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HEALTH AND MEDICINE

Stem cell-homing hydrogel-based miR-29b-5p delivery
promotes cartilage regeneration by suppressing
senescence in an osteoarthritis rat model

Jinjin Zhu'?*t, Shuhui Yangz1', Yadong Qi3, Zhe Gong’, Haitao Zhang‘, Kaiyu Liang’,
Panyang Shen', Yin-Yuan Huangz, Zhe Zhangz, Weilong Ye?, Lei Yue?, Shunwu Fan',
Shuying Shen', Antonios G. Mikos®, Xiumei Wang?*, Xiangqian Fang'*

Osteoarthritis (OA) is a common joint disease characterized by progressive loss of cartilage and reduction in lubri-
cating synovial fluid, which lacks effective treatments currently. Here, we propose a hydrogel-based miRNA delivery
strategy to rejuvenate impaired cartilage by creating a regenerative microenvironment to mitigate chondrocyte
senescence that mainly contributes to cartilage breakdown during OA development. An aging-related miRNA,
miR-29b-5p, was first found to be markedly down-regulated in OA cartilage, and their up-regulation suppressed
the expression of matrix metalloproteinases and senescence-associated genes (P16"™%49/P21) via ten-eleven-
translocation enzyme 1 (TET1). An injectable bioactive self-assembling peptide nanofiber hydrogel was applied
to deliver agomir-29b-5p, which was functionalized by conjugating a stem cell-homing peptide SKPPGTSS for
endogenous synovial stem cell recruitment simultaneously. Sustained miR-29b-5p delivery and recruitment of
synovial stem cells and their subsequent differentiation into chondrocytes led to successful cartilage repair and
chondrocyte rejuvenation. This strategy enables miRNA-based therapeutic modality to become a viable alterna-

Copyright © 2022

The Authors, some

rights reserved;
exclusive licensee
American Association

for the Advancement

of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

tive for surgery in OA treatment.

INTRODUCTION
Osteoarthritis (OA), the most common form of arthritis, is primarily
characterized by the progressive loss of cartilage matrix and patho-
logical changes in other joint components, such as osteophyte for-
mation and synovial inflammation. By 2030, more than 67 million
people are estimated to be afflicted with OA, with the total treat-
ment costs exceeding $3 billion annually. Therefore, OA represents
an enormous health and economic burden (I, 2). Current standard
of care for OA includes pain amelioration and eventual total joint
replacement; the former is limited to relieving symptoms and
improving joint function, and the latter is associated with infection
and other comorbidities (3). However, there are no effective disease-
modifying treatments that could prevent or suppress OA development.
The pathogenesis of OA is generally associated with aging and
aberrant mechanical stress-induced changes in the chondrocyte micro-
environment (4). The articular cartilage is a highly differentiated
tissue that lacks blood vessels for nutrition supply, leading to a limited
capacity for intrinsic repair. Thus, the preservation of robust chon-
drocytes in cartilage is paramount to joint health. Chondrocytes
maintain cartilage homeostasis by synthesizing extracellular matrix
(ECM), thus preserving the structural and functional integrity of the
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cartilage. However, in response to aging and aberrant mechanical
stress stimuli, chondrocytes lose their ability to maintain cartilage
integrity and their survival. Furthermore, they converse to catabolic
cells that secrete matrix-degrading enzymes, such as matrix metal-
loproteinases (MMPs) and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTSs), including essential catabolic
MMP13 and ADAMTSS5 (5, 6). These detrimental matrix changes
further lead to both reduced mechanical integrity and diminished
lubrication of cartilage, with subsequent accelerated cartilage wear
and destruction (7). These OA risk factors lead to the cellular senes-
cence of chondrocytes, a critical cellular event contributing to
matrix metabolism imbalance during OA development (8). Thus,
improving the local microenvironment and treating aging funda-
mentally will be promising strategies for treating OA.

Several key microRNAs (miRNAs) that target OA-associated
genes, such as those of matrix-degrading enzymes, proinflammatory
cytokines, and senescence, have been identified to play a crucial
role in directing gene silencing in OA (9, 10). The miR-29b, a mem-
ber of the miR-29 family, is critically involved in chondrogenesis
and OA, among which miR-29b-3p has been widely reported
(11-13). Here, we therefore proposed to identify and deliver a pre-
viously unidentified senescence-associated miR-29b-5p for attenu-
ating OA progression. However, the poor stability in vitro and in vivo,
nonspecific distribution, and off-target effects of miRNA limit the
use of therapeutic miRNA in the clinical setting (14, 15). To im-
prove the therapeutic efficiency of miRNAs, various vectors such as
viruses, liposomes, cationic polymers, extracellular vesicles, and
engineered exosomes have been developed for miRNA delivery
(16, 17). However, the biological toxicity, cellular immunoreactivity,
and tumorigenicity of viral vectors limit their in vivo application
(18). Nonviral vectors have attracted more attention because of their
easy synthesis, low immune response, good biocompatibility, and
improved safety (19). Particularly, agomir, a cholesterol-modified
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miRNA mimic, can form micelles and is efficiently internalized by
cells, resulting in improved cartilage degeneration (10).

In addition to inhibiting cellular senescence, rejuvenation of the
joint as a whole and further to promote cartilage repair is necessary
to counteract progressive cartilage breakdown during OA by recruit-
ment of stem cells to differentiate into new young chondrocytes.
Because of a very close embryologic link between the cartilage and
the synovium, synovium-derived mesenchymal stem cells (SMSCs)
have been demonstrated to improve cartilage repair (20, 21). How-
ever, considering the large size of human knee joints, SMSCs are
unlikely to migrate over long distances to reach the site of injuries.
Previously, we designed a self-assembling peptide (SAP) that was
functionalized with a bone marrow-homing peptide (BMHP) mo-
tif, SKPPGTSS, to modulate MSC homing (22, 23). This functional
peptide promotes cartilage defect repair after microfracture (MF),
and it might have the same effect on SMSCs.

Liquid therapeutics alone cannot improve the lubrication prop-
erties of synovial fluid when the levels of hyaluronic acid in osteoar-
thritic joints are low, which usually leads to increased wear and tear
of the cartilage surfaces (24). Therefore, injectable hydrogels with
favorable lubricating properties are preferable to protect the joints
and relieve pain while repairing cartilage defects. Macroscopic bio-
polymer hydrogels, such as alginate and collagen, have been reported
to provide localized and sustained delivery of small interfering
RNA (siRNA) (25). Here, we propose a novel strategy to generate a
regenerative intra-articular microenvironment by delivering an
aging-related miR-29b-5p using a stem cell-homing hydrogel, which
inhibits the abnormal metabolism of cartilage matrix and promotes
the repair of cartilage defects by recruiting synovium-derived stem
cells. Self-assembly of synthetic peptides can yield an array of well-
defined nanostructures, which are highly attractive nanomaterials for many
biomedical applications such as drug delivery (26). In the physiological
environment, the SAP, Ac-(RADA),-NH, (RADARADARADARADA-
NHy;) can self-assemble and undergo gelation into a hydrogel with
good biocompatibility and excellent mechanical properties (27).
The hydrogel has a porous structure that mimics the natural ECM,
thereby serving as a promising medium for drug release and cell
delivery (28). Furthermore, various functional peptide epitopes can
be easily integrated with the self-assembling backbones to achieve
specific functions for the precise treatment of various diseases (29).

In this study, a miRNA (miR-29b-5p) was verified to inhibit the
senescence and anabolism/catabolism imbalance of chondrocytes,
which silenced the downstream ten-eleven-translocation enzyme 1
(TET1I) gene. Next, the agomir-29b-5p was integrated into func-
tionalized SAPs containing the stem cell-homing sequence SKPPGTSS
to form an injectable hydrogel (SKP@miR). Last, we evaluated its
treatment effect on cartilage defect and recruitment of SMSCs in an
anterior cruciate ligament transection (ACLT) rat model.

RESULTS

Identification of miR-29b-5p on alleviating chondrocyte
senescence and attenuating OA progression via TET1

We first identified a previously unknown senescence-associated
miRNA in chondrocytes linked to OA progression. The physiological
niches from which chondrocytes are isolated are at low-oxygen ten-
sions. Primary chondrocytes exposed to prolonged normoxia ex-
hibited senescence phenotypes with up-regulated P16™~* (30).
Thus, we performed miRNA sequencing in chondrocytes undergoing
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serial passaging under normoxia and identified several miRNAs
that were differentially down-regulated with the onset of senescence
(fig. S1A). These down-regulated miRNAs were compared with the
down-regulated miRNAs of OA [GSE (gene expression omnibus series)
48266] and aged cartilage (GSE 105027), followed by species con-
servation analysis in humans, rats, and mice, resulting in nine miRNAs
that regulated both senescence and OA. Further experimental screen-
ing revealed that miR-29b-5p, among the nine miRNAs, was sig-
nificantly down-regulated in both senescent chondrocytes and
interleukin-1pB (IL-1B)-induced OA chondrocytes from humans
and rats (fig. S1, B to E).

To further explore the association between miR-29b-5p and OA
pathogenesis, we evaluated the expression of cartilage ECM (Col2al
and Aggrecan), necessary transcription factor Sox9, degradative en-
zymes (Mmp3, Mmp13, Adamts4, and Adamts5), and senescent-
related indicators (P16™%% and P21) involved in OA pathogenesis
(31, 32). According to Western blot (WB) and quantitative real-time
polymerase chain reaction (QRT-PCR) results, miR-29b-5p over-
expression up-regulated the expression of Col2al, Aggrecan, and Sox9
but down-regulated the expression of Adamts4, Adamts5, Mmp3,
Mmp13, P16"%% and P21 (Fig. 1, A and B). In an aged mouse model
of knee OA, the sustained overexpression of miR-29b-5p led to
thicker cartilage and down-regulated MMP13 and P21 (cyclin-
dependent kinase inhibitor 1A) (Fig. 1C). The fluorescence in situ
hybridization (FISH) in chondrocytes revealed that the miR-29b-5p
was predominantly localized in the cytoplasm (Fig. 1D). These re-
sults suggest that miR-29b-5p is a kind of protective miRNA in
cytoplasm, which would alleviate OA by overexpression to induce a
decline in catabolic enzymes and senescence-related genes and a rise
in cartilage ECM synthesis.

To further demonstrate that miR-29b-5p was up-regulated at
the molecular level to control the senescence and OA processes, we
performed RNA sequencing to profile the transcriptome of chondro-
cytes transfected with agomir-NC (negative control) and agomir-
29b-5p (Fig. 1E). Hierarchical clustering was conducted to sort
differentially down-regulated genes based on their coexpression
patterns to determine the functional modules, which are the sets of
genes implicated in a biological process and controlled by miR-29b-5p
(33). This clustering revealed four distinct gene sets enriched with
sequence-based miR-29b-5p targets, reflecting the functional mod-
ules inactivated by miR-29b-5p down-regulation (fig. S2, A and B).
Pathway analysis indicated that the identified gene sets were associ-
ated with annotations related to “PI3K-Akt,” “Rap1,” “Ras,” or “ECM-
receptor” (fig. S2, C and D). The representative genes involved in
cellular senescence and OA exhibited interrelated network, with
corresponding changes in gene expression (fig. S2E) (34).

Among the four functional gene modules, clusters 2 and 3 were
the most highly enriched with the predicted miR-29b-5p targets
and were strongly associated with terms related to cellular senes-
cence and OA. Next, we used miRWalk and TargetScan, in combi-
nation with the sequencing results, to predict genes that are directly
regulated downstream. TET1I, one of the targets, is a relatively im-
portant gene in senescence and OA, and the functions of TET1 are
in concert in humans and rats (35, 36). Agomir-29b-5p reduced the
TET1 expression (Fig. 1, F and G), whereas antagomir-29b-5p exerted
opposite effects as evidenced by WB and qPCR results (Fig. 1, Hand I).
Furthermore, the miR-29b-5p significantly inhibited luciferase activ-
ity in cells transfected with double wild-type 3’ untranslated region
(3'UTR) of Tetl but not in those with its mutant (Fig. 1J). TetI
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Fig. 1. Identification of functions and targets of miR-29b-5p. (A and B) Expression of COL2A1, aggrecan, SOX9, MMP3, MMP13, ADAMTS4, ADAMTSS5, P16K42 and P21
at 2 days after transfection of agomir-29b-5p, agomir-NC, antagomir-29b-5p, and antagomir-NC to rat chondrocytes determined by WB (A) and qRT-PCR (B) (n = 4).
(€) Schematic illustration of agomir-29b-5p delivery schedules in aging mice. Representative images of knee cartilage stained with Safranin O/Fast Green and hematoxylin
and eosin (H&E) and immunostained with MMP13 and P21. n=5 mice per group. (D) FISH analysis of miR-29b-5p in rat chondrocytes. (E) Sequencing results of rat
chondrocytes transfected with agomir-29b-5p and agomir-NC. n=3. (F to I) TET1 expression at 2 days after transfection of agomir-29b-5p (F and G), si-TET1, and/or
antagomir-29b-5p (H and I) to rat chondrocytes determined by WB (F and H) and qRT-PCR (G and I) (n = 6). (J) Luciferase reporter assay of Tet7 in human embryonic kidney
(HEK) 293T cells after transfection with agomir-29b-5p or NC. n=4. (K and L) Expression of COL2A1, aggrecan, MMP3, MMP13, ADAMTS4, ADAMTS5, P16"™%2 and P21 at
2 days after transfection of si-TET1 and/or antagomir-29b-5p to rat chondrocytes determined by WB (K) and gqRT-PCR (L) (n =4). (M) Immunofluorescence staining of rat
chondrocytes at 2 days after si-TET1 transfection. Data are presented as means + SD. Statistical analysis was performed using two-tailed Student’s t test for (B) and (G) and
one-way analysis of variance (ANOVA) for (1), (J), and (L). *P < 0.05 and **P < 0.01. DAPI, 4',6-diamidino-2-phenylindole.
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knockdown also decreased the expression of Mmp3, Mimp13, Adamts4,
Adamts5, P16™*, and P21 but increased the expression of Aggrecan
and Col2al (Fig. 1, K to M). In addition, TET1 and miR-29b-5p
acted antagonistically to each other, while miR-29b-5p exhibited
more robust function. Therefore, it is concluded that miR-29b-5p is
involved in the regulation of OA progression through multiple
senescence-related signaling pathways, including TET1 inhibition.

Sustained delivery of miR-29b-5p from SKP@miR system

The delivery of agomir-29b-5p offered a promising strategy to treat
OA via postponing chondrocyte senescence and protecting against
decreased cartilage matrix production. However, the stability of ag-
omirs can only be maintained for 1 week, and repeated injection is
time-consuming and impractical. To overcome this challenge, we
engineered an SAP hydrogel-based delivery system to prolong the
retention of agomir-29b-5p in the knee joint (Fig. 2A). Particularly,
a cationic functional peptide SKPPGTSS was introduced into the
hydrogel for more sustained and stable release and for endogenous
stem cell recruitment. Under macroscopic observation, precipita-
tion was not observed upon mixing agomir-29b-5p and the peptide
solutions. After equilibration with phosphate-buffered saline (PBS),
the SAPs gelled into a homogeneous hydrogel and appeared trans-
parent, suggesting the uniform distribution of agomirs and the in-
jectable capacity into joint cavity to form hydrogels in the humoral
environment (Fig. 2B). The characteristic peak at 840 cm™! in the
Fourier transform infrared (FTIR) spectra of RAD@miR and SKP@
miR, reflecting the phosphate and sugar vibrations in agomirs, indi-
cated the existence of agomir-29b-5p in the composite hydrogels
(fig. S3A). Besides, the integration of agomirs had no effect on the
sheet structure and nanofiber formation of SAPs (fig. S3, B and C).

The agomir-29b-5p was mainly integrated with the repeated
RADA sequence of RAD peptide via hydrogen bonds and electro-
static interactions (Fig. 2C and fig. S3, D and E). With the involve-
ment of SKP peptide, the agomirs tended to combine with the
functional motif sequence SKPPGTSS instead of RADA sequence
because of the positively charged lysine. Compared to RAD pep-
tides with a ZRank score at —45, the SKP peptide had stronger bind-
ing affinity to agomir-29b-5p, suggested by a lower score at —50 (fig.
S3, F and G). Although arginine in RAD sequences was also posi-
tively charged, it would participate in self-assembly process and
combine with aspartic acid, which competed with the integration of
agomirs. Fluorescein isothiocyanate (FITC)-labeled agomirs were
uniformly distributed and retained in RAD@miR and SKP@miR
because of the interaction of agomirs and peptides (Fig. 2D and fig.
S4, A and B). These results suggested stronger binding between
agomir-29b-5p and SKP, contributing to permanent release.

All hydrogels exhibited a nanofibrous network structure, with
pores ranging from 50 to 200 nm, contributing to maintaining ago-
mirs and offering a profitable three-dimensional microenvironment
for cell growth (Fig. 2E and fig. S4, C and D) (37). In a relatively
stable environment in vitro, agomirs in SKP@miR were released
relatively slowly to about 70% in 40 days, not as markedly as those
in RAD@miR with an abrupt release in only 10 days (Fig. 2F). To
evaluate the retention of agomir-29b-5p in vivo, RAD@miR and
SKP@miR labeled with Cy5.5 (Cyanine5.5) were injected into the knee
joints at 7 days after ACLT and monitored via a live imaging system
(Fig. 2G). The encapsulated agomirs were retained in the joints for up
to 14 days in both groups, and the fluorescence signal in the joints
injected with SKP@miR was much higher than those injected with
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RAD@miR at 5, 7, 9, and 14 days, indicating the better retention of
agomirs in SKP@miR (fig. S4E).

To evaluate the uptake of agomir-29b-5p by SMSCs and rat
chondrocytes, agomirs labeled with FITC were used for cell culture.
Compared with tissue culture plate, where the agomirs were only
taken up by a small fraction of cells, SKP@miR and RAD@miR pro-
moted the extensive and uniform uptake of agomirs, without affect-
ing the adhesion and viability of cells (Fig. 3A and fig. S4F). To
study the penetration of agomirs in cartilage, agomir-29b-5p was
labeled with Cy5.5, and porcine cartilage explants were incubated
with RAD@miR and SKP@miR and pure agomir solution for 5 days.
The released agomirs accumulated at the cartilage surface at day 1
and gradually penetrated inside the cartilage by approximately
200 pm by day 5 in both SKP@miR and RAD@miR groups (Fig. 3B).
Quantitative analysis of the fluorescence images revealed that the
penetration depth of agomirs in hydrogels was significantly lower
than that of pure agomir solution at day 1; however, the penetration
depth of agomirs in SKP@miR reached a comparable level to that of
pure agomir solution at day 5, indicating the sustained release of
agomir-29b-5p (fig. S5A). To verify the in vivo effect of released
agomir-29b-5p on OA, we injected SKP@miR into rat knee joints at
4 weeks after ACLT. At 7 and 10 weeks after ACLT, FISH of har-
vested joints revealed a persistently higher level of miR-29b-5p
expression in the joints in SKP@miR group than that in the other
groups, indicating that the release of agomir-29b-5p from SKP@
miR might contribute to an extended effect on attenuating OA
(Fig. 3C). Together, these results demonstrated that SKP@miR
could provide ECM-mimicking structure and long-term sustained
release of biologically active agomir-29b-5p capable of being taken
up by cells without cytotoxicity.

SKP@miR rescues OA cartilage degeneration after

ACLT surgery

The therapeutic effect of SKP@miR on OA after being injected into
rat knee joints at 4 weeks after ACLT was evaluated. Joint effusion,
inflammation, periarticular osteophyte formation, and adhesions
were not observed in the SKP@miR group. Micro-computed to-
mography (micro-CT) scans showed increased osteophyte produc-
tion, indicating unbalanced bone reconstruction. The knee joints in
the SKP@miR group had few osteophytes, which were comparable
to the normal joints, whereas osteophytes were clearly seen in the
PBS, miR, and SKP groups (Fig. 4A). There were partial fractures,
defects, and osteoporosis in the subchondral bone in the case of ear-
ly OA, which was improved in the late stage. Particularly, the sub-
chondral bone in the SKP@miR group was more stable and almost
comparable to that in the sham group (fig. S5, B to E). Synovitis is
another sign of OA (38, 39). The total synovitis scores in knees in
the SKP@miR group at 7 and 10 weeks were comparable to those in
the sham group, significantly lower than those in the PBS, miR, and
SKP groups. The thickening of the synovial lining layer was signifi-
cantly relieved with SKP@miR relative to PBS (Fig. 4, B and C, and
fig. S5, F to H).

On the basis of hematoxylin and eosin (H&E) and Safranin
O/Fast Green staining, knee joints in the SKP@miR group maintained
cartilage integrity and displayed minor signs of degeneration at 7 and
10 weeks (Fig. 4D). Histological scoring that grades the microscopic
structure of the repair cartilage revealed obvious improvements in
cell morphology, matrix staining, and cartilage appearance in the
SKP@miR group, which was comparable to that in the sham group
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Fig. 2. Characterization of hydrogel-based miR-29b-5p delivery system. (A) Schematic illustration of SKP@miR. RAD and SKP peptides self-assemble to form a nanofiber
hydrogel with agomir-29b-5p distributed inside. (B) RAD and SKP peptides with agomir-29b-5p form stable hydrogels by adjusting the pH value to neutral. (C) Molecular
docking analysis of RAD or SKP peptide interacted with agomir-29b-5p. (D) FITC-labeled agomir-29b-5p in RAD, RAD@miR, SKP, and SKP@miR. (E) Rheological measurements
of storage (G') and loss (G") moduli of RAD, RAD@miR, SKP, and SKP@miR (0.1 to 10 rad/s at 0.5% strain). (F) Cumulative release of agomir-29b-5p in RAD@miR and SKP@miR
in a 37°C incubator. n= 3. (G) Schematic illustration of ACLT-induced OA model and in vivo imaging of Cy5.5-labeled agomir-29b-5p in mice joints at 1, 3,5, 7,9, and 14 days
after intra-articular injection of hydrogels. Color represents radiant efficiency [(p s cm™ sr™")/(uW cm™)1. n = 3 mice per group. Data are presented as means =+ SD.

(Fig. 4E and fig. S5, I to M). Moreover, the Osteoarthritis Research
Society International (OARSI) score was significantly lower in the
SKP@miR group than that in the PBS, miR, and SKP groups, with-
out significant difference compared with sham group (Fig. 4F). It is
also noted that the OARSI score decreased at 10 weeks compared
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with that at 7 weeks in the SKP@miR group, indicating the improved
cartilage repair over time, while the scores remained almost constant
in the other groups. The hot plate reaction time was significantly
shorter in the SKP@miR group than those in the PBS, miR, and SKP
groups, indicating the relief of OA-induced pain (Fig. 4G). Therefore,
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(RCs) and SMSCs after being cultured on RAD, RAD@miR, SKP, and SKP@miR for 2 days. Agomir-29b-5p were labeled with FITC. F-actin was stained with rhodamine phal-
loidin (Rho), and nuclei were stained with DAPI. (B) Representative confocal microscopy images of cross sections of porcine cartilage explants incubated with free
Cy5.5-labeled agomir-29b-5p, RAD@miR, and SKP@miR for 1, 2, 3, 4, and 5 days. The arrow indicates the diffusion direction. (C) FISH analysis of miR-29b-5p in rat knee

cartilage at 7 and 10 weeks after surgery. Nuclei were stained with DAPI in (B) and (C).

these results demonstrated a good therapeutic efficacy of intra-
articular injection of SKP@miR on cartilage repair in OA.

SKP@miR alleviates senescence and maintains catabolic
balance in cartilage
The senescence and catabolic balance in the cartilage was evaluated
via immunohistochemical staining. A representative COL2A1 (col-
lagen type II alpha 1 chain) up-regulation and a notable decrease in
the levels of MMP13, P16™*, and P21 in the SKP@miR group were
observed at 7 weeks, approaching that in the sham group. At 10 weeks,
the effect of SKP@miR group was comparable to that of the sham group
(Fig. 5A). The quantitative analysis revealed that COL2A1-positive cells
in SKP@miR group were significantly more than those in the control
groups (PBS, miR, and SKP), while the TET1-, P21-, P16 % or
MMP13-positive cells were significantly less than those in the control
groups, indicating decreased senescence and increased matrix syn-
thesis (Fig. 5, B and C). In addition, the P21- and P16INK4a-positive cells
were further significantly decreased, while COL2A1-positive cells were
significantly increased in the SKP@miR group at 10 weeks compared
with those at 7 weeks, which was not observed in other groups, sug-
gesting the enduring effect of agomir-29b-5p in SKP@miR.

To comprehensively elucidate the underlying mechanisms through
which SKP@miR alleviates senescence, we validated the effect on
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chondrocytes in vitro. Primary chondrocytes on the hydrogels showed
permanent vitality and good adhesion, indicating that the hydrogels
were nontoxic and biocompatible (fig. S6, A and B). SKP@miR effec-
tively alleviated chondrocyte senescence with a significantly decreased
number of SA (senescence-associated)-f-galactosidase (B-Gal)-positive
cells (Fig. 6, A and B). The toluidine blue and Alcian blue staining
revealed that SKP@miR was more conducive to form chondrogenic
matrix (Fig. 6C). Immunofluorescence results showed that SKP@miR
promoted the expression of aggrecan and COL2A1 and inhibited the
expression of MMP3, P21, and P16"™** in chondrocytes (Fig. 6D).

To investigate the effect of SKP@miR on senescent chondrocytes,
cells were induced to a senescent phenotype via incubation with
doxorubicin and successive generations, respectively (4). Senescent
cells were significantly decreased when cultured on SKP@miR (Fig. 6B
and fig. S6, C and D). The proliferation and cell viability of se-
nescent cells was promoted on SKP@miR compared with that on other
hydrogels (fig. S6, E to G). Notably, the expression levels of P16™<*%,
P21, and P53 in chondrocytes induced by doxorubicin were signifi-
cantly down-regulated on SKP@miR compared with those on RAD,
while only the expression of P16™%* in P3 cells on RAD@miR and
SKP@miR was lower than that on RAD and SKP, reflecting that
the agomir-releasing hydrogels eliminated chondrocyte senescence
caused by DNA damage (fig. S6, H to ]).
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Fig. 4. SKP@miR rescues OA cartilage degeneration after ACLT surgery in rats. (A) Three-dimensional and planar view reconstruction images of rat knee joints showing
the abnormal growth of osteophytes (indicated by arrow) in sham, PBS, miR, SKP, and SKP@miR groups at 7 and 10 weeks. (B) Morphological analysis of the synovium at
7 and 10 weeks indicated by H&E staining. (C) Synovia thickness and total synovia scores of enlargement of the synovial lining cell layer, inflammatory infiltrates, and density
of the resident cells. (D) Representative rat knee joint images stained with Safranin O/Fast Green and H&E at 7 and 10 weeks. (E) Heatmap of variables of histological scoring
at 7 and 10 weeks. (F) OARSI grades of rat joints at 7 and 10 weeks. (G) Hot plate test of rats at 7 and 10 weeks. n =4 rats per group. Data are presented as means + SD. Statistical
analysis was performed using one-way ANOVA for intergroup comparison with SKP@miR at 7 or 10 weeks (*P < 0.05 versus SKP@miR group at 7 weeks and #P < 0.05 versus
SKP@miR group at 10 weeks) and two-tailed Student’s t test for comparing data at 7 and 10 weeks in SKP@miR group (*P < 0.05) in (C), (F), and (G).

To evaluate the therapeutic effects on OA from a cellular per-  up-regulated the expression of SOX9 (sex determining region Y-box
spective, we constructed chondrocytes with OA phenotype by stim-  transcription factor 9), aggrecan, and COL2A1 and down-regulated
ulating normal chondrocytes with IL-1B to simulate an in vivo the expression of degradative enzymes in normal chondrocytes; how-
chronic inflammatory environment (31). SKP@miR substantially  ever, after chondrocytes were induced to the arthritis phenotype with
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Fig. 5. SKP@miR effectively attenuates senescence of rat joints. (A) Representative immunohistochemistry staining images of TET1, P16™K42 P21, COL2A1, and
MMP13 of rat knee joints from sham, PBS, miR, SKP, and SKP@miR groups at 7 and 10 weeks. (B) Quantification of histology positive cells of TET1, P21, P1 64 coL2A1,
and MMP13. (C) Heatmap of positive cell rate of TET1, P21, P16™%* MMP13 and COL2A1. n =4 rats per group. Data are presented as means + SD. Statistical analysis was
performed using one-way ANOVA for intergroup comparison with SKP@miR at 7 or 10 weeks (*P < 0.05 versus SKP@miR group at 7 weeks and #P < 0.05 versus SKP@miR
group at 10 weeks) and two-tailed Student'’s t test for comparing data at 7 and 10 weeks in SKP@miR group (*P < 0.05) in (B).

IL-1B, the regulations on these factors were even more pronounced
(Fig. 6, E and F, and fig. S7, A and B). Furthermore, the expression of
TET1 in chondrocytes was down-regulated on SKP@miR (Fig. 6G).
Therefore, SKP@miR could alleviate chondrocyte senescence and
maintain catabolic balance in cartilage, contributing to attenuating
OA progression.

Zhu et al., Sci. Adv. 8, eabk0011 (2022) 30 March 2022

SKP@miR induces recruitment and chondrogenic
differentiation of SMSCs

Here, the SKP peptide was confirmed to have a positive effect on the
recruitment of SMSCs from synovium to aid in the repair of dam-
aged cartilage in OA (Fig. 7A). The joints were stained with CD90
and CD73, which were important markers for SMSCs. Note that
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Fig. 6. SKP@miR alleviates senescence and maintains catabolic balance in rat chondrocytes. (A) SA-B-Gal staining images of rat chondrocytes cultured on RAD,
RAD@mIR, SKP, and SKP@miR for 7 days. (B) Quantification of SA-B-Gal positivity in normal chondrocytes, doxorubicin-treated chondrocytes, and chondrocytes
at passage 3 (P3). n=3. (C) Toluidine blue and Alcian blue staining of chondrocyte micromasses and monolayer chondrocytes cultured with hydrogels for 3 days. (D) Immuno-
fluorescence staining of aggrecan, COL2A1, MMP3, P21, and P16 of rat chondrocytes cultured on hydrogels for 7 days. (E) WB analysis of protein levels of SOX9,

aggrecan, COL2A1, ADAMTS4, MMP13, ADAMTS5, MMP3, and P21 in normal and IL-1

B-treated chondrocytes cultured on hydrogels for 7 days. (F) gRT-PCR analysis of

gene expression of Sox9, Aggrecan, Col2al, Adamts4, Mmp13, Adamts5, and Mmp3 in normal chondrocytes and IL-1B-treated chondrocytes cultured on hydrogels for
7 days. IL-1p treatment was performed every 2 days. (G) WB analysis of TET1in normal chondrocytes cultured on hydrogels for 7 days. Data are presented as means +

SD. Statistical analysis was performed using one-way ANOVA. *P < 0.05.

SMSCs were densely packed at the synovium and distributed in
clumps or sheets around the articular surface in the groups with
SKP (Fig. 7B and fig. S8). In addition, the SMSCs could be found to
infiltrate into the surface of cartilage, suggesting a possibility to
differentiate to chondrocytes. Consistently, the Transwell assay

Zhu et al., Sci. Adv. 8, eabk0011 (2022) 30 March 2022

revealed that a significantly larger number of cells cultured with
SKP and SKP@miR had migrated to the lower side of the porous mem-
brane compared to those cultured with RAD and RAD@miR
(Fig. 7, C and D). Moreover, the SKP@miR could enhance the pro-
liferation, cell viability, and adhesion of SMSCs, reflecting the
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Fig. 7. SKP@miR induces SMSC recruitment and promotes chondrogenic differentiation. (A) Schematic illustration of the recruitment process pattern of SMSCs
during cartilage repair. (B) Immunofluorescence staining of CD90 and CD73 in rat knee joints at 7 weeks after ACLT surgery. SMSCs (left), synovium (right), and chondro-
cytes (bottom) were shown. Nuclei were stained with DAPI. n =4 rats per group. (C) Schematic illustration of Transwell assay to monitor SMSC recruitment in vitro. Repre-
sentative images of Transwell bottom membrane stained with crystal violet after 24-hour culture. (D) Quantification of cells observed at the bottom of the membrane.
n=3. (E) Toluidine blue staining, Alcian blue staining, and immunofluorescence staining of COL2A1 and COL1A1 in SMSC pellets after 14-day culture on RAD, RAD@miR,
SKP, and SKP@miR. (F) WB analysis of protein levels of SOX9, aggrecan, and COL2A1 in SMSC pellets. (G) gRT-PCR analysis of gene expression of Sox9, Col2al, Aggrecan,
Runx2, Bmp2, Opn, Ocn, Alp, Lpl, and Ppar in SMSC pellets. n = 3. Values were normalized to B-actin levels, and RAD group was used as the control group. (H to J) Quantifi-
cation of total GAG content per pellet (H), total DNA content per pellet (1), and GAG/DNA content (J) of SMSC pellets. Data are presented as means + SD. Statistical analy-
sis was performed using one-way ANOVA. *P < 0.05 and **P < 0.01.
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satisfactory ability to maintain stem cell population and vitality (fig.
$9, A and B). On the basis of the observation of stem cell infiltration
in vivo, we evaluated the effect of SKP@miR on the chondrogenic
differentiation of SMSCs. The SMSC pellets were cultured with
different hydrogels for 14 days with the supplementation of trans-
forming growth factor- (TGF-) in culture medium. All the pellets
were positive for toluidine blue staining, Alcian blue staining,
and COL2AI staining, while those on SKP@miR exhibited en-
hanced glycosaminoglycan (GAG) synthesis and COL2 expression
(Fig. 7E). The protein levels of SOX9, COL2A1, and aggrecan in
SKP@miR group were higher than those in other groups at 14 days
(Fig. 7F). SMSC pellets on SKP@miR exhibited significantly up-reg-
ulated expression of Sox9 and Col2al compared with those on
RAD, RAD@miR, and SKP and significantly up-regulated Aggrecan
compared with those on RAD, which was consistent with the WB
results (Fig. 7G). The expression of Runx2, Bmp2, Lpl, Ppar, Ocn,
Opn, and Alp was down-regulated in the SKP@miR group, indicat-
ing that the osteogenic or adipogenic differentiation was inhibited by
the hydrogel. Besides, the differentiated SMSC pallets cultured with
SKP@miR had significantly higher overall GAG content and GAG
normalized to DNA than those cultured with other hydrogels
(Fig. 7, H to J). These results indicated that the SKP@miR could
enhance the chondrogenic differentiation of SMSCs.

To obtain insight into the mechanism by which SKP@miR acts
on SMSCs, we performed mRNA sequencing analysis of SMSCs
cultivated on different substrates without differentiation-inducing
medium for 7 days. Considering the two components in SKP@miR,
the individual role of miR-29b-5p and stem cell-homing hydrogel
were evaluated and analyzed to demonstrate their synergistic effect
on cell behavior. Compared with the control group, a total of 14,378
differentially expressed genes (DEGs) were identified among miR,
SKP, and SKP@miR groups, of which 10,400 were up-regulated and
3978 were down-regulated [P < 0.05, |logx(fold change)| > 1]. SKP@
miR was found to be largely functional, with 7576 DEGs, followed
by SKP, with 6740 DEGs, and lastly, miR, with 62 DEGs (Fig. 8A).
In addition, 6375 of DEGs existed both in SKP and SKP@miR groups,
while 1192 of DEGs were unique in SKP@miR group, indicating that
SKP peptide and miR-29b-5p act synergistically. The gene ontology
(GO) analysis among the four groups implied a strong correlation
of DEGs with cell differentiation, cell adhesion, cell proliferation,
and cell migration (Fig. 8B). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment bar plot demonstrated functions related to cell
motility, replication and repair, and aging (Fig. 8C). KEGG pathway
analysis among RAD, RAD@miR, SKP, and SKP@miR groups indi-
cated that DEGs were also enriched for functional annotations
relating to cell adhesion and growth, as well as cellular senescence,
TGEF- signaling pathway, and signaling pathways regulating plu-
ripotency of stem cells, which were involved in cartilage repair and
the suppression of senescence (Fig. 8D). The gene set enrichment
analysis (GSEA) results also showed that the function of SKP was
enhanced with the addition of agomir-29b-5p (Fig. 8E). Cell adhesion,
cell migration, cell differentiation, and extracellular space/region played
major roles in the comparison of RAD and SKP (fig. S9, C and D).
Cartilage development was found to be important when comparing
RAD with RAD@miR (fig. S9, E and F). Next, the cell adhesion,
migration, and senescence functions were analyzed emphatically, and
down-regulated expression in adhesion/senescence-associated genes
and up-regulated expression in migration-related genes were found in
SKP and SKP@miR (Fig. 8F). The expression of key genes associated

Zhu et al., Sci. Adv. 8, eabk0011 (2022) 30 March 2022

with cell migration, including Mmp9, Mif, Agt, Hspb1, and Bax, was
evaluated. Compared with RAD and RAD@miR, SKP and SKP@miR
exhibited obvious migration effect on SMSCs. The key genes of cell
adhesion were also assessed, among which most genes were down-
regulated in the SKP and SKP@miR groups compared with those in
RAD and RAD@miR groups. The expression of most genes related
to cartilage development was up-regulated in RAD@miR and SKP@
miR groups, while the expression of cellular senescence-associated
genes was significantly down-regulated in SKP@miR group, indicating
that SKP and agomirs had synergistic effects on promoting cartilage
development and suppressing cellular senescence (Fig. 8G). In
addition, genes that related to four basic functions, including cellular
senescence, focal adhesion, cartilage development, and cell migration,
were subjected to the intersection analysis, indicating some intersection
among the functions (Fig. 8H). Collectively, our results demonstrated
that SKP@miR could improve the proliferation and migration of
SMSCs and induce their differentiation toward chondrocytes, con-
tributing to the regeneration of cartilage defects caused by OA.

DISCUSSION
Current treatments for OA, such as physiotherapy, medications,
and surgery, fail to achieve satisfactory therapeutic effects because
they only promote symptomatic relief without slowing or stopping
the biological process underlying tissue damage (40-42). Recently,
mounting evidence suggests that aging contributes to OA develop-
ment. The progressive cartilage breakdown in OA joints, the major
therapeutic target, is mainly caused by the activation of matrix-
degrading enzymes and the limited regeneration capacity of chon-
drocytes, both of which are closely associated with chondrocyte
senescence, one of the hallmarks of aging. Selective elimination of
senescent cells effectively prevents OA development by eradicating
the source of the catabolic mediators (43, 44), which, however, could
cause an excessive reduction in sparser chondrocytes in human car-
tilage and accelerate the exhaustion of stem cells (45, 46). Besides,
the potential off-target effects of senolysis could affect beneficial cells
(4). More effective strategies, including gene therapy and stem cell
therapy, to suppress senescence and improve repair capacity in OA
joints have been verified to be profitable to OA treatment.
Recently, RNA interference exhibited the ability to alleviate chon-
drocyte senescence during OA progression. Here, we proposed a
strategy to suppress senescence through long-term and stable delivery
of a senescence-associated miRNA, miR-29b-5p, using a stem cell-
homing hydrogel to ameliorate cartilage degeneration in OA. In this
strategy, the regulation of senescence genes and expansion of chon-
drocyte pools are combined to attain a synergistic effect on funda-
mentally settling OA-induced cartilage breakdown. Extended and
effective treatments have been achieved by modulating the physio-
logical processes of the organism itself to effectively promote cartilage
regeneration and alleviate the aging of the joint, which has not been
reported previously. On the one hand, the sustained release of
miR-29b-5p from SKP@miR protects the joints by inhibiting
chondrocyte senescence, thereby attenuating the imbalance between
matrix catabolism and anabolism, representing an alternative strategy
to avoid the excessive or unintended removal of cell populations from
the damaged cartilage caused by senolytic therapy (Figs. 5 and 6). On
the other hand, the SKPPGTSS peptide in SKP@miR expands the
quantity of new chondrocytes by recruiting endogenous SMSCs and
inducing chondrogenic differentiation, which further contributes to
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SD. Statistical analysis was performed using one-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
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rejuvenating the aging joint (Figs. 7 and 8). After being treated with
SKP@miR, the knee joints with OA after ACLT surgery recover to a
comparable level to normal joints, with decreased defects and synovi-
tis, maintained cartilage integrity, and little cartilage degeneration
(Fig. 4). Therefore, this strategy and the SKP@miR suggest a promis-
ing therapeutic treatment for OA.

The miR-29b-5p has been verified to play an important role in
cancer, multiple sclerosis, and other diseases, but there are no re-
ports for the function of miR-29b-5p in OA (47). We identified that
miR-29b-5p was closely related to both OA and chondrocyte senes-
cence. miRNAs are superior in modulating multiple cellular path-
ways simultaneously, which is difficult to target by small molecules
and therapeutic proteins. One plausible mechanism underlying the
therapeutic action of miR-29b-5p involves cartilage protection by
silencing various genes, such as TET1, and multiple pathways that
are crucial in OA or senescence pathogenesis, such as Rapl, phos-
phatidylinositol 3-kinase-Akt, and mitogen-activated protein kinase
signaling pathways (48, 49). Particularly, methylcytosine dioxygenase
TET1, a hydroxymethylase predominantly responsible for the accu-
mulation of pathogenic 5-hydroxymethylcytosine in OA, is a direct
target of miR-29b-5p. The loss of TET1 impairs both OA initiation
and progression, and the siRNA-mediated silencing of TET1 decreased
MMP3 and MMP13 expression, which is consistent with our results
(35). Thus, miR-29b-5p is an effective intervention for OA by modu-
lating TET1 activity and consequent changes in gene transcription.

The effective delivery of miRNAs to the desired site is necessary
to achieve therapeutic efficacy. Compared with widely used traditional
nanoparticle-based delivery approaches, hydrogels offer water-
swollen networks with biodegradability and injectability, overcoming
many concerns for drug delivery such as undesirable off-target cyto-
toxicity and accumulation. The long-term bioactivity and sustained
release of agomir-29b-5p were maintained by the hydrogel-based
delivery system, contributing to the effective treatment of chronic
diseases such as OA and solving the problem of the repeated dosing
of miR-29b-5p oligonucleotides due to their low stability (50).
Compared with the single intra-articular injection of miR-29b-5p,
which was ineffective in preventing OA progression, SKP@miR con-
siderably improved the deformation, senescence, and viability of
extant cartilage throughout the joint after 10 weeks. The agomirs
are concentrated and eluted locally, which decreases the concentra-
tions required for therapeutic efficacy. The release rate of agomirs
from hydrogels is directly affected by electrostatic properties because
of the anionic charge of nucleic acids. For instance, hydrogels from
cationic polymers including polyethylenimine, chitosan, and poly-
amidoamine contribute to enhanced bioactivity and transfection of
miRNA (51). The agomir-29b-5p was retained in SKP@miR via
electrostatic interaction with cationic lysine and underwent sustained
release for 40 days in vitro, which was much longer than that observed
with RAD@miR and other hydrogels such as alginate and collagen
hydrogels (52). Besides, the cholesterol in agomirs tends to aggregate
with itself because of hydrophobicity, causing entrapment within
the network formed by nanofibers of SAPs, further extending the
release period (53). The released agomir-29b-5p from SKP@miR
maintained good penetration capacity comparable to free agomirs
in vivo. However, cationic polymers with positive charges are con-
sidered to have cytotoxicity for inducing formation of defects in
cellular membrane. Chondrocytes and SMSCs on SKP@miR exhib-
ited healthy morphology and good proliferation, suggesting no cyto-
toxicity. Inevitably, the movement of the joints may pulverize the
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injected hydrogel, leading to a more rapid release of agomir-29b-5p
in vivo than that in vitro. Nevertheless, the dynamic interactions between
SKP peptide and agomir-29b-5p might protect agomir-29b-5p from
degradation even in a separated hydrogel.

The SKP@miR hydrogel-based delivery system not only pro-
vides the sustained release of agomir-29b-5p but also offers suitable
microenvironment in situ because of its injectability, allowing the
controlled and minimally invasive delivery of gene vectors in a spatio-
temporally precise manner and reduces intra-articular vector spread
and possible loss of the therapeutic gene product (54). The hydrogel
is highly hydrophilic and favorable for lubrication, effectively avoiding
the direct collisions between joints, which could provide a protec-
tion for the nearby cartilage to some extent. The functionalized hy-
drogel has the potential to recruit endogenous SMSCs and induce
the chondrogenic differentiation in vivo. Considering the limited
proliferation and regenerative capacity of senescent chondrocytes
in OA, articular cartilage loss is difficult to restore. Exogenous MSCs
are excellent alternative cell sources to chondrocytes for cartilage
regeneration (55). However, their applications are hampered by ethical
concerns and low yield of target cells. Not only culture-expanded
MSCs but also native joint-resident MSCs play important roles in
repairing joint damage in OA (56). Although bone MSCs (BMSCs)
are widely used in cartilage repair, native BMSCs in OA are rare
(57). Local expansion of BMSCs was triggered by stimulating a re-
generative response via MF surgery (58). However, the fibrocartilage
formed after MF substantially affected the intrinsic mechanical
properties (59). Joint-resident MSCs, including synovium-resident
and synovial fluid-resident MSCs, contribute to the maintenance
and repair of superficial injuries caused by OA and can directly
migrate from the synovium and synovial fluid to the sites of injuries
(60). Endogenous synovial fluid MSCs are capable of adhering to
cartilage in a favorable biochemical and biomechanical environment
in OA joints. Nevertheless, synovial fluid-resident MSCs are very
rarely found in the OA synovial fluid, thus limiting their therapeu-
tic effects. On the contrary, the synovium is a rich source of chon-
drogenic MSCs (~1%), and previous studies have suggested that
synovial fluid-resident MSCs originate from the synovium (61).
In addition, the synovium and cartilage originate from a common
pool of cells during the development of synovial joints, suggesting
that SMSCs are the most closely related to chondrocytes develop-
mentally (62). Previous studies demonstrated that tissue engineered
constructs derived from synovial MSCs combined with nanofibrous
scaffolds could repair meniscal hoop structure and prevent the pro-
gression of cartilage degeneration. Rabbit synovial fluid MSCs were
directly injected or encapsulated in an injectable hydrogel to repair
cartilage defects, but few studies have reported the application of
SMSC:s in cartilage repair, especially endogenous SMSCs. Compared
with other study, where postoperative intra-articular injected SMSCs
were recruited by SDF-1a (stromal cell-derived factor-1 alpha)-
binding decellularized fibrocartilage matrix to repair rotator cuff
(63), we used a stem cell-homing peptide to recruit the endogenous
SMSCs and stimulate regenerative process in cartilage, reducing the
risk of using exogenous cells. We speculate that the BMHP SKP con-
tributed to the migration of SMSCs and/or the homing of SMSCs near
the cartilage surface. In our previous work, similar stem cell recruit-
ment was observed in which SKP promoted the recruitment of BMSCs
toward the defect site filled with SKP-modified scaffold (23). Besides,
the in vitro Transwell evaluation also confirmed that SKP could pro-
mote the migration of SMSCs. Above all, we think that SKP is highly
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likely to have a positive effect on the migration and recruitment of
SMSCs. However, the mechanism needs to be further investigated.
Furthermore, it is recently found that cartilage-derived stem/progenitor
cells (CSPCs) residing in the superficial zone of articular cartilage
have shown great potential for cartilage repair and OA treatment
by adjusting ECM remodeling in early OA (64). Our results indi-
cated that agomirs delivered by hydrogels could penetrate into the
surface of cartilage, which might also have an effect on the local CSPCs
and promote ECM reconstruction. However, more investigations are
needed to demonstrate the role of CSPCs. The chondrogenic differ-
entiation of SMSCs was also enhanced by SKP@miR, as evidenced
by the up-regulated expression of Col2al and Aggrecan. The effects of
SKP@miR on SMSCs were further confirmed by the transcriptome
analysis. In line with our hypothesis and observation, numerous
DEGs are associated with cell adhesion, migration, and differentia-
tion. In addition, GO and KEGG results reveal a potential effect on
cellular senescence, which might attribute to miR-29b-5p. The inte-
gration of SKP and agomir-29b-5p leads to notably higher expres-
sion of these migration-associated and regeneration-associated genes
and an expanded quantity of DEGs compared with that of individ-
uals, suggesting a synergistic effect. However, some of the migration-
associated genes are down-regulated in SKP@miR after 7 days,
probably because of the almost finished migration induced in the
early stage, which requires further study to confirm. These findings
are of great significance to help explain the mechanism of hydrogel-
induced behavior of endogenous SMSCs in vivo.

The regeneration of cartilage damage in OA prompts that a syn-
ergistic effect of miR-29b-5p and recruited SMSCs would contribute
to delaying and terminating the progression of OA, which is sug-
gested at the cellular and genetic levels in this study. Not only the
inhibition of chondrocyte senescence but also the recruitment and
differentiation of SMSCs were enhanced in the presence of both
agomir-29b-5p and SKP hydrogel. In addition, the cartilage mor-
phology in joints injected with SKP@miR exhibited the best recovery.
Here, the synergistic effect lies in two ways. For one, the influence of
miR-29b-5p and SKP hydrogel is complementary to each other.
Cell cycle arrest caused by accumulated DNA damage and strong
growth signal from damaged cartilage together contribute to the
chondrocyte senescence and imbalanced metabolism, thus result-
ing in constant aggravation of cartilage degeneration (65). The miR-
29b-5p could restore the changed gene pattern caused by DNA damage
to a certain extent and down-regulated the P16™<*%, P21, and MMPs
to inhibit the matrix catabolism and further cartilage damage. The
recruited SMSCs by SKP hydrogel could supplement the lost aging
chondrocytes and repair the cartilage damage, which decreased the
growth signal and then inhibited a series of changes induced by further
senescence. Without the supplement of new chondrocytes from
SMSCs, the strong growth signal from damaged cartilage would
probably induce successive senescence. While without miR-29b-5p,
the imbalance of metabolism would not be inhibited to stop the car-
tilage damage. For another, the combination of miR-29b-5p and
SKP hydrogel resulted in more genetic regulations than individuals.
The gene expression related to cellular senescence, adhesion, migra-
tion, and cartilage development was markedly changed because of
SKP@miR, which was consistent with the in vitro and in vivo re-
sults. Other studies associated with gene therapy and stem cell therapy
to treat OA only demonstrated the individual effect (66, 67). How-
ever, few studies take the advantages of this synergistic mechanism
to design strategies for OA treating. Therefore, our strategy offers
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an effective treatment by the synergistic combination of miR-29b-
5p and SKP hydrogel.

In summary, we report a stem cell-homing hydrogel-based miRNA
delivery system as a disease-modifying agent for OA by suppressing
senescence to prevent cartilage degeneration and promote matrix
regeneration. miR-29b-5p can effectively alleviate the current state
of existing articular cartilage and delay the progression of aging to
prevent the rapid progression of OA. SKP@miR attenuates the im-
balance between matrix synthesis and inflammatory phenotypes in
senescent chondrocytes and OA joints. In addition, the hydrogel
recruits SMSCs and induces differentiation toward chondrocytes to
repair the defects and form new cartilage without using exogenous
stem cells. The OA joints treated with SKP@miR exhibit improved
cartilage similar to normal cartilage. Future directions include opti-
mization of the hydrogel formulation to achieve better therapeutic
effects in large-animal models before its translation in the clinical
practice and exploration on its effectiveness in patients whose OA is
driven by other mechanisms, such as obesity or genetic factors.
Collectively, the injectable cell-free and oft-the-shelf approach is
more convenient and practical for clinical applications, which will
shed light on developing disease-modifying therapies that benefit
patients with OA.

MATERIALS AND METHODS

Study design

We aimed to develop a therapeutic approach for attenuating carti-
lage degeneration and rejuvenating cartilage breakdown during OA
by delivering miR-29b-5p from an injectable stem cell-homing
hydrogel. We first screened miR-29b-5p whose up-regulation could
effectively modulate the senescent and OA phenotypes of chondro-
cytes and investigated their regulatory effects in rat and human
chondrocytes. The in vivo effects of agomir-29b-5p were evaluated
in aging mouse models. Moreover, the underlying mechanisms and
downstream target TET1 of miR-29b-5p were identified and veri-
fied in rat chondrocytes. The functional peptide motif SKPPGTSS
mimicking the bioactivity of BMHP was incorporated into the SAP
RAD for the recruitment of endogenous SMSCs. SKP@miR was
prepared by combining agomir-29b-5p and functionalized SAPs and
was characterized using CD (circular dichroism), FTIR, atomic force
microscopy, scanning electron microscopy, transmission electron
microscopy, and rheology analysis. The interaction between ago-
mirs and peptides was evaluated via molecular docking. The release
of agomirs from SKP@miR was assessed both in vitro and in vivo,
with RAD, RAD@miR, and SKP as the control groups. The penetra-
tion capacity of agomirs in hydrogels was evaluated using porcine
cartilage explant penetration assay. We further evaluated the prolif-
eration, adhesion, and morphology of rat chondrocytes and SMSCs
on the hydrogels to assess its biocompatibility. We examined the
effects of hydrogels on the senescence of rat chondrocytes under
inflammatory stimuli. In vitro SMSC recruitment was performed
to assess stem cell affinity and migration toward the hydrogels. The
differentiation of SMSCs on hydrogels was evaluated after 14 days
using the pellet culture assay with chondrogenic differentiation
medium. To reveal the mechanism of hydrogel-induced stem cell
behavior, we performed RNA sequencing analysis of SMSCs cul-
tured on hydrogels for 7 days without using the differentiation me-
dium. ACLT surgery was then used to induce posttraumatic OA in
4-week-old rats. The hydrogels were delivered into rat knee joints by
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intra-articular injection at 4 weeks postoperatively. Various OA man-
ifestations, including cartilage destruction, osteophyte maturity, and
synovial inflammation were histologically assessed and scored at 7
and 10 weeks postoperatively. Reaction time on hot plates was mea-
sured as a behavioral assessment of OA-induced pain. In vivo MSC
recruitment was assessed using immunofluorescence staining.

Rats used for animal studies were randomly assigned to each
group, and all samples were analyzed by experienced histopatholo-
gists who were blinded to the experimental conditions. For each
experiment, the sample size reflected the number of independent
biological replicates and is indicated in the figure legends. Persistent
lameness and discomfort after surgical recovery were used as the
criteria for stopping further experiments with the corresponding rat
before completion. None of the animals met these criteria. No data
were excluded from the analysis. All animal experiments were ap-
proved by the laboratory animal management and ethics committee
(approval number IACUC-20190715-10) following the Institutional
Animal Care and Use Committee (IACUC) guidelines. Additional
information related to the experimental procedures can be found in
the Supplementary Materials.

Statistical analysis

For hydrogel characterization and in vitro studies, each experiment
was conducted independently at least three times. Data are presented
as means * SD and analyzed using two-tailed Student’s ¢ test or one-
way analysis of variance (ANOVA), followed by Tukey’s or Dunnett’s
T3 post hoc tests for multiple comparisons. Statistical analysis was
performed using Prism GraphPad 8.0 software. P < 0.05 was con-
sidered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0011

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