
phasize the value of this approach. Bone morphometric data obtained
in silico were quantitatively in good agreement with those obtained
by corresponding in vivo experiments. These findings suggest that
in silico perturbation may generate new research hypotheses that
can then be tested in vivo, thereby accelerating hypothesis-test cycles
to resolve outstanding research questions.

In silico medication experiments to predict the therapeutic effi-
cacy of drugs against metabolic bone diseases are one of the prom-
ising clinical applications of V-Bone. Comprehensive in silico drug
assessment at the preclinical phase of development will likely help
clinicians determine the optimal strategy for drug administration
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and thus dramatically reduce the time and expense needed for large-
scale clinical trials. In addition, in silico medication experiments will
enable time-lapse evaluation of bone quality and bone quantity, es-
pecially because V-Bone uniquely predicts both cellular dynamics
and tissue mechanical state in an individual patient. In the present
in silico medication experiments, to focus on the relationship be-
tween mechanism of action of drugs and their therapeutic effects,
we did not take into account the differences in bioavailability and
biological half-life among the drugs. For clinical usage of V-Bone in
the future, it is indispensable to incorporate these critical factors for
pharmacokinetics that affect therapeutic efficacy. Thus, V-Bone may
potentially enable personalized treatments for improving bone quan-
tity and quality.

The concept of in silico experiments is greatly different from that
of conventional computer simulations. In conventional computer
simulations to capture the nature of complex phenomena through
their replication, it has been considered that the number of parameters
included in the in silico model should be kept as low as possible, and
sensitivity analysis of these parameters can help us understand the
essential characteristics of the phenomenon of interest. On the other
hand, in silico experiments aim at observing the complex phenomena
in silico as they occur in vivo to analyze the underlying mechanism
and predict the events caused by arbitrary perturbation. Therefore,
a model for in silico experiments is required to be constructed by
taking into account the complexity inherent in the phenomena;
hence, a large number of parameters are included in the in silico
model (see tables S1.1 to S1.3). Some parameters that are difficult to
determine directly from in vivo or in vitro experiments have to be
set by heuristic methods. In addition, sensitivity analysis of all pa-
rameters included in an in silico model is almost impossible because
of the huge degree of freedom. However, in the case of in silico ex-
periments, parameter sensitivity analysis has the same meaning as
in silico perturbation to investigate the effects of corresponding
factors, which is a notable difference from conventional computer
simulations. Once the proposed in silico model is validated through
quantitative comparison with in vivo or in vitro experimental re-
sults, in silico perturbation of specific parameters in the in silico
model, which is conventionally regarded as a parameter sensitivity
analysis, holds promise for revealing an overlooked importance of
unexpected factors.

Bone metabolism in our living bodies is regulated by many kinds
of cells, such as hematopoietic stem cells and mesenchymal stem
cells in the bone marrow, and related various signaling molecules.
Furthermore, bone metabolism is coupled to a large biological system
that includes endocrine, immune (40), and nervous systems (41).
To highlight osteocyte-driven bone remodeling regulated by local
signaling factors, in the present study, we explicitly modeled only
osteoclasts, osteoblasts, and osteocytes, which are directly responsible
for the change in bone volume, and several signaling molecules pri-
marily relating to different functions. Despite these limitations,
V-Bone was quantitatively validated through in silico perturbation
of Sema3A (Fig. 4). This suggests that essential aspects of the actual
complex molecular and cellular mechanism of bone remodeling can,
to some extent, be represented by a reduced in silico model. Further
expansion of V-Bone by incorporating other molecules or cells of
interest will increase its prediction accuracy and expand the range
of application. Thus, V-Bone is a promising framework, which po-
tentially develops by including additional molecular and cellular
mechanisms, to investigate the complexity inherent in bone remodel-
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ing and fully understand bone metabolism. We expect that experi-
mental data about underlying molecular, cellular, and systems be-
haviors will accumulate exponentially in the near future. Accordingly,
in silico experiments that integrate large data sets from in vivo and
in vitro experiments will become more important as an alternative
approach to investigate a wide range of molecular and cellular inter-
actions. Incorporating quantitative in vivo and in vitro experimental
data in the in silico models will enhance the validity of in silico ex-
periments. We anticipate that V-Bone will accelerate bone metabolism
and remodeling studies through comprehensive understanding of
molecular, cellular, tissue, and organ dynamics.

MATERIALS AND METHODS

Mechanical stress in bone tissue was analyzed by a voxel FEM (18, 27).
Briefly, finite element models of mouse distal femurs (N = 5) were
constructed from microcomputed tomography images. Each model
was discretized using eight-node cubic finite elements with edge size
15 um. The bone was assumed to be homogeneous and isotropic,
with Young’s modulus E = 20 GPa and Poisson’s ratio v = 0.3. By
using von Mises equivalent stress 6.q obtained through finite element
analysis, the mechanical information S, that regulates bone remodel-
ing was determined (see Supplementary Methods S1.1).

The mechanical information S, was coupled with intercellular
signaling by influencing the production rate of sclerostin Pscy, (egs. S10
and S11, see Supplementary Methods S1.2 and S1.3). The reaction-
diffusion equations (Fig. 1C and eq. S8) governing the spatial and
temporal behavior of signaling molecules within the bone marrow
were solved by an explicit finite difference method, in which the
marrow space was discretized using the same voxel mesh as the FEM
model. The effects of the drugs for osteoporosis were incorporated
into the same equations (see Supplementary Methods S1.5).

The concentration of the specific signaling molecules and the
mechanical information S; determine the probabilities of cell genesis
(i.e., differentiation from precursor cells and proliferation) phen and
apoptosis papo for osteoclasts and osteoblasts (i = ocl or obl) (Fig. 1D,
egs. S24 to S27, see Supplementary Methods S1.4). According to
these probabilities, osteoclasts and osteoblasts are recruited on the
bone surfaces or removed from them. The recruited osteoclasts and
osteoblasts can alter the bone surface by resorbing old bone or
forming new bone, respectively. To represent the changes in cancel-
lous bone morphology, the level set method was used (42), because
this method is capable of tracking the movement of individual tra-
becular surfaces (see Supplementary Methods S1.6). Cortical bone
located near the outer surface of femurs was assumed to be not sub-
ject to morphological changes via remodeling.

Parameters used in in silico experiments are listed in tables S1 to
S3. All the in silico experiments were carried out using an in-house
code written in Fortran 90. The results were visualized with the
open-source software ParaView (Kitware Inc.).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/10/eaax0938/DC1

Supplementary Methods

Table S1. Parameters associated with osteocyte mechanosensing and bone resorption/formation.
Table S2. Parameters associated with intercellular signaling.

Table S3. Parameters associated with drug treatment.

Movie S1. Mechanical adaptation of a cancellous bone cube for 10 weeks.

Movie S2. Change in cancellous bone morphology in a control model for 10 weeks.
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Movie S3. Change in cancellous bone morphology in a control model for 10 weeks (zoom
in movie).

Movie S4. Change in cancellous bone morphology in an unloading model for 10 weeks.
Movie S5. Change in cancellous bone morphology in an unloading model for 10 weeks
(zoom in movie).

Movie S6. Change in cancellous bone morphology in an osteoporosis model for 10 weeks.
Movie S7. Change in cancellous bone morphology in an osteoporosis model for 10 weeks
(zoom in movie).

Movie S8. Change in cancellous bone morphology in an osteopetrosis model for 10 weeks.
Movie S9. Change in cancellous bone morphology in an osteopetrosis model for 10 weeks
(zoom in movie).

References (43-49)

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. S.C. Cowin, How is a tissue built? J. Biomech. Eng. 122, 553-569 (2000).

2. M. C.H.vanderMeulen, R. Huiskes, Why mechanobiology? A survey article. J. Biomech.
35,401-414 (2002).

3. E.Seeman, P. D. Delmas, Bone quality—The material and structural basis of bone
strength and fragility. New Engl. J. Med. 354, 2250-2261 (2006).

4. S.L.Teitelbaum, F. P. Ross, Genetic regulation of osteoclast development and function.
Nat. Rev. Genet. 4, 638-649 (2003).

5. W.J.Boyle, W.S. Simonet, D. L. Lacey, Osteoclast differentiation and activation. Nature
423,337-342 (2003).

6. F.X.Long, Building strong bones: Molecular regulation of the osteoblast lineage.

Nat. Rev. Mol. Cell Biol. 13, 27-38 (2012).

7. T.Nakashima, M. Hayashi, H. Takayanagi, New insights into osteoclastogenic signaling
mechanisms. Trends Endocrinol. Metab. 23, 582-590 (2012).

8. S.Stegen, I. Stockmans, K. Moermans, B. Thienpont, P. H. Maxwell, P. Carmeliet,

G. Carmeliet, Osteocytic oxygen sensing controls bone mass through epigenetic
regulation of sclerostin. Nat. Commun. 9, 2557 (2018).

9. J.Xiong, K. Cawley, M. Piemontese, Y. Fujiwara, H. Zhao, J. J. Goellner, C. A. O'Brien,
Soluble RANKL contributes to osteoclast formation in adult mice but not ovariectomy-
induced bone loss. Nat. Commun. 9, 2909 (2018).

10. M. Florio, K. Gunasekaran, M. Stolina, X. Li, L. Liu, B. Tipton, H. Salimi-Moosavi,
F.J. Asuncion, C. Li, B. H. Sun, H. L. Tan, L. Zhang, C.-Y. Han, R. Case, A. N. Duguay,

M. Grisanti, J. Stevens, J. K. Pretorius, E. Pacheco, H. Jones, Q. Chen, B. D. Soriano, J. Wen,

B. Heron, F. W. Jacobsen, E. Brisan, W. G. Richards, H. Z. Ke, M. S. Ominsky, A bispecific

antibody targeting sclerostin and DKK-1 promotes bone mass accrual and fracture repair.

Nat. Commun. 7, 11505 (2016).

11. M. Kawai, U.l. Modder, S. Khosla, C. J. Rosen, Emerging therapeutic opportunities
for skeletal restoration. Nat. Rev. Drug Discov. 10, 141-156 (2011).

12. D.L.Lacey, W.J. Boyle, W.S. Simonet, P. J. Kostenuik, W. C. Dougall, J. K. Sullivan,

J. San Martin, R. Dansey, Bench to bedside: Elucidation of the OPG-RANK-RANKL pathway

and the development of denosumab. Nat. Rev. Drug Discov. 11, 401-419 (2012).

13. F.A.Gerhard, D. J. Webster, G. H. van Lenthe, R. Muller, In silico biology of bone
modelling and remodelling: Adaptation. Philos. Trans. R. Soc. A 367, 2011-2030 (2009).

14. M.-l. Pastrama, S. Scheiner, P. Pivonka, C. Hellmich, A mathematical multiscale model
of bone remodeling, accounting for pore space-specific mechanosensation. Bone 107,
208-221 (2018).

15. P.Pivonka, J. Zimak, D. W. Smith, B. S. Gardiner, C. R. Dunstan, N. A. Sims, T. J. Martin,
G. R. Mundy, Model structure and control of bone remodeling: A theoretical study.
Bone 43, 249-263 (2008).

16. S.Scheiner, P. Pivonka, C. Hellmich, Coupling systems biology with multiscale mechanics,

for computer simulations of bone remodeling. Comput. Methods Appl. Mech. Eng. 254,
181-196 (2013).

17. L.1.Plotkin, T. Bellido, Osteocytic signalling pathways as therapeutic targets for bone
fragility. Nat. Rev. Endocrinol. 12, 593-605 (2016).

18. T.Adachi, K. Tsubota, Y. Tomita, S. J. Hollister, Trabecular surface remodeling simulation
for cancellous bone using microstructural voxel finite element models. J. Biomech. Eng.
123, 403-409 (2001).

19. R.Huiskes, R. Ruimerman, G. H. van Lenthe, J. D. Janssen, Effects of mechanical forces

on maintenance and adaptation of form in trabecular bone. Nature 405, 704-706
(2000).
20. S.Weinbaum, S. C. Cowin, Y. Zeng, A model for the excitation of osteocytes by
mechanical loading-induced bone fluid shear stresses. J. Biomech. 27, 339-360 (1994).
21. Y.K Kim, Y. Kameo, S. Tanaka, T. Adachi, Capturing microscopic features of bone

remodeling into a macroscopic model based on biological rationales of bone adaptation.

Biomech. Model. Mechanobiol. 16, 1697-1708 (2017).
22. E.Canalis, Wnt signalling in osteoporosis: Mechanisms and novel therapeutic
approaches. Nat. Rev. Endocrinol. 9, 575-583 (2013).

Kameo et al., Sci. Adv. 2020; 6 : eaax0938 6 March 2020

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.

T. Nakashima, M. Hayashi, T. Fukunaga, K. Kurata, M. Oh-hora, J. Q. Feng, L. F. Bonewald,
T.Kodama, A. Wutz, E. F. Wagner, J. M. Penninger, H. Takayanagi, Evidence for osteocyte
regulation of bone homeostasis through RANKL expression. Nat. Med. 17, 1231-1234
(2017).

M. Hayashi, T. Nakashima, M. Taniguchi, T. Kodama, A. Kumanogoh, H. Takayanagi,
Osteoprotection by Semaphorin 3A. Nature 485, 69-74 (2012).

A. G.Robling, P.J. Niziolek, L. A. Baldridge, K. W. Condon, M. R. Allen, I. Alam, S. M. Mantila,
J. Gluhak-Heinrich, T. M. Bellido, S. E. Harris, C. H. Turner, Mechanical stimulation of bone

in vivo reduces osteocyte expression of Sost/sclerostin. J. Biol. Chem. 283, 5866-5875 (2008).
A. M. Parfitt, Osteonal and hemi-osteonal remodeling: The spatial and temporal
framework for signal traffic in adult human bone. J. Cell. Biochem. 55, 273-286 (1994).
K.-I. Tsubota, T. Adachi, Changes in the fabric and compliance tensors of cancellous bone
due to trabecular surface remodeling, predicted by a digital image-based model.
Comput. Methods Biomech. Biomed. Eng. 7, 187-192 (2004).

K-i. Tsubota, Y. Suzuki, T. Yamada, M. Hojo, A. Makinouchi, T. Adachi, Computer
simulation of trabecular remodeling in human proximal femur using large-scale voxel fe
models: Approach to understanding Wolff's law. J. Biomech. 42, 1088-1094 (2009).

J. Wolff, Ueber die innere Architectur der Knochen und ihre Bedeutung fiir die Frage vom
Knochenwachsthum. Virchows Arch. Pathol. Anat. Physiol. 50, 389-450 (1870).

J. Wolff, The classic: On the inner architecture of bones and its importance for bone
growth. 1870. Clin. Orthop. Relat. Res. 468, 10561065 (2010).

A.D. LeBlanc, E. R. Spector, H. J. Evans, J. D. Sibonga, Skeletal responses to space flight
and the bed rest analog: A review. J. Musculoskelet. Neuronal Interact. 7, 33-47 (2007).
S.R. Cummings, J. San Martin, M. R. McClung, E. S. Siris, R. Eastell, I. R. Reid, P. Delmas,

H. B. Zoog, M. Austin, A. Wang, S. Kutilek, S. Adami, J. Zanchetta, C. Libanati, S. Siddhanti,
C. Christiansen, F. Trial, Denosumab for prevention of fractures in postmenopausal
women with osteoporosis. New Engl. J. Med. 361, 756-765 (2009).

M. R. McClung, A. Grauer, S. Boonen, M. A. Bolognese, J. P. Brown, A. Diez-Perez,
B.L.Langdahl, J.-Y. Reginster, J. R. Zanchetta, S. M. Wasserman, L. Katz, J. Maddox,

Y.-C. Yang, C. Libanati, H. G. Bone, Romosozumab in postmenopausal women with low
bone mineral density. N. Engl. J. Med. 370, 412-420 (2014).

S. J. Hollister, J. M. Brennan, N. Kikuchi, A homogenization sampling procedure

for calculating trabecular bone effective stiffness and tissue-level stress. J. Biomech. 27,
433-444 (1994).

B. van Rietbergen, H. Weinans, R. Huiskes, A. Odgaard, A new method to determine
trabecular bone elastic properties and loading using micromechanical finite-element
models. J. Biomech. 28, 69-81 (1995).

H. G.Bone, M. A. Bolognese, C. K. Yuen, D. L. Kendler, P. D. Miller, Y.-C. Yang, L. Grazette,
J. San Martin, J. C. Gallagher, Effects of denosumab treatment and discontinuation

on bone mineral density and bone turnover markers in postmenopausal women with low
bone mass. J. Clin. Endocrinol. Metab. 96, 972-980 (2011).

D. L. Kendler, C. Roux, C. L. Benhamou, J. P. Brown, M. Lillestol, S. Siddhanti, H.-S. Man,
J.S. Martin, H. G. Bone, Effects of Denosumab on bone mineral density and bone turnover
in postmenopausal women transitioning from alendronate therapy. J. Bone Miner. Res.
25,72-81(2010).

M. L. Bouxsein, S. K. Boyd, B. A. Christiansen, R. E. Guldberg, K. J. Jepsen, R. Miiller,
Guidelines for assessment of bone microstructure in rodents using micro-computed
tomography. J. Bone Miner. Res. 25, 1468-1486 (2010).

M. Ishii, J. G. Egen, F. Klauschen, M. Meier-Schellersheim, Y. Saeki, J. Vacher, R. L. Proia,

R. N. Germain, Sphingosine-1-phosphate mobilizes osteoclast precursors and regulates
bone homeostasis. Nature 458, 524-528 (2009).

H. Takayanagi, Osteoimmunology: Shared mechanisms and crosstalk between

the immune and bone systems. Nat. Rev. Immunol. 7, 292-304 (2007).

F. Elefteriou, Regulation of bone remodeling by the central and peripheral nervous
system. Arch. Biochem. Biophys. 473, 231-236 (2008).

S. Osher, J. A. Sethian, Fronts propagating with curvature-dependent speed: Algorithms
based on hamilton-Jacobi formulations. J. Comput. Phys. 79, 12-49 (1988).

T.Beno, Y.-J. Yoon, S. C. Cowin, S. P. Fritton, Estimation of bone permeability using
accurate microstructural measurements. J. Biomech. 39, 2378-2387 (2006).

T. Adachi, Y. Aonuma, K. Taira, M. Hojo, H. Kamioka, Asymmetric intercellular
communication between bone cells: Propagation of the calcium signaling.

Biochem. Biophys. Res. Commun. 389, 495-500 (2009).

J. M. Spatz, M. N. Wein, J. H. Gooi, Y. L. Qu, J. L. Garr, S. Liu, K. J. Barry, Y. Uda, F. Lai,

C. Dedic, M. Balcells-Camps, H. M. Kronenberg, P. Babij, P. D. Pajevic, The Wnt inhibitor
sclerostin is up-regulated by mechanical unloading in osteocytes in vitro. J. Biol. Chem.
290, 16744-16758 (2015).

M. M. Weivoda, M. J. Oursler, Developments in sclerostin biology: Regulation of gene
expression, mechanisms of action, and physiological functions. Curr. Osteoporos. Rep. 12,
107-114 (2014).

A. R. Wijenayaka, M. Kogawa, H. P. Lim, L. F. Bonewald, D. M. Findlay, G. J. Atkins,
Sclerostin stimulates osteocyte support of osteoclast activity by a RANKL-dependent
pathway. PLOS ONE 6, €25900 (2011).

90of 10

0202 ‘6 Yosre uo /610 Bewasuslos saoueApe//:dny woly papeojumod


https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.aax0938
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

48. M.K. Sutherland, J. C. Geoghegan, C. P. Yu, E. Turcott, J. E. Skonier, D. G. Winkler,
J. A. Latham, Sclerostin promotes the apoptosis of human osteoblastic cells: A novel
regulation of bone formation. Bone 35, 828-835 (2004).

49. Z.F.Jaworski, E. Lok, The rate of osteoclastic bone erosion in haversian remodeling sites
of adult dog’s rib. Calcif. Tissue Res. 10, 103-112 (1972).

Acknowledgments: We thank Y. K. Kim, Y. Inoue, and K. O. Okeyo for discussions and
comments. We also thank R. Terazawa for editing the figures and tables. Funding: This work
was supported by Advanced Research and Development Programs for Medical Innovation
(AMED-CREST), Elucidation of Mechanobiological Mechanisms and their Application to the
Development of Innovative Medical Instruments and Technologies from Japan Agency for
Medical Research and Development (AMED) (JP19gm0810003), the Acceleration Program for
Intractable Diseases Research Utilizing Disease-Specific iPS cells from AMED (JP19bm0804006),
Cross-Ministerial Strategic Innovation Promotion Program (SIP) (3D Design & Additive
Manufacturing) from Japan Science and Technology Agency (JST), and VCAD System Research

Kameo et al., Sci. Adv. 2020; 6 : eaax0938 6 March 2020

Program, RIKEN. Author contributions: Y.K. and T.A. designed the project and wrote the
manuscript. Y.M. performed in silico experiments. M.H. and T.N. provided in vivo experimental
data and collaborated with Y.K. and T.A. to plan the study and interpret the data. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Additional data and source codes related to this paper
may be requested from the authors.

Submitted 18 March 2019
Accepted 13 December 2019
Published 6 March 2020
10.1126/sciadv.aax0938

Citation: Y. Kameo, Y. Miya, M. Hayashi, T. Nakashima, T. Adachi, In silico experiments of bone
remodeling explore metabolic diseases and their drug treatment. Sci. Adv. 6, eaax0938 (2020).

100f 10

0202 ‘6 Yosre uo /610 Bewasuslos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

Science Advances

In silico experiments of bone remodeling explore metabolic diseases and their drug treatment
Y. Kameo, Y. Miya, M. Hayashi, T. Nakashima and T. Adachi

Sci Adv 6 (10), eaax0938.
DOI: 10.1126/sciadv.aax0938

ARTICLE TOOLS http://advances.sciencemag.org/content/6/10/eaax0938
,\SA%FE’@\V'LESNTARY http://advances.sciencemag.org/content/suppl/2020/03/02/6.10.eaax0938.DC1
REFERENCES This article cites 49 articles, 2 of which you can access for free

http://advances.sciencemag.org/content/6/10/eaax0938#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

0202 ‘6 Yosre uo /610 Bewasuslos saoueApe//:dny woly papeojumod

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial
License 4.0 (CC BY-NC).


http://advances.sciencemag.org/content/6/10/eaax0938
http://advances.sciencemag.org/content/suppl/2020/03/02/6.10.eaax0938.DC1
http://advances.sciencemag.org/content/6/10/eaax0938#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

