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Significance

Rheumatoid arthritis (RA) is a 
chronic inflammatory disease 
that leads to focal destruction of 
articular bone and to systemic 
bone loss by activating 
osteoclastogenesis, resulting 
in osteopenia and osteoporosis. 
Despite currently available 
therapies for RA targeting 
inflammation and 
osteoclastogenesis, these agents 
are not able to fully prevent 
articular or systemic bone loss. 
Here, we demonstrate that 
Schnurri-3 (SHN3) is a potential 
target to prevent bone loss in RA. 
Our results show elevated levels 
of SHN3 in osteoblast-lineage 
cells under RA conditions and 
demonstrate that its deletion 
limits articular bone erosion and 
systemic bone loss in animal 
models of RA. Mechanistically, 
SHN3-deficient osteoblast lineage 
cells are not only resistant to 
TNF-induced suppression of 
osteogenesis, but also down-
regulate osteoclast development.
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Rheumatoid arthritis (RA) is a chronic inflammatory disease that leads to systemic 
and articular bone loss by activating bone resorption and suppressing bone forma-
tion. Despite current therapeutic agents, inflammation-induced bone loss in RA 
continues to be a significant clinical problem due to joint deformity and lack of 
articular and systemic bone repair. Here, we identify the suppressor of bone forma-
tion, Schnurri-3 (SHN3), as a potential target to prevent bone loss in RA. SHN3 
expression in osteoblast-lineage cells is induced by proinflammatory cytokines. 
Germline deletion or conditional deletion of Shn3 in osteoblasts limits articular 
bone erosion and systemic bone loss in mouse models of RA. Similarly, silencing of 
SHN3 expression in these RA models using systemic delivery of a bone-targeting 
recombinant adenoassociated virus protects against inflammation-induced bone loss. 
In osteoblasts, TNF activates SHN3 via ERK MAPK-mediated phosphorylation and, 
in turn, phosphorylated SHN3 inhibits WNT/β-catenin signaling and up-regulates 
RANKL expression. Accordingly, knock-in of a mutation in Shn3 that fails to bind 
ERK MAPK promotes bone formation in mice overexpressing human TNF due to 
augmented WNT/β-catenin signaling. Remarkably, Shn3-deficient osteoblasts are not 
only resistant to TNF-induced suppression of osteogenesis, but also down-regulate 
osteoclast development. Collectively, these findings demonstrate SHN3 inhibition 
as a promising approach to limit bone loss and promote bone repair in RA.

rheumatoid arthritis | Schnurri-3 | WNT signaling | osteoblast | osteoclast

Rheumatoid arthritis (RA) is a chronic inflammatory disease that leads to focal destruction 
of articular bone and to systemic bone loss, resulting in osteopenia and osteoporosis. 
Inflammation activates osteoclastogenesis, resulting in bone resorption (1, 2) while simul-
taneously suppressing the ability of osteoblasts to differentiate and build bone (3). 
Expression of secreted WNT/β-catenin antagonists including DKK1 (4), DKK2, SFRP1 
(3), and SOST (5) is induced in RA synovial tissues. RA patients develop joint erosions 
soon after disease onset, while systemic bone loss is evident in the pre-RA period even 
prior to clinically apparent arthritis (6). Currently available therapies for RA target inflam-
mation and osteoclastogenesis and are considered a breakthrough in treatment (7). 
However, while these agents prevent radiographic progression, they are not typically able 
to reverse existing joint erosions (8–10) or to fully prevent systemic bone loss.

Compared to the general population, RA patients have a twofold risk of osteoporosis 
and up to a threefold risk of hip fracture (11, 12). Most existing osteoporosis therapies, 
including bisphosphonates and anti-RANKL antibodies, target osteoclasts, but these agents 
do not cure osteoporosis and are limited by side effects including atypical femoral fractures 
and osteonecrosis of the jaw (13). Bone anabolic agents including intermittent parathyroid 
hormone (PTH) and parathyroid hormone-related protein (PTHrP) (14, 15) promote 
osteoblast function. However, these agents are limited in their use due to potential side 
effects and require daily injections (16). The anti-SOST antibody promotes osteoblast 
differentiation by enhancing WNT/β-catenin signaling, but this agent is associated with 
adverse cardiovascular events (17). Moreover, this antibody could worsen TNF-dependent 
inflammation in RA patients (5). Thus, therapeutic agents that prevent bone loss and 
promote healing of bone damage in RA, while limiting potential side effects, are needed.

The intracellular adaptor protein Schnurri-3 (SHN3, HIVEP3) inhibits WNT/β-catenin 
signaling in osteoblasts and suppresses bone formation (18). SHN3 function is intrinsic 
to osteoblasts, as osteoblast-specific deletion of Shn3 in mice results in a progressive increase 
in bone mass due to augmented osteoblast activity (18–21). Notably, the bone formed in 
these mice is mature lamellar bone with normal biomechanical properties (19) and Shn3 
deficiency is not associated with phenotypes in nonskeletal tissues. Here we uncover a 
mechanism by which SHN3 regulates inflammation-induced bone loss in RA and show 
that SHN3 expression is up-regulated by the proinflammatory cytokines TNF plus IL-17A 
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in osteoblast-lineage cells. TNF also induces ERK-mediated phos-
phorylation of SHN3 in osteoblasts, resulting in suppression of 
WNT-mediated osteogenesis and upregulation of RANKL. 
Accordingly, Shn3-deficient osteoblasts are resistant to 
TNF-induced suppression of osteogenesis and down-regulate 
RANKL/OPG ratios. Germline deletion of Shn3, conditional 
deletion in osteoblasts, or adenoassociated virus (AAV)-mediated 
Shn3 silencing, significantly limit systemic bone loss and articular 
bone erosion in mouse models of RA. Thus, silencing of SHN3 
expression in osteoblasts may represent an innovative avenue for 
prevention of inflammation-induced bone loss in RA and other 
skeletal diseases of low bone mass.

Results

Osteoblast-Specific Upregulation of Shn3 in RA. In patients with 
RA, arthritic inflammation suppresses osteoblast-mediated bone 
formation, at least in part through upregulation of inhibitors of 
the WNT signaling pathway (3, 22). Schnurri-3 (SHN3) has been 
shown to suppress WNT/β-catenin signaling in osteoblasts (18). 
We demonstrate SHN3 expression by immunohistochemistry 
(IHC) in bone-lining osteoblasts and in tartrate-resistant acid 
phosphatase (TRAP)-expressing osteoclasts in synovial/bone tissues 
obtained from RA patients (Fig. 1A). Shn3 mRNA expression is 
up-regulated in bone tissue, but not in synovial tissue, harvested 
from mouse models of RA: curdlan-treated SKG mice (23) and 
human TNF-transgenic mice (TNF-tg) (24) (Fig. 1 B and C), 
suggesting that bone-residing osteoblasts and/or osteoclast-lineage 
cells are major cell types demonstrating upregulation of SHN3 in 
inflammatory arthritis.

Multiple-transcriptome analyses revealed a strong association 
of SHN3 expression and signaling pathways of RA-related factors 
including TNF, IL-17A, IL-1β, IFNs, and Toll-like receptor lig-
ands (Fig. 1D). We thus exposed human bone marrow-derived 
stromal cells (BMSCs, osteoblast precursors) to TNF, IL-17A, 
and TNF plus IL-17A and confirm previous findings (25) that 
human BMSCs isolated from RA patients are highly responsive 
to treatment with these cytokines, demonstrating an additive 
effect in the induction of Shn3 mRNA expression (Fig. 1E). This 
is consistent with up-regulated expression of Shn3 mRNA by 
TNF and TNF plus IL-17A in mouse osteoblast-lineage cells 
including calvarial osteoblasts (COB), BMSCs, and the osteocyte 
cell line (OCY454), demonstrating additive effects on Shn3 
induction in mouse COBs and BMSCs or a synergistic effect in 
mouse osteocytes (Fig. 1F). Of note, this response is specific to 
osteoblast-lineage cells, as Shn3 mRNA was not up-regulated in 
preosteoclasts, monocytes, or B or T lymphocytes (Fig. 1G). 
Consistent with a previous study showing upregulation Shn3 
expression in fibroblast-like synoviocytes (FLS) of RA patients in 
response to TNF plus IL-17A (26), mouse FLS with these treat-
ments also up-regulated Shn3 expression (SI Appendix, Fig. S1A). 
However, there is no difference in expression levels in the syn-
ovium of SKG mice compared with wild-type mice (Fig. 1C). 
Notably, single-cell RNA sequencing analysis of the synovial 
tissues of RA patients shows that SHN3 expression in synovial 
cells, such as fibroblasts and monocytes, is comparable 
(SI Appendix, Fig. S1B). These results suggest that SHN3 expres-
sion in synovium might be sensitive to timing and/or duration 
of exposure to inflammatory cytokines.

Germline Deletion of Shn3 Limits Bone Loss in a Mouse Model 
of RA. To determine the role of SHN3 in bone loss in RA, mice 
with germline deletion of Shn3 (Shn3-/-) were crossed with SKG 
mice in which a mutation in the ZAP-70 protein alters signaling 

through the T cell receptor with subsequent alteration of the T 
cell repertoire, increasing the number of peripheral autoreactive T 
cells (23). Onset of disease in SKG mice can be synchronized and 
augmented with systemic injection of 1,3-beta-glucan (curdlan) 
(27), and SKG mice reproducibly develop inflammation in the 
paws, induction of TNF, IL-17, IL-1, and IL-6 in synovium, and 
resulting in osteoclast-mediated joint destruction and reduced 
systemic bone density (28). Assessment of clinical inflammation 
and ankle thickness demonstrated little to no joint inflammation 
in control curdlan-treated BALB/c mice (Fig. 2A, black line) or 
in curdlan-treated Shn3-/- mice (Fig. 2A, green line). However, 
equivalent clinical inflammation is present in curdlan-treated SKG 
mice (Fig. 2A, blue line) and in curdlan-treated Shn3-/-;SKG mice 
(Fig. 2A, red line). While histologic scoring shows a mild decrease 
in the degree of inflammatory infiltrates in inflamed ankle joints 
of curdlan-treated Shn3-/-;SKG mice, immune cell populations 
including macrophages, monocytes, neutrophils, and B and T 
lymphocytes were comparable in the ankle joints of these mice 
(Fig.  2 B–D). The percentage of splenic cell populations was 
also comparable in Shn3-/-;SKG mice compared with SKG mice 
(SI  Appendix, Fig.  S2), demonstrating that SHN3 function is 
minimal in both joint and splenic inflammation in this RA model.

Shn3-/-;SKG mice display a significant decrease in articular 
bone erosion in inflamed joints compared to SKG mice 
(Fig. 2 C and D). Similarly, microCT analysis shows a marked 
decrease in erosion pits in joints of Shn3-/-;SKG joints compared 
with SKG mice (Fig. 2E), suggesting that Shn3 deletion protects 
articular bone from the erosions that result from joint inflam-
mation in RA. Additionally, systemic bone loss is markedly 
reduced in arthritic SKG mice in the absence of SHN3, as shown 
by greater trabecular bone mass in femurs (Fig. 2F). While SKG 
mice demonstrate a 46% reduction of trabecular bone mass in 
the femur compared with WT control mice, only a 21% reduc-
tion is observed in femurs of Shn3-/-;SKG mice compared with 
Shn3-/- mice. Accordingly, TRAP staining demonstrates that Shn3 
deletion in SKG mice results in a significant decrease in the 
number of TRAP+ osteoclasts in femurs (Fig. 2G). In addition, 
immunohistochemistry for osteocalcin (OCN) reveals an 
increased number of OCN+ mature osteoblasts in Shn3-/-;SKG 
mice compared to SKG mice sufficient for SHN3 (Fig. 2H). This 
is consistent with elevated serum levels of osteocalcin, a marker 
of bone formation, and decreased levels of collagen cross-linked 
C-terminal telopeptide 1 (Ctx-1), a marker of bone destruction, 
in Shn3-/-;SKG mice compared to SKG mice (Fig. 2I). These 
results demonstrate that Shn3 deletion limits both arthritic artic-
ular bone erosion and systemic bone loss in long bones via 
increased osteogenesis and decreased osteoclastogenesis. Thus, 
SHN3 plays an important role in systemic and articular bone 
loss in this RA model.

Shn3-Deficient Osteoblasts Are Resistant to Inflammation-
Induced Inhibition of Differentiation. To determine how Shn3 
deletion suppresses inflammation-induced bone loss in  vivo, 
osteogenic differentiation of human BMSCs was assessed in 
the absence or presence of SHN3 following treatment with 
the RA-related cytokines TNF and IL-17A. While extracellular 
mineralization activity (late osteogenic marker) of human 
BMSCs expressing control shRNA (sh-Ctrl) is markedly reduced 
with treatment with TNF plus IL-17A, mineralization is largely 
intact in human BMSCs expressing SHN3 shRNA (sh-SHN3) 
despite cytokine treatment (Fig.  3A). Similarly, osteogenic 
differentiation of mouse BMSCs isolated from WT femurs was 
suppressed, whereas differentiation of cells from Shn3-/- femurs 
occurs normally in the presence of TNF and IL-17A, as shown 
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Fig. 1. SHN3 expression in osteoblasts is up-regulated in RA. (A) Immunohistochemistry (IHC) for SHN3 in the inflamed metatarsal bones of RA patients (n = 5). 
IgG control antibody (Left) shows negative staining. Red arrows indicate staining for SHN3 protein in osteoblasts lining the bone surface (Mid, Top). Staining for 
SHN3 protein in osteoclasts (Mid, Bottom) is confirmed in a serial section stained for TRAP (blue arrows: Right, Bottom). (Scale bar = 50 μm.) (B and C) Shn3 mRNA 
expression in the tibial bone and synovium in two mouse models of RA, SKG, and TNF transgenic (tg) mice and in synovium in SKG mice. There is a statistically 
significant increase in Shn3 mRNA expression in the tibial bone of both SKG and TNF-tg mice compared with bone in nonarthritic wild-type (WT) littermate 
controls, but no difference in Shn3 mRNA expression in synovium from SKG arthritic mice compared with WT nonarthritic mice (n = 6 ~ 12). (D) Match database 
analysis (>100,000 analyses) demonstrating the top 10 biological ligands associated with SHN3 expression. (E and F) Human bone marrow stromal cells (BMSCs, 
E), mouse calvarial osteoblasts (COBs, F), mouse BMSCs (F) and mouse osteocytes (OCY454, F) were treated with TNF, IL-17A or the combination for 6 h and Shn3 
mRNA expression was assessed by RT-PCR (n = 4). (G) Mouse bone marrow-derived monocytes (BMMs) were differentiated into preosteoclasts in the presence 
of M-CSF and RANKL for 3 d, then treated with TNF, IL-17A, or the combination for 6 h. Alternatively, undifferentiated BMMs or B or T cells isolated from mouse 
spleen were similarly treated. Shn3 mRNA expression was assessed by RT-PCR (n = 3 ~ 4). Data shown in (A–C) and (D–G) are representative of three independent 
experiments. Values represent mean ± SD: NS, nonsignificant; *P < 0.05; **P < 0.01; ****P < 0.0001 using a two-tailed unpaired Student’s t test for comparing 
two groups (B and C) or one-way ANOVA with Dunnett’s multiple comparisons test (E–G).
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by normal mineralization activity (Fig.  3B) and expression of 
osteogenic genes (Fig. 3C). These results demonstrate that SHN3 
mediates TNF/IL-17A-induced suppression of osteogenesis. Of 
note, there were little to no changes in osteoclast numbers, TRAP 
activity, and osteoclast gene expression in bone marrow-derived 
monocytes (BMMs) isolated from Shn3-/- femurs compared to WT 
femurs (Fig. 3 D and E and SI Appendix, Fig. S3), suggesting that 
SHN3 function is dispensable for osteoclast differentiation. Thus, 
Shn3 deficiency in osteoblasts, not osteoclasts, is responsible for 
suppression of inflammation-induced bone loss.

To confirm that Shn3 deficiency in osteoblast-lineage cells inhib-
its inflammation-induced bone loss, Shn3 expression was deleted 
in SKG mice using systemic delivery of a bone-targeting recombi-
nant adenoassociated virus (rAAV) vector carrying an artificial 
miRNA that silences expression of Shn3 (amiR-Shn3). Previously, 

rAAV9 was identified as a highly effective serotype for transduction 
of osteoblast-lineage cells in vitro and in vivo, and a novel AAV9 
capsid was further developed to improve targeting of skeletal tissues 
by grafting the bone-targeting peptide motif (Asp-Ser-Ser)6 onto 
the VP2 capsid protein (DSS.rAAV9) (29). SKG mice were injected 
intravenously (IV) with DSS.rAAV9 carrying egfp, amiR-Ctrl, or 
amiR-Shn3 2 wk prior to curdlan treatment (SI Appendix, Fig. S4A). 
Six weeks later, AAV transduction in the femur and inflamed ankle 
was assessed by EGFP expression using fluorescence microscopy. 
Immunofluorescence analysis in the inflamed ankle shows EGFP 
expression in a subset of OCN+ mature osteoblasts and Cathepsin 
K (CTSK)+ mature osteoclasts, but not in CD248+ fibroblast-like 
synoviocytes (FLS), demonstrating the ability of DSS.rAAV9 to 
transduce osteoblasts and osteoclasts, but not FLS (SI Appendix, 
Fig. S4B). Additionally, knockdown efficiency of Shn3 in 
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Fig. 2. SHN3 deletion inhibits inflam-
mation-induced bone loss in SKG mice. 
(A) Ten-week-old WT (Shn3+/+), Shn3-/-, 
SKG, and Shn3-/-SKG mice were inject-
ed with curdlan. Ankle thickness and 
clinical joint inflammation were meas-
ured weekly. WT and Shn3-/- demon-
strate no inflammation, while SKG and 
Shn3-/- SKG mice develop equivalent 
levels of inflammation. (n = 3 ~ 4: WT 
(Shn3+/+), Shn3-/- groups, n = 9 ~ 10: SKG, 
Shn3-/-SKG groups). (B) Flow cytometric 
analysis of immune cell from inflamed 
synovial tissues isolated from SKG and 
Shn3-/-SKG mice show equivalent per-
centages of immune cells (n = 3). (C and 
D) H&E- and TRAP-stained sections of 
inflamed ankles (C) and relative quan-
tification of inflammation and erosion 
(D), demonstrating that Shn3-/-SKG mice 
are protected from articular erosion. 
Red arrows indicate TRAP+ osteoclasts. 
(Scale bars: Left, 200 μm; Right, 50 μm; 
Ta, talus; II, inflammatory infiltrates; N, 
navicular bone (n = 9~10/group).) (E) Mi-
croCT images showing sagittal sections 
of inflamed ankles in SKG and Shn3-/-SKG 
mice, demonstrating fewer erosions in 
Shn3-/-SKG. Red arrows indicate sites of 
bone erosion. (Scale bars: Top, 400 μm; 
Bottom, 100  μm.) (F) MicroCT analysis 
showing trabecular bone in the femurs 
of SKG and Shn3-/-SKG. 3D reconstruc-
tion (Top) and relative quantification of 
trabecular bone volume/total volume 
(Tb. BV/TV, bottom) (n = 6/group). (Scale 
bars: 500  μm.) (G and H) Longitudinal 
femoral sections were immunostained 
for osteocalcin (OCN) or stained for 
TRAP (G) and relative quantification of 
TRAP+ osteoclasts per bone perime-
ter (G) and OCN+ osteoblasts (Ob) per 
bone perimeter (B. Pm) (H) is displayed. 
Red arrows indicate TRAP+ Ocs, blue 
arrows indicate OCN positive Obs (n 
= 3 ~ 5/group). (Scale bars: 50  μm.) (I) 
Serum levels of osteocalcin (OCN, Left) 
or cross-linked C-terminal telopeptide 1 
(Ctx-I, Right) in SKG and Shn3-/-SKG mice 
7 wk postinjection of curdlan as meas-
ured by ELISA (n = 7 ~ 12/group). Values 
represent mean ± SD: NS, nonsignificant;  
*P < 0.05; **P < 0.01; ****P < 0.0001 by 
a two-tailed unpaired Student’s t test for 
comparing two groups (A, B, D, and I) or 
one-way ANOVA with Dunnett’s multiple 
comparisons test (F and H).
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http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
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AAV-treated tibial bones was validated by RT-PCR (Fig. 3F). As 
shown by clinical joint inflammation scores (Fig. 3G), joint inflam-
mation in SKG mice is comparable following treatment with 
amiR-Ctrl or amiR-Shn3. This is consistent with flow cytometric 
analysis showing equivalent numbers of myeloid and lymphoid cell 
populations in amiR-Shn3-expressing splenic cells compared to 
amiR-Ctrl-expressing splenic cells (SI Appendix, Fig. S4C), demon-
strating that AAV-mediated silencing of Shn3 does not affect inflam-
mation. As expected, inflammation in amiR-Ctrl-expressing SKG 
mice induces both articular and cortical bone erosion in inflamed 
ankles and midfoot bones compared with nonarthritic WT controls 
treated with amiR-Ctrl (Fig. 3H) and a significant decrease in tra-
becular bone mass in the femur (Fig. 3 I and J), respectively. 
Remarkably, these skeletal consequences are prevented by a single 
IV injection of DSS.rAAV9.amiR-Shn3 in SKG mice, demonstrat-
ing that protection from bone loss by AAV-mediated silencing of 

SHN3 occurs even in the presence of comparable levels of inflam-
mation. Additionally, in vivo osteoblast activity is increased in SKG 
femoral trabecular bone expressing amiR-Shn3 relative to amiR-Ctrl, 
as shown by the greater mineral apposition rate (MAR) and bone 
formation rate (BFR) (Fig. 3K). Furthermore, compared to 
amiR-Ctrl-expressing ankles, amiR-Shn3-expressing ankles display 
a decrease in areas with TRAP+ osteoclasts marking articular erosion 
sites (Fig. 3L). Additionally, the number of TRAP+ osteoclasts 
(SI Appendix, Fig. S5), Rankl mRNA levels (SI Appendix, Fig. S6A), 
and Rankl/Opg mRNA ratio (Fig. 3M) were markedly decreased in 
the femurs expressing amiR-Shn3 relative to amiR-Ctrl. These find-
ings suggest that the downregulation of the Rankl/Opg mRNA ratio 
may be responsible for the decreased osteoclast development in these 
mice, since Shn3-deficient osteoclasts differentiate normally in vitro 
(Fig. 3 D and E). These results demonstrate that systemic delivery 
of DSS.AAV9.amiR-Shn3 reduces Shn3 expression in osteoblast 

Fig.  3. SHN3 deletion protects osteoblasts 
from inflammation-induced suppression of  
differentiation. (A) Human BMSCs were trans-
duced with lentivirus expressing control (sh-
Ctrl) or SHN3 (sh-SHN3) shRNA and cultured 
under osteogenic conditions in the presence 
or absence of TNF plus IL-17A. After 12 d, SHN3 
knockdown as assessed by RT-PCR (Left) and 
mineralization activity was quantified using 
alizarin staining (Right, n = 4). (B and C) Mouse 
Shn3+/+ or Shn3-/- BMSCs were cultured under 
osteogenic conditions in the presence or 
absence of TNF plus IL-17A. Mineralization 
activity (B) and expression of the osteoblast 
differentiation markers Alpl and Ibsp (C) were 
assessed by alizarin red staining at day 18 and 
by RT-PCR at day 12 of culture (n = 4). (D and E) 
Mouse Shn3+/+ or Shn3-/- BMMs were cultured 
under osteoclast differentiation conditions 
in the presence of TNF plus IL-17A. (D) TRAP-
stained osteoclasts (Top) and quantification 
of multinucleated osteoclasts (Bottom, Left) 
and TRAP activity (Bottom, Right) in Shn3+/+ or 
Shn3-/- BMMs differentiated to osteoclasts. (E) 
Expression of Acp5 and Nfatc1 mRNA in Shn3+/+ 
or Shn3-/- BMMs differentiated to osteoclasts 
(n = 4 ~ 6). (Scale bars: D, 200  μm.) (F–M) 
SKG mice were treated via i.v. injection with 
DSS.rAAV9 carrying amiR-Ctrl or amiR-Shn3 
(5 × 1013 vg/kg). (F) 7 wk postinjection, Shn3 
mRNA in tibial bone was assessed by RT-PCR 
(n = 4). (G) Clinical joint inflammation scores 
demonstrated no difference in inflammation 
between amiR-Ctrl and amiR-Shn3-treated 
mice (n = 4 ~ 5/group). (H) MicroCT images 
showing sagittal sections of inflamed ankles 
from amiR-Ctrl-treated WT and SKG mice and 
amiR-Shn3-treated SKG mice. Red arrows indi-
cate bone erosion sites. (Scale bars: Top Left, 
400 μm; Top Right, 200 μm; Bottom, 100 μm.) 
(I and J) MicroCT analysis showing femoral 
trabecular bone mass from amiR-Ctrl-treated 
WT and SKG mice and amiR-Shn3-treated SKG 
mice, 3D reconstruction (I) and quantification 
of trabecular bone mass from I (J). (I, n = 6 ~ 7/
group). (Scale bars: 500 μm.) (K) Representative 
images of calcein/alizarin red labeling. Yellow 
arrows indicate the distance between calcein 
and alizarin labels (Left). Histomorphometric 
quantitation of bone formation rate (BFR)/
bone surface (BS) and mineral apposition 
rate (MAR) (Right), showing increases in BFR/
BS and MAR in amiR-Shn3-treated mice (n = 9). 
(Scale bars: 50 μm.) (L) TRAP-stained sections 
of inflamed ankles in amiR-Ctrl and amiR-Shn3-
treated SKG mice. Red arrows indicate TRAP+ 

osteoclasts. (Scale bars: 100 μm.) (M) Rankl/Opg mRNA ratios in tibial bone RNA from amiR-Ctrl and amiR-Shn3-treated SKG mice shows a decrease in the ratio in 
amiR-Shn3-treated mice (n = 4). Values represent mean ± SD: NS, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by a two-tailed unpaired Stu-
dent’s t test for comparing two groups (A–G, J, K, and M).
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lineage cells, augments osteoblast function, and reduces osteoclast 
development, suppressing inflammation-induced bone loss in 
arthritic SKG mice without any alteration in inflammation. Thus, 
the DSS.rAAV9.amiR-shn3 vector may be useful for the prevention 
of RA-associated bone loss.

Osteoblast-Specific Deletion of Shn3 Limits Bone Loss in K/BxN 
Serum Transfer Arthritis, a Mouse Model of RA Driven by IL-1β. 
K/BxN serum transfer arthritis (STA) is an established model of 
RA. Mice with STA develop spontaneous arthritis that mimics 
human RA, with leukocyte invasion in joints, pannus formation, 
cartilage destruction, and bone erosion (30, 31). To test whether 
osteoblast-specific deletion of Shn3 can prevent articular bone 
erosion in this model, Shn3 was conditionally deleted in osteoblast-
lineage cells by crossing mice bearing a floxed allele of Shn3 (Shn3fl/

fl) with Prx1-Cre mice (Shn3Prx1), which targets the limb-specific 
mesenchyme (32). These mice were then injected intraperitoneally 
(IP) with arthritic K/BxN serum. Deletion of Shn3 was confirmed 
in the tibial RNA of Shn3Prx1 mice (Fig. 4A). Joint inflammation 
peaks approximately 10 days post initial injection of serum in both 
Shn3fl/fl and Shn3Prx1 mice, as shown by clinical joint inflammation 
and ankle thickness scores (Fig.  4B). This is consistent with a 
histologic analysis showing that inflammatory infiltrates in 
inflamed ankles of these mice are comparable (Fig. 4 C and D and 
SI Appendix, Fig. S7), suggesting that osteoblast-specific deletion 
of Shn3 does not affect joint inflammation in this model. However, 
arthritic Shn3Prx1 mice display a significant decrease in articular 
bone erosion (Fig. 4 C and D), in which the number of TRAP+ 
osteoclasts is reduced in pannus tissue, while the number of OCN+ 
osteoblasts at erosion sites is increased (Fig. 4E) compared with 
control Shn3fl/fl mice. In support of this finding, Rankl mRNA 
levels and the Rankl/Opg mRNA ratio are decreased in Shn3Prx1 
mice (Fig. 4F and SI Appendix, Fig. S6B). Expression of mRNA 
for the WNT antagonist SFRP1 is also markedly reduced in the 
absence of Shn3, while expression of mRNA for other WNT 
antagonists, DKK1 and SOST, are unchanged (Fig. 4F). In the 
STA model, SFRP1 is up-regulated by inflammation, whereas 
DKK1 levels are unchanged (3). These results suggest that 
downregulation of the Rankl/Opg mRNA ratio and SFRP1 may 
contribute to reducing the number of osteoclasts in the pannus 
while increasing the number of osteoblasts.

Osteoblast-Specific Deletion of Shn3 Limits Bone Loss in a 
TNF-Driven Mouse Model of RA. Mice with overexpression 
of human TNF (TNF-tg) display an erosive polyarthritis and 
systemic osteoporosis mimicking that observed in RA (24). To 
test whether osteoblast-specific deletion of Shn3 can prevent bone 
loss by TNF-driven inflammation, Shn3Prx1 mice were crossed 
with TNF-tg mice. While TNF-driven joint inflammation was 
comparable, Shn3Prx1TNF-tg mice showed a significant decrease 
in articular bone erosions and TRAP+ osteoclast area compared 
to Shn3fl/flTNF-tg mice (Fig. 4 G–J). Notably, in vitro osteoclast 
differentiation and resorption activity of BMMs isolated from 
Shn3Prx1TNF-tg mice were largely intact, as shown by TRAP 
activity and staining, resorption pit assays, and expression of 
osteoclast differentiation genes (SI Appendix, Fig. S7). Since Rankl 
mRNA levels and the Rankl/Opg mRNA ratio in Shn3Prx1TNF-tg 
bones were markedly reduced compared with Shn3fl/flTNF-tg bones 
(Fig. 4K and SI Appendix, Fig. S6C), these results suggest that the 
downregulation of the Rankl/Opg ratio in Shn3Prx1 osteoblasts, not 
an impaired osteoclastogenic potential of Shn3Prx1TNF-tg BMMs, 
is responsible for the reduced number of osteoclasts in inflamed 
ankles. Shn3fl/flTNF-tg femurs displayed a significant decrease in 
trabecular bone mass, and TNF-driven bone loss was partially 

prevented by osteoblast-specific deletion of Shn3 (Fig. 4L). These 
results demonstrate that osteoblast-specific deletion of Shn3 is 
effective for suppression of both joint and systemic bone loss 
in TNF-driven inflammatory conditions, in part by reducing 
osteoclast development. Taken together, SHN3 function in 
osteoblasts is important for regulating articular bone erosion in 
inflamed joints and systemic bone loss in long bones in the setting 
of arthritis, while SHN3 is dispensable for controlling immune 
responses in these RA models. Of interest is the fact that Shn3 
mRNA is also produced by marrow adipogenic lineage precursor 
cells (SI Appendix, Fig. S8), which could contribute to RANKL 
expression in vivo.

SHN3 Mediates TNF-Induced Osteogenic Suppression and RANKL 
Production. To gain insights into the mechanism by which SHN3 
mediates inflammation-induced bone loss, phosphorylation levels 
of SHN3 in osteoblasts were determined following TNF or IL-
17A stimulation at different time points. Immunoblot analysis 
demonstrates that phosphorylation of SHN3 and ERK, p38, 
and JNK MAPKs peaks at 15  min poststimulation by TNF 
(Fig.  5A) while the phosphorylation levels are unchanged by 
IL-17A stimulation alone (SI  Appendix, Fig.  S9A). Notably, 
HEK293 cells are not responsive to TNF to induce SHN3 
phosphorylation (SI  Appendix, Fig.  S9B), suggesting that the 
phosphorylation events might be specific to TNF stimulation 
in osteoblasts. Since the MAPK pathways (ERK, JNK, and 
p38) are major mediators of TNF signaling transduction via 
phosphorylation (33) and among them, ERK MAPK binds to 
SHN3 in osteoblasts (18), we hypothesized that ERK MAPK may 
act as an upstream kinase of SHN3 in TNF signaling. Accordingly, 
TNF-induced phosphorylation of SHN3 is markedly reduced 
when treated with an ERK inhibitor, but not with inhibitors of 
p38 or JNK (Fig. 5B). Likewise, an in vitro kinase analysis using 
recombinant ERK2 MAPK (rERK2) and SHN3 (rSHN3, 50-
930 aa) indicated ERK MAPK as a potential upstream kinase 
of SHN3 (Fig.  5C). Using a protein motif search program, we 
identified a putative MAPK-binding domain (the D-domain; 
PPKKKRARA, 884-892 aa) in the BAS domain of mouse SHN3 
protein (Fig. 5 D, Top). Substitution of three lysines to alanines 
(SHN3-KA) fails to bind to ERK MAPK and significantly reduces 
the ability of ERK MAPK to phosphorylate SHN3 (Fig.  5 D, 
Bottom). Additionally, phosphospectrometry analysis using rERK2 
and rSHN3 reveals that rERK2 phosphorylates rSHN3 at two 
serines (810 and 811 aa), one threonine (851 aa), and two serines 
(911 and 913 aa) (Fig. 5 D, Top). Only when these phosphorylation 
sites are all substituted to alanines (SHN3-STA), ERK-induced 
phosphorylation of SHN3 is markedly reduced (Fig. 5 D, Bottom), 
confirming that ERK-mediated phosphorylation of SHN3 occurs 
at S810/S811/T851/S911/S913. Of note, a significant difference 
of TNF-induced activation of downstream mediators, including the 
MAPK pathways and NF-κB signaling (34), was barely detectable 
in WT and SHN3-deficient osteoblasts (SI Appendix, Fig. S9C).

To determine the contribution of ERK-induced phosphorylation 
of SHN3 to TNF-induced osteogenic suppression, SHN3 con-
structs expressing WT (SHN3-WT), ERK-binding defective 
mutant (SHN3-ΔD, SHN3-KA), or ERK-phosphorylation defec-
tive mutant (SHN3-STA) were transduced to Shn3-deficient 
BMSCs expressing human TNF (Shn3Prx1TNF-tg) and cultured 
under osteogenic conditions. While reconstitution of SHN3-WT 
inhibits ALP activity and expression of osteogenic genes, there is 
little to no inhibition by expression of SHN3-ΔD, SHN3-KA, or 
SHN3-STA (Fig. 5 E and F), demonstrating that ERK-induced 
phosphorylation is required for the ability of SHN3 to suppress 
osteogenesis upon TNF stimulation. To test this in vivo, mice 

http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
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Fig. 4. Osteoblast-specific deletion of SHN3 inhibits articular erosion and systemic bone loss in two models of RA. (A–F) Serum transfer arthritis: Five-week-
old Shn3fl/fl and Shn3Prx1 mice were induced with serum transfer arthritis. (A) Shn3 deletion as assessed by RT-PCR in tibial bones (n = 4). (B) Clinical inflammation 
(Top) and ankle thickness (Bottom) scores show no difference (n = 5 ~ 7/group). (C) Sagittal H&E-stained sections of inflamed ankles. (Scale bars: 500 μm.) T: tibia,  
Ta: talus, N: navicular bone. (D) Histologic quantification of inflammation and erosion show no difference in inflammation, but protection from erosion in Shn3Prx1 
mice compared with Shn3fl/fl mice (n = 4 ~ 5/group). (E) Tibio-talar joint sections were immunostained for OCN (Top) or TRAP (Bottom). Ob, osteoblast; Oc, osteoclast. 
(Scale bars: 100 μm.) (F) Rankl/Opg mRNA ratios and mRNA levels of Sfrp1, Dkk1, and Sost in Shn3fl/fl and Shn3Prx1 tibias (n = 4). (G–L) TNF-tg model of RA. (G) MicroCT 
sagittal sections of inflamed ankles (boxes indicate the talus bone) and (H) H&E-stained sections of inflamed midfoot in 12-wk-old Shn3fl/flTNF-tg and Shn3Prx1TNF-tg mice 
show protection from erosion in the Shn3Prx1TNF-tg mice. (Scale bars: (G) Top, 400 μm; Bottom, 200 μm; (H) 250 μm). (I and J) H&E- (Top, I) and TRAP- (Middle & Bottom, 
I) stained sections of inflamed tibio-talar joints and (J) histologic quantification of inflammation (Top) and erosion (Bottom) show protection from articular erosion in 
Shn3Prx1TNF-tg mice compared with Shn3fl/fl mice (J, n = 5 ~ 9). (Scale bars: Top, 250 μm; Middle, 250 μm; Bottom, 100 μm). (K) Shn3 mRNA levels in tibial bones confirm Shn3 
deletion (Left) and Rankl/Opg ratios show a significant decrease in Rankl/Opg mRNA levels in Shn3Prx1 and Shn3Prx1TNF-tg mice compared with Shn3fl/flTNF-tg mice (n = 8).  
(L) MicroCT 3D reconstruction images of femoral trabecular bone mass showing protection from systemic bone loss in Shn3Prx1TNF-tg mice (Left, Scale bars: 500 μm). 
Quantification of trabecular BV/TV shows significant increases in Shn3Prx1 and Shn3Prx1TNF-tg mice compared with Shn3fl/fl TNF-tg mice (Right, n = 5 ~ 6/group) Ta: talus, 
II: inflammatory infiltration, P: pannus. Values represent mean ± SD: NS, nonsignificant; **P < 0.01; ***P < 0.001; ****P < 0.0001 by a two-tailed unpaired Student’s 
t test for comparing two groups (A–D, F, and J) or one-way ANOVA with Dunnett’s multiple comparisons test (K and L).
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bearing a knock-in allele of SHN3-KA in the endogenous shn3 locus 
(Shn3KA/KA) were crossed with TNF-tg mice. Compared to TNF-tg 
mice, Shn3KA/KATNF-tg mice display a significant reduction in both 
articular bone erosions in inflamed ankles (Fig. 5G) and trabecular 
bone loss in the femur (Fig. 5H), suggesting that ERK-induced 
phosphorylation of SHN3 is critical for TNF-driven bone loss. 
Consistent with our findings that Shn3-deficient BMSCs reconsti-
tuted with the SHN3-KA mutant are resistant to osteogenic sup-
pression by TNF (Fig. 5 E and F), in vivo osteoblast activity was 
increased in the femur of Shn3KA/KATNF-tg mice  relative to TNF-tg 
mice, as shown by the greater MAR and BFR (Fig. 5I). These results 
demonstrate the importance of ERK-induced phosphorylation of 
SHN3 in osteogenic suppression in a TNF-driven model of RA.

Despite a previous study showing paradoxical roles of TNF in 
Wnt/β-catenin signaling in osteoblasts (35), our data show a sig-
nificant reduction in mRNA levels of the β-catenin target gene 
Axin2 in the long bone of TNF-tg mice. This reduction is pre-
vented by osteoblast-specific deletion of Shn3 (Shn3Prx1TNF-tg, 
SI Appendix, Fig. S9D), suggesting that TNF stimulation sup-
presses Wnt/β-catenin signaling in osteoblasts, which may be 
mediated by SHN3. Similarly, a luciferase assay using a β-catenin 
reporter gene (Topflash-Luc) shows enhanced β-catenin transcrip-
tion activity in BMSCs isolated from Shn3KA/KA mice relative to 
Shn3+/+ mice following TNF treatment (Fig. 5J). Expression of 
the β-catenin target gene Lef1 (Fig. 5K) and β-catenin protein 
(Fig. 5L) in the long bones of Shn3KA/KATNF-tg mice is also mark-
edly increased, suggesting that ERK-induced phosphorylation of 
SHN3 is critical for TNF-induced suppression of Wnt/β-catenin 
signaling in osteoblasts. In addition to enhanced Wnt/β-catenin 
signaling, Shn3KA/KATNF-tg mice show a significant decrease 
in numbers of TRAP+ osteoclasts in long bones (Fig. 5M). 
Accordingly, Rankl mRNA levels and the Rankl/Opg mRNA ratio 
are markedly decreased in Shn3KA/KA BMSCs relative to WT 
BMSCs following TNF treatment (Fig. 5N and SI Appendix, 
Fig. S7D). Conversely, Rankl mRNA levels and the Rankl/Opg 
mRNA ratio in Shn3Prx1 BMSCs are up-regulated by reconstitu-
tion with SHN3-WT, not with SHN3-KA, or SHN3-STA, fol-
lowing TNF treatment (Fig. 5O and SI Appendix, Fig. S9E), 
suggesting that ERK-induced phosphorylation downstream of 
TNF is critical for SHN3-mediated expression of Rankl in osteoblasts. 
Taken together, ERK-induced phosphorylation of SHN3 is likely to 
be a key determinant of suppression of Wnt/β-catenin signaling and 
RANKL production by TNF stimulation, resulting in decreased oste-
ogenesis and increased osteoclastogenesis, respectively. Thus, inhibi-
tion of SHN3 phosphorylation or expression would be an attractive 
approach to prevent TNF-dependent bone loss in RA by promoting 
bone formation and reducing bone resorption, simultaneously.

Discussion

RA leads to osteoclast-mediated focal destruction of articular bone 
and is associated with significant inflammation-induced systemic 
bone loss. In addition, inflammation in RA inhibits the differenti-
ation and function of osteoblasts, at least in part through the upreg-
ulation of inhibitors of the WNT signaling pathway (3, 4, 22), 
contributing to net systemic bone loss and leading to a lack of 
healing of articular erosions. We have previously shown that induc-
ible knockdown of the intracellular adaptor protein SHN3 in adult 
mice results in bone accrual and that SHN3 down-regulates WNT/
β-catenin signaling by blocking ERK-mediated stabilization of 
β-catenin (18). Thus, we considered that SHN3 might be an impor-
tant target for the protection from bone loss in RA.

Here, we demonstrate that SHN3 expression is up-regulated 
in osteoblast-lineage cells by the proinflammatory cytokines TNF 

and IL-17A that contribute to RA pathogenesis. We investigated 
the role of SHN3 in bone in three animal models of RA with 
different pathogenic mechanisms, mice with K/BxN serum trans-
fer arthritis, SKG mice and TNF-tg mice, and show that deletion 
of Shn3 results in protection from articular bone erosion as well 
as protection from systemic trabecular bone loss in all three mod-
els. Notably, the effects of TNF on SHN3 expression and activa-
tion are restricted to osteoblast-lineage cells. In line with these 
findings, while SHN3 deficiency ameliorated joint damage and 
systemic bone loss in TNF-tg mice, there was no effect on 
TNF-dependent inflammation.

Mechanistically, TNF stimulation phosphorylates SHN3 via the 
ERK MAPK, resulting in suppression of osteogenic differentiation 
and upregulation of RANKL expression (SI Appendix, Fig. S9E). 
Lack of the ability to phosphorylate SHN3 (SHN3-STA) or 
impaired binding to ERK (SHN3-KA) abrogates the ability of 
SHN3 to inhibit osteogenesis and limits RANKL expression. 
Accordingly, mice harboring the knock-in allele of Shn3 
(SHN3-KA) display an increase in WNT/β-catenin signaling, oste-
ogenesis, and bone formation in the setting of TNF-induced 
inflammation, while decreasing osteoclast development due to 
downregulation of RANKL expression. Similar to the secreted 
WNT antagonists SOST (5) and DKK1 (4), SHN3 inhibition 
mitigates both articular bone erosions and systemic bone loss in 
part via uncoupling events between osteoblasts and osteoclasts. 
Osteoblast-specific deletion of Shn3 promotes bone formation 
due to enhanced WNT/β-catenin signaling while reducing 
osteoclast-mediated bone resorption.

In contrast to previous studies showing the importance of 
SHN3 in activation of macrophages and T lymphocytes (36, 37), 
SHN3 in immune cells appears not to be critical for the gener-
ation of inflammatory arthritis in the mouse models of RA. 
Moreover, the function of SHN3 appears to be dispensable for 
immune responses in RA conditions as there was little to no 
changes in systemic inflammation and synovitis in the absence 
of SHN3. The secreted protein SOST interferes with the engage-
ment of WNT ligands with the WNT receptor Frizzled by bind-
ing to low-density lipoprotein receptor-related proteins 5 and 6 
(LRP5/6), suppressing WNT-induced osteogenesis and bone 
formation (38). However, SOST blockade worsened inflamma-
tion in TNF-tg mice, since SOST also inhibits TNF-induced 
activation of p38 MAPK and NF-κB through the WNT core-
ceptor LRP6 (5). Thus, the use of SOST antagonists may well 
be problematic in the setting of inflammatory arthritis that is 
driven by TNF. We show that, unlike in the case of SOST, 
TNF-induced activation of p38 MAPK and NF-κB is unchanged 
in Shn3-deficient osteoblasts.

Collectively, these properties make SHN3 a potential target 
for the prevention of inflammatory bone loss in RA. Knockdown 
of Shn3 expression in osteoblasts is also an attractive approach to 
promote bone formation in the arthritic setting, especially given 
that a modest 30% reduction of Shn3 mRNA levels results in a 
>50% increase in relative trabecular bone mass (18). AAV vectors 
have been considered for use in gene therapy due to their 
high-transduction efficiency, long-term expression, relatively low 
postinfection immunogenicity in animals and, importantly, no 
induction of human disease (39, 40). Since high levels of 
AAV-delivered shRNAs can induce cytotoxicity by perturbing the 
RNAi machinery or exhibit significant off-target silencing 
(41, 42), in this study the guide strand of a small silencing RNA 
of shn3 was embedded into the mouse miR-33-derived miRNA 
scaffold (amiR-Shn3) to limit shRNA-related toxicity. This mod-
ification enabled efficient gene knockdown, while reducing 
off-target silencing by ten-fold compared to conventional shRNA 

http://www.pnas.org/lookup/doi/10.1073/pnas.2218019120#supplementary-materials
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Fig. 5. ERK-induced phosphorylation of SHN3 is required for TNF-induced bone loss. (A and B) C3H10T1/2 cells expressing Flag-Shn3 were stimulated with TNF 
at different time points (A). Cells were pretreated with an inhibitor of p38, ERK, or JNK MAPK for 30 min, then stimulated with TNF for 15 min (B). Cell lysates were 
immunoprecipitated with Flag-conjugated agarose and immunoblotted with anti-phospho-serine/threonine antibody. Input indicates the immunoblots of pre-IP 
cell lysates with the indicated antibodies. (C) A cell-free kinase assay using recombinant ERK2 (rERK2) and His-SHN3 (rSHN3, p.50-936 aa) demonstrates ERK-
induced phosphorylation of SHN3. (D) Schematic diagram showing SHN3 phosphorylation sites by ERK MAPK (Top, p.630-936 aa of rSHN3). A cell-free kinase assay 
using rERK2 and rSHN3s (WT, KA, STA) was performed, demonstrating ERK-induced phosphorylation of SHN3 at S810/S811/T851/S911/S913 via the interaction at 
K886/K887/K888 (Bottom). S810/S811/T851/S911/S913 (STA, ERK-phosphorylation defective mutant) or K886/K887/K888 (KA, ERK-binding defective mutant) were 
substituted to alanine. Coomassie blue staining indicates loading control of rSHN3. Zn-F, zinc finger domain; BAS, basic-, acidic-, and serine-rich region. (E and F) 
BMSCs were isolated from Shn3Prx1TNF-tg mice, reconstituted with SHN3 proteins (WT, ∆D, KA, STA) via lentivirus-mediated delivery, and cultured under conditions 
of osteogenic differentiation. ALP activity (E) and expression of Ibsp and Col1a1 (F) were assessed at day 6 of culture. ∆D: D domain deletion. (E, n = 5; F, n = 4). (G–I) 
MicroCT images showing sagittal sections of inflamed ankles in 8-wk-old TNF-tg and Shn3KA/KATNF-tg mice. Red arrows indicate bone erosion sites (G). MicroCT analysis 
showing trabecular bone mass in the femur. 3D reconstruction images and relative quantification of trabecular bone mass are displayed (H). Representative images 
of calcein/alizarin red labeling and relative histomorphometric quantification of BFR/BS and MAR are displayed. Yellow arrows indicate the distance between calcein 
and alizarin labeling (I). (H, n = 6 ~ 8/group; I, n = 7 ~ 10/group). (Scale bars: G, 400 μm; H, 500 μm; I, 50 μm.) (J) Shn3+/+ and Shn3KA/KA BMSCs were transfected with the 
β-catenin-responsive reporter gene (Topflash-Luc) along with Renilla, treated with TNF for 24 h, and luciferase activity was measured and normalized to Renilla (n = 5). 
(K) mRNA levels of the β-catenin-target gene Lef1 in tibial RNAs of 8-wk-old TNF-tg and Shn3KA/KATNF-tg mice (n = 4). (L and M) Representative longitudinal sections of 
femurs from 8-wk-old TNF-tg and Shn3KA/KATNF-tg, immunostained for β-catenin (L) or stained for TRAP (M, Left). Quantification of TRAP-stained osteoclasts per bone 
perimeter (M, Right). (Scale bars: 50 μm.) (N) Rankl/Opg mRNA ratio in Shn3+/+ and Shn3KA/KA BMSCs following TNF treatment (n = 4). (O) Shn3+/+ and Shn3KA/KA BMSCs 
were transduced with lentivirus expressing SHN3 proteins (WT, KA, STA), and cultured under osteogenic conditions in the presence of TNF for 6 d. Rankl/Opg mRNA 
ratio was assessed by RT-PCR (n = 4). Values represent mean ± SD: NS, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by ordinary one-way ANOVA 
with Dunnett’s multiple comparisons test (E, F, H, and O) or a two-tailed unpaired Student’s t test for comparing two groups (I, K, and N).
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constructs (29, 43). Additionally, the bone-targeting peptide 
motif, ((AspSerSer)6, DSS) (44) was grafted onto VP2 capsid 
protein of AAV9 vector (DSS.rAAV9) to detarget transduction 
from nonrelevant tissues (29).

We demonstrate that a single IV injection of DSS.rAAV9 car-
rying amiR-Shn3 was able to efficiently silence Shn3 expression in 
osteoblast-lineage cells residing in the long bones and inflamed 
ankles of SKG mice and to promote osteoblast-mediated bone 
formation while reducing osteoclast-mediated bone resorption, 
resulting in attenuation of articular bone erosions and systemic 
bone loss. Again of note, AAV-mediated silencing of Shn3 does not 
affect immune responses in RA. Thus, bone-targeting AAV-mediated 
silencing of Shn3 could be a promising and safe therapeutic strategy 
to treat bone loss in RA. Future vector modifications could also be 
made to limit the expression of amiR-Shn3 in RA settings using 
inflammation-responsive promoters, which would allow for even 
more precise expression of therapeutic gene(s) and avoidance of 
nonskeletal adverse effects.

Although current disease modifying drugs may prevent or slow 
the formation of new articular erosions, they are unable to repair 
existing articular and systemic bone damage. Several therapeutic 
agents to address bone loss act by inhibiting osteoclast-mediated bone 
resorption are available. However, these are accompanied by many 
potential untoward side effects, including atypical femoral fractures 
and osteonecrosis of the jaw. Anabolic agents used in this setting to 
promote bone formation and repair are limited in number and newly 
developed agents, such as the anti-SOST antibody (Romosozumab) 
and the small molecule inhibitor of Cathepsin K (Odanacatib), show 
off-target cardiovascular and cerebrovascular events in clinical trials, 
respectively (45, 17). Thus, effective anabolic targets that can limit 
articular erosion and systemic bone loss are important to pursue.

Materials and Methods

Animals. SKG mice were obtained from Dr. Shimon Sakaguchi (Kyoto University, 
Japan) and maintained on BALB/c background. Human TNF transgenic (tg) mice 
were obtained from Dr. George Kollias (Alexander Fleming Biomedical Science 
Research Center, Greece). Shn3−/− (BALB/c), Shn3fl/fl (C57BL/6), and Shn3KA/
KA (C57BL/6) mice were obtained from Dr. Laurie Glimcher (Harvard/DFCI, USA) 
and Dr. Matthew Greenblatt (Weil Cornell Medicine). Shn3−/−;SKG mice were 
generated by crossing Shn3−/− mice with SKG mice and maintained on BALB/c 
background. Shn3fl/fl or Shn3KA/KA mice were crossed with TNF-tg mice to gener-
ate generated Shn3fl/fl;TNF-tg or Shn3KA/KA;TNF-tg mice, respectively (C57BL/6). 
Prrx1-Cre transgenic mice (C57BL/6) were purchased from The Jackson Laboratory, 
crossed with Shn3fl/fl mice, and maintained on the C57BL/6J background. Mouse 
genotypes were determined by PCR on tail genomic DNA. All animals were used 
in accordance with the NIH Guide for the Care and Use of Laboratory Animals and 
were handled according to protocols approved by the University of Massachusetts 
Chan Medical School committee on animal care (IACUC).

Mouse Models of Inflammatory Arthritis. Ten-week-old female SKG mice 
were injected intraperitoneally (i.p.) with curdlan (6  mg/kg, dissolved in PBS, 
Fujifilm Wako Pure Chemical, #032-09902) to accelerate inflammatory arthritis. 
Clinical peripheral joint inflammation scoring and measurement of ankle thick-
ness using a digital caliper were performed weekly according to an established 
protocol (46, 47). Histologic inflammation and articular erosions were assessed in 
paraffin-embedded hind limb tissue sections. H&E-stained sections were scored 
for inflammation, and H&E and adjacent TRAP-stained sections were used to score 
articular erosions. Fifty sections were cut from each sample and sections 10, 20, 
30, 40, and 50 were scored as previously described (47) by observers blinded to 
sample identifiers.

Human TNF-tg mice were allowed to develop arthritis until 12  wk of age. 
Histologic samples from hind limbs were prepared, and scoring was performed 
as described above.

For K/BxN serum transfer arthritis (STA), KRN T cell transgenic mice (31) were 
crossed with NOD mice. Arthritogenic serum was obtained from arthritic progeny 
and 100 μl of the serum was transferred to 5-wk-old male Shn3fl/fl and Shn3Prx1 
mice via i.p. injection on days 0, 2, and 7. Clinical peripheral joint inflammation 
scoring and ankle thickness measurements were performed every other day as 
previously described (47). Histologic samples from hind limbs were prepared as 
described above, and scoring of inflammation and articular erosions was per-
formed as previously described (47).

Osteoblast and Osteoclast Culture and Differentiation. Primary calvarial 
osteoblasts (COBs) were isolated from calvaria of Shn3+/+ and Shn3-/- neo-
nates at postnatal day 3, using collagenase type II (50 mg/mL, Worthington, 
#LS004176)/dispase II (100 mg/mL, Roche, #10165859001), and cultured in 
α-MEM medium (Corning) containing 10% FBS (Corning), 2 mM L-glutamine 
(Corning), 1% penicillin/ streptomycin (Corning) and 1% nonessential amino 
acids (Corning). Alternatively, mouse bone marrow-derived mesenchymal stro-
mal cells (BMSCs) were isolated from crushed long bones of 8-wk-old mice and 
cultured in α-MEM medium with 10% FBS. Human BMSCs were purchased 
from ScienCell Research Laboratories and cultured according to the manufac-
turer’s manual. For osteogenic differentiation, cells were maintained in α-MEM 
containing 10% FBS, 2 mM L-glutamine, 1% penicillin/ streptomycin and 1% 
nonessential amino acids, and differentiated with ascorbic acid (200 μM, Sigma, 
#A8960) and β-glycerophosphate (10 mM, Sigma, #G9422). Ocy454 cells were 
maintained in α-MEM medium supplemented with 10% FBS at 33 °C with 5% 
CO2. For osteocyte differentiation, cells were grown at 33 °C and were allowed 
to become confluent. They were then transferred to 37  °C and cultured for 
6 d (48). Cells were then stimulated with TNF (20 ng/mL), IL-17A (50 ng/mL) 
or TNF plus IL-17A for 6 h. For alkaline phosphatase (ALP) activity, cells were 
subsequently washed with phosphate-buffered saline (PBS) and incubated 
with a solution containing 6.5 mM Na2CO3, 18.5 mM NaHCO3, 2 mM MgCl2, 
and phosphatase substrate (Sigma, S0942), and ALP activity was measured by 
spectrometer (Biorad). To detect extracellular matrix mineralization in mature 
osteoblasts, cells were washed with PBS and fixed in 70% EtOH for 15 min at 
room temperature. Mineralization was quantified by the acetic acid extraction 
method and measured using a spectrometer.

For preparation of bone marrow monocytes (BMMs), femurs were dissected 
from 8-wk-old mice (C57BL/6J), and cells were collected by flushing and plated 
overnight in α–MEM with 10% FBS. Nonadherent cells were collected and cul-
tured in the presence of M-CSF (20 ng/mL, R&D systems, #416-ML-010) for 24 h 
to obtain monocytes. Alternatively, cells were differentiated into osteoclasts in 
the presence of M-CSF (20 ng/mL) and RANKL (10 ng/mL, R&D systems, #462-
TEC-010). Cells were then stimulated with TNF (20 ng/mL), IL-17A (50 ng/mL) or 
TNF plus IL-17A for 6 h. For the TRAP activity assay, the supernatant from oste-
oclast cultures was incubated with a mixture of 0.1 M acetate solution (Sigma, 
#3863), 90 mM C4H4Na2O6, and 7.6 mM p-nitrophenyl phosphate at 37 °C for 
1 h, added with 3N NaOH, and measured by spectrometer. Alternatively, cells 
were plated into Osteo Assay surface plates (Corning Life Sciences, #3987), and 
osteoclast resorption activity was measured according to the manufacturer’s 
instructions.

Isolation of Synovial Cells. Synovium was dissected from ankles of mice, cut 
into small pieces, and digested for 30 min with DNase I 0.1 mg/mL (Roche) and 
Collagenase type IV 1 mg/mL (Worthington) in RPMI at 37 °C. The tissue was then 
mechanically dissociated over a 70-μm cell strainer and a cell suspension was 
prepared. Isolated cells were amplified in DMEM supplemented with 10% FBS 
and 1% penicillin–streptomycin (49, 50).

Construction of Shn3 Plasmids. To generate Flag-tagged SHN3 constructs, 
murine Shn3 cDNA was PCR amplified and cloned into the pHASE/PGK-PURO 
lentiviral vector. Constructs were as follows: (all aa numbering relative to the 
reference sequence NP_001121186.1): SHN3-WT (p.1-1,084 aa), SHN3-ΔD 
(Δ902-910 aa of p.1-1,084 aa), SHN3-KA (K886/K887/K888 substituted to ala-
nine, p.1-1,084 aa), and SHN3-STA (S810/S811/T851/S911/S913 substituted to 
alanine, p.1-1,084 aa). His-SHN3-WT (p.50-936 aa), His-SHN3-KA (K886/K887/
K888 substituted to alanine, p.50-936 aa), His-SHN3-STA (S810/S811/T851/
S911/S913 substituted to alanine. p.50-936 aa) were PCR amplified and cloned 
into pFastBac (Invitrogen) vector. The shRNA targeting human SHN3 was cloned 
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into pLKO.1-TRC lentiviral vector. The shRNA sequences are listed in SI Appendix, 
Table S1.

Antibodies and Reagents. Antibodies specific to P-Ser/Thr (#9631), P-ERK1/2 
(#4376), P-p38 (#9211), P-JNK1/2 (#4668), and FLAG (#14793) were purchased 
from Cell Signaling Technology. Anti-human SHN3 antibody (#PA5-52194) 
and recombinant TNF (#210-TA) and IL-17A (#7955-IL) were purchased from 
ThermoFisher Scientific and R&D Systems, respectively. The inhibitors specific 
to ERK (U0126, #1144), p38 (SB203580, #1202), and JNK (SP600125, #1496) 
were purchased from Tocris Bioscience.

rAAV Design and Treatment. Bone-targeting rAAV9s carrying amiR-Ctrl or 
amiR-Shn3 were designed and generated as previously reported (29). A single 
dose of 4 × 1011 genome copies of rAAV9 carrying amiR-Ctrl or amiR-Shn3 was 
intravenously (i.v.) injected to 8-wk-old female SKG mice.

Flow Cytometry Analysis for Immune Cells. Multicolor flow cytometric anal-
ysis was carried out using an LSR II with DIVA software (BD Biosciences). Analysis 
was conducted with FlowJo software (TreeStar, Ashland, OR). Splenocytes were 
harvested from 8-wk-old mouse spleens and B and T cells were isolated using 
CD45/B220-conjugated or CD4-conjugated IMag antimouse magnetic particles, 
(BD Biosciences, #551513 and #551539, respectively). Splenic and synovial mye-
loid and lymphoid cells were identified using the following fluorochrome-labeled 
antibodies: BV510-conjugated CD11b (M1/70, Biolegend, #101263), FITC-
conjugated LY6C (HKL4, Biolegend, #128006), PE-Cy7-conjugated LY6G (1A8, 
Biolegend, #127617), PE-Cy7-conjugated B220 (RA3-6B2, Tonbo Biosciences, 
#60-0452-4100), APC-conjugated CD3e (145-2C11, BD Pharmingen, #553066), 
PerCP-Cy5.5- conjugated CD4 (GK1.5, Tonbo Biosciences, #65-0041-4025), FITC-
conjugated CD8 (53-6.7, Tonbo Biosciences, #35-0081-4025). Cell suspensions 
were incubated in Fc block 2.4G2 supernatant (2.4G2 hybridoma; ATCC) before 
staining. Cells were stimulated with TNF (20 ng/mL), IL-17A (50 ng/mL) or TNF 
plus IL-17A for 6 h.

MicroCT Analysis. MicroCT 35 scanner (Scanco Medical) was used for qualitative 
and quantitative assessment of trabecular and cortical bone microarchitecture and 
performed by an investigator blinded to the genotypes of the animals under anal-
ysis. Femurs and ankles excised from the indicated mice were measured using a 
microCT 35 scanner with a spatial resolution of 7 μm and 12 μm, respectively. For 
trabecular bone analysis of the distal femur, an upper 2.1 mm region beginning 
280 μm proximal to the growth plate was contoured. MicroCT scans of inflamed 
ankles were performed using isotropic voxel sizes of 12 μm. For cortical bone 
analysis of femur and tibia, a midshaft region of 0.6 mm in length was used. 
3D reconstruction images were obtained from contoured 2D images by methods 
based on distance transformation of the binarized images. Alternatively, the Inveon 
multimodality 3D visualization program was used to generate fused 3D viewing 
of multiple static or dynamic volumes of microCT modalities (Siemens Medical 
Solutions USA, Inc). All images presented are representative of the respective 
genotypes (n > 5).

Histology, Histomorphometry, Immunohistochemistry, and Immunofluo-
rescence Staining.
Histology. Femurs or ankles were dissected from the mice, fixed in 10% neutral 
buffered formalin for 2 d, and decalcified by daily changes of 15% tetrasodium 
EDTA for 3 to 4 wk. Tissues were dehydrated by passage through an ethanol series, 
cleared twice in xylene, embedded in paraffin, and sectioned at 6 μm thickness 
along the coronal plate from anterior to posterior. Decalcified femur and ankle 
sections were stained with hematoxylin and eosin (H&E) or tartrate-resistant acid 
phosphatase (TRAP) as previously described (29).
Histomorphometric analysis. Calcein (25 mg/kg; Sigma, #C0875) and aliz-
arin-3-methyliminodiacetic acid (50 mg/kg; Sigma, #A3882) dissolved in 2% 
sodium bicarbonate solution were subcutaneously injected into mice at a 5-d 
interval. After a 2-d fixation in 10% neutral buffered formalin, undecalcified 
femur samples were embedded in methylmethacrylate. Proximal metaphyses 
were sectioned longitudinally (5 μm), and a region of interest was defined. 
Bone formation rate/bone surface (BFR/BS), mineral apposition rate (MAR), 
bone area (B.Ar), and osteoclast number/bone perimeter (N.Oc/B.Pm) were 
measured using a Nikon Optiphot 2 microscope interfaced to a semiautomatic 
analysis system (Osteometrics). Measurements were taken on two sections/

sample (separated by ~25μm) in a blinded fashion and summed prior to 
normalization to obtain a single measure/sample in accordance with ASBMR 
standards (51). This methodology has undergone extensive quality control 
and validation.
Immunohistochemistry. Paraffin sections were dewaxed and stained using the 
Discovery XT automated immunohistochemistry stainer (Ventana Medical Systems, 
Inc.). CC1 standard (pH 8.4 buffer contained Tris/Borate/EDTA) and inhibitor D 
(3% H2O2, endogenous peroxidase) were used for antigen retrieval and blocking, 
respectively. Sections were incubated with antibodies specific to osteocalcin (1:100, 
LSBio, # LS-C17044) or β-catenin (1:100, Cell signaling, #8480) overnight at 4 °C 
and a secondary antibody of VisUCyteTM HRP Polymer (R&D systems, #VC005) for 
30 min at room temperature. Substrate working solution (DAB substrate kit, Vector 
Sk-4100) was added to the sections at room temperature for 1 to 2 min followed 
by hematoxylin and bluing reagent counterstain at 37 °C.
Immunofluorescence. Femur and ankle bones were fixed with 4% paraform-
aldehyde (PFA) for 2 d and decalcified in 0.5 M tetrasodium EDTA solution for 
10  d. Semidecalcified samples were infiltrated with 25% sucrose phosphate 
for 4  d. All samples were embedded in 50/50 mixture of 25% sucrose solu-
tion and optimal cutting temperature (OCT) compound (Sakura) and cut into 
12-μm-thick sagittal sections using a cryostat (Leica). Cryosectioned femur or 
ankle samples from 8-wk-old mice were stained with antibodies for cathepsin 
K (1:150, ABclonal, #A1782), osteocalcin (1:100, ABclonal, #A6205), or CD248 
(1:100, Abnova, #PAB13304). Alexa Fluor 594 (1:400, Thermo, A11032) was used 
as a secondary antibody.

Measurement of Serum Ctx-1 and Osteocalcin. The ELISA kits for Ctx-1 
(MC0850) or osteocalcin (RK03088) were purchased from ABclonal technology 
and used to measure serum levels of Ctx-1 or osteocalcin after overnight fasting.

Luciferase Assay. β-catenin-responsive reporter gene (TopFlash-luc) and Renilla 
luciferase vector (Promega) were transfected into BMSCs using the Effectene 
transfection reagent (Qiagen). After 48 h, dual luciferase assays were performed 
according to the manufacturer’s protocol (Promega), and TopFlash luciferase 
activity was normalized to Renilla.

In Vitro Kinase Assay. A total of 200 ng of recombinant ERK2 (New England 
Biolabs, #P6080) and 300  ng of purified His-SHN3 proteins (p.50-936 aa or 
p.630-936 aa: WT, KA, STA) were incubated in kinase buffer (20 mM HEPES, pH 
7.5, 20 mM MgCl2, 1 mM EDTA, 2 mM NaF, 2 mM-glycerophosphate, 1 mM DTT, 
10 μM ATP) containing 10 μCi of γ32P-ATP (PerkinElmer) for 15 min at 30 °C. The 
phosphorylated proteins were visualized by autoradiography.

RT-PCR, Immunoprecipitation, and Immunoblotting. Tibial bones were 
chopped and homogenized using the Beadbug microtube homogenizer, total 
RNA was extracted using QIAzol (QIAGEN), and cDNA was synthesized using 
the High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems. 
Quantitative RT-PCR was performed using SYBR® Green PCR Master Mix (Bio-
Rad, Hercules, CA) with the Bio-Rad CFX Connect Real-Time PCR detection system. 
Ribosomal protein, large, P0 (Rplp0) was used as a housekeeping gene. The 
primers used for PCR are listed in SI Appendix, Table S2.

Primary COBs expressing Flag-Shn3 proteins were lysed with lysis buffer 
[50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 
50 mM NaF, 1 mM Na3VO4, 1 mM PMSF and protease inhibitor cocktail (Sigma)]. 
Proteins from cell lysates were immunoprecipitated with Flag-conjugated agarose 
(Sigma, A2220) and subjected to SDS-PAGE, transferred to Immobilon-P mem-
branes (Millipore), immunoblotted with the indicated antibodies, and developed 
with ECL (Thermoscientific). Immunoblotting using antibodies specific to FLAG 
served as a loading control.

Human Tissues and Analyses. Five deidentified synovial/bone samples were 
obtained from metatarsal head resection arthroplasty surgeries on RA patients 
from Yonsei University Severance Hospital, Korea. Synovium and/or bone in these 
samples were examined by H&E staining and immunostained for SHN3. These 
were obtained under Institutional Review Board approval (IRB No.4-2019-0506) 
for histology and immunohistochemistry.

Statistical Analysis and Reproducibility. All experiments were repeated two 
or three times, for immunofluorescence, immunohistochemistry, histology, 
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immunoblotting, and RT-PCR. All data are shown as the mean ± SD. We first 
performed the Shapiro–Wilk normality test for checking normal distribution of 
the groups. If the normality test was passed, a two-tailed, unpaired Student’s t test 
was used. If the normality test failed, the Mann–Whitney test was used for the 
comparisons between two groups. For the comparisons of three groups, we used 
a one-way ANOVA if the normality test was passed, followed by Tukey’s multiple 
comparison test for all groups. GraphPad PRISM software (ver.9.0.2, La Jolla, CA) 
was used for statistical analysis.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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