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Abstract

Small non-coding microRNAs (miRNAs) have the ability to target and bind to many mRNAs 

within the cytosol resulting in reduced protein expression and modulation of a number of cellular 

pathways and networks. In addition to the cytosol, miRNAs have been identified in other cellular 

compartments and organelles, including the mitochondria. While a few mitochondria-associated 

miRNAs (mitomiRs) are predicted to be derived from the mitochondrial genome, the majority 

appear to be transcribed from nuclear DNA and somehow transported into the mitochondria. These 

findings raise interesting questions about why miRNAs are located in the mitochondria and if they 

play a role in regulating processes within these organelles. Previously published work from our 

laboratory showed that miR-181a/b can regulate osteogenesis, in part, by enhancing mitochondrial 

metabolism. In other published studies, miR-181 paralogs and many other miRNAs have been 

identified in mitochondrial extracts derived from common cell lines and specific primary cells and 

tissues. Taken together, we were motivated to identify mitomiR expression profiles during in vitro 

osteogenesis. Specifically, we obtained RNA from purified mitochondrial extracts of human bone 

marrow-derived mesenchymal stem/stromal cells (MSCs) and from whole cell extracts of MSCs 

at day 0 or following osteogenic induction for 3, 7 and 14 days. Utilizing Affymetrix GeneChip™ 

miRNA 4.0 arrays, mitomiR expression signatures were determined at each time point. Based 

on the Affymetrix detection above background algorithm, the total number of miRNAs detected 

in MSC mitochondria extracts was 527 (non-induced MSCs), 627 (day 3 induced), 372 (day 7 
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induced) and 498 (day 14 induced). In addition, we identified significantly differentially-expressed 

mitomiRs at day 7 and day 14 of osteogenic induction when compared to day 0 (fold change 

≥1.5; adjusted p value <0.05). In general, the most pronounced and highly significant changes in 

mitomiR expression during osteogenesis were observed at the day 7 time point. Interestingly, most 

miRNAs found to be differentially-expressed in mitochondria extracts did not show significantly 

altered expression in whole cell extracts at the same time points during osteoblast differentiation. 

This array study provides novel information on miRNAs associated with the mitochondria in 

MSCs during differentiation toward the osteoblast phenotype. These findings will guide future 

research to identify new miRNA candidates that may function in regulating mitochondrial function 

and/or bone formation, homeostasis or repair.
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1. Introduction

MicroRNAs (miRNAs) are small non-coding RNAs (ncRNAs) that function as epigenetic 

regulators by binding to specific regions of target mRNAs resulting in reduced protein 

expression. They are transcribed from genomic DNA as large (~1000 nt) primary RNAs 

(pri-miRs) which are processed in the nucleus by a Drosha-containing microprocessor 

complex into smaller (~70–100 nt) precursor miRNAs (pre-miRNAs) and subsequently 

exported into the cytosol. In the cytosol, pre-miRNAs are processed further by Dicer to form 

a mature miRNA duplex. The functional 5p or 3p strand of this duplex can associate with 

the RNA-induced silencing complex (RISC) where it binds, via its short seed sequence, to a 

complementary site in the 3’UTR of a target mRNA resulting in either mRNA degradation 

or inhibition of translation [1]. It is also known that miRNAs may target tens to hundreds of 

mRNAs within a given cell [2] thereby resulting in modulation of many cellular pathways 

and networks, a feature that renders these ncRNAs as attractive therapeutic targets.

Interestingly, miRNAs, as well as proteins involved in their biogenesis, are not confined to 

the cytosol. They are also located in other sub-cellular compartments including the nucleus, 

nucleolus, P-bodies, the ER, exosomes and late endosomes [3]. In addition, a number of 

reports have identified miRNAs enriched in or associated with the mitochondria of various 

mouse, rat and human cell types and tissues [4–10]. Mitochondria are double membrane-

bound organelles that play a crucial role in regulating energy metabolism as well as other 

processes including cell death, autophagy, fatty acid oxidation and calcium homeostasis. The 

biogenesis and function of mitochondria depend on products derived from both the nuclear 

and mitochondrial genome. Mitochondrial DNA contains only 37 genes encoding 22 tRNAs, 

2 rRNAs and 13 protein subunits that make up respiratory complexes I, III, IV and V of the 

electron transport chain. The majority of proteins in the mitochondria (> 1000) are derived 

from genomic DNA. Thus, cross talk with the nucleus provides mitochondria with imported 

nuclear-encoded proteins as well as ncRNAs that are required for mitochondrial homeostasis 

and function [11,12].
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Why miRNAs exist inside or associated with mitochondria, and how they may potentially 

function in this context, is not well understood. One hypothesis involves the ability of some 

of these miRNAs to regulate mitochondrial function by targeting specific mRNAs derived 

from the mitochondrial genome. The fact that Ago 2, a critical protein component of the 

RISC, has been identified in mitochondria [4,13,14] suggests that miRNAs may interact 

with Ago 2 in this location to regulate mitochondrial mRNA stability or translation. From 

previous studies identifying mitochondrial miRNAs in rat liver or human primary muscle 

cells, computational approaches predicted that miR-130a may target mitochondria-derived 

cytochrome C oxidase subunit 3 (mt-COX3) mRNA or that miR-133a may target mRNA 

encoding mitochondria-derived NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), a 

component of the NADH dehydrogenase complex [5,7]. Other studies have since confirmed, 

via biochemical approaches, that specific miRNAs can target genes derived from the 

mitochondrial genome, suggesting that miRNAs may function within the mitochondria 

[15–19]. For example, studies have demonstrated that miR-181c can target and suppress 

mt-COX1 expression [13,20], miR-378 can target ATP6 [10], miR-21 targets mt-Cytb 

[21], while miR-1 can target mt-COX1 and mt-ND1 [22]. These findings demonstrate 

another layer of complexity with respect to miRNA function and mechanism that is 

dependent on both the cell type as well as sub-cellular location. These reports also suggest 

additional mechanisms by which cellular metabolism, specifically the electron transport 

chain controlling mitochondrial respiration, may be regulated.

Recent studies in our laboratory showed that the miR-181a/b-1 cluster can enhance in 

vitro osteogenesis, in part, by increasing mitochondrial metabolism [23]. In this work, 

we reported that the cytosolic role of this miRNA cluster, in modulating PI3K/AKT 

signaling, was one mechanism by which mitochondrial metabolism could be regulated 

during osteogenesis. However, the discovery that miR-181 paralogs (i.e. miR-181a, b, 

c, d) were found to be associated with the mitochondria of other cell types [5,9,13,20] 

was interesting within the context of our studies. We thus postulated that if miR-181 

family members are also be present in the mitochondria of osteo-progenitor cells and 

differentiating osteoblasts, we may discover additional miRNA-mediated mechanisms that 

regulate mitochondrial metabolism and hence, osteogenesis. Given that there is nothing 

known about mitochondria-associated miRNA (mitomiR) expression or function in bone 

biology, we were thus motivated to design a study to determine mitomiR expression 

signatures in an established in vitro osteogenesis assay system. Specifically, a miRNA 

array was carried out on RNA extracted from purified mitochondria or from whole cell 

extracts of human bone marrow-derived mesenchymal stem/stromal cells (MSCs) at day 0 

or following induction toward the osteoblast lineage at different time points (days 3, 7, 14). 

Note that the term “mitomiR” defines mitochondria-associated miRNAs that are derived 

from either genomic DNA or mitochondrial DNA, the latter of which are poorly described. 

The mitomiRs reported in this study are primarily known miRNAs derived from nuclear 

genomic DNA.

Here, we present novel microarray profiling data describing the most abundantly-expressed 

mitomiRs in non-induced MSCs and in MSCs at specific time points of osteogenic 

induction. We also list mitomiRs that were found to be significantly differentially-expressed 

between MSCs at day 0 and either day 7 or day 14 of osteogenic induction. Notably, the day 
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7 time point revealed the highest number of differentially-expressed mitomiRs. Expression 

re-analysis of specific mitomiRs by qPCR confirmed the patterns detected by microarray, 

particularly those changes detected at day 7. Interestingly, the profiles of differentially-

expressed miRNAs from mitochondria extracts were mostly distinct from those found to be 

altered in whole cell extracts at a specific time point of osteoblast differentiation. Findings 

from this array study may aid in identifying new functional miRNA candidates to pursue 

in the future as a means to determine novel strategies to regulate mitochondrial metabolism/

function as well as bone formation, homeostasis or repair.

2. Materials and methods

2.1. Osteogenic differentiation of human MSCs for miRNA array analysis

Three human bone marrow-derived mesenchymal stem/stromal (MSC) lines from different 

donors were purchased from RoosterBio Inc. [i. MSC-049 from male 23 yr old (MSC-003 

vial; Lot: 00049); ii. MSC-139 from male 25 yr old (MSC-003 vial, Lot: 00139; iii) 

MSC-177 from male 22 yr old (MSC-001 vial, Lot: 00177]. Cells were cultured in 

T150 flasks (5 × 106 cells / flask) in growth medium (DMEM low glucose, 10% FBS, 

2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 1 ng/mL bFGF) until 

approximately 80% confluency. Cells were then cultured in a standard osteogenic induction 

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 3, 7 or 14 days. Non-induced cells (day 0) or osteogenic-induced cells (day 3, 7, or 

14) were collected for isolation of whole cell extracts or purified mitochondria as described 

below. To confirm the osteogenic potential of each cell line, MSCs were also cultured in T75 

flasks for 3 weeks (3 × 106 cells / flask) in osteogenic induction medium. To examine matrix 

mineralization, MSCs were fixed in 4% paraformaldehyde and stained for 30 min with 1% 

Alizarin Red ethanol solution.

2.2. Purification of mitochondria from MSCs

Two T150 flasks of non-induced MSCs (day 0) or osteogenic-induced MSCs (day 3, 7 or 

14) were trypsinized, washed in cold PBS and lysed. Cell lysates were also passed through 

a sterile 26G needle twenty times to ensure complete disruption of the cells. Mitochondria 

were isolated from cell lysates using the human Mitochondria Isolation Kit (Milteny Biotec) 

following the manufacturer’s instructions. This kit utilizes magnetic antibody cell sorting 

(MACS®) technology. Specifically, magnetic microbeads conjugated to an anti-TOM22 

monoclonal antibody were used to magnetically label mitochondria in cell lysates. (Note-the 

TOM22 antibody binds to the translocase of the outer mitochondrial membrane 22 protein of 

human mitochondria). The labeled cell lysate was loaded onto a MACS column and placed 

in the magnetic field of a MACS separator. Magnetically-labeled mitochondria retained 

within the column were eluted and collected by centrifugation at 13,000g for 2 min at 4 °C. 

Prior to RNA extraction, mitochondrial extract pellets were treated with 300 μL RNAse A 

(16 μg/mL) on ice for 20 min to remove cytosolic RNA contamination that may be present 

on the surface of mitochondria.
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2.3. Imaging of purified mitochondria by transmission electron microscopy

For transmission electron microscopy (TEM), pellets of isolated mitochondria were 

resuspended in fixative solution containing 2% paraformaldehyde and 2.5% glutaraldehyde 

in 0.15 M cacodylate buffer with 2 mM CaCl2, pH 7.4 and kept at 4 °C overnight with 

gentle agitation. Samples were then rinsed in cacodylate buffer 3 times and subjected 

to a secondary fixation for 1 h in 1% osmium tetroxide/1.5% potassium ferrocyanide in 

cacodylate buffer. Following this, samples were rinsed in ultrapure water 3 times and pellets 

were enrobed in 2% ultra-low gelling temperature agarose (Sigma-Aldrich). Enrobed pellets 

were cut into smaller pieces and stained overnight in an aqueous solution of 1% uranyl 

acetate at 4 °C. Then, samples were washed in ultrapure water 3 times for 10 min in each 

step, dehydrated in a graded ethanol series (50%, 70%, 90%, 100% x3) for 10 min in each 

step, and infiltrated with microwave assistance (Pelco BioWave Pro, Redding, CA) into 

Epon resin. Samples were then cured in an oven at 60 °C for 72 h and post-curing, 70 nm 

thin sections were cut from the resin blocks, post-stained with uranyl acetate and Reynold’s 

lead and imaged on a Transmission Electron Microscope (JEOL JEM-1400 Plus, Tokyo, 

Japan) operating at 120 KeV.

2.4. Assessment of functional mitochondria by TMRE staining and FACS analysis

To assess the functional integrity of isolated mitochondria, TMRE (tetramethylrhodamine, 

ethyl ester) was used which is a red-orange dye that readily accumulates in active 

mitochondria. Mitochondria from three independent MSC cultures were isolated using 

the Mitochondria Isolation Kit (Milteny Biotec) as described in Section 2.2. Purified 

mitochondria from each time point were pooled to ensure sufficient numbers for analysis. 

Following the manufacturer’s instructions, mitochondria extracts were resuspended in 1 mL 

storage buffer and then incubated in 100 nM TMRE (ThermoFisher; T669) for 20 min on 

ice while protected from light. Stained mitochondria were centrifuged at 12,000g for 2 min 

and washed once in ice cold storage buffer. Unstained mitochondria were included as a 

control. Stained or unstained mitochondria pellets were resuspended in 1 mL of storage 

buffer and incubated on ice prior to analysis on a BD LSRFortessa™ X-20 Flow Cytometer 

(BD Biosciences). The flow cytometer sample flow rate was set to record at 1000 events per 

second. The population of unstained mitochondria and TMRE-stained mitochondria were 

analyzed using FlowJo (v10.7) software.

2.5. RNA isolation and RT-qPCR

RNA was extracted from whole cells or purified mitochondria using the Total 

RNA Purification Kit (Norgen) followed by DNase I treatment (1 U/μg RNA) at 

37 °C for 15 min. RNA concentration was determined by a spectrophotometer 

(Nanodrop®; Thermo Scientific) and removal of DNA contamination was confirmed 

in the mitochondrial RNA samples by Bioanalyzer analysis. We analyzed expression 

of mt-COX1 and mt-ND1 in whole cells or mitochondria extracts as well 

as RUNX2, alkaline phosphatase (ALP) and osteocalcin (OCN) expression in 

whole cell extracts from osteogenic cultures to confirm differentiation. Isolated 

mRNAs were reverse-transcribed using Superscript RT II (Life Technologies), and 

qPCR was performed using PowerUp SYBR master mix (Life Technologies). 
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PCR primer sequences are: COX1-Forward: 5’-CTCAGACGCTCAGGAAATAGAA-3′ 

and COX1-Reverse: 5’-TCGTTGACCTCGTCTGTTATG-3′; 

ND1-Forward: 5’-GAAGTCACCCTAGCCATCATTC-3′; ND1-

Reverse: 5′-GCAGGAGTAATCAGAGGTGTTC; RUNX2-

Forward: 5’-CATCACTGTCCTTTGGGAGTAG-3′; RUNX2-

Reverse: 5’-ATGTCAAAGGCTGTCTGTAGG-3′; ALP-Forward: 

5’-GGAGTATGAGAGTGACGAGAAAG-3′; ALP-Reverse: 5’-

GAAGTGGGAGTGCTTGTATCT-3′; OCN-Forward: 5’-AGGAGGGCAGCGAGGTAG-3’ 

OCN-Reverse: 5’-GAAAGCCGATGTGGTCAGC-3′; PPIA-Forward: 5′-

TCCTGGCATCTTGTCCATG-3′; PPIA-Reverse: 5’-CCATCCAACCACTCAGTCTTG-3′.

To attempt to validate expression profiles of specific miRNAs in the same mitochondria and 

whole cell extract samples used for array analysis, TaqMan miRNA assays, containing an 

RT primer and a TaqMan probe and primer set specific for amplification of a miRNA of 

interest, were used with the TaqMan miRNA reverse transcription kit and TaqMan master 

mix with no UNG following the manufacturer’s instructions (ThermoFisher). The following 

TaqMan assays were utilized to amplify: miR-320a (assay ID #002277), RNU44 (assay ID 

# 001094), miR-4485-3p (assay ID #462832), miR-26a-5p (assay ID #000405), miR-20a-5p 

(assay ID #000580), miR-181a-5p (assay ID #000480), miR-138-5p (assay ID #002284). 

RNU44 was used to normalize miRNA expression in whole cell extracts. Given RNU44 is 

not present to any significant degree in mitochondria, we utilized miR-320a to normalize 

mitomiR expression in mitochondrial extracts. This miRNA was found to be abundantly 

expressed in mitochondrial extracts and its expression did not significantly change at each 

time point during osteogenesis. A Student’s t-test was used to determine significant changes 

in expression of selected miRNAs at day 7 or day 14 when compared only to day 0 samples.

2.6. Western blot

Lysates were prepared from whole cells or purified mitochondria using 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 1× 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 either 

rabbit polyclonal anti-RUNX2 (Cell Signaling Technology #8486), monoclonal anti-COX1 

(mitochondria-specific protein marker; Abcam, ab14705) or the monoclonal antibody KDEL 

(Lys-Asp-Glu-Leu: an ER-specific peptide marker; Abcam, ab12223). To normalize RUNX2 

expression from whole cell lysates, 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 protein 

bands were imaged and quantified using the Licor Odyssey software. To confirm successful 

purification of mitochondria, the ratio of COX1: KDEL was analyzed in lysates from whole 

cells and purified mitochondria samples.
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2.7. MicroRNA array and data analysis

Total RNA extracted from purified mitochondria (400 ng) or whole cell lysates (500 ng) 

of MSCs or osteogenic-induced MSCs, was labeled with the Flashtag™ Biotin HSR RNA 

labeling kit (ThermoFisher Scientific) following the manufacturer’s instructions. Labeled 

RNA was hybridized at 48 °C for 42 h at 60 rpm on an Affymetrix GeneChip™ human 

miRNA 4.0 array (ThermoFisher Scientific). This array contains 2578 human mature 

miRNA probe sets and 2025 human pre-miRNA (stem-loop) probe sets. Probe sets (a total 

of 1996) to determine the presence of human snoRNA and scaRNAs are also included in 

this array. GeneChips were scanned using the Affymetrix GeneChip scanner G3000 7G with 

standard setting to capture signal intensities for the miRNAs. The raw intensity data was 

imported into Affymetrix Expression Console software (v1.4.1.46) for signal pre-processing 

including background correction utilizing the robust multi-array average (RMA) algorithm, 

median polish summarization from probe to probe set level of signal values, and the quantile 

method to normalize across multiple arrays. A detection call on the strength of miRNA 

signal was made using the Affymetrix “Detection Above Background” (DABG) algorithm, 

which generates a p-value for signal above background probability. Only those miRNA 

probe sets with a “present” call at p < 0.05 in at least 2 of 3 replicates at any of the 4 time 

points (day 0, 3, 7, and 14) were kept for further analysis. The normalized log2 intensity 

values were analyzed for differential expression between the different timepoints using the R 

software “limma” package which uses a moderated t-test with linear modeling and empirical 

Bayes statistics [24]. The significance for differential expression was set at fold change 

absolute ≥ 1.5 and adjusted p < 0.05. The nominal p-values were subjected to the multi-test 

correction false discovery rate procedure using the Benjamini-Hochberg method [25]. Note 

that all miRNAs listed in each Table within the main body of this manuscript were cross-

checked on the miRBase website to confirm that they are currently defined as miRNAs and 

have not been removed from the database as “dead entries”. Raw data files were submitted 

to the GEO data depository (online at https://www.ncbi.nlm.nih.gov/geo/) and assigned the 

accession codes: GSE134946 (mitochondria-associated miRNAs) and GSE148049 (whole 

cell extract miRNAs).

3. Results

3.1. Confirmation of osteogenic differentiation and purification of functional 
mitochondria from osteogenic-induced MSC cultures

We routinely carry out in vitro osteogenesis of primary human MSC lines and always 

achieve successful differentiation as determined by the generation of a mineralized 

extracellular matrix in addition to expression of key osteoblast markers such as transcription 

factor RUNX2. Fig. 1A shows Alizarin Red stained MSC cultures following 3 weeks of 

osteogenic induction and Fig. 1B shows an increase in RUNX2 protein expression at days 

3, 7 and 14 of osteogenesis when compared to control non-induced cultures. This data 

corresponds to the human MSC “Sample 1” cell line (MSC-S1) and similar results were 

found for Sample 2 and Sample 3 MSC lines that were also used for the miRNA array 

study (results not shown). Fig. 1C–D shows increased gene expression of RUNX2 and 

alkaline phosphatase (ALP) over time during osteogenesis and Fig. 1E shows increased 

expression of osteocalcin (OCN) at day 14 only. Note that we selected days 3, 7, and 14 
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for mitomiR analysis to attempt to determine potential changes in expression levels during 

early commitment of MSCs (day 3) as well as at stages where cells are committed toward 

the osteoblast lineage (days 7 and 14). At these two later time points, we always observe a 

distinctive change in cell phenotype indicating successful differentiation (results not shown).

To confirm efficient purification of mitochondria from MSCs, qPCR was carried out to 

determine the expression of two genes derived from the human mitochondrial genome, 

COX1 and ND1. In addition, Western blotting was carried out to determine the expression 

of COX1 protein as well as the ER-specific peptide, KDEL, in whole cell lysates and 

mitochondria extracts. Fig. 2A, B shows enrichment of COX1 and ND1 expression in RNA 

samples derived from purified mitochondria. We used PPIA as a normalizing gene here since 

it has been found to be associated with mitochondria [26] and Ct values were fairly similar 

in RNA samples from both mitochondria (Ct ~23) and whole cell lysates Ct ~ 21). Fig. 2C 

shows an enrichment in COX1 protein expression in mitochondria-derived protein lysates 

compared to whole cell lysates. Fig. 2D shows expression of KDEL in whole cell lysates 

whereas levels of this ER-specific peptide were almost undetectable in the mitochondrial 

extracts. Note that we could not use common normalizing proteins (e.g. β-actin, GAPDH, 

tubulin) since their expression levels are substantially different between lysates of whole 

cells and purified mitochondria. Instead, we ensured loading of equal amounts of total 

protein per lane. Taken together, our data demonstrates that we were able to obtain highly 

purified mitochondrial extracts from MSC cultures for subsequent downstream expression 

analysis of RNA and protein.

In addition, transmission electron microscopy (TEM) was carried out to analyze the 

ultrastructure of mitochondria in our purified preparations. Representative images in 

Supplemental Fig. 1 shows an abundance of normal, healthy-looking mitochondria in 

MSCs at day 0, day 7, and day 14 of osteogenic induction, as indicated by the presence 

of highly folded inner membrane cristae structures. These images also show some 

mitochondria that appear “swollen” which can occur during the purification process as 

well as additional processing required for EM analysis. However, addition of TMRE to our 

purified mitochondria extracts followed by FACS analysis showed that, at all time points 

analyzed, the majority of mitochondria stained positive for TMRE, indicating functionally 

active mitochondria (Fig. 3).

3.2. Quality control analysis of RNA and corresponding microarray data

RNA obtained from purified mitochondria (mtRNA) had an OD A260/A280 reading within 

the range 1.93–2.03 and RNA obtained from whole cells extracts (wcRNA) had an OD 

A260/A280 within the range 1.89–1.95. Bioanalyzer data showed that DNA contamination 

was successfully removed from the mtRNA samples (Supplemental Fig. 2). It should be 

noted that RNA Integrity Number (RIN) values obtained from the Bioanalyzer are not 

informative for mitochondrial RNA analysis. RIN values are calculated primarily by the 

detection of cytoplasmic 28S and 18S rRNA, which are not present in the mitochondria. 

Only two rRNA species (12S and 16S) are encoded by the mitochondrial genome [27]. The 

fact that no peaks corresponding to 28S or 18S RNA were observed (Supplemental Fig. 2) 

further demonstrates the purity of our mitochondria extracts. However, peaks corresponding 
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to 28S and 18S were detected in wcRNA samples (Supplemental Fig. 3) and RIN values 

ranged from ~5–7. Lower RIN values were typically observed for day 14 wcRNA samples 

most likely due to the presence of a mineralized extracellular matrix in osteogenic cultures at 

this time point, which likely negatively affects the RNA isolation process.

Quality control analysis showed that, overall, the miRNA arrays were performed well and 

generated reliable data. The five vendor spike-in control probes all had a signal above 

1000 units, which passed the vendor-defined QC cut-off (results not shown). Supplemental 

Figs. 4–5 shows that, on average, strong signals were obtained for each sample (blue bars) 

when compared to background chip readings (grey bars). These signal values were used to 

calculate the average signal-to-noise ratio (SNR) for each sample (red dots). SNRs ranged 

from 1.89–2.51 (mtRNA) and 2.08–2.75 (wcRNA), which we consider translates to a strong 

chip signal. Taking into account these signal intensity readings, approximately 13% - 22% of 

human miRNA probe sets were detectable on the chips (orange bars) for both mtRNA and 

wcRNA. Note that RNA analyses and quality control assessment identified MSC-S1 day 14 

wcRNA sample as an outlier.

3.3. Expression signatures of miRNAs and pre-miRNAs in purified mitochondria extracts 
and whole cell extracts from MSCs during osteogenesis

Based on the Affymetrix “detection above background” algorithm (see Section 2.5), 

Supplemental Table 1 shows the entire list of detectable mature mitomiRs in MSCs prior to 

differentiation (day 0; 574 miRNAs) and in MSCs at day 3, 7, or 14 of osteogenic induction 

(day 3: 627 miRNAs; day 7: 372 miRNAs; day 14: 489 miRNAs). From these lists, Table 

1 shows the top 30 most abundant mature miRNAs associated with the mitochondria in 

non-induced MSCs and osteogenic-induced MSCs. Among these are members of the let-7 

family and, specifically, let-7b-5p was found to be the most abundantly expressed mitomiR 

in MSCs at all time points analyzed. Other highly-expressed mitomiRs expressed in MSCs 

at each time point include the miR-320 paralogs (miR-320a/b/c) as well as other less 

commonly-reported miRNAs: miR-3175, miR-3960, miR-6089, miR-6090.

Supplemental Table 2 shows the entire list of detectable mature miRNAs in whole cell 

extracts of MSCs at day 0 (595 miRNAs), day 3 (621 miRNAs), day 7 (570 miRNAs) 

and day 14 (734 miRNAs). Note that substantially more miRNAs were detected in whole 

cell extracts from MSCs at day 7 and 14 of osteogenic differentiation compared to MSC 

mitochondrial extracts at the same time points. Table 2 shows the top 30 most abundant 

mature miRNAs in MSC whole cell extracts prior to and during osteogenic induction. 

Similar to abundant miRNAs identified in mitochondria extracts (Table 1), members of 

the let-7 family were also among those most abundantly expressed in MSC whole cell 

extracts at each time point, with let-7b-5p again being the most abundant (Table 2). Other 

aforementioned miRNAs (except miR-3175) that were abundant in MSC mitochondrial 

extracts at each time point (i.e. miR-320 members, miR-3960, miR-6089, miR-6090) were 

also found in the top 30 list at each time point in the whole cell extracts. Table 2 shows that, 

compared to mitomiRs, there are many more abundantly-expressed miRNAs from whole 

cell extracts that are common to all time points (e.g. miR-23b-3p, miR-24-3p, miR-26a-5p, 

miR-125b-5p, miR-145-5p, miR-214-3p, miR-221-3p, miR-222-3p, miR-4497). As will be 
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discussed more in the following section, there were more substantial changes in mitomiR 

expression profiles at day 7 or day 14 of osteogenic induction compared to day 0. This 

explains why the list of the top 30 highest expressed mitomiRs is quite different at these 

time points compared to that shown for day 0 non-induced MSCs (Table 1).

Supplemental Table 3 lists all detectable stem-loop precursor miRNAs (pre-miRNAs) from 

mitochondrial extracts of MSCs at each time point (day 0: 149; day 3: 183; day 7: 97; 

day 14: 118). In general, the average signal intensity of detectable pre-miRNAs was lower 

than that observed for mature miRNAs. While mature let-7b-5p was highly expressed in 

all mitochondria extracts at each time point (Table 1), let-7b pre-miRNA was expressed at 

relatively low levels. In addition, while pre-miR-711 was found to be one of the most highly 

expressed pre-miRNAs in MSC mitochondria at each time point, expression of the mature 

miR-711 was only detected at low levels in mitochondria extracts from day 3 induced MSCs 

(Supplemental Table 1). However, some of the more highly expressed pre-miRNAs observed 

in all samples did appear to correlate with abundant expression of the corresponding mature 

miRNA in MSC mitochondria including pre-miR-320a, pre-miR-6089 and pre-miR-4449. 

Supplemental Table 4 shows all detectable pre-miRNAs in whole cell MSC extracts at each 

time point (day 0: 204; day 3: 187; day 7: 169; day 14: 265). Some of the most abundant 

stem-loop RNAs detected at each time point were also the most abundantly expressed at all 

time points in mitochondrial extracts as shown in Supplemental Table 3 (i.e. pre-miR-320a, 

6089, 6800 and 6880). In addition, pre-miR-320e appeared to be highly expressed at all 

time points in both mitochondria and whole cell extracts, whereas mature miRNA levels 

of this miR-320 paralog was relatively low (Supplemental Tables 1 and 2). In terms of 

total numbers detected, substantially fewer mitochondria-derived pre-miRNAs were found at 

day 7 and day 14 when compared to numbers detected in whole cell extracts at the same 

time points. A similar trend was also found for the total number of mature mitochondria-

associated miRNAs detected at day 7 or day 14 when compared to whole cell extracts.

3.4. Differentially expressed miRNAs in purified mitochondria extracts and whole cells 
extracts from MSCs during osteogenesis

Based on our cut-off parameters for differential expression (fold change ≥1.5; adjusted 

p value <0.05), (see Section 2.5), we did not detect any significant changes in mitomiR 

expression in MSCs at day 3 of osteogenic induction when compared to day 0 

(Supplemental Fig. 6). However, compared to day 0, many mitomiRs were found to be 

expressed at significantly higher or lower levels at day 7 and day 14 time points, but 

particularly at day 7 (Supplemental Fig. 6). Hierarchical cluster analysis also revealed 

distinct subsets of mitomiRs displaying different expression profiles in MSCs at day 7 and 

14 of osteogenesis when compared to day 0 or day 3 time points (Fig. 4). Differentially-

expressed miRNAs from whole cell extracts were detected at days 3, 7 and 14 of osteogenic 

induction compared to day 0, but particularly at day 14 (Supplemental Fig. 7 and Fig. 5).

Supplemental Table 5 lists a total of 91 mitomiRs that were found to be increased at day 

7, and 175 mitomiRs that were decreased at day 7 compared to day 0. From this data, 

Table 3 lists the top 30 most differentially-expressed mitomiRs at day 7. Table 4 shows that, 

overall, only 8 mitomiRs were expressed at significantly higher levels at day 14, and 30 
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mitomiRs were expressed at significantly lower levels at day 14 when compared to day 0. 

Common mitomiRs with increased expression at both the day 7 and day 14 time points were 

miR-4485, miR-483-5p, miR-4484, miR-4492, miR-4508 and miR-3620-5p (Tables 3, 4). 

Increased mitomiRs unique to the day 14 time point were miR-4646-5p and miR-615-3p. 

While the majority of decreased mitomiRs were unique to either the day 7 or day 14 time 

point, some were found to be reduced at both time points (i.e. miR-16-5p, miR-199a/b-3p, 

miR-31-5p, miR- 29a-3p, miR-20a-5p, miR-130a-3p, miR-21-5p) (Tables 3, 4).

With respect to differentially-expressed miRNAs from whole cell extracts, two were 

identified as upregulated at day 3 vs day 0 (miR-4730: 2.80 fold, p = 0.027; miR-1237 h-5p: 

2.49 fold, p = 0.027) and three were downregulated at day 3 vs day 0 (miR-132-3p: 4.08 

fold, p = 0.027; miR-1271-5p: 2.11 fold, p = 0.043; miR-23a-5p: 1.93 fold, p = 0.043). Table 

5 shows a total of seven miRNAs that were significantly increased and fourteen that were 

significantly decreased at day 7. Table 6 indicates a total of twenty four miRNAs showing 

increased expression at day 14 and twenty four miRNAs that were significantly decreased 

at day 14. Of these, only miR-652-3p was found to be increased at both the day 7 and 

day 14 time points whereas two miRNAs (miR-7162-3p and miR-23a-5p) were significantly 

reduced at both osteogenic time points. All the other differentially-expressed miRNAs from 

whole cell extracts were unique to the day 7 or day 14 time point further highlighting the 

dynamic expression and regulation of these non-coding RNAs at specific stages of osteoblast 

differentiation.

When comparing differentially-expressed miRNA profiles obtained from MSC mitochondria 

and whole cell extracts, miR-4485 was the only miRNA found to be significantly 

increased at day 7 vs day 0. Common miRNAs that were all down-regulated at day 7 

in both mitochondria and whole cell extracts were miR-31-5p, miR-17-5p, miR-20a-5p 

and miR-106a-5p. It should be noted that the fold change decrease in these miRNAs was 

substantially greater in the mitochondria samples when compared to whole cell extracts 

(Tables 3, 6). The only miRNA found to be significantly increased at day 14 in both 

mitochondria and whole cell extracts was miR-4484, while common miRNAs that were 

decreased at this time point were miR-629-5p and miR-1271-5p. Interestingly, the majority 

of significantly increased mitomiRs at day 7 and day 14 (Tables 3, 4) were found to be those 

that are less well-described in the published literature and, to date, have only been identified 

in humans (according to the miRBase website). As expected, these miRNAs were found to 

be expressed in whole cell extracts (Supplemental Table 2), but not differentially expressed 

during osteogenesis. These “human-specific” miRNAs have been highlighted in bold font in 

Tables 1–6. In comparison, the mitomiRs showing significantly lower levels of expression at 

day 7 and 14 are those more commonly reported in the published literature and have been 

identified in multiple species.

We then carried out RT-qPCRs using the same mitochondria extract samples analyzed in 

the array to attempt to correlate a few of the most significant expression changes. For the 

day 7 time points, we confirmed the significant increase in expression of miR-4485 and 

miR-483-5p (Fig. 6A, B) and the decreased expression of miR-26a-5p and miR-20a-5p 

(Fig. 6C, D). A significant decrease in expression of miR-20a-5p and miR-26a-5p was also 

confirmed at the day 14 time point (Fig. 6C, D). While a significant increase in miR-4485 
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was noted by qPCR at day 14, the fold change increase was not higher than the fold change 

increase at day 7 as found in the array data. Similarly, qPCR did not detect a significant 

increase in expression of miR-483-5p at day 14 as was found in the array. Of note, although 

miR-6893-5p displayed the highest fold change at day 7 compared to day 0, we could not 

demonstrate this by qPCR. This was due to low expression levels detected for this miRNA in 

all of the mitochondria extract samples (i.e. high Ct values). This may be due, in part, to the 

high GC content of the cDNA fragment amplified in the specific RT-qPCR miRNA assay.

In the whole cell extract samples, qPCR showed increased miR-4485 expression, the 

highest at day 7 in agreement with the array data (Fig. 7A), and a trend toward increased 

miR-181a-5p expression at day 7 (Fig. 7B). Significant increases in miR-483-5p expression 

were found at all time points, the highest being at day 14 in agreement with the array 

results (Fig. 7C). Significant decreases in expression of miR-138-5p and miR-20a-5p were 

confirmed at the day 7 time point as also found via miRNA microarray analysis (Fig. 7D, E).

4. Discussion

In this study, we present novel findings on expression profiles of miRNAs present 

in mitochondrial extracts of human MSCs at different time points during osteogenic 

differentiation. To date, there have been no reports in the field of bone biology on 

the expression levels of such mitochondria-associated miRNAs (mitomiRs) in skeletal 

progenitor cells or during osteoblast differentiation.

Overall, we were intrigued to detect so many miRNAs present in mitochondria extracts of 

MSCs. We followed the same protocol described in previous studies identifying miRNAs 

in purified mitochondria extracts of HeLa cells or human primary muscle cells [4,5]. We 

were confident that we had obtained highly purified mitochondria extracts given that we did 

not detect 28S and 18S RNA (Supplemental Fig. 1), and that our samples were enriched 

in mitochondria-specific mRNA and protein and devoid of an ER-specific peptide (Fig. 2). 

Also, by treating our extracts with RNAse A, we reduced the possibility of residual cytosolic 

RNA contamination [5–7].

From a growing number of published reports, it is now recognized that non-coding 

RNAs (including miRNA, siRNA, rRNA, tRNA, long non-coding RNAs) are present in 

or associated with mitochondria [28,29]. With respect to the term “mitomiR”, this describes 

miRNAs that may be associated with the outer mitochondrial membrane, the intermembrane 

space, the inner mitochondrial membrane or within the central mitochondrial matrix. While 

there is some evidence that miRNAs may be transcribed directly from the mitochondrial 

genome [9,30,31], the majority of mitomiRs identified in this study are derived from the 

nuclear genome, suggesting that mechanisms must exist to permit import or trafficking of 

miRNAs into the mitochondria.

In other published work identifying mitomiR expression profiles, the number of miRNAs 

associated with mitoplasts (i.e. mitochondria devoid of the outer membrane) was lower 

than that found in more crude extracts [8,9]. This suggests that many mitomiRs may be 

present within/associated with the outer membrane and/or within the intermembrane space 
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of mitochondria. Our study involved analysis of intact mitochondria containing the outer 

membrane which may partly explain why we detected high numbers of mitomiRs in our 

array analyses. Also, we utilized a human specific Affymetrix GeneChip™ array containing 

2578 human mature miRNA probe sets and 2025 human pre-miRNA (stem-loop) probe sets. 

Previous studies reporting fewer mitomiRs could also be due to the fact that their approaches 

utilized older arrays containing fewer human miRNA probe sets or other methods such as 

RT-qPCR arrays. Additionally, variations in cut-off parameters used to identify levels above 

background may likely also contribute to the differences in numbers of mitomiRs detected 

in our work compared to other studies. Interestingly, we also detected a number of precursor 

miRNAs in mitochondrial extracts, as has also been reported by Barrey et al [5]. In fact, 

this study also showed, via in situ hybridization and confocal microscopy, the presence 

of both mature miRNAs and pre-miRNAs in the mitochondria of human skeletal muscle 

myoblasts. The fact that Ago 2 and the enzyme Dicer has been identified in mitochondrial 

extracts [4,13,14] suggests the presence of active miRNA ribonucleoprotein complexes and 

the potential for processing of pre-miRNA to mature miRNA in mitochondria.

Many of the mitomiRs identified in previous reports were also found to be present in 

mitochondrial extracts of human bone marrow-derived MSCs in the present study. Of note, 

mitomiR profiling in other studies revealed expression of let-7 family members in HeLa 

cells, HEK-293 cells and human primary skeletal muscle cells [4,5,9]. Interestingly, let-7b 

and other let-7 family members were abundantly expressed in MSC mitochondria extracts, 

regardless of osteogenic induction (Table 1). In addition, let-7 paralogs were also found to 

be some of the most abundantly expressed miRNAs in whole cell extracts at each time point 

during osteogenesis, highlighting their widespread expression in different compartments of 

the cell (Table 2). Collectively, these findings support the data from many published reports 

demonstrating that the highly conserved let-7 family members play a number of critical 

roles in regulating proper cell function and health, including metabolic processes [32,33]. 

A similar pattern of abundant expression in mitochondria and whole cell extracts at all 

time points was found for miR-320 family members (miR-320a/b/c). There are hundreds of 

publications describing a number of functional roles for these conserved miRNAs including 

one describing miR-320a as a regulator of mitochondrial metabolism in skeletal muscle cells 

[34].

Other abundantly expressed miRNAs found in both mitochondria and whole cell extracts at 

each time point during osteogenesis include miR-3960, miR-6089 and miR-6090 (Tables 1 

and 2). A literature search shows only fifteen publications on miR-3960 over the past ten 

years and, among these, there are two reports describing a potential function in regulating 

osteogenic differentiation [35,36]. There are very few published reports on miR-6089 and 

miR-6090, both of which are two examples of more recently-discovered miRNAs (note the 

high identification numbers) and, to date, have only been identified in humans as indicated 

in the miRBase database. In addition, another “human-specific” miRNA, miR-5787, is 

included in the top 30 abundant mitomiRs list at day 7 and 14 of osteogenesis, but not 

at day 0 or 3 (Table 1). This miRNA was detected in whole cell extracts (Supplemental 

Table 2) but was not among the most abundantly expressed in these samples (Table 2). 

While there are very few reports in the published literature on this mRNA, one study has 
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identified miR-5785 as a mitomiR functioning in regulating metabolism in favor of oxidative 

phosphorylation [37].

Our data revealed that day 7 of MSC osteogenesis was the key time point where the highest 

amount of significantly differentially-expressed mitomiRs (relative to day 0) was found. 

A total of 91 mitomiRs were increased and 175 were decreased at day 7 (Supplemental 

Table 5). From Table 3, showing the top 30 differentially-expressed mitomiRs at day 7, 

those showing decreased expression are mostly conserved between species and changes in 

expression are all highly significant (based on the low adjusted P value) with substantial 

fold change decreases, some reaching over 300-fold. Also, a PubMed search shows that 

these reduced mitomiRs are well-described in the literature as playing functional roles 

in may cellular processes, including osteogenesis. The majority of mitomiRs found to be 

decreased at day 7 of osteogenesis were not found to be differentially-expressed in whole 

cell extracts at the same time point. A different set of miRNAs were apparently reduced in 

whole cell extracts including miR-138-5p, which is in agreement with our previous work 

describing this miRNA as an inhibitor of osteogenesis [38]. Such distinct expression profiles 

suggest that decreased mitomiR levels are not due to transcriptional suppression of their 

genes in the nucleus, but likely due to relocation/redistribution of these miRNAs from 

mitochondria to the cytoplasm or other organelles. Also, major decreases in mitomiR levels 

at day 7 compared to day 0 cannot be due to potential differences in the quality/integrity 

of mitochondria extracted from cells at these time points; our data shows similarities in 

mitochondria ultrastructure (Supplemental Fig. 1) and functionality (as assessed by uptake 

of TMRE; Fig. 3) from MSCs at day 0, 7 and 14 of osteogenic induction.

A possible explanation for these substantial changes in mitomiR expression levels may 

be related to processes controlling mitochondrial dynamics. It is known that mitochondria 

undergo fusion and fission as a means to control their function, morphology, quality and 

abundance within cells; such dynamic alterations are critical for controlling the cellular 

response to stress and maintaining proper cell function [39]. Mitochondrial fusion and 

fission are complex, highly organized processes regulated by a range of evolutionarily 

conserved proteins located at the outer or inner mitochondrial membrane resulting in a more 

fused, elongated network or a fragmented network, respectively. It is now apparent that 

mitochondrial fusion and fission are also important processes governing cell commitment 

and differentiation [40]. Mitochondria in MSCs predominantly undergo fusion during 

osteogenic commitment resulting in elongated networks [41,42]. Such changes have been 

observed at various time points during MSC osteogenesis, but particularly from day 7 

onwards when oxidative phosphorylation is likely required to provide sufficient energy for 

cells to generate a functional, mineralized extracellular matrix [41]. With respect to the 

substantial decreases in mitomiR expression observed at day 7 of MSC osteogenesis in 

our study, this may be partly due to the extensive morphological rearrangements occurring 

within the outer and inner mitochondrial membranes, possibly resulting in relocation of 

miRNAs present at these sites to other compartments of the cell.

Regardless of these dynamic changes to mitochondria at day 7, the levels of many mitomiRs 

were also found to increase at this time point in mitochondrial extracts, albeit at much 

lower fold change differences (~2–5 fold) compared to those that were reduced (Table 
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3). One of these elevated miRNAs found at both the day 7 and day 14 time point was 

miR-483-5p (Tables 3 and 4). One report identified a role for this miRNA in targeting 

FIS1, a protein involved in regulating mitochondrial fission [43,44]. Interestingly, studies 

from our lab and others have reported negative effects of miR-483 over-expression on 

chondrogenesis and cartilage homeostasis [45,46]. This may be partly explained by the 

suppressive effects on mitochondrial fission given that chondrocytes are known to rely 

mostly on glycolysis and thus contain mostly fragmented mitochondria due to fission 

[40,42]. However, this cytoplasmic function of miR-483-5p in suppressing mitochondrial 

fission may have beneficial effects on osteoblast differentiation, but it remains determined if 

this miRNA performs a functional role within or associated with the mitochondria.

Another miRNA identified as significantly increased at day 7 was miR-378 h. Of note, 

miR-378 was also identified in mitochondria of murine cardiac cells and, in response 

to diabetic insult in mice, this miRNA was re-distributed to a specific subpopulation of 

mitochondria in the heart. It was also found to target the mitochondrial gene ATP6 to 

regulate mitochondrial function [10]. In addition, mice devoid of miR-378 exhibited elevated 

oxidative capacity [47] and, recently, miR-378 was shown to suppress MSC osteogenesis in 

vitro and bone formation in vivo [48]. Both of these studies analyzed the miR-378a paralog 

present within the PGC-1β gene, which encodes a transcriptional co-activator that regulates 

metabolism and mitochondrial biogenesis. Apparently miR-378 h has been identified only in 

humans and is located within the gene encoding fatty acid hydroxylase domain containing 2 

(FAXDC2). The functional mature strand of miR-378a is almost identical to miR-378 h and 

they share the same seed sequence. It will be interesting to explore the role of these paralogs 

further in the context of regulating mitochondria function and osteoblast differentiation.

It is also important to highlight that the majority of increased mitomiRs at day 7 are 

those that have thus far only been identified in humans and have not been well-studied 

to date (see miRNAs highlighted in bold in Table 3). These human mitomiRs were 

also identified in whole cells extracts (Supplemental Table 2) but were not differentially-

expressed during osteogenesis, except for miR-4485 (Table 5). There are a few published 

studies on miR-4485, which was also identified as increased at day 14 in mitochondrial 

extracts as well (Table 4). The gene encoding this miRNA is located on chromosome 11, 

but it is also predicted to be present within a long non-coding RNA transcribed from the 

mitochondrial genome [31]. Another two miRNAs also increased at day 7 in our study may 

also be derived from the mitochondria genome in addition to the nuclear genome (miR-4484 

and miR-4463) [9]. Of interest, miR-4485 was found to be enriched in the mitochondria 

of a human breast cancer cell line and regulate mitochondrial function [49]. This study 

by Sripada et al predicted that miR-4485 was predominantly derived from the nuclear 

genome and transported into the mitochondria. Whether or not this miRNA plays a role in 

regulating mitochondrial metabolism in the context of osteoblast differentiation remains to 

be determined.

It is also worth noting that the stem-loop precursor sequence encoding miR-4485, as well 

as that of a number of other human-specific mitomiRs listed in Table 3, is unusually short. 

In addition, the pre-miRNAs encoding some of the others have small loops and a number 

of them contain a sequence encoding either a 3p or 5p mature miRNA strand, not both. A 
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previous study also found that some mitomiRs identified in HeLa cells had some unusual 

features (e.g. differences in thermodynamic stability and length compared to well-described 

cytoplasmic miRNAs), but it should be noted that some of these mitomiRs have since 

been identified as mitochondrial tRNAs and are no longer defined as miRNAs [4]. With 

respect to the less well-described human-specific mitomiRs identified in our work, it will 

be important to keep track of updates to miRBase database on a regular basis to confirm 

that they are indeed bone fide miRNAs before pursuing their potential function in the future. 

It may be that these non-coding RNAs are indeed miRNAs, but perhaps are processed and 

function in a more non-canonical manner. It has already been reported that some miRNAs, 

including mitomiR-1, function to enhance expression of its target gene rather than canonical 

role of target gene suppression [22]. If indeed the human mitomiRs identified in our work 

are truly miRNAs, then the fact that they are increased during osteoblast differentiation 

suggests a potential role in regulating mitochondrial metabolism or dynamics, and this will 

be an avenue for future research. Interestingly, a recent study suggests that gene regulatory 

networks involving miRNAs are necessary to permit proper cell function in scenarios of high 

metabolic and anabolic activity [50]. It may be that a subset of miRNAs exist only in higher 

species with increased metabolic demands and play a role to control cellular processes in 

such scenarios to maintain healthy cellular differentiation and homeostasis.

In summary, this study provides more evidence supporting the existence of mitomiRs 

in human cells. A particularly novel aspect of this work is demonstrating how mitomiR 

expression profiles change in response to MSC differentiation toward the osteoblast lineage. 

The fact that hundreds of mitomiRs were detected suggests the possibility that many of 

them may simply be stored within the mitochondria (perhaps within P-bodies or endosomes 

associated with mitochondria) and are non-functional until they are released into the cytosol. 

However, this work also points to a number of mitomiR candidates to explore further to 

determine potential functional roles in regulating not only osteoblast differentiation, but 

also processes that are specifically controlled by mitochondria including energy metabolism, 

autophagy, cell viability and calcium trafficking. It will also be interesting to explore the 

location of specific mitomiRs of interest within the mitochondria. This could be addressed 

by comparing mitomiR expression levels in whole mitochondria extracts compared to 

purified mitoplasts devoid of the outer mitochondrial membrane. Other more involved and 

sophisticated approaches to determine mitomiR localization include fluorescence in situ 

hybridization combined with super-resolution microscopy as well as mitochondria-specific 

tagging of RNA [51]. It will also be interesting to determine if expression levels of 

specific mitomiR candidates are altered with age given the associations between aging, 

mitochondrial dysfunction and impaired bone healing [52,53].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

miRNA microRNA

mitomiRs mitochondria-associated microRNAs

nt nucleotide

RISC RNA-induced silencing complex

ncRNA non-coding RNA

Ago 2 argonaute 2

P bodies processing bodies

ER endoplasmic reticulum

pri-miRNA primary miRNA

pre-miRNA precursor miRNA

tRNA transfer RNA

rRNA ribosomal RNA

mt-COX1 mitochondria-encoded cytochrome c oxidase 1

mt-ND1 mitochondria-encoded NADH-ubiquinone oxidoreductase chain 1

KDEL lysine-aspartic acid-glutamic acid-leucine peptide

TOM22 translocase of the outer mitochondrial membrane 22

FACS flow cytometry and fluorescence activated cell sorting

TMRE tetramethylrhodamine, ethyl ester

ALP alkaline phosphatase

OCN osteocalcin

TEM transmission electron microscopy
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Fig. 1. 
Confirmation of osteogenic differentiation. Panel (A) shows positive Alizarin Red staining 

following osteogenic differentiation (OSTEO) of human bone marrow-derived MSCs at 3 

weeks. No staining was detected in control (CTL) MSC cultures grown at the same time 

in regular growth medium. Panel (B) shows increased levels of RUNX2 in protein lysates 

harvested from MSCs at days 3, 7 and 14 of osteogenic induction when compared to 

control, non-induced cultures. Panels C-E show expression patterns for RUNX2, alkaline 

phosphatase (ALP) and osteocalcin (OCN) at different time points during osteogenesis (fold 

change expression relative to day 0). Data in A, B is from MSC-Sample 1 (MSC-S1) cell 

line that was used in the microarray study. Similar results were shown for MSC-S2 and 

MSC-S3 samples (results not shown). Data in C-E is from the three MSC samples used for 

the microarray (data expressed +/− SD, n = 3; *p < 0.05; ** p < 0.01; **** p < 0.0001).
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Fig. 2. 
Analysis of purified mitochondria extracts from MSCs. Panels (A) and (B) show enrichment 

in expression of two mitochondria-derived genes, COX1 and ND1, in purified MSC 

mitochondria extracts when compared to whole cell extracts. Panel (C) shows enriched 

expression of COX1 protein in mitochondrial extracts (Mito) compared to whole cell protein 

lysates (WCL). Panel (D) shows expression of the ER-specific peptide, KDEL, in whole cell 

lysates, but not in protein lysates isolated from purified MSC mitochondria extracts. Data in 

(A) and (B) are expressed ± SD; n = 3. *p < 0.05; ****p < 0.0001.
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Fig. 3. 
Functional integrity assessment of purified mitochondria harvested from MSCs. Three 

independent cultures of MSCs were utilized and mitochondria were purified from cells 

at day 0 or at day 7 and 14 following osteogenic induction. Mitochondria from each 

time point were pooled and stained (or not) with TMRE. Histograms from FACS analysis 

revealed the distribution of unstained (red) and TMRE-stained (blue) mitochondria. Utilizing 

corresponding FACS analysis software, we calculated that approximately 92%, 90% and 

86% of mitochondria stained positive for TMRE in day 0, day 7 or day 14 samples, 

respectively.
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Fig. 4. 
Heat map of 271 differentially-expressed mitomiRs from comparisons between day 0 and 

either day 7 or day 14. Significant differential expression was set at fold change absolute ≥ 

1.5 and adjusted p value <0.05. These miRNAs were clustered in an unsupervised manner 

with Euclidean distance and Ward method. Signal values in the heat map were z-score 

normalized with a mean of 0 and a standard deviation of 1 across the miRNAs. Red color 

denotes higher signal and blue color represents lower signal. Note that there are more 

differentially expressed mitomiRs at the day 7 time point when compared to day 0.
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Fig. 5. 
Heat map of differentially-expressed miRNAs from whole cell extracts following 

comparisons between day 0 and days 3, 7 or 14. Significant differential expression was 

set at fold change absolute ≥ 1.5 and adjusted p value <0.05. miRNAs were clustered in an 

unsupervised manner with Euclidean distance and Ward method. Signal values in the heat 

map were z-score normalized with a mean of 0 and a standard deviation of 1 across the 

miRNAs. Red color denotes higher signal and blue color represents lower signal. Note there 

are two samples for MSC day 14 since one was an outlier. Also note that there are more 

differentially expressed miRNAs identified at day 14 compared to day 0.
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Fig. 6. 
Analysis of four differentially-expressed mitomiRs by RT-qPCR. RNA from the same 

three mitochondrial extracts analyzed via microarray were also analyzed by RT-qPCR. 

Expression levels of miR-4485 (A), miR-483-5p (B), miR-26a-5p (C) and miR-20a-5p (D) 

were normalized to RNU44 and plotted as fold change expression compared to day 0. Data 

are expressed ± SD; n = 3. *p < 0.05; **p < 0.01.
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Fig. 7. 
Analysis of four differentially-expressed miRNAs in whole cell extracts by RT-qPCR. RNA 

from the same three whole cell extracts analyzed via microarray were also analyzed by RT-

qPCR. Expression levels of miR-4485 (A), miR-181a-5p (B), miR-483-5p (C), miR-138-5p 

(D) and miR-20a-5p (E) were normalized to RNU44 and plotted as fold change expression 

compared to day 0. Data are expressed ± SD; n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001.
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