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Redundancy of multinucleated osteoclasts, which results from the excessive fusion of mononucleated preosteoclasts
(pOCs), leads to osteolytic diseases such as osteoporosis. Unfortunately, the currently available clinical drugs
completely inhibit osteoclasts, thus interfering with normal physiological bone turnover. pOC-specific regulation
may be more suitable for maintaining bone homeostasis. Here, circBBS9, a previously unidentified circular RNA,
was found to exert regulatory effects via the circBBS9/miR-423-3p/Traf6 axis in pOCs. To overcome the long-standing
challenge of spatiotemporal RNA delivery to cells, we constructed biomimetic nanoparticles to achieve the pOC-
specific targeted delivery of circBBS9. pOC membranes (POCMs) were extracted to camouflage cationic polymer
for RNA interference with circBBS9 (POCM-NPs@siRNA/shRNA"BBS%) pOCM-NPs endowed the nanocarriers with
improved stability, accurate pOC targeting, fusogenic uptake, and reactive oxygen species-responsive release. In
summary, our findings may provide an alternative strategy for multinucleated cell-related diseases that involves
restriction of mononucleated cell multinucleation through a spatiotemporally selective delivery system.

INTRODUCTION

Hyperactivation of multinucleation is important in numerous
pathological processes in mammals, including osteolytic bone dis-
ease (1), granuloma tissue destruction in chronic infection (2), HIV
spread (3), and the foreign giant cell hyperinflammatory response
(4). Osteoclasts (OCs), which are typical multinucleated cells, dif-
ferentiate from the monocyte/macrophage lineage in response to
stimulation by macrophage colony-stimulating factor (M-CSF) and
receptor activator of nuclear factor kB ligand (RANKL) (5, 6). Owing
to their high transcriptional activity, multinucleated OCs (mOCs)
secrete numerous enzymes and acids to exert a main function of
bone resorption (7). However, excessive multinucleation of OCs
ultimately causes an imbalance in bone reconstruction, leading to
osteoporosis, rheumatoid arthritis, and periodontal disease (8, 9).
The current first-line treatments for osteolytic diseases, such as bis-
phosphonate, inhibit OC lineages indiscriminately. This traditional
nonselective strategy causes apoptosis of all bone-resorbing cells
(10), thus suppressing necessary bone turnover and resulting in
atypical femur fractures (11, 12). With a deepening understanding
of OC differentiation, the subdivision of OC lineages is becoming
clearer. Stepwise of RANKL-induced OC differentiation involves
bone marrow macrophages (BMMs), monocytic precursors (MPs),
pOCs, and mOCs (13). In contrast to mOCs, pOCs are not multi-
nucleated, and they retain a lower level of bone resorption activity
(14) and maintain positive communication with osteoblasts (OBs)
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to support appropriate osteogenesis (15). Therefore, developing
a spatiotemporally selective strategy to restrict the OC lineage in
pOCs rather than MPs or mOC:s is urgently needed.

OC formation, especially in the pOC stage, exhibits exquisite
regulation patterns, including abundant endogenous synthesis of
noncoding RNAs (ncRNAs) and plentiful posttranscriptional regu-
lation of bone resorption-specific genes (7, 16). Inhibition of signal-
ing pathways is considered to be the principal regulatory mechanism
in OC differentiation (15). MicroRNAs (miRNAs), small RNAs of
~22 nucleotides (nt) in length, interact with “seed” sequences (7 to
8 nt) located within the 3" untranslated regions (3'UTRs) of target
mRNAs to regulate the transcription or translation of the mRNAs.
MiRNAs have demonstrated enormous potential in the clinical
treatment of several diseases (17, 18). However, introduction of ex-
ogenous artificial miRNAs is associated with multiple risks, such as
saturation of the RNA processing machinery and off-target effects
(19, 20). Circular RNAs (circRNAs), which are covalently closed
loops, are back spliced from pre-mRNA and are especially highly
expressed during cell development. Because circRNAs are resistant
to ribonuclease (RNase) R, they are more stable in cells and exo-
somes than their corresponding linear transcripts (21, 22). Recently,
circRNAs have been reported to counteract miRNA-mediated mRNA
inhibition by functioning as natural miRNA “sponges” (23). Because
of their unique back-spliced junctions, circRNAs can act as potent
endogenous regulators in well-designed RNA interference (RNAi)
experiments without affecting their corresponding linear mRNAs
(24, 25). However, the precise delivery of RNA-based therapies in vivo
has been a long-standing challenge. Although targeted hydroxyapatite
delivery modification strategies such as addition of tetracycline and
eight repeating sequences of aspartate (D-Asp8) have been studied
intensively, approaches for spatiotemporally selective intracellular
RNA delivery targeting specific stages of OCs, particularly pOCs,
have yet to be developed (26, 27). Moreover, the poor cell-specific
targetability and destructive acidic environment in lysosomes prevent
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intracellular RNAi administration from achieving long-term effects
(28). Hence, a spatiotemporally selective RNAi delivery system for
pOCs should be established.

Cell membrane coating technology has been widely applied in
pursuits ranging from drug delivery and imaging to photoactivat-
able therapy (29). Biomimetic nanoparticles (NPs) camouflaged with
cell membranes inherit the intrinsic functions of cell membranes,
which prolongs the circulation of the NPs in the blood and enables
them to escape elimination by the immune system (30). Moreover,
because they inherit the necessary fusion proteins and adhesion
molecules from their source cells, cancer cell membrane-coated
NPs can specifically target homologous cells. Thus, homotypic tar-
geted delivery of these NPs is a possible future strategy for disease
treatment (31). However, although cell membrane coatings have
been used in various fields, targeted delivery with cellular spatio-
temporal selectivity during differentiation has not been achieved.
pOCs, which are derived from BMMs with 3 days of RANKL treat-
ment, have specific proteins that participate in the circulation, re-
cruitment, cell-to-cell recognition, and fusion of OCs (15). Hence,
the membranes of fusogenic cells with specific stage markers are
especially suitable for spatiotemporally selective RNAi delivery.

In the present study, we found that circBBS9, a novel and con-
served circRNA highly expressed in pOCs, was able to alleviate the
mOC multinucleation via accurate RNAi-induced knockdown on
day 3 of RANKL treatment. To achieve pOC-targeting delivery of
circBBS9, pOC membranes (POCMs) were extracted and used to
camouflage a reactive oxygen species (ROS)-responsive charge-
switchable cationic polymer and RNA interfering against circBBS9
[small interfering RNA (siRNA)/ shRNA"EB] The cationic polymer
4-(bromomethyl)phenylboronic acid and poly[(2-N,N-diethyl)
aminoethyl acrylate] (B-PDEAEA) was previously devised to mini-
mize the side effects of cargoes (32). Then, pOC-specific targeting
and fusogenic uptake were confirmed in vitro. The spatiotemporally
selective RNA delivery and gene silencing efficiency of POCM-NPs
were compared with those of bare NPs and macrophage cell membrane—
coated NPs (MM-NPs). Last, spatiotemporally selective delivery to
pOCs was verified in mice. A mouse model of osteoporosis revealed
notable therapeutic and protective efficacy against osteoporosis
without obvious organ damage. Overall, our therapeutic strategy
involving posttranscriptional regulation and spatiotemporally se-
lective delivery was able to prevent excessive fusion and function of
fusogenic cells.

RESULTS

Characteristics of transcription in different stages of OC
multinucleation

Multinucleation involves numerous transcriptional activities. Immuno-
fluorescent (IF) staining was applied to measure the RNA poly-
merase II and phalloidin content in OCs as well as the C2C12,
mouse myoblast cell during the progression of multinucleation.
Both OCs and myocytes showed high transcriptional activity after
stimulation (fig. S1, A and B). The mechanism of pOC multinucle-
ation during which intermediate forms of mOCs with basic differ-
entiation become multinucleated was explored. The mRNA profiles
of pOCs and BMMs were examined by RNA sequencing (RNA-seq)
to evaluate RNA transcriptional patterns during multinucleation
progression (fig. S1C). Bone resorption-related genes and pOC
processes were identified. The gene expression level of dendritic

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

cell-specific transmembrane protein (DC-STAMP), an indispens-
able protein in OC fusion, was up-regulated by more than 70-fold.
The gene expression level of Cathepsin K (CTSK), which promotes
extracellular matrix degradation to execute bone resorption of OCs,
was also significantly elevated (fig. S1, D and E). Through gene set
enrichment analysis (GSEA), genes associated with transcription-related
pathways were annotated with Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes pathway terms (fig. S1F).
Moreover, as shown in fig. S1 (G and H), in response to RANKL
stimulation, pOCs exhibited a highly active state and up-regulation
of RNA polymerase genes. ncRNA processing was also enriched ac-
cording to GSEA, which suggested that ncRNAs were potential targets
for regulating the progression of OC multinucleation (fig. S1I).

Stage-specific functions of a new circRNA (circBBS9)

in OC multinucleation

Among the ncRNAs, circRNAs exhibit RNase R resistance, which
enables sustainable regulation. Because of their outstanding stabili-
ty and biological regulatory function, circRNAs have been widely
identified as therapeutic targets in various types of cells. Therefore,
we attempted to identify circRNAs that act as key developmental
regulators during OC multinucleation. Sixty distinct circRNAs with
a significant log fold change of >1.5 or <—1.5 (P < 0.05) were identi-
fied by RNA-seq in the pOCs compared with the control cells
(monocytes), including 40 novel circRNAs and 20 known circRNAs
based on CircBase IDs (www.circbase.org/). The heatmap in Fig. 1A
shows the 25 up-regulated circRNAs and 35 down-regulated cir-
cRNAs. Then, these circRNAs were confirmed by real-time quanti-
tative polymerase chain reaction (RT-qPCR), in which one of the
primers spanned the junction site of these circRNAs. Among those
circRNAs, mmu_circ_0001757 (designated circBBS9 due to its host
gene) stood out (Fig. 1B). Because the ciRNA963 was verified as a
wrongly spliced intron-derived circRNA, circBBS9 was chosen to
explore its function. Specifically, this circRNA showed a remarkable
increase on days 1 to 3 after RANKL stimulation and a stable ex-
pression on days 3 to 5, implying that it was strongly promoted
during the process of multinucleation (Fig. 1C). We searched CircBase
for circBBS9 homologs in human. Unexpectedly, hsa_circ_0134188
(named as hsa_circBBS9) shared 81.69% identity in the alignment
fragments of circBBS9. hsa_circBBS9 was high expressed in cancel-
lous bones from the human osteoporosis patients’ spine versus nor-
mal people (Fig. 1D). Moreover, the expression of hsa_circ_0134188
was significantly increased in peripheral blood mononuclear cell
(PBMC)-derived OCs as detected by qPCR (Fig. 1E).

Then, the properties of circBBS9 were further detected. Sanger
sequencing and gel electrophoresis verified the closed-loop structure
and transcriptional properties of circBBS9 (fig. S2, A and B). CircBBS9
was resistant to degradation in an RNase R assay (fig. S2C).

OCs at different stages, from BMMs to mononuclear pOCs to
multinucleated mOCs, vary greatly in both their functions and their
communication patterns with other cells (33). To explore the exact
biological function of circBBS9, we transfected cells with three siRNAs
targeting circBBS9. Depletion of circBBS9 was tested by RT-qPCR
on day 5. The results indicated that circBBS9 was obviously reduced
by transfection with siRNA“®*? without influences on linear
BBS9 mRNA (fig. $2, D and E). siRNA“"®5% 3 was used in further
experiments to test the function of circBBS9 in OC multinucleation.
Tartrate-resistant acid phosphatase (TRAP) buffer staining was per-
formed to assess siRNA transfection on different days after RANKL
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Fig. 1. CircRNA expression profiling during OC multinucleation and validation of the temporal function of circBBS9 in OCs. (A) Heatmap analysis of differentially
expressed circRNAs from RNA-seq comparing pOCs with BMMs. (B) Up-regulated circRNAs further validated the expression of pOCs by RT-qPCR. (C) Expression of circBBS9
during OC multinucleation. (D) Expression of hsa_circBBS9 in cancellous bones from the human normal and osteoporosis patients’spine. (E) Expression of hsa_circBBS9in
human BMM and human OCs. (F and G) Representative images and quantification of TRAP-positive mononucleated or multinucleated cells per well (in a 96-well plate) in
the presence of M-CSF and RANKL for 5 days after transfection with SIRNAS™BESY o the indicated days. (H) The number of TRAP-positive cells (>3 nuclei) was quantified.
(Iand J) Representative images and quantification of the resorbed area in bone slices after BMMs were kept in the presence of M-CSF and RANKL for 5 days after transfec-
tion with siRNASE8 on the indicated days. Scale bars, 200 and 50 um. (K) Marker gene expression in different stages of OCs was detected 6 days after transfection with
SIRNASTBESY oy day 3 by RT-gPCR. (L) Schematic diagram of the stepwise effects of circBBS9. *P < 0.05, **P < 0.01, and ***P < 0.001. The values and error bars are the means
+ SDs. All data were analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA.
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treatment (Fig. 1, F and G), which demonstrated that siRNA transfec-
tion on day 3 inhibited the number of TRAP-positive mOCs and re-
sulted in a certain number of mononuclear pOCs (Fig. 1H). In addition,
the pit formation of bone slices caused by OC erosion was significantly
attenuated by knockdown on day 3, while knockdown of circBBS9 on
other days did not obviously inhibit OC erosion (Fig. 1, I and J). To
confirm the specific inhibition of multinucleation, the marker genes of
each stage of OC differentiation identified in a previous study were

examined (13). When circBBS9 was knocked down on day 3, the ex-
pression of genes in the early stage of OC differentiation was main-
tained, while that of bone resorption-related genes was suppressed
(Fig. 1K). These results suggested that the knockdown of circBBS9 on
day 3 balanced OC bone resorption function and normal physiologi-
cal formation (Fig. 1L). Hence, circBBS9 was knocked down on day
3 for further experiments. To verify the effect of circBBS9 (Fig. 2A),
we performed TRAP staining and bone slice resorption assays again
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Fig. 2. circBBS9 knockdown on day 3 suppressed OC multinucleation. (A) Assembly process of circBBS9 after RANKL treatment. (B) Representative images and quan-
tification of the TRAP-positive cells per well (in a 96-well plate) in the presence of M-CSF and RANKL for 5 days with transfection of siRNA“B8° or SiRNANC on day 3.
(€) The number of TRAP-positive cells (>3 nuclei) was quantitatively analyzed. (D and E) Representative images and quantification of the resorbed area in bone slices after
BMMs were kept in the presence of M-CSF and RANKL for 5 days after transfection with siRNAS™8S® or SiRNANC on day 3. Scale bars, 200 and 50 pm. (F) Western blot
analysis of the expression of bone resorption-related proteins, including V-ATPase-d2, CTSK, and integrin-B3, and of the transfection factors NFATc1 and c-FOS in OCs
with specific antibodies. (G to K) Quantitative analysis of protein expression. The expression of the proteins mentioned above was normalized to that of B-actin. (L to O)
The gene expression levels of Nfatc1, c-fos, Acp5, and Ctsk in each group were detected by RT-qPCR and are reported relative to the expression level of Gapdh. The data
represent the means = SD. Significant differences are indicated as follows: *P <0.05 and **P < 0.01. All data were analyzed using Tukey’s multiple comparisons test or

Student’s t test after ANOVA.
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after transfection of BMMs with negative-control siRNA (siRNANC)
or siRNA “*BB% ynder RANKL treatment (Fig. 2, Bto E). Then, Western
blotting (WB) was performed to test the expression of proteins
associated with OC maturation and function. The levels of bone
resorption-related proteins, such as integrin-p3, CTSK, and V-ATPase-d2
[vacuolar (H")-adenosine triphosphatase-d2], and key transcription
factors, such as nuclear factor of activated T-cells (NFATc1) and
¢-FOS, were suppressed by siRNA“®® (Fig. 2, F to K). RT-qPCR
assays also proved the decreases in the expression of these genes,
implying that circBBS9 knockdown on day 3 effectively alleviated
OC multinucleation (Fi§. 2,Lto O).

Moreover, LV BB yas established to overexpress circBBS9
(fig. S3A). Treatment with a circBBS9 overexpression lentivirus
(LVEBBS) byt not a negative-control lentivirus (LVNS) significant-
ly increased mOC formation and bone resorption ability (fig. S3, B
and C). The expression of Acp5, Ctsk, V-atpase-d2, Traf6, and c-fos
were up-regulated by LV"®5% (fig. $3, D to H). In addition, hsa_
circ_0134188 knockdown alleviated the expression of these genes
in human OCs, demonstrating the potential translatability of the
circBBSY findings (fig. $4, A to E). We established siRNA"5% jn
macrophages. SiRNA“*®5 did not obviously effect M1/M2 polar-
ization or macrophage viability (fig. S5, A to F). The ability of
macrophages to clear apoptotic cells was also not distinctly altered
after knockdown of circBBS9 (fig. S5G). These data indicated that
SiIRNA BB hag little impact on macrophages function.

Sponging function of circBBS9 on miR-423-3p to regulate OC
multinucleation via the Traf6-mediated axis

Because the effects of circBBS9 vary in different stages of OC differ-
entiation, we next explored the mechanisms of circBBS9. Given that
circRNAs acted as miRNA sponges to regulate gene expression, po-
tential miRNAs associated with circBBS9 targeting were predicted
using three databases: TargetScanMouse, miRanda, and regulatory
RNA (regRNA) (Fig. 3, A and B). CircBBS9 knockdown increased
the expression of miR-423-3p, which was selected for further inves-
tigation (Fig. 3C). As detected by luciferase assays, miR-423-3p exhibited
reverse complementarity with circBBS9. miR-423-3p mimics signifi-
cantly decreased the luciferase activity of the wild-type (WT) circBBS9
but not mutant circBBS9, suggesting that miR-423-3p can bind directly
to circBBS9 (Fig. 3, D and E). To confirm the regulatory functions
of miRNAs and circRNAs, we conducted an anti-Argonaute-2
(AGO2) RNA immunoprecipitation (RIP) assay and a pulldown
assay in OCs. In the RIP assay, AGO2 antibodies were used for the
training group. CircBBS9 was efficiently immunoprecipitated by
the anti-AGO2 antibodies compared with the negative control
[immunoglobulin G (IgG)] (Fig. 3F). In the pulldown assay with
RT-qPCR detection, compared with a negative probe, a specific
biotin-labeled miR-423-3p probe showed distinct enrichment of
circBBS9, implying that miR-423-3p and circBBS9 directly bind to
each other (Fig. 3G). These results indicate that circBBS9 is the natural
endogenous sponge of miR-423-3p.

To evaluate the role of miR-423-3p in osteoclastogenesis, mimics
or sponges overexpressed or inhibited miR-423-3p in OCs. Com-
pared with the negative-control group, miR-423-3p mimics or in-
hibitors efficiently hampered or enhanced the formation of OCs,
respectively, as shown by TRAP staining (Fig. 3, H and I). RT-qPCR
assays of the OC-related genes Acp5, Ctsk, Nfatcl, and c-fos veri-
fied the results (Fig. 3, ] to M). In addition, the effect of miR-423-3p
overexpression on the OC-related proteins CTSK, V-ATPase-d2,
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and NFATc] was detected by WB (Fig. 3, N to Q). Rescue experi-
ments were designed to investigate the functional regulation between
miR-423-3p and circBBS9 in mOCs. The miR-423-3p sponge re-
versed siRNA“"®*_induced OC-specific gene and protein expres-
sion, as revealed by TRAP staining (Fig. 3, R and S).

The binding of miRNAs and mRNAs plays a critical role in the
circRNA regulation axis (Fig. 4A). According to the binding site pre-
diction of miR-423-3p predicted by TargetScan, the 3'UTR of the
Traf6 gene exhibited a strong ability to bind with miR-423-3p
(Fig. 4B). Traf6 levels were significantly higher in pOCs than in
BMMs (Fig. 4C). A luciferase reporter assay showed that miR-423-
3p mimics decreased the activity of the WT luciferase reporter con-
structed with the predicted binding site compared with the mutant,
validating the potential for regulation between Traf6 and miR-423-
3p (Fig. 4D). To examine the exact biological function of the miR-
423-3p/Traf6 interaction, the protein and gene expression of TRAF6
after miR-423-3p mimic or inhibitor treatment was quantified by
WB and RT-qPCR (Fig. 4, E and F). The function of TRAF6 in the
circBBS9 regulation axis was also detected. The miR-423-3p mimic
decreased the expression of Traf6 mRNA, whereas miR-423-3p
inhibitor increased the expression of Traf6 mRNA significantly,
implying the regulation between miR-423-3p and Traf6 (Fig. 4G).
TRAP staining and RT-qPCR assays were performed to test the
rescue of siRNA“"P* and a miR-423-3p mimic with Traf6 over-
expression plasmids. These results indicated that the miR-423-3p
mimic and siRNA““®®*? prevented OC differentiation, while TRAF6
overexpression reversed this effect (Fig. 4, H to S). Collectively,
these results imply that the knockdown of circBBS9 in pOCs inhibits
OC multinucleation through the circBBS9/miR-423-3p/Traf6 axis,
indicating that circBBS9 is an effective posttranscriptional regulator.

Characterization of spatiotemporally selective
delivery systems
We previously confirmed that the therapeutic effects of circBBS9 re-
lied on the specific stage of OC differentiation, emphasizing that the
spatiotemporally selective release of nucleic acids was a prerequisite.
As the ROS levels in pOCs were increased (fig. S6A), we adjusted
our previously devised ROS-triggered cationic polymer B-PDEAEA
and applied it to encapsulate nucleic acids (NPs) to achieve delivery
in vitro (fig. S6B). RAW264.7 cells transfected with luciferase plas-
mids were encapsulated with different N/P ratios and then cultured
in 0 or 10% fetal bovine serum (FBS)-containing medium. The NPs
with an N/P ratio of 10 exhibited the highest transfection efficiency
in 0% FBS medium (fig. S6C). Furthermore, the ROS-dependent
transfection efficacy of NPs was evaluated according to luciferase
expression levels after different H,O, treatments (fig. S6D).

pOCs exhibit exquisite patterns of migration, recognition, and
fusion that are attributed to the interactions of membrane proteins
after RANKL-induced differentiation. Thus, we extracted the cell
membranes of BMMs (MMs) and pOCs (POCMs) to package the
B-PDEAEA/RNA core (NPs) for further investigation (Fig. 5A). The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Na-K-
ATPase protein levels in the cytoplasm, POCMs, and whole cell
were detected by WB analysis, respectively, which verified the suc-
cessful isolation of POCMs (Fig. 5B). NPs were synthesized with an
average diameter of 50.0 nm and zeta potential of 14.1 mV. The
POCM coating increased their size, with the final POCM-NP for-
mulation exhibiting an average diameter of approximately 141.9 nm,
while its zeta potential (—26.2 mV) was close to that of pOC vesicles

5of 21



SCIENCE ADVANCES | RESEARCH ARTICLE

RANKL Osieoclasl differentiation mlRanda 25 = siRNANC CircBBS9
:o ° B siRNACICBBS? *
cese T -
¢ >
l 2 5'-CCACAAGCACCTCATGACCGAGCC-3'
€ z [T TEEETT
CircBBS9 CI g E
b 4 RegRNA ° 3'-UGACUCCCCGGAGU-CUGGCUCGA-5'
o O «"' N eg TargetScan ;
o
0A~0 O2 ) E ‘
o Sponge miR-423-3p
miR-30d-5p miR-30a-5p
miR-214-3p miR-423-3
miR-423-3p miR-128-3p miR-96-5p
E F G H RANKL + RANKL +
15 RANKL RANKL+  miR-423-3p miR-423-3p
2% * Ctrl (50 ng/ml) NC-mimic mimic inhibitor
8 g — 5 il [ Vector ¢ 4 % - —
£5 10 - mEaAco2 2 A
Sz 0 Q4 28&3
23 N-) . [
gs 58, — ag
Q> 05 I 5
82 53 Sg2
£3 e z E
0.0 S E w1
Luc-ircBBSO mut = - + + 81 s°
LuccircBBSOWt  + + - - o €
NC-mimic ~ + - + - ? N
mR4ZIpmimic = N - : GAPDH circBBS9 miR-423-3p Oligo circBBS9
| J K L 0T 15y M M 2% 15 c-fos
= 400 . 07 15y APS . 83 18 ctsk S R 2 e,
H 22 —_— 22 o 5% EH
imn 23 Eg —_— £ 1o 051,0
£ 20 §§ o 8™ 3% ES
2 £3 i3 H H
3 cE cE 88 o0s §s50s
8 100 § g0s E gos g}, Eé
] 5
° 31 §€ 00 ﬂ}a.o &8 0o
ws 00 ]
RANKL(Songiml) =+ &+ - RANKL(SOngm) —  +  +  + - RANKL (S0 ngm) ~  +  +  + - RANKL (S0ngiml) -+ 4+ + - RANKL (S0ngiml) -+  +  + =
NCmimic = -+ - = Nomme - - . - = Nomimies - - 4+ - - NCemimics = = 4 = = NC-mimics = - + = =
miRd3Ipmimc = = =+ = mR4BIpmimic = = = o+ = miRa3Ipmimics = = =+ = miR423-3p mimics -~ - =+ = miRa23-p mimics = = = + -
miRa2Ipinhibitor = = == 4 miR&Z33pinhibitor = = = =+ miR4233pinhibitor — - = -+ miR4233pinhibitor = = = =+ miR4233p inhibitor - - = -+
N o Q R RANKL +
x 18 — 5 15 - RANKL + SIRNAE8S? 4
E Eu RANKL SIRNAckeB8ss miR-423-3p sponge
5 10 Z 1o = 5
RANKL = + + + ) H S
NC-mimic - =+ - £ os =§ 05 w0
miR423-3p mimic - - = 4 3 2. 3 —
0.0+ w0 + 300
- RANKL (50 ng/ml) - + + + 3
e B ER
— mRABIpmme -~ - =+ mRaBpmime - = =+ ES
15 o s .
— N
NFATc-1 3 97 kDa ;S 1o RANKL (50 ng/mi) +
= g8 siRNAs=s = +
28 miR423-3psponge  _ - +
. g
8
aNGongm) — 4+ b

NC-mimic
miR423-3p mimic

+

Fig. 3. miR-423-3p was sponged by circBBS9 and promoted OC multinucleation. (A) CircBBS9 sponged miR-423-3p to promote OC multinucleation. (B) Six miRNAs
were predicted to bind with circBBS. (C) The expression of the predicted miRNA candidates was tested by RT-qPCR with or without siRNAS"® treatment. (D) Best
predicted binding sites between circBBS9 and miR-423-3p. (E) Luciferase activity of luciferase reporters containing circBBS9 sequences with WT or mutated miR-423-3p
binding sites in human embryonic kidney (HEK) 293T cells cotransfected with miR-423-3p mimics or controls. (F) RIP was performed in RAW264.7 cells and was followed
by RT-qPCR to detect the ability of AGO2 to immunoprecipitate circBBS9 compared with IgG. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (G) RNA pull-down
assays were performed using a circBBS9-specific biotin probe and oligo probe in RAW264.7 cells, followed by RT-qPCR assays to analyze miR-423-3p expression. (H and
1) Representative images and quantification of TRAP-positive cells (>3 nuclei) among OCs transfected with miR-423-3p inhibitors, mimics, and controls. (J to M) Gene
expression of Nfatc1, c-fos, Acp5, and Ctsk in pOCs after transfection with miR-423-3p inhibitors, mimics, and controls, as analyzed by RT-qPCR. (N to Q) WB was used to
analyze the expression of CTSK, V-ATPase-d2, and NFATc1 in pOCs after treatment with miR-423-3p mimics or controls. (R and S) TRAP-positive cells (>3 nuclei) were
quantified after treatment with siRNA“BE® alone or combined with miR-423-3p inhibitor. *P < 0.05 and **P < 0.01. The values and error bars are the means + SDs. All data
were analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA.

(-27.1 mV). The size and zeta potential of MM and MM-NPs was
similar with POCM and POCM-NPs, respectively, indicating suc-
cessful surface coating with cell membrane (F1§ 5, C to F, and fig.
S7A). Furthermore, after POCM-NPs@siRNAF [containing 5(6)-

carboxyfluorescein (FAM)-labeled siRNA] or POCMP ©_NPs@siRNA
[containing 3,3’-Dioctadecyloxacarbocyanine perchlorate (DiO)-labeled
cell membrane] were centrifuged, the fluorescence intensity in the
supernatant decreased markedly, further indicating the high effi-
ciency of the membrane coating (Fig. 5G). The characteristics of ROS

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

release in OCs were established. H,O, (5 mM) significantly promoted
nucleic acid escape from NPs@siRNA and NPs@shRNA, according
to DNA gel electrophoresis (Fig. 5H and fig. S6E). The transfection
efficiency of NPs with POCM encapsulation at different N/P ra-
tios was examined in green fluorescent protein (GFP)-transfected
RAW264.7 cells. The optimal concentration of Lipofectamine 3000
was explored in fig. S6 (F and G). Compared with bare siRNASH?,
Lipofectamine 3000 alone, and the NPs created with the other N/P
ratios, the POCM-NPs@siRNA“"" with 10 and 15% N/P ratios exhibited
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Fig. 4. The circBBS9/miR-423-3p/Traf6 axis regulated OC multinucleation. (A) miR-423-3p inhibited Traf6 mRNA to repress OC multinucleation. RISC, RNA-induced
silencing complex. (B) Predicted binding sites between circBBS9 and miR-423-3p. (C) RT-gPCR showed the expression of Traf6 mRNA in pOCs and BMMs. (D) Luciferase
activity of luciferase reporters containing Traf6 sequences with WT or mutated miR-423-3p binding sites in HEK293T cells cotransfected with miR-423-3p mimics or con-
trols. (E to G) The protein expression and mRNA expression of TRAF6 in pOCs after transfection with miR-423-3p inhibitors, mimics, and controls were assessed by WB and
RT-gPCR, respectively. (H and 1) Representative images and quantification of TRAP-positive cells (>3 nuclei) after treatment with miR-423-3p mimics or a TRAF6 overex-

pression plasmid alone or in combination. (J to M) Gene expression of Acp5, Ctsk, Nfatc1, and c-fos in pOCs after transfection with miR-423-3p mimics and a TRAF6

overexpression plasmid. (N and O) Representative images and quantification of TRAP-positive cells (>3 nuclei) after treatment with siRNAS®8 or a TRAF6 overexpres-

sion plasmid alone or in combination. (P to S) Gene expression of Acp5, Ctsk, Nfatc1, and c-fos in pOCs after transfection with siRN

AcichBS9 and TRAF6 overexpres-

sion plasmids. *P < 0.05 and **P < 0.01. The values and error bars are the means + SDs. All data were analyzed using Tukey’s multiple comparisons test or Student’s t test

after ANOVA.

relatively high silencing efficiency (Fig. 5, I and J). To balance cell
cytotoxicity and gene transfection efficiency (34), an optimized N/P
ratio of 10 was used in subsequent experiments. The long-term
stability of POCM-NPs was assessed in phosphate-buffered saline
(PBS) and serum-containing medium for 1 week. While the POCM-
NPs maintained their initial size during this period, the bare NPs swelled
considerably, highlighting the advantage of using a camouflaged cell
membrane to stabilize NPs in a physiological environment (Fig. 5K).

Self-selective binding by the POCM camouflage
Previous studies have reported that fusion recognition proteins are
expressed in pOCs upon RANKL stimulation, which enables the

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

homotypic fusion of OCs (35, 36). To confirm the components of the
extracted membrane, the proteomic profile of the RANKL-induced
POCMs was established and compared with that of the MMs. The
proteins were also classified by GO enrichment (fig. S7, B and C). For
functional reasons, proteins participating in migration and targeting,
such as CXCR4, CDC42, and RAC2, were clearly highly expressed in
pOCs as were fusion-related proteins such as CD44 and osteoclast-
associated receptor (OSCAR) (fig. S7, D and E). The crucial OC proteins
DC-STAMP, CD47, and CD9 were identified by WB in the POCMs
and POCM-NPs (Fig. 6A). Together, the above results suggested that
a pOC-derived membrane could be efficiently produced, establishing
POCM-NPs as a biomimetic platform to deliver NPs to pOCs.
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Fig. 5. The preparation and characterization of POCM-NPs. (A) Schematic of RNA loading into B-PDEAEA (NPs) with camouflage by POCM coating. (B) WB for membrane
protein Na-K-ATPase and plasma protein GAPDH in isolated POCMs, pOC cytoplasm, and pOC cell lysate. (C) Size and transmission electron microscopy micrograph of NPs.
Scale bar, 100 nm. (D) Size and cryo-electron microscopy micrograph of POCM and POCM-NPs. Scale bars, 100 nm. (E) Mean diameters of NPs, MM, MM-NPs, POCM, and POCM-
NPs after construction. (F) Zeta potentials of NPs, MM, MM-NPs, POCM, and POCM-NPs. (G) Fluorescence intensity in the supernatant of POCM-NP@siRNA™M (containing
FAM-labeled siRNA) or POCMP©-NP@siRNA (containing DiO-labeled cell membrane) after centrifugation. a.u,, arbitrary units. (H) Gel retardation assay of polyplexes at desig-
nated N/P ratios after 1 hour of incubation with or without H,0, at 37°C. (I) Visualization of the transfection efficiency in GFP-transduced RAW264.7 cells after coculture with
control, sIRNA®™, lipo3000-siRNAST, or POCM-NPs@siRNAS™ at the indicated N/P ratio for 48 hours. Scale bars, 50 um. GFP, green. (J) Quantification of transfection efficiency
of control, siRNAGFP, Iipo3000—siRNAGFP, or POCM-NPs@siRNA®T at the indicated N/Pratio. (K) Stability of POCM-NPs@siRNA and NPs@siRNA over time in PBS- or serum-containing
medium. **P < 0.01. The values and error bars are the means + SDs. All data were analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA. .
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Fig. 6. Self-recognized binding and fusion-mediated intracellular release process of POCM-NPs@siRNA. (A) Western blot images of POCM proteins in POCMs and
POCM-NPs@siRNA, where NPs@siRNA were applied as a control. (B) Representative fluorescence visualization showing self-recognized binding of POCM-NPs@siRNA®>
in BMMs, pOCs, and mOCs. Scale bars, 50 um. Enlarged scale bars, 20 um. siRNA, red. DAPI, 4',6-diamidino-2-phenylindole. (C) Cy5-positive BMM, pOC, and OC measured
by flow cytometry after treatment of POCM-NPs@siRNA®>. (D and E) Fluorescence images and intensity of DiO-labeled pOCs and Dil-labeled POCMs, indicating the inter-
action between pOCs and POCMs. Scale bars, 10 um. POCs, green; POCM, red; nuclei, blue. (F) Fluorescence visualizations showing the cellular uptake and subcellular
distribution after incubation of FITC-labeled B-PDEAEA, Dil-labeled POCM, and Cy5-labeled siRNA incubation with pOCs for 1 and 6 hours. Scale bars, 10 um. Enlarged
scale bars, 5 um. NPs, green; POCM, purple; siRNA, red; nuclei, blue. (G) Cy5-positive cells measured by flow cytometry after treatment with POCM-NPs@shRNA®® for
2 hours. pOCs were cooled at 4°C or separately pretreated with endocytosis-related inhibitors for 0.5 hours at 37°C. (H and I) Fluorescent visualization of siRNA®> and ly-
sosome localization in pOCs after incubation with POCM-NPs@siRNA®” for 2 hours and intensity profiles across the cell. Scale bars, 10 um. Enlarged scale bars, 5 um. siRNA,
red; nuclei, blue; lysosome, green.
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The cell-selective targeting of POCM-NPs was observed by using
NPs@siRNA®’, MM-NPs@siRNA>, or POCM-NPs@siRNA®"”
(siRNA labeled with Cy5). First, the pOC-selective binding of
POCM-MPs to OC lineage cells was verified. OC cell lines were
incubated with NPs@siRNA?®, MM-NPs@siRNA®”, and POCM-
NPs@siRNA” for 6 hours, and bare siRNA” was applied as con-
trol. Notably, in contrast to the inefficient delivery of MM-NPs@
siRNA?® and NPs@siRNA®, POCM-NPs exhibited OC-selective
binding. The results of flow cytometric analysis and fluorescence
microscopy suggested that the entrance efficiency of mOCs was
lower than that of pOCs (Fig. 6, B and C, and fig. S8, A and B). Second,
we assessed whether the uptake of POCM-NPs was specific to the
bone microenvironment. Notably, there were no obvious red puncta
in OBs, bone mesenchymal stem cells (MSCs), or human umbilical
vein endothelial cells (HUVECs), after 6 hours of incubation with
POCM-NPs@siRNA” (fig. S8C). The efficiency of bare siRNAY,
NPs@siRNA, and POCM-NPs@siRNA?” in this cell uptake was
measured by flow cytometric analysis (fig. S8D). NPs@siRNA®
showed a high transfection efficiency in all type of cells, whereas
POCM@siRNA” could just enter into pOC. These findings sug-
gested that compared to MM-NPs, POCM-camouflaged NPs ex-
hibited a spatiotemporally selective delivery ability in terms of the
bone microenvironment and the stage of OC multinucleation.

Fusion-mediated and intracellular uptake of POCM-NPs

The intracellular transfer of the POCM-NPs revealed the mecha-
nism behind their spatiotemporally selective delivery ability. The
POCMP™-NPs [POCM labeled with 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (Dil)] were incubated
with pOCs (labeled with DiO) for 1 hour. As shown in Fig. 6 (D and
E), POCMs (the red signal) accumulated mainly in the outer cellu-
lar layer. To further investigate the intracellular transfer of siRNA,
POCM-NPs@siRNA?” (siRNA labeled with Cy5) were established.
The POCM and B-PDEAEA were labeled with Dil (the purple sig-
nal) and fluorescein isothiocyanate (FITC) (the green signal), re-
spectively. After incubation of the pOCs with the nanoformulations
for 1 hour, most fluorescence still overlapped, and yellow puncta
were observed by confocal microscopy. After incubation with pOCs
for 6 hours, the numbers of separate red and purple puncta in-
creased, indicating that the NPs efficiently dissociated under oxida-
tive stress conditions (Fig. 6F). Considering the colocalization of
the POCM-NPs and their original membrane, we then verified
whether endocytosis participated in the cellular uptake of POCM-
NPs. Endocytosis inhibitors including chlorpromazine, filipin III,
wortmannin, and cytochalasin D did not affect the cellular uptake
analyzed by fluorescence-activated cell sorting (FACS) (Fig. 6G) or
luciferase expression (fig. S9A) of POCM-NPs. These results indi-
cated that the cellular internalization of the POCM-NPs did not
occur via endocytosis, micropinocytosis, or phagocytosis but in-
stead occurred through a membrane fusion mechanism. When cul-
tured with lysosomal marker (LysoTracker Green)-stained pOCs,
the POCM-NPs@siRNA®” and NPs@siRNA®” showed enhanced
red fluorescence intensity, and the former exhibited a lower overlap
with green puncta than bare siRNA”” and NPs@siRNA®” after
2 hours of cellular uptake (Fig. 6, H and I). In the meanwhile, lyso-
some and siRNA showed few colocalization in whole stage (1, 3, and
6 hours), furtherly indicating a lysosome bypass manner of POCM
(fig. S8, E and F). In addition, siRNA® was confirmed to a lyso-
some bypass manner via intracellular tracking (fig. S9B). These results

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

demonstrate a delicate hierarchy of POCM-NPs@siRNA/shRNA
(short hairpin-mediated RNA) delivery after the pOC-specific binding
with fusogenic uptake and lysosomal degradation bypass. The find-
ings provide insights for the development of a universal platform to
efficiently deliver and release RNA therapeutics.

Temporal specificity of gene silencing by POCM-NPs
It has been proven that a spatiotemporally selective delivery system
targeting pOCs can potentially provide a platform for conducting
circBBS9 stage-specific knockdown to restrain OC multinucleation.
pOCs transfected with GFP were used to quantify the knockdown
efficiency of POCM-NPs@siRNA. Then, pOCs were incubated with
bare siRNA against GEP (siRNA®"?), NPs with siRNA®* (NPs@
siRNASP), MM-NPs with siRNAT? (MM-NPs@siRNA®™), and
POCM-NPs with siRNA“*" (POCM-NPs@siRNA ™) for 48 hours.
The fluorescence intensity of the cells was assessed by confocal flu-
orescence microscopy (Fig. 7, A and B). Notably, the results showed
that the pOC-derived spatiotemporally selective delivery system ex-
hibited higher gene silencing efficiency than NPs and MM-NPs.
Consistent with GFP inhibition, the delivery of POCM-NPs@
SIRNABE o day 3 resulted in significantly greater regulation of
the circBBS9/miR-423-3p/Traf6 axis than delivery of POCM-NPs@
SIRNABES or POCM-NPs@siRNANC (Fig. 7, C to E). TRAP
staining revealed that after the silencing of circBBS9, the number
and size of mOCs were decreased; consequently, the bone resorp-
tion ability was reduced. However, an appreciable quantity of
mononuclear pOCs remained (Fig. 7, F and G). As shown in Fig. 7
(H to K), RANKL-induced up-regulation of mOC-specific marker
genes was suppressed bzr treatment with POCM-NPs@siRNA“* 5,
MM-NPs@siRNA“BB yere applied as controls and failed to in-
hibit OC multinucleation. Bovine bone slice resorption assays also
showed that the POCM-NPs@siRNA“"®**? hampered the bone re-
sorption ability of OC (Fig. 7, L and M). Moreover, shRNA "5
was applied for genome-integrated knockdown, which resulted in
suppression of mOC formation via the circBSS9/miR-423-3p/Traf6
axis similar to that elicited by SiRNACIreBBS (fig. S10, A to I). These
data suggested that the POCM-NPs enabled siRNA/shRNAB8S?
to achieve spatiotemporally selective knockdown that maintained
the balance between mOC inhibition and pOC protection.

Homotypic targeting of POCM-NPs@siRNA€"<B85?

After verifying that POCM-NPs@siRNA/shRNA“®PS exhibited
efficient and selective delivery in vitro, we further explored their
pOC homing ability in vivo. To evaluate the biodistribution of POCM-
NPs, we injected free indocyanine green (ICG) solution, ICG-labeled
MM@ICG, and POCM@ICG into 18 mice (three groups with 6 mice
per group). All of the mice were euthanized at 6, 24, or 72 hours
after injection. Their feet, spines, livers, kidneys, spleens, and hearts
were collected to test the fluorescence intensity (Fig. 8, A and B).
POCM@ICG significantly accumulated in the hindlimb and spine
at 6 hours, and the accumulation was still evident at 72 hours, ex-
hibiting a pronounced bone homing ability. In contrast, MM@ICG
exhibited the lowest penetration due to lack of pOCs homotypic
targeting. The high-degree accumulation at all time points in the
liver and kidney suggested that these NPs were liver-dependent
elimination of POCM-NPs (Fig. 8A). The quantitative analysis of
the fluorescence signals further confirmed the ability for POCM
to be recruited at the bone compared to MM (Fig. 8B). Next,
FAM-labeled siRNA was used to explore the pOC-specific binding of
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Fig. 7. POCM-NPs@siRNA enhanced gene silencing efficiency. (A to B) Visualization of transfection efficiency in GFP-transduced RAW264.7 cells with RANKL treated
for 3 days after coculture with siRNAGFP, NPs@siRNAGFP, MM-NPs@siRNAGFP, or POCM-NPs@siRNA®. Scale bars, 50 um. GFP, green. (C to E) Expression of circBBS9,
miR-423-3p, and Traf6 as detected by RT-qPCR. (F and G) Representative images and quantification of TRAP-positive mononucleated or multinucleated cells per well
(in a 96-well plate) in the presence or absence of M-CSF and RANKL for 5 days with initial incubation with MM-NPs@siRNANC, MM-NPs@siRNAYE8° pPOCM-NPs@siRNANC, or
POCM-NPs@siRNAS"EE%°, (H to K) Gene expression levels of V-atpase-d2, c-fos, Acp5, and Ctsk in each group were assessed by RT-qPCR and reported relative to the expres-
sion level of Gapdh. (L and M) Representative images and quantification of the resorbed area in bone slices after OC treatment in each group. Scale bars, 200 and 50 um.
*P <0.05 and **P < 0.01. The values and error bars are the means + SDs. All data were analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA. .

POCM, POCM-NPs@siRNA™M and NPs@siRNA™M were injected into
ovariectomized (OVX) mice, and the femurs of the mice were extracted
for IF analysis. An anti-DC-STAMP antibody was applied to iden-
tify the pOCs in the bone marrow and on the bone surface (37). As
shown in Fig. 8C, the green puncta (FAM) overlapped with the red
puncta (DC-STAMP) both on the bone surface and in the bone

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

marrow, implying the pOC targeting of POCM-NPs. The pOC-specific
knockdown in vivo was further explored. Three-month-old OVX mice
were intravenously injected twice with POCM-NPs@siRNA "B
or POCM-NPs@siRNANC 2 weeks after ovariectomy. Then, the mice
were euthanized 5 days later, and their bone marrow cells were ex-
tracted. OSCAR" cells deemed pOCs in bone marrow were sorted by
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Fig. 8. Homotypic targeting of POCM-NPs@siRNA"B8S%,_ (A to B) Representative images of the biodistribution of different NPs in the heart, liver, spleen, kidneys,
hindlimb, and spine 6, 24, and 72 hours after intravenous administration of ICG solution, MM@ICG, or POCM@ICG. ROI, region of interest. (C) Fluorescence images of bone
sections stained with DC-STAMP antibody after treatment with POCM-NPs@siRNA™M or NPs@siRNA™M. Scale bars, 200 um. Enlarged scale bars, 50 um. FAM, green; nuclei,
blue; DC-STAMP, red. (D) pOCs in bone marrow were selected by OSCAR antibody. The expression of circBBS9 in pOCs was measured by RT-gPCRin OSCAR* cells. *P < 0.05
and **P < 0.01. The values and error bars are the means + SDs. All data were analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA..

FACS. The expression of circBBS9 was distinctly decreased in pOCs
treated with POCM-NPs@siRNA“"5% but not in pOCs treated
with POCM-NPs@siRNAN® (Fig. 8D). Collectively, the results of
radiography, histological examination, and FACS suggested that
POCM-NPs@siRNA* BB yere able to efficiently deliver siRNA
into pOCs in vivo.

Therapeutic effect of POCM-NPs@siRNA“"E8%? on osteoporosis
To further investigate the in vivo protective and therapeutic effects,
mice with OVX-induced osteoporosis or sham-operated mice were

Wang et al., Sci. Adv. 8, eabn3333 (2022) 29 June 2022

treated with NPs beginning 1 week or 4 weeks after surgery (38, 39).
The OVX mice were intravenously injected with saline, MM-NPs@
siRNAN®, MM-NPs@siRNA“"**, POCM-NPs@siRNA"“, or POCM-
NPs@siRNA“ 5 every 3 days for a total of six injections to eval-
uate the therapeutic effects of these formulations. All mice were
euthanized 8 weeks after surgery (Fig. 9A). Micro-computed to-
mography (micro-CT) showed that, compared to the OVX group,
the group intravenously injected with POCM-NPs@siRNA B>
exhibited higher bone volume/total volume (BV/TV), trabecular
thickness (Tb.Th), and trabecular number (Tb.N) values but a lower
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Fig. 9. Antiosteoporosis effect of POCM-NPs@siRNA“"EBS®_(A) Schematic illustration of the process and group division of animal experiments. H&E, hematoxylin
and eosin; micro-CT, micro-computed tomography. NS, normal saline. (B) Micro-CT evaluation of the femur and tibia bone masses in each group (n =6 samples for each
group). (C to F) Quantitative measurements of bone microstructure-related parameters, such as BV/TV, Tb.Sp, Tb.N, and Tb.Th, in the sham, OVX, MM-NPs@siRNANC,
MM-NPs@siRNAS"B85 pOCM-NPs@siRNANS, and POCM-NPs@siRNAS®E> groups. (G to J) H&E and TRAP staining images and quantitative statistics of BV/TV, OC.N/BS,
and OC.S/BS values in each group. Scale bars, 400 um. Enlarged scale bars, 200 um. *P < 0.05 and **P < 0.01. The values and error bars are the means + SDs. All data were
analyzed using Tukey’s multiple comparisons test or Student’s t test after ANOVA.
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relative trabecular separation (Tb.Sp) value (Fig. 9, B to F). Micro-CT
suggested that MM-NPs@siRNA“"®*%) MM-NPs@siRNANC, and
POCM-NPs@siRNANC could not inhibit the decrease in bone mass
effectively, whereas POCM-NPs@siRNA“" P stopped the loss of
bone mass in both regimens. Hematoxylin and eosin (H&E) and
TRAP staining showed that the OVX procedure increased the num-
ber of OCs in vivo, while POCM-NPs@siRNA“****’ but not MM-
NPs@siRNANC, MM-NPs@siRNA“"**>, and POCM-NPs@siRNA"N®
reversed this trend. In addition, the values of several bone parame-
ters, such as the percentage of the bone surface covered with OCs
(Oc.S/BS) and OC number (N.Oc/BS), were also markedly dimin-
ished under treatment with POCM-NPs@siRNA“"®*% compared
to the other treatment (Fig. 9, G to J). The treatments started at
1 week after OVX also showed the similar effect of 5 weeks after
OVX, suggesting the protective ability of POCM-NPs@siRNA“"F
(fig. S11).

Collectively, the results of these experiments demonstrate that
the POCM-NPs@siRNA/shRNA“" B spatiotemporally selective
delivery system achieves stable bone targeting and antiosteoporosis
effects, as shown in the schematic diagram (Fig. 10).

DISCUSSION

Cell fusion-mediated multinucleation plays a vital role in reproduc-
tion and development. Under normal physiological conditions, skele-
tal muscle cells exist in a fused multinucleated syncytium to control
movement. However, excessive multinucleation often leads to an un-
stable internal environment. Disease-related multinucleation, includ-
ing inflammation in response to foreign material, bacterial infection,
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and the cancer, progression is a process of excessive cell fusion to
perform a pathological function. With increasing research using high-
resolution sequencing and imaging techniques, the development of
OC:s has been clarified both in vivo and in vitro. Recent studies have
revealed that OCs are recycled by fusion and fission to maintain their
dynamic bone resorption activity in vivo (40). Single-cell RNA-seq
has indicated that the stages of RANKL-induced OC differentiation
in vitro can be divided into MPs, the MP stage, the DC-like precursor
stages, membrane raft assembly, the initiation of RNA metabolism,
the terminal differentiation of pOCs, and the formation of mOCs ac-
cording to the expression of specific gene markers (13). In addition,
while mononuclear OCs have a certain bone resorption function,
they can also maintain normal endocrine functions (33). These new
perspectives on OCs suggest that multinucleation inhibitors with pOC
selectivity are potential agents for treatment of osteolytic diseases.
This key concept can even be extended to other multinucleation-
related diseases.

Our data show that, during multinucleation, cells have high
transcriptional activity that lays the foundation for complex biolog-
ical processes such as fusion and function in mature multinucleated
cells. Therefore, posttranscriptional regulation at the mononucleated
stage to restrain terminal multinucleation may be an ideal way to treat
multinucleation-related diseases. An increasing number of circRNA
functions have been revealed in the development of various cell
types, and circRNAs have been shown to be ideal targets to regulate
these processes (22). As determined by experiments using natural
miRNA sponges, circRNAs are embedded in regulatory networks of
ncRNAs and mRNAs in osteoporosis (24, 41). In this study, we
identified a novel OC-promoting circRNA called circBBS9 in OVX
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Fig. 10. Schematic illustration of the mechanism of circBBS9 and its associated delivery systems. siRNA“"®®° was encapsulated with B-PDEAEA to form NPs. The
POCM was extracted to camouflage the NPs, and then POCM-NPs@siRNA“"®5? were recruited to pOCs in the bone microenvironment. Upon recognition of the POCMs
and fusion into pOCs, the intermediate forms in the OC lineage, the NPs entered the cytosol and released the siRNA in a ROS-triggered manner. The siRNAS'BES? down-
regulated the expression of circBBS9 via the RISC, leading to inhibition of OC multinucleation and bone resorption via the circBBS9/miR-423-3p/Traf6 axis. HSCs, hemato-

poietic stem cells.
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mice and its conserved circRNA, hsa_circ_0134188, in patients with
osteoporosis. To achieve the best bone resorption-inhibiting effect
and preserve certain pOCs, we limited the timing of siRNA transfection
to day 3. Because of the susceptibility of siRNAs to nuclease degra-
dation (42), the abundance of siRNA™BS after transfection on
day 0 may have been insufficient to achieve a therapeutic concen-
tration when circBBS9 was expressed in pOCs. Moreover, the miR-
423-3p/Traf6 axis—mediated inhibitory effect relies on TRAF®6, the
major regulator of RANKL signaling, which dominates the key stage
of mOC differentiation (43). Knockdown of circBBS9 at day 5 failed
to inhibit bone resorption. This result indicates that circBBS9 acts as
a multinucleation inhibitor rather than a bone resorption suppressor.
Although siRNA“"® is considered a precise regulator in pOCs, an
appropriate tool to enable practical delivery is urgently needed.

Various engineering strategies in the field of in vivo exogenous
RNA delivery have been developed to overcome challenges such as
efficient distribution to targeted tissue, cellular uptake by specific
cells, and timely release in the cytosol or nucleus. Cell membrane-
coated NP delivery systems have attracted rapidly increasing atten-
tion. Membrane components, such as membrane receptor proteins,
adhesion proteins, and fusion partners, perform complex cell func-
tions (44), which has led to the development of a series of cell mem-
brane-coated NPs in different fields (29). The major strengths of
the spatiotemporally selective delivery system in this work can be
split into two parts. Spatial selectivity is defined by the persistent
circulation and substantial distribution of pOCs. Temporal selectivity
is defined by the selective binding to pOCs and the release of car-
goes during the process of OC multinucleation. The specific protein
CD47 is widely expressed in monocytes and can bind to signal reg-
ulatory protein (SIRP) to enable cells to escape phagocytosis by
macrophages (45). This property is inherited by pOCs, allowing the
long-term circulation of POCM-NPs (46). Another prerequisite for
effective pOCs targeting is adequate POCM-NPs perfusion of bone.
Bone tissue is highly vascularized, and there are numerous fenestra-
tions in the vessel walls that increase POCM-NP permeability in
this region (47). Moreover, chemokines, such as CXCL12, are high-
ly secreted by specific stromal cells enriched in perivascular regions
in the bone marrow cavity and recruit NPs with CXCR4 to achieve
bone homing (48). These distinct features of the bone microenvi-
ronment are assumed to contribute to the delivery of POCM-NPs.

In our study, POCM-NPs were preferentially taken up by pOCs
instead of mOCs, which was fortuitous. This homogeneous mode
was different from the normal pattern by which pOCs join mOCs
(49, 50). Studies have found that large differentiated mOCs (>10 nuclei)
express higher levels of bone-resorbing proteins such as integrins
ov and B3, cathepsin K, matrix metalloproteinase-9, and RANK than
small mOC:s (<5 nuclei) but lower levels of the fusion-related molecule
SIRP (51). Rather than inhibiting macrophage-mediated phagocytosis,
SIRP promotes OC fusion and plays an indispensable role. As a re-
ceptor, SIRP is connected to CD47 and MAC-1 and mediates adhe-
sion and fusion between cells. In view of the reduced expression of
SIRP in multinucleated OCs, we speculate that SIRP may be an effi-
cient molecule; that is, it may be partly responsible for the efficient
fusion of POCMs after recognition (52, 53).

Here, negatively charged POCM:s were fusogenically internalized
by pOCs, allowing both siRNA and shRNA to bypass endocytosis
and lysosomal degeneration for successful delivery. We suppose that
the intracellular uptake of POCM-NPs is similar to that of liposomes,
which fuse with the membrane and then release their contents into
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the cytosol (54). These results reduce our concerns about lysosomal
inhibition of RNA treatment efficacy (55). Both shRNA and siRNA
exhibited significant enrichment in vitro, implying that POCM-NPs
were able to reach the cytosol and nucleus. These unique targeting
properties provide a spatiotemporally selective delivery system for
the regulation of mOC formation and function.

In conclusion, on the basis of the different properties of each
spatiotemporally specific cell type, we have established a proof of
concept for customization of membrane shells and elaboration of
the posttranscriptional regulation of multinucleated cell lines. This
concept will undoubtedly yield precise therapeutics.

MATERIALS AND METHODS

Cell culture

All animal and human experiments used were approved by the Insti-
tutional Animal Ethics Committee of Sir Run Run Shaw Hospital of
Zhejiang University (SRRSH20200321 and 20210817-33). Human
and animal subjects were followed with Institutional Review Board
and Institutional Animal Care and Use Committee guidelines. Fresh
BMMs from 6- to 8-week-old C57BL/6] mice were isolated as reported
(56). Briefly, the tibia- and femur-derived bone marrow was flushed
and then cultured in o-minimum essential medium (a-MEM) sup-
plemented with 10% FBS (Gibco, USA) and 1% penicillin-streptomycin
(complete a-MEM). To obtain pure BMMs, nonadherent cells were
collected and cultured in complete a-MEM plus M-CSF (25 ng/ml)
(R&D Systems, USA). After 3 days of culture, the attached cells were
used for experiments. Then, BMM:s were stimulated with M-CSF and
RANKL (50 ng/ml) (R&D Systems, USA) for 3 days to obtain pOCs
and 5 days to obtain mOCs. C2C12 cells, RAW 264.7 cells, 3T3 cells,
and MSCs were purchased from the Cell Bank of the Type Culture
Collection of the Chinese Academy of Sciences, Shanghai Institute
of Cell Biology, Chinese Academy of Sciences. HUVECs and Jurkat
(human T lymphocytes) cells were purchased from Shanghai Zhong
Qiao Xin Zhou Biotechnology Co., Ltd. GFP-expressing RAW264.7
(RAW/GEFP) cells were purchased from Shanghai Jisidenuo Biologi-
cal Technology Co., Ltd. C2C12 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, USA) containing 10% FBS
and supplemented with 1% penicillin-streptomycin and were differ-
entiated by switching the medium to DMEM with 2% horse serum
(Solarbio Life Science, Tongzhou District, Beijing, China) with antibiotics.
RAW264.7 cells were cultured in RPMI 1640 (Gibco, USA) supplement-
ed with 10% FBS and 1% penicillin-streptomycin. MSCs and RAW/GFP
cells were cultured in DMEM (Gibco, USA) supplemented with
10% FBS and 1% penicillin-streptomycin. 3T3 cells were cultured
in complete a-MEM. HUVECs were cultured in endothelial cell me-
dium (ScienCell, Carlsbad, CA, USA) supplemented with 5% FBS
(ScienCell, Carlsbad, CA, USA), 1% endothelial cell growth sup-
plement (ECGS) (ScienCell, Carlsbad, CA, USA), and antibiotics
[penicillin (100 U/ml), ScienCell and streptomycin (100 mg/ml),
Carlsbad, CA, USA]. Jurkat cells were maintained in DMEM (Gibco,
USA) supplemented with 10% FBS and 1% penicillin-streptomycin.
All cells were expanded and maintained in a humidified atmosphere
0of 95% air and 5% CO, at 37°C.

Monocyte isolation, macrophage differentiation,

and OC generation

The relevant experiments were performed as reported (57). Briefly,
human whole blood was mixed with an equal volume of PBS, and
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PBMC:s were isolated with a kit for human mononuclear cell isola-
tion (catalog no. P8680; Solarbio Life Science, Tongzhou District,
Beijing, China). The samples were centrifuged for 20 min at 800g and
room temperature with the acceleration set to 3 and the decelera-
tion set to 2. The intermediate bufty coat layers containing PBMCs
were washed three times with PBS by centrifuging for 5 min at 250g
and room temperature with the acceleration set to 9 and the decel-
eration set to 5. Thereafter, the PBMCs were counted and differentiated
into macrophages by adding macrophage differentiation medium.
The cells were differentiated for up to 7 days with one medium
change. For OC differentiation, cells were seeded at a density of
2.5 x 10° cells per well in six-well cell culture plates and differentiated
toward OCs for up to 14 days. The medium was changed twice per
week. The cells were cultured in a humidified atmosphere of 95% air
and 5% CO, at 37°C.

RNA polymerase Il and actin-ring staining

At the end of the culture period, the cells were fixed with 4% parafor-
maldehyde (PFA) for 20 min. Next, the cells were washed in PBS three
times for 2 min each. The cells were incubated with 5% BSA in PBS
containing 0.1% Triton X-100 at 37°C for 30 min and then incubated
overnight at 4°C with a primary antibody against RNA polymerase II
(1:100, Abcam). The cells were washed three times with PBS and in-
cubated with Alexa Fluor 488 donkey anti-rabbit secondary antibodies
(1:1000) for 1 hour at 37°C. The cells were rinsed three times with PBS
and incubated with DAPI Fluoromount-G for 10 min (Yeasen, Shanghai).
For staining of F-actin, rhodamine-coupled phalloidin was used (Yeasen,
Shanghai). All images were captured on a confocal fluorescence micro-
scope (Nikon, A1 PLUS, Tokyo, Japan).

RNA-seq and bioinformatic analysis

Total RNA of BMMs and pOCs (1 x 10° per well) was extracted in
accordance with the TRIzol reagent (Invitrogen, Shanghai, China)
instructions. Following library preparation according to the manu-
facturer’s protocol, paired-end sequencing was performed on an
[lumina HiSeq 4000 (LC Bio, China) in accordance with the ven-
dor’s recommended protocol. The numbers of reads mapped to each
gene and circRNA are presented as the fragments per kilobase of
transcript per million fragments mapped values. The differentially
expressed circRNAs were selected with thresholds of a log, (fold
change) >1 or log, (fold change) <-1 and statistical significance
(P < 0.05). The RNA-seq data included in this study are in data file
S1. GSEA was performed to identify the significant pathways and
gene sets between control and RANKL-treated pOCs according to
the normalized gene expression using the GSEA v4.1.0 tool (www.
broad.mit.edu/gsea/). The Kolmogorov-Smirnov test was applied
to analyze the differences between the two groups.

TRAP staining

Cells were stained for TRAP using an acid phosphatase leukocyte
diagnostic kit (Cosmo Bio, CA, USA) after fixation with 4% PFA as
recommended by the manufacturer. Multinucleated OCs (>3 nuclei)
and mononucleated TRAP-positive cells were detected in duplicate
wells of 48-well plates. Micrographs of staining were observed at the
original magnification x100.

Bone slice resorption assay
Freeze-dried beef bone slices (@ 0.5 mm by 6 mm) washed with
0.9% NaCl solution three times were used to detect bone resorption
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capacity. BMMs at a density of 2 x 10° cells per well were cultured
in six-well collagen-coated plates (Corning Inc., Corning, NY, USA)
and stimulated with M-CSF (25 ng/ml) in complete a-MEM. Then,
RANKL (50 ng/ml) was applied to each well to stimulate osteoclas-
togenesis at 0, 1, 3, and 5 days. For bare siRNA/shRNA, POCM-
NPs, and MM-NPs, the cells were stimulated with the POCM-NP@
siRNA/shRNA“PPNC or MM-NP@siRNA/ShRNAHNE goly-
tion (5.0 pug per well) in the presence of siRNA or shRNA (5.0 ug per
well) for 4 hours. The medium was then replaced, and the cells were
incubated for another 48 hours. After dissociation of the cells using
cell dissociation solution (Sigma-Aldrich, Australia), the cells on
the surfaces of the bone tablets were scraped off with a brush. A
scanning electron microscope (TM-1000, Hitachi, Tokyo, Japan)
was used to observe bone slices sputter-coated with Au-Pd to obtain
images as previously described (58).

Real-time quantitative polymerase chain reaction

According to the manufacturer’s protocol, an RNA kit was used
(Qiagen, Valencia, CA, USA) to isolate total RNA from the cells.
Reverse transcription reagents (Promega, Madison, WI, USA) were
used to reverse transcribe RNA into complementary DNA. The
RT-qPCR system (catalog no. A6002, Promega, WI, USA) was ap-
plied for qPCR according to the manufacturer’s instructions. The
relative gene expression was quantified by a Rotor-Gene Q (Qiagen,
Hilden, Germany) RT-qPCR system. For the RNase R assay, total
RNA was incubated with or without RNase R Geneseed (3 U/mg)
(Guangzhou, China) and detected by RT-qPCR. Divergent primers
were designed to amplify circBBS9. The amplification products
were detected by agarose gel electrophoresis and sequencing. For
circRNA and mRNA, Gapdh was used as an internal control, and
U6 was used as an internal control of miRNA. siRNA“" PP _treated
and nontreated BMMs were stimulated with lipopolysaccharide
and interleukin-4 and then assayed mRNA by RT-qPCR. RT PCR
primers were purchased from Sangon Biotech (Shanghai, China).
All primers are listed in table S1.

Isolation of total RNA from human surgical trabecular bone
Total RNA was extracted from the surgical trabecular bone as previ-
ously described (59). Briefly, the spine cancellous bones of osteopo-
rosis and normal patients were sawed in pieces of 0.5 cm by 0.5 cm
by 0.1 cm. The cancellous fragments were pestled in nitrogen, and
the pulverized bone was used for RNA extraction with TRIzol. The
total RNA was isolated using the RNA kit (Qiagen, Valencia, CA,
USA). The nucleic acid purity and RNA quantity were measured by
the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA), and samples meeting quality control were used for RT-qPCR
experiments. Informed consent for using these specimens was ob-
tained before surgery.

Knockdown or overexpression of circRNAs,

miRNAs, or mRNAs

The siRNAs, shRNAs, overexpression lentiviruses targeting of circBBS9,
miRNA mimics, and miRNA inhibitors or sponges were all pur-
chased from GenePharma (Shanghai GenePharma Co., Ltd., China).
BMMs stimulated with RANKL were cultured in six-well plates
(2 x 10° cells per well) for 0, 1, 3, and 5 days. The cells were treated
with siRNA“BE for 4 hours on the indicated days. For the other
knockdown or overexpression experiments, cells were transfected at
day 0. Then, the medium was replaced with the corresponding
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medium containing 10% FBS, and the cells were incubated until
6 days after the initial stimulation with RANKL. For transfection,
Lipofectamine 3000 (Invitrogen, CA, USA) was applied according
to the manufacturer’s instructions. The efficiency of knockdown or
overexpression was detected by WB and RT-qPCR on day 6 after
RANKL treatment and by TRAP staining and bone slice resorption
assays as mentioned above. All nucleotide sequences are listed
in table S2.

Western blot analysis

SDS-polyacrylamide gel electrophoresis and WB were carried out
accordingly to detect expression of protein in cell or cell membrane
lysate as standard protocol. Antibodies are listed in table S3.

Gene knockdown cell activity experiment

A phagocytosis experiment was performed as reported (60). Briefly,
macrophages with or without knockdown were plated on 24-well
plates (2 x 10° cells per well) and cultured for 24 hours. 2°,7-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF-AM)-stained
apoptotic Jurkat cells were added to macrophages at a ratio of 5 to
10:1 and incubated for 2 hours in DMEM containing 2% FBS. The
cells were then washed with PBS and fixed in 4% PFA. F-Actin in
macrophages was stained with rhodamine-coupled phalloidin (Yeasen,
Shanghai) for 1 hour at room temperature. The cells were rinsed
three times with PBS and incubated with DAPI Fluoromount-G for
10 min (Yeasen, Shanghai). Images were captured with a confocal
fluorescence microscope.

Luciferase reporter assay

pRL Renilla Luciferase Control Reporter Vectors (E2241, Promega,
USA), GV272 luciferase reporter vectors with WT or mutated bind-
ing sites of miR-423-3p on the TRAF6 3'UTR or circBBS9, and an
internal control were cotransfected into human embryonic kidney
293 cells. Control cells were transfected with miR-423-3p mimics
or a negative control. After culture for 48 hours, a Dual-Luciferase
Reporter Assay Kit (E1910, Promega) was used to perform a lucifer-
ase reporter assay on the cell lysates. The relative firefly luciferase
activity was evaluated by quantifying the bioluminescence with a
Varioskan LUX microplate reader (Thermo Fisher Scientific) and
normalizing it to that of Renilla luciferase.

RNA immunoprecipitation

A RIP assay was carried out by using a Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore, Bedford, MA). Lysis
buffer with an RNase inhibitor and protease inhibitor cocktail was
used to lyse cells. The magnetic beads were preincubated with an
Ago2 antibody or mouse IgG antibody for 1 hour at room tem-
perature, and the OC lysates were immunoprecipitated with the
magnetic beads overnight at 4°C. TRIzol was used to extract RNA
for RT-qPCR.

Biotinylated RNA pull-down assay

A biotinylated DNA probe synthesized by GeneChem (Shanghai,
China) for circBBS9 (sequence: GAGTACAGCCACCTCCAGAGAT-
GAG) and a negative-control sequence (sequence: CTCATCTCTG-
GAGGTGGCTGTACTC) were dissolved in deoxyribonuclease-/
RNase-free water to 100 uM. The OC lysate was incubated with the
probe at 37°C for 4 hours. Then, streptavidin-coated magnetic beads
(Dynabeads MyOne Streptavidin C1, 65,001, Invitrogen) were added,
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and the mixture was incubated for an additional 30 min. The
pull-down complex was eluted from the C1 beads with wash buffer,
from which RNAs were purified and subjected to RT-qPCR analysis.

ROS quantitative assay

The probe H,DCFDA was applied to examine intracellular ROS
levels. Cells were treated with RANKL (50 ng/ml) for 3 days. Then,
they were tested with a fluorescent probe (1:1000) and incubated in
an incubator for 30 min after being washed and centrifuged careful-
ly. Images were obtained on a confocal fluorescence microscope
(Nikon, A1, Japan).

Preparation and characterization of NPs

PDEAEA was synthesized as previously reported (32). Briefly, azobisiso-
butyronitrile (0.048 g, 0.29 mmol or 0.024 g, 0.14 mmol) and DEAEA
(5 g, 29 mmol) were placed in a 25-ml flask and deoxygenated at
room temperature with nitrogen and then polymerized at 65°C for
24 hours. The viscous liquid was dissolved in CH,Cl, and precipitated
in cold n-hexane. The resulting PDEAEA was purified by reprecipi-
tation three times and dried. PDEAEA (20 K, 0.3 g, 1.8-mmol tertiary
amines) was reacted with 4-(bromomethyl)phenylboronic acid (0.56 g,
2.6 mmol) in 20 ml of N,N’-dimethylformamide at room temperature
for 24 hours. The resulting solutions were dialyzed overnight against
deionized water using a dialysis bag with a molecular weight cutoff
of 3500 Da and then lyophilized to afford the product B-PDEAEA
(0.5 g, yield 92%). Hepes buffer solution (10 mm, pH 7.4) was used
to dilute plasmid DNA, and diethyl pyrocarbonate-treated water was
used to dilute siRNA to a concentration of 40 ug/ml. B-PDEAEA was
dissolved in Hepes buffer solution (10 mm, pH 7.4) at various con-
centrations according to the preset N/P ratios (N/P = 5, 10, 15, 20,
25, and 30). Then, equal volumes of shRNA and siRNA solution were
added to the B-PDEAEA solution. The mixture was immediately vor-
texed for 10 s for shRNA or for 1 min for siRNA and then statically
incubated for 30 min for shRNA or for 20 min for siRNA to obtain
NPs. The sizes and zeta potentials of the polyplexes were measured
by dynamic light scattering (DLS) (Malvern, UK). The encapsulation
efficiency of polyplexes with various N/P ratios and ROS responsive-
ness was evaluated by gel retardation assay. The polyplexes were
electrophoresed on a 1% agarose gel at 100 V for 30 min. Gel Red
(Biotium) was used in the agarose gel for shRNA or siRNA detection.
The morphology of polyplexes stained with water-soluble phospho-
tungstic acid was visualized using a transmission electron microscope
(JEM-1400plus).

For ROS responsiveness assessment, siRNA polyplexes with dif-
ferent N/P ratios were treated with 5 mM H,O, at 37°C for 1 hour
and then subjected to electrophoresis. ShRNA polyplexes at an N/P
ratio of 10 were incubated with the indicated H,O, concentrations
(0, 0.1, 0.25, 0.5, 1, 2.5, and 5 mM) for 1 hour at 37°C. shRNA and
bare shRNA incubated with 5 mM H,O, were used as controls. The
solutions were then subjected to electrophoresis as described above.

Isolation of MM and POCM

Macrophages and pOCs were suspended at a density of 5.0 x 10° cells/
ml in ice-cold TM buffer [50 mM Tris HCI and 10 mM Magnesium
(pH 7.5)] solution and subsequently extruded through a mini-extruder
40 times to disrupt the cells. Sucrose (1 M) was subsequently mixed
with the cell homogenate to a final concentration of 0.25 M sucrose,
and the mixture was centrifuged at 4°C and 2000g for approxi-
mately 10 min. The resulting supernatant was collected via further
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centrifugation at 3000g for an additional 35 min. The cell mem-
branes were collected and rinsed with ice-cold TM buffer in 0.25 M
sucrose for purification. Macrophage and POCM vesicles were ob-
tained by extruding the purified cell membranes through the same
set of porous membranes. A bicinchoninic acid (BCA) protein assay
was used to analyze the total protein content in the purified MMs
and POCMs. The membrane material was stored at —80°C for fu-
ture study. The protease-digested membrane protein samples from
macrophages and pOCs were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) to obtain a raw file of the
original MS results. The result of LC-MS/MS is listed in data files S2.

Preparation and characterization of MM-NPs and POCM-NPs
After isolating the MMs and POCMs, the membranes were sus-
pended in Hepes buffer solution (1 to 2 mg/ml) and then added to
an equal volume of NPs. Then, the samples were sonicated for
5 min before being extruded through 400- and 200-nm polycarbon-
ate porous membranes with an Avanti mini extruder (Xi’an Ruixi
Biological Technology Co., Ltd., China) at least 10 times to obtain
MM-coated NPs (MM-NPs) and POCM-coated NPs (POCM-NPs).
MM and POCM vesicles were prepared by extruding purified cell
membranes through the same set of porous membranes. The ex-
pression of the specific surface markers on the POCMs and POCM-
NPs was determined by WB. The sizes and zeta potentials of the
membrane-coated NPs were measured by DLS. Morphological ex-
amination of the membrane-coated NPs was performed using a
Talos F200C 200-kV transmission electron microscope (Thermo
Fisher Scientific, USA). The coating efficiency of POCMs on NPs
was determined by monitoring the fluorescence intensity of POCM-
NPs@siRNA™M or POCMP'O-NPs@siRNA™M (100 ug/ml) before
and after centrifugation (10,000g, 10 min). For a stability study, the
samples were stored at room temperature in PBS or the corresponding
medium, and size was measured periodically by DLS. A similar method
was applied to prepare NPs@siRNAcy5, NPs@siRNA™M, Nps@
siIRNA“™™? 1CG-loaded MMs, and POCMs by replacing the NPs.

DNA transfection efficiency

For luciferase gene transfection, pGL4.13 (Promega) was used as
the plasmid DNA expressing luciferase. Cells were cultured on a
96-well plate at a density of 15,000 cells per well in 200 pul of corre-
sponding medium and incubated overnight to reach 80% conflu-
ence. The medium was replaced with fresh medium (containing 0
or 10% FBS). Polyplex solutions (25 ul) and POCM-NPs (50 ul)
were added at a dose of 1 ug of siRNA or shRNA per well, and the
cells were incubated for 4 hours. Then, the transfection medium
was replaced with 200 pl of fresh medium containing 10% FBS. The
cells were cultured for an additional 44 hours. The expression level
of the luciferase plasmid was determined according to the standard
protocol illustrated in the manufacturer’s manual (Promega). The
protein content of the cell lysis solution was determined with a BCA
assay kit. The luciferase activity was normalized with respect to the
protein concentration (relative luciferase luminescence units per
milligram of protein).

GFP knockdown assay

For GFP silencing research, RAW/GEFP cells were used as a model.
Bare siRNA®™, siRNAS with a different volume of Lipofectamine
3000, POCM-coated siRNA®F complexes with different N/P ratios,
MM-NPs@siRNA*?, and POCM-NPs@siRNA“*" were delivered
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to cells as described above. GFP silencing was analyzed by using
confocal microscopy and Image]J software to calculate the reduction
in green fluorescence of GFP.

Cell Counting Kit-8 (CCK-8) assay

The cytotoxicity of siRNA“" 5% was evaluated by CCK-8 assay us-
ing BMMs. Generally, the cells were cultured at a density of 1 x 10*
cells per well in a 96-well plate in 200 pl of the corresponding medi-
um. After 1 day of incubation, the cells were transfected with siR-
NA“ 5 and cultured for 48 hours. When that incubation was
complete, the medium was replaced with 110 ul of fresh medium
containing 10 pl of CCK-8 solution. After an additional 4 hours of
incubation, the absorbance of each well at 450 nm was measured
with a microplate reader (Thermo Fisher Scientific, USA).

Cellular uptake assay

The cellular uptake of NPs were examined by confocal microscopy
and flow cytometry for 3T3 cells, MSCs, HUVECs, macrophages,
pOCs, and mOCs. shRNA was labeled with Cy5 (Mirus Bio) according
to the manufacturer’s instructions, and fluorescein-tagged negative-
control siRNA (siRNA) (Shanghai GenePharma Co., Ltd., China)
was mixed with B-PDEAEA at 10 N/P ratios before use, respectively.
MM-NPs and POCM-NPs were prepared as described above. Cells
were seeded onto glass-bottom petri dishes at 50,000 cells per dish
in 1.5 ml of cell culture medium before use. Then, the medium was
replaced with fresh medium. Solutions (50 pl) of polyplexes, MM-NPs,
and POCM-NPs were added at a dose of 1 ug of siRNA or shRNA
per dish. After a timed incubation, the nuclei were stained with two
drops of Hoechst 33342 (Molecular Probes, Carlsbad, CA) per mil-
liliter of medium for 15 min. Then, cells were analyzed using flow
cytometry to obtain the Cy5-positive cell percentage (10,000 cells were
counted per treatment). Images were obtained on a confocal fluo-
rescence microscope (Nikon, A1, Japan). Fluorescence measurements
were analyzed with Image] software as previously reported.

Fusogenic uptake of POCMs and pOCs

The POCMs were labeled with Dil for 15 min. Dil-POCMs were
isolated by centrifugation at 10,000 for 5 min, washed twice with
PBS, and resuspended in PBS at 1 mg/ml. pOCs were cultured as
described above in glass-bottom petri dishes at a density of 50,000
cells per dish before use. pOCs were labeled with DiO for 15 min.
After being washed twice with PBS, the cells were incubated with
complete medium. Then, Dil-POCM solution was added to the me-
dium, and the mixture was incubated for 1 hour. Images were ac-
quired on a confocal fluorescence microscope (Nikon, A1, Japan).

Effects of endocytosis inhibitors on cellular uptake

pOCs were seeded in six-well plates at a density of 200,000 cells per
well in 1.5 ml of medium and cultured overnight. The medium was
then replaced with 1.5 ml of fresh medium. Cytochalasin D (an ac-
tin polymerization inhibitor), wortmannin (a phosphatidylinositol
3-kinase-mediated micropinocytosis inhibitor), filipin III (a caveo-
lae-mediated endocytosis inhibitor), and chlorpromazine (a clath-
rin-mediated endocytosis inhibitor) were separately added to the
medium at concentrations of 5, 5, 7.5, and 50 uM, respectively. Af-
ter a 30-min incubation, polyplex and POCM-NP solutions were
added at a dose of 30 ng of Cy5-labeled siRNA (siRNA®”) per well and
cultured with the cells for 2 hours. The medium was removed, and the
cells were washed with PBS, detached with trypsin, isolated, rinsed
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three times with PBS, resuspended in PBS, and immediately analyzed
using flow cytometry to obtain the Cy5-positive cell percentage
(10,000 cells were counted per treatment). The effects of inhibitors on
luciferase gene transfection were assessed as described below.

Cells were incubated in 96-well plates at a density of 15,000 cells
per well in 0.2 ml of medium overnight until they reached 70 to
80% cell confluence. The medium was then replaced with fresh
medium. The cells were pretreated with cytochalasin D, wortman-
nin, filipin III, or chlorpromazine for 30 min at the concentrations
indicated above; polyplex solutions were added at a dose of 0.5 ug
DNA per well; and the cells were cultured following the steps de-
scribed above.

Subcellular distribution analysis

FITC-B-PDEAEA was synthesized as previously described (32).
siRNA was complexed with FITC-B-PDEAEA at an N/P ratio of
10 at room temperature for 20 min before use, and POCM-NPs
were prepared as described above. Then, POCM-NPs were labeled
with Dil at a 1/1000 dilution for 15 min to obtain POCM""-NPs.
Solutions of POCM-NPs labeled with different fluorescent dyes were
added at a dose of 1 pg of siRNA per dish. After timed incubation,
the medium was replaced with fresh medium, and then the nuclei
were stained with Hoechst 33342 for 15 min. Cells were washed and
observed by confocal fluorescence microscopy.

To label the lysosomes, the cells were further incubated with
LysoTracker Green (Molecular Probes, Carlsbad, CA) at a concen-
tration of 200 nM for 15 min after incubation of POCM-NPs@siRNA
for 1, 2, 3,or 6 hours and POCM-NPs@shRNA for 1 and 6 hours,
respectively, and then the nuclei were stained with two drops of
Hoechst 33342 per milliliter of medium for 15 min. The cells were
rinsed three times with PBS before observation by confocal fluores-
cence microscopy. The peak of fluorescence of lysosomes and siRNA
was analyzed by Image].

Inhibition of circBBS9, miR-423-3p, Traf6, and OC-related
gene expression by POCM-NPs and MM-NPs

RT-qPCR was used to analyze the expression of genes related to
circBBS9. BMMs stimulated with RANKL were cultured in six-well
plates (2 x 10 cells per well) for 3 days. The cells were treated with
the different polyplexes for 4 hours. Then, the medium was replaced
with the corresponding medium containing 10% FBS, and the cells
were incubated for another 48 hours. The expression of circBBS9,
miR-423-3P, Traf6, and OC-related genes was detected by RT-
qPCR. Bone slice resorption assays and TRAP staining were also
performed to examine the function of mOCs.

In vivo bone targeting experiment
The specific bone binding of POCMs was confirmed using an IVIS
Spectrum In Vivo Imaging System. ICG-loaded MMs or POCMs
were prepared as described above. Mice were intravenously injected
with ICG, ICG-MM, and ICG-POCM solutions (10 pl/g) into the
tail vein. The biodistribution analysis of ICG was performed with a
710-nm excitation wavelength and a 785-nm filter at 6 hours, 1 day,
and 3 days after injection. Furthermore, the heart, liver, spleen, kid-
neys, spine, and hindlimb were harvested and analyzed in vitro for
the distribution of ICG-MMs and ICG-POCMs. Living Image soft-
ware was used to quantify the fluorescence intensity.

To further prove the specific bone binding of POCMs, MM-
NPs@siRNA™M and POCM-NPs@siRNA™M were injected into the
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tail veins of mice 2 weeks after OVX. Bone tissue sections were
prepared to evaluate the distributions of MMs and POCM:s in vivo.
Briefly, femur samples were obtained 1 day after injection. All fe-
murs were postfixed in 4% PFA for 1 day, decalcified in 14% EDTA
for 12 hours at 37°C, and embedded in paraffin for sectioning. They
were then incubated with DC-STAMP primary antibodies over-
night at 4°C. After primary antibody incubation, the sections were
washed with PBS with Tween 20 (PBST) for 4 x 5 min and then
incubated with Alexa Fluor 594 goat anti-rabbit secondary anti-
bodies for 1 hour at room temperature. The sections were rinsed
three times with PBST and incubated with DAPI Fluoromount-G
for 10 min. The images were captured with a confocal fluorescence
microscope.

To determine the knockdown of circBBS9 in vivo, the tibia- and
femur-derived bone marrow from mice 2 weeks after OVX was
flushed after 5 days of twice injection of POCM-NPs@siRNAN® or
POCM-NPs@siRNA“"®™? and blocked with 5% BSA in PBS for
30 min. Then, the cells were stained with OSCAR (MA5-33374, In-
vitrogen) for 30 min at 4°C, washed with PBS three times, and incu-
bated with Alexa Fluor 594 goat anti-rat secondary antibodies
(ab150160, Abcam) for 1 hour. FACS was performed using a
FACSAria III sorter and FACSDiva software (BD Biosciences).
pOCs gated as OSCAR" were sorted for RT-qPCR.

OVX-induced osteoporosis mouse model

As shown in Fig. 9A and fig. S11A, C57BL/6] mice (80 in total) were
randomly divided into 10 groups: (i) the sham group, (ii) the OVX
treatment group, (iii) the OVX plus MM-NP@siRNANC group, (iv)
the OVX plus MM-NP@siRNA“"®* group, (v) the OVX plus
POCM-NP@siRNANC group, (vi) the OVX plus POCM-NP@siR-
NATBBS oroup, and (vii to x) the same drug of (iii) to (vi) with
different administration times (n = 6 per group).Then, the mice in
groups (ii) to (x) underwent a bilateral ovariectomy under chloral
hydrate anesthesia to induce postmenopausal osteoporosis, while
the ovaries of sham group underwent exteriorized but not resected
for mice. After 5 weeks of recovery from surgery, the mice of (iii) to
(vi) group were given MM-NPs@siRNAN®, MM-NPs@siRNA 559,
POCM-NPs@siRNANC, or POCM-NPs@siRNA“**? at siRNA
(0.90 mg/kg) per mouse via tail vein injection. The same adminis-
tration of NPs above was applied to mice of (vii) to (x) group that
had 1 week of recovery from surgery. These mice were administered
the same treatment on the basis of their groups every 3 days for
3 weeks, while the mice from the sham and OVX groups received
tail injections of saline as a control. Eight weeks after surgery, all mice
were humanely euthanized to assess the bone protection effect of
POCM-NPs@siRNA" P,

Micro-CT scanning and analysis

Mice were euthanized to obtain multiple bone tissues, including femur
and tibia tissues. After the bone tissues were fixed in 10% neutral
buffered formalin for 24 hours, the left femur and left tibia tissues
were selected for micro-CT (SkyScan 1275, Bruker, USA) scanning
with the following parameters: a 50-kV source voltage, a 450-uA
source current, an aluminum (AI) 0.5-mm filter, a 9-um pixel size,
and a 0.4° rotation step. Furthermore, the acquired images were
reconstructed using NRecon software (Bruker micro-CT, Kontich,
Belgium) with the following parameters: a ring artifact correction of 8,
a smoothing setting of 2, and a beam hardening correction of 30%.
The trabeculae were further analyzed by selecting a refined volume
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of 1 mm in height in the range of 0.5 mm distal to the vertebral body and
the growth plate of the femur or tibia. After setting a constant thresh-
old of 80 to 255, the BV/TV, Tb.N, and Tb.Sp were further analyzed
with the CT An program (Bruker micro-CT, Kontich, Belgium).

Evaluation of bone histomorphometry
The above bone tissues were used for histological assessment and
metabolism evaluations after micro-CT analysis. Then, the bone
tissues were placed in 14% EDTA (Sigma-Aldrich, Germany) for
decalcification at 37°C for 7 days and subsequently embedded in
paraffin for sectioning. Furthermore, the obtained sections were
separately subjected to TRAP activity staining and H&E staining to
assess OC formation and distribution in vivo, as well as trabecular
bone distribution in vivo.

BIOQUANT OSTEO software (Bioquant Image Analysis Cor-
poration, Nashville, TN, USA) was then used to quantitatively as-
sess bone tissue morphology from the obtained slice images.

Statistical analysis

All experiments were performed with at least 3 replicates. All quan-
titative data are presented as the means + SD. Furthermore, Tukey’s
multiple comparisons test or Student’s t test after ANOVA was
applied to assess the statistical significance of our experimental
results. A result was considered statistically significant when the P
values satisfied one the following conditions: *P < 0.05, **P < 0.01,
or ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3333

View/request a protocol for this paper from Bio-protocol.
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