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Alveolar bone loss in elderly populations is highly prevalent
and increases the risk of tooth loss, gum disease susceptibility,
and facial deformity. Unfortunately, there are very limited
treatment options available. Here, we developed a bone-tar-
geted gene therapy that reverses alveolar bone loss in patients
with osteoporosis by targeting the adaptor protein Schnurri-3
(SHN3). SHN3 is a promising therapeutic target for alveolar
bone regeneration, because SHN3 expression is elevated in
the mandible tissues of humans and mice with osteoporosis
while deletion of SHN3 in mice greatly increases alveolar
bone and tooth dentin mass. We used a bone-targeted recom-
binant adeno-associated virus (rAAV) carrying an artificial mi-
croRNA (miRNA) that silences SHN3 expression to restore
alveolar bone loss in mouse models of both postmenopausal
and senile osteoporosis by enhancing WNT signaling and oste-
oblast function. In addition, rAAV-mediated silencing of
SHN3 enhanced bone formation and collagen production
of human skeletal organoids in xenograft mice. Finally,
rAAV expression in the mandible was tightly controlled via
liver- and heart-specific miRNA-mediated repression or via a
vibration-inducible mechanism. Collectively, our results
demonstrate that AAV-based bone anabolic gene therapy is a
promising strategy to treat alveolar bone loss in osteoporosis.
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INTRODUCTION
Alveolar bone is the portion of the mandibular and maxillary bones
that not only supports the tooth sockets and muscles of mastication
but also protects nerves, vessels, and glands.1,2 It undergoes rapid
bone remodeling during tooth eruption due to the forces of mastica-
tion and positional adaptation of the teeth.3,4 Normal alveolar bone
remodeling is controlled by bone-forming osteoblasts and bone-re-
sorbing osteoclasts, but disruption of that balance leads to alveolar
bone atrophy.5 Osteoporosis frequently develops atrophic alveolar
bone6 and hampers proper chewing and speaking, heightens vulner-
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ability to gum disease, and disrupts tooth alignment associated with
facial deformity.7 Additionally, reduced alveolar bone density makes
dental implant procedures challenging, as they require sufficient bone
mass to achieve dental implantation.8,9 Therefore, preserving alveolar
bone health is crucial for maintaining optimal oral health, function,
and aesthetics.

Restoration of alveolar bone loss in osteoporosis poses a significant
challenge in dental practice. Current treatments include anti-inflam-
matory agents10 and the transplantation of natural or synthetic bone
grafts11,12 and resorbable or non-resorbable collagen membranes
along with supplementary bioactive products.13,14 Additionally, oste-
oporosis drugs, such as bisphosphonates,15 anti-RANKL antibody,16

parathyroid hormone analogs,17 and estrogen replacement,18 are
used for treatment. However, these treatments show limited success
in the clinic due to a lack of long-term preservation, rehabilitation,
and functional needs of alveolar bone.19 Moreover, while oral admin-
istration of bisphosphonates does not show significant improvement
in preventing alveolar bone loss, bisphosphonates can cause oral bony
lesions such as bisphosphonate-related osteonecrosis of the jaw.20,21

Surgical transplantation often fails and frequently leads to complica-
tions. For example, vertical bone augmentation is hindered by brittle-
ness and inadequate toughness in newly formed bones, resulting in
frequent fractures during the implantation process.22 The use of
thor(s).
ne and Cell Therapy.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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slow-resorbing bone biomaterials also can compromise the quantity
and quality of newly formed bone in augmentation sites.23 Hence,
the development of new therapeutics to restore alveolar bone loss
while limiting worrisome side effects remains an unmet need.

Recombinant adeno-associated viruses (rAAV) have demonstrated
long-term durability of gene expression, lack of post-immunoge-
nicity, and good safety profiles in clinical studies.24 Although rAAVs
have targeted various organs, such as brain, eye, heart, liver, and skel-
etal muscle, rAAV-mediated gene therapy for craniofacial diseases
has not been evaluated.25 Our prior work demonstrated rAAV9 as
a highly effective serotype for transducing osteoblast-lineage cells in
the long bones and vertebrae of mice.26 Here, we tested the ability
of rAAV9 to promote alveolar bone regeneration by targeting
Schnurri-3 (SHN3), an intracellular adaptor protein involved in
WNT signaling that inhibits bone formation.27,28 We demonstrate
that rAAV-mediated gene therapy targeting SHN3 is an alternative
approach to traditional osteoporosis drugs to reverse alveolar bone
loss in osteoporotic patients. A bone-targeted AAV effectively deliv-
ered a SHN3 silencer to osteoblast-lineage cells that reside in alveolar
bone, enhanced WNT signaling and osteoblast function, and pro-
moted alveolar bone formation in osteoporotic mice. Moreover,
rAAV expression in non-skeletal organs, heart, and liver was
repressed via organ-specific miRNA-mediated degradation while
the expression was tightly controlled in a vibration-inducible manner.
Thus, the bone-trophic AAV targeting SHN3 is a promising bone
anabolic agent that restores alveolar bone loss in osteoporosis while
limiting potential side effects.

RESULTS
SHN3 deletion increases alveolar bone and tooth dentin mass

TheWNT pathway is a key regulator of bone formation by enhancing
osteoblast development, and WNT antagonists, such as sclerostin
(SOST),29 dickkopf-1 (DKK-1),30 and schnurri-3 (SHN3),31 are
promising targets to promote bone formation in osteoporosis. While
SOST and DKK-1 proteins are all present in the alveolar bone in
young mice (Figure 1A), mRNA expression of SOST and DKK-1
was substantially decreased in older human mandibles relative to
young mandibles (Figure 1B). Accordingly, treatment of aged osteo-
porotic rats with anti-SOST antibody or anti-DKK-1 antibodies
Figure 1. SHN3 deletion increases alveolar bone and tooth root dentin mass

(A and C) Immunohistochemistry showing expression of SOST and DKK1 (A) and SHN

periodontal ligament, BM: bone marrow, DP: dental pulp, ob, osteoblasts, od: odontob

(B and D) Human SOST, DKK1, and SHN3mRNA expression in the mandible of young v

2-month-old vs. 24-month-old mice (n = 5/group, left) and 6-month-old mice with sha

histologic analyses showing alveolar bone mass in the first molar of 1- and 7-month-old

sections of the first molar (F, left and middle; H, left). H&E (G, left and middle; H, midd

quantification of alveolar bone mass in the first molar (n = 5/group, F, left). AB.BV/TV:

(J and K) MicroCT analysis showing root dentin and enamel volume of the first molar of

K-bottom) and relative quantification (n = 5/group) are displayed (J, K-top). The represen

The area highlighted in greenmarks the crown dentin region of interest (ROI), the yellow a

marks the root dentin. MR: mesial root, DR: distal root. Scale bars: 50 mm (A and C), 1 m

tailed unpaired Student’s t test for comparing two groups: (B), (D), (E), (F), (H), (J), and (K);

displayed (A, C, G, H, J, K).
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showed minimal effects on alveolar bone regeneration.32–34 SHN3
expression was also detected in the alveolar bone of young mice (Fig-
ure 1C), but unlike SOST and DKK1, its expression was further upre-
gulated in human and mouse aged mandibles (Figure 1D). Similarly,
postmenopausal osteoporosis in female mice also increased Shn3
expression in mandibles (Figure 1E). Thus, SHN3 is likely to be a
more attractive target than SOST and DKK1 for alveolar bone regen-
eration in osteoporotic settings.

SHN3 controls b-Catenin stability downstream of WNT signaling
and deleting SHN3 enhances WNT signaling, osteoblast develop-
ment, and bone formation.27 Thus, we hypothesized that SHN3
may play a role in alveolar bone development by regulating WNT
signaling. To explore potential regulatory interactions between
SHN3 and WNT signaling within the alveolar bone, an immunohis-
tochemistry (IHC) analysis was performed, demonstrating co-locali-
zation of SHN3 and b-Catenin in multiple cell populations within
alveolar bone, including periodontal ligament cells (PDLs), odonto-
blasts (ODs), osteoblasts (OBs), and osteocytes (OCYs, Figure 1C).
MicroCT analysis of alveolar bone demonstrated greater bone volume
per tissue volume (BV/TV) and trabecular bone thickness (Tb.Th)
in 1-month-old Shn3�/� mice than littermate controls (Figure 1F).
This is consistent with a histologic analysis showing an increase in
trabecular bone mass in the bone marrow of Shn3�/�mandibles (Fig-
ure 1G). Seven-month-old Shn3�/� mice also showed an increase in
alveolar bone mass, but this increase was slightly compromised as
trabecular bone mass became saturated (Figure 1H). These results
suggest that SHN3 acts as a key regulator of alveolar bonemass during
skeletal development and homeostasis.

SHN3 expression in dentin-producing odontoblasts within mandibles
prompted us to test its potential role in dental development. MicroCT
analysis of the mandibular first molar demonstrated a significant in-
crease in root dentin volume in 1-month-old Shn3�/� mice relative
to littermate controls, while enamel volume, produced by dental ame-
loblasts, was comparable between Shn3�/� and littermate control mice
(Figures 1I and 1J). Notably, the increase in root dentin volume of
Shn3�/� mice was halted as dentin production was saturated at the
age of 7 months (Figure 1K). These results suggest that SHN3 in
odontoblasts functions as a suppressor of dentin production at early
3 and b-Catenin (C) in the mandible of 2-month-old mice. AB: alveolar bone, PDL:

lasts, ocy: osteocytes.

s. aged patients (n = 4/group). (E) Mouse Shn3mRNA expression in the mandible of

m control vs. ovariectomy (OVX) surgery (n = 4–6/group, right). (F–H) MicroCT and

Shn3�/� and Shn3+/+ (WT) mandibles. MicroCT images showing sagittal and cross

le) and Masson’s trichrome staining of sagittal sectioned molar (G, right). MicroCT

alveolar bone volume per tissue volume, AB.Th: alveolar bone thickness (F, right).

1- and 7-month-old Shn3�/� and Shn3+/+ mandible. 3D-reconstruction images (J,

tative image of themethods used to quantitatively measure the parameters listed in (I)

reamarks the enamel ROI, the pink areamarks the root dentin ROI, and the gray area

m (F, left and middle; H, left), 100 mm (G and H, middle; J, bottom; K, bottom). A two-

error bars, data represent mean ± SD. Representative images of three replicates are
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developmental stages while its role in ameloblasts is dispensable for
enamel production. Thus, SHN3 is crucial for alveolar bone and tooth
dentin formation, which makes SHN3 an attractive therapeutic target
to promote regeneration of alveolar bone and tooth dentin.

SHN3 deletion in mesenchyme-lineage cells increases alveolar

bone and tooth dentin mass

Platelet-derived growth factor receptors (PDGFRs) have been re-
ported to express in a broad range of mesenchyme-lineage cells at
multiple anatomical locations in the skeleton.35,36 Fluorescence mi-
croscopy of Pdgfra-GFP reporter mice demonstrated GFP expression
in periodontal ligament cells, osteoblast-lineage cells, and dental-line-
age cells within mandibles (Figure 2A). Shn3 was conditionally
deleted in these cells by crossing mice with a Shn3-floxed allele
(Shn3fl/fl) with Pdgfra-Cre mice (Shn3Pdgfra). Reduced expression of
Shn3 was confirmed in alveolar bone-derived mesenchymal stromal
cells (ABMSCs) isolated from Shn3Pdgfra mandibles (Figure 2B).
These cells showed an increase in expression of osteogenic marker
genes, including osteocalcin (Bglap) and dentin matrix acidic phos-
phoprotein 1 (Dmp1, Figure 2B), and extracellular mineralization
(alizarin red staining, Figure 2C), indicating enhanced osteogenic ac-
tivity. As seen in Shn3�/� mice, alveolar bone mass was markedly
increased in Shn3Pdgfra mice relative to littermate controls (Shn3fl/fl)
at ages 1 and 7 months, as shown by increased BV/TV and Tb.Th.
This is consistent with a histologic analysis showing an increase in
trabecular bone mass in the bone marrow of Shn3Pdgfra mandibles
(Figures 2D and 2E). Similarly, trabecular bone mass and cortical
thickness in the long bones were both markedly increased in these
mice (Figure S1A). These results highlight the role of SHN3 in
Pdgfra+ cells as a key regulator of alveolar and long bone mass during
skeletal development and homeostasis.

Since Pdgfra-GFP expression was also detected in odontoblasts
within mandibles (Figure 2A), we assessed the tooth dentin volume
in the first molar of Shn3Pdgfra mandibles using microCT. Similar to
Shn3�/� mandibles, 1-month-old Shn3Pdgfra mandibles displayed a
Figure 2. Mesenchyme-specific deletion of SHN3 increases alveolar bone and

(A) Fluorescence microscopy was performed on cryo-sectioned mandibles from 2-mon

the alveolar bone and tooth.

(B and C) Alveolar bone marrow mesenchymal stromal cells (ABMSCs) were isolated

osteogenic conditions. mRNA expression of Shn3, Bglap, and Dmp1 (B) and minerali

(n = 4/group). (D and E) MicroCT and histologic analyses showing alveolar bone mass i

images showing sagittal and cross sections of the mandibular first molar (left). H&E stain

bone mass in the mandibular first molar (n = 5/group, D, middle; E, right). (F) MicroCT an

Shn3Pdgfra and Shn3fl/fl mandibles. 3D-reconstruction images and relative quantificatio

electron microscopy (SEM, right) were performed in sagittal sectioned tooth dentin of the

microstructure of tooth dentin.

(H) Fluorescence microscopy was performed on cryo-sectioned mandibles from 2-mon

GFP-expressing Prx1-or Dmp1-lineage cells in the alveolar bone and tooth. (I) MicroCT a

Shn3Dmp1, Shn3Prx1, and Shn3fl/flmandibles. MicroCT images (left), H&E staining (middle

(n = 5/group). (J and K) MicroCT analysis showing root dentin and enamel volume o

reconstruction images and relative quantification (n = 5/group) are displayed. Scale bar

I-middle, J-right, K-right), 30 mm (G, right). A two-tailed unpaired Student’s t test for co

Representative images of three replicates are displayed (A, C, D, E–K).
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significant increase in root dentin volume without any alteration in
enamel volume and the increased root dentin volume was halted as
dentin production was saturated at the age of 7 months (Figure 2F).
Notably, Masson’s trichrome staining and scanning electron micro-
scopy (SEM) of Shn3Pdgfra tooth showed normal dentin matrix and
tubular structure, showing that Shn3 deletion in Pdgfra+ cells leads
to an increase in a good quality of dentin mass (Figure 2G).

Next, SHN3 expression was deleted at early and late stages of osteo-
blast differentiation by crossing Shn3fl/fl mice with Prx1-Cre mice
(Shn3Prx1) and Dmp1-Cre mice (Shn3Dmp1), respectively. Prx1-Cre
mice and Dmp1-Cre mice were also crossed with Rosa26 mT/mG re-
porter mice37 where Cre-recombinase uses GFP expression to visu-
alize Cre-expressing cells within mandibles. Unlike Prx1-GFP pro-
teins primarily expressed in osteoblasts on the alveolar bone
surface, Dmp1-GFP expression was detected in osteocytes embedded
in the alveolar bone matrix. Prx1- and Dmp1-GFP proteins were both
expressed in odontoblasts on the dentin surface (Figure 2H). Deletion
of Shn3 in Prx1+ skeletal progenitors and Dmp1+ osteocytes resulted
in a significant increase in alveolar bone mass (Figure 2I) and femoral
bone mass (Figures S1B and S1C). These results show that SHN3 acts
in both early and late stages of osteoblast differentiation to produce
alveolar bone and long bone. One-month-old Shn3Prx1mandibles dis-
played an increase in root dentin volume of the first molar without
any change in enamel volume (Figure 2J). However, there was
little to no increase in root dentin volume in Shn3Dmp1 molars
(Figures 2J and 2K), showing that SHN3 in skeletal progenitors, but
not in osteocytes, drives dentin production during skeletal develop-
ment. Thus, inhibition of SHN3 in skeletal progenitors promotes for-
mation of long bone, alveolar bone, and tooth dentin.

AAV-mediated silencing of human SHN3 promotes bone

formation in xenograft mice

To test whether SHN3-deficiency in human osteoblasts can promote
bone formation, human artificial miRNA (hs-amiR) was developed by
embedding the guide strand of a small silencing RNA that targets
tooth root dentin mass

th-old Pdgfra-GFP reporter mice to visualize GFP-expressing Pdgfra-lineage cells in

from the mandible of 4-week-old Shn3Pdgfra and Shn3fl/fl mice and cultured under

zation activity (C) were assessed by RT-PCR and alizarin red staining, respectively

n the first molar of 1- and 7-month-old Shn3Pdgfra and Shn3fl/fl mandibles. MicroCT

ing of sagittal sectioned molar (D, right; E, middle). MicroCT quantification of alveolar

alysis showing root dentin and enamel volume of the first molar of 1- or 7- month-old
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human SHN3 into a human miR-33-derived miRNA scaffold (hs-
amiR-hSHN3),38 and then packaged into the AAV9 capsid. In this
design, the hs-amiR is inserted intronically between the chicken
b-actin (CBA) promoter and the Egfp reporter gene39 (Figure 3A),
which allows for visual tracking of positively transduced cells or tis-
sues. The AAV9’s ability to transduce human periodontal ligament
stromal cells (PDLSCs) or bone marrow-derived mesenchymal stro-
mal cells (BMSCs) was confirmed by GFP expression using fluores-
cence microscopy (Figure 3B). rAAV9 carrying hs-amiR-hSHN3
effectively silenced SHN3 expression in these cells and increased oste-
ogenic differentiation (Figure 3C). Next, we examined whether AAV-
mediated silencing of human SHN3 promotes bone formation in vivo
using a xenograft mouse model implanted with a human skeletal or-
ganoid (Figure 3D). The human skeletal organoid was generated by
culturing human BMSCs in hydroxyapatite (HA)-scaffold under
osteogenic conditions and then implanted into interscapular fat
pads of immunodeficient mice (Figure 3E). A single dose of rAAV9
carrying hs-amiR-ctrl or hs-amiR-hSHN3 was injected to the im-
planted site. Four weeks later, AAV’s ability to transduce the human
skeletal organoid and to knock down Shn3 expression was confirmed
by GFP expression using the IVIS optical imaging system (Figure 3F)
and RT-PCR analysis (Figure 3G), respectively. Compared with hs-
amiR-ctrl, hs-amiR-hSHN3 treatment markedly increased osteogenic
gene expression, osteocalcin (BGLAP) and type 1 collagen (COL1),
and WNT-induced gene expression, AXIN2 (Figure 3G). Likewise,
this organoid showed a significant increase in mineral density distri-
bution (microCT) and newly formed collagen and mineral (Masson’s
trichrome staining, Figures 3H–3J). This is consistent with SEM
showing increased production of collagen fibers and calcified matrix
in the human skeletal organoid at molecular levels (Figure 3K). Thus,
AAV-mediated silencing of SHN3 is effective in transducing human
osteoblast-lineage cells, enhancing osteogenic differentiation and
WNT signaling and promoting bone formation in human skeletal or-
ganoids, suggesting the clinical potential to human skeletal diseases
with low bone mass.

AAV-mediated silencing of Shn3 reverses alveolar bone loss in

osteoporosis

Since rAAV9 has been reported as a highly effective serotype that
transduces osteoblast-lineage cells in the long bone and vertebrae in
Figure 3. AAV-mediated silencing of human SHN3 increases bone and collage

(A) The AAV vector genome containing the CMV enhancer/chicken b-actin promoter (C

sequence (PA), and inverted terminal repeat (ITR) was packaged into the rAAV9 capsid. (B

stromal cells (hBMSCs) were treated with rAAV9 carrying hs-amiR-ctrl or hs-amiR-hSh

transduction efficiency was examined by fluorescence microscopy using EGFP express

by RT-PCR (n = 4/group, C). (D–J) Diagram of the study and treatment methods. Human

pads of immunodeficient SCID mice and 1 week later, PBS or rAAV9 carrying hs-amiR-

Four weeks later, the implanted scaffold was visualized by radiography (E), and EGFP ex

expression of SHN3, BGLAP, AXIN2, and COL1 in the scaffold was assessed by RT-

assessed by microCT (H and I), histology (J), and SEM (K). 2D microCT images (H) and r

trichome staining shows a significant increase in collagen production in the hs-amiR-hS

number of osteoblast-like cells was observed by SEM analysis (n = 3/group, K, left and m

(K, right). A two-tailed unpaired Student’s t test for comparing two groups (C and G; er

displayed (B, E, F, H, J, K).
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mice,40 rAAV9’s ability to transduce alveolar bone was examined us-
ing GFP expression after intravenous (i.v.) injection or periodontal
ligament (PL) injection to the mandibular first molar (Figure S2A,
top and S2B). Individual organ imaging of i.v.-injected mice showed
robust GFP expression in liver andmuscle and amodest expression in
the mandible. By contrast, PL-injected mice showed a modest expres-
sion in the liver and mandible with little to no expression in muscle,
brain, heart, lung, spleen, and kidney (Figure 4A). This is consistent
with RT-PCR analysis and fluorescence microscopy on cryo-
sectioned tissues showing a significant decrease in GFP expression
in the liver, heart, and muscle when treated via PL injection relative
to i.v. injection (Figures 4B and S2C). However, GFP expression in
the PL-injected mandibles was increased 3-fold (Figure 4C) when
rAAV9 was transduced into periodontal ligament cells, odontoblasts,
and osteoblast-lineage cells (Figure S2D). Thus, PL injection of
rAAV9 is an effective gene delivery strategy to transduce alveolar
bone while limiting AAV’s expression in other tissues.

To further improve the bone-specific tropism of the rAAV9 capsid, a
bone-homing peptide motif (AspSerSer)6 was grafted onto an AAV9-
VP2 capsid protein (dss.rAAV9).26,41 Eight-week-old Pdgfra-GFP re-
porter mice were treated with mCherry-expressing dss.rAAV9
(dss.rAAV9.mCherry) via PL injection into the mandibular first
molar and mCherry expression in Pdgfra-GFP+ cells was assessed
by fluorescence microscopy. Fluorescence microscopy showed
mCherry expression in a subset of Pdgfra+ cells in alveolar bone,
including PL cells, osteoblast-lineage cells, and odontoblasts (Fig-
ure 4D). Thus, PL injection of dss.rAAV9 effectively transduces
Pdgfra+ alveolar bone-residing cells.

Postmenopausal osteoporosis results in alveolar bone loss and deteri-
oration of bone structure, increasing the risk of tooth loss, gum dis-
ease susceptibility, and facial deformity.42,43 This process can be
modeled in mice; ovariectomy (OVX) surgery in female mice leads
to estrogen deficiency-induced bone loss, recapitulating postmeno-
pausal osteoporosis.44 To test whether AAV-mediated silencing of
Shn3 can reverse alveolar bone loss in postmenopausal osteoporosis,
we generated an AAV-compatible artificial miRNA that silences
mouse Shn3 expression by embedding Shn3-targeting sequences
into a mouse miR-33-derived miRNA scaffold (amiR-SHN3,
n formation

BA), hs-amiR-ctrl, hs-amiR-hSHN3, an Egfp reporter gene (EGFP), b-globin polyA

andC) Human periodontal ligament stem cells (hPDLCs) and bonemarrow-derived

n3 (4 � 106 vg/cell) and cultured under osteogenic conditions for 4 days. rAAV9’s

ion (B). mRNA expression of SHN3 and the osteogenic marker IBSP were assessed

BMSC-seeded hydroxyapatite (HA)-scaffold was implanted into the interscapular fat

ctrl or hs-amiR-hSHN3 (2.5 � 1012 vg/kg) was injected into the implantation site (D).

pression in the scaffold was assessed by IVIS-100 optical imaging system (F). mRNA

PCR (n = 4/group, G). Bone accrual and collagen production of the scaffold were

elative quantification showing mineral density distribution (I) are displayed. Masson’s

HN3-treated mice (blue, J) while an increase in collagen fibers, calcified matrix, and

iddle). Scale bars, 200 mm (B), 1 mm (H), 100 mm (J), 30 mm (K, left and middle), 2 mm

ror bars, data represent mean ± SD). Representative images of three replicates are
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Figure S2A, bottom). Sham control or OVX surgery was performed
in 12-week-old female mice and 4 weeks later, a single dose of
dss.rAAV9 carrying amiR-ctrl or amiR-SHN3 was administered via
i.v. or PL injection (Figure 4E). Eight weeks after injection, knock-
down efficiency of Shn3 in AAV-treated OVX mandibles was
confirmed by RT-PCR (Figure 4F). While amiR-ctrl-treated OVX
mice showed a significant reduction in alveolar bone mass compared
with sham control mice, this bone loss was reversed by both i.v. and
PL injection of amiR-SHN3, as shown by increased trabecular BV/TV,
thickness, and number and by decreased trabecular space (Figures 4G
and 4H). This is consistent with a histological analysis showing a
reversal of trabecular bone loss in the bone marrow of amiR-SHN3-
treated mandible with OVX surgery (Figure 4G, bottom). However,
amiR-SHN3-treated muscle did not show any changes in myogenic
gene expression and microstructures of muscle fibers, suggesting
that SHN3 is dispensable of muscle homeostasis (Figures S2E
and S2F).

PL injection of dss.rAAV9.amiR-SHN3 showed greater increase in
alveolar bone mass than i.v. injection, demonstrating that local deliv-
ery is more effective for AAV transduction and alveolar bone forma-
tion than systemic delivery. Notably, unlike genetic deletion of Shn3,
amiR-SHN3-treatment did not increase root dentin volume (Fig-
ure 4I). This discrepancy may result from AAV’s low silencing effi-
ciency in odontoblasts and osteoblast-lineage cells or AAV injection
in older mice that may be too late to promote tooth dentin
production.

Next, we examined AAV’s ability to restore alveolar bone loss in ag-
ing-associated osteoporosis. Twenty-month-old male mice were
treated with dss.rAAV9 carrying amiR-ctrl or amiR-SHN3 via PL in-
jection into the mandibular first molar. Two months later, knock-
down efficiency of Shn3 in AAV-treated mandibles was confirmed
by RT-PCR (Figure 4J). Compared with amiR-ctrl-treated mice,
amiR-SHN3-treated mice showed a significant increase in alveolar
bone mass, as shown by greater BV/TV and Tb.Th (Figure 4K and
L). These results demonstrated that bone-targeting AAV-mediated
silencing of Shn3 via PL injection into mandibles is effective in
restoring alveolar bone loss in both aging-associated and postmeno-
Figure 4. AAV-mediated silencing of SHN3 reverses alveolar bone loss in oste

(A–C) Two-month-old mice were treated with PBS or rAAV9.egfp via intravenous (i.v., 2.

the mandibular first molar. Ten days later, EGFP expression in individual tissues was mo

month-old Pdgfra-GFP reporter mice were treated with PBS or dss.rAAV9.mCherry (2.5

alveolar bone (n = 3/group). Ten days later, mCherry expression in mandibles was m

sectioned mandibles (bottom). PDL: periodontal ligament, BM: bone marrow, DP: de

study and treatment methods. Sham or OVX surgery was performed on 3-month-old fem

amiR-SHN3 via i.v. (2.5 � 1013 vg/kg) injection or PL (2.5 � 1012 vg/kg) injection (E). Eig

(n = 6/group, F). 2DmicroCT images (G, top andmiddle) and relative quantification (H) an

in the amiR-SHN3-treated OVX mice. MicroCT analysis showing root dentin and ename

mice were treated with dss.rAAV9 carrying amiR-ctrl or amiR-SHN3 (2.5 � 1012 vg/kg

assessed by RT-PCR (n = 7/group, J). 2D microCT images (K, left and middle) and relati

mass (n = 7/group) in the amiR-SHN3 treated mice. Scale bars, 100 mm (D; G, bottom; K

t test for comparing two groups (J and L) or ordinary one-way ANOVA with Dunnett’s mu

Representative images are displayed (A, D, G, K).
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pausal osteoporosis. Taken together, the approach of local delivery of
a SHN3 silencer to mandibles via a bone-targeted AAV may success-
fully treat alveolar bone loss in osteoporosis.

Liver/heart-“detargeting” AAV-mediated silencing of Shn3

reverses osteoporosis

Newly developed agents to treat bone loss, such as anti-sclerostin
antibody and the small molecule inhibitor of Cathepsin K, have off-
target cardiovascular and cerebrovascular events in clinical trials,
respectively.45,46 Thus, AAV’s expression in non-skeletal tissues
needs to be suppressed. Since dss.rAAV9 can transduce liver and
heart, we repressed AAV’s expression in liver and heart using liver-
and heart-specific miRNA-mediated degradation. The specificity of
miR-122 and miR-208a expression in liver and heart was validated
by RT-PCR (Figure S3A). Three tandem complementary sites for
liver-specific miR-12247,48 and heart-specific miR-208a49 (Table S1)
were inserted into the 30 untranslated region (UTR) of the egfp re-
porter gene in the vector genome and then, packaged into dss.rAAV9
capsid (dss.rAAV9.egfp.MIR-TS; Figure 5A, top). Eight-week-old
mice were i.v. injected with PBS, dss.rAAV9.egfp, or dss.rAAV9.egfp.
MIR-TS and the tissue distribution of AAVs was assessed by EGFP
expression using the IVIS optical imaging system (Figure 5B) and
fluorescence microscopy on cryo-sectioned tissues (Figure S3B).
dss.rAAV9.egfp-treated mice showed robust GFP expression in liver,
but the expression in dss.rAAV9.egfp.MIR-TS-treated liver was mark-
edly reduced. This is consistent with RT-PCR analysis showing a sig-
nificant decrease in GFP expression in heart and liver treated with
dss.rAAV9.egfp.MIR-TS relative to dss.rAAV9.egfp while the expres-
sion was comparable between tibia and muscle (Figure 5C). These
results indicate that systemic delivery of dss.rAAV9.egfp.MIR-TS
enables GFP expression in the bone, but not in heart, liver, lung,
kidney, spleen, and brain.

To examine whether systemic delivery of dss.rAAV9.amiR-Shn3.
MIR-TS can reverse femoral bone loss in postmenopausal osteopo-
rosis, a single dose of dss.rAAV9 carrying amiR-ctrl, amiR-SHN3,
or amiR-SHN3.MIR-TS was i.v. injected into 12-week-old female
mice 4 weeks after sham control or OVX surgery. Eight weeks later,
knockdown efficiency of Shn3 in AAV-treated OVX tibia was
oporotic mice

5 � 1013vg/kg) injection or periodontal ligament (PL, 2.5 � 1012 vg/kg) injection into

nitored by IVIS-100 optical imaging (A) and RT-PCR (n = 4–5/group, B, C). (D) Two-

� 1012 vg/kg) via PL injection to visualize AAV-transduced Pdgfra-lineage cells in the

onitored by IVIS-100 optical imaging (top) and fluorescence microscopy on cryo-

ntal pulp, ob: osteoblast, ocy: osteocyte. Scale bar, 50 mm. (E–I) Diagram of the

ale mice and 4 weeks later, mice were treated with dss.rAAV9 carrying amiR-ctrl or

ht weeks later, Shn3 mRNA expression in the mandible was assessed by RT-PCR

d H&E staining (G, bottom), showing an increase in alveolar bone mass (n = 6/group)

l volume of mandibular first molar (n = 6/group, I). (J and K) Twenty-month-old male

) via PL injection and 8 weeks later, Shn3 mRNA expression in the mandible was

ve quantification (L) and H&E staining (K, right), showing an increase in alveolar bone

, right), 1 mm (G, top andmiddle; K, left and middle). A two-tailed unpaired Student’s

ltiple comparisons test (B, C, F, H, I). (B), (C), (F), (H)–(K), data represent mean ± SD.
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confirmed (Figure 5D). While amiR-ctrl-treated OVX mice showed
significant reductions in femoral bone mass compared with sham
control mice, this bone loss was reversed by both amiR-SHN3 and
amiR-SHN3.MIR-TS, as shown by increased trabecular BV/TV,
thickness, and number and decreased trabecular space (Figures 5E
and 5F). Thus, miR-122- and miR-208a-mediated repression effec-
tively “detargets” AAV expression in liver and heart without affecting
anabolic bone increase by amiR-SHN3.

Next, we compared EGFP expression in the alveolar bone treated
with dss.rAAV9.egfp and dss.rAAV9.egfp.MIR-TS via local delivery.
Eight-week-old mice were treated with dss.rAAV9.egfp or dss.rAA
V9.egfp.MIR-TS via PL injection into the mandibular first molar.
Ten days later, EGFP expression in the mandible was assessed by
IVIS optical imaging, RT-PCR, and fluorescence microscopy
(Figures 5G and 5H), demonstrating equivalent expression levels
in AAV-treated mandibles. Similar to dss.rAAV9.egfp, dss.rAA
V9.egfp.MIR-TS effectively transduced a subset of PL cells and oste-
oblast-lineage cells within alveolar bone. Thus, PL injection of
dss.rAAV9.MIR-TS to the mandible may be a safe and effective
strategy to target alveolar bone.

To compare the therapeutic efficacy of dss.rAAV9.amiR-SHN3 vs.
dss.rAAV9.amiR-SHN3.MIR-TS in osteoporotic alveolar bone,
12-week-old female mice were treated with the AAVs via PL injec-
tion to the mandibular first molar 4 weeks after sham control or
OVX surgery (Figure S3C). Eight weeks later, knockdown efficiency
of Shn3 in AAV-treated OVX mandible was confirmed by RT-PCR
(Figure 5I). While amiR-ctrl-treated OVX mice showed a significant
reduction in alveolar bone mass compared with sham control mice,
this bone loss was reversed by both amiR-SHN3.MIR-TS and amiR-
SHN3, as shown by increased trabecular BV/TV and thickness
(Figures 5J and 5K). Thus, PL injection of dss.rAAV9.amiR-
SHN3.MIR-TS effectively restores alveolar bone loss in postmeno-
pausal osteoporosis while securing AAV’s expression in mandibles.
We conclude that silencing of Shn3 in mandibles via a bone-tar-
geted AAV with bone-specific tropism (dss.rAAV9 capsid) and
liver- and heart-detargeting capability (miR-122/miR-208a-medi-
ated repression) is a targeted and safe approach to restore alveolar
bone loss in osteoporosis.
Figure 5. Liver/heart-detargeting AAV-mediated silencing of SHN3 reverses bo

(A) Diagram of the liver and heart-detargeting AAV vector construct containing an egfp,

heart-abundant miR-208a were inserted into the 30UTR of egfp to repress transgene e

dss.rAAV9.egfp.MIR-TS (2.5 � 1013 vg/kg) via i.v. injection and 10 days later, EGFP ex

PCR (C). (D–F) Sham or OVX surgery was performed on 3-month-old female mice and

amiR-shn3-MIR-TS (2.5 � 1013 vg/kg) via i.v. injection. Eight weeks later, Shn3 mRNA

mass was assessed by microCT. 3D microCT images (E) and relative quantification (F)

Tb.N: trabecular number, Tb.Sp: trabecular space. (G and H) Two-month-old mice were

PL injection into the mandibular first molar. Ten days later, EGFP expression in the mand

fluorescencemicroscopy on cryo-sectioned mandible (H, right). (I–K) Sham or OVX surge

with dss.rAAV9 carrying amiR-ctrl, amiR-SHN3, or amiR-SHN3.MIR-TS (2.5 � 1012 vg/

assessed by RT-PCR (n = 5/group, I). 2D microCT images (J, top) and relative quantifica

loss in OVX mandible. Scale bars, top, 1 mm (E; J, top); 100 mm (H; J, bottom). Ordina

represent mean ± SD). Representative images of five (B; E, left) or six (G; H, right; J) re
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Vibration-inducible expression of bone-targeted AAV in

mandibles

Alveolar bone continuously receives mechanical stimuli, such as
chewing, biting, and speaking, which is crucial to maintain alveolar
bone mass.4 Given that WNT signaling is a major mechano-sensing
pathway in osteoblast-lineage cells to promote bone formation,50 acti-
vation of WNT signaling in the alveolar bone was examined using
transgenic TCF/Lef1-GFP reporter mice that express a fused protein
of histone 2B and GFP in response to WNT stimulation.51 Fluores-
cence microscopy showed GFP expression in multiple cell popula-
tions within alveolar bone, including PL cells, odontoblasts, osteo-
blasts, and osteocytes (Figure 6A). These results indicate robust
WNT signaling in alveolar bone-residing cells. Notably, compared
with skull bone requiring low mechanical demands, mandible and
tibia that require high mechanical demands showed elevated expres-
sion of WNT-responsive genes, Axin2 and Lef-1 (Figure 6B), suggest-
ing that WNT signaling in mandibles is activated in response to me-
chanical stress.

Upon WNT stimulation, the key transcription factor b-Catenin is
released from the degradation complex and forms a protein complex
with other transcription factors, TCF and LEF-1, in the nucleus, re-
sulting in transcriptional activation.52 To assess mechanical stress-
induced activation of WNT signaling in alveolar bone, we generated
the dss.rAAV9 that expresses GFP protein under the control
of the LEF-1/TCF-responsive promoter (dss.rAAV9.pLef/Tcf-egfp,
Figure 6C). Calvarial osteoblasts (COBs) were treated with
dss.rAAV9.pLef/Tcf-egfp and then stimulated with a recombinant
Wnt3a (rWnt3a) ligand or flow stress. GFP expression (fluorescence
microscopy, Figure 6D) and mRNA expression of egfp, Axin2, and
Lef-1 (RT-PCR, Figures 6E and S4A) in AAV-treated COBs were
markedly upregulated in response to rWnt3a or flow stress. These re-
sults demonstrate the ability of dss.rAAV9.pLef/Tcf-egfp to induce
GFP expression in response to mechanical stress via WNT signaling
activation.

Previous studies demonstrated that high-frequency vibration (HFV)
treatment shows promise in dental practice to enhance alveolar
bone density and fibroblast stimulation within the PL.53–55 Since
HFV activates WNT signaling as a mechanical stress,56 we tested
ne loss in osteoporotic mice

amiR-ctrl, or amiR-SHN3. Target sequences of the liver-abundant miR-122 and the

xpression. (B and C) 2-month-old mice were treated with PBS, dss.rAAV9.egfp, or

pression in individual tissues was assessed by IVIS-100 optical imaging (B) and RT-

4 weeks later, mice were treated with dss.rAAV9 carrying amiR-ctrl, amiR-SHN3, or

expression in the tibia was assessed by RT-PCR (n = 5–6/group, D). Femoral bone

are displayed (n = 5/group). Tb.BV/TV: trabecular bone volume per tissue volume,

treated with PBS, dss.rAAV9.egfp, or dss.rAAV9.egfp.MIR-TS (2.5� 1012 vg/kg) via

ible was assessed by IVIS-100 optical imaging (G), RT-PCR (n = 6/group, H, left), and

ry was performed on 3-month-old female mice and 4 weeks later, mice were treated

kg) via PL injection. Eight weeks later, Shn3 mRNA expression in the mandible was

tion (n = 5–7/group, K) and H&E staining (J, bottom) show a reversal of alveolar bone

ry one-way ANOVA with Dunnett’s multiple comparisons test (C, D, F, H, I, K; data

plicates are displayed.
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Figure 6. Development of a bone-targeting AAV with vibration-inducible expression

(A) Fluorescence microscopy was performed on cryo-sectioned mandibles of 2-month-old TCF/Lef1-HIST1:H2BB/EGFP reporter mice to locate cells with WNT signaling

activation in the alveolar bone.

(B) mRNA expression of WNT-responsive genes, Axin2 and Lef1, in the calvaria, mandible, and tibia of 2-month-old mice (n = 8–10/group).

(C) The AAV vector genome containing the LEF/TCF promoter (pLef/Tcf) and egfp reporter gene was packaged into the dss.rAAV9 capsid. (D and E) Calvarial osteoblasts

(COB) were transduced with dss.rAAV9.pLef/Tcf-egfp (4 x 106 vg/cell) and stimulated with a recombinant WNT3a or flow stress. EGFP expression was assessed by

fluorescence microscopy (D) and RT-PCR (n = 4/group, E). WNT signaling activity was assessed by measuring mRNA expression of Axin2 and Lef1 (n = 4/group, E). (F–J)

Diagram of the study and treatment methods. Two-month-old mice were treated with dss.rAAV9.pLef/Tcf-egfp (2.5 � 1012 vg/kg) via PL injection into the mandibular first

molar and 2 days later, the mandible was stimulated daily with HFV treatment for up to 15 days (F). RNA was isolated from the treated mandible at days 0, 5, 10, and 15 post-

treatment. mRNA expression of egfp and Axin2 was assessed by RT-PCR (n = 5–7/group, G). AAV-treated mandible was stimulated daily with or without HFV treatment for

(legend continued on next page)
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whether HFV treatment can induce GFP expression in dss.rAAV9.
pLef/Tcf-egfp-treated mandibles via WNT signaling activation. Two
days after PL injection into the mandibular first molar, 8-week-old
mice were treated daily with HFV (200 Hz, 30 s) on the mandible
(Figure 6F). Of note, HFV did not induce any adverse effects on
tooth, gum, skull, and mandible structures (Figures S4B–S4D).
Expression of egfp and Axin2 in the mandible was assessed by
RT-PCR at different time points, demonstrating that their expres-
sion in the mandible peaked at both 10 and 5 days of daily HFV
stimulation, respectively (Figure 6G). Compared with no HFV or
PBS treatment, 10 days of HFV treatment significantly increased
the expression of egfp, Axin2, and Lef1 in the mandible (Figure 6H).
Notably, HFV-induced expression of egfp in AAV-treated mandible
corresponds to WNT-responsive expression of Axin2 and Lef1 (Fig-
ure S6A). The IVIS optical imaging system confirmed that GFP
expression in AAV-treated mandible was detected only in the pres-
ence of HFV stimulation (Figure 6I). AAV-treated liver also showed
modest expression of GFP proteins, but the expression was mark-
edly reduced upon HFV stimulation. There was little to no expres-
sion in brain, heart, lung, kidney, and spleen regardless of HFV
stimulation (Figure S5). Within alveolar bone, a subset of b-Cate-
nin-expressing cells, including PLs, osteoblasts, osteocytes, and
odontoblasts expressed GFP proteins (Figure 6J). These results sug-
gest that PL injection of dss.rAAV9.pLef/Tcf to mandibles enables
control of transgene expression in alveolar bone in response to
HFV stimulation.

Vibration-inducible AAV gene therapy reverses alveolar bone

loss in osteoporosis

In a previous study, SHN3 deficiency upregulated Sost expression
among known WNT antagonists and inhibition of both factors
further increased WNT/b-catenin signaling in osteoblast-lineage
cells, suggesting that expression of SHN3 and SOST is connected
via a negative feedback mechanism.57 Thus, we generated a bone-tar-
geted AAV that confers HFV-induced single silencing of Shn3 as a
moderate WNT signaling activator (dss.rAAV9.pLef/Tcf.amiR-
SHN3) and dual silencing of Shn3 and Sost as a strongWNT signaling
activator (dss.rAAV9.pLef/Tcf.amiR-SHN3/SOST) (Figure S6B). Four
weeks after sham control or OVX surgery, 12-week-old female mice
were treated with dss.rAAV9.pLef/Tcf carrying amiR-ctrl, amiR-
SHN3, or amiR-SHN3/SOST via PL injection to the mandibular first
molar and then stimulated daily with HFV for 10 days (Figure S6C).
HFV stimulation of amiR-SHN3-treated mandibles led to a decrease
in Shn3 expression and an increase in Lef-1 and Axin2 expression and
these mandibles did not show any decrease in Shn3 expression in the
absence of HFV stimulation (Figures 7A and 7B). In amiR-SHN3/
SOST-treated mandibles, HFV stimulation further upregulated Lef1
and Axin2 expression by silencing both Shn3 and Sost expression
(Figures 7C and 7D). These results demonstrate that HFV stimulation
10 days andWNT signaling activity was assessed bymRNA expression of egfp, Axin2, an

on cryo-sectioned mandible (J). AAV-treated mandible was stained with b-Catenin, de

treatment (J). Scale bar, 50 mm (A and J), 100 mm (D). Ordinary one-way ANOVA w

Representative images of three (A, J), four (D), or six (I) are displayed (A, D, I, J).
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of AAV-treated mandibles effectively silenced the expression of Shn3
and/or Sost and activated WNT signaling.

Regardless of HFV stimulation, amiR-ctrl-treated OVX mice showed
a significant decrease in bone formation rate (BFR) andmineral appo-
sition rate (MAR) in the alveolar bone, demonstrating reduced oste-
oblast activity in vivo (Figure 7E). By contrast, HFV stimulation of
amiR-SHN3/SOST-treated mandibles led to nearly complete reversal
of the BFR and MAR while only the modest increase was seen in
amiR-SHN3-treated mandibles (Figure 7E). MicroCT analysis of
amiR-SHN3/SOST-treated mandibles also showed an increase in
trabecular BV/TV and thickness and a decrease in trabecular space
when treated with HFV. Unlike the CBA promoter-driven silencing
of Shn3 showing a significant increase in alveolar bone mass, only a
modest increase in bone mass was observed under the LEF-1/TCF
promoter-driven silencing after HFV treatment (Figures 7F and
7G). This was consistent with the RT-PCR data showing that
compared with control treatment, the CBA promoter-driven
silencing of Shn3 resulted in high GFP expression, robust knockdown
of Shn3, and increased expression of the osteogenic gene alkaline
phosphatase (Alp) regardless of HFV stimulation. However, HFV-
induced silencing of Shn3 under the LEF-1/TCF promoter led to a
modest increase in Egfp and Alp expression along with a modest
knockdown of Shn3 (Figure S7), resulting in weak osteogenesis. These
results suggest that HFV-induced dual silencing of Shn3 and Sost is
more effective than single silencing of Shn3 in enhancing WNT
signaling and osteoblast activity and promoting alveolar bone forma-
tion in postmenopausal osteoporosis. Notably, amiR-SHN3/SOST-
treated mandibles did not show any change in dentin deposition rates
after HFV stimulation, demonstrating that HFV-induced dual
silencing of Shn3 and Sost in the mandible does not affect tooth dentin
production (Figures S6D and S6E).

A previous study has shown that hyperactivation of WNT/b-Catenin
signaling in osteoblasts inhibits osteoclast development via upregu-
lated production of osteoprotegerin (OPG).58 Accordingly, HFV
stimulation of amiR-SHN3/SOST-treated mandibles upregulated
Opg expression while the expression was not affected by amiR-
SHN3 treatment (Figure 7H). Compared with sham control mandi-
bles, amiR-ctrl-treated OVX mandibles showed a significant increase
in osteoclast development, as shown by an increase in tartrate-resis-
tant acid phosphatase (Trap, Acp5) mRNA expression and TRAP-
positive osteoclast numbers on alveolar bone surface. This increase
was reversed by amiR-SHN3/SOST treatment, but not by amiR-
SHN3 treatment, in the presence of HFV stimulation (Figures 7I–
7K). These results show that HFV-induced dual silencing of Shn3
and Sost in the mandible hyperactivates WNT/b-Catenin signaling
in osteoblasts and inhibits osteoclast-mediated bone resorption via
upregulation of OPG expression. However, HFV-induced single
d Lef1 (n = 4–6/group, H), IVIS-100 optical imaging (I), and fluorescencemicroscopy

monstrating that EGFP expression in b-Cateninhigh cells was upregulated by HFV

ith Dunnett’s multiple comparisons test (B, E, G, H; data represent mean ± SD).
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silencing of Shn3 shows a modest increase onWNT signaling without
affecting OPG expression and osteoclast development. Taken
together, activation of WNT signaling in mandibles via SHN3 and/
or SOST knockdown using the bone-targeted AAV with liver/heart-
detargeting capability or HFV-induced expression could be a prom-
ising, safe, and targeted therapeutic option to restore alveolar bone
loss in osteoporosis.

DISCUSSION
Alveolar bone loss results from various pathological events, such as
osteoporosis, periodontal disease, surgical excision, cranioplasty,
infection, congenital malformations, and oral cancer,59 which can
significantly affect the quality of life of patients. However, there are
key hurdles to developing effective treatments for alveolar bone
loss. First, the unique microenvironment and anatomical complexity
of the alveolar bone create obstacles in drug delivery, as its densely
mineralized composition restricts drug penetration and distribu-
tion.60 Additionally, the surrounding soft tissues, such as periodontal
ligaments and gingiva, also hinder drug accessibility. Second, the
limited regenerative potential of the alveolar bone hampers efforts
to stimulate bone formation and repair. Finally, overcoming the dy-
namic nature of the oral cavity, which exposes the alveolar bone to
various physiological and mechanical forces, is essential for ensuring
drug stability, bioavailability, and efficacy.61,62 Currently, bone graft-
ing is considered a primary solution to re-establish the morphology of
alveolar bone. However, it is unable to restore the functional needs of
alveolar bone and causes potential postoperative complications.

AAV-mediated gene therapy offers a potential treatment option for
various skeletal diseases with target specificity of a disease-cause
gene and long-lasting therapeutic effectiveness.63 As expression of
the osteogenic suppressor SHN3 is highly upregulated in jaw bones
with osteoporosis, AAV-mediated silencing of Shn3 expression in
osteoblasts via systemic or local delivery to jaw bone effectively
enhanced osteoblast activity, promoted bone regeneration, and
restored alveolar bone loss in osteoporosis. Moreover, our AAV
gene therapy can avoid untoward off-target adverse effects in non-
related organs, such as liver, heart, brain, lung, spleen, kidney, and
skeletal muscle, by improving bone-specific tropism and expression
using a bone-targeted capsid and tissue-specific miRNA-mediated
detargeting of liver and heart, respectively. Finally, since jawbone is
a mechanical sensing tissue that requires constant mechanical stress
to maintain alveolar bone mass, topical HFV treatment restored alve-
Figure 7. Vibration-inducible AAV-mediated silencing of SHN3/SOST reverses

(A–K) Sham or OVX surgery was performed on 3-month-old female mice and 4 weeks l

amiR-SOST/SHN3 (2.5 � 1012 vg/kg) via PL injection to the mandibular first molar. Tw

10 days. Seven weeks later, mRNA expression of Shn3 and Sost in the mandible was as

by measuring mRNA expression of Axin2 and Lef1 (n = 6/group, B and D). Calcein/aliza

MAR are displayed (n = 5/group, E). BFR/BS, bone formation rate/bone surface; MA

quantification (n = 6–12/group, G) and H&E staining (F, bottom) of alveolar bone are

protegerin (Opg) in HFV-treated mandibles (H). Osteoclast development in AAV-treated

TRAP-positive osteoclasts on the surface of alveolar bone (n = 5/group, J and K). O

perimeter. Scale bars, 200 mm (E), 1 mm (F, top and middle), 100 mm (F, bottom). A two

way ANOVA with Dunnett’s multiple comparisons test (A, E, G, H, I, K). (A)–(E), (G), (H)
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olar bone loss in osteoporotic mice treated with our vibration-induc-
ible AAVwithout any side effects. Thus, our bone anabolic AAV gene
therapy provides a non-invasive, safe, and targeted approach for the
treatment of alveolar bone loss, which can be easily applicable to clin-
ical settings.

SHN3 is a large zinc-finger protein that functions as a potent endog-
enous inhibitor of bone formation.31,28 SHN3 controls the stabiliza-
tion of b-Catenin in osteoblasts via regulation of the ERK MAPK
pathway and its deletion augments osteoblast function by enhancing
WNT signaling.27 SHN3-deficient mice displayed a progressive in-
crease in lamellar bone production of long bone and vertebrae
without any abnormalities in non-skeletal tissues.31 We also found
a significant increase in alveolar bone mass and tooth dentin volume
in these mice. Thus, these properties together make SHN3 inhibition
an attractive approach to restore bone loss in osteoporosis. However,
current drug modalities, such as small compounds and biological an-
tibodies, are not effective for SHN3 inhibition as SHN3 is an intracel-
lular, non-enzymatic, adaptor protein.

A modest 30% reduction of Shn3mRNA levels with postnatal induc-
tion of a transgenic shRNA results in >40% increase in relative trabec-
ular bone mass,64 suggesting knockdown of Shn3 mRNA is an alter-
native approach to inhibit SHN3 in bone. For bone-specific silencing
of Shn3 expression, we used a bone-targeted AAV capsid where a
bone-homing (AspSerSer)6 peptide motif was grafted onto an
AAV9-VP2 capsid protein (dss.rAAV9).26,41 In our previous studies,
short hairpin RNA (shRNA) cassettes in the AAV vector genome hin-
dered and redirected rAAV genome replication, leading to heteroge-
neous populations comprising a mixture of full-length genomes and
truncated vector species that lack the capacity to silence mRNAs.39

Additionally, overexpression of shRNAs induces cytotoxicity in
mammalian cells by perturbing RNA interference machinery or ex-
hibiting significant off-target silencing.65,66 Therefore, we used an
AAV-compatible SHN3 silencer (amiR-SHN3, hs-amiR-SHN3, hs-
amiR-hSHN3). This strategy enables efficient gene knockdown, in-
creases vector genome integrity, and limits shRNA-related toxicity,
while reducing off-target silencing 10-fold compared with conven-
tional shRNA constructs.38,67 Finally, since a bone-targeted AAV
capsid still shows modest transduction to heart and liver, we
repressed AAV’s expression in these tissues using miR-208a (heart)
and miR-122 (liver)-mediated degradation (dss.rAAV9.MIR-TS).
Systemic delivery of dss.rAAV9.MIR-TS.amiR-SHN3 proved effective
alveolar bone loss in osteoporotic mice

ater, mice were treated with dss.rAAV9.pLef/Tcf carrying amiR-ctrl, amiR-SHN3, or

o days later, AAV-treated mandibles were stimulated daily with HFV treatment for

sessed by RT-PCR (n = 6–10/group, A and C). WNT signaling activity was assessed

rin red labeling images and relative histomorphometric quantification of BFR/BS and

R, mineral apposition rate. 2D microCT images (F, top and middle) and relative

displayed. amiR-SOST/SHN3 treatment upregulated mRNA expression of Osteo-

mandibles was assessed by measuring Trap mRNA expression (I) and numbers of

c.S/BS: osteoclast surface/bone surface; N.Oc/B.pm: osteoclast number/Bone

-tailed unpaired Student’s t test for comparing two groups (B, C, D) or ordinary one-

, (I), (K): data represent mean ± SD. Representative images are displayed (E, F, I).
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in reversing bone loss at two different anatomical locations (alveolar
bone and long bone) in a mouse model for postmenopausal osteopo-
rosis. In particular, its ability to restore alveolar bone loss in osteopo-
rotic mice was markedly improved when locally delivered to the
mandibular first molar via PL injection. Thus, local delivery of our
bone-targeted AAV with liver/heart-detargeting capability can offer
mandible-specific knockdown of Shn3 to restore alveolar bone loss
in osteoporosis. Further investigation of these therapies will need to
evaluate the long-term durability of Shn3 silencing, as long-term sup-
pression of alveolar bone loss will be necessary to treat osteoporosis
patients.

Precise spatiotemporal control of AAV-mediated silencing of Shn3
can provide a targeted drug modality that reverses alveolar bone
loss in osteoporosis while limiting untoward side effects in non-
related organs. Alveolar bone continuously receives mechanical stim-
uli, which activates bone-forming WNT signaling. As a mechanical
stimulation, HFV treatment shows promise in dental practice to
accelerate orthodontic tooth movement by enhancing surrounding
bone density and fibroblast stimulation within the periodontal liga-
ment.53–55 However, its bone-forming effects are limited to healthy
conditions as HFV treatment can also trigger osteoclast-mediated
bone resorption under pathological conditions, such as osteoporosis
and periodontitis.68 Thus, we engineered a bone-targeted AAV that
can promote bone formation and inhibit bone resorption simulta-
neously in response to HFV stimulation. HFV-induced dual silencing
of two WNT antagonists, SHN3 and SOST, in the mandible of oste-
oporotic mice hyperactivates canonical WNT signaling and enhances
osteoblast development in alveolar bone while suppressing osteoclast
development via elevated OPG production. However, HFV-induced
single silencing of SHN3 had a minimal effect in osteoporotic alveolar
bone. Unlike the chicken-b-actin promoter, HFV-induced expression
of amiR-SHN3 under the control of the LEF-1/TCF-responsive pro-
moter may not be sufficient to confer robust knockdown of Shn3
expression and increase osteoblast activity.

In summary, we developed a targeted and safe, bone anabolic gene
therapy to restore alveolar bone loss in osteoporosis. Local delivery
of a bone-targeted AAV with liver/heart-detargeting capability or
HFV-induced expression selectively silenced SHN3 and/or SOST
expression in mandibles and restored alveolar bone loss in osteopo-
rotic mice. The potential of the bone-targeted AAV-mediated therapy
also extends beyond osteoporosis to periodontitis, surgical excision,
cranioplasty, infection, congenital malformations, and oral cancer,
where the ability of AAV-delivered payloads can restore the func-
tional needs of alveolar bone. Future investigation for vector bio-
distribution, toxicity, dose range, and therapeutic efficacy in non-hu-
man primates is required before any consideration can be given to
applying AAV gene therapy to individuals with alveolar bone loss.

MATERIALS AND METHODS
Cell culture and reagents

Human bone marrow-derived mesenchymal stromal cells (BMSCs,
#7500) were purchased from ScienCell Research Laboratories and
cultured according to the manufacturer’s manuals. Human peri-
odontal ligament stem cells (PDLSCs, 36085-01) were purchased
from Celprogen and cultured in the human PDLSCs complete growth
media with serum (M36085-01S) for maintenance or cultured in the
human PDLSC culture differentiation media with serum (M36085-
01DS) for osteogenic differentiation. Mouse alveolar bone-marrow-
derived MSCs were isolated from 1-month-old Shn3Pdgfra and
Shn3fl/fl mandibles as described previously.69 Briefly, mandibular
bones were collected and processed by removing attached soft tissues
and teeth, including molars and incisors. Cells were then obtained us-
ing a digestion solution that contains collagenase type I (Worthington
Biochem, LS004196) and dispase II (Roche,10165859001). The result-
ing cell suspensions were filtered (40 mm) and washed using PBS and
maintained in a-MEM (Gibco). Mouse COBs were isolated from the
calvaria of wild-type neonates at postnatal day 3 (C57BL/6J). Cells
were maintained in a-MEM (Gibco) containing 10% FBS (Corning),
2 mM L-glutamine (Corning), 1% penicillin/streptomycin (Corning),
and 1% nonessential amino acids (Corning) while they were differen-
tiated into mature osteoblasts under osteogenic medium containing
ascorbic acid (200 mM, Sigma, #A8960) and b-glycerophosphate
(10 mM, Sigma, #G9422). Recombinant WNT3a was purchased
from R&D systems (#1324-WN).

rAAV vector design and production

Bone-targeting AAV9 capsid (dss.rAAV9) was generated as described
in previous studies.40,70 Mouse or human miR-33 scaffold design rules
were applied to generate optimized artificial miRNA (amiR) cassettes
and amiR target sequences were designed using a custom Excel macro
and cloned into a self-complementary AAV vector genome. Plasmids
were constructed by Gibson assembly and standard molecular biology
methods. Validated DNA sequences for amiR-ctrl, amiR-SHN3, hs-
amiR-SHN3, and amiR-SOST/SHN3 were synthesized as gBlocks,
cloned into the intronic region of the pAAVsc-CB6-Egfp plasmid at
the restriction enzyme sites (PstI and BglII).71 To generate a liver-
and heart-detargeting AAV (dss.rAAV9.egfp.MIR-TS), endogenous
complementary sequences for miR-122 and miR-208a were synthe-
sized as gBlocks and inserted into the 30UTR of the egfp reporter
gene in the pAAVsc-CB6-Egfp plasmid and packaged into the
dss.AAV9 capsid. To generate a mechanical stress-inducible AAV
(dss.rAAV9.pLef/Tcf-egfp), DNA sequences for the TCF/LEF pro-
moter (pTcf/Lef) adapted from the M50 super 8x TopFlash reporter
gene (Addgene, #12456) were synthesized as gBlocks and then replaced
the CB6 promoter of the pAAVsc-CB6-Egfp plasmid. Constructs were
verified by sequencing and then packaged into the dss.rAAV9 capsid.
rAAV9 production was executed by transient transfection in HEK293
cells, purified by CsCl sedimentation, and quantified by droplet digital
PCR (ddPCR) on a QX200 ddPCR system (Bio-Rad) using the Egfp or
mCherry prime/probe set. The sequences of gBlocks and oligonucleo-
tides for ddPCR are listed in Table S1.

Quantitative RT-PCR analysis

Total RNA was purified from cells using QIAzol (QIAGEN) and
cDNAwas synthesized using the High-Capacity cDNAReverse Tran-
scription Kit from Applied Biosystems. Quantitative RT-PCR was
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performed using SYBR Green PCR Master Mix (Bio-Rad) with the
CFX connect RT-PCR detection system (Bio-Rad). To measure
Shn3 mRNA levels in bone tissues, after removal of bone marrow,
soft tissue, and teeth, including molars and incisors, mandibles or
tibias were snap-frozen in liquid nitrogen for 30 s and in turn, ho-
mogenized in 1 mL of QIAzol for 1 min. Alternatively, a TaqMan
miRNA assay kit (Applied Biosystems) was used to measure the
expression of miR-122 and miR-208a. miRNAs were isolated from
the mandible, liver, or heart using the mirVana miRNA isolation
kit (Ambion), followed by cDNA synthesis using the TaqMan
miRNA reverse transcription kit (Applied Biosystems). The cDNA
was used for RT-PCR using a TaqManmiRNA assay kit (Applied Bio-
systems) according to the manufacturer’s protocol: miR-122-5p
(assay ID: 002245), miR-208a-3p (assay ID: 000511). Primers used
for PCR are described in Table S1.

Human subjects and analysis

Four de-identified alveolar bone samples were obtained from young
(20–25-year-old) and aged (older than 60 years old) patients at the
School of Stomatology Wuhan University during dental implant sur-
gery. Total RNAs were extracted from alveolar bone areas andmRNA
expression of SOST, DKK1, and SHN3 was examined by RT-PCR.
These were obtained under institutional review board approval (Pro-
tocol #: 2022D03).

Mice

Mice were housed in a constant environment (up to five mice per
cage), ambient temperature of 21 ± 2 �C, circulating air, and constant
humidity of 50% ± 10%, in a 12-h light, 12-h dark cycle. Mice were
given a standard mouse chow diet and monitored every 3 days for
the amount of their food and water intake and signs of distress. For
signs of severe distress, including general malaise, severe cachexia, or
more than 20% loss of bodyweight, humane euthanasia was performed
in consultation with veterinary staff. Mice were euthanized in a carbon
dioxide chamber, followed by cervical dislocation. Neonates were
euthanized by decapitation. Cre deleter mice (C57BL/6J) that express
Cre-recombinase under the control of the Prrx1 promoter (Prx1-
cre), the Pdgfra promoter (Pdgfra-cre), and the Dmp1 promoter
(Dmp1-cre) were purchased from Jackson Laboratory. Shn3�/�31and
Shn3fl/fl72 mice were previously generated and maintained on a
BALB/c and C57BL/6J background, respectively. Wild-type (C57BL/
6J) mice, Pdgfra-GFP, and Rosa26 mT/mG reporter mice, severe com-
bined immunodeficiency (SCID) mice, and TCF/Lef1-HIST1:H2BB/
EGFP reporter mice were purchased from The Jackson Laboratory.
Mouse genotypes were determined by PCR on tail genomic DNA;
primer sequences are available upon request. 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 Institutional Ani-
mal Care and Use Committee (Protocol#: A-202200036).

High-frequency vibration

A portable high-frequency wand was applied to the mandible of both
cheeks to produce high-frequency mechanical vibration in alveolar
3096 Molecular Therapy Vol. 32 No 9 September 2024
bone, teeth, and periodontal tissues within the mandible. All HFV
treatment was applied to cheek skin around the buccal side of the
mandible molar for 30 s per day, according to the experiment’s pur-
pose and timeline. The portable high-frequency wand delivers a
micro-vibration frequency at 200 Hz with 10,000/min vibration.
Working voltage and power: 1.5V, 0.1W.

MicroCT and radiography

MicroCT (mCT35; SCANCO Medical AG; Bruttisellen, Switzerland)
was used for qualitative and quantitative assessment of bone mass
and microarchitecture of alveolar bones and femurs, which was per-
formed by an investigator blinded to the genotypes of the animals un-
der analysis. MicroCT scanning was performed at 55 kVp and 114
mA energy intensity with 300-ms integration time. A specific voxel
size of 12 mm was used to measure the mandibular body, molars,
and incisors. All images were reconstructed using image matrices of
1024 � 1024 pixels.

For trabecular bone analysis of the distal femur, an upper 2.1-mm
region beginning 280 mm proximal to the growth plate was con-
toured. Additionally, a mid-shaft region of 0.6 mm in length was
used to analyze cortical bone. For mandibular bone analysis, the
area between the mesial and distal root of the first molar was
measured volumetrically through 100 serial images (120 mm
span). Specifically, contour lines were drawn between the mesial
and distal root of the mandibular first molar to define the alveolar
bone region of interest (ROI) in microCT 2D sagittal sections:
Shn3�/�, Shn3Prx1, Shn3Pdgfra, Shn3Dmp1, wild-type mice, and
AAV-treated OVX mice (100 serial images) or 20-month-old
mice (140 serial images).

For the assessment of mineral density and thickness of root dentin
or cementum, 40 slices centered on the cut-through of the mesial
root in the first molar were measured. The first slice in the sequence
was below the pulp chamber when two roots separate to form two
distinct channels. The last slice was at the apex of the tooth. For
crown dentin and enamel, molar enamel and dentin volume and
density were calculated and measured from the cementum-enamel
junction to the highest cusp tip. Customized filtering and threshold-
ing were applied to quantify the targeted area within the volume of
interest (VOI).

For the assessment of enamel mass, we set the fixed value of 1,000 as a
high threshold and increased the low threshold up to 900 to highlight
dense segmentation within VOI. For the assessment of dentin mass,
we set the fixed value of 900 as a high threshold and increased the
low threshold up to 320 to highlight dense segmentation within
VOI. 3D reconstruction images were obtained from contoured 2D
images by methods based on the distance transformation of the binar-
ized 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).



www.moleculartherapy.org
The Trident Specimen Radiography system (Hologic, USA) was
used to generate detailed radiographic images of the whole
mouse body after euthanasia. The X-ray beam intensity was 1 mA
28–30 kV with automatic exposure control for consistent image
acquisition.

Histology and histomorphometry

For histological analysis, alveolar bones were dissected from the mice,
fixed in 10% neutral buffered formalin for 2 days, and decalcified by
14% tetrasodium EDTA for 2–4 weeks. Tissues were dehydrated by
passage through an ethanol series, cleared twice in xylene, embedded
in paraffin, and sectioned at a thickness of 6 mm along the coronal
plate from anterior to posterior. Decalcified femoral sections were
stained with hematoxylin and eosin (H&E), Masson’s trichrome, or
tartrate-resistant acid phosphatase (TRAP).

For dynamic histomorphometric analysis, 25 mg/kg calcein (Sigma,
C0875) and 50 mg/kg alizarin-3-methyliminodiacetic acid (Sigma,
A3882) dissolved in 2% sodium bicarbonate solution were subcutane-
ously injected into mice at 6-day intervals. After fixing in 10% neutral
buffered formalin for 2 days, undecalcified mandibular bone samples
were embedded in methyl methacrylate, and alveolar bone was
sectioned longitudinally (5 mm) and stained with McNeal’s trichrome
for osteoid assessment and TRAP for osteoclasts.73 An ROI is defined
under the mandibular first molar in the metaphysis and BFR/bone
surface (BS), MAR, BS, Ob.S/BS, and osteoclast surface (Oc.S/BS)
are measured using the Osteometrics. Measurements were taken on
two sections/sample (separated by �25 mm) and summed prior to
normalization to obtain a single measure/sample in accordance
with ASBMR standards.74 This methodology has undergone exten-
sive quality control and validation, and the results were assessed by
two different researchers in a blinded fashion. MAR was calculated
by measuring the distance between the calcein-labeled bone (green
line) and the alizarin red-labeled bone (red line); this measurement
was made at defined sites around the mandibular incisors in five sepa-
rate mice. The same analyses were performed on the lower incisor for
dentin apposition rate.

IHC and immunofluorescence

For IHC analysis, paraffin sections were dewaxed and stained accord-
ing to the manufacturer’s directions, using the Discovery XT auto-
mated IHC stainer (Ventana Medical Systems, Inc., Tucson, AZ,
USA). CC1 standard buffer (pH 8.4 buffer containing 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 SHN3 (PA5-52194, Thermo
Fisher, 1:200), SOST (AF1589-SP, R&D systems, 1:100), or DKK1
(21112-1-AP, Proteintech, 1:100) for 40 min at 37 �C, and a second-
ary antibody for 20 min at 37 �C. Subsequently, they were incubated
in SA-HRP D for 16 min at 37 �C and then DAB + H2O2 substrate for
8 min, followed by hematoxylin and bluing reagent counterstain at
37 �C. Reaction buffer (pH 7.6 Tris buffer) was used as a washing so-
lution. Stained samples were visualized using an Aperio virtual micro-
scope (Leica Microsystems, USA), and images of the sample were
analyzed by the Aperio image scope program (version 12.3.2.8013,
Leica Microsystems, USA).

For immunofluorescence analysis, fresh alveolar bone dissected from
Shn3�/�, Shn3Prx1, Shn3Pdgfra, Shn3Dmp1, and wild-type mice and
rAAV-treated mice were collected and immediately fixed in ice-
cold 4% paraformaldehyde solution for 2 days. Semi-decalcification
was carried out for 5 days in 0.5 M EDTA, pH 7.4, at 4 �C with con-
stant shaking (age R1 week), and infiltration was followed with a
mixture of 20% sucrose phosphate buffer for 1 day and with 25% su-
crose phosphate buffer the next day. All samples were embedded in a
50/50 mixture of 25% sucrose solution and OCT compound (Sakura)
and cut into 12-mm-thick sagittal sections using a cryostat (Leica).
Immunofluorescence staining and analysis were performed as
described previously.73,75 Briefly, after treatment with 0.2% Triton
X-100 for 10 min, sections were blocked with 5% donkey serum at
room temperature for 30 min and incubated overnight at 4 �C with
anti-b-CATENIN antibody (ThermoFisher, PA5-77934, 1:100). Pri-
mary antibodies were visualized with donkey anti-rat immunoglob-
ulin (Ig)G Alexa 594 (1:500, Molecular Probes). Nuclei were counter-
stained with 4ʹ,6-diamidino-2-phenylindole (DAPI). An Olympus
IX81 confocal microscope or Leica TCS SP5 II Zeiss LSM-880
confocal microscope was used to image samples.

Scanning electron microscopy

Mandibular bones were isolated from 1-month-old Shn3Pdgfra and
Shn3fl/fl mice. They were fixed in 2.5% glutaraldehyde and 1.6% para-
formaldehyde in cacodylate buffer (pH 7.2) overnight a 4�C and de-
hydrated through an ethanol gradient (70%–100%) and 100%
acetone, followed by embedding in Spur’s epoxy resin and polymer-
ized at 68�C of 48 h. The embedded mandibles were sectioned at
the first molar using a slow-speed diamond saw and finally polished
using Pol Metal Polish DKK100 (Pol, Denmark). The polished sur-
faces were coated with 8 nm of Gold-Palladium and imaged using a
ThermoFisher, Quanta 200 FESEM (Hillsborough, OR) 10 Kv accel-
erating voltage.

AAV treatment in a mouse model of postmenopausal

osteoporosis

Mouse models of postmenopausal osteoporosis were generated by
anesthetizing and bilaterally ovariectomizing (OVX) 3-month-old fe-
male mice (Jackson Laboratory, C57BL/6J). Four weeks after the sur-
gery, sham or OVXmice were i.v. (2.5� 1013 vector genomes [vg]/kg)
or PL (2.5 � 1012 vg/kg) injected with rAAV9 or dss.rAAV9 carrying
egfp, amiR-ctrl, amiR-SHN3, or amiR-SOST/hs-amiR-SHN3. Seven
weeks after the injection, mice were subcutaneously injected with cal-
cein and alizarin-3-methyliminodiacetic acid at 6-day intervals for
dynamic histomorphometric analysis. Non-labeled mice were used
to monitor EGFP expression using the IVIS-100 optical imaging on
frozen sections.

AAV treatment of human skeletal organoid in xenograft mice

Human BMSCs were seeded on hydroxyapatite (HA)-scaffold
(Osteogene Tech), cultured under osteogenic conditions for 2 days,
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and implanted into the interscapular fat pads of 3-month-old immu-
nodeficient SCID mice. One week later, rAAV9 (2.5 � 1012 vg/kg)
carrying hs-amiR-ctrl or hs-amiR-hSHN3 was injected into the im-
plantation site (Figure 3D). Four weeks later, the implanted HA-scaf-
fold was visualized by radiography and then, EGFP expression in the
scaffold was assessed by the IVIS optical imaging system. Bone and
collagen formation was assessed by microCT, histology, and SEM
analyses.
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