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TGFpB-induced degradation of TRAF3 in
mesenchymal progenitor cells causes age-related
osteoporosis
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Inflammaging induces osteoporosis by promoting bone destruction and inhibiting bone
formation. TRAF3 limits bone destruction by inhibiting RANKL-induced NF-kB signaling in
osteoclast precursors. However, the role of TRAF3 in mesenchymal progenitor cells (MPCs)
is unknown. Mice with TRAF3 deleted in MPCs develop early onset osteoporosis due to
reduced bone formation and enhanced bone destruction. In young mice TRAF3 prevents
B-catenin degradation in MPCs and maintains osteoblast formation. However, TRAF3 protein
levels decrease in murine and human bone samples during aging when TGFp1 is released
from resorbing bone. TGFB1 induces degradation of TRAF3 in murine MPCs and inhibits
osteoblast formation through GSK-3p-mediated degradation of B-catenin. Thus, TRAF3
positively regulates MPC differentiation into osteoblasts. TRAF3 deletion in MPCs activated
NF-kB RelA and RelB to promote RANKL expression and enhance bone destruction. We
conclude that pharmacologic stabilization of TRAF3 during aging could treat/prevent age-
related osteoporosis by inhibiting bone destruction and promoting bone formation.
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steoporosis is a common disease of aging, characterized

by low bone mass, resulting from increased bone

resorption and reduced bone formation that lead to
fragile bones and increased risk of fractures!=3. It is associated
with sex steroid deficiency* and low-grade chronic inflammation
of aging (inflammaging)>°. These are accompanied by increased
production of pro-inflammatory cytokines, including TNF, IL-1,
and IL-6>°, which increase the expression of RANKL, a TNF
superfamily member that is expressed by osteoblastic’ and
immune cells®? in bone marrow (BM) and is required for
osteoclastogenesis¥1%11. RANKL activates NF-xB and other sig-
naling pathways in osteoclast precursors (OCPs) through its
receptor, RANK, and the adaptor protein, TNF receptor-
associated factor 6 (TRAF6), to induce osteoclastogenesis!®11,

TRAF3 is also a TNF receptor family adaptor protein, but
unlike TRAFS, it limits RANKL- and TNF-induced osteoclasto-
genesis!2. It forms a complex in unstimulated B cells with the
ubiquitin ligases, cellular inhibitors of apoptosis (cIAP1 and
cIAP2), and TRAF2 to constitutively degrade NF-kB-inducing
kinase (NIK)!3 and thus it prevents processing of NF-xB p100 to
p52 and activation of non-canonical signaling!3. RANKL induces
TRAF3 autophagolysosomal degradation in OCPs to promote
osteoclastogenesis!*. RANKL can also mediate osteoclastogenesis
in vitro in the absence of TRAF6!> by degrading TRAF3, despite
reports that TRAF6 expression is required for RANKL-induced
osteoclast formation in vitro!®17. In addition, mice with TRAF3
conditionally deleted in myeloid progenitor cells (which include
OCPs) develop early onset osteoporosis due to increased bone
resorption, indicating that TRAF3 expression in these cells limits
age-related bone loss!4. Importantly, prevention of TRAF3
degradation by the autophagolysosome inhibitor, chloroquine,
inhibits RANKL-induced osteoclast formation in vitro and pre-
vents PTH-induced osteoclastogenesis and ovariectomy-induced
osteoporosis in mice!4, suggesting that inhibition of TRAF3
degradation in OCPs could prevent osteoporosis in humans.
However, the role, if any, of TRAF3 in mesenchymal or osteoblast
lineage cells has not been investigated.

Osteoblasts are derived from mesenchymal progenitor cells
(MPCs), which express Prx1'819, Although Prxl is expressed
predominantly in appendicular bones in embryos!3, it is also
expressed in developing vertebrae; and mice with global
knockout of Prxl have defects in the skull, limbs, and
vertebrae!®19. Prx1¢"¢ mice have been used to conditionally
delete genes in MPCs to investigate their roles in skeletogenesis as
well as in bone modeling and remodeling?’. Here, we crossed
Prx1Cre with Traf3/lo¥/flox mice to delete TRAF3 in MPCs to
determine if TRAF3 has a function in MPCs. These TRAF3
conditional knockout (cKO) mice develop early onset osteo-
porosis due to a combination of increased bone resorption and
decreased bone formation. We found that TRAF3 protein levels
are lower in the bone and BM of old than young WT mice and,
importantly, in samples of bone from older adults than from
children. These findings suggest that prevention of TRAF3
degradation in bone cells could be a novel therapeutic approach
to prevent age-related osteoporosis.

Results

TRAF3 cKO mice develop early onset osteoporosis. To deter-
mine if TRAF3 has a role in osteoblastic bone formation, we
crossed Traf3flox/flox micel42l with PrxI¢ mice to generate
Traf3//Prx1¢¢ (cKO) mice with TRAF3 conditionally deleted in
MPCs. The cKO mice appeared normal at birth and later in life,
and trabecular bone volume (BV/TV) assessed by micro-CT in
tibial metaphyses of 3-month (m)-old cKO mice was similar to
that in Traf317f (WT) littermates (Fig. la). However, BV/TV

values in tibial metaphyses of 9- and 15-m-old cKO mice were
significantly lower than in WT mice (Fig. 1a). Similarly, vertebral
BV/TV values were normal in 3-m-old cKO mice, but were sig-
nificantly reduced in 9- and 15-m-old cKO mice compared with
their respective WT littermates (Fig. 1b). As is typical during
aging, BV/TV values in the tibiae and vertebrae of 15-m-old WT
mice were lower than those of younger mice (Fig. la, b). We
found no differences in the degree of bone loss between male and
female cKO mice.

TRAF3 protein levels were lower in samples of femora and
vertebrae from 15-m-old than from 3-m-old WT mice (Fig. 1c).
They were barely detectable in femoral samples of the 3- and
15-m-old cKO mice, but were detectable at lower levels in
vertebral samples from 3-m-old cKO than from WT mice
(Fig. 1c), presumably reflecting the presence in these samples of
large numbers of hematopoietic cells, which had largely been
flushed from the femora. In contrast, TRAF3 levels were almost
undetectable in the vertebral samples from the 15-m-old cKO
mice (Fig. 1c). This reflects the reduction in TRAF3 levels in
whole BM samples that we observed in WT mice during aging
(Supplementary Fig. 1a). Although Prx1 also regulates chondro-
blast development and is expressed in craniofacial bones20-22-23,
we found that long bone growth plates and articular cartilage
were histologically normal in young and adult cKO mice (Fig. 1d),
which also had normal body length and craniofacial development
and no features of osteoarthritis. Thus, TRAF3 does not play a
significant role in MPCs in the regulation of skeletal modeling or
bone mass during embryonic and postnatal development up to at
least 3-4 months after birth.

Age-related reduction of bone formation in TRAF3 ¢cKO mice.
Very few trabeculae were present in the long bone metaphyses of
9- and 15-m-old cKO mice, reflecting the marked acceleration of
age-related bone loss. Thus, we evaluated bone formation in
vertebral sections of these mice because they had adequate
numbers of trabeculae for analysis. Bone formation rates were
normal in 3-m-old cKO mice, but they were significantly lower in
9-m-old ¢cKO mice than in WT littermates (Fig. 1le). Similarly,
mean trabecular osteoblast surface values were normal in 3-m-old
cKO mice, but were significantly lower in 9-m-old cKO mice than
in WT littermates (Fig. 1f). Osteoblast surface and bone forma-
tion values in 15-m-old cKO mice were similar to those in WT
littermates because these values had decreased in the WT mice by
this age (Fig. 1e, f), reflecting the reduction that typically occurs
during aging?*. Consistent with these findings, serum levels of the
bone formation marker, osteocalcin, were similar in 3-m-old WT
and cKO mice and in 9-m-old WT mice, but they were sig-
nificantly lower in 9-m-old cKO mice (Fig. 1g). However, values
in 15-m-old WT mice were similar to those in 9- and 15-m-old
cKO mice because values in the WT mice had decreased by this
age, which is typical of aging (Fig. 1g).

Age-related increase in bone resorption in TRAF3 cKO mice.
We assessed bone resorption parameters in vertebral sections of
cKO mice and found that osteoclast numbers and surfaces were
normal in 3-m-old mice, but were increased in 9- and 15-m-old
cKO mice compared to WT littermates (Fig. 1h). Consistent with
this, serum levels of the bone resorption marker, TRACP5b, were
normal in 3-m-old cKO mice and were significantly increased
in 9- and 15-m-old cKO mice (Fig. 1i). Thus, the early onset
osteoporosis in the TRAF3 cKO mice is a result of decreased bone
formation and increased bone resorption, which is similar to age-
related osteoporosis in WT mice?®> and humans?6. Although
osteoclast number and activity generally are reduced with age in
mice due to aging-associated low bone turnover, we found no
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significant differences in osteoclast numbers and surfaces in the
vertebral sections or in serum TRACP5b levels among 3-, 9-, and
15- month-old WT mice (Fig. 1h, i). This may reflect the fact
that 15-month-old WT mice are still not aged and are equivalent
to ~50-year-old humans?’ who still tend to have normal bone
turnover marker levels?8
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Age-related reduction in OB differentiation from cKO MPCs.
To investigate the molecular mechanisms for the reduced bone
formation in the cKO mice, we cultured BM cells to expand
stromal cells, followed by treatment with osteoblast-inducing
medium?®. Alkaline phosphatase (ALP)-positive colony forma-
tion from BM cells from 3-m-old ¢KO mice was similar to that
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Fig. 1 TRAF3 cKO mice have early onset osteoporosis. a, b Representative uCT images and bone volume (BV/TV) values in a tibiae and b L1 vertebrae from
litters of 3-, 9-, and 15-month (m)-old WT and TRAF3 conditional knockout (cKO) mice, including both males and females, as listed in the figure. Mean £
SD (3-m-old WT (n=7) and cKO (n=8), 9-m-old WT (n=10) and cKO (n=11), 15-m-old WT (n=11) and cKO (n = 8) biologically independent mice;
*p < 0.05, **p < 0.01). Scale bar, 1 mm. ¢ Western blot (WB) of TRAF3/GAPDH in lysates of femoral metaphyses (F; upper panel) and vertebrae (V; lower
panel) from 3- and 15-m-old WT and cKO mice. d Representative H&E-stained sections of proximal tibiae of 3- and 9-m-old WT and TRAF3 cKO mice.
Scale bar, 400 pm. e Mineralizing surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR) analyzed in calcein double-labeled

plastic sections of L1 vertebrae from the mice in (a). Mean £ SD (3-m-old WT (n=5) and cKO (nh=6), 9-m-old WT (n=7) and cKO (n=7), 15-m-old WT
(n=5) and cKO (n = 6) biologically independent samples; *p < 0.05, **p < 0.01). f Representative H&E-stained images of vertebral sections from 9-m-old
WT and cKO mice showing osteoblasts (yellow arrows) on the trabecular bone (Tr.B) surfaces, and histomorphometric analysis of osteoblast surfaces
(OB.S/BS) from the mice in (a). Mean £ SD (3-m group: n =4, other groups: n= 6 biologically independent samples; **p < 0.01). Scale bar, 100 pm.

g Serum osteocalcin values tested by ELISA from the 3-, 9-, and 15-m-old WT and cKO mice in (a). Mean £+ SD (n = 8 biologically independent samples;
**p < 0.01). h Representative images of TRAP-stained vertebral sections from 9-m-old WT and cKO mice, and histomorphometric analysis of osteoclast
numbers (Oc.N) and surfaces (Oc.S) from the mice in (a). Mean = SD (3-m group: n =5, other groups: n = 6 biologically independent samples; *p < 0.05).
Scale bar, 100 pm. i Serum TRACP-5b levels tested by ELISA from the mice in (a). Mean = SD (n = 8 biologically independent samples; *p < 0.05, **p <
0.01). All analyses done using one-way ANOVA with Tukey's post-hoc test

of cells from WT mice (Fig. 2a, b). In contrast, ALPT colony
formation from BM cells from 9-m-old cKO mice was sig-
nificantly reduced (Fig. 2a, b). However, the total area of ALPT
and ALP~ cell colonies formed from BM cells from 9-m-old cKO
and WT BM cells was similar (Fig. 2b). Although ALPT osteo-
blast differentiation from bone-derived MPCs (BAMPCs)2° from
3-m-old cKO mice was similar to that from WT littermate mice,
it was significantly lower in cells from 9-m-old cKO mice than
from WT littermates (Fig. 2c). In contrast, BAMPCs from 3- and
9-m-old ¢cKO mice had faster growth rates than those of their
respective littermates (Fig. 2d), which was supported by the
findings that cKO BAMPCs had a higher S-phase cell population
than control mice (Fig. 2e). The total area of cells from BM and
BdAMPCs was similar between cKO and WT in Fig. 2a, ¢ because
the cKO cells had reached confluence at this stage. These findings
suggest that the reduced bone formation during aging in the
mice with TRAF3 deleted in MPCs is mainly the result of reduced
osteoblast differentiation and not reduced MPC proliferation
and could be due to exposure to increasing concentrations of
a factor(s), such as TGFp, during aging.

TGFp limits OB differentiation of MPCs from 9-m-old ¢cKO
mice. TGFP1, one of the most abundant non-collagenous pro-
teins in bone matrix, is released during bone resorption and
activated by the acid environment under osteoclasts in resorption
lacunae’?. Although TGFB1 couples bone formation to resorption
by recruiting MPCs0, it actually inhibits osteoblast differentia-
tion from these cells®!-33, and thus could mediate the inhibitory
effects we observed in the cKO cells. We found that the con-
centrations of total (Fig. 2f) and the active form (Fig. 2g) of
TGEFP1 in serum were significantly increased in 9-m-old cKO
mice, but not in 3-m-old ¢cKO mice, compared to their respective
WT littermates. However, BAMPCs from 3- and 9-m-old ¢cKO
mice expressed levels of TGFP1 similar to those in cells from their
respective littermates (Supplementary Fig. 2), suggesting that
these cells were not the source of the increased serum TGFf1
levels. To investigate if the increased active TGFP1 in the older
cKO mice is responsible for the reduction in osteoblast differ-
entiation, we treated BAMPCs?° from 3- and 9-m-old WT and
cKO mice with TGFP1 for 7 days followed by induction of
osteoblast differentiation without TGFf1. The area of ALPT
osteoblasts formed from BAMPCs from 3-m-old cKO mice was
similar to that from cells from WT littermates (Fig. 2h), expressed
either as mm?2 (Fig. 2i) or percentage of the well area (Fig. 2j), but
it was significantly lower in cells from 9-m-old ¢cKO than WT
mice (Fig. 2k-m). Interestingly, MPCs from both WT and cKO
mice pre-treated with TGFB1 were unable to differentiate into
osteoblasts (Fig. 2h-m).

TGFp1 degrades TRAF3 in bone during aging. TRAF3 protein
levels were significantly lower in samples of tibial metaphyses,
femoral BM, and femoral cortical bone from 18- than from 3-m-
old WT mice (Fig. 3a and Supplementary Fig. 1a & b). Impor-
tantly, they were significantly lower in samples of vertebral spi-
nous processes removed surgically from older otherwise healthy
adults than in those from children (Fig. 3b and Supplementary
Fig. 1¢), with no differences detected between males and females.
In addition, using immunofluorescence we found that TRAF3
was expressed strongly in osteocalcin-expressing osteoblasts on
trabecular and endosteal bone surfaces in decalcified vertebral
samples from young adult mice (Fig. 3c). The numbers of these
double-positive cells on bone surfaces were significantly lower
in samples from 18-m-old WT mice (Fig. 3¢). In addition, there
were significantly fewer TRAF3™ cells in the BM of the old mice
(Fig. 3c). These findings are consistent with a recent report
that TRAF3 levels are lower in circulating blood monocytes from
olde§4(>65—years—old) than from younger humans (20-30-years-
old)~4.

Since  RANKL induces TRAF3 degradation in myeloid
progenitors to promote osteoclastogenesiSM, we next examined
if factors that regulate osteoblast differentiation might degrade
TRAF3 in MPCs. We found that TGFB1, but not TNF, PTH, or
BMP2, reduced TRAF3 protein levels in WT mouse MPCs
(Fig. 3d). The levels of total TGFpPl protein in bone samples
(Fig. 3e) and of active TGFB1 protein in BM, but not in serum
(Fig. 3f), from 19-m-old WT mice were significantly higher than
those in young (2.5-m-old) mice. Consistent with this, levels of
the active form of TGFp1 in vertebral samples from older adults
(55-87-years-old) were higher than those in samples from
children, although there was no difference in total TGFp1 levels
(Fig. 3g).

TGFpP1 induces TRAF3 ubiquitination and lysosomal degra-
dation. TGFpPl increased TRAF3 ubiquitination in MPCs
(Fig. 3h). TRAF3 is degraded in B cells by cIAP1 and cIAP2!3.
We found that both cIAP1/2 and TRAF3 bound to the TGFp
receptor I (TGFBRI; Fig. 3i), and that cIAP1/2 bound to TRAF3
in MPCs (Fig. 31). We also confirmed that TGFBRI was present in
these lysates using immunoprecipitation and WB (Fig. 3i, bot-
tom). TGFpB1 increased binding of TRAF3 and cIAP2 to TGFBRI
and of cIAP2 to TRAF3 (Fig. 3i). Treatment of these cells with the
IAP inhibitor, AT406, which degrades cIAP1 and cIAP2%,
reduced these interactions and almost completely abrogated
binding of TRAF3 to TGFBRI (Fig. 3i), suggesting that TRAF3
binding to TGFPRI requires cIAP1/2. Previous studies have
reported that phosphorylation of TGFPRI1 is associated with its
ubiquitination®. Our findings suggest that cIAP1/2 and TRAF3
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form a complex on the TGFPRI that results in TRAF3 ubiquiti-
nation and degradation. Interestingly, AT406 almost completely
prevented TGFp1 induction of cIAP binding to TRAF3 (Fig. 3i)
since it markedly reduced cIAP protein levels in MPCs (Fig. 3j).
However, AT406 did not completely prevent TGFpI-induced
inhibition of osteoblast differentiation (Fig. 3k), suggesting that
an IAP-independent pathway may also be involved in TGFP1-
induced inhibition of osteoblast differentiation.
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Treatment of BAMPCs from 3-m-old WT mice with TGFp1
plus the lysosome inhibitor, chloroquine, significantly increased
ubiquitinated TRAF3 (Fig. 3h), suggesting that chloroquine
prevented TRAF3 degradation. The proteasome inhibitor, MG-
132, also increased the amount of ubiquitinated TRAF3, but to a
much lesser extent (Fig. 3h), suggesting that TRAF3 is degraded
predominantly by lysosomes in MPCs, similar to its degradation
in OCPs!4. Consistent with this, TGFP1 increased the area of
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Fig. 2 Impaired OB differentiation from cKO MPCs primed by TGFp1. a, b Osteoblastic cells derived from BM cells from 3- and 9-m-old WT and TRAF3
cKO mice stained for alkaline phosphatase (ALP) activity (a). Some wells were counter-stained with eosin to assess ALPT and total cell area (Ar.) and
the % ALP*/total cell area (b). Mean + SD (n = 3 biologically independent samples; **p < 0.01). ¢ Osteoblastic cells derived from bone-derived MPCs
(BAMPCs) from 3- and 9-m-old WT and cKO mice stained for ALP activity to quantify ALP+ cells. Mean £ SD (n =3 biologically independent samples;
**p <0.01). d Numbers of cells derived from BAMPCs from 3- and 9-m-old WT and cKO mice cultured for 1-8 days in 6-well plates. Mean+SD (n=3
biologically independent samples; **p < 0.01). e Cell cycle status of previously starved BAMPCs from 3-m-old WT and cKO mice analyzed by flow
cytometry. Mean + SD (n = 5 biologically independent samples; *p < 0.05). f, g Total (f) and active (g) TGFp1 levels in serum from 3- and 9-m-old WT and
cKO mice tested by ELISA. Mean = SD; from left to right: 3-m-old WT (n=7) and cKO (n=6), 9-m-old WT (n=14) and cKO (n=15 biologically
independent samples; *p < 0.05, **p < 0.01). h-j BAMPCs generated from 3-m-old WT and cKO mice pre-treated with vehicle (V) or TGFB1 (TB1; 1ng/ml)
for 7 days followed by treatment for OB differentiation for 7 days without TGFB1. i ALP+ cell area and j ALP+ area % in total area. Mean £ SD (n=3
biologically independent samples; **p < 0.01). k-m Data similar to those in (h=j) for 9-m-old WT and cKO mice. Mean = SD (n = 3 biologically independent
samples; **p <0.01). Analyses in (b) and (e) done using unpaired Student's t test; all others done using one-way ANOVA with Tukey's post-hoc test.

All in vitro experiments were repeated twice with similar results

co-localization of TRAF3 with the lysosome marker, LAMP2, in
the cytoplasm of MPCs (Fig. 3l). Importantly, chloroquine
inhibited TGFpl-induced TRAF3 degradation (Fig. 3m) and
dose-dependently prevented the inhibition of osteoblast differ-
entiation induced by TGFf1 (Fig. 3n) in WT cells. Chloroquine
also reduced the inhibition of osteoblast differentiation induced
by TGFp1 in cKO cells, but only at the highest concentration
tested (3000 nM), which supports lysosomal degradation of
TRAF3 being a major, but not the only mechanism whereby
TGFp inhibits OB formation.

TRAF3 maintains p-catenin activity in MPCs. p-Catenin sig-
naling regulates many crucial biological processes, including
MPC fate and osteoblast differentiation3’, while inactivation of
B-catenin prevents MPC differentiation into osteoblasts3s. Total
B-catenin protein levels were lower in bone samples from young
and adult TRAF3 cKO mice than from their respective WT
controls (Fig. 4a). Consistent with this, treatment of WT MPCs
with TGFP1 for 2-4 days markedly reduced total (B-catenin
protein levels, associated with reduced TRAF3 protein levels
(Fig. 4b). We also assessed the expression of -catenin in nuclei of
WT and ¢cKO MPCs derived from neonatal calvarial cells infected
with a control pMX-GFP or pMX-TRAF3 retrovirus using
immunofluorescence (Fig. 4c). We found that the basal level of p-
catenin, assessed as the area of nuclear staining, was lower in the
cells from cKO than from WT mice (Fig. 4c), suggesting that
activation of B-catenin is TRAF3-dependent. TGFp1 reduced the
area of PB-catenin staining in nuclei in MPCs from both control
virus-infected WT and cKO cells (Fig. 4c), suggesting that TGFf1
also regulates -catenin activation through a TRAF3-independent
mechanism. Indeed, over-expression of TRAF3 blocked the
reduction of nuclear p-catenin staining induced by TGFf1 in WT
and cKO cells (Fig. 4c), further confirming that activation of
B-catenin is through TRAF3. We confirmed that TRAF3 retro-
virus infection of calvarial cells caused over-expression of TRAF3
(Fig. 4d). However, over-expression of TRAF3 in unstimulated
cKO cells did not restore the degree of B-catenin translocation to
that observed in unstimulated WT cells, probably because GSK-
3B is constitutively activated in unstimulated cells to degrade -
catenin, and over-expression of TRAF3 does not stimulate OB
differentiation via p-catenin.

TRAF3 limits GSK3p activity to prevent p-catenin degradation.
B-Catenin is phosphorylated and degraded by GSK3p%°. In gen-
eral, GSK3p activity is increased by Tyr216 phosphorylation and
reduced by Ser9 phosphorylation*?. GSK3@ Tyr216 phosphor-
ylation was increased and Ser9 phosphorylation was reduced in
TRAF3 cKO MPCs (Fig. 4e), with no difference in total GSK3f
levels. We generated GSK3p plasmids in which Tyr216 and Ser9

were mutated such that they could not be phosphorylated
(Y216m and S9m, respectively), and infected MPCs with them or
WT GSK3B-expression vectors. Over-expression of these GSK3f
constructs was confirmed by increased HA levels in the MPCs
(Fig. 4f). Over-expression of mutated Tyr216-GSK3p (Y216m;
as a dominant negative GSK3p) markedly reduced Tyr216
phosphorylation, associated with increased p-catenin in vehicle-
treated cells. It also inhibited TGFP1-induced degradation of
B-catenin (Fig. 4f). In contrast, over-expression of mutated
Ser9-GSK3p (S9m) had little effect on total P-catenin levels
in either vehicle- or TGFp1-treated cells compared to those in
WT-GSK3p-infected cells (Fig. 4f). These findings suggest that
TGFP1-induced Tyr216 phosphorylation activates GSK3f to
cause P-catenin degradation.

Consistent with the above findings, over-expression of TRAF3
in vehicle-treated cells decreased Tyr216 and increased Ser9
phosphorylation of GSK3p, associated with decreased phospho-f-
catenin and increased total B-catenin (Fig. 4g). Over-expression
of TRAF3 also reduced TGFp1 induction of phospho-Tyr216 and
phospho-p-catenin, and thus partly reversed TGFB1-induced
reduction of total B-catenin levels (Fig. 4g). Importantly, GSK3f
directly associated with TGFpPRI (Fig. 4h), and over-expression of
TRAF3 reduced TGFp1-induced binding of GSK3p to TGFBRIL
In particular, it reduced binding of Tyr216-phosphorylated
GSK3p to the TGFBRI (Fig. 4h, lower panel). In addition, the
GSK3p inhibitor, SB-2167634! prevented TGFB1-induced inhibi-
tion of OB differentiation from2® WT BAMPCs (Fig. 4i, j), and
reduced the increase in protein levels of p-GSK3pB (Tyr216)
(Fig. 4k, 1). The inhibitor also prevented TGFp1-induced
inhibition of OB differentiation from cKO cells (Fig. 4i, j) and
the increase in p-GSK3p (Tyr216) in cKO cells (Fig. 4k, 1), but
this required higher concentrations of the inhibitor, reflecting
the higher level of p-GSK3p (Tyr216) in these cells (Fig. 4k, 1).
In addition, over-expression of TRAF3 in WT MPCs increased
the area of ALPT cells (Fig. 4m, n).

TGFp1 receptor signaling also regulates osteoblast differentia-
tion by phosphorylating regulatory Smads, including Smadl, 2, 3,
5, and 9, which can form complexes with Smad4 to regulate target
gene expression®2. RelB, a non-canonical NF-«B signaling protein
regulated by TRAF3, represses TGFp target gene expression by
binding to the Smad2, 3, and 4 promoters in HEK 293T cells, and
repression of these genes can be rescued by inhibition of Smad443.
Therefore, we examined canonical TGFp signaling in TRAF3
c¢KO MPCs and found 1-fold enhanced basal and TGFp1-induced
phosphorylation of Smad2 and 3 (Supplementary Fig. 3a & b),
with normal levels of total Smad2 and 3.

TRAF3 limits RANKL expression by MPCs. Increased bone
resorption in 9-m-old cKO mice was unexpected (Fig. 1h, i) and
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led us to postulate that TRAF3 might negatively regulate
expression of RANKL in osteoblastic cells. We co-cultured cal-
varial pre-osteoblasts with spleen cells from newborn mice in a
standard co-culture assay to assess their osteoblastic osteoclas-
togenic potential**. We found that cKO pre-osteoblasts induced
significantly more osteoclasts from either cKO or WT spleen cells
than WT calvarial cells (Fig. 5a, b), which was blocked by addi-
tion of RANK:Fc* (Fig. 5b), indicating that TRAF3-deficient
MPCs enhance osteoclast differentiation through RANKL.
Indeed, levels of RANKL protein (Fig. 5¢, d) and mRNA (Fig. 5e)
in tibial metaphyseal bone were significantly higher in 3- and

TGFB - + + + + + + +

CcQ - - 10 30 100300 1k 3k (nm)

9-m-old cKO than WT MPCs. However, levels of osteoprotegerin
(OPG), a RANKL decoy receptor that inhibits RANKL-induced
osteoclast formation, were also elevated in samples from 3-m-old
cKO mice (Fig. 5¢), resulting in a relatively normal RANKL/OPG
ratio in these mice (Fig. 5d). Importantly, this ratio was increased
in samples from 9-m-old cKO mice (Fig. 5d).

Activated NF-kB RelA and RelB promote RANKL expression
by cKO MPCs. TRAF3, TRAF2, and cIAPs degrade NIK*® and
negatively regulate lymphotoxin B receptor-mediated canonical
and non-canonical NF-kB activation’”. TGFPl markedly
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Fig. 3 Age-related TGFp activation promotes TRAF3 degradation. a TRAF3 and GAPDH WBs of tibial metaphyses, femoral BM and cortical bone from 3-
and 18-m-old C57BL/6 mice. b Densitometry of TRAF3 WBs of bones from patients. Mean £ SD; 8-18-years (n = 26), 53-59-years (n =11), 60-69-years
(n=10), 70-87-years (n = 8 biologically independent samples; *p < 0.05, **p <0.01). ¢ TRAF3 and osteocalcin (Ocn) immunostained vertebral sections.
TRAF3*/Ocnt osteoblasts (yellow arrows) on trabecular bone (Tr.B) surfaces and TRAF3+ hematopoietic cells in BM. Mean £ SD (n= 4 biologically
independent samples; **p < 0.01). Scale bar, 50 pm. d TRAF3 and GAPDH WBs of BAMPCs treated with PBS, TNF (20 ng/ml), TGFf1 (1ng/ml), BMP2
(100 ng/ml), or PTH (80 ng/ml) for 8 h. e WB of TGFp1 in tibial metaphyseal lysates. f Active TGFp1 levels in serum and BM from 2.5- and 19-m-old
C57BL/6 mice. Mean + SD (n =7 biologically independent samples; **p < 0.01). g Total and active TGFp1 levels in vertebral lysates. Mean + SD
(children (8-18-years) n=22; and adults (55-87-years) n=20 biologically independent samples; *p < 0.05). h BAMPCs treated with vehicle or TGFp1
+/—chloroquine (100 pM) or MG132 (20 pM) for 8 h. IP using anti-Ub Ab and WB with TRAF3 Ab. Likely mono- and poly-ubiquitinated TRAF3 (lower and
upper arrowheads, respectively). i Calvarial pre-OBs treated with vehicle or TGFp1+/—300 nM AT406 for 8 h. IP with anti-TGFBRI Ab and WB with
clAP1/2, TRAF3 and TGFBRI Abs, or IP with anti-clAP1/2 Ab and WB with TRAF3 Ab. j WB of clAP2, TRAF3, and GAPDH in cells in (i). k Areas of ALP+
cells from BAMPCs treated with TGF1+/—AT406 for 5 days. Mean £ SD (n = 4 biologically independent samples; *p < 0.05, **p < 0.01). | IF and area of
TRAF3 and LAMP2 co-localization in BAMPCs treated with vehicle or TGFf1 plus chloroquine for 8 h. Mean + SD (n = 4 biologically independent samples;
**p < 0.01). Scale bar, 20 pm. m WB of TRAF3 and GAPDH in BAMPCs treated with vehicle or TGFB1+/—chloroquine for 8 h. n Areas of ALP+ cells from
WT and cKO BdMPCs treated with vehicle or TGFB1+/—chloroquine for 5 days. Mean £ SD (n =5 biologically independent samples; *p < 0.05, **p < 0.01
vs. TGFp1 alone. Analyses in (c, g, I) done using unpaired Student's t test and in (b, f, k, n) using one-way ANOVA with Tukey's post-hoc test). All in vitro

experiments repeated twice with similar results. TB1: TGFp1 (1ng/ml)

increased nuclear translocation of RelA and RelB in TRAF3 cKO
MPCs (Fig. 5f), suggesting that TRAF3 might regulate RANKL
expression in MPCs through them. We detected low levels of
RelA and RelB in nuclear fractions of untreated WT MPCs
(Fig. 5f). This is consistent with a low level of NF-«kB signaling
being required to maintain cell survival even in static conditions
and massive TNF-induced necrosis of liver cells causing death of
RelA~/~ mice in utero*3. For this reason cells are often starved to
clear NF-kB protein from nuclei to facilitate detection of small
changes in their translocation®®. TGFB1 markedly increased levels
of nuclear RelA and RelB in the MPCs (Fig. 5f). We identified
three kB binding sites in the distal region of the murine RANKL
promoter (Fig. 5g). ChIP assays showed RelA (Fig. 5h) and RelB
(Fig. 5i) binding to these kB sites, which was markedly higher in
cKO MPCs (Fig. 5h-j). Consistent with this, over-expression of
either RelA (Fig. 6a) or RelB (Fig. 6b) in WT mouse calvaria-
derived MPCs increased RANKL mRNA expression (Fig. 6c).
However, the level of soluble RANKL in the culture medium was
not increased (Fig. 6d). Notably, over-expression of either RelA or
RelB increased membrane-bound RANKL protein levels (Fig. 6e),
consistent with membrane-bound RANKL in osteoblastic cells
regulating osteoclast differentiation>0.

Perilacunar/canalicular remodeling is normal in TRAF3 cKO
mice. TGFp1 signaling in osteocytes regulates perilacunar/cana-
licular remodeling®!, which is reduced in osteocyte-specific
TGFPRII conditional knockout mice’!, associated with reduced
osteoclast numbers and expression of the resorption-related
genes, Acp5, cathepsin K, MMP?2, 13 and 14, and slightly increased
bone mass. Thus, the increase in levels of total TGFp1 in old WT
mouse tibiae or in active TGFB1 in BM in old mice and in adult
human bone samples might increase perilacunar remodeling. We
did not observe changes in mRNA levels of Acp5, MMP2,
MMPI13, MMPI14, or CTSK in 15-m-old cKO mice (Supplemen-
tary Fig. 4a), in protein expression levels of MMP13 or CTSK in
sections of bones of 3-, 9-, or 15-m-old cKO mice, assessed using
immunohistochemistry (Supplementary Fig. 4b-d), or in osteo-
cyte lacunar area (Supplementary Fig. 4e), consistent with
increased TGFP1 in bone matrix of old mice being inactive and
TGEFP1 activated in resorption lacunae by acid produced by
osteoclasts likely not acting on osteocytes in the bone matrix.

Discussion
This is the first report of an important regulatory role for TRAF3
in MPCs in which it maintains their differentiation into

osteoblasts and restrains their expression of RANKL to limit
osteoclastogenesis during aging. In young mice, TRAF3 limits
TGFpl-induced GSK3p activation (through Tyr216 phosphor-
ylation) and degradation of B-catenin in MPCs, which allows p-
catenin to maintain osteoblast differentiation and induce OPG
expression®2, which limits bone destruction. In contrast, as illu-
strated in Fig. 7, during aging, increased cytokine production in
response to low-grade chronic inflammation>° increases RANKL
expression by osteoblastic’ and immune cells®°. This leads to
RANKL-induced TRAF3 degradation in OCPs!# and thus
increased bone resorption through NF-xB signaling!>14, As a
result, TGFp is released from bone matrix and induces TRAF3
ubiquitination through cIAPs and subsequent lysosomal degra-
dation in MPCs. Consequently, (1) GSK3p is activated to degrade
B-catenin, resulting in inhibition of osteoblast differentiation and
reduced expression of OPG°% and (2) RelA and RelB induce
RANKL expression to further enhance osteoclastogenesis and a
self-amplifying cycle of bone destruction, TGFp release, TRAF3
degradation, and NF-kB activation.

Importantly, the above model (and loss of this protective effect
of TRAF3 in the cKO mice, with associated osteoporosis) is
supported by significantly lower TRAF3 protein levels in bone
from older adults than from children and in bone and BM from
old than from young mice, associated with increased levels of
active TGFp1 in the BM of older mice and in the bone of older
humans. A caveat with the human bone samples we used is that
degenerative spinal conditions in older patients could have led to
lower TRAFS3 levels, particularly because degenerative arthritis is
more common in aged humans®3. However, unlike vertebral
bodies, the spinous processes we collected are not subject to
articular wear and tear, a common cause of osteoarthritis®*. Thus,
low TRAF3 levels in older subjects most likely reflect the effects of
age-related osteoporosis and not osteoarthritis. These findings
support our conclusion that the reduction of TRAF3 in hema-
topoietic cells, including OCPs, and in MPCs during aging results
in enhanced bone resorption and reduced bone formation,
respectively (Fig. 7).

The normal bone mass in 3-4-m-old cKO mice is intriguing,
given that 9-m-old mice are osteoporotic. We attribute this to two
functional changes in MPCs as a consequence of TRAF3 defi-
ciency. First, although RANKL expression by MPCs is increased
in 3-m-old ¢cKO mice, OPG is also increased to the same extent
because TRAF3 is unavailable to limit B-catenin-induced OPG
expression®? and this prevents bone loss. In contrast, RANKL
levels are higher than those of OPG in older cKO mice (Fig. 5d),
and this drives increased bone resorption. To our knowledge, this
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is the first report of RANKL expression being regulated directly
by RelA and RelB in any cell type. It identifies another
mechanism whereby NF-«kB negatively regulates bone mass in
addition to inducing osteoclast formation'®!! and inhibiting
osteoblast formation by down-regulating Fra-1°> and Runx2?°
expression in osteoblast precursors. Activation of the RANKL
promoter is complicated because RANKL transcription can be
activated by binding of 1,25(0H),VitD;°® and PTH-induced
CREB®’ to both proximal and distal elements of its promoter in
osteoblastic cells and by c-Fos at the distal D5 enhancer in

activated T cells®. These findings overall suggest that the distal
elements induce RANKL activation®®. NF-kB also interacts with
the transcriptional start site and the D5 enhancer near the
Vitamin D response elements®3. However, we did not find any kB
binding sites within 3kb from the murine RANKL promoter
coding start site, but found three between 3 and 5.5 kb. Impor-
tantly, RelA and RelB bound functionally to each of these sites.

Second, cKO MPCs have a complex phenotype: increased
proliferation in both young and older cKO mice, but their dif-
ferentiation into osteoblasts is normal in young and impaired in
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Fig. 4 Reduction in TRAF3 activates GSK-3p to impair p-catenin signaling. a WB of TRAF3 and B-catenin in long bones. b WB of TRAF3, B-catenin,
and GAPDH in WT BdMPCs induced for OB differentiation with vehicle or TGFp1. ¢ IF and quantification of nuclear p-catenin and f-actin (cytoskeleton) in
WT and cKO calvarial pre-OBs treated with vehicle or TGFf1 for 48 h following pMX-GFP control or pMX-TRAF3 retrovirus infection. Mean £SD (n=4
biologically independent samples; *p < 0.05, **p < 0.01). Scale bar, 20 pm. d WB of TRAF3 and GAPDH in cells as in (). e WB of TRAF3, phospho-GSK-3p
(Tyr216/Ser9), and total GSK-3p in cortical bones from 12-m-old WT and TRAF3 cKO mice. f WB of p-catenin, phospho-GSK-3p (Ser9/Tyr216), total GSK-
3B, HA, and GAPDH in WT calvarial pre-OBs treated with vehicle or TGFf1 for 48 h following lentivirus infection with GFP, or HA-tagged WT-, Ser9-
mutated (59m) or Tyr216-mutated (Y216m) GSK-3p. g Protein levels of TRAF3, phospho-f-catenin, p-catenin, phospho-GSK-3p (Ser9/Tyr216), and total
GSK-3p tested in WT calvarial pre-OBs treated with vehicle or TGFp1 for 8 h following pMX-GFP or -TRAF3 retrovirus infection. h Cell lysates from (g)
immunoprecipitated using anti-TGFBRI Ab followed by WB of GSK-3p and phospho-GSK-3p (Tyr216). i BAMPCs from 4-m-old WT and cKO mice treated
with TGFp14/—GSK-3 inhibitor, SB-216763, for 7 days and stained for ALP activity. j Quantification of ALP+ cell areas. Mean = SD (n =3 biologically
independent samples; *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle; #p < 0.05; ##p < 0.01; ###p < 0.001 vs. TGFP1 alone; one-way ANOVA with Tukey's
post-hoc test). k, I WB of phospho-GSK-3p (Tyr216) in WT and cKO BdMPCs treated with TGFB1 plus SB-216763 (k), and densitometry analysis was
performed (I). Mean + SD (n =3 biologically independent samples; *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle; #p < 0.05; #¥p < 0.01; #¥##p < 0.001 vs.
TGFp1 alone;). m pMX-GFP or -TRAF3 retrovirus-infected cells induced for OB differentiation for 5 days in 48-well plates and stained for ALP activity.
n Quantification of ALP+ cell areas. Mean + SD (n = 3 biologically independent samples; *p < 0.05; unpaired Student's t test). All other analyses done using

one-way ANOVA with Tukey's post-hoc test. All experiments were repeated twice with similar results. Tp1: TGFp1 (1ng/ml)

older mice, associated with increased active TGFP1 in serum in 9-
m-old cKO mice. In addition, total TGFp1 levels are increased
in the metaphyseal bone of 19-m-old WT mice, which also have
increased active TGFp1 levels in their BM. TGFPl promotes
MPC proliferation, but it also inhibits their differentiation31-33,
Thus, we propose that the increased MPC proliferation in young
cKO mice maintains a sufficient pool of cells to differentiate into
osteoblasts and maintain bone mass, but increased release of
TGFp1 as the mice age limits MPC differentiation.

This is the first report linking TRAF3 to TGFp signaling in any
cell type and points to possible important negative regulatory
roles in TGF signaling in other cell types. TGFPRI indirectly
associated with TRAF3 (Fig. 3j) by recruiting cIAP1 and 2, which
resulted in TRAF3 degradation followed by inactivation of f-
catenin. However, our findings also show that pre-treatment with
TGFB1 prevents osteoblast differentiation from both WT and
TRAF3 cKO MPCs, suggesting that TGFpP1 also inhibits bone
formation by a TRAF3-independent mechanism.

We found that basal and TGFp1-stimulated levels of p-Smad
2 and 3 were mildly increased in MPCs from the cKO mice,
suggesting that TRAF3 1is also involved in canonical
TGEFp1 signaling in these cells. Interestingly, loss of expression of
Smad4 in MPCs causes stunted growth and spontaneous fractures
in mice, associated with increased MPC proliferation®%6%, which
is also increased in TRAF3 cKO MPCs. However, this Smad4
cKO phenotype is much more severe than that in our cKO
mice and, although other Smad4 cKO mice also have osteo-
porosis, these mice later develop increased bone mass®!, while
targeted deletion of Smad3 in mice also results in osteopenia
due to reduced bone formation, associated with increased
osteocyte number®2,

Previous studies have linked TRAF6 to TGFpB-induced activa-
tion of p38/MAPK signaling, for example, in prostatic cancer cell
migration3¢. Following treatment with TGFB, TRAF6 induced
Lys63-linked polyubiquitination of the p85a subunit of PI3K and
Lys63-linked polyubiquitination of TGFp-activated kinase-1,
independent of TGFPRI and II kinase activity. In addition,
TGFB1 enhances and is indispensable for RANKL-induced
osteoclastogenesis in vitro through binding of Smad3 to a
TRAF6-TAB1-TAK1 complex in OCPs®3, also independent of
TGFpR kinase activity.

TRAF3 has important regulatory roles in immune and other
cells types that differ from those of other TRAFs, which generally
promote NF-kB activation®®. For example, TRAF3 restrains
NF-xB non-canonical activation in OCPs!2 and T and B cells®. It
also inhibits B cell survival®, while some human B cell lym-
phomas®® and 4-12% of multiple myeloma cases®” have

inactivating TRAF3 mutations, indicating a tumor suppressor
role for TRAF3 in B cells. In addition, mice with TRAF3 deleted
in myeloid cells develop early onset osteoporosis!4, inflammatory
diseases, infections, and tumors®®, indicating that TRAF3 is an
inflammation and tumor suppressor in myeloid cells. Thus,
therapeutic approaches to maintain TRAF3 levels in immune cells
during aging could prevent or reduce the incidence of several
common diseases. Of note, chloroquine prevents ovariectomy-
induced osteoporosis in mice!# and TRAF3 degradation was
also prevented by an IAP inhibitor (Fig. 3k). We are currently
investigating if prevention of TRAF3 degradation by long-term
treatment of aging mice with CQ or IAP inhibitors can prevent
age-related osteoporosis.

Methods

Animals. Mice with TRAF3 conditionally knocked out (TRAF3 ¢KO) in osteoblast
lineage cells were generated by crossing Traf3/f mice (B6 background)'42! with
Prx1¢7¢ mice (Jackson Lab #005584). Male and female TRAF3 cKO (Traf3//Prxicre)
mice and their littermates (Tmf377f) were sacrificed at 7 days, 3, 9, 12, and

15 months of age. WT C57BL/6 (B6) mice were from the National Cancer Institute
(Frederick, MD, USA). No randomization was done to select animals for study. All
animal procedures were conducted in compliance with all applicable ethical reg-
ulations using procedures approved by the University of Rochester Committee for
Animal Resources.

Reagents. The following Abs were purchased from Santa Cruz Biotechnology Inc.:
TRAF3 (clone M20, #sc-947), Ubiquitin (clone P4D1, #sc-8017), RelA (clone C20,
#sc-372), RelB (clone C19, #sc-226), TGFp1 (clone V, #sc-146), RANKL (clone FL-
317, #sc-9073), HDAC2 (clone H54, #sc-7899), GAPDH (clone 6C5, #sc-32233).
These primary Abs were used at following concentrations: Ubiquitin (1:200) and
all others (1:500). The following Abs were from Cell Signaling Technology Inc.:
B-catenin (#9562), Ser675 phospho-p-catenin (clone D2F1, #4176), GSK3p (clone
27C10, #9315S), Ser9 phospho-GSK3f (clone 5B3, #9323), Smad2 (clone D43B4,
#5339), phospho-Smad2 (Ser465/467) (clone 138D4, #3108), Smad3 (clone C67H9,
#9523), and phospho-Smad3 (Ser423/425) (clone C25A9, #9520). These primary
Abs were used at a concentration of 1:1000. $-actin (clone AC40, #A5441) Ab was
purchased from Sigma-Aldrich and used at a concentration of 1:5000. LAMP2
(clone GL2A7, #ab13524) and Tyr216 phospho-GSK3p (#ab75745) Abs from
Abcam and OPG Ab (#BAF459) from R&D Systems were used at a concentration
of 1:1000. For flow cytometry, APC-conjugated anti-CD45 (clone 104, #17-0454-
82), PE-Cy7-conjugated anti-Scal (clone D7, #25-5981-82) and Biotin-conjugated
anti-RANKL (clone IK22/5, #13-5952-82) Abs were purchased from eBioscience.
FITC-BrdU flow kit (#559619) and PE-Texas Red-conjugated streptavidin
(#551487) Abs were purchased from BD Biosciences. Primary and secondary
Abs for Flow were used at a concentration of 1:100. Recombinant murine TGFf1
(#7666-MB), TNFa (#410-MT), and BMP2 (#355-BM) were from R&D Systems,
and human PTH 1-34 (#3011) from Tocris Bioscience. MG132 (#M8699) and
chloroquine (#C6628) were purchased from Sigma-Aldrich. SB-216763 (#HY-
12012) was purchased from MedChem Express. ELISA kits for osteocalcin
(#LS-F22474) were from LifeSpan BioScience, Inc., for TRACP5b (#MBS763504)
from MyBioSource, Inc., and for TGFP1 (#DY1679-05 for mouse; #DB100B for
human) from R&D Systems.
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Fig. 5 RANKL expression is increased in TRAF3 cKO osteoblastic cells. a Calvarial pre-OBs and spleen cells isolated from 7-day-old WT or cKO pups, co-
cultured with 10~8 M 1,25(0H),Vitamin D3 —/+ RANK:Fc (1 ug/ml) for 7 days and TRAP-stained. b Osteoclast numbers per well (Oc.N/well) in (a) were
counted. Mean +SD (n = 4 biologically independent samples; #p < 0.05, **p < 0.01). ¢ WB of TRAF3, OPG, RANKL, and GAPDH in protein lysates from
tibial metaphyseal bone from 3- and 9-m-old WT and cKO mice. d Densitometry analysis of RANKL/OPG protein ratio in (¢). Mean £ SD (n = 3 biologically
independent samples; *p < 0.05). e RANKL mRNA expression in BAMPCs from 3- and 9-m-old WT and cKO mice. Mean = SD (n = 3 biologically
independent samples; *p < 0.05, **p < 0.01). f BAMPCs from 3-m-old WT and cKO mice treated with TGFf1 (1 ng/ml) for O, 0.5, and 8 h. WB of RelA, RelB,
HDAC2, and GAPDH in nuclei and cytoplasm. g Scheme for mouse RANKL promoter analysis showing putative kB binding sites and primer design to test
binding sites. h, i Sheared chromatin from WT and cKO BdMPCs was used to perform DNA IP using h RelA, i RelB Abs or IgG control. Real-time PCR
performed using designed primers that contain the putative kB binding sites 1, 2, 3, or an unrelated site, normalized to the input. Mean = SD; n=3
biologically independent samples; *p < 0.05. j Sheared chromatin from WT (W) and cKO (K) BAMPCs used to perform DNA IP using RelA, RelB, or
IgG control Abs. PCR performed using designed primers that contain the putative kB binding sites 1, 2, 3, and an un-related site. All analyses done using
one-way ANOVA with Tukey's post-hoc test. All the in vitro experiments repeated twice with similar results

Micro-CT and bone histomorphometric analysis. Following our standard pro-
tocol for in vivo assessment of bone formation!22%, mice were given injections of
calcein (10 mg/kg) 5 and 1 days before sacrifice. Right tibiae and T12-L2 vertebrae
were fixed in 10% neutral buffered formalin for 2 days. Micro-CT scanning was
performed on these specimens using a vivaCT 40 instrument (Scanco Medical)
with a resolution of 10.5 um in a 1 mm section of trabecular bone beneath the
growth plates of tibiae and in the entire trabecular bone in the first lumbar
vertebrae.

These bone samples were then processed sequentially through 90% ethanol for
2h (changed every hour), 100% ethanol for 2h (changed every 1h), and LR
white hydrophilic medium (Polyscience; #17411-500) for 30-36 h (changed every
10-12 h), and then heated at 60 °C overnight to cure the plastic. 4 um thick
unstained sections were cut using a Shandon Finesse ME microtome and examined
under fluorescence microscopy for calcein double labeling analysis. Left tibiae and

NATURE C

L3-L5 vertebrae were fixed in 10% neutral buffered formalin for 2 days and
processed in 70% ethanol for 2 days, decalcified in 10% EDTA for 14 days and
embedded in paraffin. Dynamic parameters of bone formation on unstained plastic
sections and static parameters of osteoblasts and osteoclasts on 4 um thick H&E-
and TRAP-stained paraffin sections were blindly assessed by an investigator who
was not involved in the sample collection and group assignment using an
OsteoMeasure Image Analysis System (Osteometrics, Decatur, GA)!229,

In vitro osteoblast differentiation assay. To assess osteoblast differentiation
capacity, 1 x 10% BM cells from WT and cKO mice were seeded in 12-well-plates
with a-MEM containing 15% FBS for 5 days. This was followed by treatment with
osteoblast differentiation medium (50 pug/ml ascorbic acid and 10 mM f-
glycerophosphate?® in a-MEM) for 7 days, with a medium change on day 4. After
7 days, the cells were fixed in 10% neutral buffered formalin followed by ALP
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retroviruses for 48 h. a RelA and b RelB mRNA expression tested by real-time PCR to confirm successful over-expression. Mean = SD (n = 3 biologically
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Fig. 7 Model of TRAF3 degradation during aging leading to bone loss. (1) During aging, increased RANKL expressed by MPCs induces TRAF3 ubiquitination
and subsequent lysosomal degradation in osteoclast precursors (OCP) to stimulate osteoclast formation and bone resorption through NF-kB'214, As a
result, increased amounts of TGFp are released from bone matrix and activated in the acid environment in resorption lacunae. (2) Activated TGFp induces
TRAF3 ubiqguitination and subsequent lysosomal degradation in MPCs. As a result, both RelA and RelB are activated to promote RANKL production, further
enhancing bone resorption. In addition, (3) in MPCs, TRAF3 binds to the TGFBR and negatively regulates GSK-3p activity to prevent p-catenin degradation,
allowing p-catenin accumulation and nuclear translocation to maintain osteoblast differentiation and secretion of OPG52, which limits osteoclast formation.
During aging, TGFp1 degrades TRAF3 and phosphorylates Tyr216 to activate GSK-3p, resulting in degradation of $-catenin to inhibit osteoblast
differentiation and OPG secretion to promote osteoclast formation along with increased RANKL expression and bone loss. In young WT mice, TGFp levels
in bone, BM, and serum are not increased and TRAF3 is present to limit these processes

cKO mice were cultured in each well of a 24-well-plate for 4 days, and cell numbers
were counted after digestion with 0.2% of trypsin. The digested cells were passaged

staining to measure the ALP+ cell area (Ar.). Some wells were counter-stained with
eosin to measure the total cell Ar. and the ratio of ALP*/total cell Ar.

BAMPCs, used to test osteoblast differentiation potential of WT and ¢cKO mice,
were generated from tibiae and femora following our reported procedures??.
Briefly, after BM was completely flushed out with a-MEM, the tibial and femoral
bones were cut into small pieces with scissors and cultured with a-MEM
containing 15% FBS for 4 days. The bone pieces from each mouse were transferred
to a new dish and cultured with a-MEM containing 10% FBS for 4-5 days. Cells
that grew out from the bone pieces were digested gently and passaged to new
dishes, leaving behind cells that were tightly attached to the dishes and these were
discarded. When the passaged cells reached 90% confluence after 2-3 days, they
were passaged again and split 1:2. This procedure was repeated once to produce
highly pure (>95%) BAMPCs.

To assess osteoblast precursor proliferation, BAMPCs were sequentially cultured
from small to larger wells. Initially, 5 x 103 BIMPCs from 3- and 9-m-old WT and

12

to two 12-well-plates. On day 6, the cells were digested and seeded into four 6-well
plates. Proliferation was assessed by counting cell numbers on days 1, 2, 4, 6, and 8.

To assess cell cycle status, 5 x 10> BAMPCs from 3-m-old WT and cKO mice
were cultured in 100 mm dishes with a-MEM containing 10% FBS. When they
reached ~60% confluence they were starved for 24 h, followed by incubation with
BrdU (10 uM) for an additional 8 h. Cell cycle status was analyzed by flow
cytometry and the % of cells in S-phase was calculated.

Osteoblast induction of osteoclastogenesis. Calvarial pre-osteoblasts and spleen
cells from 7-day-old mice were co-cultured to induce osteoclast formation fol-

lowing our published procedures*+%°, Briefly, cleaned calvarial bones were digested
with 0.1% collagenase and 0.2% protease in PBS for 10 min x 6 times and the cells
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were collected from digestions 2 to 6; 5 x 103 cells calvarial cells were seeded in 96-
well-plates. Spleens were ground up in a 40 um cell strainer to make a single cell
suspension, which was incubated with red blood cell lysis buffer for 10 min. 5 x 10*
spleen cells were added to the wells containing the calvarial cells and cultured in the
presence of 1078 M 1,25(0H),VitD; for 7 days when large multinucleated cells are
observed under inverted microscopy. TRAP staining was performed to evaluate
osteoclast formation.

Over-expression of TRAF3 and GSK-3p. 5 x 10° calvarial pre-osteoblasts from
newborn WT mice were cultured overnight at 37 °C with 5% CO, in a 100-mm
dish, followed by treatment with 25% volume of pMX-GFP or pMX-TRAF3 ret-
roviral supernatants generated by Plat-E packaging cells and 2 pg/ml polybrene!®.
48 h later, the retroviral infection medium was changed with fresh cell culture
medium (a-MEM containing 10% FBS) plus with PBS or TGFf1 for 8 or 48 h. The
culture medium was discarded and the cells were gently washed twice with PBS. To
detect protein phosphorylation, 400 ul protein lysis buffer (RAPI lysis buffer
containing protease inhibitor cocktail; (Roche; #11697498001), 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 50 mM sodium fluoride, 0.2 mM sodium
orthovanadate, and 10 ug/ml pepstatin) was added to each 100-mm dish and the
cell protein lysate was collected.

Similarly, cells seeded on chamber slides were fixed following retroviral
infection and TGFp1 treatment by 4% PFA at 37 °C for 5 min, and B-actin
(cytoskeletal) and B-catenin were detected by immunofluorescence staining!%70.
The human GSK-3p gene (NM_001146156.1) was cloned to the VB170926-
1077hue lentiviral expression vector (Cyagen) with HA-tag. The DNA sequences of
TCC for Ser9 and TAT for Tyr216 were point-mutated to GGG (Gly) and GTT
(Val), respectively, using a GeneArt Site-Directed Mutagenesis Plus Kit (Life
Technologies Corp., #A14604). The mutation was confirmed by DNA sequencing.
The lentiviruses were packaged in HEK 293T cells (ATCC, #CRL-3216) using a
Lentiviral Packaging Kit (OriGene, #TR30037). As with pMX-TRAF3/GFP
retroviral infection, the viral supernatants (25% v/v) were added to 5 x 10° cultured
MPCs with 2 ug/ml polybrene overnight to over-express GFP control and WT or
mutated GSK-3f followed by treatment with PBS or TGFp1 for 48 h. Protein levels
of WT, Ser9-, or Tyr216-phospho-GSK-3p, and B-catenin in these cells were
tested by WB.

Collection of human bone samples. We followed a protocol with informed
consent from all patients or their guardians that was approved by the Research
Subjects Review Board of the University of Rochester Medical Center. These
human studies were performed in adherence to the relevant ethical regulations
(Declaration of Helsinki). We collected samples of vertebral bone that were
removed from pediatric and adult patients undergoing elective surgery to correct
spinal scoliosis and degenerative conditions, including cervical spondylosis, lumbar
spinal stenosis, and disc herniation. We used a Rongeur to remove portions of the
spinous processes in posterior cervical, thoracic, and lumbar spine procedures. In
anterior cervical spine procedures, a Kerrison Rongeur was used to remove bony
portions of the anterior overhang of the cervical vertebrae. These bone samples
would typically have been discarded as part of the surgical procedure. The study
enrolled 55 subjects, including 28 females and 27 males, ranging from 8- to 87-
year-old, in which 26 subjects were 8-18-year-old children (10 males, 16 females)
and the remaining 29 were middle aged to elderly from 53 to 87 years (18 males, 11
females). Subjects with tumors, active systemic, immunologic, inflammatory, or
metabolic disorders that might affect bone remodeling were excluded. Since levels
of TRAF3 in human bone samples had not been assessed previously, we were
unable to use a power analysis to determine the number of samples that would be
required. We estimated that we would require a minimum of 20 samples from
children and from adults to detect statistically significant differences in levels
between them.

Western blot analysis. Human vertebral bone specimens and mouse long bones
and vertebrae were ground in liquid nitrogen with a mortar and then lysed with T-
Per lysis buffer (Thermo Scientific) containing a protease inhibitor cocktail (Roche,
#11697498001). MPCs infected with retrovirus or treated with different reagents
were lysed in RIPA lysis buffer (Millipore, #20-188) containing a protease inhibitor
cocktail. Protein lysates were incubated on a shaker at 4 °C for 30 min and collected
after centrifugation (16.2 x 103g for 15 min). 10-20 pg of protein lysates were
loaded in 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride
membranes. Membranes were incubated with the primary Ab overnight followed
by incubation with horseradish peroxidase-linked secondary Ab (Bio-Rad) for 2 h.
The membranes were exposed to ECL substrate, and signals were detected using a
Bio-Rad imaging system. The densitometry analysis was performed using Image
Lab 5.1 software by Bio-Rad.

In vitro ubiquitination assays. 5 x 10° BAMPCs were initially seeded in 100-mm
dishes and pretreated with chloroquine (100 uM) or MG132 (20 uM) for 4 h before
treatment with vehicle or TGFp1 plus chloroquine or MG132 for 8 h. Cells were
lysed in RIPA lysis buffer containing 20 mM HEPES, 250 mM NaCl, 20 mM

Tris-HCI, 0.5% NP-40, 2 mM EDTA, 2 pg/ml leupeptin, 2 ug/ml aprotinin, 1 mM
DTT, 1 mM PMSF, 1 mM N-ethylmaleimide (Sigma-Aldrich, #£3876) and 1 pg/ml

ubiquitin aldehyde (Enzo Life Sciences, #BML-UW8450-0050) to limit deubiqui-
tination. 500 pug whole cell protein lysates were incubated with anti-TRAF3 Ab, and
precipitated proteins were subjected to WB analysis using anti-Ub Ab.

Enzyme-linked immunosorbent assay (ELISA). Serum levels of osteocalcin and
TRACP5b were tested by ELISA according to the manufacturer's
instructions!>152%, Levels of TGFP1 in mouse serum were measured using a mouse
TGFp1 DuoSet ELISA kit (#DY1679) and in human vertebral specimens using a
human TGFp1 Quantikine ELISA Kit (#DB100B) from R&D Systems according to
the manufacturer's guidelines. Briefly, total TGFp1 levels were measured in 40 pl of
serum or 10 pg of vertebral protein lysates by mixing these with 20 ul 1 N HCI,
followed by neutralization with 20 ul 1.2 N NaOH/0.5 M HEPES, according to the
manufacturer’s sample activation procedure; levels of endogenously active TGF-f1
in these samples were measured by skipping this sample activation procedure.
These samples then were diluted 1:20 in assay diluent for measurement of

total TGFp1, or they were diluted 1:4 in assay diluent for measurement of

active TGFp1. ELISA plates were analyzed by investigators blinded to sample
identity by reading absorbance using a microplate reader set to 450 nm with
wavelength correction set to 540 nm.

Immunofluorescence staining. Paraffin-embedded sections (4 um thick) of dec-
alcified L2 vertebrae from 2- and 18-m-old C57BL6/] mice were double-
immunostained using Abs to TRAF3 and osteocalcin (Ocn), and covered with
Vectashield mounting medium with DAPI (Vector Laboratories, #H-1200,) to
visualize nuclei. The numbers of TRAF3/Ocn double-positive cells on trabecular
bone surfaces were expressed per mm bone surface and the numbers of TRAF3+
cells in BM were expressed per mm?2 BM in 5 fields (each ~0.15 mm?) that included
most of the bone and marrow in the vertebrae using a x20 objective lens and a
Zeiss fluorescence microscope.

BAMPCs from 3-month-old WT mice were cultured on chamber slides (Lab-
Tek, #C7182) with 4000 cells per chamber and maintained overnight in a-MEM
with 10% FBS. They then were treated with chloroquine (CQ; 50 uM) for 2h
followed by treatment with vehicle or TGFB1 (1 ng/ml) plus CQ for 8 h, and
expression of TRAF3 and LAMP2 was assessed in a minimum of 50 cells in 5
representative fields at x20 magnification in each of 4 chamber slides in
each group.

Calvarial pre-OBs from 7-day-old WT and cKO mice were cultured overnight
in a-MEM with 10% FBS on chamber slides (4000 cells per chamber) and then
transfected with pMX-GFP or pMX-TRAF3 retroviruses for 48 h followed by
treatment of vehicle or TGFp1 (1 ng/ml) for 48 h. The expression of $-catenin and
B-actin was assessed using IF. The area of B-catenin positive staining in nuclei was
measured in a minimum of 50 cells in 5 representative fields using a x20 objective
lens in each of 4 chamber slides in each group.

The above cell cultures were terminated by fixation with 4% paraformaldehyde
for 5 min at 4 °C, and cells were permeabilized with 0.1% Triton X-100 and blocked
with 5% goat serum for 1h at room temperature before incubation with primary
Abs in a humidity chamber at 4 °C overnight. On the 2nd day, after 3 washes with
PBS containing 0.05% Tween 20, Alexa Fluor 488- and 568-conjugated secondary
Abs were added and incubated for 1h at room temperature. A minimum of
50 stained BAMPCs and calvarial cells were imaged in 5 representative fields in
each of 4 chamber slides in each group using a x20 objective lens and a Zeiss
fluorescence microscope. These fields were photographed and the areas of co-
localization of TRAF3 and LAMP?2 in the cytoplasm of BIMPCs and of B-catenin
positive staining in nuclei of calvaria-derived cells were measured in the digital
images using an Image] image analysis system (NIH).

ChIP assay. Transcription factor binding sites within —8 kb before the murine
RANKL coding start site were searched using TFSEARCH software to identify
putative kB binding sites. ChIP assays were performed to test for binding of RelA
and RelB to each of the three kB binding sites, following our published proce-
dure?°. Briefly, the sheared chromatin from WT and TRAF3 ¢cKO BdMPCs that
had been fixed with 1% formaldehyde was immunoprecipitated with Abs to RelA
or RelB, or rabbit IgG as a negative control. The precipitated DNA was used as a
template for PCR using primers specifically designed to amplify a segment of
120-150 bp containing the putative kB binding sites. The sequences of the primers
are: site 1, forward 5-TGCTGCAATCCTTTAACACA-3’ and reverse 5'-CCCCT
TGGGAGATATCAGA-3; site 2, forward 5-CTGCCATGTTGTTCAGCCTA-3’
and reverse 5'-AGGAGGAAAACAGGGTCCTT-3; and site 3, forward 5'-GTGG
TTGGAGTCTACCATGC-3' and reverse 5'-CCCCATGAGTGGATAGATGC-3.
In addition, a pair of unrelated primers, forward 5-AAGAAGCCTAGAGTCCC
TGG-3' and reverse 5'-CCTGCGACAGCGGAGAAAAG-3, was designed in the
DNA region that is outside the 2.5 kb of the kB binding sites.

Quantitative real-time PCR. 1 g of total RNA extracted from MPCs and cortical
bones was reversely transcribed to cDNA in a 20 pl reaction using an iSCRIPT

cDNA Synthesis kit (Bio-Rad). The expression levels of Tnfsf11 (encodes RANKL)
and genes that are involved in perilacunar/canalicular remolding, including Acp5,
Mmp2, Mmp13, Mmpl4, and Ctsk, were measured using an iCycler real-time PCR
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machine (Bio-Rad) with iQ SYBR SuperMix (Bio-Rad) according to the manu-
facturer’s instruction.

Primer sequences are as follows: Tnfsf11, forward, 5'-CAGAAGGAACTGCAA
CACAT-3', and reverse, 5'-CAGAGTGACTTTATGGGAACC-3'; tartrate-
resistant acid phosphatase type 5 (acp5), forward, 5'-TCCTGGCTCAAAAA
GCAGTT-3, and reverse, 5'-ACATAGCCCACACCGTTCTC-3'; cathepsin K
(ctsk), forward, 5'-CAGCTTCCCCAAGATGTGAT-3', and reverse, 5'-GAAGC
ACCAACGAGAGGAGA-3'; Mmp2, forward, 5'-AACGGTCGGGAATACAG
CAG-3', and reverse, 5'-GTAAACAAGGCTTCATGGGG-3'; Mmp13, forward, 5'-
CGGGAATCCTGAAGAAGTCTACA-3, and reverse, 5'-CTAAGCCAAAGAA
AGATTGCATTTC-3'; Mmp14, forward, 5~ AGGAGACGGAGGTGATCATCAT
TG-3’, and reverse, 5'-GTCCCATGGCGTCTGAAGA-3'; Gapdh, forward, 5'-
GGTCGGTGTGAACGGATTTG-3', and reverse, 5'-ATGAGCCCTTCCACAA
TG-3'.

The relative abundance (ACT) of each gene was calculated by subtracting the
GAPDH CT value from the corresponding CT value of specific genes, and AACT
values were obtained by subtracting the ACT values of WT samples from cKO
samples, and then raised to the power 2 (2~2ACT) to yield fold-expression relative
to the WT controls.

Flow cytometry. Calvarial pre-osteoblasts from 7-day-old WT mice were infected
with GFP control, pMX-RelA-GFP or pMX-RelB-GFP retroviruses for 2 days
before being harvested for FACS analysis. Briefly, the live cells were stained with
anti-CD45-APC, anti-Scal-PECy7 and anti-RANKL-Biotin Abs in FACS buffer
(2% FBS in PBS) at 4 °C for 30 min, followed by PE-Texas Red Streptavidin
staining at 4 °C for 30 min. After the staining was completed, cells were kept in
FACS buffer with DAPI and tested immediately. Around 50,000 CD45~Scal ™ live
cells were gated out for further analysis of surface RANKL expression. To measure
BrdU™ S-phase BAMPCs, a FITC BrdU flow kit (#559619) from BD Bioscience was
used for cell staining. Briefly, cells were fixed and permeabilized using BD Cytofix/
Cytoperm buffer and permeabilization buffer plus, then digested in 300 pg/ml
DNase for 1 h at 37 °C. Each sample of cells was stained with 1 ul FITC-conjugated
BrdU antibody in 50 ul BD Perm/Wash buffer for 20 min at room temperature and
after washing once were resuspended in 20 ul 7-AAD. Stained cells were acquired
using a flow cytometer (FACS LSR II; BD Biosciences). Flow]Jo software was used
for data analysis.

Statistics. All results are given as the mean + S.D. Variance was similar between
groups for most parameters assessed. Comparisons between two groups were
analyzed using Student's two-tailed unpaired ¢ test and those among 3 or more
groups using one-way analysis of variance followed by Tukey’s post-hoc multiple
comparisons. p Values <0.05 were considered statistically significant. Each
experiment was repeated at least twice with similar results. The sample size for
in vivo experiments is based on an un-paired t-test power analysis carried out by
our statistician using SigmaStat Statistical Software: 5-8 mice were needed in each
group where bone parameters are being assessed to detect significant differences
from controls with an alpha error of 5%. The power is 0.98, i.e., there is 98% chance
of detecting a specific effect with 95% confidence when alpha = 0.05. No data were
excluded from the analyses.

Data availability

All relevant data are available from the authors upon reasonable request.

Received: 4 May 2018 Accepted: 22 May 2019
Published online: 26 June 2019

References

1. Khosla, S. Pathogenesis of age-related bone loss in humans. J. Gerontol. A Biol.
Sci. Med. Sci. 68, 1226-1235 (2013).

2. Demontiero, O., Vidal, C. & Duque, G. Aging and bone loss: new insights for
the clinician. Ther. Adv. Musculoskelet. Dis. 4, 61-76 (2012).

3. Seeman, E. Pathogenesis of bone fragility in women and men. Lancet 359,
1841-1850 (2002).

4. Weitzmann, M. N. & Pacifici, R. Estrogen deficiency and bone loss: an
inflammatory tale. J. Clin. Invest. 116, 1186-1194 (2006).

5. Yu, B. & Wang, C. Y. Osteoporosis: the result of an ‘aged’ bone
microenvironment. Trends Mol. Med. 22, 641-644 (2016).

6. Pietschmann, P., Mechtcheriakova, D., Meshcheryakova, A., Foger-Samwald,
U. & Ellinger, I. Immunology of osteoporosis: a mini-review. Gerontology 62,
128-137 (2016).

7. Udagawa, N. et al. Osteoblasts/stromal cells stimulate osteoclast activation
through expression of osteoclast differentiation factor/RANKL but not
macrophage colony-stimulating factor: receptor activator of NF-kappa B
ligand. Bone 25, 517-523 (1999).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bishop, K. A., Coy, H. M,, Nerenz, R. D., Meyer, M. B. & Pike, ]. W. Mouse
Rankl expression is regulated in T cells by c-Fos through a cluster of distal
regulatory enhancers designated the T cell control region. J. Biol. Chem. 286,
20880-20891 (2011).

Meednu, N. et al. Production of RANKL by memory B cells: a link between B
cells and bone erosion in rheumatoid arthritis. Arthritis Rheumatol. 68,
805-816 (2016).

Boyce, B. F. & Xing, L. Functions of RANKL/RANK/OPG in bone modeling
and remodeling. Arch. Biochem. Biophys. 473, 139-146 (2008).

Boyce, B. F,, Xiu, Y., Li, ], Xing, L. & Yao, Z. NF-kappaB-mediated regulation
of osteoclastogenesis. Endocrinol. Metab. 30, 35-44 (2015).

Yao, Z., Xing, L. & Boyce, B. F. NF-kappaB p100 limits TNF-induced bone
resorption in mice by a TRAF3-dependent mechanism. J. Clin. Invest. 119,
3024-3034 (2009).

Vallabhapurapu, S. et al. Nonredundant and complementary functions of
TRAF2 and TRAF3 in a ubiquitination cascade that activates NIK-dependent
alternative NF-kappaB signaling. Nat. Immunol. 9, 1364-1370 (2008).

Xiu, Y. et al. Chloroquine reduces osteoclastogenesis in murine osteoporosis
by preventing TRAF3 degradation. J. Clin. Invest. 124, 297-310 (2014).

Yao, Z. et al. RANKL cytokine enhances TNF-induced osteoclastogenesis
independently of TNF receptor associated factor (TRAF) 6 by degrading
TRAF3 in osteoclast precursors. J. Biol. Chem. 292, 10169-10179 (2017).
Lomaga, M. A. et al. TRAF6 deficiency results in osteopetrosis and defective
interleukin-1, CD40, and LPS signaling. Genes Dev. 13, 1015-1024 (1999).
Naito, A. et al. Severe osteopetrosis, defective interleukin-1 signalling and
lymph node organogenesis in TRAF6-deficient mice. Genes Cells 4, 353-362
(1999).

ten Berge, D., Brouwer, A., Korving, J., Martin, J. F. & Meijlink, F. Prx1 and
Prx2 in skeletogenesis: roles in the craniofacial region, inner ear and limbs.
Development 125, 3831-3842 (1998).

Martin, J. F., Bradley, A. & Olson, E. N. The paired-like homeo box gene
MHox is required for early events of skeletogenesis in multiple lineages. Genes
Dev. 9, 1237-1249 (1995).

Seo, H. S. & Serra, R. Deletion of Tgfbr2 in Prx1-cre expressing mesenchyme
results in defects in development of the long bones and joints. Dev. Biol. 310,
304-316 (2007).

Xie, P., Stunz, L. L., Larison, K. D., Yang, B. & Bishop, G. A. Tumor necrosis
factor receptor-associated factor 3 is a critical regulator of B cell homeostasis
in secondary lymphoid organs. Immunity 27, 253-267 (2007).

Xiong, J. et al. Matrix-embedded cells control osteoclast formation. Nat. Med.
17, 1235-1241 (2011).

Matsushita, T. et al. Extracellular signal-regulated kinase 1 (ERK1) and ERK2
play essential roles in osteoblast differentiation and in supporting
osteoclastogenesis. Mol. Cell. Biol. 29, 5843-5857 (2009).

Chan, G. K. & Duque, G. Age-related bone loss: old bone, new facts.
Gerontology 48, 62-71 (2002).

Ferguson, V. L., Ayers, R. A, Bateman, T. A. & Simske, S. J. Bone development
and age-related bone loss in male C57BL/6] mice. Bone 33, 387-398 (2003).
Langdahl, B., Ferrari, S. & Dempster, D. W. Bone modeling and remodeling:
potential as therapeutic targets for the treatment of osteoporosis. Ther. Adv.
Musculoskelet. Dis. 8, 225-235 (2016).

Dutta, S. & Sengupta, P. Men and mice: relating their ages. Life Sci. 152,
244-248 (2016).

Fatayerji, D. & Eastell, R. Age-related changes in bone turnover in men. J.
Bone Miner. Res. 14, 1203-1210 (1999).

Yao, Z. et al. NF-kappaB RelB negatively regulates osteoblast differentiation
and bone formation. J. Bone Miner. Res. 29, 866-877 (2014).

Tang, Y. et al. TGF-betal-induced migration of bone mesenchymal stem
cells couples bone resorption with formation. Nat. Med. 15, 757-765
(2009).

Lian, N. et al. Transforming growth factor beta suppresses osteoblast
differentiation via the vimentin activating transcription factor 4 (ATF4) axis. J.
Biol. Chem. 287, 35975-35984 (2012).

Talley-Ronsholdt, D. J., Lajiness, E. & Nagodawithana, K. Transforming
growth factor-beta inhibition of mineralization by neonatal rat osteoblasts in
monolayer and collagen gel culture. In Vitro Cell. Dev. Biol. Anim. 31,
274-282 (1995).

Takeuchi, K. et al. Tgf-Beta inhibition restores terminal osteoblast
differentiation to suppress myeloma growth. PLoS One 5, €9870

(2010).

Molony, R. D. et al. Aging impairs both primary and secondary RIG-I
signaling for interferon induction in human monocytes. Sci. Signal.

10, eaan2392 (2017).

Cai, Q. et al. A potent and orally active antagonist (SM-406/AT-406) of
multiple inhibitor of apoptosis proteins (IAPs) in clinical development for
cancer treatment. J. Med. Chem. 54, 2714-2726 (2011).

Mu, Y. et al. TRAF6 ubiquitinates TGFbeta type I receptor to promote its
cleavage and nuclear translocation in cancer. Nat. Commun. 2, 330 (2011).

14 | (2019)10:2795 | https://doi.org/10.1038/s41467-019-10677-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hill, T. P, Spater, D., Taketo, M. M., Birchmeier, W. & Hartmann, C.
Canonical Wnt/beta-catenin signaling prevents osteoblasts from
differentiating into chondrocytes. Dev. Cell 8, 727-738 (2005).

Day, T. F,, Guo, X., Garrett-Beal, L. & Yang, Y. Wnt/beta-catenin signaling in
mesenchymal progenitors controls osteoblast and chondrocyte differentiation
during vertebrate skeletogenesis. Dev. Cell 8, 739-750 (2005).

Wu, D. & Pan, W. GSK3: a multifaceted kinase in Wnt signaling. Trends
Biochem. Sci. 35, 161-168 (2010).

Jope, R. S. & Johnson, G. V. The glamour and gloom of glycogen synthase
kinase-3. Trends Biochem. Sci. 29, 95-102 (2004).

Kirby, L. A. et al. Glycogen synthase kinase 3 (GSK3) inhibitor, SB-216763,
promotes pluripotency in mouse embryonic stem cells. PLoS One 7, €39329
(2012).

Massague, J. TGFbeta signalling in context. Nat. Rev. Mol. Cell Biol. 13,
616-630 (2012).

Newman, A. C., Kemp, A. J., Drabsch, Y., Behrends, C. & Wilkinson, S.
Autophagy acts through TRAF3 and RELB to regulate gene expression via
antagonism of SMAD proteins. Nat. Commun. 8, 1537 (2017).

Engin, F. et al. Dimorphic effects of Notch signaling in bone homeostasis. Nat.
Med. 14, 299-305 (2008).

Li, P. et al. RANK signaling is not required for TNFalpha-mediated increase in
CD11(hi) osteoclast precursors but is essential for mature osteoclast formation
in TNFalpha-mediated inflammatory arthritis. J. Bone Miner. Res. 19, 207-213
(2004).

Zarnegar, B. J. et al. Noncanonical NF-kappaB activation requires coordinated
assembly of a regulatory complex of the adaptors cIAP1, cIAP2, TRAF2 and
TRAF3 and the kinase NIK. Nat. Immunol. 9, 1371-1378 (2008).

Bista, P. et al. TRAF3 controls activation of the canonical and alternative
NFkappaB by the lymphotoxin beta receptor. J. Biol. Chem. 285, 12971-12978
(2010).

Beg, A. A, Sha, W. C,, Bronson, R. T., Ghosh, S. & Baltimore, D. Embryonic
lethality and liver degeneration in mice lacking the RelA component of NF-
kappa B. Nature 376, 167-170 (1995).

Verheugd, P. et al. Regulation of NF-kappaB signalling by the mono-ADP-
ribosyltransferase ARTD10. Nat. Commun. 4, 1683 (2013).

Nakashima, T. et al. Protein expression and functional difference of
membrane-bound and soluble receptor activator of NF-kappaB ligand:
modulation of the expression by osteotropic factors and cytokines. Biochem.
Biophys. Res. Commun. 275, 768-775 (2000).

Dole, N. S. et al. Osteocyte-intrinsic TGF-beta signaling regulates bone
quality through perilacunar/canalicular remodeling. Cell Rep. 21, 2585-2596
(2017).

Boyce, B. F., Xing, L. & Chen, D. Osteoprotegerin, the bone protector,

is a surprising target for beta-catenin signaling. Cell Metab. 2, 344-345
(2005).

Im, G. I. & Kim, M. K. The relationship between osteoarthritis and
osteoporosis. J. Bone Miner. Metab. 32, 101-109 (2014).

Shrier, I. Muscle dysfunction versus wear and tear as a cause of exercise related
osteoarthritis: an epidemiological update. Br. J. Sports Med. 38, 526-535
(2004).

Chang, J. et al. Inhibition of osteoblastic bone formation by nuclear factor-
kappaB. Nat. Med. 15, 682-689 (2009).

Onal, M,, St John, H. C., Danielson, A. L. & Pike, J. W. Deletion of the distal
Tnfsfl1 RL-D2 enhancer that contributes to PTH-mediated RANKL
expression in osteoblast lineage cells results in a high bone mass phenotype in
mice. J. Bone Miner. Res. 31, 416-429 (2016).

Fu, Q., Manolagas, S. C. & O'Brien, C. A. Parathyroid hormone controls
receptor activator of NF-kappaB ligand gene expression via a distant
transcriptional enhancer. Mol. Cell. Biol. 26, 6453-6468 (2006).

Kim, S., Yamazaki, M., Zella, L. A., Shevde, N. K. & Pike, J. W. Activation of
receptor activator of NF-kappaB ligand gene expression by 1,25-
dihydroxyvitamin D3 is mediated through multiple long-range enhancers.
Mol. Cell. Biol. 26, 6469-6486 (2006).

Salazar, V. S. et al. Postnatal ablation of osteoblast Smad4 enhances
proliferative responses to canonical Wnt signaling through interactions with
beta-catenin. J. Cell Sci. 126, 5598-5609 (2013).

Salazar, V. S. et al. Embryonic ablation of osteoblast Smad4 interrupts matrix
synthesis in response to canonical Wnt signaling and causes an osteogenesis-
imperfecta-like phenotype. J. Cell Sci. 126, 4974-4984 (2013).

Tan, X. et al. Smad4 is required for maintaining normal murine postnatal
bone homeostasis. J. Cell Sci. 120, 2162-2170 (2007).

Borton, A. J., Frederick, J. P., Datto, M. B., Wang, X. F. & Weinstein, R. S.
The loss of Smad3 results in a lower rate of bone formation and osteopenia
through dysregulation of osteoblast differentiation and apoptosis. J. Bone
Miner. Res. 16, 1754-1764 (2001).

63. Yasui, T. et al. Regulation of RANKL-induced osteoclastogenesis by TGF-beta
through molecular interaction between Smad3 and Traf6. J. Bone Miner. Res.
26, 1447-1456 (2011).

64. Baud, V. et al. Signaling by proinflammatory cytokines: oligomerization of
TRAF2 and TRAF6 is sufficient for JNK and IKK activation and target gene
induction via an amino-terminal effector domain. Genes Dev. 13, 1297-1308
(1999).

65. Bishop, G. A. TRAF3 as a powerful and multitalented regulator of lymphocyte
functions. J. Leukoc. Biol. 100, 919-926 (2016).

66. Nagel, L. et al. Biallelic inactivation of TRAF3 in a subset of B-cell lymphomas
with interstitial del(14)(q24.1q32.33). Leukemia 23, 2153-2155 (2009).

67. Keats, J. J. et al. Promiscuous mutations activate the noncanonical NF-kappaB
pathway in multiple myeloma. Cancer Cell 12, 131-144 (2007).

68. Lalani, A. I, Luo, C., Han, Y. & Xie, P. TRAF3: a novel tumor suppressor gene
in macrophages. Macrophage 2, 1009 (2015).

69. Kapur, R. P. et al. Malignant autosomal recessive osteopetrosis caused by
spontaneous mutation of murine Rank. J. Bone Miner. Res. 19, 1689-1697
(2004).

70. Zhao, Z. et al. TNF induction of NF-kappaB RelB enhances RANKL-induced
osteoclastogenesis by promoting inflammatory macrophage differentiation but
also limits it through suppression of NFATcl expression. PLoS One 10,
0135728 (2015).

Acknowledgements

Research reported in this publication was supported by the National Institute of Arthritis
and Musculoskeletal and Skin Diseases of the National Institutes of Health under Award
Numbers RO1AR43510 (to B.F.B.), P30 AR069655 (to Edward Schwarz), AR063650

(to L.X.) and by the National Institute for Aging under Award Number RO1AG049994
(to B.E.B. and Z.Y.), and 1S10RR027340 (to B.F.B.) from the National Institutes of
Health. The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health. The TRAF3/ff mice were
a gift from Dr. Gail Bishop, University of Iowa.

Author contributions

J.L. performed and analyzed the experiments shown in Figs. la-i, 2e-g, 3a-e, g-n, p,
4a-m, 5c-e, g-j, as well as Fig. 6 and wrote the first draft of the paper. A.A. performed
and analyzed the experiments shown in Figs. 2a-d, h-m and 5f. Y.X. generated the TRAF
cKO mice and carried out initial skeletal analyses. X.Y. performed and analyzed the
experiments shown in Fig. 3f, 0. J.O.S. and A.M. provided human bone samples. Z.Y.
conceived and coordinated the studies, performed and analyzed the experiments shown
in Figs. 1a, b, d-f, h, 3e, 4g, 5a, b, and wrote the paper. B.F.B. supervised, conceived and
coordinated the studies, and wrote the paper. All authors reviewed the results and
approved the final version of the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10677-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:2795 | https://doi.org/10.1038/541467-019-10677-0 | www.nature.com/naturecommunications 15


https://doi.org/10.1038/s41467-019-10677-0
https://doi.org/10.1038/s41467-019-10677-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	TGFβ-induced degradation of TRAF3 in mesenchymal progenitor cells causes age-related osteoporosis
	Results
	TRAF3 cKO mice develop early onset osteoporosis
	Age-related reduction of bone formation in TRAF3 cKO mice
	Age-related increase in bone resorption in TRAF3 cKO mice
	Age-related reduction in OB differentiation from cKO MPCs
	TGFβ limits OB differentiation of MPCs from 9-m-old cKO mice
	TGFβ1 degrades TRAF3 in bone during aging
	TGFβ1 induces TRAF3 ubiquitination and lysosomal degradation
	TRAF3 maintains β-catenin activity in MPCs
	TRAF3 limits GSK3β activity to prevent β-catenin degradation
	TRAF3 limits RANKL expression by MPCs
	Activated NF-κB RelA and RelB promote RANKL expression by cKO MPCs
	Perilacunar/canalicular remodeling is normal in TRAF3 cKO mice

	Discussion
	Methods
	Animals
	Reagents
	Micro-CT and bone histomorphometric analysis
	In vitro osteoblast differentiation assay
	Osteoblast induction of osteoclastogenesis
	Over-expression of TRAF3 and GSK-3β
	Collection of human bone samples
	Western blot analysis
	In vitro ubiquitination assays
	Enzyme-linked immunosorbent assay (ELISA)
	Immunofluorescence staining
	ChIP assay
	Quantitative real-time PCR
	Flow cytometry
	Statistics

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




