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Transforming growth factor b 1 (TGF-b1), as the most abun-
dant signaling molecule in bone matrix, is essential for bone
homeostasis. However, the signaling transduction of TGF-b1
in the bone-forming microenvironment remains unknown.
Here, we showed that microRNA-191 (miR-191) was downre-
gulated during osteogenesis and further decreased by osteo-fa-
voring TGF-b1 in bone marrow mesenchymal stem cells
(BMSCs). MiR-191 was lower in bone tissues from children
than in those from middle-aged individuals and it was nega-
tively correlated with collagen type I alpha 1 chain (COL1A1).
MiR-191 depletion significantly increased osteogenesis and
bone formation in vivo. Hydrogels embedded with miR-191-
low BMSCs displayed a powerful bone repair effect. Mechanis-
tically, transcription factors BMI1 and SMAD2 coordinately
controlled miR-191 level. In detail, BMI1 and pSMAD2 were
both upregulated by TGF-b1 under osteogenic condition.
SMAD2 activated miR-191 transcription, while BMI1
competed with SMAD2 for binding to miR-191 promoter re-
gion, thus disturbing the activation of SMAD2 on miR-191
and reducing miR-191 level. Altogether, our findings reveal
that miR-191 regulated by TGF-b1-induced BMI1 and
SMAD2 negatively modulated bone formation and regenera-
tion, and inhibition of miR-191might be therapeutically useful
to enhance bone repair in clinic.

INTRODUCTION
Bone formation by osteoblasts is a crucial process after bone in-
juries.1 Bone marrow-derived mesenchymal stem cells (BMSCs)
are the sources of osteoprogenitor cells, which can differentiate
into osteoblasts and induce bone formation.2 During bone healing,
BMSCs can be recruited by various cytokines and chemokines to
injured sites, where they proliferate, differentiate, modulate cell-
cell communications via paracrine modes, and consequently lead
to bone regeneration and fracture healing, which makes them ideal
for bone tissue engineering.3–6 Thus, in-depth understanding of mo-
lecular mechanisms governing the behaviors of BMSCs and devel-
oping novel strategies to promote bone formation and regeneration
are necessary.
Molecula
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Transforming growth factor b 1 (TGF-b1) is the most concentrated
and important microenvironment signal molecule during bone for-
mation and remodeling and it is highly activated during bone
injury.7–9 However, the effect of TGF-b1 on BMSC osteogenesis
and bone formation is bidirectional and depends on various factors,
including its dosage and cellular context.8,10–14 Thus, exploring the
key downstream targets of specific TGF-b1 responses may enable
the discovery of new therapeutic options for bone-related diseases.
SMAD proteins are the major intracellular transmitters of TGF-b
signaling. They form complexes that can bind to Smad binding ele-
ments in the promoter region of target genes, thus activating TGF-
b responses.14,15 In response to certain microenviromental cues,
SMADs can also recruit other transcriptional factors or co-regulators
to direct the expression of specific downstream genes to provoke
certain TGF-b responses.16 Polycomb protein bmi-1 (BMI1, also
known as PCGF4) is a major component of Polycomb-repressive
complex 1 (PRC1), which acts as an essential epigenetic corepressor
of target genes.17 BMI1 could promote osteogenesis of BMSCs and
protect against osteoporosis in mice.18–22 Previous study reported
PCGF5, another PRC1 protein, could epigenetically regulate
SMAD2/TGF-b signaling to enhance neural differentiation23; howev-
er, there is currently no evidence regarding the potential interplay be-
tween BMI1 and TGF-b/SMADs signaling. Based on these grounds,
finding the key targets of certain TGF-b responses and exploring their
transcriptional regulatory mode by SMADs and/or other transcrip-
tion regulators under specific microenvironment will enrich the
signal transduction mechanism of TGF-b and provide a new strategy
for bone healing.

MicroRNA-191 (miR-191) plays a critical role in various tumors and
diseases including ischemia-induced tissue injury by regulating
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Figure 1. MiR-191 was regulated by TGF-b1 under

osteogenic condition

(A) The re-analysis of GEO: GSE107279 and GEO:

GSE39994 to screen miRNAs regulated by TGF-b1 and

osteogenic induction. (B–D) The levels of miR-191 in

BMSCs treated with basal media (BM, complete media),

osteogenic media (OM), and OM supplemented with TGF-

b1 (OM+TGF-b1) at the indicated concentrations (B), in

BMSCs cultured in OM at the indicated time points (C),

and in bone tissues collected from mice at 1 week (w),

1 month (m), or 3 months of age (D). The data are

presented as the mean ± SDs. (E) The levels of miR-191

in bone specimens from children (%14 years) and middle-

aged individuals (40–55 years). n = 19 for the children’s

group, n = 18 for the middle-aged group, respectively. All

data are presented as the mean ± SEMs. (F) The

correlation analysis of miR-191 with COL1A1 in human

bone tissues. The significance is indicated as *p < 0.05,

**p < 0.01, ***p < 0.001. ns = no significance.
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different cellular processes.24,25 The function of miR-191 varies ac-
cording to the specific cell type or the context.24 Cellular stresses
such as hypoxia,25 radiation,26 or chemotherapeutic drugs27 can in-
fluence the expression of miR-191. Additionally, the level of miR-
191 was associated with tissue development and has been found to
be dysregulated during human and mouse embryonic develop-
ment.28,29 Moreover, miR-191 has been observed to gradually decline
during the osteogenesis of BMSCs,30 suggesting its involvement in the
regulation of cellular function of BMSCs and subsequent bone forma-
tion. However, the precise function and mechanism of miR-191
require further elucidation.

In this study, we found that TGF-b1 downregulated miR-191 under
osteogenic conditions. Mice lacking miR-191 exhibited strong bone
formation with an increase of osteoblast number. Hydrogels
embedded with miR-191-low BMSCs induced bone repair in vivo.
In vitro study demonstrated that inhibition of miR-191 promoted os-
teogenesis, increased the secretion of monocyte chemoattractant
protein-1 (MCP-1, also known as CCL2), and enhanced the migra-
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tion of BMSCs. We also discovered a novel
competitive binding mode of transcription fac-
tors BMI1 and SMAD2, which cooperatively
regulate the transcription of miR-191. Collec-
tively, our research highlights miR-191 as a key
downstream target of TGF-b1 signaling in bone
homeostasis and suggests that suppression of
miR-191 may be therapeutically effective for
bone regeneration.

RESULTS
MiR-191 participates in TGF-b1-regulated

osteogenesis of BMSCs

The impact of TGF-b1 on osteogenesis of BMSCs
is bidirectional and depends on its dosage and
cellular context.8,10,31 Given that the appropriate dose of TGF-b1
in vivo stimulates bone development and improves bone cell func-
tion,32–35 we first investigated the effect of different TGF-b1 concen-
trations on osteogenesis of BMSCs in order to find the optimal dose of
TGF-b1 to enhance osteogenesis. We found that 2.5 ng/mL TGF-b1
induced the osteogenic proteins in BMSCs, while 10 or 20 ng/mL
TGF-b1 decreased them (Figure S1A), which was partially consistent
with a previous report in which 1 ng/mL TGF-b1 was osteo-promo-
tive, whereas 10 ng/mL TGF-b1 or above concentrations were osteo-
inhibitory under osteogenic conditions.10 To screen the candidate
microRNAs regulated by both osteogenic induction and TGF-b1,
we re-analyzed GEO: GSE107279 (differentially expressed micro-
RNAs during osteogenesis of human BMSCs30) and GEO:
GSE39994 (differentially expressed microRNAs in embryonic stem
cells treated with TGF/Smads activator or inhibitor36), and found
five common microRNAs including miR-191-5p, miR-199a-3p,
miR-199b-3p, miR-130a-3p, and miR-423-5p (Figure 1A; Table S1).
The results of quantitative PCR (qPCR) confirmed that osteogenic
induction downregulated miR-191-5p and miR-423-5p, and



Figure 2. Knockdown of miR-191 increases BMSC osteogenesis

(A) BMSCs transfected with inhibitor control oligos (I-ctrl) or inhibitor-miR-191 oligos (I-miR-191) and cultured in osteogenic media for 48 h were subjected to RNA

sequencing. KEGG pathway enrichment of the differentially expressed genes (DEGs, p < 0.05) was analyzed by DAVID (https://david.ncifcrf.gov/). (B) Heatmap repre-

sentation of dysregulated genes enriched in pathways including ECM-receptor interaction, PI3K-Akt signaling pathway, focal adhesion, and cell cycle. (C and D) Repre-

sentative images of alkaline phosphatase staining (day 14 of culture), ALP activities (day 5 of culture), and the mRNA levels of the indicated marker genes (day 3 of culture) in

BMSCs transfected with I-miR-191/I-ctrl (C) or mimic control oligos (M-ctrl)/mimic-miR-191 oligos (M-miR-191) (D) and cultured in osteogenic induction media. BM (basal

(legend continued on next page)
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upregulated miR-199a-3p, but had no effect on miR-130a-3p and
miR-199b-3p in BMSCs; TGF-b1 had variable effects on the levels
of all five microRNAs. Notably, the expression of miR-191-5p was
obviously reduced by 2.5 ng/mL TGF-b1, and it recovered to pre-
treated level by 20 ng/mL TGF-b1 compared with osteogenic media
group (Figures 1B and S1B). Given the close correlation of its expres-
sion pattern and the effect of TGF-b1 on osteogenesis, miR-191-5p
was chosen for further study. We further showed that miR-191 was
reduced markedly at day 3 and maintained at low levels at day 7
and day 14 of osteogenic culture of osteogenic media, indicating a
key role of miR-191 at the early stage of osteogenesis (Figure 1C).
We also observed a gradual increase in the level of miR-191 in mouse
bone tissues as the age of the mice increased from 1 week, 1 month old
to 3 months old (Figure 1D), suggesting miR-191 may play a role in
bone development. Moreover, we analyzed the levels of miR-191 in
human bone specimens, including 18 samples from middle-aged
adults (40–55 years) and 19 samples from children (0–14 years),
with the clinical information provided in Table S2. We found that
miR-191 was significantly lower in bone tissues from children
compared with those from middle-aged individuals (Figure 1E).
Type I collagen is one of the most important extracellular matrix
components of bone tissues, and its encoding gene COL1A1 is a
key downstream effector of TGF-b1 signaling in various cells.37–41

In combination with the differential expression of miR-191 during
bone development observed above, we analyzed the relationship be-
tween miR-191 and COL1A1 in human specimens. The results indi-
cated that miR-191 was inversely related to COL1A1 (R = �0.5,
p = 0.006) in human bone tissues (Figure 1F). The above data strongly
suggest an involvement of miR-191 in bone development and a close
correlation between miR-191 and the function of TGF-b1 in osteo-
genesis of BMSCs.

Inhibition of miR-191 promotes osteogenesis of BMSCs in vitro

Since miR-191 was found to be decreased during osteogenesis of
BMSCs, we explored the impact of miR-191 on BMSCs by utilizing
mimics and inhibitors of miR-191 (Figure S2). RNA sequencing re-
vealed that differentially expressed genes (DEGs) in BMSCs trans-
fected with inhibitor control or inhibitor of miR-191 were mainly en-
riched in KEGG pathways of extracellular matrix (ECM)-receptor
interaction, PI3K-Akt signaling pathway, focal adhesion, and cell cy-
cle, all of which are critical for cell survival and differentiation of
BMSCs (Figure 2A). The DEGs within those pathways were depicted
in a heatmap, with more than 70% of them increased in the inhibitor-
miR-191 transfected group, especially collagen genes, suggesting a
regulation of miR-191 on ECM production of BMSCs following oste-
ogenic induction (Figure 2B). The results of cell staining assays and
media), OM (osteogenic media). Scale bar, 250 mm. The data are presented as the mean

with I-ctrl/I-miR-191 (E) or M-ctrl/M-miR-191 (F) and exposed to complete media or co

presented as the mean ± SDs. (G) MCP-1 levels in the supernatants of BMSCs following

media with TGF-b1 of 2.5 ng/mL) for 48 h, as determined by a cytometric bead array s

targets of miR-191 in BMSCs transfected with the indicated oligos. The data are prese

pathway analysis predicted upstream regulators and the verified miR-191 targets, and

their downstream molecules generated by IPA. The significance is shown as *p < 0.05
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alkaline phosphatase (ALP) activity assays confirmed that inhibition
of miR-191 promoted mineral deposition, whereas overexpression of
miR-191 decreased mineral deposition (Figures 2C and 2D). Osx and
Runx2 are the key osteogenic transcription factors that regulate the
differentiation of BMSCs into osteoblasts.Ocn and Col1a1 are specific
osteoblast marker genes. qPCR results indicated that inhibition
of miR-191 increased the expression of Osx, Col1a1, Ocn, and
Runx2, while upregulation of miR-191 reduced their expression
(Figures 2C and 2D). Moreover, inhibition of miR-191 further
increased TGF-b1-induced migratory activity of BMSCs, while
miR-191mimic decreased cell migration (Figures 2E and 2F). In addi-
tion, downregulation of miR-191 raised TGF-b1-induced MCP-1
secretion (Figure 2G). These findings showed that miR-191 was a crit-
ical regulator of BMSC behaviors.

Then we screened for the targets of miR-191 using the ENCORI data-
base (https://rnasysu.com/encori/), which incorporates predictive in-
formation from databases such as Pictar and TargetScan. We found
14 common targets of miR-191 across the PicTar, TargetScan, and
miRanda databases, as shown in Table S3. We checked the expression
of those molecules in our sequencing results (the DEGs between miR-
191 inhibitor group and inhibitor control group [DEGs, p < 0.05, |
logFC|>0.1]). However, the p values of these molecules are greater
than 0.05, thus, we detected their levels in BMSCs transfected with
miR-191 inhibitor or inhibitor control and cultured in osteogenic me-
dia for 72 h. The results indicated that Cebpb, Rnf139, Egr1, and Wiz
were significantly upregulated in the miR-191 inhibitor group
compared with the control group (Figure 2H), suggesting that these
molecules might be the key targets of miR-191 during osteogenesis.

QIAGEN ingenuity pathway analysis (IPA) upstream regulator anal-
ysis tool was employed to obtain all the predicted upstream regulators
of the DEGs from RNA sequencing data (Table S4). Through this
analysis, we successfully identified two molecules, CEBPB and
EGR1, that showed overlap between the upstream regulators and
the targets of miR-191. Consistent with our expectations, the signals
associated with the two molecules were found to be activated in IPA,
with Z score of 2.6 and 1.9, respectively (Figure 2I). The regulatory
networks of EGR1 and CEBPB and their downstream molecules are
shown as Figure 2J. The above data suggested that Cebpb and Egr1,
acting as the key targets of miR-191, could play a primary role in
miR-191-regulated osteogenesis of BMSCs.

Additionally, the upstream regulator analysis by IPA also revealed
that TGF-b1 signaling was activated in miR-191 inhibitor group (Z
score = 3.094, Figures S3A and S3B), implying that inhibition of
± SDs. (E and F) Representative images of Transwell-migrated BMSCs transfected

mplete media with TGF-b1 of 2.5 ng/mL for 48 h. Scale bar, 200 mm. The data are

transfection with the indicated oligos and exposed to complete media or complete

ystem. The data are presented as the mean ± SDs. (H) The levels of the predicted

nted as the mean ± SEMs. (I) The common molecules between QIAGEN ingenuity

the DEPs regulated by them. (J) The regulatory networks of EGR1 and CEBPB and

, **p < 0.01, and ***p < 0.001.
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miR-191 enhanced TGF-b1 signaling, leading to increased expression
of TGF-b1 downstream effectors. Given that miR-191 was decreased
by TGF-b1 at 2.5 ng/mL (Figure 1B), these data further indicated that
the decrease inmiR-191 levels is an important event in response to the
osteo-favoring TGF-b1.

MiR-191 deficiency is favorable for bone formation and repair

To investigate the effect of miR-191 loss on bone formation, we first
assessed bone parameters inmiR-191-deficient mice. Microcomputed
tomography (mCT) on the long bones revealed increased trabecular
bone formation in the endocortical compartment in miR-191�/�

mice (Figures 3A and 3B). When compared with wild-type (WT,
miR-191+/+) mice, trabecular bone volume (BV/TV), bone surface
density (BS/TV), and number (Tb.N) were increased, while trabecular
separation (Tb.Sp) was reduced in the femora of miR-191�/� mice
(Figure 3C). There were no noticeable variations in trabecular thick-
ness (Tb.Th) and pattern factors (Tb.Pf) (Figure 3C). The cortical
thickness (Ct.Th) was greater in miR-191�/� mice than in WT
(miR-191+/+) littermates (Figure 3D). The results of calcein double la-
beling showed that miR-191-deleted mice had notably higher miner-
alization apposition rate (MAR) and bone formation rate (BFR) in the
cortical bones and cancellous bones proximal to the growth plate of
the distal femurs than WT mice (Figures 3E–3G).

Femoral sections demonstrated an elevated number of osteoblasts
(p = 0.02) and a comparable number of osteoclasts (no significance,
p = 0.24) on the trabecular bone surfaces (Figures 3H and 3I) of
miR-191�/� mice compared with WT mice. Consistently, the serum
levels of procollagen type I N-propeptide, which is a marker of bone
formation, raised significantly in miR-191-deleted mice than in WT
mice, whereas osteoblast activity marker of C-terminal telopeptide
of type I collagen (CTX-I) was comparable between miR-191�/�

mice andWTmice (Figure 3J). Furthermore, collagen I was increased
in osteoblasts and lining cells surrounding trabecular bones in miR-
191�/�mice (Figure 3K). In addition, the deletion of miR-191 caused
a significant increase in calcium deposition, ALP activities, and osteo-
genesis-related genes (Figure 3L). These findings collectively demon-
strated the dominant role of miR-191 deficiency in bone formation.

BMSCs are crucial participants in bone fracture healing. TGF-b1 is
highly activated during bone repair. We have found that miR-191
was closely related to TGF-b1-regulated osteogenesis of BMSCs.
Thus, we further explored the role of miR-191 on BMSC-mediated
bone repair in the presence of TGF-b1. We generated a transcortical
defect hole with a 0.8-mm diameter of drill through a cortex of the
mouse tibia (Figure S4). In this model, bone regeneration occurs
exclusively through intramembranous ossification, which greatly de-
pends on BMSC osteogenesis under the TGF-b1 stimulation at the
damaged site, without intervening cartilage intermediates.42,43 mCT
was performed to assess the regenerated bone in the tibia defect at
postsurgery days 3 and 7 (PSD3, PSD7). The views of three-dimen-
sional (3D) reconstruction showed that miR-191 knockout resulted
in more mineral deposition compared with WT mice (Figure 3M).
There was a significant increase in bone volume, surface density
and trabecular number of newly formed bone in miR-191�/� mice
(Figure 3N). Trabecular separation was significantly decreased in
miR-191�/� mice (Figure 3N). Trabecular thickness and trabecular
pattern factor were not significantly altered (Figure 3N). All the above
data illustrated that miR-191 greatly impacted osteogenesis of BMSCs
during bone formation and healing.

Localized inhibition of miR-191 of BMSCs effectively enhances

osteogenic differentiation and bone repair in vivo

We have confirmed the essential function of miR-191 in osteogenesis
of BMSCs. To further identify the potential therapeutic effect of miR-
191-regulated BMSCs on bone regeneration, we constructed a 3D
culture system with GelMA hydrogels embedded with BMSCs overex-
pressing or down-expressing miR-191. The flowchart is shown in Fig-
ure 4A. Photocrosslinkable GelMA was easy to shape within minutes,
and GelMA hydrogels were transparent (Figure 4B). BMSCs displayed
a round morphology in GelMA hydrogels, and more than 90% of cells
survived after 48 h of 3D culture, as evidenced by the live/dead assay
(Figure 4C), indicating the good biocompatibility of GelMA. The
GelMA scaffold was highly porous with an average pore diameter of
48.72 ± 12.28 mm (Figure 4D), which was suitable for cell proliferation
and communication. Notably, BMSCs grew and formed spheres (red
arrow) in GelMA hydrogels (Figure 4D). Alizarin Red staining analysis
showed that the mineral deposition was remarkably lower in 3D
cultured BMSCs overexpressing miR-191, whereas suppressing miR-
191 led to a marked increase in mineralization (Figures 4E and G).
Consistently, the levels of Osx, Col1a1, and Runx2 were prominently
activated in the miR-191 downregulated group but reduced in the
miR-191 overexpressing group (Figures 4F and H).

Then, a tibia injury model was established. The defective holes in
tibias were injected with GelMA/BMSCmixture (5 mL) and irradiated
by a long wavelength UV lamp for 5 min. Seven days after surgery,
mCt scanning showed that more bone-like tissues were formed in
mice implanted with GelMA hydrogels loaded with miR-191 down-
regulated BMSCs (Figure 4I). The reconstructed 3D views of injured
tibia revealed that miR-191 inhibitor induced more mineralization
compared with the control group (Figure 4I). mCt analysis further re-
vealed that GelMA hydrogel-treated tibias showed elevated BV/TV,
BS/TV, and Tb.N. BMSC addition further increased bone formation,
as indicated by the increased BV/TV, BS/TV, and Tb.N, and the
decreased Tb.Pf in comparison with the GelMA hyrdrogel-treated
group. Among the four groups, hydrogels embedded with miR-191
knockdown BMSCs showed the highest levels of BV/TV, BS/TV,
Tb.N, and Tb.Th as well as the lowest levels of BS/BV and Tb.Pf (Fig-
ure 4J). Taken together, our results illustrated that miR-191 downre-
gulation in BMSCs enhanced osteogenesis and bone repair in vitro
and in vivo, and suppression of miR-191 could be a potential strategy
for the treatment of bone injuries.

SMAD2 induces miR-191 transcription

Next, we investigated the upstream transcriptional regulatory mecha-
nism of miR-191 in response to TGF-b1 under osteogenic conditions.
Since SMAD2/3/4 proteins are well-known key intracellular mediators
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 5
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Figure 3. Deletion of miR-191 promotes bone formation

(A and B) Representative images of mCT analysis of the endocortical compartment of femurs collected from 8-week-old miR-191+/+ and miR-191�/� mice. (C) Quantitative

assessments of BV/TV, BS/TV, Tb.N, Tb.Sp, Tb.Th, and Tb.Pf of femurs from 8-week-old miR-191+/+ and miR-191�/�mice. (D) Representative mCT images of cortical bone

from 8-week-old miR-191+/+ and miR-191�/� mice, and the thickness (Ct.Th.) was analyzed. (E) Representative calcein dual labeling images of the metaphyseal cancellous

bones and the diaphyseal cortical bones (right) of 6-week-old miR-191+/+ andmiR-191�/�mice. The scale bars are shown as indicated. (F and G) Quantitative analysis of the

mineralization apposition rate (MAR) (F) and bone formation rate (BFR) per bone perimeter (B.Pm) (G). (H) Representative H&E staining images of distal femurs from 8-week-

old miR-191+/+ and miR-191�/� mice. Arrows represent osteoblasts, and stars indicate osteoclasts. The scale bars are shown as indicated. (I) Osteoblast number (ob.N/

B.Pm) and osteoclast number (oc.N/B.Pm) in miR-191+/+ and miR-191�/� mice at 8 weeks of age. (J) ELISA of serum P1NP and CTX-I in 8-week-old miR-191+/+ and miR-

191�/�mice. (K) Representative immunostaining of collagen 1 in distal femurs from 8-week-old miR-191+/+ andmiR-191�/�mice. The scale bars are shown as indicated. (L)

Representative Alizarin Red staining images, ALP activities, and the levels of Osx and Ocn of miR-191+/+ and miR-191�/� BMSCs cultured in osteogenic media. Scale bar,

250 mm. (M and N) 12-week-old miR-191+/+ and miR-191�/� mice were subjected to tibia monocortical bone defect surgery. Representative images of mCT of tibias at

postsurgery days (PSDs) 3 and 7 (M) and quantification of the indicated characteristics of injured tibias (N). The significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

ns = no significance. All data are presented as the mean values ± SDs.
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of TGF-b1 signaling, we speculate that SMADsmight regulate the tran-
scription of miR-191. The results from the luciferase assay showed that
SMAD2 overexpression facilitated the reporter activity of miR-191
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
50UTR, but overexpression of SMAD3 or SMAD4had no significant ef-
fect (Figures 5A and S5), implying that miR-191 was specifically acti-
vated by SMAD2. In addition, SMAD2 increased the 50UTR activity



Figure 4. Inhibition of miR-191 effectively enhances osteogenic differentiation and bone formation

(A) Work flowchart of the experiments in vitro and in vivo. (B) Images of GelMA hydrogels before and after freeze-drying. The scale bars are shown as indicated. (C)

Representative images of bright-fieldmicroscopy and live/dead assays of BMSCs embedded in GelMA hydrogels, as well as quantification of live cell numbers. The scale bars

represent 100 mmon the left and 1mm on the right, respectively. (D) Representative images of freeze-dried GelMA hydrogels embedded with or without BMSCs observed by

scanning electron microscopy (SEM). The scale bars represent 50 mm and 15 mm, as indicated. The red arrow points to cells in hydrogels. (E‒H) BMSCs were transfected

with the indicated oligos, embedded in hydrogels, and cultured in osteogenic induction media. After 7 days, the osteogenic marker genes Col1a1, Runx2, and Ocn were

detected (F and H), and after 28 days, cells were stained with Alizarin Red (E and G). The scale bars are shown as indicated. (I) Tibia monocortical bone defect surgery was

performed on WT mice at 12 weeks of age. The defects were not treated (Blank group), or treated with GelMA hydrogels (GelMA group), GelMA hydrogels embedded with

BMSCs transfected with I-ctrl oligos (GelMA+BMSC-I-ctrl group), or GelMA hydrogels embedded with BMSCs transfected with I-miR-191 oligos (GelMA+BMSC-I-miR-191

group). Representative images of mCT of tibias at postsurgery day 7. (J) Quantitative measurements of the indicated parameters of injured tibias. The significance is shown as

*p < 0.05, **p < 0.01, and ***p < 0.001. All data are presented as the mean ± SDs.
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of miR-191 in a dose-dependent manner (Figure 5B). Accordingly, up-
regulation of SMAD2 inducedmiR-191 expression (Figure 5C). By em-
ploying animal TFDB (https://guolab.wchscu.cn/AnimalTFDB4/#/),
we found seven binding sites of SMAD2within 2,000 base pairs (bp) up-
stream sequence from the transcription start site of miR-191 gene with
the consensus binding element CAGAC (Figure 5D). Further chro-
matin immunoprecipitation (ChIP) assays indicated that the sequence
products containing the binding sites of S2/S3 (�644 to �656 bp and
�718 to�725 bp) and S5 (�1,039 to�1,050 bp) were highly enriched
by SMAD2 antibody precipitation (Figure 5E). Moreover, we observed
an increase of phosphorylated SMAD2 inBMSCs cultured inosteogenic
media supplemented with TGF-b1 (2.5 ng/mL and 20 ng/mL)
compared with those in BMSCs cultured in basal media (Figure 5F),
while overexpression of Smad2 suppressed the levels of osteogenic
marker genes (Figure S6), indicating that both the activation status
and the abundance of SMAD2were important for its effect on the osteo-
genesis of BMSCs. Taken together, these data indicated that TGF-b1/
SMAD2 signaling induced miR-191 expression, but it was contrary to
the reduction of miR-191 upon 2.5 ng/mL TGF-b1 stimulation under
osteogenic conditions, as shown in Figure 1B, implying that TGF-b1
might modulate other transcription factors to inhibit the activation of
SMAD2 on miR-191.
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Figure 5. SMAD2 transcriptionally activates miR-191

(A and B) Luciferase analysis of reporter activity of miR-191

50UTR in HEK293T cells transfected with plasmids over-

expressing Smad2, Smad3, or Smad4 (A), and in HEK293T

cells transfected with Smad2 at the indicated concentra-

tions (B). The data are presented as the mean ± SDs.

(C) miR-191 levels quantified by RT-PCR in HEK293T cells

transfected with 1 mg of pHAGE-Smad2. The data are

presented as the mean ± SDs. (D) The predicted

sequence and possibility analysis of the SMAD2 binding

sequence at the miR-191 promoter. “P” represents the

primer position relative to the seven binding sites. (E) ChIP

assays of SMAD2 on the miR-191 promoter in HEK293T

cells. The data are presented as the mean ± SEMs. (F)

Western blotting analysis of phosphorylated SMAD2 and

SMAD2 levels in BMSCs cultured under the indicated

conditions. *p < 0.05 vs. OM group; #p < 0.05 vs. the

same concentration of TGF-b1 under OM conditions. The

data are presented as the mean ± SEMs. The significance

is shown as *p < 0.05, **p < 0.01, and ***p < 0.001. ns =

no significance.
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TGF-b1-triggered BMI1 disrupts miR-191 activation through

competitively inhibiting the binding of SMAD2 to the promoter of

miR-191

To further investigate the upstream transcription factors downregu-
lating miR-191 upon TGF-b1 stimuli, we performed RNA sequencing
to find the DEGs in BMSCs cultured in osteogenic media (OM) or
OMwith an additional 2.5 ng/mL TGF-b1 (Figure 6A).We compared
the DEGs with all transcription factors in the TRRUST database
(https://www.grnpedia.org/trrust/downloadnetwork.php) and
screened the common genes. Among them, the transcription regu-
lator Bmi1 was increased most significantly in response to TGF-b1
(p % 0.005; Figure 6B). The upregulation of BMI1 was validated in
BMSCs cultured in OM with 2.5 ng/mL TGF-b1 (Figure 6C). More-
over, we observed a negative correlation of BMI1 with miR-191 in hu-
man bone tissues, which further addressed the clinical significance of
BMI1 and miR-191 in human bone formation (Figure 6D). Consis-
tent with previous reports,18,21,44 BMI1 overexpression enhanced
the expression of osteogenic marker genes, including Col1a1, Ocn,
and Osx in BMSCs, and vice versa (Figures S7A and S7B). Further-
more, we observed that suppression of Bmi1 impaired the ability of
TGF-b1 to promote osteogenesis (Figure S7C). All the above data
implied that BMI1 modulated miR-191 expression and mediated
the osteo-inductive function of TGF-b1.
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Then we examined whether and how BMI1
affected miR-191 transcription. Results from the
ChIP assay demonstrated that overexpression of
BMI1 fully blocked the binding of SMAD2 at all
binding sites of the miR-191 promoter (Fig-
ure 6E). Luciferase assay confirmed that Bmi1
overexpression significantly reduced the promo-
tive effect of SMAD2 on the reporter activity of
miR-191 while slightly increased the reporter ac-
tivity of miR-191 50UTR in a dose-independent manner per se (Fig-
ure 6F). PCR results confirmed that Bmi1 overexpression significantly
blocked the increase of miR-191 induced by Smad2 overexpression
(Figure 6G). Collectively, the above data confirmed that BMI1 disrup-
ted the activation of miR-191 by SMAD2.

Next, we explored the mechanism by which BMI1 impeded SMAD2
binding to the miR-191 promoter. As shown in Figure 6H, one bind-
ing site for BMI1 (�986 to�1,008 bp from the transcription start site
at miR-191) was found at the promoter of miR-191, the site lying be-
tween the S4 and S5 binding sites for SMAD2, as predicted by animal
TFDB (https://guolab.wchscu.cn/AnimalTFDB4/#/) (Figure 6H).
The ChIP-PCR assay verified significant binding of BMI1 at the
miR-191 promoter when BMI1 was overexpressed; the elevation of
SMAD2 significantly facilitated BMI1 binding at the miR-191 pro-
moter as well (Figure 6I), suggesting that SMAD2 recruited BMI1
to the miR-191 promoter. Co-delivery of SMAD2 and BMI1 signifi-
cantly enhanced the binding of BMI1 (Figure 6I), but diminished
the binding of SMAD2 at the miR-191 promoter (Figure 6F), all of
which indicated that BMI1 might compete with SMAD2 for binding
to the miR-191 promoter. Further competitive DNA pull-down as-
says confirmed that both SMAD2 and BMI1 could bind to the
biotin-labeled miR-191 promoter; as the amount of BMI1 in the
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Figure 6. TGF-b1-triggered BMI1 regulates the expression of miR-191 via interacting with SMAD2

(A) Volcano plots of deregulated genes in murine BMSCs cultured in OM and OM with TGF-b1 (2.5 ng/mL). (B) Common genes between the deregulated genes in OM/OM

with TGF-b1-treated BMSCs and murine transcription factors in the TRRUST database. (C) Protein levels of BMI1 in BMSCs cultured in the indicated media. (D) The

correlation analysis of BMI1 with miR-191 in human bone tissues. (E) ChIP assays of SMAD2 on the miR-191 promoter in HEK293T cells transfected with pHAGE-Ctrl (Ctrl)/

pHAGE-Bmi1 (Bmi1)/pHAGE-Smad2 (Smad2)/pHAGE-Bmi1 and pHAGE-Smad2 (Bmi1+Smad2) (10 mg) in 10 cm dishes. The data are presented as the mean ± SEMs. (F)

Luciferase analysis of reporter activity of miR-191 50UTR in HEK293T cells after transfecting with the indicated plasmids. The data are presented as the mean ± SDs. (G) miR-

191 levels in HEK293T cells following transfection using the indicated plasmids in 12-well plates. The data are presented as the mean ± SDs. (H) The predicted sequence of

the BMI1 binding site at themiR-191 promoter. “P-B” represents the primer position for the binding site of BMI1. (I) ChIP assays of BMI1 on themiR-191 promoter in HEK293T

cells transfected with the indicated plasmids (10 mg) in 10-cm dishes. The data are presented as themean ± SEMs. (J) For the competitive DNA pull-down assay, purified flag-

tagged SMAD2 was mixed with the biotinylated miR-191 promoter, and then purified BMI1 proteins were added at different dosages. The precipitates of Dynabeads

Streptavidin were analyzed by western blotting with BMI1 and SMAD2 antibodies. The data are presented as the mean ± SEMs. (K) Western blotting analysis of protein levels

of pSMAD2, total SMAD2, and BMI1 in BMSCs cultured under the indicated conditions. The data are presented as the mean ± SEMs. (L) The levels of miR-191, BMI1, and

pSMAD2/BMI1 in BMSCs in response to varying concentrations of TGF-b1 under osteogenic conditions. (M) Schematic diagram of the regulatory mode of BMI1 and SMAD2

on the expression of miR-191 upon TGF-b1 stimulation. The significance is shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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reaction system increased, BMI1’s binding to the promoter of miR-
191 gradually increased, whereas SMAD2’s binding exhibited a
gradual decrease (Figure 6J).
To clarify the relationship among miR-191, BMI1, and SMAD2, we
assessed the expression of BMI1 and pSMAD2 at different concentra-
tions of TGF-b1. The results showed that the overall pSMAD2 levels
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were higher in BMSCs cultured in OM compared with basal media,
and the expression of BMI1 was enhanced by 2.5 ng/mL TGF-b1.
However, a high level of TGF-b1 (20 ng/mL) resulted in increased
SMAD2 activation, but concurrently, BMI1 expression was reduced
(Figure 6K), suggesting that the level changes of BMI1 and pSMAD2
might be closely related to the expression of miR-191. Therefore, we
analyzed the ratio of pSMAD2 to BMI1 expression levels at different
concentrations of TGF-b1 under osteogenic conditions. As Figure 6L
shows, the changes in the ratio of pSMAD2 to BMI1 expression levels
were largely consistent with the changes in miR-191 levels (a decrease
at 2.5 ng/mL and a recovery at 10 or 20 ng/mL), while the expression
trend of BMI1 was opposite to that of miR-191. The above findings
further confirmed that miR-191 expression was strictly regulated by
both BMI1 and pSMAD2 in response to TGF-b1 under osteogenic
conditions. Therefore, we concluded that TGF-b1 upregulated
BMI1, which bound to the miR-191 promoter and competitively dis-
rupted SMAD2 binding to the miR-191 promoter and inhibited the
transcriptional activation of miR-191 by SMAD2, thus maintaining
a lower level of miR-191 in BMSCs (Figure 6K), and ultimately
enhancing osteogenesis and bone formation.

DISCUSSION
TGF-b1 is highly activated during bone repair and is essential for
bone formation and fracture healing.45,46 Although it is considered
as a bone-forming agent to promote bone healing, TGF-b1 also en-
hances bone resorption under certain conditions.11 In addition,
TGF-b1 participates in diverse biological processes outside the bone
environment.16,47 Thus, rather than control general TGF-b1 re-
sponses, modulating specific targets of TGF-b1 that mediate certain
TGF-b1 responses is more effective for therapeutic development.
Our present study demonstrated miR-191 as a key downstream target
of TGF-b1 signaling under the osteogenic microenvironment. Osteo-
favoring TGF-b1 downregulated miR-191. In human bone tissues,
miR-191 was decreased more in children than in middle-aged indi-
viduals, implying the association of low miR-191 and active bone for-
mation in children. MiR-191 deficiency significantly induced bone
mass, mineral deposition, and bone repair by enhancing the osteo-
genesis, paracrine effect, and migration of BMSCs. The potential
clinical translational value of miR-191 was also verified by a hydro-
gel-based bone repair model, implying miR-191 as a promising ther-
apeutic target for bone repair.

SMAD2 and SMAD3 serve as key mediators of TGF-b signaling, but
their selective transcriptional responses in transducing TGF-b were
largely unknown.48 We identified miR-191 as a specific target of
SMAD2. Although oligomerization with SMAD4 was necessary for
SMAD2 to activate TGF-b-mediated transcription of target genes,49

we observed that SMAD4 overexpression alone was not sufficient
to activate miR-191, implying the important function of nuclear
translocation of SMAD2/SMAD4 complex in miR-191 activation.
We also found an inhibition of BMI1 on TGF-b1/SMAD2-mediated
activation of miR-191, whether BMI1 selectively regulates SMAD2-,
but not SMAD3- or SMAD4-mediated transcriptional responses
will be explored in our future study.
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In our study, BMI1 was significantly increased upon osteo-favoring
TGF-b1 stimuli under osteogenic conditions and the influence of
TGF-b1 is partially dependent on BMI1. BMI1 is an essential epige-
netic repressor of target genes via the PRC1 complex; however, we
observed that BMI1 activated the expression of osteo-favoringmarkers
of Col1a1, Ocn, and Osx, which were initiated by TGF-b1, whereas it
suppressed the expression of miR-191, which was inhibited by TGF-
b1, implying a dual function of BMI1 in the regulation of osteogene-
sis-related genes. Indeed, BMI1 has been reported to have both a tran-
scriptionally activating role and a transcriptionally repressing role in
gene regulation,50,51 but the evidence about the bidirectional regulation
of BMI1 on the target genes involved in a certain biological process,
such as osteogenesis in our study, was very limited. In addition,
PCGF5 has been reported to repress the SMAD2/TGF-b signaling
pathway,23 but BMI1 mediated TGF-b1 signaling in our study, indi-
cating the context-specific function of PRC1 subunits in the regulation
of the same signaling pathway. Furthermore, whether BMI1 controls
the expression of miR-191 or other SMAD2 downstream targets in a
PRC1-dependent manner through modulating H2AK119ub1 and
H3K4me3 of target promoter will be deciphered in future studies.

We revealed a novel BMI1-SMAD2 competitive pattern regulating
miR-191 transcription, which was achieved by BMI1 occupying its
binding site to dissociate SMAD2 from the adjacent binding sites
on the miR-191 promoter. Recently, a similar regulatory mode of
other transcription factors has been reported, in which the transcrip-
tion factor p53 competes with EZH2 for the same binding region in
the Neat1 promoter, and blocks the transcriptional activation of
EZH2 to the Neat1 gene.52 Together with our findings, these results
implied that shifting the binding of transcription factors to specific
genes was an important way in which cells rapidly regulated select
genes in response to diverse microenvironmental cues. Notably, a
previous report demonstrated that BMI1, SMAD2, and RUNX2 could
bind to the promoters of the same genes modulating the fate commit-
ment of embryonic stem cells by using sequential ChIP-PCR.53 Our
study demonstrated miR-191 as a common target of BMI1 and
SMAD2, but whether BMI1, SMAD2, and RUNX2 could form a com-
plex and function in bone formation will be investigated in our future
study. Above all, our work further enriched the interplay paradigm of
transcription factors mediating certain TGF-b1 responses.

Moreover, transcription factors, including BMI1 and SMADs, are all
widely expressed in various tissues, and they regulate diverse genes
depending on specific signals,47,54–56 which limits their use as thera-
peutic targets in the clinic. As a common target of BMI1 and SMAD2,
miR-191 effectively modulated the function of BMSCs and overcame
the limit of BMI1 and SMAD2 as drug targets, displaying great poten-
tial in bone regeneration. In the future, the relationship between miR-
191 and aging or aging-related bone diseases such as osteoporosis will
be investigated. The effect of miR-191 inhibition on larger bone de-
fects, such as rat cranial defects needs further analysis.

In conclusion, we demonstrated that miR-191, downregulated by an
osteo-favoring TGF-b1 under osteogenic conditions, plays an
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essential role in bone formation. MiR-191 deficiency enhanced bone
formation and repair via regulating the osteogenesis of BMSCs. MiR-
191 was transcriptionally controlled by a novel interplay of transcrip-
tion factors BMI1 and SMAD2, in which BMI1 competed with
SMAD2 for binding to miR-191 promoter, subsequently disturbing
the activation of SMAD2 on miR-191. Our findings revealed a novel
regulation mechanism between miR-191 and BMI1/SMAD2, and
demonstrated inhibition of miR-191 may be a promising strategy to
promote bone formation.

MATERIALS AND METHODS
Animals and approvals

All procedures of animal experiments in our present study adhered to
the Guide for the Care and Use of Laboratory Animals (NIH publica-
tion no. 80–23, revised 1996). The experiments were also approved by
the Animal Care and Use Committee of Wuhan Union Hospital.
C57BL/6 mice were purchased from the Animal Experiment Center
of Huazhong University of Science and Technology or Vital River
Laboratory Animal Technology (Beijing, China). MiR-191 gene
(chromosome 9: 108445518–108445591) was globally deleted in
mice, as we described in our earlier report.25 All mice were in a
controllable environment with 12 h of light and dark cycle, stable hu-
midity and temperature, and freely accessible food and water.

Human specimens

The Ethics Committee of the Union Hospital of Tongji Medical Col-
lege approved our project (Ethics no. 2020-S001). All experiments fol-
lowed the guidelines. Human bone specimens were acquired from or-
thopedic surgery patients at Wuhan Union Hospital. These bone
tissues would typically be discarded after surgeries. Thirty-seven pa-
tients were included in the study, with 18 samples between the ages of
40 and 55 and 19 samples in the 1–14 age range. The basal informa-
tion of these patients is shown in Table S2. Subjects receiving treat-
ment with steroids, hormones, bisphosphonate, or calcitonin, which
might influence bone metabolism, were excluded.

Re-analysis of GSE datasets

Our study aimed to identify microRNAs that are regulated by TGF-b1
under osteogenic condition. We did not find GSE data that fully met
the requirements. Therefore, we obtained sequencing data of differen-
tially expressedmicroRNAs during the osteogenesis of BMSCs at days
0, 1, 3, 7, 10, and 13 from the GEO database (GEO: GSE107297). We
selected 87 differentially expressed microRNAs with basemeanR500
(basemean refers to the average gene expression level in the day
0 group). Then, we re-analyzed the sequencing data of differentially
expressed microRNAs in response to the activation or inactivation
of TGF-b1 signaling (GEO: GSE39994, TGF-b1 activator: doxycy-
cline treatment, TGF-b1 inhibitor: SB-431541 treatment, mouse em-
bryonic stem cells). Considering the opposite effects of TGF-b1 acti-
vation and inhibition on the same molecules, we conducted a
screening analysis. We identified 101 microRNAs that were downre-
gulated upon TGF-b1 activation and upregulated following TGF-b1
inactivation, as well as 234 microRNAs that were upregulated upon
TGF-b1 activation and downregulated following TGF-b1 inhibition.
From these 334 genes, we chose 17 differentially expressed micro-
RNAs with a basemeanR500 and |logFC|R0.25 as candidates regu-
lated by TGF-b1 signaling. Finally, we identified five common
microRNAs, including miR-423-5p, miR-191-5p, miR-130a-3p,
miR-199b-3p, and miR-199a-3p, among 87 microRNAs regulated
by osteogenesis and 17 microRNAs modulated by TGF-b1 signaling.
The expression of the five microRNAs was validated by qPCR, and
miR-191 was selected for further study.

Harvesting of BMSCs

Bone marrow stromal cells were harvested by flushing bone marrow
from the hind limbs of 4- to 6-week-old mice, followed by culturing in
IMDM (HyClone) supplemented with 10% FBS. The media were
changed twice over 14 days, and adherent cells were passaged and
cultured in complete IMDM. Flow cytometry was employed to verify
the purity of BMSCs by using surface staining with positive markers
including CD105, CD73, and CD90, and negative markers including
CD45 and CD34. BMSCs from passages 2–5 were utilized for differ-
entiation, migration, and transfection assays.

Osteoblastic differentiation

BMSCs were plated in 12-well plates (5,000 cells/cm2). Osteogenesis
was induced by the OM, which is complete IMDM supplemented
with dexamethasone (0.1 nM), b-glycerophosphate (10 mM), and as-
corbic acid (50 mM).We changed culture media every 3 days. The cal-
cium deposition was evaluated through Alizarin Red staining. The
levels of ALP were measured by using ALP activity detection kit
(Nanjing Jiancheng, A059-2-2) according to the manufacturer’s
instructions.

Transwell migration assay

Cell migration was assessed using Transwell inserts with 8.0 mM pore
size (Corning, 24-well format). BMSCs (1� 105/insert) were cultured
in complete media in the top compartment. Meanwhile, the lower
compartment was filled with complete media with TGF-b1 (2.5 ng/
mL, Pepro Tech). After incubation for 16 h, the cells on the top
side of the insert membrane were wiped away, and those that
migrated to the lower side of the membrane were treated utilizing
paraformaldehyde (PFA) and stained using crystal violet (Sigma,
C3886). Cells were photographed with microscopy (MSHOT, China)
and analyzed by using ImageJ.

GelMA hydrogel preparation

GelMA hydrogel was prepared as we previously reported.57 For
GelMA synthesis, 1 g porcine skin gelatin was dissolved in 10 mL
PBS, then 0.6 mL of methacrylic anhydride was added and stirred
at 50�C for 4 h for gelatin methacrylation. Then ice-cold acetone
was added, and the subsequent precipitates were purified by using
8–14 kDa molecular weight cutoff dialysis tubing. The dialyzed
GelMA was lyophilized for 72 h and stored at �20�C before use.
The methacrylation ratio was above 70% following this protocol
determined using 1H-NMR (Bruker 500 MHz instrument). For
GelMA hydrogel-based tissue culture, BMSCs (the total number of
cells in each sample was 2.5 � 105) were photo-encapsulated in
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10% w/v GelMA hydrogels (the size of each hydrogel is 5 mm in
diameter/2.5 mm in thickness) and cultured in complete media
IMDM or OM. The culture media was changed every 3 days. For
cell viability assay, hydrogels embedded with BMSCs were stained us-
ing the live/dead viability kit (#L3224, Thermo) and then sliced into
thin sections for observation under a microscopy.
Tibia monocortical defect model

The tibial monocortical defect model was constructed as previously
described.58,59 Skeletally mature male mice aged 9–12 weeks were
used for all studies. Through intraperitoneal injection with sodium
pentobarbital (100 mg/kg), the animals were anesthetized, and then
after a careful incision over themedial side of diaphysis, the tibia mus-
cle was dissected, exposing the medial side of tibia. A Dremel drill bit
was used to create a hole (0.8 mm in diameter) penetrating one cortex.
A hole (0.8-mm diameter) penetrating one cortex was created using a
drill bit (Dremel). The site was washed with saline to eliminate bone
fragments. Then the incision was sealed using nonabsorbable sutures.
To alleviate pain, all mice were subcutaneously injected with 0.05–
0.1 mg/kg buprenorphine after surgery. For hydrogel-based therapy,
miR-191 inhibitor-transfected BMSCs were mixed with GelMA solu-
tions (15% w/v) in water bath at 37�C, and then the mixture was
added to the defect sites (5 mL/defect) with micropoint pipette tips.
Immediately after addition, the defect was exposed to longwave UV
light (395 nm, UVA) for 10 min to ensure gel patterning. During
all procedures, bleeding was controlled by compression with aseptic
cotton.
mCt

The femurs or tibias were acquired and treated with 4% PFA to fix
overnight, and then in 70% ethanol until use. A mCT system
(SkyScan1176, Bruker) was used to scan the skulls, the spatial resolu-
tion being 9 mm. Three-dimensional histomorphometric analysis was
carried out using sagittal image sections of specimens as reported.42

Trabecular and cortical bone parameters were quantified using NRe-
con image reconstruction software, CTAn-analysis software, and
CTvol-3D model visualization software. In the distal femur, the range
of region of interest selected for analysis started from 50 pieces below
growth plate to 400 pieces up straight. The parameters including bone
volume per tissue volume (Tb.BV/TV), trabecular number (Tb.N),
trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th)
were examined. For cortical bone, cortical thickness (Ct.Th) was
analyzed; 3D reconstruction was conducted using cross-sectional
images.
Histological analysis

The skull samples were fixed with 4% PFA and immersed in 0.5 M
EDTA (pH 8.0) for at least 14 days to be decalcified. Then embedded
samples were longitudinally sliced into 5-mm thickness. For immuno-
staining, sections were exposed to primary antibodies against collagen
1 (1:100; ABclonal, A16891) overnight at 4�C. Following this, sections
were immersed in secondary antibodies and incubated at 37�C for
30 min. Hematoxylin counterstaining was then performed.
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ChIP assay

AChIP assay was used to analyze the binding of BMI1 and SMAD2 to
the miR-191 promoter. The ChIP assay kit was purchased from CST,
and the manufacturer’s instructions were followed. Briefly, HEK293T
cells were fixed with 1% formaldehyde, sonicated, and immunopre-
cipitated with anti-SMAD2 antibody (1:50, CST, #5339), anti-Myc
antibody (1:50, CST, #2276), and normal rabbit immunoglobulin G
(1:50, CST, #3900) together with protein G magnetic beads (CST,
#9006). The precipitates were thoroughly washed. Then the DNA
was purified using a DNA fragment purification kit (Solarbio, Beijing,
T0250) and analyzed by PCR using specific primers. PCR was con-
ducted to analyze the purified DNA, and PCR primers and the PCR
product informations including their length and loci on the genome
are shown in Table S5.
Plasmids

Oligos including mimics of mus-miR-191-5p, inhibitors of mus-miR-
191-5p, and corresponding controls were provided by Ribo Biotech-
nology (Guangzhou, China). Mouse cDNA of Smad2, Smad3, Smad4,
and Bmi1 were amplified, and ligated into the pHAGE-Flag or
pHAGE-Myc vector. MiR-191 promoter (chromosome 9:
108443518–108445518) was amplified and ligated into the pGL3-
basic vector. The target sequence accuracy of all plasmids was
confirmed through sequencing. The over- and down-regulation of
genes was detected by RT-PCR and western blotting.
Luciferase reporter assay

HEK293T cells were co-transfected with pGL3-miR-191-50UTR,
pRL-TK, and pHAGE-Smad2, Smad3, Smad4, or Bmi1 for 48 h. To
assess the reporter activities, cells were lysed and underwent a dual
luciferase assay from Promega (Madison, WI).
Cytometric bead array

Cytokines including interleukin (IL)-10, IL-6, IL-12p70, monocyte
chemoattractant protein-1 (MCP-1), and interferon gamma (IFN-
g) were evaluated using a Mouse Inflammation CBA Kit (BD Biosci-
ences). The supernatant of BMSCs following transfection with oligos
and treated with OM for 48 h was analyzed by flow cytometry. The
data were visualized by FCAP Array software and FlowJo software.
DNA pull-down assay

Biotinylated miR-191 promoter single-strand DNA (ssDNA) was
prepared using Biotin DNA Labeling Mix (Pierce, #89818). Flag-
tagged BMI1 and Flag-tagged SMAD2 were purified based on a
293-F eukaryotic expression and purification system. The purified
protein was verified by Coomassie Blue staining and western blotting.
For the pull-down assay, biotinylated miR-191 promoter ssDNAs
were incubated with purified SMAD2 (10 mg), BMI1 (0, 2.5, 5, and
10 mg), and Dynabeads M280 streptavidin (25 mL per sample, Invitro-
gen, #11205D). To reduce nonspecific protein binding of beads, equal
amounts of 5% BSA (w/v) were added into the bead solution. After
incubation, the precipitates were washed at least five times using a
washing buffer containing 5 mM Tris-HCl, pH 7.5, 1 M NaCl, and
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0.5 mM EDTA. The remaining proteins were detected by western
blotting.

Quantitative PCR and western blotting

Total RNA was isolated from the specimens; 1 mg of the RNA was
reversely transcribed and the generated cDNA was quantified using
RT-PCR via a Quantagene q225 System (Kubotechnology, China).
The reagents for microRNA detection were purchased from Ribo
Biotechnology (Guangzhou, China). U6 snRNA or GAPDH were
included as the reference genes for normalization. Table S6 shows
the PCR primers. Western blotting was performed following a previ-
ous protocol.60 The antibodies utilized in this study included the
following: anti-collagen 1 antibody (ABclonal, A16891), anti-
SMAD2 antibody (CST, #5339), anti-BMI1 antibody (CST, #5856),
and anti-pSMAD2 antibody (CST, #3108). Signals were detected us-
ing enhanced chemiluminescence (Bio-Rad).

Double calcein labeling

Male mice aged 6 weeks were intraperitoneally injected with calcein
(20 mg/kg, Sigma, #C0875) at 6 and 2 days before they were eutha-
nized. Femurs were fixed in 4% PFA, embedded, and sectioned into
10 mm slices with a Leica microtome. Calcein labeling was visualized
using a microscope and CaseViewer. The distance between the dou-
ble-labeled bands of cortical bones was measured using ImageJ. As
previously reported,61 the midpoint distance was calculated from
six double labels per sample, and then we divided that length by the
number of days between calcein injections (4 days in our study).
The bone formation rate per bone perimeter (BFR/B.Pm, mm2/mm/
d) was computed using the formula: BFR/B.Pm = MAR�(dL.Pm+
sL.Pm/2)/B.Pm, where dL.Pm represented the length of the double la-
bels, and sL.Pm represented the length of the single labels.

Enzyme-linked immunosorbent assay

The serum content of CTX-I and P1NP were measured using ELISA
kits from Elabscience (P1NP, #E-EL-M0233c; CTX-I, #E-EL-M3023,
Wuhan, China). Serum samples were diluted 10- and 2-fold prior to
ELISA for P1NP and CTX-I, respectively.

RNA sequencing and data analysis

BMSCs were treated with OM or OM supplemented with TGF-b1
(2.5 ng/mL, OM+TGF-b1). After 48 h incubation, total RNA was iso-
lated for RNA sequencing. The resulting raw reads were assessed with
FastQC. Trim_galore (version 0.4.4) was employed to remove the
low-quality bases and adaptor sequences from our sequencing reads.
DEGs (p% 0.005, |log2fold change| greater than 0.3) were compared
with all transcription factors provided by the TRRUST database
(https://www.grnpedia.org/trrust/downloadnetwork.php) to obtain
common genes for further study. To identify genes regulated by
miR-191, BMSCs were transfected with I-ctrl or I-miR-191 for 24
h, and cultured in osteogenic induction media for 48 h. After RNA
sequencing, all DEGs (p < 0.05) were subjected to DAVID analysis
(https://david.ncifcrf.gov/). A heatmap was modeled by the online
Morpheus (https://software.broadinstitute.org/morpheus/). The raw
data has been uploaded in GSA:PRJCA024333.
Statistical analysis

All statistical analyses were done using Excel or GraphPad Prism8. An
unpaired Student’s t test was used to assess statistical significance.
When a p value was less than 0.05, we regarded it as statistically sig-
nificant. Data are presented as mean ± SD.
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