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Microvesicle- and exosome-mediated transport of microRNAs (miRNAs) represents a novel cellular and molecular
pathway for cell–cell communication. In this study, we tested the hypothesis that these extracellular vesicles (EVs)
and their miRNAs might change with age, contributing to age-related stem cell dysfunction. EVs were isolated from
the bone marrow interstitial fluid (supernatant) of young (3–4 months) and aged (24–28 months) mice to determine
whether the size, concentration, and miRNA profile of EVs were altered with age in vivo. Results show that EVs
isolated from bone marrow are CD63 and CD9 positive, and the concentration and size distribution of bone marrow
EVs are similar between the young and aged mice. Bioanalyzer data indicate that EVs from both young and aged
mice are highly enriched in miRNAs, and the miRNA profile of bone marrow EVs differs significantly between the
young and aged mice. Specifically, the miR-183 cluster (miR-96/-182/-183) is highly expressed in aged EVs. In vitro
assays demonstrate that aged EVs are endocytosed by primary bone marrow stromal cells (BMSCs), and these aged
EVs inhibit the osteogenic differentiation of young BMSCs. Transfection of BMSCs with miR-183-5p mimic
reduces cell proliferation and osteogenic differentiation, increases senescence, and decreases protein levels of the
miR-183-5p target heme oxygenase-1 (Hmox1). In vitro assays utilizing H2O2-induced oxidative stress show that
H2O2 treatment of BMSCs increases the abundance of miR-183-5p in BMSC-derived EVs, and Amplex Red assays
demonstrate that H2O2 is elevated in the bone marrow microenvironment with age. Together, these data indicate that
aging and oxidative stress can significantly alter the miRNA cargo of EVs in the bone marrow microenvironment,
which may in turn play a role in stem cell senescence and osteogenic differentiation by reducing Hmox1 activity.
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Introduction

Aging is associated with a number of degenerative
disorders that negatively impact the musculoskeletal

system. Age-related bone loss in the form of osteoporosis is
one of these age-related conditions that affects *10 million
people in the United States, resulting in over 1.5 million bone
fractures a year. It has been proposed that age-associated
osteopenia and osteoporosis may result, in part, from under-
lying defects in bone stem cell populations, particularly bone
marrow stromal cells (BMSCs).1–3 This hypothesis is further
supported by additional studies showing that BMSCs from
older donors have impaired proliferation, increased senes-

cence, and reduced multipotency.4–6 These previous findings
have important implications for tissue engineering and re-
generative medicine since autologous stem cells are one po-
tential source for tissue repair. The molecular mechanisms
underlying these age-associated changes in the differentiation
and proliferation of BMSCs are not well understood, but
microRNAs (miRNAs) are thought to play an important role.
miRNAs are noncoding RNAs (22–26 nucleotides (nt) in
length) that are expressed in a tissue-specific and develop-
mentally regulated manner and comprise 1% of the total
number of genes in the animal genome. Accumulating evi-
dence indicates that miRNAs regulate essential biological
functions such as cellular differentiation, proliferation, and
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apoptosis, and miRNAs are becoming one of the most im-
portant gene regulators in eukaryotic organisms.7–9 The role of
miRNAs in musculoskeletal development and aging is not yet
entirely clear; however, stem cell-specific miRNAs have been
identified in both humans and mice.10 In addition, specific
miRNAs are associated with bone fractures and osteoporo-
sis,11 and miRNAs have also been identified that play a crit-
ical role in the osteogenic differentiation of mesenchymal
stem cells.12–16 These data therefore suggest that dysregulated
miRNAs are likely to contribute to the significant loss in
function observed in aged musculoskeletal tissues.

Extracellular vesicles (EVs), including microvesicles and
exosomes, have recently been described as a new mechanism of
cell–cell communication.17,18 Exosomes are small (40–100 nm)
and microvesicles are larger (>100 nm) membrane-derived
structures that are released into the extracellular space by a
variety of cell types.19,20 These lipid-based carriers are now
known to shuttle miRNAs between cells, delivering their
miRNAs to target cells through endocytosis and membrane
fusion.21 Microvesicle- and exosome-derived transport of
miRNAs therefore represents one cellular and molecular path-
way for epigenetic reprogramming.17 Cell–cell communication
within the bone marrow microenvironment is complex and
poorly understood. Moreover, the role of microvesicles and
exosomes in this process has only recently been explored,22,23

and the role of these EVs in age-associated bone loss is not
known. Microvesicles derived from human bone marrow stro-
mal cells are enriched in miRNAs,21,23 and the majority of
miRNAs in circulation are located within exosomes.24 We
therefore sought to test the hypothesis that (1) EVs are abundant
within bone marrow interstitial fluid, (2) miRNAs in the aging
bone marrow microenvironment are in fact contained within
membrane-derived EVs, (3) the expression profile of these
miRNAs is altered with age, and (4) these age-associated
changes can impact BMSCs.

Materials and Methods

Ex vivo isolation and characterization of EVs

Young (2–4 months) and aged (24–28 months) male
C57BL6 mice, 8 mice per age group, were obtained from the
National Institute on Aging, National Institutes of Health.
Mice of this age and strain were selected because we and
others have previously observed significant age-associated
declines in bone mass and bone formation and increased bone
resorption in these animals.25,26 We isolated EVs from bone
marrow of mice using the total exosome isolation (TEI) re-
agent for serum (Life Technologies, Carlsbad, CA) reagent,
precipitation, and centrifugation. This method is recognized
to produce a higher purity, quality, and yield of EVs isolated
from biological fluids when compared with sequential ul-
tracentrifugation alone.27–30 Mice were euthanized by CO2

overdose, followed by thoracotomy, as approved by the AU
Institutional Animal Care and Use Committee. The femur
and tibia from both hind limbs were then dissected free and
placed in 1000 mL ice-cold phosphate-buffered saline (PBS).
Bones were then cleaned thoroughly of soft tissue, cut into
pieces with scissors, and vortexed briefly for 15 s. Approxi-
mately 500mL of PBS containing cells and interstitial fluid
from the four hind limb bones was then pipetted out, placed in
a separate tube, and centrifuged at 14,000 rpm at 4�C for
5 min. The supernatant (300–500 mL) was removed and then

processed with the TEI reagent following the manufacturer’s
recommendations. Cells were retained for analysis of miR-
NA expression (see RNA isolation and miRNA profiling).

Immunogold labeling of EVs

Samples from two mice of each age group were utilized
for transmission electron microscopy and immunogold la-
beling to validate our isolation approach. CD63 and CD9 are
tetraspanins that are established surface markers for EVs,
and samples were probed using antibodies diluted 1:100 to
CD63 (Santa Cruz sc-15363, rabbit polyclonal) and CD9
(Santa Cruz sc-9148, rabbit polyclonal). Exosome samples
were fixed in 4% paraformaldehyde, 2% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, overnight. Twenty micro-
liters of microvesicles was applied to a carbon–Formvar-
coated 200-mesh copper grid and allowed to stand 30–60 s,
and the excess wicked off onto Whatman filter paper. Grids
were floated on drops of 1.4 nm anti-Rabbit nanogold (Na-
noprobes, Inc., Yaphank, NY) diluted 1:1000 in blocking
buffer for 1 h. Grids were enhanced 1 min in HQ Silver (gold
enhancement reagent; Nanoprobes, Inc.) and rinsed in ice-
cold DI H2O to stop enhancement and then negatively
stained in 2% aqueous uranyl acetate and wicked dry. Grids
were allowed to air-dry before being examined in a JEM
1230 transmission electron microscope ( JEOL USA, Inc.,
Peabody, MA) at 110 kV and imaged with an UltraScan
4000 CCD camera and First Light Digital Camera Con-
troller (Gatan, Inc., Pleasanton, CA.)

Nanoparticle tracking analysis

EV particle size and concentration were measured from
six mice of each group using nanoparticle tracking analysis
(NTA) with ZetaView PMX 110 (Particle Metrix, Meer-
busch, Germany30–32) and corresponding software ZetaView
8.02.28. Isolated exosome samples were appropriately di-
luted using 1· PBS buffer (Life Technologies, Carlsbad,
CA) to measure the particle size and concentration. NTA
measurement was recorded and analyzed at 11 positions.
Before the measurement, the ZetaView system was cali-
brated using known concentrations of 100 nm polystyrene
particles and temperature was maintained at 23�C.

RNA isolation and miRNA profiling

Total mRNA and miRNA were isolated from exosomes
of six young and six aged mice following NTA using a
Qiagen miRNeasy Kit according to the manufacturer’s
protocol. Up to 100 mL resuspended exosomes were pro-
ceeded with RNA isolation columns and buffers provided in
the kit. A final volume of 50 mL RNA solution was collected
from each sample in elution buffer. RNA concentration and
quality were evaluated using Agilent 2100 Bioanalyzer
(Santa Clara, CA) with RNA 6000 Pico kit at the Integrated
Genomics Core of Georgia Cancer Center (www.augusta
.edu/cancer/research/shared/genomics/). This specific kit is
designed to measure RNA with concentration in the pico-
gram per mL range. We also isolated miRNA from whole
bone marrow cell lysates of old and young mice remaining
after exosome isolation to analyze miR-183-5p expression.
RNA concentration for each sample was determined using a
Nanodrop ND 2000 and equal amounts of total RNA were
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reverse transcribed using the Qiagen miScript II RT Kit (Cat
No. 218160). cDNA was then used as a template for real-
time polymerase chain reaction (PCR) analysis using the
miScript SYBR Green PCR Kit (Cat. No. 218073) and an
iQ5 Real-Time PCR instrument (Bio-Rad). The PCR reac-
tions were performed in duplicates using the Mouse miFinder
miScript miRNA PCR Array (Qiagen, Cat. No. 331221
MIMM-001ZA). Levels of miRNA expression were calcu-
lated by the cycle threshold method using previously vali-
dated internal control genes within each assay plate. RNU6
(RNA, U6 small nuclear 2) and SNORD (small nucleolar
RNA, C/D box) were used as normalization/internal control
genes for miRNA expression. Expression differences among
groups were assessed using analysis software made available
by SABiosciences (pcrdataanalysis.sabiosciences.com/mirna/
arrayanalysis.php?target=upload). TargetScan software was
utilized to identify potential targets of those miRNAs found
to be elevated in EVs with age. Analyses were performed
in duplicate on pooled samples of three mice per age group.
To confirm that our array findings were not specific to the
C57BL6 mouse, we repeated the arrays in male CB6F1
(BALB/cBy x C57BL/6) mice. Exosome and miRNA iso-
lation was performed as described above, and arrays per-
formed in duplicate on pooled samples of three mice per age
group. All other analyses in the study are performed using
C57BL6 mice. Predicted targets of those miRNAs found to
be altered with age were identified using the miRSystem
platform (http://mirsystem.cgm.ntu.edu.tw/).

Isolation of mouse BMSCs

Mouse BMSCs were isolated according to procedures we
have described previously.15,33,34 Briefly, mouse BMSCs were
isolated from the femora of 6-month-old C57BL/6 mice
(n = 6). The marrow was flushed with PBS and the marrow
cells centrifuged, the supernatant discarded, and the pellet
washed with PBS. Cells were plated in 100-cm2 culture plates
with DMEM, supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 50 U/mL penicillin/streptomycin, and
2 mM l-glutamine. After 24 h, hematopoietic cell lineage cells
were depleted using negative selection (T and B lymphocytic,
myeloid, and erythroid cells) following manufacturer recom-
mendations (BD Biosciences). BMSC lineage-positive frac-
tions were collected as cells negative for CD3e (CD3 e chain),
CD11b (integrin aM chain), CD45R/B220, Ly-6G and Ly-6C
(Gr-1), and TER-119/erythroid cells (Ly-76) and positive for
antistem cell antigen-1 (Sca-1). Positive selection was per-
formed using the Sca-1 column magnetic bead sorting kit
(Miltenyi Biotec, San Diego, CA).

Imaging of EVs, osteogenic assay, and H2O2

treatment of BMSCs

EVs isolated from the bone marrow of four aged male
C57BL6 mice were stained with the membrane dye PKH67
following manufacturer recommendations. Primary BMSCs
from four young male C57BL6 mice (4–6 months, see isola-
tion procedure described below) were treated with either
100mg/mL of unlabeled or 100mg/mL of PKH-67-labeled
exosomes from aged mice. Cells were imaged using a Zeiss
LSM 780 inverted confocal microscope with a 25 mW laser
and 458 nm laser wavelength at 5.1% power. We also exam-
ined the effects of aged EVs on osteogenic differentiation of

young BMSCs. Osteogenic culture was performed as described
previously.15,33,34 BMSCs were trypsinized, harvested, washed,
and plated in 24-well plates at a density of 5000 cells/cm2. The
cells were allowed to adhere and grow to *90% confluence
before being changed to an osteogenic medium (OM). The OM
contained DMEM supplemented with 5% FBS, 50 U/mL
penicillin/streptomycin, 10 nM dexamethasone, 0.25 mM l-
ascorbic acid, and 10 mM b-glycerophosphate. Cells were
treated with low (OS-L 1mg/mL) or high (OS-H; 10mg/mL)
doses of aged EVs. Alkaline phosphatase (ALP) activity (and
staining) was performed 3 and 6 days after the treatment is
initiated. For ALP staining, cells are washed 10 days after
treatment, fixed with 3.7% formaldehyde, then stained with
SIGMA FAST BCIP/NBT-buffered substrate (B5655; Sigma-
Aldrich) or fast red violet (86C-1KT, Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. Images of stained wells
were converted to grayscale and staining intensity quantified
from six wells per treatment group based on pixel grayscale
values. We performed a separate set of experiments with iso-
lated BMSCs to determine the role of reactive oxygen species
and oxidative stress in driving the expression of EV-derived
mIRNAs. We treated young (6 months), male C57BL6 mouse
BMSCs with low (100mM) and high (200mM) doses of hy-
drogen peroxide (H2O2) for 24 h since oxidative stress and
reactive oxygen species are known to increase with age.35

Mir-183-5p transfection of primary mouse
BMSCs and functional assays

Negative control (NC; #SI03650318, scrambled sequence)
and miRNA mimics of miR-183-5p were purchased from
QIAGEN. Lipofectamine 2000 was utilized for transfecting
MSCs from male C57BL6 mice 3–6 months of age according
to the manufacturer’s instructions. Transfected cells were used
for cell proliferation assay, senescence assay, and western
blot. Real-time PCR for miR-183-5p expression, as described
above, was used to validate successful transfection. PCR
showed a significant ( p < 0.01) increase in miR-183-5p ex-
pression in BMSCs following transfection (Table 1). For
proliferation assay, BMSCs were seeded on 96-well plates at a
density of 3000 cells/well. The cells were transfected with
miR-183-5p mimic and NC miRNA (20 nM) for 48 h. The cell
proliferation assay was performed using CyQuant� prolifer-
ation assay kit (Invitrogen) according to the manufacturer’s
instructions. Briefly, the cells were washed twice in PBS and
the plate was then frozen at -70�C. After 24 h, the plates were
thawed at room temperature. CyQuant reagent dye was added
in a volume of 100mL/well, incubated for 5 min protected
from light at room temperature, and fluorescence signals
(excitation 485 nm, emission 520 nm) detected using a fluo-
rescence plate reader. Senescence cell staining kit (Cat No.

Table 1. Real-Time Polymerase Chain Reaction Data

Showing Fold Change in miR-183-5p Expression

in BMSCs Following Transfection

Treatment group
Fold change relative

to control p

Control (n = 4) 1.15 – 0.648 0.003
miR-183 transfected (n = 4) 107.54 – 18.61

The housekeeping genes SNORD and RNU6 were used to
quantify relative expression.
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FIG. 1. Isolation and char-
acterization of old and young
EVs. (A) Transmission elec-
tron microscope images of
immunogold-labeled EVs iso-
lated from mouse bone mar-
row supernatant showing
positive labeling for the exo-
some markers, CD63 and CD9
(arrows). (B) ZetaView quan-
tification of EV particle size
(left) and concentration (right)
from young (3–4 months) and
aged (24–28 months) mouse
bone marrow supernatant.
N = 6 per group. (C) Rep-
resentative Agilent 2100
Bioanalyzer electropherogram
traces showing large number
of small RNAs (arrows) from
marrow-derived EVs. EV, ex-
tracellular vesicle; FU, fluo-
rescence units; nt, nucleotides.

FIG. 2. Expression of miR-183 cluster is increased with age in bone marrow-derived EVs. (A) PCR array from bone-
derived EVs comparing miRNA expression between young and old C57BL/6 and CB6F1 hybrid mice (red indicates
increased expression, green indicates a relative decrease). Analyses were performed in duplicate on pooled samples of three
mice per age group per strain. (B) Venn diagram showing shared miRNAs upregulated with age between the two strains. (C)
NCBI mapping of mouse chromosome 6 showing the clustered miR-183 family members miR-96, -182, and -183. (D)
Members of the miR-183 cluster share overlapping predicted gene targets based on their nucleotide sequences.
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CS0030; Sigma) was used to stain senescence cells in vitro,
following the manufacturer’s instructions. BMSCs were cul-
tured in six-well plates and transfected with miR-183-5p and
NC miRNA (20 nM) at 80% confluency. After 48 h, the cells
were washed twice in PBS, fixed for 15–20 min with the fix-
ation buffer, washed again with PBS, and incubated for 3–6 h at
37�C with b-gal solution provided by the kit. Following incu-
bation, cells were imaged under standard light microscope at
40 · . Images were converted to grayscale and staining intensity
quantified from six wells per treatment group based on pixel
grayscale values. BMSCs isolated from 3-month-old C57BL6
mice were transfected with miR-183-5p mimic and NC miR-
NA as for the proliferation assays, seeded at 3000 cells per
well, and cultured in osteogenic media (DMEM plus 50mM
ascorbic acid-2-phosphate, 10 mM b-glycerophosphate, and
10 nM dexamethasone) for 12 days and stained using Ali-
zarin red S as previously described.33,34 Images of stained
wells were converted to grayscale and staining intensity
quantified from six wells per treatment group based on

pixel grayscale values. Western blots from transfected cells
were performed by first extracting protein from cell culture
lysate, separated by SDS-PAGE, and transferred to nitrocel-
lulose membranes. Membranes were incubated with antibodies
against Hmox1 (AB13243; Abcam) and Gapdh (Santa Cruz
Biotechnology, Santa Cruz) overnight at 4�C, followed by
incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody. Proteins were visualized with an ECL
western blot detection system.

Amplex Red assay and Hmox 1 immunostaining

We analyzed H2O2 levels in flushed bone marrow aspirates
from the left tibia and femur of five young (2–4 months) male
C57BL6 mice and five old (20–24 months) C57BL6 mice
using the Amplex Red hydrogen peroxide/peroxidase assay kit
(A22188; Invitrogen) to detect age-associated changes in reac-
tive oxygen species within the bone marrow microenvironment.
A reaction mixture containing 100mM Amplex� Red reagent

FIG. 3. Young mouse primary BMSCs en-
docytose aged EVs. (A) Young BMSCs treated
with aged bone marrow EVs (100mg/mL) la-
beled with the membrane dye PKH67 (bottom,
green dye, white arrows; blue, DAPI) or un-
labeled EVs (top). Confocal images show
abundant EVs within the cytosol of BMSCs
(arrows). Alkaline phosphatase staining of
young (6 months) BMSCs treated with aged
EVs at low (OS-L 1mg/mL) or high (OS-H;
10 mg/mL) doses, stained after 3 days (B) and
6 days (C), showing stained wells (left panels)
and quantification (right panels) illustrating
decreased osteogenesis at the higher EV dose.
N = 3 per dose per time point.
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and 0.2 U/mL HRP prepared in reaction buffer was added
(50mL) to the samples. Samples were incubated for 30 min at
room temperature and absorbance was measured at *560 nm.
Protein estimation was carried out to normalize hydrogen per-
oxide content using the Bio-Rad Quick Start Bio-Rad Protein
Assay kit, which is based on the Bradford principle. Bones from
the right hind limb of these mice were fixed in 4% paraformal-
dehyde, cryoprotected using sucrose overnight, frozen in OCT,
and sectioned at 7–10mm. Sections were stained using the
Hmox1 antibody described above with Alexa546 Goat anti-
rabbit secondary antibody (Invitrogen A1100), diluted 1:1000,
and counterstained using 4¢,6-diamidino-2-phenylindole (DAPI).

Statistical analyses

T-tests were used to compare RT-PCR values between
aged and young animals. In some cases, the analyses were
performed on the ranks of the data to reduce the influence of
outlying observations.

Results

Isolation and immunogold labeling of EVs

The combination of results from immunogold labeling
(Fig. 1A) and NTA (Fig. 1B) indicates that EVs can be isolated
successfully from bone marrow interstitial fluid (supernatant).
These EVs are positive for CD9 and CD63, two well-established
markers of EVs. These data also show that vesicles isolated from

bones of young and old mice are in the 100–130 nm diameter
size range, consistent with the known size of EVs (Fig. 1B).
Bioanalyzer traces show that these vesicles are highly enriched
in small RNAs, including miRNAs (Fig. 1C).

The miRNA profile of bone-derived EVs
changes with age

The size and concentration of EVs are similar between
young and aged mice (Fig. 1B), but the miRNA content of
the EVs differs between the two age groups (Fig. 2A). The
miRNA content of aged EVs tends to be lower than in younger
EVs (Fig 1C); however, nine miRNAs were found to be con-
sistently upregulated in aged EVs compared with young EVs
in both strains of mice (Fig. 2B). Importantly, three of these
miRNAs, miR-96-5p, miR-182-5p, and miR-183-5p, are from
the same functional cluster (Fig. 2C). The miR-183 family
shares a similar location in the mouse genome (Fig. 2C) and
shares a number of overlapping gene targets (Fig. 2D).

Young BMSCs readily endocytose aged
bone-derived EVs, and these vesicles
suppress osteogenic differentiation

We isolated EVs from the bone marrow of aged mice and
stained the EVs with the membrane dye PKH67. We then
treated young (4–6 months) mouse BMSCs with these labeled
exosomes and imaged the cells using confocal microscopy.

FIG. 4. miR-183-5p suppresses BMSC proliferation, induces cellular senescence, and inhibits osteogenesis. (A) CyQuant
proliferation assay showing reduced BMSC proliferation following transfection with miR-183 mimic (***p < 0.001). (B)
Increased b-galactosidase staining, a marker of senescence, following miR-183 transfection (left, black arrows) and
quantification of staining intensity (right, **p < 0.01). (C) Alizarin red S staining following 12 days of BMSC culture in
osteogenic media (left) and quantification of staining intensity (right, **p < 0.01).
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Clusters of labeled exosomes are abundant in the cytosol of
the BMSCs, evident by PKH67 staining (Fig. 3A), indicating
that the cells readily take up these vesicles. Young primary
BMSCs were also cultured in osteogenic media and treated
with increasing concentrations (0, 1, and 10mg/mL) of aged
EVs. Dishes were stained for ALP activity after 3 and 7 days,
and the results show that high-dose exosomes suppress the
osteogenic differentiation of BMSCs (Fig. 3B, C).

Transfection of BMSCs with miR-183-5p suppresses
BMSC proliferation and mineralization, increases
cell senescence, and decreases heme
oxygenase-1 protein

We transfected young BMSCs with miR-183-5p mimic since
we found this miRNA was elevated in aged EVs (Fig. 2), and

aged EVs are readily taken up by young BMSCs (Fig. 3).
CyQuant proliferation assays indicated that miR-183-5p de-
creases cell proliferation (Fig. 4A), and the senescence marker
b-galactosidase was increased in BMSCs following miR-183-
5p transfection (Fig. 4B). Alizarin red S staining of BMSCs
transfected with control (scrambled) miRNA and miR-183-5p
mimic shows that miR-183-5p suppresses the osteogenic dif-
ferentiation of BMSCs (Fig. 4C).

miR-183-5p is increased with oxidative stress

Western blots for the miR-183-5p target heme oxygenase-
1 (Hmox1) show that miR-183-5p decreases Hmox1 protein
(Fig. 5A), and immunostaining of mouse long bones indi-
cates that Hmox1 protein is less abundant in bone marrow of
aged mice compared with young mice (Fig. 5B). PCR data

FIG. 5. miR-183-5p re-
duces Hmox1 in BMSCs and
miR-183 is increased with
oxidative stress. (A) Western
blot showing reduced
Hmox1 in BMSCs after
miR-183-5p transfection. (B)
Immunostaining for Hmox1
(asterisks) in the long bones
of young (top) and aged
(bottom) mice. (C) miR-183-
5p expression increases with
age in mouse bone marrow
cells. (D) Primary BMSCs
from aged mice show higher
miR-183-5p expression than
HSCs, suggesting that
BMSCs are the source of
EV-derived miR-183. (E)
Amplex Red assay showing
that H2O2 levels increased
with age in mouse bone mar-
row, N = 5 mice per age group.
(F) Treatment of young mouse
BMSCs with H2O2 increases
expression of miR-183 at both
high and low doses. N = 5 per
group. *p < 0.05. cb, cortical
bone; HSCs, hematopoietic
stem cells.
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indicate that miR-183-5p is upregulated in bone marrow cell
lysates (Fig. 5C) and is highly expressed in BMSCs com-
pared with HSCs (Fig. 5D). Oxidative stress is known to
increase mir-183 expression and we measured levels of
hydrogen peroxide in bone marrow using Amplex Red.
These data show elevated H2O2 in marrow of aged mice
(Fig. 5E). We also treated young BMSCs with hydrogen
peroxide (H2O2) to further evaluate the role of oxidative
stress in stimulating miR-183-5p expression. These experi-
ments demonstrate that H2O2 increases miR-183-5p ex-
pression at both high and low doses (Fig. 5F).

Discussion

A role for EV-derived proteins, mRNAs, and miRNAs in
cell–cell communication is becoming better understood;
however, there are, to our knowledge, no studies that have
yet identified specific miRNAs transported through EVs
within the aging bone marrow microenvironment in vivo.
In vitro studies have recently shown that osteoblasts shed
microvesicles carrying RANKL protein, and these micro-
vesicles can facilitate osteoclast development.36 It has also
been proposed that matrix vesicles within the growth plate
are exosomal structures and may play a key role in cell–cell
communication during the process of endochondral ossifi-
cation.37 MC3T3 osteoblasts were recently observed to se-
crete exosomes that stimulate osteogenic differentiation of
ST2 stromal cells,38 and BMSCs secrete exosomes carrying
miRNAs that promote tumor growth in multiple myeloma.39

Our data expand upon these previous studies by showing that
exosomes and microvesicles are abundant within bone
marrow interstitial fluid and carry a number of different
miRNAs, some of which change with age. Parabiosis ex-
periments suggest that a variety of circulating factors differ
between young and old animals,40 and it has recently been
proposed that microvesicular miRNAs may also change with
age.41 Our findings indicate that at least in bone marrow, this
does appear to be the case. The local microenvironment
is recognized to play a key role in modulating stem cell
function.6 Future studies could be directed at identifying ad-
ditional EV-derived miRNAs and proteins that are altered
with age in various tissues and may therefore be involved in
regulating stem cell survival, proliferation, and differentiation.

The miRNAs that we determined were altered with age in
bone-derived EVs and have been demonstrated in previous
studies to play a role in suppressing osteogenesis and in-
ducing cellular senescence. For example, miR-182-5p has
previously been shown to suppress osteoblast proliferation
and differentiation by targeting Foxo1,42 and miR-183-5p is
increased during cellular senescence after exposure to oxi-
dative stress.43 miR-183-5p targets Foxo1 in humans, but
not in mice,44 whereas luciferase reporters have validated
Hmox-1 as an miR-183-5p target in multiple cell types.45,46

Hmox1 has been shown previously to promote the growth
and osteogenic differentiation of BMSCs.47 Our results
showing that miR-183-5p increases with aging, suppresses
osteogenic differentiation in BMSCs, and reduces Hmox1
levels are consistent with these previous findings. The role
of miR-183-5p in age-related bone loss may not be restricted
to its impact on bone formation as this miRNA also appears
to stimulate bone resorption by suppressing Hmox1 and
increasing osteoclastogenesis.45 Indeed, the miR-183 cluster

is highly conserved in vertebrates and is now recognized to
play a role in a number of human diseases.48 Hmox1 is a key
component of the cellular response to oxidative stress,49 and
so our findings are consistent with the idea that elevated
levels of oxidative stress within the bone marrow microen-
vironment contribute to age-related bone loss.50,51 Addi-
tional studies in mice have shown that miR-183 increases
with age in serum, but is reduced with calorie restriction,52

and miR-183-5p and miR-96-5p are both downregulated in
long-lived centenarians compared with those individuals
with shorter life spans.53 It is therefore possible that circu-
lating EV-derived miRNAs such as miR-183 may ultimately
serve as useful biomarkers for age-associated senescence,
stem cell dysfunction, and oxidative stress.
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