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Abstract

Bone loss is one of the consequences of aging, leading to diseases such as osteoporosis
and increased susceptibility to fragility fractures and therefore considerable morbidity
and mortality in humans. Here, we identify microRNA-146a (miR-146a) as an essen-
tial epigenetic switch controlling bone loss with age. Mice deficient in miR-146a show
regular development of their skeleton. However, while WT mice start to lose bone
with age, animals deficient in miR-146a continue to accrue bone throughout their life
span. Increased bone mass is due to increased generation and activity of osteoblasts
in miR-146a-deficient mice as a result of sustained activation of bone anabolic Wnt
signaling during aging. Deregulation of the miR-146a target genes Wntl and Wnt5a
parallels bone accrual and osteoblast generation, which is accompanied by reduced
development of bone marrow adiposity. Furthermore, miR-146a-deficient mice are
protected from ovariectomy-induced bone loss. In humans, the levels of miR-146a are
increased in patients suffering fragility fractures in comparison with those who do
not. These data identify miR-146a as a crucial epigenetic temporal regulator which
essentially controls bone homeostasis during aging by regulating bone anabolic Wnt
signaling. Therefore, miR-146a might be a powerful therapeutic target to prevent age-
related bone dysfunctions such as the development of bone marrow adiposity and

osteoporosis.
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1 | INTRODUCTION

As bone is continuously remodeled, bone mass of vertebrates is
constantly changing and determined by the balance of bone re-
sorption and bone formation. In adolescence, bone formation
predominates until the peak bone mass is reached. From then
on, bone mass continuously declines, with certain events such
as the hormonal changes in female menopause, accelerating the
process (Bernstein, American Academy of Orthopaedic Surgeons,
American Academy of Family Physicians, & American Academy of
Pediatrics, 2003). Reduced bone mass is associated with reduced
stability of bones in humans, leading to pathological conditions
such as fragility fractures, which are a significant health problem,
especially as life expectancy is constantly increasing (Compston
et al.,, 2019; Kanis, 2002). Bone loss can be caused by reduced
bone formation as well as increased bone resorption, and many
factors contributing to bone loss have been identified (Compston
et al., 2019; Laine et al., 2013).

miR-146a is a predominantly anti-inflammatory microRNA that
has been shown to be important in various aspects of inflammation
and immunity (Magilnick et al., 2017; Taganov et al., 2006). It has pri-
marily been reported as an anti-inflammatory miRNA, as deficiency
in miR-146a results in increased inflammation in various instances
(Boldin et al., 2011; Lu et al., 2010; Saferding et al., 2017). This
miRNA has also been shown to be associated with aging, as it is one
of the microRNAs that was demonstrated to increase with age (Jiang
et al., 2012), while it is reduced by hormone replacement therapy in
postmenopausal women (Kangas et al., 2014).

Several miRNAs, among them miR-146a, have been implicated in
regulating the biology of bone, both osteoblasts/osteocytes and os-
teoclasts (Bluml et al., 2011; Hu et al., 2017; Krzeszinski et al., 2014;
Liu et al., 2019; Weilner et al., 2016; Zeng et al., 2017). We have pre-
viously demonstrated that the loss of miR-146a increases the severity
of inflammatory arthritis by regulating fibroblast pathogenicity, espe-
cially their ability to induced bone-resorbing osteoclasts (Saferding
et al.,, 2017). However, the role of miR-146a in bone homeostasis is
not known. Here, we describe the microRNA-146a as a critical factor,
which regulates bone loss during aging. Mice deficient in this miRNA
constantly accrue bone over time, leading to a high bone mass pheno-
type. Loss of miR-146a also protects from ovariectomy-induced bone
loss. In addition, in humans we find increased levels of miR-146a in
patients suffering fragility fractures compared with those who had no

fractures, suggesting a crucial role of miR-146a in bone homeostasis.

2 | RESULTS

2.1 | miR-146a-deficient mice continuously
accumulate bone during aging

To investigate the impact of miR-146a on bone biology, we used
miR-146a full knockout animals and assessed trabecular and corti-

cal bone parameters in tibial bones of animals aged 3-16 months.

Micro-computed tomographic (uCT) analysis showed regular de-
velopment of the skeleton and bone volume until 4 months of
age until reaching the peak bone mass, which is at 3-4 months in
C57BL/6 mice (Beamer et al., 1996). While WT mice started to lose
bone mass from then on, as expected, miR-146a-deficient mice
continued to accrue bone until 12 months of age, with bone mass
remaining stable until 16 months of age (Figure 1a-g). miR-146a-
deficient mice displayed elevated trabecular bone volume per tis-
sue volume (BV/TV), trabecular number (Tb.N), connectivity density
(Conn.D), and reduced trabecular separation (Tbh.Sp) compared with
WT mice starting at 6 months of age throughout 16 months, while
trabecular thickness (Th.Th) was not changed between these two
groups. Moreover, the structural model index (SMI) was significantly
changed in miR-146a-deficient animals, indicating a rather plate-like
than rod-like geometry of trabecular bone in the absence of miR-
146a. In addition to trabecular measures of bone volume, cortical
BV/TV and cortical thickness (Ct.Th) also increased and cortical
porosity decreased significantly with age in miR-146a™~ mice com-
pared with control animals (Figure 1h-j). Similar to the observations
in trabecular bone, cortical bone parameters in both groups such as
cortical thickness (Ct.Th), cortical BV/TV, and cortical porosity were
not different until 4 months of age. However, starting from 6 months
of age, cortical thickness and BV/TV increased, and cortical porosity
decreased significantly in miR-146a-deficient mice compared with
WT mice (Figure 1i-k and Figure S1A). Bone mineral density (BMD)
solely increased at 16 months of age in knockout animals (Figure
S1B). Of note, aged miR-146a-deficient animals show massive tra-
becular bone growth reaching into the diaphyseal shaft of the tibia,
which is normally devoid of trabecular bone in WT animals, indi-
cating a strongly deregulated bone growth in miR-146a™~ animals
(Figure 1h). Interestingly, this bone phenotype was predominantly
found in female mice, whereas male mice showed only a slight in-
crease in their bone mass at 12 months of age (Figure S2). To analyze
the mechanical properties of bone from miR-146a-deficient animals,
we performed 3-point bending assays. Bone strength of mice aged
6 months was not altered compared with control animals, and we
detected an equal amount of collagen in bone of 6-month-old WT
and miR-146a™" animals (Figure 1l,m).

As the increase in bone mass was developing with age, we investi-
gated whether miR-146a levels were differentially regulated over time
in bone of WT animals. Young and early adult mice at the age of 2
and 3 months showed no difference in the expression level of miR-
146a in bone tissue (Figure 2a). However, starting at 4 months of age,
expression levels of this microRNA increased significantly, reaching
a maximum at 5 months of age. Even though it declined from 5 to
6 months of age, its expression was still increased at this point, finally
dropping in tissue samples of 12-month-old animals (Figure 2a). These
data demonstrate elevated miR-146a expression in bone around peak
bone mass, and the course of miR-146a expression correlates with the
switch from bone accrual to bone loss, supporting the notion of a reg-
ulatory function of miR-146a in bone during aging.

Following, we examined known regulators of bone turnover
in sera of WT and miR-146a™" animals. miR-146a™" animals
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FIGURE 1 miR-146a-deficient mice continuously accumulate bone during aging. (a) Representative uCT images of trabecular bones

from tibial WT and miR-146a™"~ animals aged 3-16 months (bar 200 pm). (b-g) Three-dimensional reconstruction and quantitation of the
indicated parameters of trabecular bone from proximal tibias of WT and miR-146a-deficient animals aged 3-16 months, using uCT (n > 4).
(h) Representative images of cortical bone from WT and miR-146a~"~ animals aged 3-16 months (bar 200 um). (i, j) Bone morphometric
analysis of the indicated parameters of cortical bone at the diaphysis of the tibia, close to the site of the intersecting fibula using uCT (n > 4).
(k) Von Kossa staining of histological sections, obtained from the proximal region of tibias from 6-month-old WT and miR-146a™" mice, and
representative images are shown (bars 1 mm, magnification x2.5). (I and m) Maximal torque at the femoral shaft assessed by three-point
bending and collagen mg/bone mg analyzed in femoral bone in 6-month-old WT and miR-146a~~ animals (n = 4). Th.BV/TV, trabecular bone
volume per tissue volume; Conn.D, connectivity density; SMI, structural model index; Th.N, trabecular number; Tb.Th, trabecular thickness;
Th.Sp, trabecular separation; Ct.Th, cortical thickness; Ct.BV/TV, cortical bone volume per tissue volume; all data shown were obtained from
female animals. *p < 0.05; **p < 0.01; ***p < 0.001. Results are shown as mean + SEM

showed elevated levels of the bone resorption marker C-terminal
telopeptide of type | collagen (CTXI) at 6, 12, and 18 months
of age (Figure 2b and Figure S3) as well as the bone formation
marker PINP (Figure 2b). Since the bone phenotype was more

profound in female animals, we assessed estrogen levels, which

were not different between WT and knockout animals. Moreover,
we did detect a trend toward a reduced RANKL/OPG ratio in
miR-146a-deficient mice compared with WT mice which was pri-

-/-

marily driven by increased levels of OPG in miR-146a™" animals

compared with WT animals (Figure 2b).
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FIGURE 2 Osteoclast activity is not responsible for high bone mass in miR-146a-deficient animals. (a) Expression level of miR-146a in
femoral bone of WT animals aged from 2 to 12 months using quantitative real-time PCR (gPCR) analysis (n > 4). (b) Levels of CTX, RANKL,
OPG, estradiol, PAINP, and RANKL/OPG ratio were measured in sera of 6-month-old WT and miR-146a™"~ mice using ELISA (n = 4). (c-e)
Histomorphometric analysis of tartrate-resistant acid phosphatase (TRAP)-stained tibial sections, N.OC, N.OC/B.Pm, and OC.S/BS of WT
and miR-146a™"~ mice aged 3 to 12 months were assessed (n = 5). (f) Bone marrow-derived osteoclasts were generated and stained for TRAP
6, 7, and 8 days after bone marrow isolation, RANKL was added on days 3 and 6 (n = 3). (g) Expression level of miR-146a, RANK, and TRAF6
in bone marrow-derived osteoclasts from 3-month-old WT and miR-146a™~ animals was analyzed using gPCR. Bone marrow was isolated
on day 0, and cells were cultured with MCSF over 8 days and stimulated with RANKL on days 3 and 6 (n = 4). (h) Quantification of osteoclast
resorption capacity (left) of WT and miR-146a-deficient animals. Representative images of in vitro bone resorption assays are shown (right,
bar 1 mm) (n = 8). (i) Representative uCT images of trabecular and cortical bone of 6-month-old WT, miR-146a™", and miR-146a™~ TRAF6*~
animals are shown (bar 200 um). (j-p) Bone morphometric analysis of trabecular bone from proximal tibias and cortical bone at the diaphysis
of the tibia (close to the site of the intersecting fibula) of 3- and 6-month-old WT, miR-146a~~, and miR-146a~~ TRAF6*~ mice (n = 3).

N.OC, numbers of osteoclasts; N.OC/B.Pm, numbers of osteoclasts per bone perimeter; OC.S/BS, osteoclast surface per bone surface;
CTX, C-terminal telopeptide of type | collagen; RANKL, receptor activator of NF-kB ligand; OPG, osteoprotegerin; PINP, procollagen type

1 N-terminal propeptide; Tb.BV/TV, trabecular bone volume per tissue volume; Conn.D, connectivity density; SMI, structural model index;
Ct.Th, cortical thickness; BMD, bone mineral density; Ct.BV/TV, cortical bone volume per tissue volume; Ct. Porosity; cortical porosity; all

analyses were performed in female animals. *p < 0.05; **p < 0.01; ***p < 0.001. Results are shown as mean + SEM

Analysis of marker genes of osteoblasts including Runt-related
transcription factor 2 (Runx2), osteocalcin (OC), alkaline phospha-
tase (ALP), osterix (OSX), osteopontin (OPN), and osteoclasts, in-
cluding tartrate-resistant acid phosphatase (TRAP), cathepsin K
(CTSK), and receptor activator of NF-kB (RANK) in femoral bones of
WT and miR-146a™"~ animals, did not show any difference at 3 and
6 months of age. However, RUNX2, OSX, OPN, BMP2, and RANKL
and TRAP, CTSK, and RANK increased significantly at 12 months
of age in miR-146a-deficient bones (Figure S4A,B). Taken together,
these data demonstrate that both osteoblast and osteoclast-associ-
ated genes are deregulated in miR-146a™" mice during aging.

Therefore, we investigated static histomorphometry of WT
and miR-146a-deficient mice. Histological assessment of bone mi-
croarchitecture paralleled our data obtained in uCT analysis (Figure
S5A-D). Although overall numbers of osteoclasts (N.OC) were ele-
vated in 6- and 12-month-old miR-146a™~ animals compared with
WT animals, we could not detect a difference in osteoclast number
per bone perimeter (N.OC/B.Pm) or osteoclast surface per bone sur-
face (OC.S/BS) at all earlier time points up to 6 months. However,
12-month-old mice deficient in miR-146a displayed reduced OC.S/
BS and N.OC/B.Pm (Figure 2c-e).

To explore whether osteoclast differentiation and function are
changed in mice lacking miR-146a, we performed analysis of WT
and miR-146a~"~ osteoclasts. Already published investigation of in
vitro differentiated osteoclasts upon stimulation with RANKL had
revealed no difference in bone marrow-derived osteoclast numbers
between WT and miR-146a-deficient animals (Saferding et al., 2017).
We extended these analyses to determine the kinetics of OC differ-
entiation. We detected a slightly increased capacity of miR-146a-de-
ficient bone marrow cells to differentiate into OCs only at one time
point, with similar kinetics and survival as WT OCs (Figure 2f). We
further examined expression levels of miR-146a during osteoclas-
togenesis, which significantly increased initially after stimulation
with RANKL and dropped back to baseline levels in mature OCs
(Figure 2g). The tumor necrosis factor receptor-associated factor
6 (TRAF6) had been shown to be essential in RANKL-induced os-
teoclast generation, as TRAF6 is pivotal in RANK-mediated signal

transduction and also to be a direct target of miR-146a (Lomaga
etal., 1999; Taganov et al., 2006). However, gene expression analysis
of RANK and TRAFé6 during in vitro differentiating osteoclasts did
not show any difference between WT and miR-146a knockout ani-
mals, suggesting no regulation of TRAF6 levels by miR-146a during
in vitro differentiating OCs (Figure 2g). Moreover, the function of
in vitro differentiated OCs was not altered, as bone resorption ca-
pacity was not different between the two groups (Figure 2h). In
addition, TRAF6 expression levels in bone measured by gPCR were
not different at all time points analyzed, as were mRNA levels of
SMADA4, another prominent experimentally confirmed target of miR-
146a (Figure S4C).

To investigate whether deregulation of TRAF6 in vivo was re-
sponsible for the bone phenotype we observed in miR-146a-de-
ficient mice, we analyzed WT, miR-146a”~, and miR-146a”"/
TRAF6"~ animals. These miR-146a™"/TRAF6"/~ mice were shown to
express TRAFé6 levels similar to WT animals, leading to the resolu-
tion of some important phenotypic observations in miR-146a-defi-
cient mice, such as aberrant myeloproliferation, splenomegaly, and
excessive inflammatory responses, but not others (Magilnick et al.,
2017). However, there were no significant differences in the BV/
TV or other parameters analyzed in uCT between miR-146a™" and
miR-146a”"/TRAF6"~ mice, neither in trabecular nor in cortical
bone (Figure 2i-p and Figure S6A-C), demonstrating that deregu-
lation of TRAF6 in miR-146a-deficient mice is not responsible for
the observed bone phenotype. Taken together, these data suggest
that bone accrual in miR-146a-deficient mice starting at 6 months of
age was not due to decreased activity or numbers of bone-resorbing
osteoclasts.

2.2 | Increased activity of osteoblasts in vivo in
aged miR-146a-deficient mice

Analyzing osteoblast-related parameters, we detected signifi-
cantly increased numbers of osteoblasts per bone perimeter
(N.OB/B.Pm) and osteoblast surface per bone surface (OB.S/BS) in
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FIGURE 3 Increased activity of osteoblasts in vivo in aged miR-146a-deficient mice. (a-c) Histomorphometric analysis of N.OB, N.OB/B.
Pm, and OB.S/BS of WT and miR-146a™"~ mice aged 3-12 months of TRAP-stained tibial sections (n = 5). (d) Representative images of
alkaline phosphatase (left) and Alizarin Red (right) staining of WT and miR-146a™"" osteoblasts after 15, 21, and 26 days of osteogenic
differentiation (bars 1 cm, n = 4). () Gene expression of OSX, RUNX2, ALP, RANKL, and OPG was measured in osteoblasts of WT and miR-
146a”" mice after 21 days of osteogenic differentiation using qPCR (n = 3). (f) Numbers of osteoclasts were analyzed in co-cultures of either
WT or miR-146a™" osteoblasts cultured with WT or miR-146a-deficient bone marrow cells, stimulated with vitamin D3 and dexamethasone
for 7 days (n = 3). (g-i) WT and miR-146a~"~ animals aged 4-12 months were labeled with calcein at two time points (6 and 1 days before
sacrifice), and histological sections of the proximal tibia were analyzed for S.L., Cal.A, and Cal.A/Bone A. (n = 4). (j) Representative images

of on Kossa (left, bars 1 mm magnification x2,5) and calcein labeled (right, bars 100 um magnification x20) tibial sections of WT and
miR-146a~"~ animals 6 months of age. N.OB, number of osteoblasts; N.OB/B.Pm, number of osteoblasts per bone perimeter; OB.S/BS,
osteoblast surface per bone surface; OSX, osterix; ALP; alkaline phosphatase; RANKL, receptor activator of NF-kB; OPG, osteoprotegerin;
S.L, single label; Cal.A, calcein area; Cal.A/Bone A, calcein area per bone area; all data shown were generated from female animals. *p < 0.05;

**p < 0.01; ***p < 0.001. Results are shown as mean + SEM

OBs compared with WT OBs (Figure 3e). To investigate whether
OBs lacking miR-146a exhibit differences in their capacity to in-
duce osteoclastogenic differentiation of bone marrow cells, we
performed co-culture assays. Calvaria-derived mesenchymal stem
cells were cultured with bone marrow cells as myeloid responders,
stimulated with vitamin D3 and dexamethasone. WT osteoblasts in-
duced robust generation of osteoclasts, regardless of the genotype
of the myeloid responder cells. Osteoblasts lacking miR-146a were
similarly capable of stimulating osteoclastogenesis, again regardless
of the genotype of the responder cells (Figure 3f).

To examine dynamic bone formation, we performed calcein la-
beling in WT and miR-146a-deficient mice. While in WT animals sin-
gle- or double-layer labeled bone surfaces were easily discernible,
irregular incorporation of calcein occurred in miR-146a-deficient
animals, which precluded standard analysis of bone formation and
mineral apposition rate. Therefore, we quantified total calcein in-
corporation in WT and miR-146a-deficient mice. We detected sig-
nificantly increased single-layer calcein incorporation (Figure 3g) as
well as an elevated total area of calcein incorporation (Figure 3h-j)
in miR-146a-deficient mice compared with WT mice starting at
6 months of age, indicating enhanced total activity of osteoblasts in
miR-146a-deficient mice.

2.3 | Increased Wnt expression and signaling in
aged miR-146a-deficient mice

Previous reports have demonstrated that miR-146a directly targets
members of the Wnt family of proteins such as Wnt1, Wnt3, and
Whnt5a (Du et al., 2015; Sun et al., 2017). Wnt5a and Wnt1 were of
particular interest, as mice deficient in these proteins have low bone
mass due to reduced activity of osteoblast (Joeng et al., 2014, 2017,
Maeda et al., 2012). Analyzing RNA expression in bone, we detected
similar levels of Wnt5a in bone tissue of mice aged 3 months. In
contrast, Wnt5a levels in bone were significantly increased in mice
lacking miR-146a aged 6 months or older. In addition, while there
was a trend toward increased expression of Wnt1 at 3 and 6 months
of age, 12-month-old mice displayed significantly increased expres-
sion of Wnt1 (Figure 4a). These data demonstrate that Wnt family

members, especially Wnt5a, are increased in aged but not in young

miR-146a-deficient mice. Wnt signaling, induced both by Wnt5a
and by Wnt1, leads to increased stability of the transcription fac-
tor B-catenin and therefore increased the presence of this pro-
tein (Baron & Kneissel, 2013; Cadigan & Peifer, 2009). In line with
augmented Whnt signaling, we detected markedly elevated levels
of p-Catenin in bone tissue, and specifically in osteoblasts of aged
miR-146a-deficient mice compared with WT mice (Figure 4b ar-
rows), demonstrating increased Wnt signaling in bone of miR-146a-
deficient mice compared with WT mice.

Wnt5a in particular was shown to be involved regulating differ-
entiation of mesenchymal stem cells, where it drives osteogenesis at
the expense of adipogenesis (Bilkovski et al., 2010). Since we had ob-
served increased numbers of osteoblasts in aged miR-146a-deficient
mice, we next investigated bone marrow adiposity in those mice.
Indeed, we found significantly increased numbers of adipocytes in
WT mice compared with miR-146a-deficient mice, suggesting in-
creased osteoblast generation accompanied by decreased adipocyte
generation and bone marrow adiposity during aging in miR-146a-de-

ficient mice compared with WT mice (Figure 4c-e).

2.4 | miR-146a deficiency protects from
ovariectomy-induced bone loss

To evaluate the role of this miRNA in osteoporosis develop-
ment, we used the murine ovariectomy (OVX)-induced model of
postmenopausal osteoporosis. We performed OVX in 3-month
(12 weeks)-old WT and knockout animals, and sham-operated
animals were used as controls. In line with our previous analyses,
baseline uCT data showed no differences in bone parameters at
this stage of aging (Figure 5c). After 4 weeks, ovariectomized WT
animals showed robust bone loss compared with sham-operated
mice. In contrast, OVX in miR-146a-deficient mice did not result in
any detectable bone loss compared with sham-operated miR-146a-
deficient mice (Figure 5a-e and Figure S7A-G). Moreover, histo-
logical analysis of bone-resorbing and bone-forming cells showed
elevated numbers and activity of osteoclasts, as determined by
increased number of osteoclasts per bone perimeter and osteo-
clast surface per bone surface, in WT OVX animals compared

with sham-operated mice. In contrast, miR-146a-deficient animals
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adipocytes; AD.Ar, adipocyte area; AD.Ar/AD, adipocyte area per adipocyte; all analyses shown were obtained from female animals.

*p < 0.05; **p < 0.01; ***p < 0.001. Results are shown as mean + SEM

showed no change in osteoclast numbers and activity (Figure 5f,g).
On top of that, osteoblast numbers per bone perimeter and os-
teoblast surface per bone surface even increased in OVX knock-
out animals compared with WT animals (Figure 5h-i), suggesting
increased activity of osteoblasts in miR-146a-deficient compared
with WT mice after OVX. In addition, while bone marrow adipos-
ity, measured by the number of adipocytes, increased significantly
in WT mice after OVX, we detected no change in miR-146a-defi-
cient mice after OVX (Figure 5j). Summarized, these data reveal
reduced activation of osteoclast and preserved activity of osteo-
blasts in ovariectomized miR-146a-deficient mice, leading to com-
plete protection from OVX-induced bone loss.

To investigate how current treatment regimens for estrogen-de-
ficient bone loss influence miR-146a expression in bone tissue, we
reanalyzed data from an OVX rat model in wild-type animals, using sh-
am-operated animals as controls. After 8 weeks, OVX animals received
either vehicle (Veh), anti-resorptive treatment using zoledronate (ZOL),
or osteoanabolic treatment using teriparatide (TPD), a recombinant
parathyroid hormone (PTH) shown to increase bone mass of rats, for
12 weeks (Kocijan et al., 2020). Analyzing microRNA expression in bone,
we found that, in line with our hypothesis, treatment with TPD signifi-

cantly reduced the levels of miR-146a in bone tissue, correlating with an

almost complete protection from OVX-induced bone loss. In contrast,
treatment with bisphosphonates, which target osteoclast-mediated
bone resorption, did not alter levels of miR-146a in bone. (Figure 5k).
These data demonstrate that the treatment of OVX-induced bone loss

with recombinant PTH is associated with suppression of miR-146a.

2.5 | Increased expression of miR-146a in patients
with fragility fractures

Finally, in order to investigate whether miR-146a could also be in-
volved in human disease, we tested the levels of miR-146a in pa-
tients with osteoporosis, reanalyzing an existing dataset (Kocijan
et al., 2016). In line with our murine data, women suffering from
low trauma fractures had increased circulating serum levels of miR-
146a compared with those who did not (Figure 5l). There was even
a significant difference in pre-menopausal fractures in females com-
pared with controls. In men, miR-146a was significantly elevated in
individuals who suffered a fracture as well. However, the difference
was less pronounced in males compared with females, pointing to-
ward a predominant role of miR-146a in the regulation of bone in

female individuals.
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3 | DISCUSSION

In this study, we identify a novel and unexpected role of miR-146ain
bone homeostasis. miR-146a increases with age and acts as an epi-
genetic molecular switch terminating bone accrual, leading to bone
loss during aging by downregulating bone anabolic Wnt signaling.
Conversely, loss of miR-146a leads to continuous bone accrual dur-
ing aging as a result of unrestricted bone anabolism and intact Wnt
signaling. Therefore, miR-146a crucially controls the temporal facet
of bone homeostasis.

miR-146a has been primarily identified as an anti-inflammatory
miRNA, as it has been shown to inhibit many aspects of inflam-
mation, hematopoietic stem cell biology, and cancer (Boldin et al.,
2011; Lu et al., 2010; Magilnick et al., 2017; Nakasa et al., 2008;
Zhao et al., 2011, 2013). However, miR-146a has also been impli-
cated in immune dysfunction during aging, as it has been shown to
accumulate in macrophages and dendritic cells of aged mice, leading
to dysfunction of these cells (Jiang et al., 2012; Olivieri et al., 2013).
Myeloproliferation, systemic inflammation, and myelofibrosis are
important phenotypes that develop in miR-146a-deficient mice with
age (Boldin et al., 2011; Magilnick et al., 2017). While TRAF6 has
been shown to mediate the systemic inflammatory and myeloprolif-
erative phenotype, TRAF6 haploinsufficiency was not able to rescue
the high bone mass phenotype in miR-146a-deficient mice. While we
were not able to definitely rule out an influence of other phenotypes
on the development of high bone mass, we did observe a high bone
mass at 6 months of age, where there were no signs of the myelopro-
liferative phenotype yet (Figure S8). In addition, alterations in bone
marrow cellularity at 6 months of age were similar between male
and female miR-146a-deficient mice (Figure S8 and data not shown),
yet only female miR-146a-deficient develop a high bone mass phe-
notype. Conditional miR-146a-deficient animals will further help to
clarify the mechanisms of the development of high bone mass in the
miR-146a-deficient mice.

miR-146a was found to suppress the osteogenesis of adipose-de-
rived mesenchymal stem cells by targeting SMAD4 (Xie et al., 2017).
Since SMAD4 was not differentially expressed in our analysis of
miR-146a-deficient bone, in neither young nor aged animals it does
not seem to be responsible for the elevated bone growth in knock
out animals.

Of note, we did not detect major differences of in vitro generated
osteoclasts or osteoblasts, which contrast some published reports
(Kuang et al., 2017). However, these data were primarily obtained
upon manipulation of wt osteoblasts with antagomirs or miR-146a
agonists, while our analyses were done ex vivo with osteoblasts of
wt and miR-146a-deficient mice, possibly explaining the difference
outcomes.

The role of Wnt proteins and their receptors in bone biology is
well-established (Baron & Kneissel, 2013; Cadigan & Peifer, 2009). The
role of Wnt5ais of particular interest, as it has been implicated in osteo-
clast activity as well as osteoblast differentiation and activity. The net
effect in full Wnt5a knockout mice is reduced bone mass, accompanied
by severely reduced activity of osteoblasts (Maeda et al., 2012). Loss of

Whnt5a specifically in osteoclasts leads to reduced bone mass due to de-
creased bone formation, whereas deletion of its receptor Ror2 in OCs
leads to increased bone mass, suggesting that Wnt5a activates both
osteoblasts and osteoclasts, with a predominant effect on osteoblast
function (Maeda et al., 2012; Roberts et al., 2020). Mutations in Wnt1
have been shown to be responsible for osteoporosis and osteogenesis
imperfecta, and transgenic overexpression of Wntl has been shown
to markedly increase bone mass in mice (Laine et al., 2013; Luther
et al.,, 2018). In this study, we found deregulation of Wnt5a as well as
Whntl accompanying the increased osteoblast activity in miR-146a-de-
ficient mice. Importantly, young mice show similar levels of Wnt5a and
Wnt1 in WT and miR-146a-deficient mice, demonstrating that Wnt5a
is temporally regulated, as it is the case with miR-146a. The fact that
timing of Wnt5a expression is crucial for some of its effects has also
been demonstrated in embryogenesis, with the help of tamoxifen-in-
ducible Wnt5a expression in mice (van Amerongen et al., 2012). Wnt
proteins have been shown to decline with age in bone (Bakker et al.,
2012; Rauner et al., 2008). We also find a decline in Wnt1 in our analy-
ses in WT mice, but not in miR-146a-deficient mice. In addition, classical
but also sometimes non-classical Wnt signaling leads to stabilization of
B-catenin (Okamoto et al., 2014). Increased stabilization of p-catenin in
osteoblasts has been shown to increase bone mass, whereas deletion
leads to reduced bone mass (Glass et al., 2005). In our experiments,
aged miR-146a-deficient mice exhibit markedly increased presence of
B-catenin in bone, as a result of increased Wnt signaling. The effects of
miR-146a deficiency are unique, as this miRNA is controlling the tempo-
ral aspect of bone turnover. This contrasts with mice deficient in scle-
rostin, an endogenous inhibitor of Wnt signaling, leading to a high bone
mass phenotype already at a younger age (Li et al., 2008). Interestingly,
miR-146 is increased in senescent cells (Deng et al., 2017), whose elimi-
nation prevents bone loss with aging (Farr et al., 2017).

Wht signaling has also been implicated in regulating the fate of
mesenchymal stem cells to differentiate into either the osteoblas-
tic or the adipogenic lineage, favoring the former over the latter
(Bilkovski et al., 2010; Song et al., 2012). In WT mice, bone marrow
adiposity continuously increases with age. In line with increased
activity of Wnt proteins, we detected even decreasing bone mar-
row adiposity and increasing numbers of osteoblasts over time in
miR-146a-deficient mice. In addition, miR-146a-deficient mice are,
in accordance with a recent report (Zhao et al., 2019), protected
from OVX-induced bone loss. Interestingly, also during ovariectomy,
we detected increased osteoblast and reduced generation of adi-
pocytes in miR-146a-deficient mice. As bone marrow adiposity has
been shown to increase with age in humans and has been linked with
osteoporosis in the elderly as well (Kim et al., 2012), we propose that
miR-146a favors adipocyte generation at the expense of osteoblasts
during aging, leading to reduced osteoanabolic capacities as a result
of reduced osteoblast differentiation. In addition, miR-146a defi-
ciency prevented increase in osteoclasts after OVX, suggesting that
both mesenchymal and myeloid cells are involved in the protection
from OVX-induced bone loss.

Therefore, the temporal regulation of miR-146a expression

in bone seems to provide the molecular clock, which restricts
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osteoblast generation by decreasing Wnt5a and Wnt1 expression,
tipping the scale toward bone loss during aging in WT mice. This
important regulatory function is lost in miR-146a-deficient mice,
leading to continuous bone accrual during aging. Importantly, the
levels of miR-146a are increased in the circulation of patients suf-
fering from postmenopausal fragility fractures. Therefore, miR-146a
potentially plays an important role in human osteoporosis.
Therefore, our study describes a novel molecular checkpoint
controlling age-related bone loss and could lead to therapeutic tar-
geting of miR-146a for osteoporosis and age-related bone loss.

4 | MATERIALS AND METHODS

41 | Mice

Breeding pairs of miR-146a™~ and miR-146a""* littermate (B6.(FVB)-
MIR146TM1.1BAL/J) mice were provided by Mark Boldin/David
Baltimore. Bones from miR-146a~'~ and miR-146a~"/TRAF6*™ mice
were obtained from M. Boldin. Mice used in all experiments were age-
and sex-matched. All data were generated from littermates. All ani-
mal procedures were approved by the local ethics committee of the
Medical University Vienna (BMWFW-66.009/0228-WF/V/3b/2017)
and were conducted in strict accordance with Austrian law.

4.2 | Analysis of bone parameters

Histomorphometry and bone formation analysis of mouse tibia from
WT and miR-146a™~ was analyzed as described (Saferding et al.,
2017). For von Kossa stainings, tibias were fixed in paraformalde-
hyde at room temperature for 6 h. Bones were dehydrated using
a gradual series of ethanol (70%, 95%, and 100%), infiltrated, and
embedded without decalcification in methyl methacrylate, and von
Kossa staining was done on tibial sections. For uCT analysis, we
used SCANCO Medical uCT 35 to produce images from trabecular
and cortical bone and analyzed with SCANCO evaluation software
for segmentation, three-dimensional morphometric analysis, den-

sity, and distance parameters.

4.3 | Immunohistochemistry

For immunohistochemistry, p-catenin (BD Bioscience) at a dilution
of 1:200 was used.

4.4 | Cellculture

Osteoclast generation was done as previously described (Saferding
etal., 2017).

For bone resorption assays, osteoclasts were seeded

600,000 cells/well on osteo-assay surface plates (Corning) and
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cultured as previously described (Saferding et al., 2017). After
4 days, osteoclasts were removed using 5% sodium hypochlorite for
5 min and washed two times with water, water was removed, and
wells were air-dried.

Osteoblasts were isolated from calvariae of neonatal WT and miR-
146a™"mice. Calvariae were digested for 10 min in alpha MEM (Gibco)
containing 0.1% Collagenase (Sigma) and 0.2% Dispase Il (Sigma).
Osteogenic precursors were expanded in alpha MEM containing 10%
FCS (Gibco) and 1% penicillin /streptomycin. Differentiation of osteo-
blasts was achieved by adding 0.2 mM L-ascorbate and 10 mM B-glyc-
erophosphate (both Sigma). After 15, 21, and 26 days, cells were fixed
with 4% formalin, following staining with either Aqua Bidest contain-
ing 8% Alizarin Red (Sigma) or staining for alkaline phosphatase using

5-bromo-4-chloro-3-indolylphosphate/nitro blue.

4.5 | miRNA measurement

microRNA was isolated using miRNeasy Mini Kit (Qiagen). miR-146a
expression was measured using TagMan miRNA assay hsa-miR-146a
(Applied Biosystems) according to the manufacturer's instruction
using the Rotor-Gene Q PCR cycler (Qiagen). U6snRNA (miRNA assay
U6 snRNA Applied Biosystems) was used as internal control. Relative

expression of miR-146a was calculated by the 2AACT method.

4.6 | Quantitative real-time PCR

For mRNA expression analysis, total RNA was isolated from OCs,
OBs, and minced femur using RNeasy Mini Kit (Qiagen). CDNA was
prepared using the Omniscript RT Kit (Qiagen), followed by SYBR
Green-based quantitative PCR (Roche) using the Light Cycler 480
(Roche). mRNA amounts were normalized relative to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA. Generation
of the correct size amplification products was confirmed with
agarose gel electrophoresis. The primers for real-time PCR were
as follows: RANK: 5-CACAGACAAATGCAAACCTTG-3' and
5-GTCTTCTGGAACCATCTTCCTCC-3'; TRAF6: 5-AAAGCGAGAG
ATTCTTTCCCTG-3' and 5-ACTGGGGACAATTCACTAGAGC-3';
OSX: 5'-GGAGGCACAAAGAAGCCATAC-3' and 5-TGCAGGAGAGA
GGAGTCCATTG-3’; RUNX2: 5-TGGCTTGGGTTTCAGGTTAGGG-3’
and 5-TCGGTTTCTTAGGGTCTTGGAGTG-3'; ALP: 5-GCTGAT
CATTCCCACGTTTT-3' and 5-CTGGGCCTGGTAGTTGTTGT-3;
RANKL: 5'-TCGTGGAACATTAGCATGGA-3' and 5-CCTCTCCCAA
TCTGGTTCAA-3'; OPG: 5-TACCTGGAGATCGAATTCTGCTT-3' and
5'-CCATCTGGACATTTTTTGCAAA-3";Wnt5a:5-CCAACTGGCAGG
ACTTTCTC-3" and 5-GCATTCCTTGATGCCTGTCT-3"; Wnt1: 5'-TTT
TGGTCGCCTCTTTGG-3' and 5-TGCCTCGTTGTTGTGAAGG-3';
OC: 5-ACCTTATTGCCCTCCTGCTT-3' and 5-GCGCTCTGTCT
CTCTGACCT-3'; OPN: 5-CTCCATCGTCATCATCATCG-3' and
5'-TGCACCCAGATCCTATAGCC-3'; TRAP: 5-TCCTGGCTCAAAAA
GCAGTT-3'and 5'-ACATAGCCCACACCGTTCTC-3'; CatK: 5'-TGAGA
GTTGTGGACTCTGTGCT-3" and 5'-TTGTGCATCTCAGTGGAAGAC
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T-3'; SMAD4: 5-TGGGTCCGTGGGTGGAATAG-3' and 5-TCTAAA
GGCTGTGGGTCCGC-3'; BMP2: 5'-CGCTCCACAAACGAGAAAA
G-3' and 5-CAGTCATTCCACCCCACATC-3'; and GAPDH: 5-TGGC
ATTGTGGAAGGGCTCATGAC-3' and 5'-ATGCCAGTGAGCTTGCCG
TTCAGC-3'. The relative expression of the mRNA of the gene of in-
terest was calculated by the 2AACT method.

4.7 | Dynamic labeling of bone
Calcein labeling was performed and analyzed as described (Bluml
et al., 2015).

4.8 | Ovariectomy (OVX)

OVX of 3-month-old female WT and miR-146a™" animals was per-
formed as described (Scholtysek et al., 2013). Ovaries were removed
from OVX animals, skin of sham-operated female animals was in-
cised, and ovaries were left intact. The histological analysis of surgi-
cally removed ovaries was performed to verify OVX. After 4 weeks
of recovery and to allow the onset of osteoporosis, all mice were
sacrificed. Bone loss was evaluated in the tibiae, of these mice, his-

tologically and using pCT image analysis.

4.9 | Three-point bending and mechanical stability
Mechanical properties of femur from WT and miR-146a™~ (6-month-

old animals) were tested as described (Stange et al., 2013).

410 | ELISA

Serum concentration of RANKL (R&D Systems), CTXI (BIOZOL/
Biomedica), OPG (AbFrontier), PINP (Immunodiagnostic Systems
(IDS)), and estradiol (Calbiotech) was assessed according to the manu-

facturer's instructions.

411 | Flow cytometry

Cells were stained for CD11b (PerCP-Cy™5.5-conj., clone M1/70)
BD PharMingen™. For flow cytometric analyses, BD FACSCanto™ Il
(Becton Dickinson Immunocytometry Systems, San Jose, CA) was used.

412 | Collagen amount

For collagen determination, femurs of 6-month-old WT and miR-
1463~ mice were taken. Bone marrow was removed, and tissue was
dissolved at a concentration of 100 mg/ml in 12 M HCI. Afterward,

the concentration of the hydroxyprolines, and consequently, of

the collagen was determined using a Total Collagen Assay Kit
(QuickZyme, Leiden, Netherlands) with rat tail collagen type | as a
standard, according to the manufacturer's instructions.

4.13 | Statistical analysis

Statistical significance of two different groups was calculated using
the unpaired two-tailed Student's t test. All analyses were per-
formed using GraphPad Prism 6 software. Graphs present data as
mean = SEM. A p value less than or equal to 0.05 was considered
significant (*p < 0.05, **p < 0.01, ***p < 0.001).

ACKNOWLEDGMENTS

We thank Tetyana Shvets and Carl-Walter Steiner for expert techni-
cal assistance. This research has received funding from the Innovative
Medicines Initiative 2 Joint Undertaking under Grant Agreement No.
777357 (RTCure), the Lilly Innovation Award of the Austrian Society
of Rheumatology, and the "Cells-in-Motion Cluster of Excellence"
(EXC 1003-CiM), University of Minster, Germany. We also thank the
Biomedical Sequence Facility of the Medical University Vienna for
their support.

CONFLICT OF INTEREST

MH and JG are co-founders and shareholders of TAMiRNA GmbH,
and MH and MW are employed by TAmiRNA GmbH. All other au-
thors have declared that no conflict of interest exists.

AUTHOR CONTRIBUTIONS

VS, MH, JSB, BN, MT, NM, MB, and SH performed experiments; VS,
MT, GH, GS, RS, GS, MW, MH, JG, JS, and SB analyzed the data; VS, JS,
and SB wrote the manuscript; and all authors corrected the manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Julia S. Brunner "= https://orcid.org/0000-0002-3195-147X

Stephan Bliml "= https://orcid.org/0000-0002-2758-4400

REFERENCES

Bakker, E. R. M., Raghoebir, L., Franken, P. F., Helvensteijn, W., van Gurp,
L., Meijlink, F., van der Valk, M. A, Rottier, R. J., Kuipers, E. J., van
Veelen, W., & Smits, R. (2012). Induced Wnt5a expression perturbs
embryonic outgrowth and intestinal elongation, but is well-toler-
ated in adult mice. Developmental Biology, 369(1), 91-100. https://
doi.org/10.1016/j.ydbio.2012.06.007

Baron, R., & Kneissel, M. (2013). WNT signaling in bone homeostasis and
disease: From human mutations to treatments. Nature Medicine,
19(2), 179-192. https://doi.org/10.1038/nm.3074

Beamer, W. G., Donahue, L. R., Rosen, C. J., & Baylink, D. J.
(1996). Genetic variability in adult bone density among in-
bred strains of mice. Bone, 18(5), 397-403. https://doi.
org/10.1016/8756-3282(96)00047-6


https://orcid.org/0000-0002-3195-147X
https://orcid.org/0000-0002-3195-147X
https://orcid.org/0000-0002-2758-4400
https://orcid.org/0000-0002-2758-4400
https://doi.org/10.1016/j.ydbio.2012.06.007
https://doi.org/10.1016/j.ydbio.2012.06.007
https://doi.org/10.1038/nm.3074
https://doi.org/10.1016/8756-3282(96)00047-6
https://doi.org/10.1016/8756-3282(96)00047-6

SAFERDING ET AL.

| 130f 14

Bernstein, J., American Academy of Orthopaedic Surgeons, American
Academy of Family Physicians, & American Academy of Pediatrics
(2003). Musculoskeletal medicine (1st ed.). American Academy of
Orthopaedic Surgeons.

Bilkovski, R., Schulte, D. M., Oberhauser, F., Gomolka, M., Udelhoven,
M., Hettich, M. M., Roth, B., Heidenreich, A., Gutschow, C., Krone,
W., & Laudes, M. (2010). Role of WNT-5a in the determination
of human mesenchymal stem cells into preadipocytes. Journal of
Biological Chemistry, 285(9), 6170-6178. https://doi.org/10.1074/
jbc.M109.054338

Bluml, S., Bonelli, M., Niederreiter, B., Puchner, A., Mayr, G., Hayer,
S., Koenders, M. |, van den Berg, W. B., Smolen, J., & Redlich, K.
(2011). Essential role of microRNA-155 in the pathogenesis of au-
toimmune arthritis in mice. Arthritis and Rheumatism, 63(5), 1281-
1288. https://doi.org/10.1002/art.30281

Bltuml, S., Friedrich, M., Lohmeyer, T., Sahin, E., Saferding, V., Brunner, J.,
Puchner, A., Mandl, P., Niederreiter, B., Smolen, J. S., Schabbauer,
G., & Redlich, K. (2015). Loss of phosphatase and tensin homolog
(PTEN) in myeloid cells controls inflammatory bone destruction by
regulating the osteoclastogenic potential of myeloid cells. Annals
of the Rheumatic Diseases, 74(1), 227-233. https://doi.org/10.1136/
annrheumdis-2013-203486

Boldin, M. P., Taganov, K. D., Rao, D. S., Yang, L., Zhao, J. L., Kalwani,
M., Garcia-Flores, Y., Luong, M., Devrekanli, A., Xu, J., Sun, G., Tay,
J., Linsley, P. S., & Baltimore, D. (2011). miR-146a is a significant
brake on autoimmunity, myeloproliferation, and cancer in mice.
Journal of Experimental Medicine, 208(6), 1189-1201. https://doi.
org/10.1084/jem.20101823

Cadigan, K. M., & Peifer, M. (2009). Wnt signaling from development
to disease: Insights from model systems. Cold Spring Harbor
Perspectives in Biology, 1(2), a002881. https://doi.org/10.1101/
cshperspect.a002881

Compston, J. E., McClung, M. R, & Leslie, W. D. (2019). Osteoporosis.
Lancet, 393(10169), 364-376. https://doi.org/10.1016/
S0140-6736(18)32112-3

Deng, S., Wang, H., Jia, C., Zhu, S., Chu, X., Ma, Q. |., Wei, J., Chen, E.,
Zhu, W., Macon, C. J., Jayaweera, D. T., Dykxhoorn, D. M., & Dong,
C. (2017). MicroRNA-146a induces lineage-negative bone marrow
cell apoptosis and senescence by targeting polo-like kinase 2 ex-
pression. Arteriosclerosis, Thrombosis, and Vascular Biology, 37(2),
280-290. https://doi.org/10.1161/ATVBAHA.116.308378

Du, J., Niu, X., Wang, Y., Kong, L., Wang, R., Zhang, Y., Zhao, S., & Nan, Y.
(2015). MiR-146a-5p suppresses activation and proliferation of he-
patic stellate cells in nonalcoholic fibrosing steatohepatitis through
directly targeting Wnt1 and Wnt5a. Scientific Reports, 5, 16163.
https://doi.org/10.1038/srep16163

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, J. L.,
Negley, B. A, Sfeir, J. G., Ogrodnik, M. B., Hachfeld, C. M., LeBrasseur,
N. K., Drake, M. T., Pignolo, R. J., Pirtskhalava, T., Tchkonia, T., Oursler,
M. J,, Kirkland, J. L., & Khosla, S. (2017). Targeting cellular senescence
prevents age-related bone loss in mice. Nature Medicine, 23(9), 1072-
1079. https://doi.org/10.1038/nm.4385

Glass, D. A., Bialek, P., Ahn, J. D., Starbuck, M., Patel, M. S, Clevers, H.,
Taketo, M. M,, Long, F., McMahon, A. P, Lang, R. A., & Karsenty, G.
(2005). Canonical Wnt signaling in differentiated osteoblasts con-
trols osteoclast differentiation. Developmental Cell, 8(5), 751-764.
https://doi.org/10.1016/j.devcel.2005.02.017

Hu, C.-H., Sui, B.-D., Du, F.-Y., Shuai, Y. ., Zheng, C.-X., Zhao, P., Yu, X.-R.,
& Jin, Y. (2017). miR-21 deficiency inhibits osteoclast function and
prevents bone loss in mice. Scientific Reports, 7, 43191. https://doi.
org/10.1038/srep43191

Jiang, M., Xiang, Y., Wang, D., Gao, J., Liu, D,, Liu, Y., Liu, S., & Zheng,
D. (2012). Dysregulated expression of miR-146a contributes to
age-related dysfunction of macrophages. Aging Cell, 11(1), 29-40.
https://doi.org/10.1111/j.1474-9726.2011.00757.x

Aging ' -WILEY

Joeng, K. S, Lee, Y.-C., Jiang, M.-M,, Bertin, T. K., Chen, Y., Abraham, A.
M., Ding, H., Bi, X., Ambrose, C. G., & Lee, B. H. (2014). The sway-
ing mouse as a model of osteogenesis imperfecta caused by WNT1
mutations. Human Molecular Genetics, 23(15), 4035-4042. https://
doi.org/10.1093/hmg/ddu117

Joeng, K. S., Lee, Y.-C., Lim, J., Chen, Y., Jiang, M.-M., Munivez, E.,
Ambrose, C., & Lee, B. H. (2017). Osteocyte-specific WNT1 reg-
ulates osteoblast function during bone homeostasis. Journal of
Clinical Investigation, 127(7), 2678-2688. https://doi.org/10.1172/
JCI192617

Kangas, R., Pollanen, E., Rippo, M. R., Lanzarini, C., Prattichizzo, F.,
Niskala, P., Jylhava, J., Sipila, S., Kaprio, J., Procopio, A. D., Capri,
M., Franceschi, C., Olivieri, F., & Kovanen, V. (2014). Circulating
miR-21, miR-146a and Fas ligand respond to postmenopausal es-
trogen-based hormone replacement therapy-a study with mono-
zygotic twin pairs. Mechanisms of Ageing and Development, 143-144,
1-8. https://doi.org/10.1016/j.mad.2014.11.001

Kanis, J. A. (2002). Diagnosis of osteoporosis and assessment of frac-
ture risk. Lancet, 359(9321), 1929-1936. https://doi.org/10.1016/
S0140-6736(02)08761-5

Kim, M., Kim, C., Choi, Y. S., Kim, M., Park, C., & Suh, Y. (2012). Age-
related alterations in mesenchymal stem cells related to shift in dif-
ferentiation from osteogenic to adipogenic potential: Implication
to age-associated bone diseases and defects. Mechanisms of Ageing
and Development, 133(5), 215-225. https://doi.org/10.1016/j.
mad.2012.03.014

Kocijan, R., Muschitz, C., Geiger, E., Skalicky, S., Baierl, A., Dormann,
R., Plachel, F., Feichtinger, X., Heimel, P., Fahrleitner-Pammer, A.,
Grillari, J., Redl, H., Resch, H., & Hackl, M. (2016). Circulating mi-
croRNA signatures in patients with idiopathic and postmenopausal
osteoporosis and fragility fractures. Journal of Clinical Endocrinology
and Metabolism, 101(11), 4125-4134. https://doi.org/10.1210/
jc.2016-2365

Kocijan, R., Weigl, M., Skalicky, S., Geiger, E., Ferguson, J., Leinfellner,
G., Heimel, P., Pietschmann, P., Grillari, J., Redl, H., & Hackl, M.
(2020). MicroRNA levels in bone and blood change during bisphos-
phonate and teriparatide therapy in an animal model of postmeno-
pausal osteoporosis. Bone, 131, 115104. https://doi.org/10.1016/j.
bone.2019.115104

Krzeszinski, J. Y., Wei, W., Huynh, H. D., Jin, Z., Wang, X., Chang, T.-C.,
Xie, X.-J., He, L., Mangala, L. S., Lopez-Berestein, G., Sood, A. K,
Mendell, J. T., & Wan, Y. (2014). miR-34a blocks osteoporosis and
bone metastasis by inhibiting osteoclastogenesis and Tgif2. Nature,
512(7515), 431-435. https://doi.org/10.1038/nature13375

Kuang, W., Zheng, L., Xu, X., Lin, Y., Lin, J., Wu, J., & Tan, J. (2017).
Dysregulation of the miR-146a-Smad4 axis impairs osteogenesis
of bone mesenchymal stem cells under inflammation. Bone Res, 5,
17037. https://doi.org/10.1038/boneres.2017.37

Laine, C. M., Joeng, K. S., Campeau, P. M., Kiviranta, R., Tarkkonen, K.,
Grover, M., & Makitie, O. (2013). WNT1 mutations in early-onset
osteoporosis and osteogenesis imperfecta. New England Journal
of Medicine, 368(19), 1809-1816. https://doi.org/10.1056/NEJMo
al1215458

Li, X., Ominsky, M. S., Niu, Q.-T., Sun, N., Daugherty, B., D'Agostin,
D., Kurahara, C., Gao, Y., Cao, J., Gong, J., Asuncion, F., Barrero,
M., Warmington, K., Dwyer, D., Stolina, M., Morony, S., Sarosi, .,
Kostenuik, P. J., Lacey, D. L., & Paszty, C. (2008). Targeted deletion
of the sclerostin gene in mice results in increased bone formation
and bone strength. Journal of Bone and Mineral Research, 23(6),
860-869. https://doi.org/10.1359/jbmr.080216

Liu, J., Dang, L., Wu, X,, Li, D., Ren, Q., Lu, A., & Zhang, G. (2019). microR-
NA-mediated regulation of bone remodeling: A brief review. JBMR
Plus, 3(9), €10213. https://doi.org/10.1002/jbm4.10213

Lomaga, M. A,, Yeh, W.-C., Sarosi, |., Duncan, G. S., Furlonger, C., Ho, A,,

Morony, S., Capparelli, C., Van, G., Kaufman, S., van der Heiden, A,,


https://doi.org/10.1074/jbc.M109.054338
https://doi.org/10.1074/jbc.M109.054338
https://doi.org/10.1002/art.30281
https://doi.org/10.1136/annrheumdis-2013-203486
https://doi.org/10.1136/annrheumdis-2013-203486
https://doi.org/10.1084/jem.20101823
https://doi.org/10.1084/jem.20101823
https://doi.org/10.1101/cshperspect.a002881
https://doi.org/10.1101/cshperspect.a002881
https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.1161/ATVBAHA.116.308378
https://doi.org/10.1038/srep16163
https://doi.org/10.1038/nm.4385
https://doi.org/10.1016/j.devcel.2005.02.017
https://doi.org/10.1038/srep43191
https://doi.org/10.1038/srep43191
https://doi.org/10.1111/j.1474-9726.2011.00757.x
https://doi.org/10.1093/hmg/ddu117
https://doi.org/10.1093/hmg/ddu117
https://doi.org/10.1172/JCI92617
https://doi.org/10.1172/JCI92617
https://doi.org/10.1016/j.mad.2014.11.001
https://doi.org/10.1016/S0140-6736(02)08761-5
https://doi.org/10.1016/S0140-6736(02)08761-5
https://doi.org/10.1016/j.mad.2012.03.014
https://doi.org/10.1016/j.mad.2012.03.014
https://doi.org/10.1210/jc.2016-2365
https://doi.org/10.1210/jc.2016-2365
https://doi.org/10.1016/j.bone.2019.115104
https://doi.org/10.1016/j.bone.2019.115104
https://doi.org/10.1038/nature13375
https://doi.org/10.1038/boneres.2017.37
https://doi.org/10.1056/NEJMoa1215458
https://doi.org/10.1056/NEJMoa1215458
https://doi.org/10.1359/jbmr.080216
https://doi.org/10.1002/jbm4.10213

14 of 14 |

SAFERDING ET AL.

WILEY- Aging ,
Itie, A., Wakeham, A., Khoo, W., Sasaki, T., Cao, Z., Penninger, J. M.,
Paige, C. J,, Lacey, D. L., & Mak, T. W. (1999). TRAF6 deficiency results
in osteopetrosis and defective interleukin-1, CD40, and LPS signaling.
Genes & Development, 13(8), 1015-1024.

Lu, L.-F., Boldin, M. P., Chaudhry, A, Lin, L.-L., Taganov, K. D., Hanada,
T., Yoshimura, A., Baltimore, D., & Rudensky, A. Y. (2010). Function
of miR-146a in controlling Treg cell-mediated regulation of Thl
responses. Cell, 142(6), 914-929. https://doi.org/10.1016/j.
cell.2010.08.012

Luther, J., Yorgan, T. A., Rolvien, T., Ulsamer, L., Koehne, T., Liao, N.,
Keller, D., Vollersen, N., Teufel, S., Neven, M., Peters, S., Schweizer,
M., Trumpp, A., Rosigkeit, S., Bockamp, E., Mundlos, S., Kornak,
U., Oheim, R., Amling, M., & David, J.-P. (2018). Wnt1 is an Lrp5-
independent bone-anabolic Wnt ligand. Science Translational
Medicine, 10(466), eaau7137. https://doi.org/10.1126/scitranslm
ed.aau7137

Maeda, K., Kobayashi, Y., Udagawa, N., Uehara, S., Ishihara, A., Mizoguchi,
T., Kikuchi, Y., Takada, ., Kato, S., Kani, S., Nishita, M., Marumo, K.,
Martin, T. J., Minami, Y., & Takahashi, N. (2012). Wnt5a-Ror2 sig-
naling between osteoblast-lineage cells and osteoclast precursors
enhances osteoclastogenesis. Nature Medicine, 18(3), 405-412.
https://doi.org/10.1038/nm.2653

Magilnick, N., Reyes, E. Y., Wang, W. L., Vonderfecht, S. L., Gohda, J., Inoue,
J. I, & Boldin, M. P. (2017). miR-146a-Trafé regulatory axis controls
autoimmunity and myelopoiesis, but is dispensable for hematopoi-
etic stem cell homeostasis and tumor suppression. Proceedings of the
National Academy of Sciences of the United States of America, 114(34),
E7140-E7149. https://doi.org/10.1073/pnas.1706833114

Nakasa, T., Miyaki, S., Okubo, A., Hashimoto, M., Nishida, K., Ochi, M., &
Asahara, H. (2008). Expression of microRNA-146 in rheumatoid ar-
thritis synovial tissue. Arthritis and Rheumatism, 58(5), 1284-1292.
https://doi.org/10.1002/art.23429

Okamoto, M., Udagawa, N., Uehara, S., Maeda, K., Yamashita, T,
Nakamichi, Y., & Kobayashi, Y. (2014). Noncanonical Wnt5a en-
hances Wnt/beta-catenin signaling during osteoblastogenesis.
Scientific Reports, 4, 4493. https://doi.org/10.1038/srep04493

Olivieri, F., Lazzarini, R., Recchioni, R., Marcheselli, F., Rippo, M. R,
Di Nuzzo, S., Albertini, M. C., Graciotti, L., Babini, L., Mariotti,
S., Spada, G., Abbatecola, A. M., Antonicelli, R., Franceschi, C.,
& Procopio, A. D. (2013). MiR-146a as marker of senescence-as-
sociated pro-inflammatory status in cells involved in vascular re-
modelling. Age (Dordr), 35(4), 1157-1172. https://doi.org/10.1007/
s11357-012-9440-8

Rauner, M., Sipos, W., & Pietschmann, P. (2008). Age-dependent Wnt
gene expression in bone and during the course of osteoblast dif-
ferentiation. Age (Dordr), 30(4), 273-282. https://doi.org/10.1007/
s11357-008-9069-9

Roberts, J. L., Liu, G., Paglia, D. N., Kinter, C. W., Fernandes, L. M., Lorenzo,
J., & Drissi, H. (2020). Deletion of Wnt5a in osteoclasts results in
bone loss through decreased bone formation. Annals of the New York
Academy of Sciences, 45-59. https://doi.org/10.1111/nyas.14293

Saferding, V., Puchner, A., Goncalves-Alves, E., Hofmann, M., Bonelli,
M., Brunner, J. S,, Sahin, E., Niederreiter, B., Hayer, S., Kiener, H. P,,
Einwallner, E., Nehmar, R., Carapito, R., Georgel, P., Koenders, M.
I., Boldin, M., Schabbauer, G., Kurowska-Stolarska, M., Steiner, G.,
& Bluml, S. (2017). MicroRNA-146a governs fibroblast activation
and joint pathology in arthritis. Journal of Autoimmunity, 82, 74-84.
https://doi.org/10.1016/j.jaut.2017.05.006

Scholtysek, C., Katzenbeisser, J., Fu, H., Uderhardt, S., Ipseiz, N., Stoll,
C., & Kronke, G. (2013). PPARbeta/delta governs Wnt signaling
and bone turnover. Nature Medicine, 19(5), 608-613. https://doi.
org/10.1038/nm.3146

Song, L., Liu, M., Ono, N., Bringhurst, F. R., Kronenberg, H. M., & Guo,
J. (2012). Loss of wnt/beta-catenin signaling causes cell fate shift
of preosteoblasts from osteoblasts to adipocytes. Journal of Bone

and Mineral Research, 27(11), 2344-2358. https://doi.org/10.1002/
jbmr.1694

Stange, R., Kronenberg, D., Timmen, M., Everding, J., Hidding, H., Eckes,
B., & Raschke, M. J. (2013). Age-related bone deterioration is di-
minished by disrupted collagen sensing in integrin alpha2betal
deficient mice. Bone, 56(1), 48-54. https://doi.org/10.1016/j.
bone.2013.05.003

Sun, T, Li, X,, Song, H., Gao, F.,, Zhou, G,, Li, X., Chen, Z., & Chen, L. (2017).
MiR-146a aggravates LPS-induced inflammatory injury by target-
ing CXCR4 in the articular chondrocytes. Cellular Physiology and
Biochemistry, 44(4), 1282-1294. https://doi.org/10.1159/000485488

Taganov, K. D., Boldin, M. P.,, Chang, K. J., & Baltimore, D. (2006). NF-
kappaB-dependent induction of microRNA miR-146, an inhibi-
tor targeted to signaling proteins of innate immune responses.
Proceedings of the National Academy of Sciences of the United States
of America, 103(33), 12481-12486. https://doi.org/10.1073/
pnas.0605298103

van Amerongen, R., Fuerer, C., Mizutani, M., & Nusse, R. (2012). Wnt5a
can both activate and repress Wnt/beta-catenin signaling during
mouse embryonic development. Developmental Biology, 369(1),
101-114. https://doi.org/10.1016/j.ydbio.2012.06.020

Weilner, S., Schraml, E., Wieser, M., Messner, P., Schneider, K.,
Wassermann, K., Micutkova, L., Fortschegger, K., Maier, A. B.,
Westendorp, R., Resch, H., Wolbank, S., RedI, H., Jansen-Diirr, P.,
Pietschmann, P., Grillari-Voglauer, R., & Grillari, J. (2016). Secreted
microvesicular miR-31 inhibits osteogenic differentiation of
mesenchymal stem cells. Aging Cell, 15(4), 744-754. https://doi.
org/10.1111/acel. 12484

Xie, Q., Wei, W,, Ruan, J,, Ding, Y. |, Zhuang, A. I., Bi, X., Sun, H., Gu, P,,
Wang, Z. |, & Fan, X. (2017). Effects of miR-146a on the osteogen-
esis of adipose-derived mesenchymal stem cells and bone regen-
eration. Scientific Reports, 7, 42840. https://doi.org/10.1038/srep4
2840

Zeng, H. C., Bae, Y., Dawson, B. C., Chen, Y., Bertin, T., Munivez, E., &
Lee, B. H. (2017). MicroRNA miR-23a cluster promotes osteocyte
differentiation by regulating TGF-beta signalling in osteoblasts.
Nature Communications, 8, 15000. https://doi.org/10.1038/ncomm
s15000

Zhao, J., Huang, M., Zhang, X., Xu, J., Hu, G., Zhao, X., Cui, P., & Zhang, X.
(2019). MiR-146a deletion protects from bone loss in OVX mice by
suppressing RANKL/OPG and M-CSF in bone microenvironment.
Journal of Bone and Mineral Research, 34(11), 2149-2161. https://
doi.org/10.1002/jbmr.3832

Zhao, J. L., Rao, D. S., Boldin, M. P,, Taganov, K. D., O'Connell, R. M.,
& Baltimore, D. (2011). NF-kappaB dysregulation in microR-
NA-146a-deficient mice drives the development of myeloid malig-
nancies. Proceedings of the National Academy of Sciences of the United
States of America, 108(22), 9184-9189. https://doi.org/10.1073/
pnas.1105398108

Zhao, J. L., Rao, D. S., O'Connell, R. M., Garcia-Flores, Y., & Baltimore, D.
(2013). MicroRNA-146a acts as a guardian of the quality and lon-
gevity of hematopoietic stem cells in mice. Elife, 2, e00537. https://
doi.org/10.7554/eLife.00537

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Saferding V, Hofmann M, Brunner JS,
et al. microRNA-146a controls age-related bone loss. Aging
Cell. 2020;19:13244. https://doi.org/10.1111/acel.13244



https://doi.org/10.1016/j.cell.2010.08.012
https://doi.org/10.1016/j.cell.2010.08.012
https://doi.org/10.1126/scitranslmed.aau7137
https://doi.org/10.1126/scitranslmed.aau7137
https://doi.org/10.1038/nm.2653
https://doi.org/10.1073/pnas.1706833114
https://doi.org/10.1002/art.23429
https://doi.org/10.1038/srep04493
https://doi.org/10.1007/s11357-012-9440-8
https://doi.org/10.1007/s11357-012-9440-8
https://doi.org/10.1007/s11357-008-9069-9
https://doi.org/10.1007/s11357-008-9069-9
https://doi.org/10.1111/nyas.14293
https://doi.org/10.1016/j.jaut.2017.05.006
https://doi.org/10.1038/nm.3146
https://doi.org/10.1038/nm.3146
https://doi.org/10.1002/jbmr.1694
https://doi.org/10.1002/jbmr.1694
https://doi.org/10.1016/j.bone.2013.05.003
https://doi.org/10.1016/j.bone.2013.05.003
https://doi.org/10.1159/000485488
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1016/j.ydbio.2012.06.020
https://doi.org/10.1111/acel.12484
https://doi.org/10.1111/acel.12484
https://doi.org/10.1038/srep42840
https://doi.org/10.1038/srep42840
https://doi.org/10.1038/ncomms15000
https://doi.org/10.1038/ncomms15000
https://doi.org/10.1002/jbmr.3832
https://doi.org/10.1002/jbmr.3832
https://doi.org/10.1073/pnas.1105398108
https://doi.org/10.1073/pnas.1105398108
https://doi.org/10.7554/eLife.00537
https://doi.org/10.7554/eLife.00537
https://doi.org/10.1111/acel.13244

