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Abstract

MicroRNAs are small non-coding RNAs that play important roles in many cellular processes 

including proliferation, metabolism and differentiation. They function by binding to specific 

regions within the 3’UTR of target mRNAs resulting in suppression of protein synthesis and 

modulation of potentially many cellular pathways. We previously showed that miRNA expression 

levels differed between cells from distinct regions of developing human embryonic long bones. 

Specifically, we found that miR-181a-1 was significantly more highly expressed in hypertrophic 

chondrocytes compared to proliferating differentiated or progenitor chondrocytes, suggesting a 

potential role in regulating chondrocyte hypertrophy and/or endochondral bone formation. The 

goal of this study was to determine how miR-181a-1 together with its clustered miRNA, 

miR-181b-1, regulates osteogenesis. We show that over-expression of the miR-181a/b-1 cluster 

enhanced osteogenesis and that cellular pathways associated with protein synthesis and 

mitochondrial metabolism were significantly up-regulated. Metabolic assays revealed that the 

oxygen consumption rate and ATP-linked respiration were increased by miR-181a/b-1. To further 

decipher a potential mechanism causing these metabolic changes, we showed that PTEN 

(phosphatase and tensin homolog) levels were suppressed following miR-181a/b-1 over-

expression, and that PI3K/AKT signaling was subsequently increased. Over-expression of PTEN 
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was found to attenuate the enhancing effects of miR-181a/b-1, providing further evidence that 

miR-181a/b-1 regulates the PTEN/PI3K/AKT axis to enhance osteogenic differentiation and 

mitochondrial metabolism. These findings have important implications for the design of 

miR-181a/b targeting strategies to treat bone conditions such as fractures or heterotopic 

ossification.
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1. Introduction

MicroRNAs (miRNAs) are important regulators of many cellular processes including 

proliferation, apoptosis, metabolism and differentiation. They are initially transcribed by 

RNA polymerase II as large primary RNAs which are processed by Drosha to form shorter 

hairpin precursor RNAs. These pre-miRNAs are then further processed in the cytoplasm by 

Dicer to form a mature miRNA duplex consisting of a 5p and 3p strand. Generally, one of 

these single-stranded miRNAs (~20–24 nucleotides) will enter the RNA induced silencing 

complex (RISC) and bind to a specific region, via its seed sequence, within the 3’UTR of a 

target mRNA resulting in suppression of protein synthesis by either mRNA degradation or 

inhibition of translation (1). In general, protein suppression by miRNAs is not as robust 

compared to that mediated by siRNAs. However, one miRNA can potentially target many 

mRNAs within a given cell type, resulting in widespread alterations in cellular pathways and 

networks (2). There are many reports on altered expression of miRNAs in specific disease 

states, thus rendering these non-coding RNAs as potential biomarkers or therapeutic targets. 

As currently listed in the clinicaltrials.gov website (https://clinicaltrials.gov/), some miRNA 

mimics or antagomirs are currently under Phase I studies, including MRG-106 (a miR-155 

antagomir) or MRG-201 (a miR-29 mimic) to determine effects in treating lymphoma or 

scar tissue formation, respectively.

Of relevance to this study, members of the miR-181 family have been reported to play 

regulatory roles in controlling bone or cartilage cell development/function as well as mature 

chondrocyte homeostasis (3–11). The miR-181 family consists of miR-181a-1, a-2, b-1, b-2, 

c and d. The mature functional 5p strands of miR-181a-1 and a-2 are identical as are the 5p 

strands of miR-181b-1 and b-2. miR-181a-1 is clustered with miR-181b-1 on chromosome 1 

(miR-181a/b-1), miR-181a-2 and miR-181b-2 are clustered on chromosome 9 (miR-181a/

b-2), and the miR-181c/d cluster is located on chromosome 19. Importantly, all family 

members contain the same seed sequence in the 5p strand suggesting a significant degree of 

functional redundancy (12). Mice lacking each of the miR-181 clusters have been generated 

(13,14) and display no obvious phenotype. However, closer examination reveals that mice 

devoid of miR-181a/b-1 have immune cell defects. Interestingly, mice lacking both 

miR-181a/b-1 and miR-181a/b-2 clusters have reduced survival rates while those that do 

survive are smaller in size than control littermates, suggesting a role for these paralogs in 

regulating skeletal development (13,15).
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With respect to long bone development, we previously published a miRNA array dataset 

identifying miR-181a-1 as the most differentially-expressed miRNA in cells within specific 

regions of developing human long bones (16). Specifically, expression of this miRNA 

paralog was higher in hypertrophic chondrocytes compared to progenitor or proliferating 

chondrocytes of the growth plate. Similarly, expression of miR-181 family members were 

also found to increase during later phases of MSC chondrogenesis in vitro associated with 

increased markers of hypertrophy (17). These findings suggest a potential role for 

miR-181a-1 in regulating hypertrophic chondrocyte differentiation and/or processes of 

endochondral bone formation.

Analysis of immune cells from miR-181a/b-1 knock-out mice revealed PTEN (phosphatase 

and tensin homolog) to be a target gene (13). PTEN is the principal negative regulator of the 

PI3K/AKT pathway (18). Interestingly, there is enhanced bone formation in conditional 

PTEN knock-out mice (19,20) and a number of studies suggest that the PI3K/AKT pathway 

is a central nexus in the network of pathways that fine tunes osteoblast differentiation (21–

25). In addition, many studies also reveal that PTEN as well as downstream mediators of the 

PI3K/AKT pathway can regulate cellular metabolism (26–30).

The goal of this study was to explore the function and mechanism of miR-181a-1 in 

regulating osteogenic differentiation of human primary skeletal cells. Given that miR-181a-1 

is clustered closely with miR-181b-1 (~60 nucleotides apart), effects of over-expressing the 

miR-181a/b-1 cluster was investigated. This work presents new information on the role of 

miR-181a/b-1 in regulating osteogenesis, in part, by altering the PTEN/PI3K/AKT axis and 

mitochondrial metabolism. These findings have important implications toward developing 

new strategies to target the miR-181a/b-1 cluster as a potential therapeutic strategy to alter 

bone formation or repair processes in vivo.

2. Materials and Methods

2.1. Isolation and dedifferentiation of human primary chondrocytes

Utilization of human osteoarthritic (OA) articular cartilage tissue was approved by the 

Washington University Human Research Protection Office (IRB ID# 201104119). Knee 

joints were obtained following total knee arthroscopy. Regions of full thickness articular 

cartilage were removed from the joint surface, diced (approximately 2mm3) and digested in 

growth medium (DMEM/F12; 10% FBS) containing 0.025% collagenase and 0.025% 

pronase in cell spinner flasks overnight at 37°C. The resulting cell suspension was washed in 

HBSS and passed through a 70μm sterile filter. Primary chondrocytes (1 × 106 cells) were 

seeded in T75 cell culture flasks and cultured in growth medium until 90% confluent. Cells 

were passaged at least four times and dedifferentiation was confirmed by assessing the ratio 

of COL1A1: COL2A1 expression by qPCR.

2.2. Lentivirus production to over-express miR-181a/b-1

Human genomic pre-miR-181a-1 (NCBI Ref Seq: NR_029626.1), pre-miR-181b-1 (NCBI 

Ref Seq NR_029612.1) and intervening 61 nucleotide sequence was amplified by PCR 

(Table 1). The resulting miR-181a/b-1 amplicon was inserted into the pLemiR backbone 
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(Addgene) using the Gibson Assembly Master Mix (New England Biolabs). Stocks of 

pLemir lentivirus expressing pre-miR-181a/b-1 or a non-silencing (NS) control RNA (31) 

were prepared as previously described (32) and titered using the Lenti-X p24 rapid titer 

ELISA (Clontech). DDCs were seeded at 2 × 105 cells/well in 12-well plates and transduced 

for 24 h with pLemiR lentiviruses expressing the NS control (LV-NS) or pre-miR-181a/b1 

(LV-181a/b-1) at an MOI of 20 using growth medium containing 100 μg/mL protamine 

sulfate. Fresh growth medium was applied 24 h after transduction. Transduced DDCs were 

cultured in growth medium for an additional 48 h prior to addition of osteogenic induction 

medium.

2.3. Osteogenic differentiation of DDCs in monolayer

Non-transduced or lentiviral transduced DDCs were seeded in 12-well plates (2 × 105 cells / 

well) in osteogenic differentiation medium (αMEM containing 10 % FBS, 2 mM L-

glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 10 mM β-glycerol phosphate, 50 

μM ascorbic acid, 10 nM dexamethasone) for up to 14 days with fresh medium changes 

every 3 days. To examine matrix mineralization, DDCs were fixed in 4% paraformaldehyde 

and stained for 30 min with 1% Alizarin Red ethanol solution. Alizarin Red staining was 

quantified using the Alizarin Red S Staining Quantification kit (ARed-Q #8678; ScienCell 

Research Laboratories) following the manufacturer’s instructions.

2.4. Osteogenesis in 3D Bone Scaffolds

Human cancellous bone was harvested from OA knee joints following total knee 

replacement surgery, washed thoroughly with Dulbecco’s PBS (DPBS) and decalcified by 

using a mild Immunocal™ formic acid decalcifier solution (StatLab; 1414-X) for 3 days. 

Partially decalcified cancellous bone was diced into 5 mm3 pieces and further decalcified for 

3 days. Resulting decalcified bone “scaffolds” were washed thoroughly in DPBS (3 × 6 h 

washes), immersed in an antibiotic/antifungal solution (10,000 unit/ml penicillin, 10,000 

μg/ml streptomycin, 25ug/ml amphotericin B) for 6 h followed by additional washes in 

DPBS (3 × 30 min). Bone scaffolds were air dried and stored at room temperature before 

use. Scaffolds were imaged by micro-CT using a Scanco μCT40 scanner (Scanco Medical 

AG, Switzerland) to establish a baseline density prior to in vitro 3D osteogenesis. Scans 

were completed at 45kVp and 177μA with 300ms integration time at an effective voxel size 

of 6μm. 5 × 105 of non-transduced DDCs or those transduced with LV-NS or LV-181a/b-1 

were seeded onto each scaffold and cultured in growth medium for 48 h prior to addition of 

osteogenic culture medium for 28 days. Micro-CT scans of day 28 scaffolds were collected 

and, using Scanco (V6.5) software, the morph tool was used to define a region of interest 

and contours were drawn every 20 slices. A threshold value of 180 was set for evaluation of 

all scanned images. VOX-BV (voxel of bone volume) and VOX-TV (voxel of total volume) 

values were used to calculate BV/TV. Bone mineral densities (BMDs) within the scaffolds 

were also calculated. 3D images and movies were created using DRAGONFLY software 

(Object Research Systems Inc. Canada).

2.5. RNA isolation and qPCR

Total RNA was extracted from cells using the Total RNA Purification Kit (Norgen). 

miRNAs were reverse-transcribed and quantified with the appropriate TaqMan primer/probe 
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sets (Life Technologies; Table 1), using the TaqMan microRNA reverse transcription kit 

(Life Technologies) and TaqMan master mix with no UNG (Life Technologies). To 

determine actual copy numbers of miR-181a-5p and miR-181b-5p in DDCs following 

transduction with LV-NS or LV-181a/b-1, synthetic miRNAs corresponding to the 5p strand 

of mature miR-181a or miR-181b were generated (IDT) and known copy numbers (ranging 

from 100 million to 10 copies) were reverse-transcribed and amplified by qPCR. Standard 

curve plots showing miRNA copy number and corresponding Ct values were generated and 

these were used to calculate copy numbers of endogenous miR-181a or miR-181b in DDCs 

following transduction with LVNS or LV-181a/b-1. mRNAs were reverse-transcribed using 

Superscript RT II (Life Technologies), and qPCR was performed using PowerUp SYBR 

master mix (Life Technologies). PCR primer sequences are shown in Table 1. Fold changes 

were calculated using the 2-ΔΔCt method (33).

2.6. Western blot

Cell lysates were prepared with RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 % 

Triton-X-100, 0.1 % SDS, 0.5% sodium deoxycholate) supplemented with 1x cOmplete 

protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Pierce). Total protein 

concentration was measured using the Bio-Rad Protein Assay kit. Proteins were resolved by 

SDS-PAGE and transferred onto a PVDF membrane. Protein-containing membranes were 

blocked with Odyssey Blocking Buffer (Licor) containing 0.1 % Tween 20. Western blots 

were performed with the following rabbit polyclonal antibodies, all purchased from Cell 

Signaling Technology (anti-RUNX2 #8486; anti-PTEN #9552, anti-AKT #4691; anti-pAKT-

T308 #2965; anti-pAKT-S473 #4060). For purposes of protein normalization, mouse anti-β-

actin antibodies were used (Abcam ab6267). All primary antibodies were used at a 1:1000 

dilution. Secondary antibodies (IRDye® 800CW-labeled anti-rabbit; IRDye® 680RD-

labeled anti-mouse) (Licor) were used at a 1:10000 dilution following the manufacturer’s 

recommendation. Resulting band intensity was calculated and quantified using the Licor 

Odyssey software.

2.7. RNA-Seq and pathway analysis

Three biological replicates of DDCs (transduced with LV-NS or LV-181a/b-1) were induced 

in osteogenic media and RNA was extracted from day 7 cultures. RNA samples were 

prepared for sequencing with the Illumina oligo-dT priming system on an Illumina HiSeq 

3000. RNA-Seq reads were demultiplexed with Illumina’s bcl2fastq2 and then aligned to the 

Ensembl release 76 top-level assembly with STAR version 2.0.4b (34). Gene counts were 

imported into the R/Bioconductor package EdgeR (35,36) and the trimmed mean of M-

values normalization (TMM) method was used to adjust for differences in effective library 

size across all samples after removing low expressing genes and ribosomal genes. The TMM 

size factors and the matrix of counts were then imported into the R/Bioconductor package 

limma (37,38). Weighted likelihoods based on the observed mean-variance relationship of 

every gene and sample were then calculated for all samples with the 

voomWithQualityWeights function and additive generalized linear fitted models were then 

created to test for gene level differential expression. Results were filtered for genes with 

Benjamini-Hochberg FDR adjusted p-values ≤ 0.05. Global perturbations in known GO and 

KEGG pathways were detected using the R/Bioconductor package GAGE (39). The R/
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Bioconductor package Pathview (40) was used to generate annotated pathway maps on 

perturbed KEGG signaling and metabolism pathways. Significantly perturbed GO terms 

were illustrated with the R/Bioconductor package heatmap3 (41). Raw and processed data 

from this study has been uploaded to the GEO depository and assigned the accession code: 

GSE109108.

2.8. Cell metabolism analysis

DDCs were transduced with LV-NS or LV-181a/b-1 and cultured in osteogenic medium for 4 

days. Cells were then harvested following trypsin digestion and re-seeded in Seahorse XF96 

microplates at a density of 50,000 cells per well. Cells were further cultured in osteogenic 

medium overnight and then the oxygen consumption rate (OCR; mitochondrial respiration) 

or the extracellular acidification rate (ECAR; glycolysis) was measured using the Seahorse 

XF Cell Mito Stress Test kit (Agilent) or the Seahorse XF Glycolysis Stress Test kit 

(Agilent), respectively, following the manufacturer’s instructions. The Cell Mito Stress Test 

assay involves addition of oligomycin, FCCP and rotenone/antimycin A (all inhibitors of 

specific components of the electron transport chain) at set time points to permit 

measurement of ATP production and maximal mitochondrial respiration. The XF Glycolysis 

Stress Test assay involves sequential addition of glucose, oligomycin and 2DG (2-deoxy-

glucose) to measure the extracellular acidification rate (ECAR) and provide information on 

the basal glycolysis rate and the maximal glycolytic capacity within cells.

2.9. Analysis of glucose uptake and lactate production

DDCs transduced with LV-NS or LV-181a/b-1 were seeded in 6-well plates (1 × 106 cells/

well) containing 1ml phenol red-free osteogenic induction medium. After 24 h in culture, the 

medium was collected and the glucose concentration determined using the Glucose (HK) 

Assay Kit (Sigma, GAHK-20) following the manufacturer’s protocol. Lactate concentration 

in the culture medium was measured using the L-Lactate Assay Kit I (Eton Bioscience Inc; 

#1200011002) following the manufacturer’s recommendation.

2.10. miRNA Target Prediction

A search for predicted miR-181a/b-5p target mRNAs was performed using the databases 

TargetScan (http://www.targetscan.org/) (42), miRTarBase (http://

mirtarbase.mbc.nctu.edu.tw/) (43) and miRDB (http://www.mirdb.org/) (44).

2.11. Over-expression of PTEN in DDCs

Human PTEN cDNA (GeneCopoeia) was cloned into EX-LV105 lentiviral vector 

(Genecopoeia, EXI0450-Lv105) utilizing 5’-BamH I and 3’-Kpn I restriction enzyme sites. 

The EX-GFP-LV105 vector was also purchased and used as a control. Lentiviral 

preparations to over-express PTEN (LV-PTEN) or GFP control (LV-Ctl) were generated as 

described in Section 2.2. PTEN was over-expressed in DDCs in the presence or absence of 

LV-181a/b-1 and effects on PI3K/AKT signaling (via p-AKT-308 Western blotting), 

osteogenic differentiation, or mitochondrial metabolism (oxygen consumption rate) were 

examined.
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2.12. Statistics

All experiments were carried out in triplicate with DDCs derived from at least three 

independent biological replicates. Data are presented as means ± SD and statistical 

comparisons were made using the unpaired Student’s t test. For experiments involving 

PTEN over-expression, multiple comparisons were made using one-way ANOVA. 

Probability values were considered statistically significant at p ≤ 0.05.

3. Results

3.1. miR-181a/b-1 expression during osteogenesis

Given our unlimited access to human OA articular cartilage, we decided to utilize DDCs 

derived from these tissues as a tool to study osteogenesis. Supplemental Fig. 1 shows tri-

lineage (chondrogenic, osteogenic, adipogenic) potential of DDCs and bone marrow-derived 

MSCs in our laboratory. We consistently achieve efficient chondrogenic and osteogenic 

differentiation of DDCs and MSCs, yet always find adipogenic differentiation to be more 

robust in MSC cultures. While DDCs from healthy articular cartilage have also been 

reported to have osteogenic potential (45), we recently published data showing successful 

osteogenic differentiation of DDCs harvested from human OA cartilage (46). In this work, 

increased expression of osteoblast-related proteins, RUNX2 and osteocalcin, was found in 

addition to production of a mineralized extracellular matrix (ECM) during osteogenic 

induction of DDCs. We also found that transduction of DDCs with a lentivirus expressing a 

non-silencing (NS) control RNA (LV-NS) did not affect the ability of these cells to 

differentiate and form a calcified ECM (46). Therefore, in these studies, LV-181a/b-1-

transduced cultures were always compared to control LV-NS transduced cells.

During DDC osteogenesis, endogenous expression levels of both miR-181a and miR-181b 

increased over time compared to day 0 cultures, and reached significance at day 14 (Figs. 

1A, B). Note that we refer to miR-181a here since the 5p strands derived from pre-

miR-181a-1 or its paralog, pre-miR-181a-2, are identical. Similarly, we refer to miR-181b 

since the mature 5p strands are identical whether derived from pre-miR-181b-1 or pre-

miR-181b-2. Following transduction of DDCs with LV-181a/b-1, we found a significant 

increase in the expression of both miR-181a-5p and miR-181b-5p at 48 h as expected (Fig. 

1C). Over-expression of miR-181a and miR-181b persisted until day 14 of osteogenesis, 

albeit over-expressed levels were lower than that found at 48 h (results not shown).

3.2. miR-181a/b-1 over-expression enhances osteogenesis

Following osteogenic induction (14 days) of cells transduced with LV-NS or LV-181a/b-1, 

Fig. 2A shows increased Alizarin Red staining in LV-181a/b-1 transduced cultures compared 

to LV-NS controls, indicating enhanced calcified ECM production. Levels of Alizarin Red 

stained ECM were quantified (Fig. 2B). DDCs transduced with LV-181a/b-1 or LV-NS were 

also seeded onto 3D demineralized human bone scaffolds and cultured in osteogenic 

induction medium for 28 days. Representative μ-CT images shows increased matrix 

mineralization in the scaffold containing LV-181a/b-1-transduced DDCs compared to LV-

NS-transduced cultures (Fig. 2C). Quantification of bone volume / tissue volume (BV/TV) 
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and total bone mineral density (BMD) within the scaffolds (Fig. 2D, E) confirms the 

enhancing effect of miR-181a/b-1 over-expression on osteogenesis in this 3D system.

Analysis of osteoblast-related gene expression in monolayer osteogenesis assays did not 

show significant changes in RUNX2 levels due to miR-181a/b-1 over-expression (Fig. 3A), 

but we did detect an increase in RUNX2 protein expression at day 4 of osteogenesis in the 

cultures transduced with LV-181a/b-1 compared to control LV-NS-transduced cells (Figs. 

3B, C). Modest yet significant increases in both osterix (OSX) and osteocalcin (OCN) gene 

expression were found at day 2 and day 7, respectively, due to miR-181a/b-1 over-

expression (Fig. 3D–E).

3.3. RNA-Seq and pathway analysis suggests miR-181a/b-1 over-expression enhances 
mitochondrial metabolism

To begin to decipher how miR-181a/b-1 enhances osteogenesis, RNA-Seq was performed on 

RNA isolated from day 7 DDC osteogenesis cultures transduced with either LV-NS or 

LV-181a/b-1. Raw data files corresponding to this RNA-Seq study can be found in the online 

Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/) under the 

accession code: GSE109108. Overall modest changes in gene expression due to 

miR-181a/b-1 over-expression suggested that the observed effects of this miRNA cluster on 

osteogenesis were likely due to the combination of small, additive effects on biological 

pathways. This makes sense when considering that miRNAs function to modestly alter 

expression of numerous target genes within a given cell type, the cumulative effect of which 

can then lead to significant alterations in cellular pathways and networks. Therefore, gene 

expression data was further interrogated using the published GAGE method of gene set 

enrichment analysis (39). Using this approach, statistically significant changes in gene sets 

can be identified in scenarios where changes in individual genes are not significant. Tables 2 

and 3 show the top 20 or top 10 significantly perturbed (enhanced) GO (Biological 

Function) pathways or KEGG (Signaling and Metabolism) pathways, respectively due to 

miR-181a/b-1 over-expression during osteogenesis. A clear pattern was identified whereby 

pathways involved in mitochondrial metabolism and protein synthesis were significantly 

upregulated.

3.4. miR-181a/b-1 increases mitochondrial respiration during osteogenic induction

To follow on from the pathway analyses suggesting enhanced mitochondrial metabolism, we 

explored potential cellular metabolic changes using the Seahorse XF Cell Mito Stress Test 

Kit (Agilent). This kit uses modulators of mitochondrial respiration that target components 

of the electron transport chain to permit measurement of basal and maximal respiration as 

well as ATP production. We found that miR-181a/b-1 over-expression significantly 

increased the basal and maximal oxygen consumption rates (OCR) as well as ATP 

production in DDCs following 4 days of osteogenic induction (Fig. 4A–D). Using the 

Seahorse XF Glycolysis Stress Test Kit, no differences in the extracellular acidification rate 

(ECAR; an indication of glycolysis) were found between LV-NS and LV-181a/b-1 

transduced cultures (Fig. 4E). In addition, no significant differences were found in either 

glucose uptake or lactate production by cells transduced with LV-181a/b-1 compared to LV-

NS control cultures at 24 h (Fig. 4F, G). Overall, these findings, together with the RNA-Seq 
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and pathway analyses data, strongly suggest that one of the mechanisms by which 

miR-181a/b-1 enhances osteogenesis is by increasing mitochondrial respiration.

3.5. miR-181a/b-1 targets PTEN and increases PI3K/AKT signaling in DDCs

We utilized three online databases (TargetScan, miRTarBase and miRDB) to identify 

potential miR-181a/b-5p target genes. Of all the target genes listed, we explored PTEN 
further given its reported role in altering bone formation as well as metabolism in other 

studies. An interaction between miR-181a/b and the complimentary site within the 3’UTR of 

PTEN (Fig. 5A) has been confirmed in other cell types by luciferase assays (5,47). Figs. 5B 

and C show that miR-181a/b-1 targets PTEN in DDCs given the significant reduction in 

PTEN protein levels following miR-181a/b-1 over-expression. No difference in PTEN 

mRNA expression was found (Fig. 5D) suggesting that miR-181a/b-1 inhibits PTEN at the 

level of translation in DDCs.

PTEN is the principal negative regulator of the PI3K/AKT signaling pathway. Therefore, we 

expected that suppression of PTEN by miR-181a/b-1 would enhance PI3K/AKT signaling. 

Indeed, we found an increase in levels of AKT T308 phosphorylation levels following 

miR-181a/b-1 over-expression in DDCs at 16 h (Fig. 6A, B). However, no changes in AKT 

S473 phosphorylation were detected (Fig. 6C, D).

3.6. Regulation of the PTEN/PI3K/AKT axis by miR-181a/b-1 enhances mitochondrial 
metabolism to increase osteogenesis

Given the central role for PI3K/AKT signaling in controlling a number of cellular processes 

including metabolism, it is likely that the effects of miR-181a/b-1 on regulating the PTEN/

PI3K/AKT axis results in the observed changes in mitochondrial respiration and, 

subsequently, osteogenesis. In support of this statement, treatment with the PI3K inhibitor, 

LY294002, was found to inhibit both DDC osteogenesis as well as mitochondrial respiration 

during osteogenic induction of DDCs (Supplemental Fig. 2).

In addition, PTEN over-expression in DDCs (Fig. 7A) was found to suppress PI3K/AKT 

signaling (Fig. 7C, D) and osteogenesis (Fig. 7E, F) as expected, but we also found that it 

decreased mitochondrial respiration during 4 days of osteogenic induction (Fig. 7G–J). To 

further prove the link between miR-181a/b-1 and the regulation of PTEN/PI3K/AKT 

signaling to alter mitochondrial metabolism and osteogenesis, PTEN over-expression was 

carried out in DDCs transduced with LV-181a/b-1. We found that PTEN over-expression 

attenuated the enhancing effects of miR-181a/b-1 on PI3K/AKT signaling (Fig. 7C, D), 

osteogenesis (Fig. 7E, F) and mitochondrial metabolism (basal and maximal respiration as 

well as ATP production) in DDCs during osteogenic induction (Fig. 7G–J).

4. Discussion

To address the role of miR-181a/b-1 in regulating osteogenesis, we utilized DDCs from 

human OA cartilage as a cell source with osteogenic potential. DDCs from non-diseased 

articular cartilage have been reported to undergo osteogenesis (45). Also, stem-like cells 

with tri-lineage potential (osteogenic, adipogenic, chondrogenic) have been shown to exist in 

both human healthy and OA articular cartilage (48–50). We recently published data on the 
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inhibitory effects of miR-138 on osteogenic differentiation of DDCs (46). The same 

miR-138-mediated osteo-suppressive effect has also been reported using MSCs (51). 

Therefore DDCs can be regarded as an acceptable primary cell source to study processes 

regulating osteogenesis in vitro.

Given our previous findings that miR-181a-1 was more highly expressed in the hypertrophic 

zone of developing human long bones (16), we postulated this this miRNA paralog may 

regulate processes of hypertrophic chondrocyte differentiation and/or endochondral 

ossification processes that occur following production of hypertrophic cartilage. Also, the 

fact that viable mice devoid of both miR-181a/b-1 and a/b-2 clusters are phenotypically 

smaller than littermate controls (13,15) suggests potentially important roles for these 

paralogs in regulating cartilage and bone development. We therefore designed studies to 

examine the role of miR-181a-1 and its clustered miRNA, miR-181b-1 (miR-181a/b-1) in 

regulating osteogenesis. We chose to study the cluster since miR-181a-1 and b-1 are located 

very close together on chr 1 (~60nt apart) and thus would always be co-transcribed in vivo. 

While this study is focused on osteogenic processes, current work in our laboratory is also 

focused on investigating the potential role of miR-181a/b-1 in regulating hypertrophic 

chondrocyte differentiation.

We chose to over-express the precursor forms of the clustered miR-181a/b-1 using lentiviral 

technology to ensure stable over-expression during longer-term osteogenic differentiation 

assays in vitro. By over-expressing miR-181a/b-1, we are essentially also over-expressing 

miR-181a/b-2 since the mature, processed functional 5p strands of a1 and a2, or b1 and b2, 

are identical. However, the processed 3p strands between these paralogs are different which 

is why we specifically state that we are modulating expression of pre-miR-181a/b-1. In this 

study we focus only on the effects of miR-181a/b over-expression rather than knock-down. 

If antagomirs are designed to bind and inhibit activity of endogenous miR-181a/b, then there 

could be issues with redundancy due to the presence of miR-181c/d which contain the same 

functional seed sequence. Also, design of inhibitor sponge reagents (52,53) may lead to 

inhibition of the entire miR-181 family which could result in deleterious effects. Therefore, 

we anticipate that findings from such inhibition studies may be complex to decipher and not 

simply reveal opposite results to the effects of over-expression. However, determining how 

suppression of miR-181 paralogs affects osteogenic and chondrogenic differentiation is 

important to understand but is beyond the scope of this work. Current efforts are underway 

in our laboratory to investigate this in independent studies.

Our findings that the miR-181a/b-1 cluster enhances osteogenesis in vitro is in agreement 

with that reported by Bhushan et al (3). This study used mouse cell lines or primary murine 

calvarial osteoblasts to examine osteoblast differentiation following transient transfection of 

miR-181a mimics (i.e. the 5p strand equivalent to miR-181a-1 or miR-181a-2) while we 

used human primary cells and a stable lentiviral transduction system to over-express both 

mature 5p and 3p strands derived from precursor miR-181a-1 and miR-181b-1. The 

sequence of the mature 5p strands of miR-181a and miR-181b are conserved between 

human and mouse which can explain the similarities between our data and that of Bhushan 

et al with respect to osteo-induction effects. However, while Bhushan et al showed that 

miR-181a enhanced osteogenesis by repressing TGF-β signaling, we report a different 
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mechanism involving modulation of PTEN/PI3K/AKT signaling. We hypothesize that 

alteration of this signaling pathway is partly responsible for the metabolic effects observed 

in our studies whereby mitochondrial metabolism is enhanced during early osteogenic 

induction, while glycolysis was not affected.

PTEN is a well-established tumor suppressor gene commonly found to be mutated in 

cancers (54). Subsequent decreases in PTEN expression/function have been associated with 

increased glycolysis in cancer cells (i.e. the Warburg effect) (55). However, it has also been 

reported that PTEN inhibition can enhance mitochondrial respiration (26,27). These latter 

findings agree with our data whereby miR-181a/b-1 over-expression increases mitochondrial 

metabolism, in part, by targeting and suppressing PTEN. The primary function of PTEN is 

to inhibit the PI3K/AKT pathway which is a critical regulator of many processes including 

cell growth, differentiation and metabolism (56,57). Our studies showed that miR-181a/b-1 

over-expression increased PI3K/AKT signaling as would be expected following PTEN 

suppression. An indication of PI3K/AKT activation is the phosphorylation of two key 

residues on AKT: T308 and S473 (56). Phosphorylation of both residues is required for 

maximal activation of the kinase. We found that miR-181a/b-1 induced phosphorylation of 

T308, but not S473, indicating enhanced activity of PI3K as well as phosphoinositide-

dependent protein kinase 1 (PDPK1) which is responsible for AKT T308 phosphorylation. 

Our data also suggest that the mechanistic target of rapamycin (mTOR) complex 2 

(mTORC2), primarily responsible for AKT S473 phosphorylation, is not activated by 

miR-181a/b-1. It is not unusual, under specific stimuli, that one of the AKT residues is 

phosphorylated and not the other. For example, in response to insulin-like growth factor 2 

(Igf2), AKT S473 phosphorylation is increased but not AKT T308 (58,59). In cancer cells, 

miR-181a has been shown to enhance glycolysis by targeting PTEN and increasing AKT 

S473 phosphorylation (47). Studies on miR-181a/b-1 knock-out cells also report an 

association between AKT S473 phosphorylation and altered glycolysis (13,60). Taken 

together, these findings agree with an earlier report that mTORC2 regulates cell glycolysis 

by phosphorylating AKT S473 (61).

Furthermore, in the context of osteoblast differentiation, Esen et al showed that Wnt 

signaling induced glycolysis via mTORC2 activation and AKT S473 phosphorylation (62). 

The discrepancy between these findings and our data showing increased AKT T308 

phosphorylation and mitochondrial metabolism during osteogenesis, may be explained by 

the differences in stimuli tested (i.e. altered Wnt signaling versus miR-181a/b-1 over-

expression), differences in time points analyzed (Esen et al measured OCR and ECAR 

following 6 h of Wnt3a treatment while we analyzed these metabolic parameters following 4 

days in osteogenic induction medium), and perhaps also due to the fact that a mouse cell line 

was used by Esen et al while our studies involve human primary dedifferentiated 

chondrocytes. It should also be highlighted that the mature 5p strands of miR-181a/b over-

expressed in our assays results in the targeting of many genes in addition to PTEN. While 

we believe that modulation of PTEN/PI3K/AKT signaling in our assays has significant 

effects on metabolism and osteogenesis, other pathways will most likely be affected which 

may also contribute to the observed phenotype. For example, the study by Bhushan et al 
showed decreased TGFβ signaling in their osteogenesis assays as a result of miR-181a over-

expression. If this is also occurring in our system, it could further explain the lack of effects 

Zheng et al. Page 11

Bone. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on glycolysis since other studies have reported TGFβ-enhancing effects on glycolysis 

(63,64).

The bone enhancing effects of miR-181a/b over-expression via PTEN suppression and 

increased PI3K/AKT signaling makes sense from what has already been reported in the bone 

field. For example, Pten deletion in murine osteoprogenitors (20) or mature osteoblasts (19) 

resulted in increased bone production. A number of studies also show that PI3K/AKT 

signaling is critical for osteogenesis (21–25,65). In our hands, we show that PTEN over-

expression not only inhibited osteogenesis as expected (Fig. 7E, F), but also suppressed 

mitochondrial metabolism during osteogenic induction (Fig. 7G–J). Similarly, while the 

PI3K inhibitor LY294002 suppressed DDC osteogenesis as expected, we also found that this 

treatment decreased mitochondrial metabolism during osteogenic induction of these cells 

(Supplemental Fig. 2). These findings provide further evidence linking modulation of PTEN 

activity and PI3K/AKT signaling to altered mitochondrial metabolism within the context of 

osteogenesis. Also, our data showing that PTEN over-expression can attenuate the 

enhancing effects of miR-181a/b-1 (Fig. 7) is further proof that miR-181a/b-1 acts upstream 

to suppress PTEN and subsequently enhance PI3K/AKT signaling, mitochondrial respiration 

and osteogenesis (Fig. 8).

From the published literature, it is apparent that cells rely on both mitochondrial respiration 

(oxidative phosphorylation) and glycolysis during osteoblast differentiation (66–75). The 

majority of studies analyzing bioenergetics during osteogenesis utilized murine progenitor 

cells, calvarial osteoblasts or human MSCs. To our knowledge this is the first report studying 

metabolic changes during osteogenic induction of human DDCs. We report a new epigenetic 

mechanism whereby over-expression of miR-181a/b-1 in DDCs increases osteogenesis by 

modulating the PTEN/PI3K/AKT axis to specifically enhance mitochondrial respiration. As 

already mentioned, we analyzed metabolic processes in cells during an early time point of 

osteogenic induction (day 4). The effects of miR-181a/b-1 on metabolism at later time points 

of osteogenesis (i.e. day 10 onwards) were not investigated because analysis by Seahorse 

technology may prove challenging due to the presence of a mineralized ECM. Therefore, 

whether or not miR-181a/b-1 over-expression continues to affect mitochondrial respiration 

or alter glycolysis in more differentiated cells in our system has yet to be determined.

Future studies in our laboratory will focus on deciphering which downstream mediators of 

the PI3K/AKT pathway are regulated by miR-181a/b-1 over-expression, including mTORC1 

and FoxO1/3 transcription factors. We predict that activation of mTORC1 is occurring in our 

system given the reports that this enzyme complex promotes general protein synthesis as 

well as mitochondrial respiration (28,29,76,77), the two processes that were predicted to be 

enhanced from our RNA-Seq and pathway analyses (Tables 2 and 3). Studies also show that 

modulating mTORC1 activity affects osteoblast differentiation (78,79). Also, while our work 

has focused on the cytoplasmic role of miR-181a/b-1, it is also intriguing that miR-181 

family members have been identified within the mitochondria of various cell types (60,80–

83). Preliminary studies in our laboratory have also identified miR-181a/b in the 

mitochondria of DDCs and MSCs (results not shown). These mitochondrial miR-181 family 

members could play a more direct role in controlling mitochondria function/respiration 

during osteogenesis and efforts are underway to investigate this further in our laboratory.
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Of clinical relevance, and given the fact that miRNAs are attractive from a drug development 

standpoint, findings from these studies provide a strong rationale to design strategies to 

target miR-181a/b in vivo as a means to modulate bone formation to improve fracture 

healing or inhibit heterotopic ossification, for example.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Over-expression of miR-181a/b-1 induces osteogenic differentiation of human 

primary de-differentiated chondrocytes (DDCs).

• Induction of osteogenesis by miR-181a/b-1 is due, in part, to suppression of 

PTEN, subsequent activation of PI3K/AKT signaling, and enhanced 

mitochondrial respiration.

• The bone enhancing effects of miR-181a/b-1 reported here justifies future 

studies to target this miRNA cluster in vivo as a means to enhance bone 

formation in scenarios such as endochondral fracture repair.
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Fig. 1. Expression of miR-181a/b during osteogenesis in vitro.
Endogenous expression of miR-181a-5p or miR-181b-5p at day 2, 7 or 14 of DDC 

osteogenic differentiation (A, B). Fold change increase in miR-181a-5p and miR-181b-5p 

expression following transduction of LV-181a/b-1 after 48 h. We consistently find lower 

levels of over-expression of the clustered miR-181b-5p compared to miR-181a-5p. Data are 

expressed ± SD; n = 3. **p < 0.01; *** p < 0.001.
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Fig. 2. Enhanced matrix mineralization by miR-181a/b-1.
Representative images of Alizarin red-stained cultures of osteogenic-induced DDCs 

transduced with either LV-NS or LV-181a/b-1 at day 14 (A). Quantification of Alizarin red 

staining is shown (B). Representative μCT images of human demineralized, decellularized 

bone scaffolds seeded with LV-NS or LV-181a/b-1-transduced cells and cultured in 

osteogenic medium for 28 days (C). Mineralization within the scaffolds was quantified by 

measuring bone volume / tissue volume (BV/TV) and bone mineral density (BMD) levels 

(D, E). Data in B, D, E expressed ± SD; n = 3. *p < 0.05. Scale bars in (C) = 1mm.
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Fig. 3. Effects of miR-181a/b-1 on osteogenic gene and protein expression.
All gene expression analyses were calculated using the unpaired t-test to compare fold 

change levels in expression between LV-181a/b-1-transduced DDCs and LV-NS-transduced 

cells at each indicated time point. Expression of RUNX2 at indicated time points during 

osteogenesis (A). Representative Western blot showing RUNX2 protein levels in LV-NS or 

LV-181a/b-1 transduced cultures at day 4 of osteogenesis (B). Quantification of RUNX2 

expression from three independent Western blots is shown in panel (C). Fold change 

expression changes in osterix (OSX) and osteocalcin (OCN) expression in miR-181a/b-1-

transduced cells compared to control cultures at indicated time points during osteogenesis 

are shown in (D) and (E) respectively. RUNX2: 56kDa; β-actin: 42kDa. Data are expressed 

± SD; n = 4 (A, D, E); n = 3 (B, C). *p < 0.05.
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Fig. 4. Effects of miR-181a/b-1 on cellular metabolism during osteogenic induction.
Mitochondrial oxygen consumption rate in DDCs transduced with LV-NS or LV-181a/b-1 at 

day 4 of osteogenesis following addition of specific modulators of respiration targeting the 

electron transport chain (A). From the data in (A), changes in basal respiration (B), maximal 

respiration (C) and ATP-linked respiration (D) between cells transduced with LV-NS and 

LV-181a/b-1 are shown. The extracellular acidification rate (ECAR) was measured following 

addition of modulators known to affect this process as shown in panel (E). No significant 

changes in ECAR was noted at any point during the assay between LV-NS and LV-181a/b-1-

transduced cells following 4 days of osteogenic induction. Measurement of glucose uptake 

(F) or lactate production (G) in transduced DDCs cultured in osteogenic medium for 24 h. 

Data expressed ± SD; n = 4 (A-D, G); n = 3 (E, F). *p < 0.05; **p < 0.01.
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Fig. 5. PTEN is a target of miR-181a/b in DDCs.
A conserved binding site in the 3’UTR of PTEN is shown to interact with the seed sequence 

(grey shaded area) of the mature 5p strand of human (hsa) miR-181a or miR-181b (A). 

Representative Western blot image showing decreased protein levels of PTEN in DDCs 

following 24 h transduction with LV-181a/b-1 compared to LV-NS (B). Quantification of 

PTEN protein expression relative to β-actin (C) or PTEN mRNA expression relative to PPIA 

(D). Data in (C) and (D) are expressed ± SD; n = 4 (C); n = 3 (D). ****p < 0.0001.
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Fig. 6. Modulation of AKT phosphorylation by miR-181a/b-1.
Representative Western blots show expression of phosphorylated AKT at Threonine-308 

(T308) (A) or Serine-473 (S473) (C) following 16 h transduction of DDCs with either LV-

NS or LV-181a/b-1. Quantification of protein expression of pAKT T308 or pAKT S473 

from three biological replicates is shown in (B) and (D), respectively. Total AKT levels were 

first normalized to β-actin and then abundance of pAKT was calculated relative to 

normalized total AKT. (p)AKT: 60kDa; β-actin: 42kDa. Data in (B) and (D) are expressed ± 

SD; n = 3. *p < 0.05
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Fig. 7. PTEN over-expression attenuates the enhancing effects of miR-181a/b-1 on PI3K/AKT 
signaling, osteogenesis and mitochondrial metabolism.
Representative Western blot showing increased PTEN protein (A) or gene (B) expression 

following transduction of DDCs with lentivirus expressing PTEN ± lentivirus over-

expressing miR-181a/b-1 compared to control cells transduced with lentivirus expressing 

GFP (Ctl). Representative Western blot showing expression of phosphorylated AKT T308 

(pAKT T308), total AKT and β-actin following transduction of DDCs with lentivirus 

expressing GFP (Ctl), miR-181a/b-1, miR-181a/b-1 + PTEN or PTEN alone (C). 

Quantification of pAKT-T308 expression shown in D. Alizarin red-stained cultures 

following lentiviral transduction and osteogenic differentiation for 14 days (E). 

Quantification of Alizarin red is shown in F. Mitochondrial respiration (oxygen consumption 

rate; OCR) of transduced cells following 4 days of osteogenic induction (G). From the data 

in (G), changes in basal respiration (H), maximal respiration (I) and ATP-linked respiration 

(J) between treatment groups are shown. Data expressed ± SD; n = 3 (A-F), n = 4 (G-J) *p < 

0.05; **p < 0.01.
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Figure. 8. miR-181a/b-1 over-expression regulates the PTEN/PI3K/AKT signaling axis to 
enhance mitochondrial metabolism and osteogenesis.
Our studies show that over-expression of miR-181a/b-1 in DDCs results in targeting and 

suppression of PTEN which subsequently activates PI3K/AKT signaling by increasing 

phosphorylation of AKT-T308. Modulation of PTEN/PI3K/AKT signaling results in 

increased mitochondrial metabolism which has an overall enhancing effect on osteogenesis. 

In addition, miR-181a/b-1 may also function in the cytoplasm to modify other cellular 

pathways or even function directly within in the mitochondria to alter cellular respiration 

and osteogenic differentiation
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Table 1:

Primer sequences and Life Technologies miRNA assay IDs used for vector cloning and quantitative PCR. Life 

Technologies = Life Technologies Inc, Grand Island, NY, USA; NCBI = National Center for Biotechnology 

Information

Amplicon Forward primer (5’ – 3’) Reverse primer (5’ – 3’) NCBI Reference

miR-181-a/b-1
Genomic

CTGGGGCACAGATAACCAATGTGATG
TGGAGGTTTG

AGGGGCGGAATTTGCTACAACAGTAG
GAAGGTG NR_029612.1

miR-181a-5p Life technologies TaqMan miRNA
assay ID 000480 NR_029626.1

miR-181b-5p Life technologies TaqMan miRNA
assay ID 001098 NR_029612.1

RNU44 Life technologies TaqMan miRNA
assay ID 001094 NR_002750

PPIA TCCTGGCATCTTGTCCATG CCATCCAACCACTCAGTCTTG NM_021130.4

RUNX2 CATCACTGTCCTTTGGGAGTAG ATGTCAAAGGCTGTCTGTAGG NM_001024630.3

OSX CCACCTACCCATCTGACTTTG CCTTCTAGCTGCCCACTATTT AF477981.1

OCN AAATAGCCCTGGCAGATTCC CAGCCTCCAGCACTGTTTAT NM_199173.5

PTEN CCCACCACAGCTAGAACTTATC TCGTCCCTTTCCAGCTTTAC NM_000314.6
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Table 2:

Top 20 significantly perturbed (enhanced) “GO Biological Function” pathways following miR-181a/b-1 over-

expression at day 7 of osteogenic induction.

Pathway Mean
Linear FC

P-Value

Translational termination (GO:0006415) 25.79 2.27e-06

Translational elongation (GO:0006414) 23.92 3.48e-06

Translational initiation (GO:0006413) 20.93 7.52e-06

Mitochondrial translational initiation (GO:0070124) 17.77 3.25e-05

Cellular respiration (GO:0045047) 17.63 2.38e-05

Mitochondrial translation (GO:0032543) 16.86 3.65e-05

Mitochondrial translational elongation (GO:0070124) 16.86 4.31e-05

Respiratory electron transport chain (GO:0022904 16.77 3.78e-05

Mitochondrial translational termination (GO:0070126) 14.95 8.00e-05

Cellular protein complex disassembly (GO:0043624) 14.37 7.02e-05

Electron transport chain (GO:0022900) 13.05 1.41e-04

Protein complex disassembly (GO:0043241) 12.57 1.47e-04

Macromolecular complex disassembly (GO:0032984) 12.27 1.66e-04

Cotranslational protein targeting to membrane (GO:0006613) 11.38 2.97e-04

Generation of precursor metabolites and energy (GO:0006091) 11.02 2.87e-04

Protein folding (GO:0006457) 10.77 3.49e-04

SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 10.65 4.14e-04

Glycosyl compound metabolic process (GO: 1901657) 10.58 3.59e-04

Energy derivation by oxidation of organic compounds (GO:0015980) 10.46 3.81e-04

Protein localization to endoplasmic reticulum (GO:0070972) 10.31 4.63e-04
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Table 3:

Top 10 significantly perturbed (enhanced) KEGG Signaling and Metabolism pathways following 

miR-181a/b-1 over-expression at day 7 of osteogenic induction.

Pathway Mean Linear
FC

P-Value

Oxidative phosphorylation (hsa00190) 24.69 4.17e-06

Ribosome (hsa0310) 19.84 1.35e-05

Spliceosome (hsa03040) 6.46 3.89e-03

Purine metabolism (hsa00230) 5.09 9.91e-03

Proteasome (hsa03050) 4.81 1.39e-02

Pyrimidine metabolism (hsa00240) 4.32 1.82e-02

Protein processing in endoplasmic reticulum (hsa04141) 3.77 2.84e-02

Protein export (hsa03060) 3.74 4.66e-02

Glutathione metabolism (hsa00480) 3.23 4.84e-02

Mineral absorption (hsa04978) 2.83 6.89e-02
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