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A B S T R A C T   

Osteoarthritis (OA) is a painful degenerative joint disease and is the leading cause of chronic disability among 
elderly individuals. To improve the quality of life for patients with OA, the primary goal for OA treatment is to 
relieve the pain. During OA progression, nerve ingrowth was observed in synovial tissue and articular cartilage. 
These abnormal neonatal nerves act as nociceptors to detect OA pain signals. The molecular mechanisms for 
transmitting OA pain in the joint tissues to the central nerve system (CNS) is currently unknown. MicroRNA miR- 
204 has been demonstrated to maintain the homeostasis of joint tissues and have chondro-protective effect on OA 
pathogenesis. However, the role of miR-204 in OA pain has not been determined. In this study, we investigated 
interactions between chondrocytes and neural cells and evaluated the effect and mechanism of miR-204 deliv
ered by exosome in the treatment of OA pain in an experimental OA mouse model. Our findings demonstrated 
that miR-204 could protect OA pain by inhibition of SP1- LDL Receptor Related Protein 1 (LRP1) signaling and 
blocking neuro-cartilage interaction in the joint. Our studies defined novel molecular targets for the treatment of 
OA pain.   

1. Introduction 

Osteoarthritis (OA) is a painful degenerative joint disease and is the 
leading cause of chronic disability among elderly individuals. A key 
aspect of improving health-related quality of life among patients with 
OA is to ameliorate OA-related pain before surgical interventions. Pre
vious studies have established multiple signaling pathways and 
signaling molecules, such as Indian Hedgehog (Ihh), transforming 
growth factor β (TGF-β), β-catenin and Runx2, are involved in the 
pathological process of OA, mainly by directly or indirectly affecting 
anabolic or catabolic process in cartilage [1–4]. However, the molecular 
mechanisms of OA nociception remain poorly understood. 

The dorsal root ganglia (DRG) is responsible for transmitting 

peripheral pain signals to the central nervous system (CNS) after 
chemical, mechanical or thermal stimulation [5]. During OA progres
sion, vascular invasion and nerve ingrowth could be detected in synovial 
tissue and articular cartilage [6]. These abnormal neonatal nerves act as 
nociceptors to sense OA pain signals and could directly excite DRG 
nociceptive neurons [6]. Several recent studies have demonstrated that 
the immune cells and other non-neural cells produce pro-inflammatory 
cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor (TNF), 
causing inflammatory pain in OA [7]. To date, few studies have inves
tigated the crosstalk between chondrocytes and neural cells during OA 
pain induction. 

Our previous study has identified two homologous microRNAs, miR- 
204 and miR-211, acting as negative regulators of Runx2 gene and play a 
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critical role in maintaining joint tissue homeostasis [8]. It is well known 
that exosomes carry bio-macromolecules and play important roles in 
physiological intercellular crosstalk as well as disease pathogenesis [9]. 
Previous studies have suggested that exosomes possess good biocom
patibility and biodegradability, and protect miRNAs from degradation 
[10]. 

In this study, we investigated the interaction mechanisms between 
chondrocytes and neural cells and evaluated the effect of miR-204 
delivered by exosome mimetics in the treatment of OA and associated 
pain in an experimental OA mouse model. Our findings demonstrated 
that miR-204 could protect OA pain by inhibition of SP1-LRP1 signaling 
and neuro-cartilage interaction in the joint. 

2. Materials and methods 

2.1. Cells and cell culture 

Human chondrocyte cell line C28/I2 (SSRCC, China), human em
bryonic kidney cell line 293 cells (HEK293) (ATCC, USA) and human 
Schwann cell line ipNF95.11 b C (ATCC, USA) were cultured according 
to vendor’s instruction. Human mesenchymal stem cells (hMSCs) were 
purchased from Cyagen (HUXMA-01001, USA) and cultured in oriCellTM 

human Mesenchymal Stem Cell growth media (HUXMA-90011, Cyagen 
Biosciences) containing 10% fetal bovine serum (FBS; Gibco, USA). The 
2nd passage cells were used for subsequent experiments. C28/I2, 
HEK293 and ipNF95.11 b C cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% FBS and penicillin 
(100 U/ml). All the cells were incubated at 37 ◦C and 5% CO2 in a hu
midified incubator. 

For the co-culture of C28/I2 and ipNF95.11 b C cells, C28/I2 cells in 
the upper layer were transfected with SP1 siRNA or SP1 plasmid for 6 h, 
then transmitted to wells with ipNF95.11 b C cells and co-cultured for 
24 h. 

MicroRNA, miR-204 mimic (Sangon Biotech, Shanghai, China), or 
SP1 siRNA were transfected into C28/I2 cells using Lipofectamine RNAi 
MAX transfection reagent (Life Technologies, Grand Island, NY, USA). 
RSV-SP1 (Addgene, USA) was infected into chondrocytes and HEK293 
cells at a concentration of 50 nM. Empty vectors or scramble siRNA were 
used as negative controls as indicated. 

2.2. Exosomes isolation, exosome-mimetic preparation and miR204 
loading 

Human mesenchymal stromal cells (hMSCs) were used to collect 
exosome and generate exosome-mimetics (EM). Exosomes were 
collected from exosome-free culture medium. Briefly, medium super
natant was centrifuged at 10,000×g to remove cell debris and then 
centrifuged at 100,000×g to collect exosome. The obtained exosomes 
were suspended in PBS and stored at − 80 ◦C for further use. Cells were 
collected and suspended at a concentration of 1 × 106 cells mL-1. 
Sequential extrusion was then used to fabricate cells to nano-sized ves
icles through 5, 1 and 0.2 μm polycarbonate membranes (Nuclepore, 
Whatman) by a mini-extruder. Cell debris were removed by centrifu
gation at 10,000×g for 20 min. EM were concentrated by 100 kDa ul
tracentrifugal filter (Millipore, Merck). Electroporation method was 
applied for miR-204 loading by Gene Pulse Xcell system (Bio-rad). 
Briefly, 10 μgEM and 25 pmol miR-204 were mixed in a 4 mm cuvette 
with electroporation buffer (Millipore, Merck). The electroporation 
voltage was set as 100 V for 10 ms. Unloaded miR-204 was removed by 
100 kDa ultracentrifugation tubes and stored at − 80 ◦C for further use. 
The morphology of exosomes and EM were observed by transmission 
electron microscopy (TEM). The size and zeta potential of exosomes and 
EM were analyzed by Nano ZS. Exosomal marker of exosomes and EM, 
including TSG101, CD81 and CD9, were analyzed by western blot assay. 

2.3. Western blot 

Western blot was performed as described previously [11]. Briefly, 
protein samples were extracted from cells or exosomes. After separation, 
samples were electro-transferred onto fit PVDF membranes (Bio-Rad, 
Hercules, California, USA). The membranes were blocked in 3% Non-fat 
milk and incubated with primary antibodies at 4 ◦C overnight. After 
incubated with secondary antibodies for 1 h at room temperature and 
washed in PBST for 30 min the membranes were exposed to SuperSignal 
West Pico Chemiluminescent Substrate (Thermo Scientific, Waltham, 
Massachusetts, USA) and visualized by radiography. The antibodies 
used in this study were listed in online Supplemental Table S1. 

2.4. Pain-related behavior tests 

To examine the long-term movements of mice, the Laboratory Ani
mal Behaviour Observation, Registration, and Analysis System (LABO
RAS™, Metris, Hoofddorp, The Netherlands) was used, according to 
protocols as previously described [12,13]. Briefly, mice were placed in 4 
individual cages with unlimited access to food and water. The sensor 
platform electronically measures the mechanical vibrations caused by 
the movement of the animal. Assays started from 20:00 p.m. first day 
until 8:00 a.m. of next morning for 12 h. The parameters analyzed 
include motion track, distance moved, speed, locomotion, immobility, 
climbing and rearing. Recorded data were taken and calculated using 
LABORAS 2.6 software (Metris, Netherlands). 

To determine changes in mechanical allodynia, von Frey tests were 
performed using a calibrated set of von Frey filaments (North Coast 
Medical Inc., CA, USA) as previously described [12,13]. Before von Frey 
hind paw test, the mice were placed in testing chambers on elevated 
wire grid for an hour to acclimatize. A reaction that the mice exhibit any 
withdraw behavior will be considered as a positive response. The set of 
von Frey filaments started from 0.6 g were used to poke from below the 
hind paw to calculate the 50% force withdrawal threshold using an 
iterative approach. The tests were performed in a blind manner in that 
the investigators were not aware of the identification of animals as well 
as the study groups. 

2.5. Micro-CT analysis 

After the mice scarified, the right knee joints were fixed in 4% 
formaldehyde overnight and washed by PBS before scanning. We used a 
NEMO Micro-CT scanner (Pingsheng Healthcare Shanghai Inc., 
Shanghai, China) with 90 kV source and 70 μA current for formalin-fixed 
mouse legs with a resolution of 10 μm. The scanned images from each 
group were evaluated at the same thresholds to allow 3-dimensional 
structural rendering of each sample. The region below the cartilage to 
growth plate of subchondral bone in proximal tibia was selected for 3- 
dimensional histomorphometric analysis to determine cortical or sub
chondral bone mineral density (BMD), trabecular bone volume per tis
sue volume (%, BV/TV), trabecular number (Tb.N.), trabecular spacing 
(Tb.Sp.), and trabecular thickness (Tb.Th.). 

2.6. Histological analysis 

For histology and IHC, right knee joints were fixed in 10% formalin, 
decalcified in formic acid, and embedded in paraffin. Serial coronal 
sections of knee joints were cut every 5 μm from the medial compart
ments. The sections were stained with safranine o/fast green for histo
logical analysis. OARSI scoring was performed to evaluate articular 
cartilage destruction essentially as previously described [12–14]. 

For IHC or IF staining, after rehydrated and antigen retrieval, the 
sections were then sequentially treated with Endogenous Peroxidase 
Blocking Buffer (Beyotime, China), 0.5% Triton X-100, Avidin/Biotin 
Blocking Kit and incubate with primary antibodies over night at 4 ◦C. 
For IHC staining, the sections were incubated with secondary 
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biotinylated antibodies for 1 h, and followed by treatment with the 
VECTASTAIN Elite ABC Kit and revealed IHC signals by ImmPACT DAB 
Peroxidase Substrate. For IF staining, the sections were incubated with 
peroxidase-conjugated anti-fluorescein antibodies and mounted by 
VECTASHIELD Mounting Medium with DAPI (Vector Laboratories, 
Burlingame, CA, USA). Images of histology, IHC and IF were captured 
using CellSens Imaging Software on an Olympus IX71 microscope. The 
average intensity was analyzed using ImageJ program. The antibodies 
used in IHC and IF were also listed in Table S1. 

LC-MS/MS analysis was performed on an Ultimate 3000 nano RSLC 
system connected to a Qexactive Plus mass spectrometer (both Thermo 
Fisher Scientific, Waltham, MA, USA) by LC-Bio Technology Co., Ltd. 
(Hangzhou, China). Briefly, cellular proteins were extracted by lysis 
buffer (8 M Urea, 1% protein inhibitors mixture) and quantified by BCA 
kit. Samples were then added DTT (30 ◦C reaction for 60min) to reduce 
disulfide bonds, and added iodoacetamide (IAM) to enclose the free thiol 
group avoiding light at room temperature for 45min. For protein 
digestion, samples were resolubilized in 100 μL denaturation buffer (50 
mM triethylammonium bicarbonate (TEAB) in 50/50 trifluoroethanol 
(TFE)/H2O (v/v)) by pipetting and ultrasonication. Then the samples 
were enzymatically digested overnight by trypsin, 37 ◦C. Finally, the 
peptides were desalted with C18 SPE column dried with a vacuum 
concentrator and solubilized in 0.05% trifluoroacetic acid and 2% 
acetonitrile in water by pipetting, vortexing, and ultrasonication. Sam
ples were filtered through 0.2 μm spin filter, transferred to HPLC vials, 
and stored at − 80 ◦C until LC–MS/MS analysis. 

Mass spectrometry Raw format files are retrieved directly using 
Maxquant (v.1.5.2.8). The search parameters are set as follows: tandem 
mass spectra were searched against the UniProt databases of Homo sa
piens (2018/02/02; http://www.uniprot.org/proteomes/UP00000 
5640); the digestion mode is set to Trypsin/P; TMT quantification, 
maximum number of allowable missing shear sites2, FDR less than or 
equal to 0.01 first-order mother ion mass error tolerance set to 10 ppm; 
the mass error tolerance of the secondary fragment ions is set to 0.02 Da; 
fixation modifications are set to cysteine alkylation; the variable modi
fication is set to oxidation of methionine, Deamidation (NQ), acetylation 
of the N-terminal of the protein. 

2.7. RNA extraction and quantitative real-time PCR 

Total RNA was extracted from cells with NucleoZol according to the 
manufacturer’s protocol (Invitrogen, USA) and reverse transcribed by a 
RT reagent kit (Takara, Japan). Specifically, the reverse transcription 
primer of miR-204 was (5′-GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACAGGCAW-3′). The cDNA was subjected to 
SYBR Green-based real-time PCR analysis on an Applied Biosystems by 
Thermo Fisher Scientific. All quantification was performed in triplicates 
and normalized to an endogenous β-actin control. LRP1, SP1, NGF, 
ADAMTS5, CGRP, MMP13 and COLX expression were detected. The 
primer sequences were listed in Table S2. 

2.8. Flow Cytometry 

MSCs and C28/I2 cells were treating with Dil-EMs for 2 h. Then the 
cell suspensions were collected and tested using a BD LSRFortessa Flow 
Cytometry. Flow data were then analyzed using FlowJo software. 

2.9. In vivo imaging analysis 

For tracking EMs biodistribution and migration after intra-articular 
injection, Dil labeled exosome mimetics (EMs) were intra-articularly 
injected into 10-week-old C57BL/6 mice. 5 min, 24, 48, 72, 96 and 
120 h later, the mice were anesthetized for ex vivo fluorescence imaging 
using an in vivo imaging system (IVIS Spectrum, PerkinElmer, CA). 

2.10. Animal studies 

Ten-week-old male and female C57BL/6 mice were purchased from 
GemPharmatech (Nanjing, China). Mice were divided into four groups 
(n = 5 in each group), Ctrl group: Sham operation with PBS injection, 
DMM surgery with PBS injection, DMM surgery with injection of EMs 
alone, DMM surgery with injection of EMsmiR− 204. The EMs or 
EMsmiR− 204 were delivered by the exosome. DMM surgery was per
formed as previously described [15]. Briefly, after anesthetizing the 
mice, the medial meniscotibial ligament is transected to destabilize the 
joint. The control group underwent Sham surgery in which a similar 
incision was made into the joint capsule and then closed. All the mice 
were kept in a specific pathogen-free facility (SPF) in individual venti
lation cages, 5 mice per cage, and the animals were in a 12 h day/night 
cycle and a controlled housing temperature at 22 ◦C. Caging, food, and 
water bottles were changed weekly. All mice were allowed to rest for 2 
weeks after surgery, followed by the intra-articular injection of PBS, EMs 
or EMsmiR− 204, every two weeks (15 μg EMsmiR− 204 per injection per 
mouse) for 8 weeks (Fig. S1) according to pilot experiment. The injection 
strategy was based on the information of in vivo imaging which indicated 
that EMs could sustain for at least 5 days (Fig. S2). To avoid disturbing 
knee joint frequently, we chose bi-weekly injection and found this 
treatment regimen is effective for OA pain protection. The animal pro
tocol of this study has been approved by Ethics Committee of the 
Shenzhen Institute of Advanced Technology, Chinese Academy of Sci
ences and all experimental methods and procedures were carried out in 
accordance with the approved protocol to comply with all ethical reg
ulations for animal testing and research (SIAT-IACUC-210618- 
YYS-CD-A1955). 

2.11. Statistical analysis 

Statistical analyses were conducted using Prism GraphPad Prim 8.0 
software. All the data were expressed as mean ± S.D., as indicated in the 
figure legends. Unpaired Student’s t-test (for two groups), one-way 
ANOVA (for multiple groups with one variable factor) and two-way 
ANOVA (for multiple groups with two variable factors) were used fol
lowed by the Tukey post-hoc test. Correlations were assessed using 
Pearson’s rank correlation test. All experiments were performed and 
analyzed using 3 individual samples, unless otherwise mentioned. P <
0.05 was considered statistically significant and is denoted in the fig
ures. The experiments were randomized, and the investigators were 
blinded to allocation during experiments and outcome assessment. 

3. Results 

3.1. Efficient delivery of miR-204 to chondrocytes by bone marrow 
mesenchymal stromal cell-derived exosomes mimetics 

To prepare EMsmiR− 204, we performed electroporation to load miR- 
204 into exosome mimetics (EMs) which were collected by serial 
extrusion of hMSCs (Fig. 1A). The electron microscopy observation 
showed the diameter of EMsmiR− 204 was around 100 nm (Fig. 1B and C). 
To further characterize the exosomal marker proteins, we performed 
immunoblots and found CD9, CD81and TSG101 were enriched in exo
somes and EMs (Fig. 1D). The average size of EMsmiR− 204 was about 8% 
larger than empty EMs without carrying miR-204 (Fig. 1E). The zeta 
potential of EMsmiR− 204 and EMs showed no statistically significant 
difference (Fig. 1F). We performed qPCR and found the miR-204 levels 
were significantly increased in EMsmiR− 204 transfected chondrocytes 
compared with that in EMs alone transfected chondrocytes (Fig. 1G). 
The loading efficiency of miR-204 in exosomes was more than 80% 
(Fig. S3A). The release kinetics exosomal miR-204 showed that miR-204 
levels were decreased from 12 h after transfection in chondrocytes and 
decreased to the baseline level 72 h after transfection (Fig. S3B). To 
determine if EMsmiR− 204 could be efficiently uptake by chondrocytes, we 
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Fig. 1. Bone marrow mesenchymal stem cell-derived exosomes mimics efficiently deliver miR-204 to target chondrocytes. (A) A schematic diagram illustrating the 
extrusion of exosome mimetics and electroporation of miR-204. (B and C) The representative images of electron microscopy (B) and diameter analysis (C) of EMs and 
EMsmiR− 204. (D) Representative immunoblots of CD9, CD81, TSG101 in exosomes and EMs (n = 3). (E and F) Average size (E) and Zeta potential (F) of EMs and 
EMsmiR− 204 (n = 3). (G) qPCR analysis of miR-204 expression in C28/I2 cells treated with EMs or EMsmiR− 204 as indicated (n = 3). (H and I) Representative 
immunofluorescent (IF) images showing EMsmiR− 204 enter into the C28/I2 cells (H) and located around nuclei (I). Purified EMs were labeled with the dye DIO. miR- 
204s were labeled with FAM. Dil was used to stain cell membranes. DAPI was used to stain nuclei. *: P < 0.05, **: P < 0.01, ***: P < 0.001, N.S.: no significant 
difference. Data are represented as mean ± SD. Two-tailed Student’s unpaired t-test analysis (E and F). One-way ANOVA followed by Tukey post-hoc test for multiple 
comparisons (G). 
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used DIO (a membrane dye for EM labeling) and FAM (a fluorescent dye 
for miRNA labeling) to label EMsmiR− 204. Dil was used to stain cell 
membranes. Immunofluorescent (IF) staining showed EMsmiR− 204 could 
enter into chondrocytes (Fig. 1H) and located around the nuclei (Fig. 1I). 
miR-204 could be delivered by EM to both chondrocytes and MSCs 
(Figs. S4A and B) 

3.2. Treatment with EMsmiR− 204 relieves pain in OA mouse model 

To determine if EMsmiR− 204 could be used to treat osteoarthritic pain, 
we performed DMM surgery in 10-week-old C57 mice to create an OA 
mouse model and administered EMsmiR− 204 by intra-articular injection 
every two weeks after DMM surgery. Intra-articular injection of EMs 
alone was used as a control. Dil stained EMs could last for at least 5 days 
after one-time intra-articular injection using in vivo imaging tracking 
system to detect EMs (Fig. S2). We then performed von Frey test to 
evaluate changes in mechanical allodynia in the mice treated with 
EMsmiR− 204 and found lower von Frey scores (reflecting increased pain 
sensitivity) after DMM surgery and this effect could be partially reversed 
by the treatment with EMsmiR− 204 compared to those in the control mice 
treated with EMs alone (Fig. 2A). We then analyzed changes in spon
taneous activities using LABAROS and found reduced spontaneous ac
tivities after DMM surgery, including changes in locomotion, climbing, 
rearing, walking distance and speed and the improvement of sponta
neous activities in the mice treated with EMsmiR− 204 (Fig. 2B–G, 
Figs. S5A–E). Some parameters of spontaneous activities, such as 
walking distance in the cages (Fig. 2F) and average speed of animal 
walking (Fig. 2G) were significantly increased in EMs alone group, 
suggesting that EMs alone have partial effect on pain relief. In contrast, 
EMsmiR− 204 group showed further increases in these parameters. This is 
not a surprise because EMs have been showed its positive effects on 
cartilage repair in previous studies [16]. The joint injury caused by OA is 
detected as pain signals by the ingrowth of somatosensory neurons 
(nociceptors) innervating tissues (joint depicted) for which the cell 
bodies are clustered in dorsal root ganglia (DRG) (Fig. 2H). These signals 
are carried to the dorsal horn of the spinal cord and then transmitted to 
the brain via central axonal terminals (Fig. 2H). Results of IF staining 
showed that expression of neuron markers PGP9.5, TUJ1, NGF and 
CGRP was increased after DMM surgery in the joint tissues and admin
istration of EMsmiR− 204 suppressed expression of neuron makers 
(Fig. 2I-M). These findings indicate that intra-articular injection of 
EMsmiR− 204 has beneficial effect to alleviate osteoarthritic pain in mu
rine DMM model through inhibition of nociceptor invasion in the 
junction area of synovial membrane and cartilage. 

3.3. LRP1 was identified as a downstream molecule of miR-204, which is 
involved in pain signaling regulation in chondrocytes 

Our previous study demonstrated that deficiency of miR-204/-211 in 
mesenchymal progenitor cells recapitulates OA pathogenesis [8]. To 
further investigate how miR-204 targets chondrocytes and regulate pain 
signaling in nociceptive neurons, we conducted LC-MS/MS based pro
teomic profiling studies. We treated chondrocytes with TNF-α to induce 
inflammatory response and administered EMsmiR− 204 to inhibit the ef
fects of TNF-α. Chondrocytes treated with TNF-α+EMs alone were used 
as a control. 665 up-regulated proteins and 803 down-regulated proteins 
were identified in chondrocytes by the treatment with EMsmiR− 204 

(Fig. 3A). The down-regulated proteins were mainly involved in inor
ganic ion homeostasis, cation homeostasis, glycerophospholipid meta
bolic process, which also overlapped with transmembrane transport 
signaling proteins (Fig. 3B). Consistent with these findings, cellular 
component and molecular functional analysis also showed that trans
membrane transporter activity may contribute to the miR-204-mediated 
pain signaling transduction to nociceptor, from chondrocytes treated 
with EMsmiR− 204 (Fig. 3C, Figs. S6A and B). Down-regulated proteins in 
KEGG pathway and COG/KOG category analyses also established that 

signals related to transmembrane transporter activity may contribute to 
pain alleviation regulated by miR-204 (Figs. S7A and B). 

To screen the candidate(s) that could be involved in both miR-204 
regulated molecules and pain signaling proteins, we analyzed the 
overlapping between 803 down-regulated proteins in chondrocytes 
treated with EMsmiR− 204 or chondrocytes treated with EMs alone and 94 
pain related molecules (Fig. 3D, Table S3). Finally, five genes (DNMT1, 
LRP1, MAOA1, SPTLC1, SPTLC2) were identified and were further 
investigated. We found that the expression of DNMT1, MAOA1 and 
SPTLC2 was not decreased in chondrocytes treated with EMsmiR− 204 

compared with that in chondrocytes treated with EMs alone 
(Figs. S8A–C). Interestingly, the expression of LRP1and SPTLC1, two 
known neuron growth related genes, was significantly decreased in 
chondrocytes treated with EMsmiR− 204 compared with that in chon
drocytes treated with EMs alone (Fig. 3E and F). Because Lrp1 showed 
more dramatic decrease (more than 50%) after miR-204 treatment, we 
decided to further investigate the role of LRP1 in miR-204 signaling in 
OA pain. Results of IF staining revealed that LRP1 levels were increased 
at the junction area of synovial membrane and cartilage in DMM mice. 
In contrast, LRP1 expression was decreased in DMM mice treated with 
EMsmiR− 204 compared with DMM mice treated with EMs alone (Fig. 3G 
and H). 

3.4. miR-204 down-regulates LRP1 expression through inhibition of 
transcription factor SP1 

To further explore the molecular mechanisms underlying miR-204 
down-regulation of pain-related genes expression, we performed bioin
formatics analysis of transcription factors that may bind to the LRP1 and 
SPTLC1 promoters with information obtained from database of miR-204 
targeting genes. 9 transcription factors (CREB1, DRAP1, EGR1, IKZF5, 
RBFOX2, SP1, ZEB1, ZNF335, ZNF792) were identified for further 
analysis (Fig. 4A). We then performed in vitro study to determine the 
expression patterns of these transcription factors. We found the mRNA 
levels of CREB1, DRAP1, EGR1, SP1, ZEB1 and ZNF335 were signifi
cantly decreased in chondrocytes treated with EMsmiR− 204 compared 
with those in chondrocytes treated with EMs alone (Fig. 4B and 
Figs. S9A–H). We then decided to focus on SP1 in regulation of LRP1. 
Results of qPCR and immunoblotting showed that expression of SP1 
mRNA and protein was decreased in chondrocytes treated with 
EMsmiR− 204 compared with that in chondrocytes treated with EMs alone 
(Fig. 4C). 

We next determined how SP1 regulates LRP1 expression. We infected 
RSV-SP1 plasmid into chondrocytes and found high expression of SP1 
mRNA and protein levels compared with those in the cells infected with 
RSV alone (Fig. 4D–F, Fig. 4G and H). We then performed ChIP assay. 
SP1 binding DNA fragments were harvested for ChIP assay. We found 
high level of SP1 binding to the LRP1 promoter in the cells infected with 
RSV-SP1 (Fig. 4I). We also performed luciferase reporter assay and 
found that luciferase activity was decreased in chondrocytes when 
mutant LRP1-Luc construct (mutation in SP1 binding site in the LRP1 
promoter) was transfected into chondrocytes compared with that when 
WT LRP1-Luc construct was transfected into chondrocytes (Fig. 4J). We 
also used SP1 siRNA (siSP1) to down-regulate SP1 expression under 
TNF-α stimulation in chondrocytes (Fig. 4K-M). Consistent with the 
inhibitory effect of EMsmiR− 204, we found that LRP1 mRNA and protein 
levels were also decreased in chondrocytes with SP1 siRNA transfection 
in the presence of TNF-α (Fig. 4N-P). 

3.5. The EMsmiR− 204 inhibits SP1-LRP1 signaling in chondrocytes and 
down-regulates nociceptive neuron activation 

To further determine the role of miR-204 regulated SP1-LRP1 
signaling in regulation of nociceptive neuron, we conducted chon
drocytes and Schwann cells co-culture experiments. The upper layer of 
cells (chondrocyte cell line, C28/I2) were transfected with SP1 siRNA 
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Fig. 2. EMsmiR− 204 treatment improves osteoarthritic pain in murine DMM model. (A) The von Frey test showing the sensitivity to mechanical allodynia in Sham or 
DMM mice with PBS or EMs or EMsmiR− 204 treatment as indicated time points (n = 4). (B–E) The representative images of mice motion track record (B) and analysis 
of locomotion frequency (C), climb duration (D), rearing duration (E), distance (F) and average speed (G) as indicated groups (n = 4). (H) A schematic diagram 
illustrating pain signals transmitted from nociceptors in joint to the brain. (I–M) Representative immunofluorescent (IF) images (I) showing PGP9.5, TUJ1, NGF and 
CGRP expression and quantification of fluorescence intensity of PGP9.5 (J), TUJ1(K) and NGF(L) at the junction area of synovial membrane and cartilage, and CGRP 
(M) at subchondral bone area in Sham or DMM mice with PBS or EMs or EMsmiR− 204 treatment (n = 5). SB: subchondral bone, SM: synovial membrane *: P < 0.05, **: 
P < 0.01, ***: P < 0.001, N.S.: no significant difference. Data are represented as mean ± SD. One-way ANOVA followed by Tukey post-hoc test for multiple 
comparisons (A, C-G and J-M). 
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Fig. 3. LRP1 involved in pain signaling regulation in chondrocyte with EMsmiR− 204 treatment. (A) The number of proteins in C28/I2 cells with TNF-α+EMsmiR− 204 

treatment compared with that in C28/I2 cells with TNF-α+EMs treatment. (B and C) The ratio of down-regulated proteins in TNF-α+ EMsmiR− 204 vs TNF-α+EMs 
treatment cells using the data of biological process (B) and sub-cell classify (C) analyses. (D) Screening map of down-regulated genes in C28/I2 cells with TNF- 
α+EMsmiR− 204 treatment and pain related genes database (Table S3). (E and F) qRT-PCR of relative LRP1 and SPTLC1 mRNA levels of the groups indicated in C28/I2 
cells (n = 3). (G and H) Representative immunofluorescent (IF) staining (G) of LRP1 expression and quantification of LRP1fluorescence intensity (H) at the junction 
area of synovial membrane and cartilage in Sham or DMM mice with PBS or EMs or EMsmiR− 204 treatment (n = 5). SB: subchondral bone, SM: synovial membrane *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, N.S.: no significant difference. Data are represented as mean ± SD. One-way ANOVA followed by Tukey post-hoc test for 
multiple comparisons (E, F and G). 
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Fig. 4. MiR-204 down-regulate LRP1 expression through inhibition of transcription factor SP1. (A) Screening map of miR-204 targeting genes and the transcription 
factors bound to LRP1 promoter and SPTLC1 promoter. (B) qRT-PCR of relative SP1 mRNA levels of the groups indicated in C28/I2 cells (n = 3). (C) Representative 
immunoblots of SP1 expression of the groups indicated in C28/I2 cells (n = 3). (D) qRT-PCR of relative SP1 mRNA (A) in C28/I2 cells with RSV-SP1 transfection (n =
3). (E and F) Representative immunoblots (E) and quantification (F) of SP1 expression in C28/I2 cells with RSV-SP1 transfection (n = 3). (G and H) Representative 
immunoblots (G) and quantification (H) of LRP1 expression in C28/I2 cells with RSV-SP1 transfection (n = 3). (I) ChIP assay was performed using C28/I2 cells 
transfected with RSV-SP1 plasmid (n = 3). ChIP-enriched DNA was subjected to qPCR, with the level in IgG group arbitrarily set to 1. (J) LRP1 luciferase activity of 
the groups indicated, with the level in the blank group arbitrarily set to 1. (K) qRT-PCR of relative SP1 mRNA (A) in C28/I2 cells with siSP1 or NC transfection under 
TNF-α injury (n = 3). (L and M) Representative immunoblots (L) and quantification (M) of LRP1 expression of the groups indicated in C28/I2 cells (n = 3). (N) qRT- 
PCR of relative SP1 mRNA (A) in C28/I2 cells with siSP1 or NC transfection under TNF-α injury (n = 3). (O and P) Representative immunoblots (O) and quantification 
(P) of LRP1 expression in C28/I2 cells with siSP1 or NC transfection under TNF-α injury (n = 3). *: P < 0.05, **: P < 0.01, ***: P < 0.001, N.S.: no significant 
difference. Data are represented as mean ± SD. One-way ANOVA followed by Tukey post-hoc test for multiple comparisons (B, J, K, M, N and P) and two-tailed 
Student’s unpaired t-test analysis (D, F, H and I). 
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Fig. 5. The EMsmiR− 204 inhibit SP1-LRP1 in chondrocyte down-regulating nociceptive neurons activation. (A) A schematic diagram demonstrating C28/I2 cells 
pretreated as indicated and then co-culture with ipNF95.11 b C cells. (B and C) Representative IF staining (B) of c-FOS expression and quantification of c-FOS 
fluorescence intensity (C) in ipNF95.11 b C cells (down layer cells) which were co-cultured with C28/I2 cells (up layer cells) pre-transfected with RSV-SP1 plasmid (n 
= 5). (D and E) qRT-PCR of relative NGF mRNA (D) and TRPV1 mRNA (E) levels of the groups indicated in ipNF95.11 b C cells (down layer cells) (n = 3). (F and G) 
Representative immunoblots (F) and quantification (G) of c-FOS expression in C28/I2 cells with RSV-SP1 transfection (n = 3). (H and I) Representative IF staining (H) 
of c-FOS expression and quantification of c-FOS fluorescence intensity (I) in ipNF95.11 b C cells (down layer cells) which were co-cultured with C28/I2 cells (up layer 
cells) pre-transfected with siSP1 plasmid (n = 5). (J and K) qRT-PCR of relative FOS mRNA (J) and NGF mRNA (K) levels in ipNF95.11 b C cells (down layer cells) 
which were co-cultured with C28/I2 cells (up layer cells) pre-transfected with siSP1 (n = 3). (L and M) Representative immunoblots (L) and quantification (M) of c- 
FOS expression in C28/I2 cells with siSP1 transfection (n = 3). *: P < 0.05, **: P < 0.01, ***: P < 0.001, N.S.: no significant difference. Data are represented as mean 
± SD. One-way ANOVA followed by Tukey post-hoc test for multiple comparisons (I, J, K and M) and two-tailed Student’s unpaired t-test analysis (C, D, E and G). 
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Fig. 6. The EMsmiR− 204 alleviates cartilage degradation in DMM-induced OA mice. (A and B) μCT representative images (A) and trabecular thickness quantifications 
(B) of Sham or DMM mice with PBS or EMs or EMsmiR− 204 treatment (n = 3). (C and D) Representative Safranin O-Fast green staining (scale bar 50 μm) showing 
histomorphometric changes (C) and OARSI scores (D) in Sham or DMM mice with PBS or EMs or EMsmiR− 204 treatment (n = 3). (E–H) Representative IHC images (E) 
(scale bar 10 μm) showing expression of MMP13+ (F), ADAMTS5+ (G) and COL-X+ (H) cells in cartilage area of Sham or DMM mice with PBS or EMs or EMsmiR− 204 

treatment (n = 3). qRT-PCR of relative MMP13 mRNA (I) and COL-X mRNA (J) levels of the groups indicated in C28/I2 cells (n = 3). *: P < 0.05, **: P < 0.01, ***: P 
< 0.001, N.S.: no significant difference. Data are represented as mean ± SD. One-way ANOVA followed by Tukey post-hoc test for multiple comparisons (B, D and 
F-J). 
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(Scramble siRNA was used as a control, TNF-α was added to the cells) or 
RSV-SP1 infection (RSV alone was used as a control) for 12 h, then the 
cells in upper chamber were co-cultured with the cells in lower chamber 
(Schwann cell line, ipNF95.11 b C) (Fig. 5A). The FOS has been reported 
to act as a key marker in pain signaling [17]. Results of IF staining of 
co-cultured with Schwann cells confirmed that over expression of SP1 in 
chondrocytes caused an increase in the accumulation of FOS in Schwann 
cells (Fig. 5B and C). We also detected high expression of NGF and 
TRPV1 mRNA levels in Schwann cells co-cultured with RSV-SP1 infected 
chondrocytes (Fig. 5D and E). Consistent with above findings, immu
noblot results showed high levels of FOS expression in Schwann cells 
co-cultured with chondrocytes transfected with RSV-SP1 compared with 
that in control cells (Fig. 5F and G). We then explored the activation of 
nociceptive neuron using SP1 siRNA (siSP1) to inhibit SP1 expression in 
chondrocytes in the upper chamber. The IF results revealed that FOS 
positive cells was down-regulated in co-cultured Schwann cells with 
TNF-α+siSP1 treated chondrocytes in upper chamber compared with 
that in TNF-α+NC treated chondrocytes in upper chamber (Fig. 5H and 
I). qPCR result confirmed FOS and NGF mRNA was decreased about 50% 
in Schwann cells co-cultured with chondrocytes which was pretreated 
with TNF-α+siSP1 (Fig. 5J and K). Immunoblots also showed that NGF 
was lower in Schwann cells in lower chamber with siSP1 transfected 
chondrocytes (Fig. 5L and M). 

3.6. The EMsmiR− 204 alleviates cartilage degradation in the OA mouse 
model 

In this study, we demonstrated that EMsmiR− 204 treatment improves 
osteoarthritic pain in DMM mouse model (Fig. 2), suggesting EMs could 
serve as an ideal carrier for miR-204 to alleviate cartilage degradation. 
Compared with DMM mice with PBS or EMs treatment, DMM mice 
treated with EMsmiR− 204 showed less trabecular thickness (about 25% 
decrease) by μCT analysis (Fig. 6A and B). While there was no statistical 
difference of subchondral bone density (BM), bone volume per tissue 
volume (%, BV/TV), trabecular number (Tb.N.) and trabecular separa
tion (Tb.Sp) between DMM mice treated with EMs alone or DMM mice 
treated with EMsmiR− 204 (Figs. S10A–D). To further investigate if 
EMsmiR− 204 protects cartilage degradation in OA, we perform Safranin 
O/Fast Green staining and found severe defects in the articular cartilage 
after DMM surgery and increased OARSI scores (a semi-quantitative 
measure for OA), while treatment with EMsmiR− 204 significantly allevi
ates cartilage degradation in DMM-induced OA mice and decreased 
OARSI scores by 66% compared with DMM mice without treatment with 
EMsmiR− 204 (Fig. 6C and D). IHC results demonstrated significant 
attenuation on MMP13, ADAMTS5 and COL-X expression in DMM mice 
treated with EMsmiR− 204 compared with DMM mice without EMsmiR− 204 

treatment (Fig. 6E–H). In addition, EMsmiR− 204 treatment also reversed 
the TNF-α-mediated up-regulation on MMP13 and Col-X expression 
(Fig. 6I and J). 

4. Discussion 

OA has been recognized as a disease affecting entire joint [17]. 
Inflammation is often accompanied with peripheral nociceptive nerve 
proliferation in joint and is the common cause of OA pain [6]. Analysis 
from a cell biology and evolutionary perspectives, there is no innerva
tion in the space among chondrocytes in healthy knee cartilage, unless 
OA occurs. As the main cellular component of the joint, the contribution 
of chondrocytes in OA pain remains unknown. The goal of this study is to 
determine the role and mechanisms of chondrocytes in mediating 
neuro-cartilage interaction in OA. It has been reported sensory inner
vation of lumbar intervertebral discs and sensory nerve ingrowth into 
the inner layer of intervertebral discs causing low back pain [18]. Pe
ripheral nerve fibers are found sprouting to the synovium in OA mouse 
model which are correlated with increased joint pain sensation in OA 
[19]. Consistent with the literature, we found the growth of multiple 

peripheral nerve fibers into the junction area of the synovium and 
cartilage by IF staining of neural markers. These findings suggest that 
this junction area is of great importance in mediating neuro-cartilage 
interaction and OA pain, and inhibition of nerve ingrowth at this junc
tion area may be a valid approach to suppress OA pain. 

Several studies have compared miRNA expression in OA tissue with 
normal articular tissue. MiR-34a KO mice have chondro-protective effect 
on DMM-induced cartilage damage, suggesting that miR-34a promotes 
joint destruction during OA [20]. Overexpression of miR-21 in CH8 cells 
(a chondrocyte cell line) could attenuate the process of chondrogenesis 
by directly targeting GDF5 [21]. As shown in Fig. 6, in addition to its 
effect on pain relief, the EMsmiR− 204 also showed significant protective 
effect on preventing cartilage degradation and osteophyte formation. 
This is consistent with what we have observed in previous studies, in 
which we found that intra-articular delivery of miR-204 by 
adeno-associated virus 5 (AAV5) decelerates OA progression in a sur
gically induced OA mouse model [8]. However, the mechanism of 
miRNA in OA pain remains elusive. Several studies have utilized 
NGF-neutralizing antibodies to reduce OA pain and low back pain [22]. 
Through proteomic analysis and chondrocyte-Schwan cells co-culture 
experiments, our studies provide new evidence that chondrocytes may 
be directly involved in the regulation of OA pain through the secretion of 
cytokines, such as LRP1, which was reported to mediate chemo
attraction guide axon and peripheral nerve [23]. LRP1 in Alzheimer’s 
disease has previously been attributed to its regulatory role in both the 
degradation and production of amyloid β and in regulation of tau uptake 
and spread [24]. In this study we characterized the role of LRP1 in OA 
pain and also determined the mechanism of protective effect of miR-204 
through down-regulation of SP1 expression and indirectly affecting 
LRP1 transcription. Consistent with our study, specificity protein 1 (SP1) 
inhibitor Mithramycin A (MitA) is reported to alleviate OA by inhibiting 
HIF-2α expression [25]. 

Alternative option is to inject MSCs expressing miR-204 intra-artic
ularly to determine if similar effect can be achieved for MSCsmiR− 204 

compared with EMsmiR− 204. The advantage for using MSCsmiR− 204 is that 
MSCs alone may already have positive effects on cartilage repair. 
However, how effective MSCsmiR− 204 can participate in the repairing 
process of cartilage injury is unknown. We will compare the efficacy of 
MSCsmiR− 204 with EMsmiR− 204 on OA cartilage repair and osteophyte 
formation in the future. 

In this study, we have tested EMs in delivering miR-204 for OA 
treatment. In the future we will test more delivery materials and conduct 
cross-sectional comparisons to identify a safer and more effective miR- 
204 vector for OA treatment. In summary, our findings indicate that EMs 
could be a potential vector for delivering miR-204 for OA treatment, and 
the mechanism of miR-204 to alleviate OA pain is to inhibit SP1-LRP1 
signaling. This study provides us with new drug target for the treat
ment of OA pain. 
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