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Schnurri-3 inhibition rescues skeletal fragility and vascular
skeletal stem cell niche pathology in the OIM model of
osteogenesis imperfecta
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Osteogenesis imperfecta (Ol) is a disorder of low bone mass and increased fracture risk due to a range of genetic variants that
prominently include mutations in genes encoding type | collagen. While it is well known that Ol reflects defects in the activity of
bone-forming osteoblasts, it is currently unclear whether Ol also reflects defects in the many other cell types comprising bone,
including defects in skeletal vascular endothelium or the skeletal stem cell populations that give rise to osteoblasts and whether
correcting these broader defects could have therapeutic utility. Here, we find that numbers of skeletal stem cells (SSCs) and skeletal
arterial endothelial cells (AECs) are augmented in Col7a2°™°™ mice, a well-studied animal model of moderate to severe Ol,
suggesting that disruption of a vascular SSC niche is a feature of Ol pathogenesis. Moreover, crossing Col7a2°™°™ mice to mice
lacking a negative regulator of skeletal angiogenesis and bone formation, Schnurri 3 (SHN3), not only corrected the SSC and AEC
phenotypes but moreover robustly corrected the bone mass and spontaneous fracture phenotypes. As this finding suggested a
strong therapeutic utility of SHN3 inhibition for the treatment of Ol, a bone-targeting AAV was used to mediate Shn3 knockdown,
rescuing the Col1a2°™°™ phenotype and providing therapeutic proof-of-concept for targeting SHN3 for the treatment of Ol.
Overall, this work both provides proof-of-concept for inhibition of the SHN3 pathway and more broadly addressing defects in the

stem/osteoprogenitor niche as is a strategy to treat Ol.
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INTRODUCTION

Osteogenesis imperfecta (Ol) is a disorder with heterogeneous
genetic causes that prominently include mutations in the type |
collagen genes, COL1AT and COL1A2. The hallmark of Ol is low
bone mass and skeletal fragility, resulting in susceptibility to
fracture."? Currently, treatments including anti-resorptive drugs
bisphosphonates (e.g., alendronate and zoledronate) are used
for severe Ol, though their efficacy in reducing fracture rates
remains under investigation.>™'" Bone anabolic agents, includ-
ing are also under investigation for their potential benefit to Ol
patients in both preclinical and clinical trials.>® Experimental
therapies inhibiting TGF signaling are also under study for
treatment of OL'® Despite these advances and ongoing
investigation there is still not a standard of care that has been
clearly established to reduce fracture rates in Ol and therefore a
remaining unmet need for Ol treatments. Whereas most
therapeutic efforts in Ol directly target well-established directly
regulators of osteoblast or osteoclast activity, we hypothesized
that skeletal microenvironmental dysregulation may also be a
core feature of Ol pathogenesis in addition to osteoblast
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intrinsic defects. Thus, targeting pathways that can both rescue
these microenvironmental defects and cell-intrinsic defects in
osteoblast activity may provide a new and effective strategy for
Ol treatment.

Along these lines, it is increasingly appreciated that ancillary
tissue types such as vascular endothelium present in bone
actively contribute to osteogenesis.'>'* Though it is known that
deposition of collagen type | is critical for coupling between
angiogenesis and osteogenesis during skeletal development, the
degree to which the vascular microenvironment of bone is
dysregulated in Ol is unclear.”>'® It is also unknown how Ol
disrupts the early stem and progenitor cellular compartment in
bone, especially a recently identified population of cells
displaying formal evidence of stemness, SSCs that are defined
through multi-color flow cytometry as lineage-Thy1-6C3-alpha-v
integrin*CD200"CD105" cells.'”'®

In considering alternative approaches to augment bone formation
and correct any potential vascular microenvironmental defects in Ol,
Schnurri-3 (SHN3, HIVEP3), a critical negative regulator of bone
formation in both mice and humans offers an attractive novel
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Schnurri-3 inhibition rescues pathology in OIM
N Li et al.

approach.’®® Mice lacking SHN3 display an osteosclerotic pheno-
type with profoundly augmented osteoblast activity leading to near
absolute protection from age-related bone loss. In addition to the
ability of SHN3 deficiency to directly drive the intrinsic bone
formation activity of osteoblasts, SHN3 deficiency also acts in
osteoblasts to control the skeletal vascular microenvironment by
regulating production of a recently described osteoblast derived
angiogenic factor, SLIT3."*?" Consistent with this, SHN3 deficient
mice (Shn3”) mice display both enhanced bone formation and
increased amounts of skeletal vascular endothelium, and both of
these phenotypes are SLIT3 dependent.'* Thus, the SHN3/SLIT3
signaling axis in osteoblasts offers a potential method to not only
increase bone formation but also to address microenvironmental
disruption occurring in skeletal disorders.

Here we sought to determine whether skeletal microenviron-
mental dysfunction occurs in Ol and how this may impact early
SSC populations, using a widely studied Ol mouse model,
Col1a2°™°™ mice (OIM mice) displaying spontaneous fractures.?
We further find evidence that correcting these defects in the
skeletal vascular microenvironment can ameliorate the Ol
phenotype, as SHN3-deficiency can rescue the Col1a2°™°m
model, correcting both the dysregulation in the SSC vascular
niche and skeletal fragility in the Col7a2°™°™ model.

RESULTS

Altered skeletal vascular composition in Colla mice
Though deposition of collagen type | has been suggested to
mediate coupling between angiogenesis and osteogenesis during
bone formation, the degree to which disruption of this osteo-
angio microenvironment contributes to Ol and the specific forms
of vascular endothelium that are impacted remain unclear.'*** To
address this, we selected Col1a2°™°™ mice as a model for human
Ol. As anticipated, Col1a2°™°™ mice showed a severe osteopenic
phenotype and spontaneous bone fractures relative to littermate
controls in 4 weeks old (Fig. 1a, b). To avoid potential confounding
due to the presence of fracture healing responses, we selected
adolescent Col1a2°™°™ mice without spontaneous fractures for
further examination.

Of note, a series of recent studies revealed that skeletal
endothelial cells can be further divided into two separate
subpopulations, arterial endothelial cells (AECs) and sinusoidal
endothelial cells (SECs), each of which plays a distinct role in the
regulation of non-endothelial cells in bone through angiokine
secretion.”* Compared to SECs, AECs express lower levels of
osteogenic factors such as SEMA3A as well as higher levels of the
soluble factors inhibiting ossification such as FSTL1 (Fig. S1),
indicating that they may each differ in their regulation of bone
metabolism.

We then established a new multi-color flow cytometry using the
combination of podoplanin (PDPN) and Sca-1 to distinguish AECs
from SECs in the marrow cavity®® (Fig. 1c). Based on this, the
population of AECs but not SECs was significantly elevated in
bones of Col1a2°™°™ mice (Fig. 1d). Consistent with this, whole
mount staining of optically cleared bone tissue further confirmed
that the abundance of arterial vessels was substantially increased
in the bones of Col1a2°™°™ mice relative to those of littermate
controls (Fig. 1e). Of note, this effect was specific for AECs, as other
forms of skeletal endothelium, including CD31" endomucin™
(EMCNM) endothelial cells,”®> were not altered (Fig. S2a, b).
Interestingly, the pathological extension of AECs was also
observed in S/it3°* mice, a genetic model showing a decrease in
CD31" EMCN" endothelial cells as well as bone loss (Fig. S3a—c).
Thus, expansion of AECs is a feature of an Ol animal model.

Zoim/oim

Elevated abundance of skeletal stem cells in Col1a2°™°™ mice
Skeletal stem cells (SSCs) serve as the ultimate source of all

bone-forming osteoblasts, therefore perturbations in the SSC
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compartment are likely central to many skeletal disorders.?%%”

Considering that AECs regulate hematopoietic stem cell (HSC)
proliferation,”® we then considered whether the arterial EC
expansion seen in Ol may similarly translate to SSC alterations.
To evaluate this, we utilized an established multi-color flow
cytometry panel identifying SSCs'® to analyze skeletal stem/
progenitor cells populations in long bones and microdissected
epiphyses and metaphyses of Col1a2°™°"™ mice (Figs. 2a and
S4a). Interestingly, the abundance of immunophenotypic SSCs
was elevated in Col1a2°™°™ mice, yet the amounts of pre-
bone cartilage skeletal progenitors (pre-BCSPs) and bone
cartilage skeletal progenitors (BCSPs), SSC-derived non-stem
progenitors,1 was unchanged (Figs. 2b and S4b, c). This,
alteration in the ratio of different stages of SSC maturation
indicates that Ol impacts the stem cell differentiation hierarchy.
Consistent with this, the number of cells expressing CD200 and
Sox9 markers of SSCs, but not non-stem populations expres-
sing CD105, were increased in the resting zone of the growth
plate in Col1a2°™°™ mice, a region characterized as housing
more SSCs'®'72829 (Figs. 2c and S4d). Moreover, delayed
osteogenesis attributed to impaired mineralization was
observed in Col1a2°™°™ mice evidenced by the whole-
mount skeletal staining in mice post 7 days of birth
(Fig. 2d, e), with the early emergence of this phenotype being
consistent with alterations in the early SSC compartment in
addition to dysfunction of mature osteoblasts. Given increase
in both SSCs and AECs seen in Col1a2°™°"™ mice, disruptions
in an angiogenic SSC niche are likely contributors to the overall
Ol skeletal phenotype.

Col1a2°™°m SSCs lacking osteogenic capacity are highly
proliferative

To gain mechanistic insight into how SSCs were influenced in
Col1a2°™°™ mice, we performed RNA-sequencing (RNA-seq)
transcriptional profiling of SSCs derived from neonatal Col1a2°™°™
mice and littermate gender-matched WT controls. SSCs from
Col1a2°"™°"™ mice exhibited distinctive transcriptomic features
including 1 357 downregulated genes and 1 340 upregulated
genes compared with SSCs from WT controls (Fig. 3a, b). By gene
set enrichment analysis (GSEA), Col1a2°™°™ sSCs displayed
transcriptional features of impaired collagen synthesis capacity
and impaired osteoblastogenesis, consistent to the delayed
mineralization and skeletal phenotypes in Col7a2°™°™ mice
(Fig. 3¢, d, upper). Col1a2°™°™ SSCs also displayed transcrip-
tional features consistent with an increase in mitotic rate and
increased expression of SSC-related but not AEC-related genes
(Fig. 3¢, d, lower and Fig. S5a, b), corresponding to the elevated
abundance of SSCs in Col1a2°™°™ mice (Fig. 2a, b). Moreover,
expression of genes related to early osteogenesis and endo-
chondral ossification were also decreased in SSCs derived from
Col1a2°™°™ mice (Fig. 3e). Taken together, these findings
implicate a broader set of cellular pathologies, including defects
in SSCs and AECs, beyond functional defects in mature
osteoblasts in Ol.

Deletion of SHN3 improves bone properties in Col1a2°™°™ mice
There remains a substantial unmet clinical need for Ol
treatments that reduce fracture risk in OL''?° We have
previously reported that SHN3 acts as a cell-intrinsic negative
regulator of both osteoblast bone formation activity and the
ability of osteoblasts to promote an osteoanabolic vascular
microenvironment in bone.'* Notably, the level of Shn3
expression was elevated in bulk skeletal transcriptional analysis
but not isolated SSCs from Col1a2°™°™ mice (Figs. S5¢ and
S6a). To understand the expression pattern of Shn3 in skeletal
cells of Col1a2°"™°™ mice, we sorted skeletal cells from bones of
Col1a2°™°m mice and their littermates controls for single-cell
RNA-sequencing (scRNA-seq). We observed an increase in Shn3
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Fig. 1 Altered skeletal vascular composition in Col1a2°™°™ mice. a Representative pCT images of trabecular bone in the distal femur (left) and
bone volume/total volume (BV/TV) (right) in Col1a2*/" and Col1a2°™°™ male mice at 6 weeks of age (n = 3). b Representative X-ray images of
Col1a2™* and Col1a2°™°™ male mice at 4 weeks of age. Scale bars, 1 cm (n = 3). ¢ Representative flow cytometry plots and (d) quantitative
analysis of arterial endothelial cells (AECs) and sinusoidal endothelial cells (SECs). Results are presented as mean + SEM; **P < 0.01 by an
unpaired two-tailed Student’s t test in all panels, N.S. not significant. e Representative confocal images of femur tissue clearing from 3-week-
old Col1a2™* and Col1a2°™°™ mice stained with a-SMA (Green). Scale bars, 500 um

expression in preosteoblasts but not other skeletal cell popula-
tions in Col1a2°™°™ mice (Fig. S6b-d). In addition to possibly
impacting cell-intrinsic bone formation capacity of the osteoli-
neage cells displaying increases in Shn3 expression, increases in

Bone Research (2024)12:46

Shn3 expression may also indirectly influence SSCs by reshaping

the skeletal vascular niche'® (Fig. S6e).

To evaluate both whether SHN3 inhibition is a potential
therapeutic approach to treat Ol and also whether SHN3-

SPRINGER NATURE



Schnurri-3 inhibition rescues pathology in OIM
N Li et al.

a .
Single cell gating SSCs gating

CD45,TER119,DAPINeg  6C3,CD90 Neg CD105,CD200 Pos

Single cells Single cells LIN- CD90, 6C3-
959 %85 155 942 1
o1
— o o
o (= N
Col1a2** < 2 o}
e ]
6C3 CD105
Single cells Single cells CD90, 6C3-
96.1 94.7
_ o1 S
Col1azeimeim < 2 S
a [&] (6]
CD45/Ter119 6C3 CD105
b SSC Pre-BCSP BCSP
N.S.
20 ud 80 — 60 NS
L[]
R — .
S 15 - 60 ==
2 - 40 —=
[ _l_ ]
3 1.0 ——
g = 40 N
= 20
% 0.5 20
8 I_*_I
0.0 - T T 04 : : 04 : :
Col1a2**  Col1aze™eim Col1a2**  Coltaze™eim Col1a2*"*  Coltaze™em
¢ Colta2** Col1g20im/oim d Col1a2*™* Col1g2°imeim

BT

DAPI Sox9 CD200

Col1a2** Col1a20meim Col1a2** Col1a2°meim

P7 P7

Local magnified

1

Fig.2 Elevated abundance of skeletal stem cells in Co/7a2°™™°™ mice. a Flow cytometry gating strategies for analysis of SSC, pre-BCSP
and BCSP proportions. b Dot plot for analysis of SSC, pre-BCSP and BCSP proportions in Col7a2°™°™ mice and Col1a2"’" littermate
controls. Results represented as mean £ SEM; *P < 0.05 by an unpaired two-tailed Student’s t test in all panels, N.S. not significant.
c Representative confocal images (n=3 total images per group) of femur sections from 3-week-old Colla2™" and
Col1a2°™°™ male mice stained with CD200 (Red) Sox9 (Green) and DAPI (Blue). Scale bars, 50 um. d Whole body image of
Col1a2™" and Col1a2°"™°™ at postnatal day 7. e Alcian blue and alizarin red staining of skeletal preparations of newborn mice at
postnatal day 7
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Fig. 3 Col1a2°™°™ SSCs display cell-intrinsic transcriptional alterations and functional defects in osteogenic capacity. a Volcano plot
illustrating differentially regulated gene expression from Bulk RNA-seq analysis between the 7-day postnatal control Col7a2"* mice SSCs and
SSCs from the Col1a2°™°™ mice. b Hierarchical clustering based on Euclidian distance using lllumina TruSeq RNA Sample Preparation kit and
sequenced on lllumina HiSeq 4000. Blue, downregulated; Red, upregulated. ¢ Gene set enrichment plot demonstrated activation of Collagen
formation, Osteoblast differentiation, Cell cycle checkpoints and G1-S cell cycle control signaling. Col7a2™" and Col1a2°™°™ represent
mixture 3 biologically distinct samples. The expression pattern of genes involved in the Collagen formation, Osteoblast differentiation, cell
cycle checkpoints and G1-S cell cycle control signaling set in the analysis database is shown. NES normalized enrichment score. Blue,
downregulated; Red, upregulated. d Gene Ontology (GO) functional clustering of the interested downregulated and upregulated biological
process (BP) in Col1a2°"™°™ mice SSCs. (Top, downregulated; Bottom, upregulated). e Heatmap for osteogenic cartilage-related gene

expression in Col1a2*’* mice SSCs (left) and Col1a2°™°™ mice SSCs (right)
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mediated regulation of the skeletal vascular microenvironment
is relevant to Ol phenotypes we intercrossed Shn3™/~ mice
with Col1a2°™°™ mice."® Ablation of SHN3'93' provided a
complete or near complete reversal of the low bone mass
observed in both trabecular and cortical bone compartments in
both male and female Col1a2°"™°™ mice (Figs. 4a-c and S7).
Histomorphometric analysis revealed that SHN3-deficiency was
sufficient to reverse the osteopenic phenotype and attenuated
osteoblast numbers in Col1a2°™°™ mice (Fig. 4c, d). Likewise,
the decrease in bone formation rate (Fig. 4e) observed in
Col1a2°™°™ mice was normalized through additional deletion
of Shn3. To be noted, deletion of Shn3 in vivo increased the
expression of S/it3, a SHN3-regulated osteoanabolic factor, to
the normal level (Fig. S8a), but not altered the pathological
collagen construction in the bones of Col1a2°™°™ mice (Fig.
S8b, c). However, SHN3 ablation can not significantly normalize
bone length in OIM mice (Fig. S9). Thus, deletion of Shn3 is
capable to block Ol-induced bone loss mainly by normalizing
bone remodeling.

Ablation of Shn3 prevents spontaneous fractures in Col1a2°™°™ mice
While it is encouraging that SHN3-deficient Col1a2°™°™ mice
display a restoration of bone formation parameters, the most
clinically relevant endpoint is the prevention of fractures, the major
source of morbidity in clinical Ol Indeed, Collazo”"/°”" mice
displayed spontaneous fractures starting at 3 weeks of age that
increased in frequency until an average of 3 fractures per mouse
could been seen at 8 weeks of age (Fig. 5a—c). Strikingly, we found
SHN3 deficiency is able to completely prevent the spontaneous
bone fractures in Col1a2°™°™ mice as no fractures occurred in
Shn3™/~Col1a2°™°™ mice. This protection from fracture in
Shn3™/~Col1a2°™°™ mice also correlated with rescue of the
running seen in Col1a2°™°™ mice, perhaps reflecting the effect
of fracture-associated stress on skeletal growth. Thus, SHN3
deficiency not only normalizes bone formation in Col1g2°™°m™
mice but completely prevents the signature spontaneous fractures
occurring in this Ol model.

SHN3 deficiency corrects the vascular and SSC compositional
changes in Col1a2°™°™ mice

We next evaluated whether the ability of SHN3-deficiency to
rescue the spontaneous fractures in Col1a2°™°™ mice
reflected a correction of the skeletal microenvironment. To
this end, we analyzed the cellular composition of the vascular
endothelium and SSC compartments in Shn3~/~ Col1g2°™°m
mice using a previously reported multi-color flow cytometry
panel.'” Strikingly, Shn3 deficiency rescued the skeletal
vascular pathology in Col1a2°™°™ mice. Shn3-depletion
attenuated the AECs expansion seen in Col1a2°™°™ mice
while not impacting the amount of SECs and the distribution of
type H vascular endothelium (Figs. 6a—d and S10). Interestingly,
SHNS3 deficiency alone did not notably alter the amount of SSCs
or their production of downstream cell types. Consistent with
this, Shn3-deficiency did not rescue the high proliferation of
SSCs seen in Col1a2°"™°™ mice in vitro, though enhancing the
late stage of osteoblast differentiation driven by SSCs
(Fig. S11a, b). Despite this, Shn3-deficiency reversed the SSC
expansion seen in Col1a2°""/°"" mice in vivo, limiting the
hyperproliferative phenotype seen in the SSC-enriched region
of the resting zone of the growth plate in Col7a2°™°™ mice
(Fig. 6e-h). These results implied that the expansion of SSCs is
closely linked to the AECs expansion seen in Col1a2°™°™ mice,
in line with emerging evidence that endothelial cells play a
critical role in the SSC niche3? Thus, deletion of SHN3
corrected the alterations in AECs and SSC numbers seen in
Col1a2°™°™ mice (Fig. 6a, €). This finding also links correction
of these cellular pathologies with overall rescue of the Ol
phenotype.
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Shn3-silencing is a candidate therapeutic approach for Ol
AAV-based gene therapy is emerging as an attractive modality for
the treatment of skeletal disorders due to its ability to potentially
mediate long-lasting effects after a single treatment and the ability
to address therapeutic targets that are challenging for traditional
small molecule or biologic therapies, such as Shn3.337> Previous
studies utilized AAV serotype-9 to deliver a Shn3-silencing construct
that mediated a robust reduction in Shn3 expression in osteoblastic
lineage cells and accordingly augmented bone mass under both
baseline physiologic conditions and in a mouse model of post-
menopausal osteoporosis.>® To investigate whether a gene therapy
approach to inhibit SHN3 expression is capable of treating Ol, we
constructed replication-defective recombinant AAV serotype 9
(rAAV9) harboring enhanced green fluorescent protein (EGFP)-
expressing plasmids that additionally bear either a Shn3 targeting
artificial microRNA (rAAV9-amiR-Shn3) or a miRNA-control (rAAV9-
amiR-Ctrl) as previously described.>® This vector displayed robust
tropism of for osteoblasts and favorable relative speuﬁag/ of
payload delivery after intra-articular injection in prior studies.’
administered rAAV9-amiR-Shn3 or rAAV9-amiR-Ctrl to Col Ia2°’m/ oim
mice via intra-articular injection at 4 weeks of age into contralateral
limbs of the same mouse and evaluated their skeletal phenotype at
12 weeks of age (Fig. 7a). Through IVIS optical imaging, expression
of eGFP was predominantly localized to the hindlimb of rAAV9-
injected mice, with both the femur and tibia displaying high
intensity eGFP expression (Fig. 7b, c). Fluorescence microscopy
confirmed that bone-lining osteoblasts were effectively transduced
by the rAAV9 vector (Fig. 7d). Real-time PCR found that Shn3
expression in femurs of OIM mice injected with rAAV9-amiR-Shn3
decreased by 70% (Fig. 7e). Furthermore, trabecular bone volume
was significantly higher in rAAV9-amiR-Shn3 administered limbs
compared to contralateral rAAV9-amiR-Ctrl limbs and cortical bone
is also significantly thickened, which reduces the probability of
fractures (Fig. 7f, g). Bone tissue clearing further showed that the
number of arterioles was reduced in Col1a2°™°™ mice after rAAV9-
amiR-Shn3 treatment (Fig. 7h); meanwhile, the pathological
expansion of growth plate SSCs seen in Col1a2™™ mice was
ameliorated (Fig. 7i, j). This provides proof-of-concept that postnatal
therapeutic targeting of Shn3 is able to reverse the osteopenia seen
in the Col1a2°™°™ mice and provides specific demonstration of an
AAV-based gene therapy approach to Shn3 targeting.

DISCUSSION

Currently, there remains a substantial unmet clinical need for
methods to treat Ol, as it remains an area of active investigation
whether anti-resorptive drugs such as bisphosphonates or other
repurposed osteoporosis therapies will correct the increased
fracture rate that is the signature clinical issue of Ol In part this
unmet need is a call for both an improved mechanistic
understanding of Ol and for investigation into innovative means
to correct or compensate for the cellular, architectural and bone
materials properties deficits driving skeletal fragility in Ol.

Recent advances in single-cell transcriptome analysis and the
FACS-based definition of skeletal cell types have created new
avenues for understanding the cellular pathogenesis of Ol and
other skeletal disorders, by allowing the first molecular definitions
of the skeletal and endothelial cell populations comprising bone.
Here we have made one of the first applications of these
approaches to define alterations in skeletal cell types to a specific
skeletal disease,’” finding that the amount of SSCs and skeletal
AECs are both significantly elevated in bones of Col1a2°™°m™
mice. Moreover, correction of the Ol phenotype leads to a reversal
this expansion in SSCs and AECs, arguing that this expansion is
linked to Ol pathogenesis. While it was well established that
functional defects in mature osteoblasts are central to the
pathogenesis of Ol, it was unclear if there was a broader
dysfunction in $5Cs.3® Here, we first found that the amount of
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Fig. 4 Deletion of SHN3 improves bone properties in Col/7a2°™°™ mice. a Representative pCT images of the trabecular bone in the distal
femur metaphysis and (b) relative quantitative analysis of BV/TV in Shn3*/*Col1a2""" and Shn3™*"Col1a2°™™ and Shn3~'~Col1a2*’* and
Shn3~/~Col1a2°™°™ male mice. Analysis at 6 weeks of age. Scale bars, 1 mm. Values were presented as mean + SEM; *P < 0.05, **P < 0.01 and
**¥%p < 0.000 1 by an unpaired two-tailed Student’s t test in all panels. ¢ Representative images and BV/TV anal)/sis of Von Kossa staining and
the quantification of histomorphometric parameters of L3 vertebrae in Shn3*/*Col1a2*/* and Shn3*/*Col1a2°™™ and Shn3~'~Col1a2""* and
Shn3~/~Col1a2°™°™ male mice at 6 weeks of age, Scale bars, 500 um (n = 4 for each group). d Representative histological images of the L3
vertebrae with Toluidine blue staining and the quantification of histomorphometric parameters in Shn3™*Col1a2** and Shn3"/*Col1a2°™"°"™
and Shn3~/~Col1a2™* and Shn3™~'~ Col1a2°™™ male mice at 6 weeks of age. Trabecular osteoblast surface/bone surface [(Ob.S/BS)/%] are
shown. Scale bars, 50pm. Shn3™*Col1a2** (n=4), Shn3"'*Col1a2°™°™ (n=5), Shn3~/~Col1a2™* (n=5), Shn3~/~Col1a2°™°™ (n=4).
e Representative images of calcein double labeling and quantification of histomorphometric parameters of the L3 vertebrae in Shn3*"Col1a2™*
and Shn3™"Col1a2°™°™ and Shn3~'~Col1a2™" and Shn3~/~Col1a2°™°™ male mice at 6 weeks of age. Trabecular mineralizing surface/bone
surface [(MS/BS)/%] mineral apposition rate [MAR/(um/d)], bone formation rate/bone surface [(BFR/BS)/(um>/um?/year)] are shown. Scale bars,
100 pm. Shn3**Col1a2/* (n = 3), Shn3™""Col1a2°™°™ (n = 4), Shn3~'~Col1a2"’* (n = 4), Shn3~'~Col1a2°™°™ (n = 4)
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Fig. 5 Ablation of SHN3 prevents spontaneous fractures in Col1a2°™°™ mice. a Representative X-ray image of Shn3™"Col1a2™" and
Shn3 /" Col1a2°™°™ and Shn3~’~Col1a2™"* and Shn3™~ Col1a2°™°™ male mice at 4 and 8 weeks age. Scale bar: 2 mm. b Reconstruction of
uCT data reflected spontaneous bone fracture in Shn3™"Col1a2™"* and Shn3"/"Col1a2°™™ and Shn3~/~Col1a2™" and Shn3~/~Col1a2°™°™
male mice at 8 weeks age. ¢ Relative quantification of spontaneous bone fracture numbers in Shn3"/*Col1a2** and Shn3*/"Col1a2°™°™ and
Shn3~~Col1a2*/* and Shn3~/~Col1a2°™°™ male mice after the birth of 1 weeks. Analysis at 1, 5 and 9 weeks of age. Values represent
mean = SEM; **P < 0.01 and ***P < 0.001 by an unpaired two-tailed Student’s t test in all panels
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Fig. 6 SHN3 deficiency corrects abnormal vascular and SSC composition in Col7a2°™°™ mice. a Experimental strategy and representative
flow cytometry plots (b) and relative frequency of arterial endothelial cells (AECs) and sinusoidal endothelial cells (SECs). ¢ Representative
confocal images (n=3 total images per group) of femur sections from 3-week-old Shn3"*Col1a2™* and Shn3™*Col1a2°™°™ and
Shn3~/~Col1a2™* and Shn3~/~Col1a2°™°™ male mice stained with EMCN (Red) and a-SMA (Green), DAPI (Blue). Arrows show significant
differences area in bone marrow. (Top, lower power; Bottom, higher power). Scale bars, 100 pm (low power) and 50 um (high power).
d Quantification of a-SMA positive cells in femur bone marrow. (n =5; data are presented as means = SEM, P values, two-tailed unpaired t-
test). e Experimental strategy and representative flow cytometry plots (f) and relative frequency of SSCs, Pre-BCSP, BCSP. g Representative
confocal images (n=3 total images per group) of femur sections from 3-week-old Shn3'*Col1a2™* and Shn3'*Col1a2°™°™ and
Shn3~"~Col1a2™* and Shn3™~Col1a2°™°™ male mice stained with antibodies recognizing Sox9 (Green), CD200 (Red) and or DAPI (Blue).
Scale bars, 50 pm. h Quantification of CD200 and Sox9 positive cells in resting zone of distal-femur growth plates. (n = 3; data are presented as
means + SEM, P values, two-tailed unpaired t-test)
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Col1a2°™°™ mice stained with a-SMA (Green). Scale bars, 500 um. i Two months after i.a. injection of rAAV9 carrying amiR-ctrl or amiR-shn3
into knee joints of 1-month-old male mice, the vector-driven EGFP signal in trabecular bone was visualized by fluorescence microscopy of
cryo-sectioned femurs. Cryo-sectioned femurs were also immunostained with CD200 (Red) and DAPI (Blue). j Quantification of CD200 positive
cells in resting zone of distal-femur growth plates. Right panels show magnified area of central growth plates. (n = 4; data are presented as
means + SEM, P values, two-tailed unpaired t-test)
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SSCs were elevated in the Col1a2°™°™ Ol model, implicating
altered stem cell dynamics in Ol. Importantly, while the OIM model
is a widely utilized and relatively severe Ol model, it is driven by a
mutation not known to occur in Ol patients>® Therefore, both due
to this reason and due to the intrinsic genetic and phenotypic
heterogeneity of O, repetition of these findings across many Ol
models will be a valuable in establishing whether these results are
broadly representative of Ol pathophysiology.

The functional and physical coupling between osteogenesis and
angiogenesis is increasingly emerging as a critical point of
dysfunction in skeletal disorders and also a promising but largely
unexplored therapeutic opportunity. Previously, we found that
SHNS3 acts in osteoblasts to regulate production of SLIT3, which in
turn acts as a skeletal specific angiogenic factor.' Through this
angiogenic activity, SLIT3 in turn creates a skeletal vascular
microenvironment that enables anabolic bone formation. We here
find a linkage between AECs abundance and SSC expansion in Ol
that in turn suggests a broader functional linkage between AECs
and SSCs, perhaps with AECs serving as part of the SSC niche. This
fits with an emerging picture that specific skeletal progenitor
populations may be specifically localized to perivascular or peri-
arteriolar regions, and provides some of the first direct evidence
that vascular modulation produces corresponding changes in
SSCs as functional evidence for a perivascular SSC niche 324041
This also raises the question of whether SLIT3 is a specific
regulator of SSC abundance through a selective ability to
modulate AECs as opposed to SECs, suggesting a model whereby
the composition of skeletal vascular endothelium can be tuned by
a series of subset vessel-type specific angiogenic factors, possibly
including PDGF-bb, VEGF isoforms or others, that in turn govern
the composition of the pool of early skeletal progenitors.*? In this
manner, a vascular targeted osteoanabolic agent may be
synergistic with a traditional osteoblast targeted osteoanabolic
through activity to “prime” the osteoanabolic effect both by
preparing the pool of early vasculature associated stem and
progenitor cells and also by creating a microenvironment that
favors bone formation. Thus, the SHN3-targeting gene therapy
approach taken here is also anticipated to be complimentary to
either established osteoanabolic or anti-resorptive therapeutics or
to emerging therapeutic approaches that specifically target the
molecular pathogenesis of Ol, such as anti TGF-B antibodies.>?

Whether achieved via a gene therapy-based approach as tested
here or via other methods, inhibition of SHN3 is an attractive
approach for treating Ol. Prior mechanistic studies have shown
that, in addition to the above ability of SHN3 to regulate the bone
vascular microenvironment through regulation of SLIT3 secretion,
SHN3 mediates a cell-intrinsic effect in osteoblasts to suppress
bone formation. This occurs in part via the ability of SHN3 to
suppress ERK-mediated phosphorylation of selected sub-
strates.'”®" While SHN3 is broadly expressed, the phenotypes
associated with SHN3 deficiency appear to be limited to the
skeleton, which is promising for the possibility that SHN3-targeted
therapies will display a favorable effect to toxicity profile.

In summary, this project has identified new cellular features of
Ol in the SSC and vascular compartments of bone and identified
preclinical evidence supporting a new therapeutic approach
centering on inhibition of the SHN3 pathway with an AAV
delivered payload. We anticipate that this will not only motivate
further development of AAV and SHN3-based gene therapeutic
approaches, but moreover provide evidence for marked disrup-
tion in the vascular and SSC compartments as a feature of Ol that
could be central to disease pathogenesis.

MATERIALS AND METHODS

Animals

Col1a2°™°™ mice were obtained from the Jaxson Laboratory
(B6C3Fe a/a-Col1a2°"™/J, Stock No: 001815, Bar Harbor, ME, USA);
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Shn3~’~ mice were described in our previous studies.*'® Dual
heterozygous Shn3™~Col1a2°™™" mice were used for breeding
to generate Shn3*/*Col1a2™* mice, Shn3™*Col1a2°™°™ mice,
Shn3™~Col1a2*"" mice and Shn3™~Col1a2°™°™ mice. All mice
were housed up to four per cage under a 12-h light-dark
cycle with chow ad libitum in the Laboratory Animal Center at
the Xiamen University. All mouse experiments were handled
according to the protocols approved by the Institutional Animal
Care and Use Committee of Xiamen University Laboratory Animal
Center.

Radiography and micro-CT analysis

Whole-body radiographs of experimental mice were captured by a
Faxitron X-ray system. We defined fractures in the humerus,
forearms, femurs and tibias by bone deformity and callus
formation. We performed pCT scanning using a pCT 35 system
(Scanco Medical, Sweden) at the Weill Cornell-Citigroup Biomedi-
cal Imaging Core according to the parameters in our previous
study.?' The analysis was conducted by a technician blinded to
the genotypes of the mice under analysis.

Histology and dynamic histomorphometry

We injected the experimental and control mice intraperitoneally
with a dose of 20 mg/kg calcein on days 1 and 5 before sacrifice
for measurement of bone formation rate. Resin embedding and
sectioning without decalcification was performed for von Kossa
staining and toluidine blue staining as described in our previous
study.”® We then use the Osteomeasure System (OsteoMetrics,
Atlanta, USA) for histomorphometric analysis as previously
described.?

Immunofluorescence staining

Frozen sectioning for skeletal immunofluorescence staining were
prepared according to a published protocol and our recent
studies.'®'®** Primary antibodies (rat anti-mouse CD200 (Abcam),
rabbit anti-mouse SP7 (Abcam, USA), goat anti-mouse CD31 (R&D,
USA)rat anti-mouse endomucin (Santa Cruz, USA), rabbit anti-
mouse a-SMA (Proteintech, China), rabbit anti-mouse Sox9
(Abcam, USA) and rabbit anti-mouse CD105 (Abcam, USA) and
species-specific secondary antibodies with Alexa Fluor 488 and
594 (Invitrogen, USA) were used in this study.

Bone tissue 3D imaging

The iDISCO method was utilized as published*>*® In brief, 3-week
Col1a2™* and Col1a2°™°™ mice or 3-month Col1a2°™°™ mice
femurs were decalcified in 350 mmol/L EDTA-Na (pH6.5) at 37 °C
for 72 h, with buffer changes every 24 h. Fixed femurs were
washed in 20%, 40%, 60% and 80% methanol in H,0, and then
100% methanol. Femurs were incubated in 100% methanol
overnight at 4°C, and then washed in 80%, 60%, 40%, and 20%
methanol in H,O. Femurs were then washed in PBS/0.1% Triton X-
100/0.05% Tween-20/2 mg/mL heparin for three 1 h washes, then
overnight. Intact femurs were incubated with the primary
antibody (a-SMA, Proteintech, China) at 37 °C for 4 days in 10%
DMSO0/0.2% PBST (1:500 dilution). Excess antibody was washed
away with 0.2% PBST at 37°C with shaking twice for 2 h then
overnight twice. Tissues were further immunolabeled with an
Alexa Fluor-conjugated secondary antibody (Thermo Fisher
Scientific) diluted (1:500) in 10% DMSO0/0.2% PBST at 37°C for
72 h. Excess antibody was washed away with 0.2% PBST at 37 °C
with shaking for two 2 h wash sessions then overnight. Femurs
were incubated at room temperature in a gradient of 20%, 40%,
60%, and 80% methanol in H,O, and lastly 100% methanol.
Femurs were then incubated at room temperature followed by a
mixture of dichloromethane and methanol (v:v = 2:1) for 2 h twice,
followed by 100% dichloromethane for 30 min four times. Femurs
were cleared at room temperature with 100% dibenzyl-ether for
12 h three times.
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Optically-cleared femurs were imaged on a Zeiss 780 Confocal
Microscope equipped with a 10x/NA 0.45 Plan Apo objective. Each
tissue was placed between two coverslips and imaged with a step
size of 2 um.

Flow cytometry analysis and cell sorting

To analyze skeletal endothelial cells, 3 ug PE-anti-mouse PDPN
(Biolegend, USA) were injected intravenously. After 10 min, femurs
were isolated from mutant mice and littermate controls and were
crushed in Hank’s balanced salt solution with 10 mmol/L HEPES.
For the enzymatic digestion, 2.5 mg/mL Collagenase A and 1 U/mL
Dispase Il were added for a 15 min incubation at 37 °C with gentle
agitation. Next, PBS containing 2% FBS and 2 mmol/L EDTA were
added to stop the digestion, and the resulting suspension was
filtered through a 70 um cell strainer and washed twice with PBS.
After blocking nonspecific staining with an anti-mouse CD16/
CD32 antibody (BD Biosciences, USA) for 15 min on ice, the cells
were stained with Alexa Fluor 700-conjugated Ter119 antibody
(BD), Alexa Fluor 700-conjugated CD45 antibody (BD Biosciences,
USA), FITC-conjugated CD31 (BioLegend, USA) and APC-
conjugated EMCN antibody (eBioscience, USA). For skeletal stem
cell analysis, the cells were stained with a FITC-conjugated CD45
antibody (BioLegend, USA), APC/Cy7-conjugated Ter119 antibody
(BioLegend, USA), PE-conjugated CD31 antibody (eBioscience,
USA), PerCP-Cy5.5-conjugated 6C3 antibody (BioLegend, USA),
BV605-conjugated CD90.2 antibody (BioLegend, USA) BV421-
conjugated CD200 antibody (BD Biosciences, USA) and PE/Cy7-
conjugated CD105 antibody (BioLegend, USA) for 30 min on ice.
One pg/mL DAPI solution (BD Biosciences, USA) was used for live/
dead exclusion with combination of FSC and SSC. Cell sorting was
performed with FACS Aria Il (BD, San Jose, CA, USA) and analyzed
using FlowJo software (Tree Star, Ashland, OR, USA).

Bulk RNA sequencing

Bulk RNA sequencing was performed on SSCs isolated from 7-day
postnatal Col1a2°™*™ mice and littermate gender-matched con-
trols as previously described.”® In brief, ¢cDNA libraries were
generated with the lllumina TruSeq RNA Sample Preparation kit
and sequenced on an lllumina HiSeq 4000. HISAT2(v2.2.1) was used
to align raw sequencing reads to the mm10 mouse reference
genome. Differential expression analysis was performed using
edgeR package (v 3.36.0, Bioconductor). Genes with expression
level lower than 1 CPM (counts per million) were considered as
displaying low expression and were excluded. The heatmap and
volcano plot were generated to visualize differential genes utilizing
pheatmap(v1.0.12) and ggplot2 package(v3.3.6), respectively. For
gene functional annotation analysis, GO and pathway enrichment
analysis was performed for upregulated/downregulated DEGs using
clusterProfiler package(v4.4.4), and the P values of enriched terms
were adjusted by Benjamini-Hochberg method and terms were
filtered by setting pvalueCutoff to 0.05. Gene set enrichment
analysis was performed using the GSEA software(v4.3.2) for linux. We
selected gene sets of ontology and curated signaling pathways from
the MSigDB Database(v2022.1, https://www.gsea-msigdb.org) to
identify differential gene ontology and pathways enriched in
Col1a2°™°™ and littermate mice sample subsets.

Single-cell RNA-seq

Processing of single-cell RNA-seq data was performed in Cell
Ranger (version 7.0.1) for handling paired-end sequencing reads,
mapping reads to the mouse genome (mm10), and generating
expression matrices. Post-processing, data was analyzed using
Seurat (version 5.0.2) where cells with low-quality metrics,
characterized by fewer than 200 genes per cell, fewer than 3
cells per gene, Unique Molecular Identifiers (UMIs) per cell ranging
from less than 500, a mitochondrial gene composition exceeding
20%, and doublets identified by DoubletFinder (version 2.0) were
all excluded. Data normalization was performed using the
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sctransform method, followed by PCA and clustering with the
Louvain method, utilizing Uniform Manifold Approximation and
Projection (UMAP) for visualization. Marker genes were identified
using a Wilcoxon rank sum test, and the FindMarkers function was
utilized to identify differentially expressed genes across clusters.
Dot plot was employed to annotate cell subpopulations using
marker genes. The expression differences in Hivep3 expression
gene between osteogenesis imperfecta (OIM) and wild-type (WT)
mice was visualized using the FeaturePlot function. Additionally,
Gene Ontology (GO) enrichment analysis within the preosteoblast
clusters of OIM and WT mice was performed using the
clusterProfiler package and visualized with the barplot package.

rAAV9-mediated silencing of Shn3, intra-articular injection
Artificial miRNA-containing plasmids targeting murine Shn3 were
generous gifts from Dr. Guangping Gao. Replication-deficient
recombinant AAV (rAAV) vector design and production were
performed as previously described.®® In brief, engineered amiR
cassettes targeting Shn3 (amiR-Shn3) or control (amiR-ctrl) were
constructed within vector plasmids between CB promoter and the
reporter gene Egfp which enable visual tracking of transduced
cells, or tissues. Plasmids containing amiR cassettes, AAV2/9 and
helper plasmids were mixed and transfected into HEK293 cells
using PEI-MAX 40000 (Polysciences, 24765-1) to generate rAAV for
experimental use. These rAAV batches were then collected and
purified following a traditional CsCl sedimentation protocol. The
concentration of rAAV9-amiR-Shn3 and rAAV9-amiR-ctrl was then
tittered as previously described.>®

For local delivery of rAAV, intra-articular injections were
performed when male- Col1a2°™°™ mice or controls reached
1 month of age. To avoid confounding due to active fracture
repair, Col1a2°™°™ mice display radiographic evidence of fracture
were excluded from the experimental cohort. After anesthesia and
surgical site preparation, a 1-mm anterolateral skin incision was
made above knee articular capsule. A total volume of 5uL
containing 1 x 10"® GC rAAV9-amiR-shn3 or rAAV9-amiR-ctrl were
injected into the articular capsule of contralateral hindlimb stifle/
knee joints on the same host to allow for paired analysis of local
effects in the same host. The needle was retained in the injection
site for 2-5 min to avoid leakage. Incisions were then sutured and
analgesic administration was performed as described previously.'
Eight weeks after injection, individuals were subjected to in vivo
IVIS optical imaging and lower limbs were dissected for down-
stream analysis.

SSCs culture and differentiation assays

Femoral SSCs were sorted from 3 week old Colla mice
and littermate controls by triple collagenase/Dispase Il diges-
tion. Cells were cultured in a-MEM medium (Gibco) containing
10% FBS, 2 mmol/L I-glutamine, 1% penicillin/streptomycin, 1%
HEPES and 1% non-essential amino acids. Ascorbic acid
(50 ug/mL) and B-glycerophosphate (5 mmol/L) were added to
the culture medium for osteogenic differentiation studies, with a
total of 14 days of differentiation allowed. Alizarin red staining
was used to assess the ossification activity. For Alizarin red
staining, cells were fixed with 4% neutral-buffered formalin for
30 min and then incubated with 2% Alizarin red S for 2 min at
room temperature.

For SSC colony forming assays, 200 cells were plated into each
well of a 6-well plate and cultured for 2 weeks. Cultured cells were
then visualized by phase microscopy. Cells were stained with
crystal violet and observed later.

Zoim/oim

Quantitative real-time PCR analysis

Total bone tissue RNA was extracted using TRIzol (Vazyme, R401-
01-AA) and reverse transcription was performed with the
PrimeScript™ RT Kit (TaKaRa, Perfect Real Time) cDNA Reverse
Transcription Kit from Applied Biosystems according to the
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Table 1. Primer sequences for qRT-PCR

Gene Forward Reverse

Hivep3 CTGGTTCCATCCAACTCCCGAA CCTCTCTTGGAAGTGGGAGTAC
Slit3  TCCAGTGTTCCTGAAGGCTCCT TGGCAATGCCAGGCTCCTTGTA
Collal CCTCAGGGTATTGCTGGACAAC CAGAAGGACCTTGTTTGCCAGG
Colla2 TTCTGTGGGTCCTGCTGGGAAA TTGTCACCTCGGATGCCTTGAG

manufacturer’s instructions. We performed quantitative analysis of
gene expression using SYBR Green PCR Master Mix (Vazyme) with
a QuantStudio™ real-time PCR Instrument (Thermo Fisher
Scientific, 96-Well 0.2 mL Block). Hprt expression was used as an
internal control. The 272" method was used to normalize the
data. The specific primers with SYBR Green (based on the mouse
sequences) are listed in Table 1.

Statistical analysis

All statistical analysis was performed using GraphPad Prism (v6.0a;
GraphPad, La Jolla, CA, USA). A two-tailed Student’s t test was used
to determine significance for comparison of only two groups. One-
way ANOVA with Tukey’s post hoc tests were used to determine
significance for comparisons between multiple groups.
A P value <0.05 indicated statistical significance. Error bars are
presented as mean + SEM.
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