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Abstract 27 

 28 

As a chronic joint disease, osteoarthritis (OA) is a major contributor to pain and disability 29 

worldwide, and yet there are currently no validated soluble biomarkers or disease-modifying 30 

treatments. Since microRNAs are promising mechanistic biomarkers that can be therapeutically 31 

targeted, we aimed to prioritize reproducible circulating microRNAs in knee OA. We performed 32 

secondary analysis on two microRNA-sequencing datasets and found circulating miR-126-3p to 33 

be elevated in radiographic knee OA compared to non-OA individuals. This finding was 34 

validated in an independent cohort (N=145), where miR-126-3p showed an area under the 35 

receiver operating characteristic curve of 0.91 for distinguishing knee OA. Measuring miR-126-36 

3p in six primary human knee OA tissues, subchondral bone, fat pad and synovium exhibited 37 

the highest levels, and cartilage the lowest. Following systemic miR-126-3p mimic treatment in a 38 

surgical mouse model of knee OA, we found reduced disease severity. Following miR-126-3p 39 

mimic treatment in human knee OA tissue explants, we found direct inhibition of genes 40 

associated with angiogenesis and indirect inhibition of genes associated with osteogenesis, 41 

adipogenesis, and synovitis. These findings suggest miR-126-3p becomes elevated during knee 42 

OA and mitigates disease processes to attenuate severity. 43 

 44 

 45 
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Introduction 53 

 54 

Osteoarthritis (OA) is a highly prevalent chronic joint disease that is estimated to reach up to 1 55 

billion cases worldwide by 2050, with the knee being the most commonly affected joint1. 56 

Classically characterized by cartilage degradation2, current understanding presents OA as far 57 

more complex, with knee OA involving multiple other joint tissues including subchondral bone, 58 

synovium, fat, ligaments and meniscus3. There are presently no approved disease-modifying 59 

OA drugs (DMOADs), with treatments limited to symptom management before surgical 60 

interventions are ultimately indicated4. As such, there is a need to identify minimally-invasive 61 

molecular biomarkers that can be used to detect OA when opportunities for preventative 62 

interventions still exist4, and to better stratify individuals for recruitment to clinical trials 63 

evaluating DMOADs. MicroRNAs – small, non-coding RNA molecules – have emerged as a 64 

promising new class of biomarkers with the potential to meet this need5.  65 

 66 

As biomarkers, microRNAs have numerous advantages5. First, they are accessible via 67 

minimally-invasive liquid biopsies, as compared to more invasive synovial fluid or tissue 68 

biopsies6. Second, their short length (20-24 nucleotides) and frequent encapsulation in 69 

microvesicles make them resistant to enzymatic degradation and more stable than other 70 

molecules6. Third, microRNAs can be reliably quantified such that small changes can be linked 71 

to disease outcomes7. Fourth, microRNAs show tissue-specific expression patterns, making it 72 

possible to map their role in complex diseases8. Fifth, microRNAs are known drivers of OA 73 

pathology, and their expression precedes phenotypic changes in tissues9. MicroRNAs are 74 

already in clinical use as biomarkers for musculoskeletal disorders such as osteoporosis10. 75 

Despite the potential of circulating microRNAs to serve as biomarkers of knee OA, a lack of 76 

reproducibility across microRNA profiling studies continues to be a hurdle to clinical translation. 77 

 78 
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Beyond biomarkers, microRNAs are important epigenetic factors with mechanistic roles in 79 

musculoskeletal health and disease, and therefore represent promising therapeutic targets11. 80 

Produced in cells throughout the body, microRNAs are encoded in host genes and transcribed 81 

as primary stem loop structures (pri-microRNAs) that undergo enzymatic processing in the 82 

nucleus followed by transport to the cytoplasm to become mature microRNAs12. Primarily 83 

functioning to inhibit gene target expression through direct seed sequence binding, microRNAs 84 

are known to impact a variety of disease processes in OA, including inflammation, extracellular 85 

matrix dysregulation, and cell death and proliferation9, 11, 13. A notable therapeutic advantage of 86 

microRNAs, they can be readily modulated with small molecules in a targeted manner14, 15.  87 

 88 

The gold standard for microRNA discovery is sequencing, which enables sensitive, specific, and 89 

high-throughput quantification of microRNAs in a given biospecimen16. To date there are only 90 

two published microRNA-sequencing studies that have evaluated circulating microRNAs 91 

between individuals with and without OA17, 18. The first study reported no significant differences 92 

in OA plasma extracellular vesicle microRNAs17, and the second study reported three 93 

differentially expressed (DE) microRNAs in OA serum, none of which were validated in 94 

subsequent experiments18. In the current study, we leveraged a customized microRNA-95 

sequencing analysis pipeline16 to re-analyze these two datasets in search of reproducible 96 

circulating microRNAs associated with knee OA, and prioritized miR-126-3p. We then 97 

characterized miR-126-3p levels and potential mechanisms of action using both primary human 98 

knee OA tissues and a surgical mouse model of knee OA. Overall, our findings suggest miR-99 

126-3p becomes elevated during knee OA as a mechanism to mitigate disease processes and 100 

attenuate OA severity. 101 

 102 

 103 

 104 
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Results 105 

 106 

Circulating miR-126-3p is elevated in knee OA versus non-OA in independent cohorts 107 

Taking an unbiased approach to identifying circulating microRNAs associated with knee OA 108 

versus non-OA, we leveraged two existing microRNA-sequencing datasets. These studies 109 

comprised Cohort 1 from Norway17 and Cohort 2 from France18 that previously reported zero 110 

and three DE microRNAs, respectively, none of which were subsequently validated. Leveraging 111 

the raw data from these studies, we performed secondary analysis using a customized 112 

microRNA-sequencing pipeline16 developed in previous studies7, 19 (Figure 1A). Specifically, we 113 

first defined knee OA based on Kellgren-Lawrence (KL) radiographic grade20, considering KL 3 114 

or 4 as knee OA, and KL 0 as non-OA controls. These definitions were more stringent than 115 

those used in the original analyses, which for example, included KL 1 for controls18. Next, we 116 

performed a two-step read alignment, utilizing both miRBase v22.1 and the human reference 117 

genome (GRCh38), which captured additional microRNA reads that would otherwise not be 118 

aligned using a single reference database16. We then performed filtering to select microRNAs 119 

with a minimum of ten counts-per-million (CPM) in two or more samples and normalized the 120 

counts to total aligned sequences, consistent with previous studies7, 19. Differential expression 121 

analysis identified 23 microRNAs in OA versus non-OA individuals from Cohort 1 and 82 122 

microRNAs from Cohort 2 at p < 0.1, with three DE microRNAs in common: miR-126-3p, miR-123 

30c-2-3p, and miR-144-5p (Figure 1A). Amongst these three microRNAs, miR-126-3p exhibited 124 

the highest CPM (i.e., abundance), showed a consistent positive fold change in OA versus non-125 

OA, and had the lowest p-value in both cohorts (Figure 1B). This data-driven discovery of 126 

circulating miR-126-3p in radiographic knee OA led us to prioritize it for further characterization. 127 

 128 

 129 

 130 
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Circulating miR-126-3p can accurately distinguish radiographic knee OA 131 

To investigate miR-126-3p as a candidate biomarker for radiographic knee OA, we sought to 132 

define the patient population in which it is elevated using our Henry Ford Health (HFH) OA 133 

Cohort, a collection of primary human biofluids, tissues, and clinicodemographic data from 134 

consenting patients undergoing knee or hip arthroplasty or arthroscopy (Supplemental Table 135 

1). After stratifying by joint (knee or hip) and KL grade, we measured miR-126-3p in plasma by 136 

real-time polymerase chain reaction (RT-PCR) and found that it was significantly elevated in KL 137 

≥ 2 knee OA versus non-OA (controls with no evidence of OA), while notably, there was no 138 

increase in hip OA (Figure 2A). Since both microRNA levels21 and OA outcomes22 are 139 

influenced by age, sex, and body mass index (BMI), we next assessed the association of these 140 

variables with plasma miR-126-3p levels within knee OA patients using multiple linear 141 

regression analysis and found no association, whereas KL grade showed a significant positive 142 

association (Figure 2B). To assess the extent to which plasma miR-126-3p could be used to 143 

distinguish radiographic knee OA, we performed area under the receiver operating 144 

characteristic curve (AUC) analysis and found models including miR-126-3p had ‘excellent’ 145 

accuracy in distinguishing KL ≥ 2 knee OA from hip OA (AUC = 0.91, sensitivity = 0.91, 146 

specificity = 0.71; Figure 2C). This comparison was chosen since knee and hip OA groups 147 

exhibit similar clinicodemographic composition (Supplemental Table 1) but different plasma 148 

miR-126-3p levels (Figure 2A), where hip OA levels are similar to those in non-OA individuals. 149 

Based on its reproducibility across cohorts and accuracy in distinguishing KL ≥ 2 knee OA, our 150 

findings suggest circulating miR-126-3p is a promising candidate biomarker for radiographic 151 

knee OA. 152 

 153 

Circulating miR-126-3p originates from knee OA fat pad and synovium 154 

To assess the specificity of circulating miR-126-3p to knee OA, we measured mature miR-126-155 

3p and its primary transcript (pri-mir-126) by RT-PCR in subchondral bone, infrapatellar fat pad 156 
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("fat pad”), synovium, anterior cruciate ligament, meniscus, and articular cartilage from 157 

individuals with OA undergoing total knee arthroplasty. First, we found mature miR-126-3p 158 

levels were highest in subchondral bone, fat pad and synovium as compared to cartilage, the 159 

tissue with the lowest average levels (Figure 3A). Second, we compared tissue miR-126-3p 160 

levels to plasma levels in matched samples and found significant positive correlations for 161 

subchondral bone, fat pad and synovium only (Supplemental Table 2). Third, we found pri-mir-162 

126 expression was highest in fat pad and synovium, suggesting active transcription in these 163 

tissues, and relatively low in subchondral bone given its high levels of mature miR-126-3p 164 

(Figure 3B). Based on these findings, we hypothesized fat pad is a putative source of 165 

circulating miR-126-3p, while subchondral bone is a putative sink. We next measured secretion 166 

of mature miR-126-3p over time by each of the six knee OA tissues ex vivo. Conditioned media 167 

from tissue explants was collected after 24, 48, and 72 hours of culture, and miR-126-3p 168 

measured by RT-PCR (Figure 3C). We found miR-126-3p in fat pad conditioned media 169 

increased over time, whereas levels in subchondral bone conditioned media decreased, 170 

supporting our hypothesis of fat pad as a putative source (Figure 3D). We also found miR-126-171 

3p in synovium conditioned media increased over time, suggesting it may be acting as a 172 

secondary source (given its lower levels) of miR-126-3p (Figure 3D). Taken together these data 173 

link circulating miR-126-3p to knee OA tissues, with fat pad and synovium as putative source 174 

tissues, and subchondral bone as a putative sink.  175 

 176 

miR-126-3p attenuates the severity of knee OA in a surgical mouse model 177 

To investigate the effect of miR-126-3p on knee OA in vivo, we leveraged an established 178 

surgical mouse model comprising partial medial meniscectomy (PMX)23, 24 or sham surgery 179 

(Figure 4A). We compared miR-126-3p in plasma from PMX versus sham mice at four weeks 180 

post-surgery (16 weeks) and found an average 2.3-fold increase relative to pre-surgical levels 181 

(12 weeks; Figure 4B). This suggests knee OA is sufficient to induce elevated circulating miR-182 
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126-3p and supports the use of the PMX model for evaluating effects of miR-126-3p modulation 183 

on knee OA. Beginning four weeks post-operatively to approximate moderate knee OA24 (i.e., 184 

KL ≥ 2, when circulating miR-126-3p becomes elevated in humans; Figure 2A), weekly tail vein 185 

injections of 5 µg miR-126-3p mimic, inhibitor or negative control were delivered. After sacrifice 186 

(20 weeks), we performed OARSI histopathology scoring on Safranin-O stained sections of 187 

knee joints, where higher values reflect more cartilage damage25. We found miR-126-3p mimic 188 

treatment mitigated OA in PMX mice as compared to both miR-126-3p inhibitor and negative 189 

control treatments (Figure 4C,D). We also performed synovitis scoring (where higher values 190 

reflect more synovitis26) and similarly found better outcomes with miR-126-3p mimic in PMX 191 

mice as compared to miR-126-3p inhibitor (Figure 4E,F). There was no notable effect of these 192 

treatments in the sham groups for either outcome. Taken together, these data suggest that 193 

systemic delivery of miR-126-3p improves knee OA outcomes in a preclinical model.  194 

 195 

Direct and indirect gene regulation by miR-126-3p in knee OA  196 

Based on previous literature in vascular systems, miR-126-3p is expressed by endothelial cells 197 

and functions to regulate angiogenesis27. We therefore identified validated direct gene targets of 198 

miR-126-3p associated with angiogenesis from the literature27, 28, 29, 30, 31, 32, 33 for assessment in 199 

the context of knee OA. Using RT-PCR, we first confirmed effective modulation of miR-126-3p 200 

in primary human knee OA subchondral bone, fat pad and synovium tissue explants following 201 

transfection with 100 nM miR-126-3p mimic (Figure 5A,B). We next measured changes in 202 

expression of Sprouty related EVH1 domain containing 1 (SPRED1), which is reported to inhibit 203 

angiogenesis27, 28, as well as A disintegrin and metalloproteinase domain 9 (ADAM9)29 and 204 

insulin receptor substrate 1 (IRS1)30, which are reported to enhance angiogenesis31, 32, 33. As 205 

expected of the inhibitory effect of microRNAs on their direct gene targets, we found reduced 206 

expression of all three genes with miR-126-3p mimic, except IRS1 in synovium (p = 0.18; 207 

Figure 5C-E). While this leaves the net effect on angiogenesis unclear, we found that miR-126-208 
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3p lines blood vessels in each of the three tissue types, suggesting it may play a role in 209 

angiogenesis during knee OA (Supplemental Figure 1). Since angiogenesis is associated with 210 

knee OA outcomes34, we next investigated OA processes in each of subchondral bone, fat pad, 211 

and synovium that have been reported as secondary to angiogenesis34, 35. Following treatment 212 

with miR-126-3p mimic, we found decreased gene expression of osteocalcin (OCN), osterix 213 

(OSX) and runt-related transcription factor 2 (RUNX2) in subchondral bone (Figure 5F); 214 

decreased leptin (LEP), adiponectin (ADIPOQ) and a trend towards decreased 215 

CCAAT/enhancer-binding protein-alpha (CEBPA; p = 0.11) in fat pad (Figure 5G); and 216 

decreased interleukin 1 beta (IL1b), interleukin 6 (IL6) and tumor necrosis factor alpha (TNFa) in 217 

synovium (Figure 5H). Although likely through indirect mechanisms, these findings suggest 218 

miR-126-3p may mitigate knee OA by attenuating the osteogenesis associated with sclerosis 219 

and osteophytosis36, the adipogenesis associated with metabolic and signaling perturbations37, 220 

and the inflammatory response associated with synovitis38 (Figure 6). 221 

 222 

Discussion 223 

 224 

The objective of this study was to identify reproducible microRNAs as candidate mechanistic 225 

biomarkers for knee OA. With a data-driven approach, we leveraged a customized pipeline for 226 

microRNA-sequencing analysis16 and two previously published datasets17, 18 to prioritize 227 

circulating microRNAs in knee OA. We discovered and characterized miR-126-3p as a putative 228 

mechanistic biomarker for KL ≥ 2 knee OA, a stage considered to be moderate OA39, when 229 

opportunities for intervention to prevent or delay progression to end-stage disease still exist. 230 

This type of minimally-invasive and cost-effective biomarker could be useful for recruitment of 231 

more homogenous patient populations to clinical trials testing novel DMOADs or other OA 232 

therapies, including those focused on mitigating aberrant angiogenesis40, 41. In support of our 233 

finding, a previous study from Mexico reported increased levels of miR-126 in plasma from 234 
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individuals with KL 2 and 3 knee OA42. Together with our HFH OA Cohort in the USA, this totals 235 

four independent datasets from four countries consistently showing elevation of miR-126-3p in 236 

knee OA versus non-OA controls, representing unprecedented reproducibility for a putative 237 

microRNA biomarker in the OA field to date5. Moreover, with respect to biofluids, two cohorts 238 

measured miR-126-3p in plasma42, one in serum18, and one in plasma extracellular vesicles17, 239 

and with respect to assays, two cohorts used sequencing17, 18, one used RT-PCR array42, and 240 

one used RT-PCR. Although low sample sizes limited statistical significance in the sequencing 241 

data after false-discovery-rate correction43, the diversity in biofluids and assays supports the 242 

robustness of our finding and points to the clinical utility of miR-126-3p as a biomarker wherein it 243 

could be measured in any readily accessible blood fraction using a common RT-PCR assay. 244 

Inclusion of miR-126-3p into composite biomarker profiles has proven useful for diseases like 245 

cancer44, suggesting the accuracy of our miR-126-3p model (AUC = 0.91) could be 246 

strengthened by including other emerging sensitive and specific biomarkers for knee OA (e.g., 247 

CRTAC15) to improve identification of individuals with knee OA.  248 

 249 

MicroRNAs are known to play important regulatory roles in biological processes that impact 250 

disease9, 11. Since microRNAs typically function to inhibit expression of their direct gene targets 251 

in a tissue-dependent manner8, we again undertook a data-driven approach to prioritizing knee 252 

OA tissues for further characterization of miR-126-3p. This proved to be an advantage over OA 253 

studies that focus on cartilage a priori, as our profiling of six different knee tissues revealed 254 

roles for subchondral bone, fat pad, and synovium, and relatively low levels of miR-126-3p in 255 

cartilage. A previous study exploring miR-126-3p in cartilage reported reduced levels in OA 256 

versus control and in old versus young cartilage45, whereas we found increased miR-126-3p 257 

levels in OA versus control plasma, and no association with age. Since we did not identify 258 

correlations between plasma and cartilage miR-126-3p levels in matched samples, the 259 

mechanisms governing miR-126-3p in cartilage may be distinct, particularly since cartilage is 260 
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avascular and miR-126-3p is primarily expressed by endothelial cells27, 46. Our findings support 261 

the view of OA as a disease of the whole joint and put forth a role for tissue crosstalk with fat 262 

pad and synovium as potential source tissues of miR-126-3p and subchondral bone as a 263 

potential sink tissue. While our investigation into source and sink tissues was not exhaustive 264 

across the body, and more definitive experiments are required (e.g., tracing labeled microRNAs 265 

from source to sink47), data from our preclinical model suggest moderate knee OA is sufficient to 266 

produce elevated circulating levels of miR-126-3p. In support of fat pad as a putative source 267 

tissue, adipose-derived microRNAs are known to be a source of circulating microRNAs that can 268 

regulate genes in other tissues48. Similarly, in support of synovium as a putative source tissue 269 

and subchondral bone as a putative sink tissue, synovium-derived miR-126-3p-rich exosomes 270 

have been shown to attenuate subchondral bone phenotypes in an OA rat model49. In sum, we 271 

identified subchondral bone, fat pad and synovium as the most relevant tissues for 272 

understanding mechanisms of miR-126-3p in knee OA.  273 

 274 

With evidence to support elevated circulating levels of miR-126-3p originating at least in part 275 

from knee OA tissues, we next used a preclinical model to investigate effects on knee OA 276 

outcomes and found systemic miR-126-3p mimic reduced cartilage damage and synovitis. 277 

These findings are consistent with the only other study exploring miR-126-3p in knee OA in vivo, 278 

reporting reduced osteophyte formation, cartilage degeneration and synovial inflammation in a 279 

surgical rat model following intra-articular delivery of exosomes carrying miR-126-3p49. Taken 280 

together this suggests that miR-126-3p has a pro-resolving effect in knee OA and may become 281 

elevated at KL ≥ 2 to mitigate disease processes. Though additional experiments are required to 282 

investigate the therapeutic potential of miR-126-3p, these data suggest there may be value in 283 

administering it earlier in the disease course (KL < 2) or at higher levels later in the disease 284 

course to improve knee OA outcomes. MicroRNAs are known to be promising therapeutic 285 

targets, with several clinical trials testing microRNA mimic-based treatments for conditions such 286 
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as keloid disorders50, mesothelioma51 and advanced solid tumors52. Efforts are ongoing to 287 

overcome obstacles limiting microRNA-based therapies, including optimizing effective dosing 288 

and delivery methods, and minimizing unwanted off-target effects14, 53. 289 

 290 

In terms of mechanisms through which miR-126-3p may be acting in knee OA, our data point to 291 

angiogenesis. In cancer and cardiovascular disease, miR-126-3p is known to regulate 292 

angiogenesis via direct targeting of SPRED1, IRS1 and ADAM9, among others30, 33, 54, 55. In OA, 293 

angiogenesis is increased in multiple tissues including synovium, fat pad and subchondral 294 

bone34, 56, and is generally thought to be detrimental by promoting inflammation, pain and 295 

structural damage34, 57. The reduced gene expression in markers of osteogenesis, adipogenesis 296 

and synovitis we observed were through indirect mechanisms (i.e., not via direct miR-126-3p 297 

seed sequence binding), and therefore may be secondary effects of reduced angiogenesis34, 35, 298 

57. Previous studies have shown that miR-126-3p can have both pro- and anti-angiogenic effects 299 

in a context-dependent manner27, 58. Among the three direct miR-126-3p gene targets we 300 

explored, one was anti-angiogenic (SPRED127, 28) and two pro-angiogenic (ADAM931, 33 and 301 

IRS132), though all three showed reduced expression with miR-126-3p mimic, leaving the net 302 

effect on angiogenesis unclear in the absence of a functional assay. Future studies aimed at 303 

elucidating direct and indirect effects of miR-126-3p-mediated angiogenesis in knee OA, 304 

including potential effects on pain, are warranted to enhance our understanding of this 305 

mechanism. Additional studies are also required to assess joint-specific effects of miR-126-3p 306 

since our data show circulating levels are not elevated in hip OA, suggesting miR-126-3p-307 

mediated mechanisms may be relevant to knee OA and not hip OA. 308 

 309 

To our knowledge, this is the first study to identify a circulating microRNA that is consistently 310 

elevated in radiographic KL ≥ 2 knee OA versus non-OA individuals across four independent 311 

cohorts. We link this circulating microRNA to local knee tissues and show miR-126-3p exhibits a 312 
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pro-resolving role in knee OA which may be directly mediated by angiogenesis, with secondary 313 

effects on osteogenesis, adipogenesis and synovitis. In sum, our findings suggest that miR-126-314 

3p is a promising mechanistic biomarker for radiographic knee OA with therapeutic potential that 315 

merits further investigation.  316 

 317 

Methods 318 

 319 

HFH OA Cohort  320 

All human biospecimens were obtained from our HFH OA Cohort. OA participants included 321 

individuals undergoing total joint arthroplasty or arthroscopy for the treatment of symptomatic 322 

knee or hip OA as assessed by an orthopedic surgeon. Severity was determined using 323 

radiographic KL grade20. Non-OA control participants consisted of individuals with no 324 

radiographic evidence of knee or hip OA, including some individuals undergoing hip 325 

femoroplasty, acetabuloplasty or labral repair. All biospecimens were collected, processed and 326 

stored according to our previously published protocols59. Knee OA tissues included subchondral 327 

bone, infrapatellar fat pad, synovium, anterior cruciate ligament, meniscus, and articular 328 

cartilage. Briefly, knee OA tissues were collected consistently by the same surgeons and 329 

dissected under sterile conditions within four hours of surgery, with subchondral bone and 330 

articular cartilage isolated from the anterior femoral condyle. Plasma was isolated from whole 331 

blood samples following centrifugation at 4000 rpm for 10 minutes at 4°C. Clinicodemographic 332 

data from each participant was captured and de-identified, including age, sex, BMI, race and 333 

comorbidities (Supplemental Table 1). The study protocol was approved by HFH Institutional 334 

Review Board (IRB #13995) and written informed consent was obtained from all participants 335 

prior to enrollment.  336 

 337 

 338 
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Primary tissue explants 339 

Primary human knee OA tissue explants (~100 mg/well in a 24-well plate) were incubated in 340 

500 µl Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1% penicillin-341 

streptomycin (pen-strep) at 37°C, with 5% CO2. Secretion of microRNAs from knee OA tissue 342 

explants over time was assessed as outlined in Figure 3C. The collected media samples were 343 

centrifuged at 10000 x g for 5 minutes at 4°C to pellet cellular debris with the supernatant 344 

collected and stored at −80°C for further analysis.  345 

 346 

MicroRNA mimic and inhibitor transfection 347 

As human and mouse miR-126-3p is homologous, we used the same miR-126-3p 348 

oligonucleotides for microRNA modulation in our primary human OA tissue explants and knee 349 

OA mouse model. Primary human knee OA tissue explants (~100 mg/well in a 24-well plate) 350 

were cultured in 500 µl DMEM + 1% pen-strep. Tissues were transfected with 100nM miRIDIAN 351 

microRNA Human hsa-miR-126-3p Mimic (Dharmacon) or 100nM miRIDIAN microRNA Mimic 352 

Negative Control (Dharmacon) in combination with 2.5 µl/well DharmaFECT-1 Transfection 353 

Reagent (Dharmacon) at 37°C, as per the manufacturer’s recommendations. After 24 hours of 354 

incubation, tissues were collected, washed with sterile 1X phosphate buffered saline (PBS), 355 

flash frozen in liquid nitrogen and stored at −80°C for subsequent analyses. In mice, additional 356 

treatments of miRIDIAN microRNA Human hsa-miR-126-3p Hairpin Inhibitor (Dharmacon) and 357 

miRIDIAN microRNA Hairpin Inhibitor Negative Control (Dharmacon) were used as described 358 

below. 359 

 360 

Surgical mouse model of knee OA 361 

Eleven-week-old male C57BL/6J mice were purchased from Jackson Laboratories and 362 

acclimatized in-house for one week. OA was induced via PMX, with the anterior half of the 363 

medial meniscus removed23. A concurrent group of mice were subjected to sham surgeries, with 364 
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the medial meniscus left intact. Four weeks following surgeries, mice were randomized into 365 

treatment groups (N=5/group) and given weekly doses of 5 µg15 (in 1X PBS) miR-126-3p 366 

inhibitor, miR-126-3p mimic, or negative controls via tail vein injections for a total of four 367 

treatments. This in vivo experimental model is outlined in Figure 4A. For animal experiments, 368 

the negative control mimic and inhibitor treatments were combined (2.5 µg each in 1X PBS) to 369 

reduce excess animal burden, in accordance with the “three Rs” ethical guiding principles of 370 

animal research60. At endpoint, animals were euthanized and both hind limbs harvested. To 371 

assess the effects of knee OA on systemic miR-126-3p levels, blood samples were collected 372 

pre-surgery (12 weeks) and four weeks post-surgery (16 weeks). Plasma was isolated from 373 

whole blood samples following centrifugation at 4000 rpm for 10 minutes at 4°C. All animal 374 

experiments were approved by the HFH Institutional Animal Care and Use Committee (IACUC 375 

#1377). 376 

 377 

RNA extraction and quality assessment 378 

For plasma and tissue culture conditioned media, RNA was extracted using the miRNeasy 379 

Serum/Plasma Advanced Kit (QIAGEN, Inc.) according to the manufacturer’s protocol. For 380 

tissue explants, RNA was isolated using our published protocols by phenol-chloroform 381 

extraction59. RNA concentration and quality were assessed using a NanoDrop 2000 382 

spectrophotometer (Thermofisher Scientific). 383 

 384 

Real-time polymerase chain reaction (RT-PCR) 385 

For microRNA quantification, reverse transcription was performed using the TaqMan microRNA 386 

Reverse Transcription Kit and TaqMan microRNA Assays (Applied Biosystems), according to 387 

the manufacturer’s instructions. For gene expression analysis, the High-Capacity cDNA 388 

Reverse Transcription kit (Applied Biosystems) was used to synthesize cDNA. RT-PCR was 389 

performed for both microRNA and genes using the QuantStudio 7 Pro Real-Time PCR System 390 
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(Applied Biosystems) and TaqMan Gene Expression Assays (Applied Biosystems) or SYBR 391 

Green custom oligonucleotides (Sigma-Aldrich) as specified in Supplemental Table 3. GAPDH 392 

was used as the housekeeping gene for gene expression analyses and miR-24-3p as reference 393 

for microRNA quantification based on previous literature15. Results were analyzed using the 394 

delta-delta-Ct method61. 395 

 396 

Histological analyses 397 

Harvested mouse knee joints were fixed in 10% neutral buffered formalin (NBF) at room 398 

temperature for 4 days and then decalcified using a 10% ethylenediaminetetraacetic acid 399 

(EDTA) solution (pH 7.6) at 4°C with agitation for 21 days. Following embedding, 5-micron 400 

coronal sections were placed on charged slides, deparaffinized and stained with 0.1% Safranin-401 

O solution to assess OA severity. Changes in cartilage were assessed according to the OARSI 402 

histopathology guidelines for mice25. Knee sections were divided into quadrants (medial femur, 403 

medial tibia, lateral femur, lateral tibia) and graded from 0 (no damage) to 6 (> 75% cartilage 404 

erosion) by three independent blinded observers. The maximum quadrant scores by each 405 

observer for each section were averaged. Synovitis was assessed by the Krenn scoring 406 

system26. Values of 0 (normal) to 3 (severe) were assigned for enlargement of the synovial 407 

lining, stroma cell density and infiltration of inflammatory cells, then summed. Total scores from 408 

each blinded observer were averaged. MiR-126-3p localization was assessed in human tissues 409 

by in situ hybridization62. Knee OA subchondral bone, infrapatellar fat pad and synovium 410 

explants were fixed for 4 days in 10% NBF, after which bone samples were decalcified using a 411 

10% EDTA solution, as described above. Fixed tissues were embedded and sectioned at 5-412 

micron thickness, and mounted on charged slides. MiR-126-3p was then visualized using the 413 

SR-hsa-miR-126-3p-S1 miRNAscope probe (Advanced Cell Diagnostics) with the RNAScope 414 

2.5 HD kit (Advanced Cell Diagnostics), according to the manufacturer’s instructions.  415 

 416 
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Statistics 417 

All data analysis was performed using R statistical software. Unless otherwise noted, statistical 418 

significance was determined using two-tailed Student’s T-test at p < 0.05 threshold. Differential 419 

expression analysis of microRNA-sequencing datasets was performed on normalized counts 420 

using a quasi-likelihood negative binomial regression model with trended dispersion. We trained 421 

a random forest classification model and assessed discrimination performance by AUC 422 

analysis. Input data were randomly split into training (70%) and testing (30%) cohorts. 423 

Sensitivity and specificity values were determined at a cut-point of 50% probability. Statistical 424 

significance between AUCs was determined by the DeLong test63. Multiple linear regression 425 

was performed for covariate analysis. Relationships between plasma and tissue microRNA 426 

levels were assessed by Pearson correlation. 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 
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Figures 617 

Figure 1. Circulating miR-126-3p is upregulated in knee OA versus non-OA in two 618 
independent microRNA-sequencing datasets. A) Overview of secondary analysis of two 619 
microRNA-sequencing datasets analyzed according to a customized analysis pipeline16. Left 620 
and right columns show details from the original analyses of Cohort 117 and Cohort 218, 621 
respectively, while the center column highlights our modifications and results. KL = Kellgren-622 
Lawrence grade, CPM = counts-per-million, TMM = trimmed mean of m-values. B) Three 623 
differentially expressed microRNAs in knee OA versus non-OA were common in both datasets. 624 
LogCPM = log2 counts-per-million, logFC = log2 fold-change.  625 
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Figure 2. Circulating miR-126-3p distinguishes radiographic knee OA with excellent 626 
accuracy. A) Relative miR-126-3p expression in plasma samples collected from the Henry Ford 627 
Health (HFH) OA Cohort, stratified by joint and KL grade. Values are expressed as fold-change 628 
relative to average expression in non-OA controls. Error bars = 95% confidence interval, 629 
*p<0.05 versus non-OA. B) Multiple linear regression analysis assessing the association of each 630 
variable with plasma miR-126-3p levels in knee OA. BMI = body mass index, 95% CI = 95% 631 
confidence interval. C) Receiver operating characteristic curve analysis of a test cohort of HFH 632 
OA plasma samples displaying the accuracy of two models in distinguishing radiographic knee 633 
and hip OA. AUC = area under the receiver operating characteristic curve, p = versus age, sex, 634 
BMI only.  635 
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Figure 3. Knee OA fat pad and synovium are putative sources of miR-126-3p and 636 
subchondral bone a putative sink. A) Mature miR-126-3p levels and B) pri-mir-126 637 
expression in six primary human knee OA tissues. Values represented as fold-change relative 638 
to average cartilage expression. Error bars = 95% confidence interval, *p<0.05 versus cartilage. 639 
C) Overview of experimental design for assessing miR-126-3p secretion over time. D) Secretion 640 
of miR-126-3p from six knee OA tissues. Values expressed as miR-126-3p fold-change relative 641 
to a reference microRNA (miR-24-3p) at each timepoint. Black line = fitted linear model, grey 642 
region = 95% confidence interval.    643 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2024. ; https://doi.org/10.1101/2024.05.31.596603doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.31.596603
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

Figure 4. miR-126-3p improves outcomes in a surgical mouse model of knee OA. A) 644 
Overview of experimental design for mouse surgery, treatments, and endpoint. w = weeks old, 645 
PMX = partial medial meniscectomy, IV = intravenous. B) Plasma miR-126-3p levels in PMX 646 
versus sham mice at four weeks post-surgery (16w) relative to pre-surgery (12w). Error bars = 647 
95% confidence interval, *p <0.05. C) Representative coronal sections of mouse right knee joint 648 
stained with Safranin-O. Scale bars = 1 mm. Insets show magnified regions (scale bars = 100 649 
µm, arrows = examples of cartilage damage). D) OARSI scoring by blinded observers of PMX 650 
and sham mice following miR-126-3p treatments. Values are calculated as the average maximal 651 
quadrant scores for each treatment. Error bars = 95% confidence interval, *p<0.05. E) 652 
Representative sections of synovium from mouse right knee joint. Scale bars = 100 µm, arrows 653 
= examples of synovitis. F) Krenn synovitis scoring by blinded observers. Values are presented 654 
as average total synovitis scores for each treatment. Error bars = 95% confidence interval, 655 
*p<0.05. 656 
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Figure 5. miR-126-3p modulates expression of direct and indirect gene targets in primary 657 
human knee OA tissues. A) Overview of experimental design for modulating miR-126-3p in 658 
knee OA tissues ex vivo. B) miR-126-3p levels in knee OA tissue explants following transfection 659 
with miR-126-3p mimic. C, D, E) Seed sequence binding site locations and gene expression 660 
changes in direct gene targets of miR-126-3p in knee OA tissue explants following transfection 661 
with miR-126-3p mimic. F, G, H) Gene expression changes in knee OA subchondral bone, fat 662 
pad and synovium tissue explants following transfection with miR-126-3p mimic. Values 663 
represent fold-changes relative to negative control mimic treated tissues. Error bars = 95% 664 
confidence interval, *p<0.05 versus negative control mimic. SPRED1 = sprouty related EVH1 665 
domain containing 1, ADAM9 = A disintegrin and metalloproteinase domain 9, IRS1 = insulin 666 
receptor substrate 1, OSX = osterix, OCN = osteocalcin, RUNX2 = runt-related transcription 667 
factor 2, CEBPA = CCAAT/enhancer-binding protein-alpha, ADIPOQ = adiponectin, LEP = 668 
leptin, IL1b = interleukin 1 beta, IL6 = interleukin 6, TNFa = tumor necrosis factor alpha. 669 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2024. ; https://doi.org/10.1101/2024.05.31.596603doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.31.596603
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

Figure 6. Proposed mechanism of action of miR-126-3p in knee OA. Circulating levels of 670 
miR-126-3p become elevated in KL ≥ 2 knee OA (top panel) via increased production of miR-671 
126-3p (blue clouds) by endothelial cells in knee OA fat pad and synovium, which is secreted 672 
(grey arrows) into circulation though microvasculature and taken up by other knee OA tissues 673 
such as subchondral bone (middle panel). Within OA tissues, miR-126-3p indirectly reduces 674 
markers of osteogenesis in subchondral bone, adipogenesis in fat pad and synovitis in 675 
synovium (dashed black lines). These effects may be mediated by miR-126-3p regulation of 676 
angiogenesis through direct gene targets, including SPRED1, ADAM9 and IRS1 (solid black 677 
lines; bottom panel).  678 
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Supplemental Material 679 

Supplemental Figure 1. Representative images depicting localization of miR-126-3p in 680 
primary human knee OA tissues by in situ hybridization. Scale bars = 200 µm, red = miR-681 
126-3p staining. Insets show magnified blood vessels (scale bars = 15 µm).  682 
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Supplemental Table 1. Key clinicodemographic variables from the Henry Ford Health OA 683 
Cohort. Top comorbidity = the most commonly reported comorbidity for each group. 684 
Significance between groups assessed by one-way ANOVA for continuous variables and Chi-685 
square test for categorical variables. BMI = body mass index, SD = standard deviation, Hyp = 686 
hypertension.  687 
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Supplemental Table 2. Pearson correlation analysis between miR-126-3p levels in 688 
matched tissue and plasma samples from knee OA individuals. R = correlation coefficient. 689 
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Supplemental Table 3. List of primers used for RT-PCR experiments. 690 
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