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ABSTRACT 

Osteoarthritis (OA) is a whole joint disease manifested by cartilage degeneration and 
subchondral bone remodeling, and bone-cartilage communication plays a vital role in the 
disease progression with the existence of microchannels across the bone-cartilage interface. 
However, the knowledge of how the signal transduction from chondrocytes to osteoblasts 
happens is limited. Recently, miR-221-3p was demonstrated to be mechanosensitive in 
cartilage chondrocytes and extracellular vesicles (EVs) have been deeply researched for a 
specific role in cell-cell communication. In the present study, we investigated the role of EVs 
in chondrocyte-osteoblast communication by transferring the signal of miR-221-3p. EVs were 
isolated from the supernatant of chondrocytes by the PEG precipitation method and 
identified with nanoparticle tracking analysis (NTA) and western blot. The results suggest 
that the chondrocytes secreted EVs not only mediate the communication of these two cells 
in a coculture model but also inhibit the bone formation capacity of osteoblasts via the cargo 
of miR-221-3p. Therefore, this study provides a novel perspective on the communication 
between chondrocytes and osteoblasts through EVs and this can be considered a reliable 
approach to modulate the bone-cartilage remodeling in the future. 
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1. Introduction 

 

1.1. Osteoarthritis 

Osteoarthritis (OA) is a chronic disease that preferentially damages weight-bearing joints and 

affects patients all over the world. OA can cause serious consequences for its pain-induced 

disability and the morbidity is rising due to the aged tendency of the population globally 

(Nelson 2018). Furthermore, what was previously a disease of the elderly is becoming 

common among young people owing to a sedentary lifestyle and obesity (Cross et al. 2014). 

According to one research study conducted in 2017, more than three million patients are 

affected with symptomatic OA (GBD 2017). With the increasing number of patients, OA 

also causes a serious socioeconomic burden. It has been estimated that only in the USA, the 

direct costs and loss of earnings caused by OA each year increased from $128billion in 2003 

to $304billion in 2013 (Yelin et al. 2007; Murphy et al. 2018). Although OA could affect any 

moving joints, such as knees, hips, hands, temporomandibular joint, and spinal facet joints, 

knee joint OA accounts for 83% of the total OA burden based on the years lived with 

disability (YLDs), an indicator to evaluate the impact of non-fatal diseases and injuries (Vos 

et al. 2012). As one of the largest and most flexible weight-bearing joints in the human body, 

knee joints are prone to get injured and develop osteoarthritis caused by aging and wear-tear 

of cartilage which plays a crucial role in maintaining the normal function of the knee joint in 

daily activities. In addition to articular cartilage, other structures making up the knee joint are 

involved in the occurrence and progression of OA. More details of the pathogenesis of OA 

are provided in the following chapter (1.3). The most common clinical symptoms of OA 

include early clinical manifestations such as pain, swelling, and stiffness, while deformity and 

disability in the end-stage. Despite years of research, there is still no effective treatment to 

stop or reverse the pathological progression of OA. Until now, almost all treatment regimens 

can only relieve clinical symptoms. As a result, it is urgent to find new and effective treatment 

methods to save OA patients' joints. 

 

1.2. Etiology  

Knee joint osteoarthritis can be classified into two categories including primary and 

secondary forms according to specific reasons causing OA. Compared with primary OA 

which is an idiopathic phenomenon caused by the aging process and mainly occurs in older 

patients, secondary OA is always with initiating factors and commonly happens in young 
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people, for example, traumatic osteoarthritis. Primary OA is possible due to early or 

insignificant microdamage and there is no essential difference between these two entities. 

Both the primary and secondary OA primarily initiate in the degraded articular cartilage 

which could be caused by either excessive mechanical stress on a healthy joint or normal 

loading on an injured joint (Madry et al. 2016). It has been demonstrated OA progress can 

be affected by many different risk factors such as age, sex, trauma, obesity, and genetic 

predisposition, all of which can also be vital therapeutic targets. It is easy to understand how 

aging reduces articular cartilage volume and quality, then destroys the normal function to 

dispersive mechanical loading, thus leading to the occurrence of OA (Rahmati et al. 2017). 

Although age is not a necessary condition for the development of OA, studies have 

demonstrated a significant increase in the morbidity of OA along with age (Cross et al. 2014; 

Spitaels et al. 2020). Sex could affect the initiation and progression of knee joint osteoarthritis, 

in females versus males, while the specific reasons are elusive (O’Connor 2006). Previous 

studies have found gender-specific anatomy and kinematics in the knee joint and there are 

significant differences in endocrine hormone levels between different genders. The gender-

specific factors could help us better understand the clinical symptom in female patients and 

choose specific treatment considering women’s representation in scientific research which 

lags behind that of men’s (Ramasubbu et al. 2001). During the above risk factors, obesity 

may play a special role in the pathogenesis of OA, not only for the adverse mechanical stress 

but also for the inflammation in adipose tissue. More details of the pathogenesis of OA 

attributable to obesity are provided in the next chapter (1.3). As for the trauma, even 

microdamage in daily life such as squatting, stair-climbing, or kneeling may induce OA. 

What’s more, compared with the damage caused by excessive activity, lack of physical activity 

may also contribute to the increasing prevalence of OA owing to the weakness of extensor 

muscles around the knee joint (Hunter und Bierma-Zeinstra 2019). With larger numbers of 

genome-wide association studies (GWAS) on OA, our understanding of the genetic etiology 

of OA has been greatly enhanced. So far, scientists have identified nearly 100 genetic risk 

loci for OA (Zengini et al. 2018; Tachmazidou et al. 2019). The most important problem 

facing us today is how to associate genetic risk loci with the pathological progression of OA 

and translate genomic evidence into the development of disease-modifying therapies for 

osteoarthritis is still an issue and needs further research. Recent Studies found except for the 

genetic risk loci, epigenetic mechanisms such as DNA methylation, histone modification, 

and non-coding RNA may also participate in OA pathogenesis and progression, and even 

provide promising therapeutic targets (Rice et al. 2020). 
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1.3. Pathogenesis   

Articular cartilage is a transparent, smooth, and elastic tissue without vessels and nerves,  and 

is mainly comprised of extracellular matrix (ECM) and chondrocytes. In the past decades, 

OA was considered a disease of cartilage caused by the disbalance of catabolic and anabolic 

metabolism in the ECM and senescence or apoptosis of chondrocytes. Recently, it was found 

that structural changes of subchondral bone may be even in advance of cartilage degradation 

because the subchondral bone is much more sensitive in response to mechanical force-

induced structural remodeling compared to a slower turnover rate of the articular cartilage 

(Zhen und Cao 2014). As a result, subchondral bone may play an initial role in the 

pathogenesis of OA. Meanwhile, the view is accepted that interaction between articular 

cartilage and subchondral bone is due to the existence of various microchannels in the 

interface of these two parts (Pan et al. 2009). The latest opinion considered OA as a whole 

joint disease instead of simple cartilage destruction. More importantly, all the tissues in or 

around the joint could contribute to the pathogenesis of OA. For example, synovium which 

could secret synovial fluid to provide nutrition for the avascular cartilage and lubricate joints 

to reduce friction in motion under normal circumstances can be a double-edged sword 

(Loeser et al. 2012). In clinical, it is common to meet OA patients whose main complaint is 

knee swelling and pain caused by thickened synovium which could secret inflammatory 

cytokines, also called synovitis, an early-stage feature of knee joint OA (Griffin und Scanzello 

2019). Therefore, OA is now considered a low-grade inflammatory disease instead of pure 

wear and tear disease caused by abnormal mechanical loading. Other parts of the knee joint 

including meniscus, ligaments, tendons, muscles and infrapatellar fat pad also participate in 

the pathogenic process for their abnormal performance (Alnahdi et al. 2012; Heijink et al. 

2012; van der Voet et al. 2017; Krishnasamy et al. 2018; Rothrauff et al. 2020). As mentioned 

before, obesity can be also an increasing risk factor for the development of OA. However, 

the exact mechanism of how obesity increases the risk of OA is elusive, and it is hard to 

believe that increased joint loading and metabolic factors could be the only explanation 

(Aspden 2011). It was demonstrated that obesity was associated with OA even in patients 

without a weight-bearing problem and patients can obtain better clinical outcomes by diet 

than exercise (Urban und Little 2018).  

1.4. Treatment 

Osteoarthritis is a chronic non-fatal disease that usually lasts for years, and most of the 

patients are elderly people with multimorbidities, such as cardiovascular and cerebrovascular 

diseases, endocrine diseases, respiratory diseases, and even psychological disorders caused by 
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limited activity, so the treatment options should be individualized. Since pain is the chief 

complaint in early patients, the primary therapeutic objective is to relieve pain by 

pharmacological and non-pharmacological methods to restore the normal function of the 

knee joint and delay the progression of the disease. For these patients, traditional drugs, like 

paracetamol, non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroid injections, and 

tramadol are recommended according to recent guidelines (Nelson et al. 2014; Kolasinski et 

al. 2020). Although these treatments can relieve pain to a certain extent, their therapeutic 

effect is limited and always with some adverse effects. For example, a Cochrane review in 

2019 found paracetamol provides only minimal improvements in pain and doesn’t show a 

difference between different doses (Leopoldino et al. 2019). In addition to the 

gastrointestinal side effects, increased cardiovascular risk is another problem needed to be 

considered for NSAIDs, including COX2 selective or nonselective inhibitors (Zeng et al. 

2018). Intraarticular corticosteroids in the knee joint should be strictly controlled because 

long-term use can damage the volume of cartilage based on MRI evidence (McAlindon et al. 

2017). Tramadol, one of the so-called weak opioid analgesics, is often used to alleviate severe 

pain when paracetamol or NSAIDs have not been satisfactory in clinical work. But whether 

weak opioids are more effective than paracetamol or NSAIDs on nociceptive pain requires 

further research, considering its serious adverse effects (Schmid et al. 2017). Compared with 

pharmacological treatment, non-pharmacological management, such as exercise and physical 

therapy may be much safer and more suitable especially for obese patients and patients with 

multimorbidities. Of note, based on the conclusion of recent clinical trials and systematic 

reviews, exercise therapy demonstrates moderate positive benefits for symptomatic OA 

patients (Hurley et al. 2018). However, joint replacement is an effective therapeutic method 

for patients with end-stage OA, but joint replacement surgery has also its disadvantages such 

as high costs, infection, revision, and other problems (Bayliss et al. 2017). Recently, 

regenerative treatment such as mesenchymal stem cell (MSC), platelet-rich plasma (PRP), 

and related extracellular vesicles (EVs)  has been tested to treat OA (Mora et al. 2018). These 

methods focused on the reduction of inflammation, and stimulation of anabolism and 

chondrogenic differentiation via growth factors, cytokines, and other means such as miRNAs. 

Although they are reported to be promising to relieve pain and reestablish knee joint 

homeostasis, further research is necessary to clarify the exact regulatory mechanisms. 
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1.5. MicroRNAs in OA 

Micro ribonucleic acids (Short for miRNAs) are non-coding single-stranded RNAs (Lee et 

al. 1993). MicroRNAs are usually transcribed in the nucleus with the modulation of  RNA 

polymerase II (Lee et al. 2004; Zhou et al. 2007). After a series process, the pre-miRNAs are 

then exported from the nucleus to the cytoplasm by Exportin 5 (Murchison und Hannon 

2004). Once the pre-miRNAs are exported to the cytoplasm, the RNase III enzyme Dicer 

cleaves the pre-miRNA hairpin, which results in the generation of mature miRNA duplex 

(around 22 nucleotides) (Lund und Dahlberg 2006), one strand of which participate in 

the RNA-induced silencing complex (RISC) and interact with relevant mRNA targets (Rana 

2007). MiRNA induced target inhibition may be achieved by mRNA degradation or by 

preventing mRNA from translation(Jing et al. 2005; Lim et al. 2005). More than 1900 

miRNAs are encoded by the human genome and seem to modulate about 60% of the genes 

of humans (Friedman et al. 2009). Thus, changing the expression of miRNAs will impact a 

cascade of modifications in gene expression. However, it is still not easy to predict the 

specific action of miRNAs on their mRNA targets, because each miRNA has more than one 

mRNA target and vice versa; therefore, the correct identification of miRNA’s targets remains 

a challenge even though prediction databases such as Public online websites including 

Targetscan, miRWalk, and miRDB are available so far. As a result, further research is 

essential to exploit miRNAs as a reliable treatment of OA (Riffo-Campos et al. 2016). During 

the past decades, many studies have reported the abnormal expression of miRNAs in OA 

patients. Computer analysis shows that miRNAs achieve the complex regulation in the 

homeostasis of articular cartilage by inhibiting various mRNA targets and modulating many 

different signaling pathways. As a result, miRNAs have been reported to be able to mediate 

protective or destructive effects on the therapeutic potential (Endisha et al. 2018). Although 

miR-221-3p is one of the miRNAs that regulate cell proliferation, invasion, and apoptosis in 

different fields, the role of miR-221 in OA remains to be fully elucidated (Fu et al. 2015). 

Recently, miR-221-3p was reported to be able to inhibit IL-1β-mediated catabolic responses 

by targeting SDF1 and inhibiting the SDF1/CXCR4 pathway in human chondrocytes 

(Zheng et al. 2017). Another study demonstrated miR-221-3p can be mechanosensitive under 

anabolic and catabolic mechanical loading on human chondrocytes (Hecht et al. 2019). Based 

on the above evidence, miR-221-3p may play a vital role in the pathogenesis of OA by 

modulating inflammation and mechanotransduction. The latest research found exosomal 

miR-221-3p from chondrogenic progenitor cells (CPCs) may play a vital role in promoting 

cartilage regeneration and stimulating migration and proliferation of chondrocytes (Wang et 

al. 2020). According to the aforementioned, the presence of connections (microfractures, 
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fissures, vascular channels) between subchondral bone and cartilage could provide pathways 

of communication across the osteochondral interface (Taheri et al. 2021). Therefore, 

exosomal miR-221-3p may regulate the pathogenesis of OA through participation in the 

communication between chondrocytes in the cartilage and osteoblasts in the subchondral 

bone.  

 

1.6. Extracellular vesicles and cell-cell communication  

Extracellular vesicles (EVs) are nano-sized vesicles and can be synthesized and secreted by 

most cells in vitro and in vivo (Colombo et al. 2014). Although EVs were at first thought of as 

a kind of excrement to eliminate unwanted components from the cell, people came to realize 

that the function of extracellular vesicles was more than just waste carriers (Lo Cicero et al. 

2015). What is more, these nano-sized vesicles may act as an important role in cell-cell 

communication by the trafficking of the specific cargoes, including nucleic acids (such as 

DNA, mRNA and miRNA), lipids, and proteins among different cells (Yáñez-Mó et al. 2015). 

With the understanding of the nano-sized vesicles, extracellular vesicles have gone through 

different kinds of nomenclatures in literature according to their size, origin, presence outside 

of cells, and their biogenesis, while the standard nomenclature is still controversial (Gould 

und Raposo 2013). However, with further research into the biogenesis of the nano-sized 

vesicles, especially by transmission electron microscopy and other biochemical methods, 

EVs can be mainly classified into three main subclasses: exosomes, microvesicles (MVs) and 

apoptotic vesicles. The typical size distribution of exosomes ranges from 30nm to 200 nm 

(Pegtel und Gould 2019). Exosomes are derived from intraluminal vesicles (ILVs) within the 

lumen of multivesicular bodies (MVBs) and then secreted outside during the fusion of MVBs 

with the plasma membrane (PM). The particle size of microvesicles ranges mainly from 50 

nm to 1,000 nm in diameter. What's the difference in the biogenesis of MVs compared with 

exosomes is that MVs are generated by the outward budding and fission of the PM, thereafter 

released into the extracellular space. Apoptotic vesicles released from apoptotic cells, also 

called oncosomes in cancer cells are with a diameter ranging from 1000nm to 5000nm, 

sometimes even larger to 10 μm (Théry et al. 2001; Minciacchi et al. 2015). In fact, the size 

which was thought as a decisive factor to distinguish different vesicles has not been so 

important due to discrepant sizes caused by various measuring techniques (Chernyshev et al. 

2015). More importantly, the function of EVs is mainly decided by the composition of cargo 

instead of the size (Lötvall et al. 2014). Even though it is known that the generation of these 

vesicles occurs in different sites within the cell, it seems difficult to distinguish them well 



Introduction                                                                  

 7 

using current methods such as ultracentrifugation, sucrose gradient, polymer-based 

precipitation, or immunocapture, because of their overlapping range of size, similar 

morphology and variable composition (Clayton et al. 2001; Théry et al. 2006; Tauro et al. 

2012; Tkach et al. 2018). As a result, what we isolate from body fluids in vivo or supernatant 

in vitro is actually a mixture containing EVs of various subtypes. According to the 

recommendation from ISEV (International Society for Extracellular Vesicles), "extracellular 

vesicle" (EV) was adopted to name the nano-sized vesicles in the present study (Théry et al. 

2018), instead of exosomes which have been most often used in published articles about EVs 

(Gould und Raposo 2013; Lötvall et al. 2014).  

Considering that there are some non-vesicular components such as lipid, protein, and RNA 

in the extracellular environment, it is necessary to identify the harvested EVs through several 

techniques such as electron microscopy or cryo-electron microscopy, nano-track analysis 

(NTA), and western blot analysis of surface marker proteins. Firstly, electron microscopy 

could show irregular-shaped membrane-enclosed morphology of single vesicles, while cryo-

electron microscopy provides more accurate information about the shape and the size of the 

isolated vesicles (Cizmar und Yuana 2017). Secondly, NTA can be used to analyze vesicle 

concentration and measure the size distribution of EVs (Bachurski et al. 2019). The third 

method is the western blot used to recognize protein markers of EVs. In recent years, marker 

proteins of EVs include tetraspanins (CD9, CD63, and CD81) and proteins that are involved 

in the biogenesis of MVBs, such as Tumor Susceptibility Gene 101 (TSG101) and ALG2 

interacting protein (Alix) (Conde-Vancells et al. 2008; Epple et al. 2012; Andreu und Yáñez-

Mó 2014). Of note, we should always keep in mind that these proteins do not represent 

‘‘exosome-specific’’ marker proteins, because different subsets of EVs may contain common 

markers. As previously noted, EVs contain proteins, lipids, RNAs, DNAs, and miRNAs, all 

of which are secreted by parent cells after the sorting and secretion process under 

physiological or pathological conditions. As a result, EVs would be able to reflect the 

biological state and characteristic function of the parent cells. Therefore, EVs are promising 

to become effective diagnostic methods of different diseases depending on the origin cells. 

At the same time, EVs have been shown to participate in cell-cell communication with both 

endocrine and paracrine effects since it was first described by Stahl and Johnstone in 1983 

(Pan and Johnstone 1983; Regev-Rudzki et al. 2013). Based on this theory, EVs from specific 

cells or EVs modified in vitro with the loading of a particular cargo (e.g. miRNAs, siRNAs, 

and drugs) and then delivered to the target cells, can be a promising therapeutic method 

(Valadi et al. 2007; Fitzner et al. 2011; Mizrak et al. 2013) (Figure 1).  
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Figure 1: Illustration of cell-cell communication by EVs. EVs containing miRNAs are 
synthesized and secreted into extracellular space by sending cells. Thereafter, EVs can be 
uptaken by receiving cells. Then the cargo of EVs is released and the transferred miRNAs 
are loaded into the RISC complex which will further affect the gene expression of the target 
cell during the process of cell-cell communication.  

 

1.7.     Aim of  the thesis 

Despite years of research, there are still no effective treatment methods to stop or reverse 

the progress of OA. The main reason is that the pathogenesis of OA is still unclear due to 

its long-term course and complex etiology. As a result, it is impossible to cure OA with 

traditional medications that mainly reduce pain and swelling. Recently, studies have found 

miRNAs are implicated in the pathogenesis of osteoarthritis, during which miR-221-3p could 

regulate the pathophysiological process of OA by its mechanosensitive and anti-

inflammatory characters in cartilage. More importantly, the latest research demonstrated that 

exosomal miR-221-3p may promote cartilage regeneration in vivo. Meanwhile, the subchondral 

bone was commonly reported to participate in the occurrence and development of OA. 

Considering that the presence of microchannels across the bone-cartilage interface permits 

cell-cell communication between these two parts, it is reasonable to speculate miR-221-3p 

may regulate the pathogenesis of OA through participation in the crosstalk between 

chondrocytes in cartilage and osteoblasts in the subchondral bone. Therefore, the present 
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study aims to research the role of EVs loaded miR-221-3p in the chondrocytes-osteoblasts 

communication in vitro, which could help us understand the pathogenesis of this chronic 

disease and even provide us with a new target to treat OA.  
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2. Materials and Methods 
In brief, the workflow of this study is illustrated in (Figure 2).  

 

 
Figure 2: Illustration of workflow. Chondrocytes and osteoblasts were firstly isolated from 
newborn rats. MiR-221-3p concentration was increased by transfection methods in chondrocytes. 
Chondrogenic EVs were isolated, identified, and checked for miR-221-3p concentration. In the next 
step, chondrocytes were cocultured with osteoblasts to study chondrocyte-osteoblast communication. 
Furthermore, osteoblasts were treated by miR-221-3p loaded EVs derived from chondrocytes to study 
the effect of miR-221-3p loaded EVs on osteoblasts. 

 

 
2.1. Isolation and culture of  primary cells 

Rat chondrocytes (r-ACCs) and rat osteoblast (r-OBs) were isolated according to the 

traditional enzyme digestion method with minor modifications (Liu et al. 2019; Muhammad 

et al. 2019). Briefly, 3—5 rats (born not old than 72 hours ago) were sacrificed by cervical 

dislocation and immediately soaked in 70% (vol/vol) alcohol for 10 minutes to clean the 

body surface. These sacrificed rats were transferred to the clean bench under aseptic 

conditions for later operations. Chondrocytes were isolated from the knee joint articular 

cartilage. Firstly, separate the skin of the knee joint, open the joint capsule, expose the joint 

cavity, isolate the cartilage (white transparent, elastic tissue) from femoral condyles and tibial 

plateau using scissors and tweezers and place them in pre-cooled Phosphate-Buffered Saline 

(PBS), rinse several times. Then transfer these tissues into Dulbecco's Modified Eagle 

Medium (DMEM)-low glucose containing 10% FBS and 1% penicillin/streptomycin (P/S), 
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remove the fascia, muscle, and connective tissue carefully, cut the cartilage into pieces less 

than 1mm3. Afterwards, transfer these cartilage chips to the 15 ml falcon tube and digest 

them with 5 ml 0.25% trypsin for 30 minutes in a water bath at 37 °C to remove extra 

synovial tissue. Then centrifuge at 300 g for 5 minutes at room temperature and discard the 

supernatant Add 5 ml of 0.1% collagenase II dissolved in a complete medium, transfer the 

suspension to a 25 cm2 flask and digest in a 37 °C, 5% CO2 incubator for 4—6 hours. The 

digestion process was terminated by adding DMEM complete medium. Collect the released 

cells and discard the digest medium after centrifugation for 5 min at 300 g, 22°C, then 

resuspend the cell pellet in a new 25 cm2 flask with DMEM complete medium and incubate 

these cells in a 37 ° C, 5% CO2 incubator. Change medium every 2 days and subculture 

cells in 1:3 ratio when they reached 80% confluence. The osteoblasts were isolated from the 

calvarium using almost the same process as the chondrocytes from cartilage except for the 

exact position to dissect the calvarium. Then the cells mixed with 10% DMSO were stored 

firstly at -80°C overnight and then at -140°C until use. For the subsequent experiments, all 

the cells were used in passages 3—5. 

2.2. Osteogenic differentiation  

Rat osteoblasts were seeded in 24-well plates at a cell density of 5 x 104 cells/well. After 24 

hours, the medium was replaced with the osteogenic differentiation medium (ODM) with or 

without Dexamethasone (Dexa, 100 nM). The exact components of ODM can be seen in 

Table 10. Change medium every 2 days. Finally, the cells were harvested at 1, 2, or 3 weeks 

according to specific experimental requirements.  

 

2.3. Establishment of  an OA model in vitro  

Rat chondrocytes were seeded at 5 x 104 cells/well density in a 24-well plate and cultured in 

a DMEM-low glucose medium containing 10% FBS and 1% P/S for 24 hours. Then a 

medium change to an induction medium containing Interleukin 1 beta (IL-1β) (10 ng/ml) 

was performed and the cells were incubated for another 24 hours. This model was verified 

by western blot analysis to test the expression level of Cyclooxygenase2 (COX2) and qRT-

PCR to test catabolic and anabolic factors such as Matrix metallopeptidase 13 (MMP13), a 

disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), COX2, and 

transcription factor SOX9 (SOX9). All these results were compared with the control. 
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2.4. Transfection  

Rat chondrocytes were seeded in 24-well plates at a cell density of 5 x 104 cells/well. After 

24 hours, the medium was changed with one without FBS or antibiotics in it. Then the miR-

221-3p mimic and scrambled control were transfected via Lipofectamine RNAiMAX 

according to the manufacturer's protocol. In brief, 1.5 μl Lipofectamine RNAiMAX and 50 

nM miR-221-3p mimic or scrambled control were added per well for transfection in 24 well 

plates, while 7.5 μl Lipofectamine RNAiMAX and 15 μl miR-221-3p mimic or scrambled 

control were added per well for transfection in 6 well plates. After 6 hours of incubation in 

the incubator, the medium was changed to one containing FBS and antibiotics. Cells were 

incubated for 48 h and afterwards harvested for downstream experiments.   

 

2.5. Prediction and identification of  the targets of  miR-221-3p 

To predict possible targets of miR-221-3p, three independent platforms including miRDB 

(http://mirdb.org/), miRWalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/), 

Targetscan (http://www.targetscan.org/vert_72/), and were used to search for their 

common targets. The predicted target genes and their mRNA expression level were evaluated 

by qRT-PCR in the transfected cells compared with the control. 

 

2.6. Proliferation assay 

Cell proliferation was evaluated by xCELLigence RTCA DP Analyzer (ACEA Bioscience, 

USA) which was placed in a humidified incubator with 5% CO2, at 37 °C according to the 

manufacturer’s instructions. In Brief, cells were seeded in a CIM plate (ACEA Bioscience, 

USA) at a density of 10000 cells per well and incubated in the safety cabinet for 30 minutes. 

The CIM plate was installed into RTCA DP Analyzer and cell proliferation was continuously 

monitored by RTCA Control Unit. 6 hours later, transfection of the cells with miR-221-3p 

mimic and scrambled control was performed according to 2.4. After the restoration of the 

CIM plate into the RTCA DP Analyzer, the impedance value of each well was automatically 

recorded every 30 minutes by the xCELLigence system for a duration of 96 hours and shown 

as a cell index (CI) value which was further analyzed by RTCA Data Analysis Software 1.0 

(ACEA Bioscience, USA). 
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2.7. Coculture of  r-ACCs and r-OBs  

Rat osteoblasts were seeded in 6-transwell inserts (upper chamber) (Merck KGaA, 

Darmstadt, Germany) at a density of 5 x 104 cells/well, and the r-ACCs were seeded in the 

6-well plates (lower chamber) at a density of 3 x 105cells/well. The cells were cultured for 24 

hours in DMEM-low glucose containing 10% FBS and 1% P/S.  Then the transfection of r-

ACCs with mir-221-3p mimic or scrambled control was performed for 6 hours in a medium 

without FBS or antibiotics. Washing of r-ACCs and r-OBs with PBS 2 times and coculturing 

them with DMEM-low glucose containing 10% FBS free of EVs and 1% P/S in transwell 

plate for 48 hours (2.6 ml medium for r-ACCs and 1.5 ml for r-OBs).  R-ACCs, r-OBs, and 

the supernatant were collected for further analysis respectively. 

 

2.8.  Isolation of  EVs  

Cell culture supernatant was harvested after 72 hours’ incubation with cells and successively 

centrifuged at 500 x g for 5 minutes and 2000 x g for 30 minutes. The supernatant was filtered 

through a 220 nm filter and mixed (1:5) with Polyethylene glycol (PEG) (Sigma-Aldrich, USA) 

solution (500 mg/ml in PBS), which was then incubated overnight at 4 °C and centrifuged 

at 1500 x g for 30 minutes. The resulting pellets were dissolved in 100 μl PBS and stored at 

4 °C until further use. All centrifugation steps were performed at 4 °C.  

 

2.9. Nanoparticle Tracking Analysis 

Nanosight platform (NanoSight LM10, Malvern Panalytical, Kassel, Germany) was used to 

measure the size distribution and particle concentration of EVs. In brief, the EV sample was 

firstly diluted 1000 times with PBS. After the diluted sample (around 0.5 ml) was added to 

the device, the screen gain was set as 1.0, the camera level was set to 14 and the capture time 

was 60 seconds. During the detection process, the screen gain was set as 10.0 and the 

detection threshold was set as 4. Each sample was repeated 3 times and the averaged result 

of the size distribution of EVs was further calculated by NTA software 2.3 and illustrated by 

Graphpad Prism 5 (GraphPad Software, USA). 
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2.10. Treat r-OBs EVs  

Rat Osteoblasts were seeded in 24-well plates at a density of 5 x 104 cells/well. After 24 hours 

a certain amount of EVs were added into the medium. 48 hours later, cells were harvested 

for further analysis. 

 

2.11. RNA isolation and quantitative real-time PCR analysis  

Total RNA was extracted using Trizol reagent (Invitrogen, USA) according to the 

manufacturer’s instructions. Briefly, remove the medium from the well and add 500 μl Trizol 

reagent followed by pipetting up and down to fasten lysis, then the samples were stored at -

20°C or for the next step. After 5 minutes’ incubation at room temperature (RT), add 100 μl 

chloroform per tube and incubate 3 minutes at RT.  Then centrifuge 15 minutes at 12000 x 

g at 4°C, and transfer the aqueous phase to another new tube without contamination of the 

other two phases. Afterwards, add 250 μl 100% isopropanol per tube and incubate 10 

minutes at RT. Thereafter, centrifuge 10 minutes at 12000 x g at 4°C, and remove 

isopropanol by pipetting carefully in case the RNA pellets are lost. Wash the pellet with 500 

μl 70% ethanol per tube and centrifuge 10 minutes at 76000 x g at 4°C. Then remove the 

ethanol by pipetting and centrifuge again shortly for collecting drops. Remove the rest 

ethanol and dry for 5-10 minutes until the pellet turns gelly. In the end, resuspend the pellet 

in 20 μl RNase-free water. RNA concentration and quality were measured with a DS-11 

FX/FX+ integrated spectrophotometer (Thermo Fisher Scientific, USA). Thereafter, the 

RNA samples were stored at -80 degrees until further use. For the quantitative real-time PCR 

analysis of mRNA, 1000 ng of total RNA was reverse transcribed into complementary DNA 

(cDNA) in a total volume of 20 μl by adding the components described in Table 1. The qRT-

PCR reaction was performed according to the standard protocol (Table 3) in a total volume 

of 20 μl by adding the components described in Table 2. GAPDH was used as a 

housekeeping gene to normalize the results and the information of primers was listed in 

Table 7. For the quantitative real-time PCR analysis of miRNA, 10ng of total RNA was 

reverse transcribed in a total volume of 10μl with miRCURY LNA RT Kit (QIAGEN, 

Germany ) according to the manufacturer’s protocol (Table 4). The qRT-PCR reaction was 

performed according to the standard protocol (Table 6) by using miRCURY LNA SYBR 

Green PCR Kit (QIAGEN, Germany) with the miRNA-specific forward primer and the 

universal reverse primer (QIAGEN, Germany ) as described in Table 5. U6 small nuclear 
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RNA was used to normalize the results. All the calculations for the relative results adopted 

the standard 2−ΔΔCt method and were illustrated by Graphpad Prism 5. 

 

Table 1: Pipetting scheme for reverse-transcribed mRNA 

Component Volume 

mRNA and Distilled water 15 µl 

iScript Reverse Transcriptase 1 µl 

r5x iScript Reaction buffer 4 µl 

 
Table 2: Pipetting scheme for mRNA qRT-PCR reaction 

Component Volume 

cDNA 1 µl 

Forward Primer (10 μM) 1 µl 

Reverse Primer (10 μM) 1 µl 

SYBR buffer 10 µl 

Distilled water 8 µl 

 
Table 3: Standard protocol for mRNA qRT-PCR reaction 

Step Description Time and Temperature 

1 Initial denaturation 3 min, 95 °C 

2 Denaturation 10 sec, 95 °C 

3 Annealing 10 sec, 55 °C 

4 Final amplification 30 sec, 72 °C 

5 Number of cycles 40 
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Table 4: Pipetting scheme for reverse-transcribed miRNA 

Component Volume 

mRNA (5 ng/µl) 2 µl 

10 x miRCURY RT Enzyme Mix 1 µl 

5 x miRCURY RT Green Reaction Mix 2 µl 

Distilled water 4.5 µl 

 
Table 5: Pipetting scheme for miRNA qRT-PCR reaction 

Component Volume 

cDNA (60 x dilution) 3 µl 

Forward Primer 1 µl 

Reverse Primer 1 µl 

buffer 5 µl 

Distilled water 2 µl 

 

Table 6: Standard protocol for miRNA qRT-PCR reaction 

Step Description Time and Temperature 

1 Initial denaturation 2 min, 95 °C 

2 Denaturation 10 sec, 95 °C 

3 Combined annealing /extension 60 sec, 56 °C 

4 Number of cycles 40 
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Table 7: Sequence information of qRT-PCR primers 

Internal number Gene name Primer sequence 

201 rGAPDH F CTC ATG ACC ACA GTC CAT GC 

202 rGAPDH R TTC AGC TCT GGG ATG ACC TT 

203 rADAMTS5 F TGT GGT GCG CCA AGG CCA AA 

204 rADAMTS5 R CCC TGT GCA GTA GCG GCC AC 

205 rMMP13 F AAG ATG TGG AGT GCC TGA TG 

206 rMMP13 R 
CCA GTG TAG GTA TAG ATG GGA 

AC 

207 rADAMTS4 F 
ACA ATG GCT ATG GAC ACT GCC 

TCT 

208 rADAMTS4 R 
TGT GGA CAA TGG CTT GAG TCA 

GGA 

209 rCOX2 F GTG GGA TGA CGA GCG ACT G 

210 rCOX2 R CCG TGT TCA AGG AGG ATG G 

249 rCDKN1B F TCAAACGTGAGAGTGTCTAACG 

250 rCDKN1B R CCGGGCCGAAGAGATTTCTG 

251 rMMP2 F CAAGTTCCCCGGCGATGTC 

252 rMMP2 R TTCTGGTCAAGGTCACCTGTC 

253 rTIMP3 F CTTCTGCAACTCCGACATCGT 

254 rTIMP3 R GGGGCATCTTACTGAAGCCTC 

255 rARNT F GACAGACCACAGGACAGTTCC 

256 rARNT R AGCATGGACAGCATTTCTTGAA 

257 rTCF7L2 CGCTGACAGTCAACGCATCTATG 

258 rTCF7L2 GAGGACTCCTGCTTGACTGTC 

262 rCOL2A1 F GCCAGGATGCCCGAAAATTAG 
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Table 7: Sequence information of qRT-PCR primers (continued) 

263 rCOL2A1 R GGCTCCGGGAATACCATCAG 

264 rSOX9 F TCCCCGCAACAGATCTCCTA 

265 rSOX9 R AGCTGTGTGTAGACGGGTTG 

266 rTIMP2 F TGGGAACGTGCATTTTGCAG 

267 rTIMP2 R AAACACTGGTTGGAGGGCAA 

268 rDKK2 F ATTGTGCACCTCGTCTGTGT 

269 rDKK2 R TCCCCTCATGGGTCAGACAT 

270 rAXIN2 F TGCAATGGGTTCAGGCAGAT 

271 rAXIN2 R CCCGGAGAGTTTTGCTGGAT 

272 rMAPK10 F AGGTGTGTGTTCCTTACAGGT 

273 rMAPK10 R CATCATGAAGCTTGTGCCCG 

60 rCOL1A1  F GTGCGATGACGTGATCTGTGA 

61 rCOL1A1 R CGGTGGTTTCTTGGTCGGT 

2.12. Immunofluorescence  

Rat chondrocytes were seeded on coverslips in 24-well plates at a density of 5 x 104 cells/well. 

After 24 hours, the cells were washed 3 times with PBS. Thereafter, the cells were fixed with 

4 % formaldehyde for 10 minutes and washed 3 times with PBS. Afterwards, a 

permeabilization step was performed with 0.2 % Triton-100 for 10 minutes and three 

subsequent washes with PBS. For blocking 5 % skim milk was used and incubated for 

30 minutes at room temperature and followed by 3 washes with PBS. The primary collagen 

II antibody (Rabbit, Abcam, ab34712, 1:50) was diluted in PBS and incubated overnight at 

4 °C. Three thorough washes with PBS were done to remove the unbound primary antibody. 

This was followed by 2 hours of incubation with the secondary antibody (Anti-rabbit, 

Invitrogen, R37117, 1:500). The secondary antibody was aspirated and followed by 3 washes 

with PBS. A drop of DAPI (Sigma-Aldrich, USA) was applied on a microscope slide and the 
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coverslip with cells upside down was transferred on this drop. The preparation was ready for 

microscopy after polymerization at 4°C overnight. 

 

2.13. Von Kossa staining  

Rat osteoblasts were differentiated as described above (2.2). After 2 weeks, the samples were 

rinsed 3 times with PBS and fixed with 4 % formaldehyde for 10 minutes. Then the samples 

were washed in several changes of distilled water. The samples were incubated with 1% silver 

nitrate solution under ultraviolet light for 1 minute. The un-reacted silver was removed with 

5% sodium thiosulfate for 5 minutes and rinsed again in distilled water. The preparation was 

ready for visual study and microscopy. 

 

2.14. Alizarin red staining 

Rat osteoblasts were differentiated as described above (2.2). After 2 weeks, they were washed 

3 times with PBS and fixed with 4 % formaldehyde for 10 minutes and rinsed 3 times with 

distilled water. The staining of the samples was performed with the Alizarin Red Solution 

for 10 minutes. Rinsed in distilled water. The preparation was ready for visual study and 

microscopy. 

 

2.15. Preparation of  EVs or cellular samples for protein analysis 

Rat chondrocytes were seeded in 6-well plates at a density of 3 x 105 cells/well. After a period 

of culture, the cells were washed 3 times with PBS, and 100 μl RIPA buffer was added and 

incubated for 30 minutes at 4 °C. After Pipetting up and down, cell lysates were transferred 

to a 1.5 ml tube. Then centrifuged at 16000 x g for 20 minutes at 4°C. Afterwards, the 

supernatant was collected in fresh tubes and placed on ice. The 4 x Laemmli loading buffer 

(Bio-Rad, USA) was added to the protein samples according to the 1:4 ratio and the mixture 

was then boiled at 95 °C for 5 minutes. Finally, these samples were stored at -20 °C until use. 

The protocol to isolate proteins from EVs was almost the same as described above with one 

exception. The pellet of EVs at the end of the isolation procedure was dissolved in 100μl 

RIPA buffer instead of PBS. Then BCA Protein Assay Kit (Thermo Fisher, USA) was used 

to treat protein samples according to the manufacturer’s protocol. Afterwards protein 

concentration was measured by a DS-11 FX/FX+ integrated spectrophotometer (Thermo 

Fisher Scientific, USA). A standard curve (0 ng/μl, 100 ng/μl, 200 ng/μl, 500 ng/μl, 1000 

ng/μl, and 2000 ng/μl) was used to calculate protein concentration. 
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2.16. Polyacrylamide gel electrophoresis 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was adopted to separate proteins 

based on their molecular weight. 12% gels were prefabricated with the kit in cassettes (Bio-

Rad, USA) according to the manufacturer’s protocol. Afterwards, the polymerized gel was 

inserted into the electrophoresis chamber (Bio-Rad, USA) which was filled with 

electrophoresis buffer (Bio-Rad, USA). Protein samples were added into the channel of the 

gel (10 μg total protein/channel), while 3 μl Pageruler Prestained Protein Ladder (Bio-Rad, 

USA) was used to quantify the molecular weight of proteins. The whole process of 

electrophoresis was completed at 200 V for 30 mins. 

 

2.17. Western Blot 
After the electrophoresis, proteins were further transferred to a PVDF membrane (Bio-Rad, 

USA). The whole transfer process was performed inside Trans-Blot Turbo Transfer System 

(Bio-Rad, USA) according to the manufacturer’s protocol. After 7 minutes transfer at 25 V, 

the membrane was blocked with 5 % skim milk dissolved in deionized water for 1 hour at 

RT. Afterwards, the membrane was incubated with a primary antibody (1:1000 in 5 % 

skim milk dissolved in deionized water) overnight at 4 °C. The next day the membrane was 

washed with TBS-T solution 3 x 5 minutes, then incubated with HRP coupled secondary 

antibody (1:10.000 in TBS-T solution) for 1 hour at room temperature. Thereafter, the 

membrane was washed with TBS-T 3 x 5 minutes. Subsequently, the rinsed membranes were 

soaked in ECL chemiluminescence reagent (Bio-Rad, USA) and the blots were exposed with 

the imaging system ChemiDoc XRS+ (Bio-Rad, USA). The results were further analyzed via 

Image Lab Software (Bio-Rad, USA). The antibodies used are listed in Table 8. 

 

Table 8: Antibody information  

Antibody Concentration Supplier Cat. No. Species 

Anti-β-actin 1:1.000 Sigma Aldrich A2066 mouse 

Anti-COX2 1:1.000 Abcam, UK ab15191 rabbit 

Anti-COL2 1:50 Abcam, UK ab34712 rabbit 

Anti-Alix 1:1.000 Santa Cruz, USA sc-53538 mouse 
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Table 8: Antibody information (continued) 

Anti-TSG101 1:1.000 Santa Cruz, USA sc-7964 mouse 

Anti-CD81 1:1.000 Santa Cruz, USA sc-166029 mouse 

Anti-rabbit 1:10.000 Invitrogen, USA G-21234 goat 

Anti-mouse 1:10.000 Invitrogen, USA G-21040 goat 

 

2.18. Schematic diagram 

All the schematic diagrams in this thesis were created with BioRender.com (BioRender, 
Canada) and Microsoft Office PowerPoint 2016 (Microsoft, USA). 

 

2.19. Statistical analysis 

The data of the whole experiment were statistically analyzed by GraphPad Prism 5. The 

Mann-Whitney-U-Test was adopted to compare two groups while the one-way ANOVA 

followed by Tukey’s post-hoc-test was specifically selected for the comparison of more than 

two groups. Unless otherwise stated, results were shown as mean values with SD, and there 

were statistical differences when the P-value was less than 0.05. 

 

2.20. Machines 
Table 9: Used machines and manufacturer information 

Machine Model Company 

Balance Explorer Ohaus, USA 

Centrifuge Heraeus Multifuge X1R Thermo Fisher, USA 

Centrifuge 
Microcentrifuge 5415 

 

Sigma-Aldrich, 

Germany 

Centrifuge Heraeus Multifuge X1R Thermo Fisher, USA 

Freezer (-80 °C) DF9014 IlShin, Netherlands 

Freezer (-150 °C) ULT10140-9-M23 Thermo Fisher, USA 
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Table 9: Used machines and manufacturer information (continued) 

Pipette Eppendorf  Pipette Thermo Fisher, USA 

Ice machine ZBE 70-35 Ice Systems, UK 

Incubator Cytoperm 2 Thermo Fisher, USA 

Incubator BBD 6220 Thermo Fisher, USA 

Microscope DMi8 Leica, Germany 

Safety Cabinet Heraeus HS12 Thermo Fisher, USA 

Water bath Isotemp GPD 20 Thermo Fisher, USA 

Vortexer RS-VA10 
Phoenix Instrument!

Germany 

Real-time cell analyzer   xCELLigence® RTCA DP 
ACEA Bioscience, 

USA 

Western Blot chamber Mini Tetra Cell Bio-Rad, USA 

Western Blot transfer system 
Trans-Blot Turbo Transfer 

System 
Bio-Rad, USA 

Western Blot transfer system Criterion Blotter Bio-Rad, USA 

ECL machine Chemocam Imager INTAS, Germany 

Spectrometer DS-11 FX + Thermo Fisher, USA 

Real-Time PCR CFX96 system Bio-Rad, USA 

Real-Time PCR CFX384 system Bio-Rad, USA 

Printer FS-C5150DN Kyocera, Germany 

Shaker PMS-1000i Avantor, US 

Shaker B3D2300 Benchmark, US 

Thermo-Shaker PCMT-H18 Grant-bio, UK 

Revers transcription Labcycler 012-103 SensoQuest 
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2.21. Buffers and Solutions 
Table 10: Information about buffers and solutions 

Buffer and solutions Recipe 

RIPA buffer 

25 mM Tris-HCl pH 7,6 

150 mM NaCl 

1 % NP-40 

1 % Sodium deoxycholate 

0,1 % SDS 

Western blot transfer buffer(1x) 

Tris: 4.5 g 

Glycine: 21.6 g 

Methanol: 300 ml 

Water: 1200 ml 

Osteogenic differentiation medium (ODM) 

DMEM-Low glucose 

10 % FCS 

1 % penicillin-streptomycin 

0.2 mM ascorbic acid-2-phosphate 

10 mM β-glycerophosphate 

 

2.22. Chemicals and Materials 
Table 11: Chemicals  

Compounds Provider Information 

Dimethyl sulfoxide Sigma-Aldrich, USA 

DAPI Sigma-Aldrich, USA 

Dexamethasone PAN, Germany 

Trypsin Pan Biotech, Germany 

Ethanol Carl Roth, Germany 

Formaldehydlsg. 4 % Fischer/chemsolute, Germany 
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Table 11: Chemicals (continued) 

Methanol Merck, USA 

β-Glycerophosphate disodium salt pentahydrate Roth, Germany 

L-Ascorbic Acid 2-phosphate Cayman chemical company 

Glycine AppliChem, Germany 

TRIS Roth, Germany 

Polyethylene glycol Sigma-Aldrich, USA 

Sodiuiumthiosulfat-5-hydrate Merck, USA 

Silver nitrate Paesel & Lorei, Germany 

Alizarin Red S staining solution Morphisto, Germany 

Triton X-100 AppliChem, Germany 

Powdered milk Roth, Germany 

10 x Tris/Glycine/SDS Buffer Bio-Rad, USA 

TGX stain-Free FastCast Acrylamide Kit, 12 % Bio-Rad, USA 

Trans-Blot Turbo 5x Transfer Buffer Bio-Rad, USA 

Mini-PROTEAN TGX Gels Bio-Rad, USA 

Western ECL Substrate Bio-Rad, USA 

Mini-size LF PVDF Membrane Bio-Rad, USA 

Mini-size Transfer Stacks Bio-Rad, USA 

BCA Protein Assay Kit Thermo Fisher, USA 

Laminine Bio-Rad, USA 

TBS-Tween tablets Medicago, USA 

Mini-PROTEAN Glass plates Bio-Rad, USA 

Mini-PROTEAN Short plates Bio-Rad, USA 



Materials and Methods                                                                  

 25 

Table 11: Chemicals (continued) 

Mini-PROTEAN Gel releasers Bio-Rad, USA 

Mini-PROTEAN system casting stand Bio-Rad, USA 

Ammonium persulfate analytical grade Bio-Rad, USA 

HRP substrate Bio-Rad, USA 

SYBR Green Supermix Bio-Rad, USA 

iScript Reverse Transcriptase Bio-Rad, USA 

5 x iScript Reaction buffer Bio-Rad, USA 

miRNA PCR Kit QIAGEN, Germany 

Typan Blue Stain 0.4 % Gibco, USA 

miR-221-3p mimic QIAGEN, Germany 

miRNA scramble QIAGEN, Germany 

Lipofectamine RNAiMAX Thermo Fisher, USA 

Trizol Reagent Ambion, USA 

chloroform Merck, USA 

isopropanol Geyer, Germany 

 
Table 12: Materials 

Consumables Provider Information 

96-well plate Thermo Fisher, USA 

24-well plate Greiner bio-one, Germany 

6-well plate Greiner bio-one, Germany 

6-transwell Merck KGaA, Germany 

CIM plate  ACEA Bioscience, USA 

Serological pipette 5 ml Sarstedt, Germany 
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Table 12: Materials (continued) 

Serological pipette 10 ml Sarstedt, Germany 

Serological pipette 25 ml Sarstedt, Germany 

Microtube 1.5 ml SafeSeal Sarstedt, Germany 

Pipette tips 10 μl Biozym, USA 

Pipette tips 100 μl Biozym, USA 

Pipette tips 1000 μl Biozym, USA 

Pipette Reference 10 ml Eppendorf, Germany 

Pipette Reference 100 ml Eppendorf, Germany 

Pipette Reference 1000 ml Eppendorf, Germany 

Culture flask T25 Sarstedt, Germany 

Culture flask T75 Sarstedt, Germany 

Culture flask T175 Sarstedt, Germany 

Mr. Frosty Freezing Container Thermo Fisher, USA 

Syringe 10 ml BD, USA 

Falcon tube 15 ml Sarstedt, Germany 

Falcon tube 50 ml Sarstedt, Germany 

CryoPure Tube 1.0 ml Sarstedt, Germany 

Cell Scraper CytoOne, USA 

Gloves TH.GEYER, Germany 

96 well plate for PCR Biozym, USA 

384 well plate for PCR Thermo Fisher, USA 

0.2 ml tube for PCR Biozym, USA 

Microseal ‘B’ seal Seals for PCR BIO-RAD, Germany 
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2.23. Cell culture media and additives 
Table 13: Different mediums for cell culture use. 

Medium Additives Company 

DMEM + L-Glutamine, + phenol red, low glucose Gibco 

OptiMEM + L-Glutamine, + phenol red Gibco 

DPBS No Ca, no Mg, no phenol red PAN 

Fetal calf serum Heat inactivated Gibco 

Trypsin 0,05 % in PBS, no Mg2+, no Ca2+ PAN 

Antibiotic penicillin-streptomycin PAN 

 

2.24. Software 
Table 14: Different Softwares for data analysis 

Software Manufacturer 

Leica Application Suite X 3.4.2.18368 Leica, Germany 

Microsoft PowerPoint 2016 Microsoft, USA 

Microsoft Word 2016 Microsoft, USA 

Microsoft Excel 2016 Microsoft, USA 

GraphPad Prism 5 (University of Göttingen licence) GraphPad Software, USA 

RTCA Data Analysis Software 1.0 ACEA Bioscience, USA 

Image lab Bio-Rad, USA 

Image J LOCI, USA 

BioRender.com BioRender, Canada 
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3. Results 

 

3.1. Identification of  chondrocytes and osteoblast 

To identify r-ACCs, cell morphology was observed under a microscope, and 

immunofluorescence (IF) technology was used to test the expression of collagen II (COL2).  

 
Figure 3: Morphology of chondrocytes and osteoblasts. a. Typical chondrocytes from 
the articular cartilage of newborn rats looked like “cobble stones”. b. Osteoblasts from the 
calvarium of newborn rats showed irregular shapes such as triangles, fusiform, and polygon. 

 

 As shown in Figure 3a, the cells exhibited a typical “Cobblestone” morphology (Goldring 

2005). IF demonstrated that the majority of r-ACCs expressed chondrocyte-specific marker 

COL2 (Figure 4).  

 

  
Figure 4: Identification of chondrocytes. Microscopic images showing chondrocytes 
positive for COL2 antibody (+) compared with negative control (-). DAPI was used as a 
counterstain for the cell nuclei. 
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It is known that r-OBs are characterized by osteogenic capacity. Rat osteoblasts, isolated 
from rat calvarium, were cultivated in an osteogenic differentiation medium for 1, 2, and 3 
weeks. After 2 and 3 weeks of osteogenic differentiation, the cells showed positive 
mineralized nodule formation analyzed by von Kossa staining and Alizarin red staining, 
although there was no obvious difference of calcium deposits between these two-time points 
(Figure 5 and Figure 6). Therefore, 2 weeks’ time point was selected as the osteogenic 
differentiation time for later experiments. 

 

 
Figure 5: Macroscopic images of the Von Kossa and Alizarin red staining after 1 week, 
2 weeks, and 3 weeks’ osteoblasts culturing in ODM and BM. They didn’t show positive 
staining after 1 week in culture, while both Von Kossa staining and Alizarin red staining 
results were positive after 2 and 3 weeks in culture in ODM compared to BM. Basal medium 
(BM), Osteogenic differentiation medium (ODM). 
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Figure 6: Microscopic images showing staining results after 1, 2, and 3 weeks’ culture 
in ODM and BM. The osteoblasts didn’t show positive staining results after one week’s 
culture, while both Von Kossa staining and Alizarin red staining results were positive after 2 
and 3 weeks’ culture in ODM compared to BM. 

 

As expected, the mRNA expression level of osteogenic markers  like Collagen Type I Alpha 
1 Chain (COL1A1), Runt-related transcription factor 2 (RUNX2), and Osteocalcin (OCN) 
were all increased after 2 weeks’ osteogenic differentiation (Figure 7). 
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Figure 7: Relative gene expression in osteoblasts after 2 weeks’ osteogenic 
differentiation in ODM and BM. The expression level of  COL1A1, RUNX2, and OCN 
were significantly upregulated in osteoblasts treated with ODM for 2 weeks vs. 
corresponding control. COL1A1, RUNX2, and OCN relative to GAPDH. *P<0.05, 
**P<0.01  and ***P<0.001 vs. corresponding control.  

 

Furthermore, the osteogenic differentiation capacity of the osteogenic differentiation 

medium (ODM) with or without dexamethasone (Dexa) on the 2 weeks’ osteogenic 

differentiation of r-OBs were compared. Dexa treatment was able to decrease the bone 

formation capacity of r-OBs (Figure 8 and Figure 9).  

 
Figure 8: Macroscopic images showing positive staining results after 2 weeks’ 
osteogenic differentiation in ODM with or without Dexa compared with the control. 
The results demonstrated that Dexa inhibited the bone formation capacity of  osteoblast 
significantly. 
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Figure 9: Microscopic images showing staining results after 2 weeks’ osteogenic 
differentiation in ODM with or without Dexa compared with control.  The results 
demonstrated that Dexa inhibited the bone formation capacity of osteoblast significantly. 

 

Meanwhile, the expression level of osteogenic markers COL1A1, RUNX2, and OCN 

supported the staining results and showed a significant decrease in the Dexa-treated group 

compared with the control group (Figure 10). The cell morphology was observed under the 

microscope and r-OBs showed irregular shapes such as triangle, fusiform, and polygon 

(Figure 3b). 

 
Figure 10: Relative gene expression in osteoblasts after 2 weeks’ osteogenic 
differentiation in ODM with or without Dexa compared with control. The expression 
level of COL1A1, RUNX2, and OCN  were significantly downregulated in osteoblasts 
treated with ODM containing Dexa for 2 weeks vs. ODM. COL1A1, RUNX2, and OCN 
relative to GAPDH. ns stands for not statistically significant, *P<0.05, ** P<0.01, and 
***P<0.001 vs. corresponding control.  
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3.2. Identification of  extracellular vesicles 

EVs were isolated from a conditioned medium of chondrocytes with the PEG precipitation 

method. Nanoparticle tracking analysis (NTA) demonstrated that the size distribution of 

most EVs ranged from 100 to 200 nm. Characteristic marker CD81 was positively expressed 

in EVs based on Western blot analysis (Figure 11). 

  

  
Figure 11: Isolation and identification of EVs. a. Illustration of  workflow to isolate EVs 
by PEG precipitation method. In brief, firstly collect supernatant, centrifuge at 4 °C, 500 g 
for 5 min and 2000 g for 20 min to remove cells and cell debris respectively. Secondly, a 220 
nm filter was used to remove microvesicles and then mix filtered supernatant with PEG 
solution(500 mg/ml) for 16 hours at 4 °C. Finally, centrifuge at 4 °C, 1500 g for 30 min and 
dissolve resulting pellet with 100 µl PBS. b. The particle size distribution of  extracellular 
vesicles isolated by the PEG precipitation method was determined by NTA. c. EVs-specific 
CD81 protein measured using western blotting.   

 
3.3. Establishment of  an OA model in vitro  

To be able to model OA in vitro, r-ACCs were treated with IL-1β for 24 hours. Which was 

evaluated with the relative expression of catabolic and anabolic genes in the treated cells 

compared to the control (Figure 12a-d). The expression of catabolic genes MMP13, 

ADAMTS5, and COX2 was shown to be upregulated in IL-1β treated r-ACCs, by qRT-PCR, 

while the anabolic gene SOX9 was downregulated in the IL-1β treated cells. Western blot 

analyses further confirmed that COX2 was overexpressed in the IL-1β treated group (Figure 
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13). Furthermore, stimulation with IL-1β resulted in a significant decrease in the expression 

of miR-221-3p compared with negative control (Figure 12e). 

 

 
Figure 12: Relative gene expression in IL-1β treated chondrocytes. MMP13, 
ADAMTS5, and COX2 were upregulated in IL-1β treated chondrocytes vs. corresponding 
control, while SOX9 and miR-221-3p were downregulated. MMP13, ADAMTS5, SOX9, and 
COX2 relative to GAPDH, miR-221-3p relative to U6. **P<0.01 and ***P<0.001 vs. 
corresponding control.  

 

 

  
Figure 13: Relative COX2 expression in IL-1β treated chondrocytes. COX2 expression 
was increased in IL-1β treated chondrocytes vs. corresponding control. Relative to β-actin. 
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3.4. Effects of  miR-221-3p on chondrocytes 

To analyze the effect of miR-221-3p on chondrocytes, the cells were transfected with miR-

221-3p mimic or scrambled control, and transfection efficiency was tested by qRT-PCR 

(Figure 14). The results showed 3µl miR-221-3p mimic （50 nM） would be the optimal 

concentration for the following experiment.  

 
Figure 14: Transfection efficiency of miR-221-3p mimic was confirmed by qRT-PCR.  
Chondrocytes were transfected with 1 µl, 3 µl, and 3 µl miR-221-3p mimic and the 
corresponding control respectively for 48 hours. Relative to U6. ***P<0.001 vs. 
corresponding scrambled control. 

 

At the same time, the expression of target genes was also analyzed by qRT-PCR, and the 

predicted targets including Cyclin-dependent kinase inhibitor 1B (CDKN1B/p27), Aryl 

Hydrocarbon Receptor Nuclear Translocator (ARNT), Tissue inhibitor of metalloproteinase 

3 (TIMP3), Transcription factor 7-like 2 (Tcf7l2/TCF4), and RUNX2 were significantly 

suppressed in the miR-221-3p mimic transfection group compared to the scrambled control 

(Figure 15). 
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Figure 15: Relative expression of predicted targets of miR-221-3p in chondrocytes.  
Chondrocytes were transfected with scrambled control and miR-221-3p mimic, the 
expression level of predicted targets (a) CDKN1B (p27), (c) TIMP3, (d) ARNT, (e) Tcf7l2 
(TCF4), and (f) RUNX2 were significantly inhibited except (b) MMP2. Relative to GAPDH, 
ns stands for not statistically significant, *P<0.05, **P<0.01, and ***P<0.001 vs. 
corresponding control. 

 

Furthermore, miR-221-3p mimic transfection was able to significantly increase the expression 

of vascular endothelial growth factor B (VEGFB) in chondrocytes when compared with 

scrambled control. While the expression MMP13 and ADAMTS5 were significantly 

decreased. Based on the results of the cell proliferation experiment, it was concluded that 

miR-221-3p could promote the proliferation of chondrocytes in vitro compared to the 

scrambled control, although the result was not statistically significant. These results indicated 

that overexpression of miR-221-3p in chondrocytes maybe promote angiogenesis and 

proliferation in cartilage and play a protective role in chondrocyte degeneration (Figure 16). 

 

 
Figure 16: Effect of miR-221-3p on chondrocytes. Chondrocytes were transfected with 
miR-221-3p mimic and scrambled control, proliferation ratio was detected by xCelligence (a). 
The expression level of  VEGFB (b) and catabolic genes MMP13 (c), ADAMTS5 (d) were 
measured by qRT-PCR. Relative to GAPDH. **P<0.01 and ***P<0.001 vs. corresponding 
control. 
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3.5. Chondrocyte-osteoblast communication 

We firstly investigated whether chondrocytes transfected with miR-221-3p could affect the 

bone formation capacity of osteoblasts through coculture in transwell plates. According to 

the qRT-PCR results, the miR-221-3p expression level was increased in osteoblasts cocultured 

with chondrocytes transfected miR-221-3p mimic compared to the scrambled control (Figure 

17a, c). Subsequently, we isolated EVs from cocultured medium, and a significant 

upregulation of miR-221-3p was expressed in the EVs of the miR-221-3p mimic group 

compared to the scrambled control (Figure 17b). 

 

 
Figure 17: The relative expression of miR-221-3p in the cocultured chondrocytes and 
osteoblasts, and EVs.  (a) MiR-221-3p concentration can be increased by transfection in 
chondrocytes. (b) EVs were isolated and checked for miR-221-3p concentration. (c) MiR-221-
3p expression in osteoblasts was increased significantly by miR-221-3p loaded EVs. miR-221-
3p relative U6, *P<0.05 and ***P<0.001 vs. corresponding control.  
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Meanwhile, the expression of related targets of miR-221-3p in osteoclasts was significantly 

decreased (Figure 18a-d). Moreover, chondrocytes transfected with miR-221-3p inhibited 

osteogenic markers of osteoblasts compared with the scrambled control, and main 

osteogenic markers such as COL1A1 and RUNX2 were decreased while the expression of 

OCN was not changed (Figure 18e-g).  

 
Figure 18: Relative gene expression in cocultured osteoblasts. The expression level of  
COL1A1, RUNX2, and the targets of  miR-221-3p, CDKN1B/p27, ARNT, TIMP3, and 
Tcf7l2/TCF4 in osteoblasts cocultured with chondrocytes transfected with miR-221-3p mimic 
were significantly decreased compared with a scrambled control, while mir-221-3p was 
upregulated. (a) CDKN1B/p27, (b) ARNT, (c) TIMP3, (d) Tcf7l2/TCF4, (e) COL1A1, (f) 
RUNX2, (g) OCN relative to GAPDH, miR-221-3p relative to U6. ns stands for not 
statistically significant, *P<0.05, **P<0.01, and ***P<0.001 vs. corresponding control. 

 
3.6. Effect of  miR-221-3p on osteoblasts 

After 2 weeks’ osteogenic differentiation, miR-221-3p expression was decreased without 

statistical significance in the osteoblasts of the negative control group compared to the blank 

control group, while the osteogenic markers RUNX2 and OCN were increased significantly 

except for COL1A1 (Figure 19).  

 
Figure 19: Relative expression of osteogenic markers and miR-221-3p in osteoblasts 
after 2 weeks of osteogenic differentiation. Negative control was cultured with ODM and 
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blank control was cultured with BM. The expression level of  (a) COL1A1 were 
downregulated, while osteogenic markers (b) RUNX2, (c) OCN were upregulated after 2 
weeks of  osteogenic differentiation. (d) miR-221-3p expression was also decreased without 
statistical significance. COL1A1, RUNX2, OCN relative to GAPDH, miR-221-3p relative to 
U6. ns stands for not statistically significant, ***P<0.001 vs. corresponding control. 
BM=Basal medium, ODM=Osteogenic differentiation medium. 

 

To understand the effect of miR-221-3p in osteoblasts, we performed 2 weeks’ osteogenic 

experiments with osteoblasts which were transfected with miR-221-3p mimic and scrambled 

control at 1st day, 4th day, 7th day, 10th day respectively, and harvested on the 14th day. 

Transfection efficiency, the expression level of targets, and osteogenic markers were 

measured by qRT-PCR. As shown, miR-221-3p expression was successfully increased in the 

miR-221-3p mimic transfected cells compared to scrambled control, and the targets of miR-

221-3p were all significantly decreased (Figure 20d and Figure 21). Compared with the 

scrambled control cells, osteogenic markers such as COL1A1, RUNX2, and OCN were 

significantly diminished in the mimic transfected cells (Figure 20a-c).   

 
Figure 20: Relative expression of osteogenic markers and miR-221-3p in osteoblasts 
transfected with miR-221-3p mimic after 2 weeks of osteogenic differentiation. 
Osteoblasts transfected with scrambled control and miR-221-3p mimic were cultured with 
ODM for 2 weeks, the expression level of  osteogenic markers (a) COL1A1, (b) RUNX2, (c) 
OCN was inhibited significantly, and (d) miR-221-3p was increased. COL1A1, RUNX2, OCN 
relative to GAPDH, miR-221-3p relative to U6. ***P<0.001 vs. corresponding control. 
ODM=Osteogenic differentiation medium.  

 

 
Figure 21: Relative gene expression in osteoblasts transfected with miR-221-3p mimic 
after 2 weeks of osteogenic differentiation. Osteoblasts transfected with scrambled 
control and miR-221-3p mimic were cultured with ODM for 2 weeks, the expression of 
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predicted targets (a) CDKN1B/p27, (b) TIMP3, (c) ARNT, and (d) Tcf7l2/TCF4 was 
inhibited significantly. Relative to GAPDH, ns stands for not statistically significant. 
***P<0.001 vs. corresponding control. 

 

Von Kossa staining and Alizarin red staining were performed to evaluate the bone formation 

potential of osteoblasts and indicated its significant inhibition by miR-221-3p versus 

scrambled control (Figure 22 and Figure 23). 

 

 
Figure 22: Microscopic images of staining results after 2weeks’ culture in different 
conditions. Mineralized nodule formation of  osteoblasts was illustrated by Von Kossa 
staining and Alizarin red staining after 2weeks’ culture in different conditions. miR-221-3p 
mimic (10,11,12), scrambled control (7,8,9) and negative control (4,5,6) groups were cultured 
in ODM. The blank control (1,2,3) group was cultured with BM.  
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Figure 23: Macroscopic images of the staining results after 2weeks’ culture in 
different conditions. MiR-221-3p mimic, scrambled control and negative control groups 
were cultured in ODM. The blank control group was cultured with BM.  

 

 

3.7. MiR-221-3p loaded EVs inhibits the osteogenic capacity of  

osteoblasts 

To determine the effect of miR-221-3p loaded EVs on osteoblast function, we treated 

osteoblast with chondrocytes secreted EVs modified with miR-221-3p mimic or scrambled 

control at a concentration of 1.0 x 108 particles/well (Figure 24), 1.0 x 109 particles/well 

(Figure 25 and Figure 26), 1.0 x 1010 particles/well (Figure 27) respectively. The result 

demonstrated that miR-221-3p loaded EVs with the concentration of 1.0 x 109 particles/well 

significantly inhibited the mRNA expression levels of COL1A1, RUNX2, OCN, and targets 

of miR-221-3p in osteoblasts. These data indicate that rACCs-derived miR-221-3p loaded EVs 

may inhibit the osteogenic capacity of osteoblasts. 
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Figure 24: Relative gene expression in osteoblasts cocultured with miR-221-3p 
modified EVs (1.0 x 108 particles/well) for 48 hours. Expression level of  (a) 
CDKN1B/p27, (b) ARNT, (c) TIMP3 and (d) Tcf7l2/TCF4 in osteoblasts cocultured with 

miR-221-3p modified EVs (1.0 x 10
8 

particles/well) for 48hours didn’t show significant 
difference vs. corresponding scrambled control loaded EVs. Relative to GAPDH. 
***P<0.001 vs. corresponding control. 

 

 
Figure 25: Relative gene expression in osteoblasts cocultured with miR-221-3p 
modified EVs (1.0 x 109 particles/well) for 48 hours. Expression level of  (a) 
CDKN1B/p27, (b) ARNT, (c) TIMP3 and (d) Tcf7l2/TCF4 in osteoblasts cocultured with 

miR-221-3p modified EVs (1.0 x 10
9 
particles/well) for 48 hours were significantly decreased 

vs. corresponding control loaded EVs. Relative to GAPDH. ***P<0.001 vs. corresponding 
control.  

 

 
Figure 26: Relative gene expression in osteoblasts cocultured with miR-221-3p 
modified EVs (1.0 x 109 particles/well) for 48 hours. The expression level of  (a) COL1A1, 
(b) RUNX2, and (c) OCN in osteoblasts cocultured with miR-221-3p modified EVs (1.0 x 
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10
9 particles/well) for 48 hours were significantly decreased vs. corresponding control 

miRNA loaded EVs. Relative to GAPDH. ***P<0.001 vs. corresponding control.  
 

 
Figure 27: Relative gene expression in osteoblasts cocultured with miR-221-3p 
modified EVs (1.0 x 1010 particles/well) for 48 hours. Expression level of  (a) 
CDKN1B/p27, (b) ARNT, (c) TIMP3, and (d) Tcf7l2/TCF4 in osteoblasts cocultured with 

miR-221-3p modified EVs (1.0 x 10
10 

particles/well) for 48 hours didn’t show significantly 
difference vs. corresponding scramble control miRNA loaded EVs. Relative to GAPDH. 
***P<0.001 vs. corresponding control.  
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4. Discussion 
 
4.1. Cell source, identification of  cells, and establishment of  OA 

model in vitro 

To research the chondrocyte-osteoblast communication in vitro, there are three cell sources 

to choose from: human chondrocytes and osteoblasts, animal chondrocytes and osteoblasts, 

and MSCs. Human cells can be the optimal choice for scientific research considering that the 

results are more reliable with no species differences (Chu et al. 2010). However, for ethical 

reasons, only a limited number of cells can be obtained from patients. More importantly, the 

chondrocytes isolated from patients can be hypertrophic and senescent due to the long-time 

influence of the disease environment. As for animal cells, the commonly used is the rodent 

system, for example, rats and mice. Although it is easier to obtain large amounts of cells from 

animals compared to humans, the species differences between animals and humans and may 

affect the clinical transformation of experimental results. With the development of tissue 

engineering, the technology to differentiate MSCs derived from diverse sources into 

chondrocytes and osteoblasts has matured (Andrzejewska et al. 2019). However, although 

the marker genes such as COL2, SOX9, and Aggrecan (AGG) for chondrocytes, and 

COL1A1, RUNX2, and OCN for osteoblasts can be positively expressed in differentiated 

MSCs, these cells can’t replace the real chondrocytes and osteoblasts, given the different 

cultural environment in vitro compared to the growth environment in vivo (Bernstein et al. 

2010). The rat was selected as the cell source for the present study. Except for the advantage 

of easy access compared to human cells, rats are larger and easier to manipulate compared 

to mice. In addition, I already have the experience to isolate and culture chondrocytes and 

chondrocytes from the rat (Wang et al. 2018).  

As the main constituent of the cartilage matrix, the expression of COL2 is the typical 

characteristic of chondrocytes (Marlovits et al. 2004). Therefore, COL2 was selected as the 

protein marker to identify the isolated chondrocytes and the IF result showed a remarkably 

positive COL2 IF signal. Besides, the typical “cobblestone” morphology was another 

evidence to testify to the chondrocytes (Karim et al. 2018). To identify osteoblasts, the cells 

were treated with the ODM containing β-Glycerophosphate disodium salt hydrate and L-

Ascorbic acid 2-phosphate. The results demonstrated a  positive von Kossa and Alizarin red 

staining after 2 or 3 weeks’ culture, although there was no obvious difference between these 

two time points. Meanwhile, qRT-PCR also supported the staining results and all the 

osteogenic markers COL1A1, RUNX2, and OCN were upregulated after 2 weeks’ 
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osteogenic differentiation. Moreover, the effect of ODM with and without Dexa was 

compared on the osteogenic capacity of osteoblasts. As expected, Dexa significantly 

inhibited the bone formation capacity of osteoblasts after 2 weeks’ culture based on the 

staining and qRT-PCR results and this conclusion was consistent with previous reports (Iu 

et al. 2005; Pan et al. 2019). Although this result was easy to be understood and accepted due 

to the viewpoint of glucocorticoid-induced osteoporosis (Seibel et al. 2013), the inhibited 

effect of Dexa on mineralization and the osteoblastic gene expressions in osteoblasts was 

contradictory with the previous conclusion that Dexa could promote osteoblast 

differentiation and matrix mineralization (Shalhoub et al. 1992; Eijken et al. 2006; Mikami et 

al. 2007). The possible explanation for the paradoxes can be that the additional dose of Dexa 

may induce complex effects depending on the specific environment, for example, different 

cell lines, the distinguished composition of the medium, and the duration of the 

differentiation.  

To clarify the miR-221-3p expression in OA chondrocytes, in vitro OA model was  established 

with IL-1β treated chondrocytes according to previous experience (Wang et al. 2018). The 

relevant gene and protein expression in the OA model was tested by qRT-PCR and western 

blot analysis. The results showed catabolic genes MMP13 and ADAMTS5 were upregulated 

and anabolic gene SOX9 was downregulated significantly. Further, both mRNA and protein 

levels of the inflammatory factor COX2 were remarkably increased. This data indicated a 

successful OA model in vitro and the miR-221-3p expression was detected to be 

downregulated in OA chondrocytes and this result was consistent with a previous study 

(Zheng et al. 2017). 

 

4.2. Feasibility of  communication between cartilage and subchondral 

bone  

This study aimed to research the specific role of EV-mediated miR-221-3p in the 

communication of chondrocytes and osteoblasts. Recent studies have demonstrated the 

possibility of bone-cartilage communication through various microchannels, such as vascular 

channels and microcracks (Taheri et al. 2019; Taheri et al. 2021).  For example, Pan et al 

demonstrated that sodium fluorescein could be transferred between the bone marrow and 

the articular space in mouse joints, which was direct evidence of interaction between the 

subchondral bone and articular cartilage (Pan et al. 2009). Several studies even suggested 

subchondral plate was with increased porosity in OA patients compared with healthy control, 

which could promote the interaction between the bone and cartilage compartments (Botter 
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et al. 2011; Iijima et al. 2016). In this study, it was found the osteoblasts showed an 

upregulated expression of miR-221-3p and this can be caused by the cocultured chondrocytes 

pre-transfected with the miR-221-3p mimic in a vitro co-culture model. Furthermore, the EVs 

isolated from the supernatant of chondrocytes were demonstrated to contain the miR-221-

3p. This opens the possibility of miR-221-3p transportation via EVs between chondrocytes 

and osteoblasts, which was also indirect evidence of communication at the cartilage-bone 

interface. Similarly, Sanchez et al isolated osteoblasts from sclerotic or non-sclerotic regions 

of the subchondral bone in human patients with knee OA and chondrocytes from the healthy 

articular knee cartilage and thereafter cocultured in alginate beads. Results demonstrated that 

sclerotic osteoblasts could deteriorate cartilage degradation by inducing chondrocytes to 

produce more catabolic enzymes such as matrix metalloproteinases (MMPs) and reducing 

AGG synthesis compared with chondrocytes cultured alone (Sanchez et al. 2005). Altogether, 

current results indicated the feasibility of communication between chondrocytes and 

osteoblasts via the EVs and this is the premise of this experiment. 

 

4.3. MiR-221-3p in the pathogenesis of  OA 

Previous studies have reported the role of miR-221 in different fields, especially in various 

kinds of malignant cancers such as breast cancer, liver cancer, and bladder cancer (Song et 

al. 2019). For example, miR-221 was demonstrated to target cyclin-dependent kinase 

inhibitors p27 and p57 in both mRNA and protein levels and promote the malignant 

proliferation of glioblastoma cells (Medina et al. 2008). However, different from malignant 

cancers, osteoarthritis is a chronic inflammatory disease caused by wear and stress 

stimulation and miR-221 might play a different role by targeting corresponding targets. In 

this study, the expression of miR-221-3p was demonstrated to be downregulated in IL-1β 

treated chondrocytes and transfected chondrocytes with miR-221-3p mimic could 

significantly inhibit the expression of MMP13 and ADAMTS5. This is consistent with 

previous reports (Zheng et al. 2017). Except for the anti-inflammatory action in OA, miR-

221 has also been used in the regeneration field to promote chondrogenic differentiation 

from MSCs to treat cartilage defects in OA. Lolli et al found miR-221 expression showed a 

dynamic process of change from MSCs to differentiated chondrocytes, and then de-

differentiated chondrocytes. In brief, miR-221 expression decreased during TGFβ-driven 

chondrogenesis from MSCs while increasing during the de-differentiation process from 

chondrocytes. To prove miR-221 could regulate chondrogenesis negatively, this group used 

antagomiR-221 to drive the chondrogenic differentiation of MSCs in a conventional 2D 
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method which was less effective than the 3D pellet method. However, after 2 weeks of 

differentiation without TGFβ treatment, the MSCs exposed to antagomiR-221 decreased the 

protein expression levels of COL1, while increased the expression of COL2 and SOX9 in a 

time-dependent manner (Lolli et al. 2014). This result indicated that miR-221 might be a 

hopeful target for cartilage regeneration. 

MiR-221 was reported to regulate cancer development by promoting proliferation, migration, 

invasion, and metastasis of tumor cells (Song et al. 2019). In the present study, miR-221-3p 

was also shown to promote the proliferation of chondrocytes base on the result of 

xCELLigence although the result was not statistically different. The potential explanation 

was that miR-221-3p could inhibit the expression of CDKN1B/p27. Similarly, Wang et al also 

showed that EVs containing miR-221-3p could promote chondrocyte proliferation versus the 

corresponding control by using CCK-8 assay, while the exact mechanism was not further 

reported (Wang et al. 2020).  

MiR-221 is special due to its mechanosensitive characteristic and its expression in cartilage 

can be modulated by mechanical loading. For example, Dunn et al found miR-221 expression 

was up-regulated in bovine articular cartilage bearing greater weight stress (Dunn et al. 2009). 

Recently, Hecht et al compared the miRNA expression profiles in human chondrocytes 

under “beneficial” and “non-beneficial” loading regimes and miR-221 was found to be 

increased in both of these two distinct loading modes compared to the unloaded control 

(Hecht et al. 2019). Osteoarthritis has been generally regarded as a whole joint disease with 

the crucial feature of abnormal bone and cartilage remodeling under daily mechanical loading 

instead of a simple result of wear and tear (Loeser et al. 2012). Although mechanical 

transduction from cartilage to the subchondral bone plays an indispensable role in the 

remodeling process of subchondral bone, the exact mechanism of how the biological signals 

induced by mechanical stress in cartilage are transferred to subchondral bone is still to be 

elucidated. 

Interestingly, the present study identified five potential targets of miR-221-3p through three 

public databases, namely CDKN1B/p27, TIMP3, ARNT, RUNX2 and TCF4. All these genes 

were downregulated in miR-221-3p overexpressed chondrocytes and osteoblasts. As 

mentioned above, CDKN1B/p27 is an inhibitor of cyclin-dependent kinase and miR-221-3p 

could inhibit its expression in chondrocytes and further promote chondrocyte proliferation. 

It was also reported CDKN1B/p27 could be active in osteoblasts and osteosarcoma cell lines 

(Hu et al. 2019). As a result, miR-221-3p can be a promising target to modulate the 

proliferation of osteoblasts and further affect osteoblast mediated bone formation. 
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TIMP3 is a member of the tissue inhibitor of the metalloproteinases family and is well known 

to inhibit the expression of various MMPs, which could further affect extracellular matrix 

(ECM) remodeling (Nakamura et al. 2020). More importantly, TIMP3 was initially found as 

a tumor suppressor and also a possible inhibitor of angiogenesis with or without MMPs 

inhibition. Meanwhile, it was also identified as a direct target of miR-221 in various cancer 

cells (Gan et al. 2014; Zhang et al. 2015). Recently, TIMP3 was found to interact with vascular 

endothelial growth factor receptor 2 directly, a process through which TIMP3 could exert its 

antiangiogenic effect (Qi und Anand-Apte 2015). In the present experiment, it was also 

found that both chondrocytes and osteoblasts transfected with miR-221-3p mimic expressed 

more VEGFB compared with control, and this might provide another explanation for the 

angiogenesis effect of miR-221-3p. Moreover, Poulet et al establishment a transgenic mouse 

line by using the Col2a1-chondrocyte promoter, which could overexpress TIMP3 in 

chondrocytes. The overexpression of TIMP3 in cartilage could compromise the tibial bone 

structure and mechanical properties, and this suggested TIMP3 might participate in the 

regulation of cartilage and bone via specific paracrine pathways (Poulet et al. 2016). 

Considering both MMPs induced ECM remodeling and VEGFR mediated angiogenesis can 

be affected by TIMP3, further research on this target of miR-221-3p would be helpful to 

understand the role of miR-221-3p in the remodeling of cartilage and subchondral bone.  

RUNX2 is a transcription factor that plays a crucial role in the process of chondrocyte 

hypertrophy and terminal maturation as well as in osteoblast differentiation during 

endochondral bone formation (Komori 2018). Overexpression of RUNX2 could activate 

the expression of protein catabolic enzymes, such as MMP13 and ADAMTS5 directly, or 

through participating in different singling pathways, for example, Wnt signal pathway and 

NF-κB pathway (Dong et al. 2006; Chen et al. 2012; Chern et al. 2020). The expression of 

RUNX2 was increased in OA cartilage, while the normal RUNX2 expression in healthy 

articular cartilage is minimal (Kamekura et al. 2005; Kamekura et al. 2006). In the present in 

vitro OA model, it was proven that RUNX2 expression was significantly upregulated, while 

chondrocytes transfected with miR-221-3p mimic showed downregulation of RUNX2. At the 

same time, the osteoblasts cocultured with chondrocytes directly or EVs isolated from 

chondrocytes indirectly showed repressed osteogenic capability in the miR-221-3p mimic 

treated group. This result was consistent with previous studies that miR-221 played an 

important part in osteogenic differentiation and bone formation by modulating RUNX2 

expression (Zhang et al. 2017). Therefore, RUNX2 as a target of miR-221-3p can be a 

potential target for therapeutics of OA by preventing cartilage degradation and osteophyte 

formation. Although further studies are required due to its complex regulatory function.  
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Although most of the experiments in vitro so far have been completed in the incubator with 

normal oxygen levels (21%), most tissues and cells in our body live in a hypoxia environment 

depending on the specific route to receive oxygen from vessels(Pfander und Gelse 2007). 

Especially, the articular cartilage could only obtain oxygen from the synovial fluid directly 

and the microchannels of the subchondral bone indirectly, and is well known as hypoxic 

tissue due to the avascular nature (Treuhaft und MCCarty 1971; Kiaer et al. 1988). Previous 

studies have implicated hypoxia-inducible factors (HIFs) as the most important gene 

regulatory factors when facing hypoxic conditions (Qing et al. 2017). HIF-1 is known as a 

heterodimer consisting of HIF-1α and HIF-1β (Wang et al. 1995). Extensive evidence has 

demonstrated that HIF-1α is necessary to the survival of chondrocytes in cartilage, and its 

expression can be increased in OA joint due to less oxygen in the synovial fluids compared 

to healthy joint (Levick 1990; Biniecka et al. 2010). Meanwhile, it was found that HIF-1α can 

not only be modulated by hypoxia but also proinflammatory mediators and mechanical load 

in articular chondrocytes (Giatromanolaki et al. 2003; Coimbra et al. 2004).  

However, compared to the ample studies and deep understanding of  HIF-1α,  another 

subunit HIF-1β, also called ARNT was less reported. In theory, the HIF-1α/ ARNT 

complex is the main regulator which is responsible for the adaptive responses to low oxygen 

tension. As a result, it is reasonable to consider ARNT as a putative treatment target while 

studying the HIF pathway (Chen et al. 2019). However, ARNT was thought of as 

constitutively expressed, and hypoxia-dependent upregulation of ARNT was much more like 

a cell-type-specific phenomenon (Mandl und Depping 2014). Besides, although Yuan et al 

found that miR-221 could affect hepatocyte proliferation by targeting ARNT which could 

further regulated p27 expression. The whole process was most likely independent of hypoxia 

(Yuan et al. 2013). In this study, ARNT was predicted and identified as a target of miR-221-

3p and it was downregulated in cells transfected with miR-221-3p mimic. Given that the HIF 

pathway is related to various biological processes such as erythropoiesis (Krock et al. 2015), 

angiogenesis (Chen et al. 2016), and chondrocyte metabolism (Hwang et al. 2017), miR-221-

3p might participate in the modulation of cartilage and bone remodeling by targeting ARNT. 

To understand the role of ARNT in the HIF pathway and OA pathogenesis, further research 

in a hypoxic environment is necessary on the mechanism of the hypoxia-dependent 

regulation of ARNT.  

TCF4 also called tcf7l2, is well known for its participation in the modulation of the Wnt/β-

catenin pathway (Bengoa-Vergniory und Kypta 2015). During the transduction of the 

Wnt/β-catenin pathway, Wnt–FZD interactions could prevent β-catenin from degradation, 
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and accumulated β-catenin in the cytoplasm will be translocated to the nucleus, where it 

stimulates downstream gene expression by combining the transcriptional complex 

TCF/LEF. As a result, miRNAs that could affect the mRNA level of TCF/LEF negatively 

may modulate the signal transduction of the Wnt pathway and further affect the metabolism 

of chondrocytes and synoviocytes which will aggravate the pathogenesis of OA. MiR-221 

was reported to modulate Wnt/β-catenin pathway by targeting TCF4 directly and thus to 

enhance aggressiveness and triple-negative breast cancer (TNBC) properties of breast 

cancers (Liu et al. 2018). However, no studies reported the result of miR-221 mediated TCF4 

inhibition in the OA field although a series of studies have demonstrated that the Wnt 

pathway participates in the process of chondrogenic and osteogenic differentiation during 

skeletal development. The Wnt pathway plays a vital role in the hypertrophic pathogenesis 

of chondrocytes, which is also an important pathological process in OA (Zhou et al. 2017). 

Present results showed the inhibition effect of miR-221-3p on the bone formation capacity 

of osteoblasts can be caused by the crucial role of TCF4 in the classical Wnt pathway (Wang 

et al. 2019).  

Therefore, miR-221-3p might regulate the metabolism of  bone and cartilage in the knee joint 

by inhibiting the aforementioned targets and thus affect the pathophysiology of  OA. 

 

4.4. MiR-221-3p loaded EVs in cell-cell communication 

MiR-221-3p could participate in the regulation of chondrocytes and osteoblasts based on 

experimental results. In brief, chondrocytes transfected with miR-221-3p mimic for 48 hours 

could inhibit the expression of catabolic genes MMP13 and ADAMTS5, promote 

chondrocyte proliferation and stimulate the expression of VEGFB, all of which tended to a 

protective role in chondrocytes. Meanwhile, osteoblasts transfected with miR-221-3p mimic 

for 2 weeks showed a significantly inhibited osteogenic capacity due to downregulated 

osteogenic markers COL1A1, RUNX2, and OCN. At the same time, the mineralized nodule 

formation of  osteoblasts illustrated by Von Kossa and Alizarin red staining showed the same 

trend as the qRT-PCR results. According to our results, miR-221-3p was found to inhibit the 

targets CDKN1B/p27, TIMP3, ARNT, RUNX2, and TCF4 in both chondrocytes and 

osteoblasts and these targets could partially explain the functional mechanism of  miR-221-

3p. However, as discussed above, miR-221-3p was mechanosensitive in cartilage (Hecht et al. 

2019; Stadnik et al. 2021). More importantly, signal communication between bone and 

cartilage through microchannels crossing the bone-cartilage interface plays a vital role in OA 

pathogenesis (Taheri et al. 2021). Recently, miRNAs contained in the cargo of EVs, which 
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could inhibit the expression of target messenger RNA (mRNA) through the RNA-induced 

silencing complex (RISC) induced posttranscriptional repression, have been reported to 

participate in the intercellular signal transduction through a paracrine mechanism and thus 

affect the metabolism of recipient cells (Valadi et al. 2007; Bartel 2009; Tkach und Théry 

2016).  More importantly, the bilayer of EVs could protect miRNAs from RNase-induced 

degradation during the transportation process (Mause und Weber 2010). Hence, it is 

reasonable to speculate that chondrocytes could communicate with osteoblasts via miRNAs 

transported by EVs. The present study cocultured these two cell types in an in vitro model， 

and the results indicated a direct transfer of miR-221-3p loaded EVs to osteoblasts with 

inhibited osteogenic markers expression of COL1A1 and RUNX2, while the OCN was not 

inhibited due to specific role as a late marker for bone formation (Boskey et al. 1985). As 

previously mentioned, the cargo of EVs contains not only various proteins but also diverse 

RNAs and DNA, during which, miRNAs mediated signal transduction aroused great interest 

in scientists (Bertoli et al. 2015). Therefore, EVs were isolated from the chondrocytes pre-

transfected with miR-221-3p mimic and used to treat osteoblasts directly. The results showed 

inhibited bone formation capacity of osteoblasts after 48 hours’ culture in ODM and the 

osteogenic markers COL1A1, RUNX2, and OCN were also significantly inhibited. At the 

same time, three concentration gradients of EVs for the experiment (108 particles/5.0 x 104 

cells, 109 particles/5.0 x 104 cells, and 1010 particles/5.0 x 104 cells) were adopted respectively 

and it was intrigued to find only the middle concentration could inhibit the osteogenic 

markers, while too more or too few particles of EVs didn’t show the same effect. The result 

caused by a lower concentration could be accepted because underdosing seems an ideal 

interpretation, while the result caused by the higher concentration is not easy to explain. 

Limited literature explained this concentration-dependent phenomenon as the “Bimodal 

dose-dependence effect” which is a known effect in pharmacology (Bettermann et al. 2001; 

Sverdlov 2012). Although many studies have focused on the role of EVs in delivering 

biological molecules to affect the recipient cells in different fields, so far, it is still not clear 

what should be the best ratio of EVs/recipient cells to mimic physiological conditions. One 

reason could be the various methods to determine the EVs concentrations. For example, 

protein content and  vesicle number are the most commen methods to quantify the EVs. 

Meanwhile, the exact research models depending on the tissue and cell types may also affect 

the exact amount of EVs to induce significant biological effect. Besides, EVs contents could 

also be changed under different contexts which means EVs under the same concentration 

might cause a different effect on the recipient cells. All of above factors may cause the 
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difference in the dose of EVs used in different studies. Therefore, considering a specific 

experimental context, it is reasonable to find a suitable concentration for own experiments.   

Previous studies have shown a protective role of miR-221-3p in OA cartilage as discussed 

above. However, most research just focused on cartilage and didn’t consider the knee joint 

as a whole. For example, Zheng et al concluded that miR-221-3p was a novel potential 

therapeutic target for osteoarthritis only based on their research evidence of miR-221-3p in 

chondrocytes without considering subchondral bone or other tissues in knee joint (Zheng et 

al. 2017). OA is a wear and tear disease affected by long-time mechanical stress in essence 

and both cartilage and subchondral bone contribute to the conduction and dispersion of 

stress. Therefore, the communication of chondrocytes and osteoblasts in these two 

compartments plays a vital role in the initiation and progression of knee joint OA. 

Based on the above results, we conclude that the bone formation capacity of  osteoblasts 

could be regulated by the signal of  miR-221-3p transferred by chondrocytes secreted EVs 

(Figure 28).  

 
Figure 28: Schematic diagram of r-ACCs secreted EVs mediated by miR-221-3p affect 
r-OBs. Knee joint function is affected by mechanical stress. Articular cartilage destruction 
and subchondral bone sclerosis are hallmarks of OA and their interaction can play a crucial 
role in the initiation and progress of OA. The miR-221-3p expression can be regulated by 
both anabolic and catabolic loading. Meanwhile, miR-221-3p expression was demonstrated 
to be decreased in OA cartilage chondrocytes and abnormal miR-221-3p in chondrocytes may 
affect subchondral bone development through paracrine signals, such as EVs. 
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4.5. Limitations 

There are also some limitations to this research. First of all, the mimic transfection method 
to overexpress miR-221-3p in chondrocytes can’t fully simulate the real dynamic gene 
expression in vivo, so much more sophisticated methods would be required. Although we 
have predicated several targets through the online public databases, and test their expression 
by qRT-PCR, luciferase reporter assays would be necessary to identify the direct targets.  
Furthermore, a stable cell line overexpressing miR-221-3p would be ideal to obtain a constant 
expression and secretion of EVs. However, the cell line of chondrocytes always loss the 
biochemical characteristics compared to primary chondrocytes, especially the expression of 
COL2. Although present results demonstrated that miR-221-3p loaded EVs were involved in 
the communication between chondrocyte and osteoblasts in vitro, the detailed routes of how 
EVs are transferred across the cartilage-bone interface and the exact mechanism of how miR-
221-3p inhibited the osteogenic capability of osteoblasts requires further exploration. Further 
studies are required to explore the effects of EVs mediated miR 221-3p in OA by affecting 
subchondral bone remodelling under mechanical loading in vivo. In the end, hundreds of 
miRNAs will participate in the regulation of joint homeostasis, and each miRNA also inhibits 
many different targets which will affect various signaling pathways at the same time. As a 
result, how to integrate the complex pathophysiological process into one simple approach 
would be crucial in future research.  
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5. Summary 

Osteoarthritis is a whole joint disease manifested by cartilage degeneration and bone-cartilage 

communication plays a vital role in the disease progression. However, the knowledge of how 

the signal transduction from chondrocytes to osteoblasts happens is limited. Recently, miR-

221-3p was demonstrated to be mechanosensitive in cartilage chondrocytes and extracellular 

vesicles have been deeply researched for a specific role in cell-cell communication. This thesis 

aimed to investigate the putative role of miR-221-3p modified extracellular vesicles in 

chondrocytes-osteoblasts communication. Chondrocytes and osteoblasts were isolated and 

identified from newborn rats. Then an in vitro osteoarthritis model was established with IL-

1β treated chondrocytes. Catabolic genes including MMP13, ADAMTS5, and COX2 were 

shown to be upregulated by qRT-PCR in IL-1β treated r-ACCs, while the anabolic gene 

SOX9 was downregulated. Western blot analyses further confirmed that COX2 was 

overexpressed in the IL-1β treated chondrocytes. Meanwhile, miR-221-3p expression was 

detected to be downregulated in this model. Furthermore, miR-221-3p was overexpressed in 

chondrocytes through transfection with miR-221-3p mimic and transfection efficiency was 

verified through inhibition level of various targets including CDKN1B/p27, TIMP3, ARNT, 

RUNX2, and TCF4 by qRT-PCR. Subsequently, chondrocytes and osteoblasts were 

cocultured directly in the transwell for 48 hours to explore their communication in vitro. The 

qRT-PCR result demonstrated that miR-221-3p overexpressed chondrocytes inhibited 

osteogenic markers of osteoblasts compared with the scrambled control. More importantly, 

the expression of miR-221-3p was significantly increased in osteoblasts, while the relevant 

targets of miR-221-3p were markedly decreased. To further explore the mechanism that how 

chondrocytes communicated with osteoblasts, extracellular vesicles were isolated from 

chondrocyte supernatant through PEG precipitation. Nanoparticle tracking analysis 

demonstrated that the size distribution of most extracellular vesicles ranged from 100 to 200 

nm and characteristic marker CD81 was positively expressed in extracellular vesicles based 

on western blot analysis. Thereafter, osteoblasts were treated with extracellular vesicles 

isolated from chondrocytes modified with miR-221-3p mimic or scrambled control for 48 

hours, and the osteogenic capacity of osteoblasts was significantly inhibited. The results 

indicated a direct functional communication between chondrocyte and osteoblasts via 

extracellular vesicles. Therefore, this thesis gives some insight into the effect of miR-221-3p 

in osteoblast-chondrocyte communication via extracellular vesicles. In conclusion, the study 

indicated that miR-221-3p transferred by extracellular vesicles may be a novel regulator and 

play a vital role in the pathophysiological process of osteoarthritis. 
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