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miR-29cb2 promotes angiogenesis and osteogenesis

by inhibiting HIF-3a in bone

Liping Ouyang,’*” Yingxiao Sun,"” Dan Lv," Xiaochun Peng,> Xiaoming Liu,* Lei Ci,® Guoning Zhang,* Bo Yuan,'

Ling Li," Jian Fei,®” Jun Ma,** Xuanyong Liu,?®* and Yun Liao''0*

SUMMARY

Coordination between osteogenesis and angiogenesis is required for bone ho-
meostasis. Here, we show that miR-29cb2 is a bone-specific miRNA and plays crit-
ical roles on angiogenesis-osteogenesis coupling during bone remodeling. Mice
with deletion of miR-29¢cb2 exhibit osteopenic phenotypes and osteoblast impair-
ment, accompanied by pronounced decreases in specific H vessels. The decrease
in bone miR-29cb2 was associated with pathological ovariectomy stimuli. Mecha-
nistically, hypoxia-inducible factor (HIF)-3«, as a target for miR-29¢cb2, inhibits
HIF-1a activity by competitively bonding with HIF-1B. Notably, miR-29cb2 in
peripheral blood (PB) nearly is undetectable in sham and significantly increases
in ovariectomy mice. Further evaluation from osteoporosis patients demon-
strates similar signatures. ROC analysis shows miR-29¢cb2 in PB has higher sensi-
tivity and specificity for diagnosing osteoporosis when compared with four
clinical biomarkers. Collectively, these findings reveal that miR-29¢cb2 is essential
for bone remodeling by inhibiting HIF-3« and elevated bone-specific miR-29¢cb2 in
PB, which may be a promising biomarker for bone loss

INTRODUCTION

Bone remodeling and vessel angiogenesis are inseparable for maintaining homeostatic bone renewal
(Maes et al., 2010; Ramasamy et al., 2016) and its dysfunction frequently leads to diseases, such as osteo-
porosis (Huang et al., 2018). A subtype of capillaries with high CD31 and Endomucin expression
(CD31MEMCN"Y), termed type H vessels, has been identified in the metaphysis near the growth plate (Ku-
sumbe et al., 2014). Evidence indicates that type H vessel network is coupled with osteogenesis via signals
from endothelial cells (Peng et al., 2020; Ramasamy et al., 2014) or bone cells (Xu et al., 2018; Xie et al.,
2014). Proangiogenic factors, such as SLIT3 was secreted by CD31MEMCN" endothelial cells, which both
enhances bone fracture healing and counteracted bone loss through SLIT-ROBO pathway (Xu et al.,
2018); in addition, preosteoclasts-derived PDGF-BB induces CD31 MEMCNM (Xie et al., 2014) angiogenesis
for osteogenesis during bone modeling and remodeling. However, the specialized regulation and under-
lying coupling factors that both regulate angiogenesis and osteogenesis remain poorly understood.

Though the biological functions of miRNAs are not fully understood, it is clear that some miRNAs are pre-
sent in a tissue-specific or cell-specific manner (Kloosterman and Plasterk, 2006), and play a crucial role in
regulating neovascularization and osteogenesis (Douthitt et al., 2011; Small et al., 2010; Krzeszinski et al.,
2014; Wang et al., 2019). miR-497~195 clusters are highly expressed in H vessels, and promote H vessels
and bone formation via maintaining HIF-1a stability and Notch activity (Yang et al., 2017). Unfortunately,
the mechanism is unclear because of the complexity of miR-497-195 clusters. The miR-29 gene family com-
prises two clusters: miR-29ab1 and miR-29¢b2 (Kriegel et al., 2012), and each member of miR-29 family ex-
hibits highly diverse characteristics in the regulation of gene expression and tissue development (He et al.,
2007; Liu et al., 2010). Our recent study demonstrated that mice lack of miR-29ab1 exhibited an increase in
the number of subcutaneous capillaries and miR-29 family was involved in regulation of endothelial func-
tion (Liao et al., 2019), which is consistent with previous reports (Hiroki et al., 2010; Widlansky et al., 2018).

In this study, we further found the complex functions of miR-29cb2 are bone-specific. miR-29cb2 was highly

enriched in normal bone and was required to maintain angiogenesis and bone remodeling in adult mice.
The knockout of miR-29¢b2 (miR-29cb2~/~) exhibited suppressed osteoblastic bone formation and
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reduced type H vessels numbers. With osteoporosis-related bone loss, ovariectomy (OVX) mice showed
gradual decreases in miR-29¢b2 level of bone samples. Transcriptomic analysis further identified hypox-
ia-inducible factor (HIF)-3e. could inhibit HIF-1 action by competing for binding to HIF-1B subunit, as a
miR-29cb2-controlled target (Duan, 2016; Yang et al., 2015). In fact, the HIF family is a potent regulator
of bone homeostasis as well as angiogenesis under relatively hypoxic conditions (Johnson et al., 2015).

Notably, miR-29cb2 in peripheral blood (PB) were present with very low abundance in normal mice, but
significantly increased correlating with pathological stimuli in OVX mice. Recent reports show that miRNAs
are present in various body fluid including blood (Kodahl et al., 2014; Schwarzenbach et al., 2014), and
altered miRNA expression and specific signatures of tissue miRNAs have been associated with the diag-
nosis and prognosis for diseases (Joshi et al., 2015). We further examined the miR-29cb2 expressions in
bone and PB from osteopenia and osteoporosis patients, and found that elevated bone-specific miR-
29cb?2 in PB was associated with bone loss in osteoporosis patients. By receiver operating characteristic
(ROC) curve analysis, compared with four classic biomarkers, miR-29cb2 revealed the higher sensitivity
and specificity for diagnosing osteoporosis. In the present study, we reported an exciting discovery that
bone-specific miR-29cb2 coupled angiogenesis with bone remodeling via HIF-3a pathway, and elevated
miR-29¢cb2 in blood may be a non-invasive biomarker for early detection of bone loss in humans.

RESULTS
Mice with deletion of miR-29cb2 exhibit osteopenic phenotypes and osteoblast impairment

miR-29cb2~/~ mice were born healthy at the expected Mendelian ratios, with no apparent gross abnormal-
ities. However, histological and micro-CT analyses revealed an age-associated low bone mass in the long
bones. Micro-CT imaging demonstrated that the femurs of juvenile (6-week-old) miR-29cb2~'~ mice had a
normal phenotype (Figure 1A). Furthermore, adult (16-week-old) miR-29cb2~/~ mice exhibited an osteo-
penic phenotype (Figure 1B). Relative to wild-type (WT) control mice, trabecular of miR-29cb2~/~ mice
had a decrease in the bone volume fraction (BV/TV, Figure 1C) and trabecular bone mineral density
(BMD, Figure 1D) with concomitant increases in the trabecular pattern factor (TPF, Figure 1E) at 16 weeks,
although trabecular thickness (Th. Th, Figure 1F) was slightly lower after knocking miR-29¢cb2. There was no
significance in Tb. N, Tb. Sp, and cortical BMD (Figure S1). Hematoxylin and eosin (HE) staining also re-
vealed that miR-29cb2~/~ mice exhibited normal growth plate architecture; however, the femurs of miR-
29cb2~/~ mice contained less trabecular bone than those of WT control mice at 16 weeks (Figures 1G
and TH), indicating that miR-29cb?2 affected bone osteogenesis but not bone dysplasia.

To understand the relative contributions of osteoblast and osteoclast functions to the osteopenia seen in
miR-29cb2~/~ mice, we next performed histomorphometric analysis of WT and miR-29¢b2 ™~ mice to eval-
uate bone formation and resorption. HE-stained sections revealed a significant decrease in the number of
cuboidal osteoblasts lining the trabeculae of 16-week-old miR-29¢b2~~ mice compared with WT mice of
the same age (Figure 11). In addition, we observed low osteoblast activity in 16-week-old miR-29cb2~/~
mice, evidenced by the significant reduction in the level of the osteoblast marker runt-related transcription
factor 2 (RUNX-2) compared with that in WT mice (Figures 1J and 1K). Osterix, downstream gene of Runx-2,
was also attenuated in miR-29cb2 knockout mice (Figures 1L and 1M). Silencing miR-29cb2 caused a
decrease in bone resorption. TRAP-stained sections revealed suppression of osteoclasts in homozygous
miR-29¢b2/~ mice at 16 weeks (Figures 1N and 10). These results indicated that the osteopenic pheno-
type of mice with miR-29cb2 deficiency was caused mainly by an osteoblast-driven response rather than
osteoclast defects. We further performed a more extensive real-time PCR (RT-PCR) analysis of character-
istic osteoblast marker (Bmp-4, Alp, and Runx-2) and osteoclast marker (Trap) genes and observed similar
results (Figure S2).

miR-29cb2~/~ mice show an age-associated decrease in type H vessels in vivo

Type H vessels are characterized by a CD31"EMCN" phenotype (Kusumbe et al., 2014). Postnatal
CD31"EMCN"" endothelium grows quickly during puberty, but its growth decreases gradually as adult-
hood approaches (Wang et al., 2017). To assess the exact functions of miR-29cb2 in regulating type H
vessels under physiological conditions, we examined the positive CD31MEMCNM endothelium in the meta-
physis of the femur in WT and miR-29cb2 ™/~ mice. In WT mice, the number of type H vessels was very high at
6 weeks after birth (Figures 2A and 2B) but was generally decreased by 40% at 16 weeks of age (Figures 2C
and 2D), consistent with a previous report (Kusumbe et al., 2014). The amounts of EMCN-positive (Figures
2E and 2F), CD31-positive (Figures 2G and 2H) and double-positive endothelium were slightly lower in the
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Figure 1. miR-29cb2 ~/~ mice show an osteopenic phenotype and osteoblast impairment

(A and B) Two-dimensionally and three-dimensionally reconstructed micro-CT images of WT, miR-29cb2 '~ mice at 6. (A)
and 16 (B) weeks of age. Scale bar: 0.5 mm.

(C-F) Bone-related parameters (bone volume/tissue volume, trabecular spacing, trabecular pattern factor, and trabecular
thickness) of WT, miR-29cb2~/~ at 6 and 16 weeks of age.

(G) HE staining of the femurs of WT and miR-29cb2~/~ mice at 6 and 16 weeks of age (G). Scale bar: 200 um.

(H and I) Trabecular bone content (H) and osteoblast/bone surface ratio (I) calculated from HE staining of 16-week-old
mice bone.

(J and O) Representative immunostaining images and statistical data of RUNX-2 (J and K), Osterix (L and M), and Trap (N
and O) expressions at 16 weeks. Scale bar: 100 pm and 25 pm. Values represent mean + s.e.m. **p < 0.01 by one-way
ANOVA followed by a Dunnett's test (C and E); **p < 0.01 by an unpaired two-tailed Student’s t test (H, |, K, M, and O).

miR-29cb2~/~ groups than in the WT group at é weeks, with a significant reduction at 16 weeks (Figures 2I—
2L). This result was consistent with the response of ossification to deletion of miR-29¢b2 during bone re-
modeling stage. Considering these results collectively, we speculated that miR-29¢b2 is a coupling factor
that modulates both vessel angiogenesis and bone remodeling phenotypes. Impaired osteoblastic differ-
entiation, possibly secondary to the reduction in type H vessels, thereby led to a decrease in bone forma-
tion in adult miR-29cb2~/~ mice.
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Figure 2. miR-29cb2~/~ mice exhibit an age-associated decrease in CD31"EMCN" vessels

(A-D) Representative confocal images and statistical data of type H vessels in WT, miR-29cb2~/~ mice at 6 (A and B) and 16 (C and D) weeks of age.
(E-H) Representative confocal images and statistical data of EMCN (E and F) and CD31 (G and H) labeled vessels in WT, miR-29¢b2 ™/~ mice at 6 weeks of age.
(I-L) Representative confocal images and statistical data of EMCN (I and J) and CD31 (K and L) labeled vessels in WT, miR-29cb2 /=~ mice at 16 weeks of age.
Scale bar: 100 and 50 um. Values represent mean + s.e.m. **p < 0.01 by one-way ANOVA followed by a Dunnett's test (B, D, F, H, J, and L)

Hif-3a. mRNA is a new target of miR-29cb2

We next focused on identifying potential molecular mechanisms regulated by miR-29¢b2 that signal for
bone formation and vessel angiogenesis. To this end, we performed transcriptional profiling by RNA
sequencing (RNA-seq) in 16-week-old WT and miR-29cb2~/~ mice. A total of about 3800 genes exhibited
altered expression after miR-29cb2 deletion in bone tissue (Figure 3A). Gene Ontology (GO) enrichment
analysis demonstrated that the set of differentially expressed genes (DEGs) in miR-29cb2 versus WT trabec-
ula was enriched with genes related to hypoxia (Figure 3B) in addition to the expected enrichment with
genes related to bone formation (Figure S3) and angiogenesis (Figure S4). Venn diagrams were generated
to show the overlapping gene sets of upregulated genes, predicted orthologs of target genes and genes
responding to hypoxia in samples from miR-29¢b2~~ mice compared with WT control mice. The results
suggested that miR-29cb2 most likely targets Hif-3a mRNA, which promoted angiogenesis and osteogen-
esis (Figure 3C). Further investigation of some hypoxia-related genes also revealed that Hif-3a expression
was substantially higher in miR-29cb2~'~ mice (Figure 3D). HIF-3a is a dominant negative regulator that can
inhibit the function of HIF-1a by competing for binding with the HIF-1B subunit. Computational analysis
with TargetScan demonstrated that miR-29cb2 can target the sites comprising nucleotides 2250 to 2257
and 2352 to 2358, which are 8-mer and 7-mer-A1 target sites, respectively. This pattern extends to humans
and other species (Figure 3E).

To confirm the hypothesis that miR-29¢b2 binds to the 3'-UTR of Hif-3a mRNA, luciferase reporter vectors
containing a WT Hif-3a 3'-UTR (WT-Hif-3a) or a mutated version of the Hif-3a 3’-UTR (MUT-Hif-3a) were
constructed by sequentially mutating the predicted 14-bp miR-29¢cb2 binding site in the Hif-3a 3'-UTR.
The WT-Hif-3a vector was cotransfected into HEK293 cells with either a miR-29cb2 lentiviral vector or
scrambled control vector. The luciferase activity of WT- Hif-3a was significantly reduced in miR-29cb2-
transfected cells compared with scrambled control-transfected cells. In contrast, this miR-29cb2-mediated
repression of luciferase reporter activity was abolished in cells transfected with the MUT-Hif-3a vector (Fig-
ures 3F and 3G). We performed RT-PCR to assess the expression of Hif mRNA in miR-29¢b2 ™/~ mice. These
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Figure 3. Hif-3a mRNA is a new target of miR-29cb2

(A) Hierarchical clustering based on 3794 variable genes by RNA-seq dataset in 16-week-old WT and miR-29¢b2 ™/~ mice (A, n = 3 mice per group).
(B) GO enrichment analysis of genes differentially expressed in two groups.
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Figure 3. Continued

(C) Venn diagrams showing the overlapping gene sets of upregulated genes, predicted orthologs of target genes and genes responding to hypoxia in
samples from miR-29¢b2~/~ mice compared with WT control mice.

(D) Heatmap of upregulated genes in the hypoxia pathway.

(E) Binding sites in Hif-3a.

(F and G) Luciferase activity of Hif-3a and bond site 1 (F) and site 2 (G) in the total cell lysates was assayed.

(H and ) Relative Hif-3a (H) and Hif-18 (I) mRNA expression in bone trabeculae from WT and miR-29cb2 ’~ mice.

(J and K) HIF-3a (J) and HIF-1B (K) protein levels in bone trabeculae from WT and miR-29cb2™/~ mice by western blotting.

(L-O) Expression of HIF-3a (L and M) and HIF-1B8 (N and O) as assessed by immunostaining (brown). Scale bar: 100 and 25 pm. Values represent mean +
s.e.m. **p < 0.01 by one-way ANOVA followed by a Dunnett’s test (F and G); **p < 0.01 by an unpaired two-tailed Student’s t test (H-M, and O).

studies validated higher Hif-3a (Figure 3H) and substantially lower Hif-18 (Figure 31) mRNA levels in the
metaphyseal region in miR-29cb2~/~ mice compared with WT mice at 16 weeks of age. Finally, nuclear
accumulation assays (Figures 3J and 3K) and immunohistochemistry (Figures 3L-30) revealed increased
Hif-3a and decreased Hif-18 protein levels in bone samples from miR-29¢b2~~ mice than those from
WT mice.

To explore the molecular network encompassing miR-29cb2/HIF-3a in bone formation, we next focused on
HIF-1a, a competitor of HIF-3a (Duan, 2016). In fact, HIF-1 is a potent regulator of bone homeostasis as well
as angiogenesis (Kusumbe et al., 2014). When miR-29cb2 was silenced during bone remodeling the reduc-
tion in HIF-1 expression was accompanied by pronounced decreases in the expression of three crucial
target genes: vascular endothelial growth factor (Vegf), Runx-2, and type Il collagen 2a (Col2a) (Gilkes
et al., 2014). These factors are representative of the central three steps in skeletal remodeling (vasculariza-
tion, osteoblast differentiation, and collagen deposition (Figure S2).

miR-29cb2/HIF-3a pathway plays an essential role in OVX mice and osteoporosis patients

Our findings in genetically modified mice prompted us to further investigate the exact functions of miR-
29cb2-regulated HIF-3a expression that connected bone formation with angiogenesis in response to path-
ological ovariectomy-related stimuli. The distal femurs from OVX mice showed a low bone mass associated
with reduced trabecular parameters (Figure 4A), downregulated osteoblast activity (RUNX-2) (Figure S5),
and reduced fluorescence from type H vessels (Figure 4B). Trabecular and cortical BMD both were not
decreased in the OVX model (Figure Sé). Adipose tissue area calculated from HE staining showed that
more fat vacuoles can be observed in OVX mice femur than WT and miR-29¢cb2 knockout mice. Quantitative
results showed that there were no significant differences between WT and miR-29¢cb2 knockout mice,
whereas the adipose area of OVX mice was significantly higher than WT (Figure S7). Eight weeks after ovari-
ectomy, the expressions of miR-29¢/b2 in tissues are shown in Figures 4C-4E. The levels of miR-29¢cb2 in
femur are markedly lower in OVX mice than in sham mice. In addition, miR-29¢c/b2 expressions of two
typical adipose tissues collected from Sham and OVX mice, inguinal white adipose tissue (i(WAT) and brown
adipose tissue (BAT), were also evaluated and the results showed that miR-29¢/b2 in iWAT and BAT did not
exhibit any significance (Figure S8). Subsequently, we investigated whether down-regulation of miR-29cb2
in bone contributes to the up-regulation of HIF-3a.. The protein levels of HIF-3o. and HIF-1B were evaluated
using western blotting and immunohistochemistry, and both approaches revealed a significant increase in
HIF-3a (Figures 4F-4H) with a concomitant reduction in HIF-1B (Figures 41-4K). The Hif-3a (Figure 4L) and
Hif-18 (Figure 4M) mRNA levels showed similar patterns. These data were consistent with a report indi-
cating that the increased amount of HIF-3a. may be linked to impairment of angiogenesis followed by a
delay in bone remodeling and suppression of osteoblast activity (Ando et al., 2013). The related mechanism
of action is as follows: miR-29cb2 regulates osteogenesis and angiogenesis by targeting HIF-3a, which
competitively binds to HIF-1B, resulting in a decrease in HIF-1a/p dimer formation (Figure 4N). This
pathway has also been verified in bones of osteoporosis patients. Immunostaining and western blotting
showed obviously higher HIF-3a. and lower HIF-18 expression in the osteoporosis group than in the osteo-
penia group (Figures S9 and S10).

Elevated miR-29cb2 in peripheral blood (PB) is associated with bone loss

To characterize tissue-specific profiles of miR-29¢cb2 in osteoporosis, we analyzed the baseline and redis-
tribution of the miR-29¢/b2 in different organs between sham and OVX groups (Figures 4C and 4D). Under
physiological conditions, the constitutive level of miR-29¢/b2 was very high in normal bone, which was
30-fold to 600-fold higher in the femur than in tissues from the heart, liver, kidney, PB, and so on. After
OVX for 8 weeks, the levels of miR-29¢/b2 were significantly lower in the bone, whereas they were similar
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Figure 4. The miR-29¢cb2/HIF-3a pathway is present in OVX mice

(A) Two-dimensionally and three-dimensionally reconstructed micro-CT images and bone parameters (A). Scale bar:
0.5 mm.

(B) Representative confocal images and statistical data of H vessels in sham and OVX mice (B). Scale bar: 100 and 50 pm.
(C and D) Distribution of miR-29¢ (C) and miR-29b2 (D) in various organs and tissues.

(E) miR-29¢c and miR-29b2 expression in the blood of mice post OVX.

(F=H) HIF-3a. expression assessed by immunostaining (F and G) and western blotting (H); Scale bar: 100 and 25 um.
(I-K) HIF-1B expression assessed by immunostaining (I and J) and western blotting (K). Scale bar: 100 and 25 pm

(L and M) Hif-3a mRNA levels (L) and Hif-18mRNA levels (M) in bone trabeculae assessed by RT-PCR in Sham and OVX mice.
(N) Mechanism by which miR-29cb2 promotes angiogenesis and osteogenesis via targeting of Hif-3a and preventing its
competitive binding to Hif-18 (N). Values represent mean + s.e.m. **p < 0.01 by an unpaired two-tailed Student’s t test
(A-D, F-H, and J-L) or by one-way ANOVA followed by a Dunnett's test (G and H); miR-29cb2 therapy for OVX mice.

in the liver, heart, and kidney between the two groups. In contrast, the levels of miR-29¢/b2 in PB and lung
were significantly higher in OVX mice than in sham mice, and the fold change in PB was the greatest among
all tissues. Furthermore, we examined the miR-29¢/b2 accumulation in the PB between 0, 4, and 8 weeks
post-OVX, which gradually increased with osteoporosis development (Figure 4E). These results suggest
that miR-29¢cb?2 releasing from bone during osteoporosis are selectively and efficiently transferred to the
PB, which gives the hint that miR-29cb2 could be a biomarker to osteoporosis.

To study the sensitive and specificity of miR-29cb2 to osteoporosis, we further explored the relationships of miR-
29cb2 and osteoporosis in human subjects. Distal femur samples were collected from osteopenia and
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Figure 5. Elevation peripheral blood (PB) miR-29cb2 for diagnosing osteoporosis in patients
(A and B) HE staining of distal femur samples from osteopenia and osteoporosis patients (A) and the trabecular number per area calculated from the HE

staining images (B). Scale bar: 1 mm.

(C and D) miR-29¢ (C) and miR-29b2 (D) expressions in distal femur of osteopenia and osteoporosis patients.

8 iScience 25, 103604, January 21, 2022

20 40 60 80
100% - Specificity%

100



iScience ¢? CellPress
OPEN ACCESS

Figure 5. Continued

(E and F) miR-29¢ (E) and miR-29b2 level (F) in PB from the osteopenia and osteoporosis patients.

(G and H) ROC curve for evaluation of miR-29c and miR-29b2 as biomarkers to detect osteoporosis (G) and (H).

(I-P) Osteocalcin (1), parathyroid hormone (PTH) (J), collagen | degradation products (K), and 1,25(0OH),VitD3 (L) content and their ROC curve (M-P). Values
represent mean + s.e.m. **p < 0.01 by an unpaired two-tailed Student’s t test (B-D).

osteoporosis patients for further study. HE staining showed obviously thinner trabecular bone (Figure 5A) and
lower trabecular number per area in the osteoporosis group than in the osteopenia group (Figure 5B), which asso-
ciated with a lower miR-29¢/b2 expressions than osteopenia patients (Figures 5C and 5D). Then, we analyzed PB
samples from 15 osteopenia patients (—1 >T-score > —2.5) and 7 osteoporosis patients (T-score < —2.5) in a
cohort of subjects with similar ages (Figure S11). In these samples, the relative expressions of miR-29¢/b2 were
significantly higher in PB collected from osteoporosis patients than those from osteopenia patients (Figures 5E
and 5F). The results in this small clinical cohort were consistent with OVX model, suggesting that elevated
miR-29cb2 level in PB was correlated with the bone loss. Furthermore, ROC curve analysis was employed to es-
timate the diagnostic value of miR-29cb?2. The area under the curve (AUC) value of miR-29¢c was 0.781 (95% con-
fidenceinterval: 0.571t0 0.990) and was obtained (p < 0.05, Figure 5G) with comparable diagnostic sensitivity and
specificity (Table S1). The AUC of miR-29b2 (95% ClI: 0.496 to 0.970) was 0.733 (p = 0.08, Figure 5H and Table S2).
We then performed a more extensive comparison of classic osteoporotic biomarker with miR-29cb2, including
osteocalcin, parathyroid hormone (PTH), collagen | degradation products (CTx), and 250HVitD. Our results
showed that they were not significant difference between osteopenia and osteoporosis patients (Figures 51—
5L). The AUC of osteocalcin, parathyroid hormone (PTH), collagen | degradation products, and 250HVitD in
PB is 0.683, 0.515, 0.595, and 0.556, respectively (Figures 5SM-5P). Compared to clinical serum marker, miR-29¢c
is more sensitive and specific.

DISCUSSIONS

Bone is a highly vascularized organ. During bone modeling and remodeling, bone formation and vessel angio-
genesis are inseparable and coupled (Peng et al., 2020; Sun et al., 2020). CD31"EMCN" or type H vessels have
proven to be a specific endothelial feature identified in the murine skeletal system and exhibit potent osteogenic
function (Wang et al., 2017). In turn, factors released from bone cells also affect type H vessel formation (Xie et al.,
20714). The miR-29 family includes two clusters and plays complex functions in vessel and bone formation (Chen
etal., 2017; Pan etal., 2016). In previous work, we found that miR-29ab1 '~ mice (7-week-old) exhibited a pheno-
type of enhanced angiogenesis in subcutaneous tissue (Liao et al., 2019). In this study, we generated miR-
29¢b27/~ mice and found that the regulation of miR-29¢b2 was essential in maintaining the properties of the
CD31"EMCN" endothelium and bone homeostasis. miR-29cb2 ™/~ mice exhibited a significant decrease in
type H vessels, which contributed to the osteopenic phenotype observed in adult miR-29cb2~'~ mice. This
phenotype was not observed in juvenile miR-29cb2~/~ mice, indicating that miR-29cb2 may influence mainly
late bone remodeling, not early modeling. Generally, bone formation takes place independent of bone resorp-
tion during bone modeling, whereas bone resorption and formation occur simultaneously during bone remod-
eling to maintain skeletal homeostasis (Zaidi, 2007; Kenkre and Bassett, 2018). Our data provided several lines of
evidence showing that miR-29cb2 participates in both osteoblast and osteoclast. Specific deletion of miR-29cb?2
led to a significantly decreased osteoblast number and characteristic RUNX-2 and Osterix protein expression in
the trabeculae of adult mice. Runx-2 is needed in processing multipotential mesenchymal progenitors differen-
tiating to pre-osteoblasts (Jones et al., 2006). Pre-osteoblast differentiating to functional osteoblast requires
Osterix (Nakashima et al., 2002). Knockout of miR-29c¢b2 attenuated both Runx-2 and Osterix expression, which
leads to an impaired osteogenesis in mMiR-29cb2 knockout mice femur. Functional osteoblast biomarkers,
Bmp-4, Alp, and Runx-2 were reduced due to the decreased Runx-2 and Osterix expression. Trap staining
verified that osteodlast function was impaired in miR-29cb2~/~ mice. Similar to our findings, those of Zeng
et al. indicated that miR-29b can promote osteoblast differentiation by modulating bone extracellular matrix
proteins (Zeng et al., 2019). Collectively, these results indicate that suppressed osteoblastic bone formation con-
tributes greatly to osteopenia in the context of miR-29cb2 deletion, which may provide new insight into the roles
of miR-29¢b2 in regulating distinct bone cells.

Complex pathogenic factors, including postmenopausal hormonal variation, drug, cancer, diabetes, and
so on, are supposed to induce dysfunction of bone remodeling, which lead to osteopenia at the extensive
stimuli (Chotiyarnwong and Mccloskey, 2020; Vanderwalde and Hurria, 2011). As reported in the refer-
ences, animal models with single factor, such as OVX induced hormone decrease, show inferior effects
on BMD than trabecular tissue volume. However, attenuated BMD and trabecular tissue volume usually
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occur in the OVX model combined with other factors, such as glucocorticoid and methylprednisolone
(Augat et al., 2003), which is consistent with our work (Figure S12 and Table S3). In fact, our data identified
that the roles of miR-29cb2 were not only restricted in ovariectomized elicited osteopenia, but also in other
diseases induced osteoporosis. A diabetes model showed an obvious decrease of miR-29¢/b2 associated
with reduced bone volume to the pathological stimuli (Figure S13). However, it is worthy to explore the role
of miR-29¢b2 in bone using more disease models and more observation time.

The balance of adipose and osteoblast is the most concerning issue in bone metabolism. miRNAs are
identified to serve as the regulator of osteoblast and adipocyte differentiation to affect bone remodeling.
Over expressions of miR-188 and miR-637 are verified to increase adipose accumulation and attenuate
bone remodeling (Zhang et al., 2011; Li et al., 2015). miR-29 family participates in the metabolism of ad-
ipose depending on different subtypes. miR-29a supplement alleviates adipose formation through stabi-
liziing RUNX-2 acetylation and restoring B-catenin levels via suppression of histone deacetylase 4
(HDACHY) (Ko et al., 2015), althoughmiR-29c¢ has little effects on glucose related adipose regulation (Dooley
et al., 2016). Our data showed that miR-29¢ deletion induced bone mass loss may be not attributed to
adipose differentiation. References identify that miR-29¢ induced bone loss results from the dysfunction
of osteoblast and osteoclast differentiation (Horita et al., 2021), which is consistent with our work.

Limited information is available about the miR-29cb2-regulated mechanisms that cause alterations in type H ves-
sels and bone mass. Our data demonstrated that miR-29cb2 might regulate type H vessel formation and oste-
oblast function by targeting HIF-3a, which competitively inhibits HIF-1a activity. Bone is a relatively hypoxic
tissue, and the oxygen tension (1%—7%) in bone is much lower than that in other adult tissues (20%). The function
of HIF family is critical for maintaining bone remodeling (Johnson et al., 2015). HIF heterodimers comprise one of
three a-subunits (HIF-1a, HIF-2a, or HIF-3a) and one B-subunit (Gonzalez et al., 2018; Kaelin and Ratcliffe, 2008).
Studies showed that EC-specific deficiency of HIF-1a significantly reduces type H vessel formation and the func-
tion of nearby osteoblasts, leading to decreased bone formation (Kusumbe et al., 2014); moreover, knockout of
HIF-20 in mice was shown to affect embryonic osteogenic differentiation and endochondral ossification, result-
ing in delayed cartilage development (Saito et al., 2010). Much less is known about HIF-3a than about HIF-1e. and
HIF-20.. The widely accepted belief is that HIF-3e is the inhibitory PAS domain protein (IPAS), which negatively
affects gene expression by competing with HIF-1e. or HIF-2a. for binding to transcriptional elements (HIF-1B) in
target genes (Ando et al., 2013; Zhang et al., 2014; Maynard et al., 2005). Consistent with the known role of
HIF-3a, we observed that increased HIF-3a. expression and reduced HIF-1B expression, associated with down-
regulated levels of HIF-1-mediated target genes (Vegf, Col-2a, and Runx-2), then led to decreased angiogenesis
coupled with repressed osteoblastic bone formation in the femurs of OVX and miR-29cb2 ™/~ mice. We sought to
highlight that miR-29cb2 regulates the expression of HIFs in a hypoxia-independent manner. Intracellular
oxygen tension is not the only upstream regulator of HIF-3a (Zhang et al., 2014). The effects of miR-29cb2
deletion during bone development may differ between acute ischemic or hypoxic conditions, and the HIF-1
pathway was suppressed following overexpression of HIF-3a, likely explaining the osteoblast impairment and
osteopenia observed in miR-29cb2~/~ mice.

Different tissues display different characteristics of hypoxic responses, including changes in miRNA expressions
that might result from tissue-specific (Ma et al., 2020; Corsten et al., 2010; Chen et al., 2019; Noren Hooten et al.,
2010). In this study, RT-PCR analysis showed that the basal level of miR-29cb2 was much higher in bone than that
in other organs under physiological bone homeostasis. With osteoporosis-related bone loss, the decrease in
bone miR-29¢b2 was associated with an inverse increase in PB miR-29¢b2. This finding was consistent with
reports indicating that miR-208a and miR-499-5p are highly enriched in heart tissue and considerable quantities
of these miRNAs are rapidly released into PB following cardiac injury (Cheng et al., 2019). We thus speculate that
miR-29¢b2 is a bone-specific miRNA, and redistribution from bone to vessel could represent an angiogenesis-
osteogenesis dysfunction. Typical clinical biomarkers of osteoporosis or osteopenia can be divided into four
types: bone formation related biomarkers, bone resorption biomarkers, hormones, and nutrients related bio-
markers (lkebuchietal., 2018; Xuan etal., 2015; Garnero, 2014; Boucher-Berry et al., 2012). In this study, four types
of biomarkers, including osteocalcin, CTx, PTH, and 250HVitD were tested. Unfortunately, their sensitivity and
specificity for monitoring bone loss were lower than miR-29¢/b2. It is worthy to further study the miR-29¢b?2 as
bone loss biomarkers for monitoring osteoporosis.

In summary, these observations are compelling, as miR-29cb2 is a coupling factor and plays an
essential permissive role during bone remodeling by downregulating the angiogenesis-osteogenesis
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"brake” (i.e., HIF-3a) that keeps endothelial cells and osteoblasts in an angiogenic or osteogenic
state; miR-29cb2 also is a bone-specific biomarker and selectively imported from bone to peripheral
blood during angiogenesis-osteogenesis dysfunction. However, the means by which miR-29¢b2 is
transported into the circulation and the biological significance of this transport remain largely
unknown.

Limitations of the study

Our data-driven analysis identifies that miR-29cb2 exhibits an essential role in bone remodeling, and has
the potential to be a new biomarker for osteopenia. However, more disease models, longer observation
time, and more patients should be studied for verifying the role of miR-29cb2 in osteopenia.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal CD31 antibody Abcam Cat# ab24590; RRID: AB_448167
Mouse monoclonal EMCN antibody Santa Cruz Cat# sc-65495; RRID: AB_2100037
Rabbit polyclonal Runx-2 antibody Abcam Cat# ab23981; RRID: AB_777785
Rabbit monoclonal Anti- p7/Osterix antibody Abcam Cat# ab209484; RRID: AB_2892207
Rabbit monoclonal HIF-1B antibody Abcam Cat# ab239366

Rabbit polyclonal HIF-3a. antibody Novus Cat# NB100-2287SS; RRID: AB_790150
Mouse monoclonal HIF-18 antibody Abcam Cat# ab2771; RRID: AB_303284

Rabbit polyclonal HIF-3a antibody Novus Cat# NBP1-03155; RRID: AB_2117409

Critical commercial assays

OCN

PTH

CTx
250HVitD

Rochediagnostics
Rochediagnostics
Rochediagnostics

Rochediagnostics

Cat#11972111 122
Cat#07251068 190
Cat#11972308 122
Cat#05894913 190

Deposited data

RNA sequence NCBI GSE188697
Experimental models: Organisms/strains

Homozygous miR-29cb2~/~ mice (C57BL/6J Shanghai Model Organisms Center N/A

strain)

Software and algorithms

Image J N/A N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Yun Liao (libra_ly@shsmu.edu.cn).

Materials availability

e Knockout mice used in this study were generated by Shanghai Model Organisms Center (Shanghai,
China)

e This study did not generate any new reagents

Data and code availability

o All data needed to evaluate the conclusions in the paper are present in the paper and/or the supple-
mental information. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

@ All data reported in this paper will be shared by the lead contact upon request

® This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animals were housed in specific pathogen-free environment with a 12 h light/dark cycle with food and
water ad libitum. This study was performed in strict accordance with institutional guidelines and the animal
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institutional licence is SCXK (HU) 2019-0002. This study approved by the Institutional Animal Care and Use
Committee in Shanghai Model Organisms Center and Shanghai Tenth People’s Hospital, the IACUC
permit numbers were 2019-0002 and SHDSYY-2015-0018 respectively. All human experiments were carried
out with approval from the Shanghai Tongren Hospital Ethics Committee (no. 2020-025-01).

Homozygous miR-29cb2~/~ mice (C57BL/6J strain) were generated using the CRISPR/Cas9 technique. miR-
29cb2~/~ mice were generated as follows: guide RNAs (QRNAs) were designed to target the 5’ and 3’ ends
of mouse miR-29¢/b2 based on publicly available information on the sequences of miR-29¢ (MGl 3619047,
http://www.informatics.jax.org/marker/MGI:3619047) and miR-29b2 (MGl 2676906, http://www.informatics.
jax.org/marker/MGI:2676906). The spacer sequences of the gRNAs were as follows: gRNA1, 5'-
GGCTGTCATCTGCGTCTGACAGG-3; gRNA2, 5-ATGATTCTCAGGGCTGAGGCTGG-3; gRNA3, 5-GC
ACCAGCCTCAGAACCTT GTGG-3’; and gRNA4, 5-TCAGCCTATCACTTCCTACGTGG-3'. Homozygous
mice were bred for at least four generations at the Shanghai Model Organisms Center (Shanghai, China)
before any experiments were begun (Figure $14). Six weeks and sixteen weeks female miR-29cb2~/~
mice were used for further studies (IACUC number 2019-0002).

Female mice (C57BL/6J, n = 18; 8 weeks old, 20 + 2.5 g) were obtained from the Shanghai Model
Organisms Center, China. Surgery was performed as follows: First, mice were anesthetized by intraperito-
neal injection of isoflurane gas. Then, a single small dorsal incision was made in each side, and the subcu-
taneous connective tissue was separated to expose the ovary. The ovary was removed by severing the
oviduct. Then, the wound was carefully closed, and mice were fed ad libitum for 8 weeks. All animal care
protocols complied with the Laboratory Animal Care and Use Guidelines of Shanghai Tenth People's
Hospital (IACUC number SHDSYY-2015-0018).

Forty-five to eighty years old patients of arbitrary sex were randomly selected for biomarkers determina-
tion. Nine females and six males were included into osteopenia group. Seven females were included
into osteoporosis group. Age statistics of patients are shown in Figure S11. Sixty-one to seventy-nine years
old patients (4 females and 2 males) who required knee replacement surgery were selected for bone
samples collection. The fresh samples obtained were divided in several parts for PCR, western blotting
and immunostaining analysis. Informed consent was obtained from all patients, and this process was
approved by the Institutional Review Board of Tongren Hospital, Shanghai Jiao Tong University School
of Medicine (no. 2020-025-01).

METHOD DETAILS

Labeling of CD31"EMCN" vessels

miR-29cb2~/~ mice were sacrificed at the ages of 6 and 16 weeks. The femurs were collected and fixed with
4% paraformaldehyde (PFA) for more than 1 day. Then, the samples were carefully transferred into decal-
cifying solution, which was refreshed daily. After one month, the femurs were dehydrated overnight in a
tissue processor and embedded in paraffin. anti-CD31 (mouse, 1:100, ab24590, Abcam) and monoclonal
anti-EMCN (rat, 1:100, sc-65495, Santa Cruz) antibodies were used to label CD31 and EMCN, whose
high expression is a marker of neovascularization. Immunohistochemical images were acquired by fluores-
cence microscopy (Olympus, I1X-71) with a digital Olympus camera. Digital images showing each antigen
were acquired and evaluated using Image-Pro Plus software.

BONE ANALYSIS

Micro-CT evaluation

miR-29cb2~/~ mice were sacrificed at the ages of 6 and 16 weeks. The femurs were collected and fixed with
4% PFA for more than 1 day. A micro-CT system (Skyscan 1172, Bruker Micro-CT, Germany) was used to
identify the bone mass. Scanning was performed using an Al 1-mm filter at 65 kV with a resolution of
18 mm. Two-dimensional (2D) and three-dimensional (3D) images were reconstructed with NRecon soft-
ware and the CTvol program.

Histopathological evaluation

miR-29¢b27/~ mice were sacrificed at the ages of 6 and 16 weeks. The femurs were collected, fixed with 4%
PFA, decalcified and cut into 6 um thick transverse sections. HE (Servicebio), an anti-Runx-2 antibody
(rabbit; 1:1000; ab23981; Abcam), Anti-Sp7 / Osterix antibody (Rabbit; 1:1000; ab209484; Abcam) and
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Trap (Servicebio) were used for morphological examination. anti-HIF-1 (rabbit; 1:1000; ab2771; Abcam)
and anti-HIF-3a (rabbit; 1:14000; NBP1-03155; Novus) were used for target examination. Digital images
showing each antigen were acquired and evaluated using Image-Pro Plus software.

RNA-seq and analysis

Reads were aligned to the mm10 mouse transcripts using STAR (1.2.0) with the default parameters. The
DESeq2 R (1.16.1) R package was used to normalize gene count data and then detect DEGs (false discovery
rate < 0.1 and absolute log2 (fold change) > 0.5) between miR-29cb2~/~ mice and control mice.

Luciferase activity

Fluorescein-labeled reporter gene detection was carried out using a Dual Luciferase Assay System kit
(Promega) after sequence comparisons of hif-3a and miRNAs, according to the manufacturer’s instructions.
Wild-type and two mutant pmiRGlo-hif-3a-3'UTR dual luciferase reporter vectors incorporating miRNA
binding sites were constructed. HEK293 cells were co-transfected with wild-type or mutant vectors and
miRNA mimics using transfection reagents for 48 h. The cells were lysed to detect the luciferase activities
using the Luciferase Reporter Assay Kit.

Quantitative RT-PCR (qRT-PCR)

Femurs of WT and miR-29¢b2~/~ mice were collected and immediately stored in liquid nitrogen. Gene
expression was analyzed by gRT-PCR (LightCycler 480 Real-Time PCR System, Roche, Basel, Switzerland).
The primer sequences are listed in Table S4. gRT-PCR experiments were performed with at least two inde-
pendent replicates, and each sample was analyzed in duplicate. Relative expression was quantified using
the comparative threshold method. Data are expressed as 27 22t values.

Western blotting analysis

Western blotting analysis was performed to assess protein expression. Femur samples were homogenized,
and protein was extracted via incubation in RIPA lysis buffer (bioTNT) and centrifugation. Then, 20 pg of
protein from each sample was separated via SDS-PAGE and transferred to nitrocellulose membranes.
TBS-Tween 20 buffer with 5% BSA was added to block the membranes for 1 h, and the membranes were
then incubated with anti-HIF-1B (rabbit; 1:1000; ab239366; Abcam) and anti-HIF-3a (rabbit; 1:200;
NB100-2287SS; Novus) primary antibodies overnight at 4°C. Horseradish peroxidase-conjugated second-
ary antibodies were then added and incubated with the membranes for 1 h at room temperature. Protein
bands were visualized using alphaEaseFC (Alpha Innotech, USA) in a darkroom.

HUMAN SAMPLE COLLECTION AND ASSESSMENT

Human distal femur evaluation

Patients obtained X-ray san score range from —1 to —2.5 were into the osteopenia group and greater than
—2.5 were into osteoporosis group (Camacho et al., 2020). Patients with osteoporosis or osteopenia who
underwent knee replacement surgery were included. Patients with the following comorbidities or condi-
tions were excluded: microbial infection in the knee; bone tumors; systemic bone-related metabolic endo-
crine diseases; and treatment with hormones, steroids, vitamin D or calcium.

Peripheral blood (PB) collection and miR-29cb2 detection

PB (2 mL) remaining from preoperative routine blood tests of the patients who underwent joint-related sur-
gery were included. To prevent RNA degradation, whole blood was collected into PAXgene Blood RNA
tubes for subsequent detection. Then, total RNA was concentrated and purified using a PAXgene Blood
RNA kit. In brief, the pellet collected from the initial centrifugation was incubated in optimized buffers
with proteinase K to digest proteins. After incubation at 55°C for 10 min, the suspension was transferred
to a PAXgene Shredder spin column (PSC) to homogenize the cell lysate and remove residual cell debris.
After adding ethanol to the aforementioned supernatant to adjust the binding conditions, the lysate was
applied to a PAXgene RNA spin column (PRC). During a brief centrifugation step, the RNA was selectively
bound to the silica membrane of the PAXgene column as contaminants passed through. The remaining
contaminants were removed through several efficient wash steps. Between the first and second wash steps,
the membrane was treated with DNase | (RNFD) to remove trace amounts of bound DNA. After the wash
steps, RNA was eluted in elution buffer and heat denatured, it was then ready for subsequent detection.
miR-29 family members were detected by RT-PCR as described above.
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Biomarkers evaluation

Four types of biomarkers were evaluated according to the product manual: OCN (Rochediagnostics
11972111 122), PTH (Rochediagnostics, 07251068 190), CTx (Rochediagnostics, 11972308 122) and
250HVitD (Rochediagnostics, 05894913 190).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as the means + standard errors and were analyzed using GraphPad Prism Version
5.0 statistical software (GraphPad Software, CA, USA). One-way ANOVA and Student’s t-test with the
Bonferroni post hoc test were used for comparisons among groups and within each group, respectively.
ROC analysis was performed to calculate the AUC values along with the standard errors and 95% confi-
dence intervals. Statistical significance was accepted at p < 0.05.
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