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Abstract

Lineage specification is an essential process in stem cell fate, tissue homeostasis and development.
Microenvironmental cues provide direct and selective extrinsic signals to regulate lineage
specification of stem cells. Microenvironmental milieu consists of two essential components, one
being extracellular matrix (ECM) as the substratum, while the other being cell secreted exosomes
and growth factors. ECM of differentiated cells modulates phenotypic expression of stem cells,
while their exosomes contain phenotype specific instructive factors (miRNA, RNA and proteins)
that control stem cell differentiation. This study demonstrates that osteoblasts-derived (Os-Exo)
and adipocytes-derived (Ad-Exo) exosomes contain instructive factors that regulate the lineage
specification of human mesenchymal stem cells (hMSCs). Analyses of exosomes revealed the
presence of transcription factors in the form of RNA and protein for osteoblasts (RUNX2 and
OSX) and adipocytes (C/EBPa and PPARY). In addition, several miRNAs reported to have
osteogenic and adipogenic differentiation potentials are also identified in these exosomes. Kinetic
and differentiation analyses indicate that both osteoblast and adipocyte exosomes augment ECM-
mediated differentiation of hMSCs into the respective lineage. The combination of osteoblast/
adipocyte ECM and exosomes turned-on the lineage specific gene expressions at earlier time
points of differentiation compared to the respective ECM or exosomes administered individually.
Interestingly, the hMSCs differentiated on osteoblast ECM with adipogenic exosomes showed
expression of adipogenic lineage genes, while hMSCs differentiated on adipocyte ECM with
osteoblast exosomes showed osteogenic lineage genes. Based on these observations, we conclude
that exosomes might override the ECM mediated instructive signals during lineage specification of
hMSC.
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1. Introduction

Human mesenchymal stem cells (hMSCs) have the capacity to differentiate into cells of the
mesodermal lineage, such as myoblasts, chondrocytes, osteoblasts and adipocytes (1). The
stem cell fate is determined by sets of transcription factors and growth factors both /n vivo
and /n vitro (2). Besides the biochemical factors, the lineage commitment of stem cell also
depends on physical factors such as cytoskeletal tension and cell shape. For instance,
McBeath et al have used micro-patterning method to demonstrate that the cell shape
determine the hMSC’s commitment towards either osteogenic or adipogenic lineage (3). The
inherent plasticity of hMSCs and their ability to ‘sense or feel” extracellular matrix (ECM)
lead to changes in the signaling cascade, inducing cell differentiation. In this way, cell-type
specific ECM provides a unique and complex microenvironment that influences stem cell
differentiation. In recent studies, we have demonstrated that ECM extracted from MC3T3-
E1 (a mouse pre-osteoblast cell line) induced the hMSCs towards osteogenic lineage (4).
Cell-secreted ECM is known to influence stem cells via its multiple physical mechanisms
such as rigidity, porosity, nanotopography and mechanotransduction (5). Several studies
have shown that the biomechanical property is the key player in the cell-secreted ECM
mediated regulation of stem cell fate (6). Stiffness of cell-secreted ECM has also been
shown to influence cell behavior, gene expression and the stem cell fate via outside-to-inside
sighaling mechanism associated mechanotransduction pathways (7-10). Besides these
physical attributes, the ECM (in vivo) also contributes to tissue architecture by providing
highly organized macromolecules and signaling factors (11). The cells dynamically
synthesize a complex network of ECM, degrade and reorganize the macromolecules in a
tightly controlled manner (12). The ECM (in vivo) mediated stem cell differentiation is one
of the essential processes during tissue development, repair and homeostasis (13). Structural
and signaling functions of the ECM (in vivo) have been attributed to structural proteins
(mainly collagen), non-collagenous proteins (fibronectin, laminin, etc.,),
glycosaminoglycans and proteoglycans (11). The ECM (both in vivo and in vitro) mediated
signaling include ligand-cell surface receptor interaction and physical properties associated
component that deliver combined influence on stem cell fate determination.

Transplantation of stem cells to the site of injury lead to their differentiation, which is
influenced by the factors secreted by specific lineage cells via paracrine signaling (14). In
the same context, conditioned medium has been shown to be critical in stem cell
differentiation (15). In the absence of growth factors, chondrocyte conditioned medium has
been shown to differentiate bone marrow-derived hMSCs into chondrocytes as an evidence
for the presence of sufficient activators in the conditioned medium (16). In addition to the
soluble factors, encapsulated nano-sized (40 — 100 nm diameter) vesicles called exosomes
present in the conditioned medium have been identified as a key player in stem cell
differentiation (17). Exosomes are multi-vesicular endosomes (MVE) secreted by many cell
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types. The cargo of exosomes are shown to contain both ubiquitous and cell-type specific
biological molecules such as protein, RNA, long non-coding-RNA (IncRNA), micro RNA
(miRNA) and fragmented DNA (18). With the current understanding, the exosomes are
recognized as a component of paracrine signaling system and cellular microenvironment
(19).

Both miRNA (20) and RNAs (21) have been shown to be critical component in stem cell
differentiation. For example, miR-1 and miR-449 regulate cardiomyocyte progenitor
differentiation via targeting Sex Determining Region Y-Box 6 (Sox6) (22). Similarly,
overexpression of miR-355 has been shown to initiate chondrogenic differentiation in mouse
MSCs (23). In addition to miRNA, tissue specific transcription factors have also been shown
to determine lineage specification via downstream activation of cell-type specific targets. A
fine balance between miRNA and specific transcription factors has been shown as the key
determinant of stem cell fate (24-26). Although both cell-secreted ECM and exosomes are
shown to influence the stem cell fate in vitro, it is not known whether the ECM or the
exosome has the superior role in cell differentiation. We hypothesize that exosomes might
have efficient control over ECM in the determination of hMSC lineage. In this report, we
studied the influence of tissue specific ECM and exosomes on the differentiation of hMSCs,
and thus, their role in hMSC lineage determination.

2. Materials and Methods

2.1. Cell culture

All cells used in this study [normal human osteoblasts (NHO), human subcutaneous pre-
adipocytes and human mesenchymal stem cells (hnMSCs)], growth medium and
differentiation medium were purchased from Lonza (Singapore). Serum containing media
was used in the expansion of hMSCs, NHO and pre-adipocytes, while differentiation was
performed in serum-free medium. Exosomes were purified from the collected conditioned
medium at day-7 of differentiation.

2.2. Mesenchymal stem cells culture and differentiation

All the experiments with hMSCs were performed within five passages of culture. The
hMSCs (3 x 10% cells/cm?) were differentiated to osteoblast and adipocyte lineages with
osteogenic and adipogenic induction medium, respectively. Prescribed exosomes
concentrations were added during the differentiation of hMSCs at day 3, 6, 9 and 12 along
with differentiation medium changes.

2.2 Osteoblasts and adipocytes culture and differentiation

Normal human osteoblasts were cultured with osteoblast growth medium (OGM).
Differentiation of NHO was performed at 90% confluence with OGM containing
hydrocortisone (200 nM) and B-glycerophosphate (10 mM). Briefly, NHO seeded at a
density of 2 x 10%/cm? were allowed to differentiate for 7 days. The differentiated
osteoblasts were confirmed by gene expression and von Kossa staining. Primary human
subcutaneous pre-adipocytes obtained from Lonza were cultured with pre-adipocyte growth
medium. Differentiation of pre-adipocytes was performed with adipocyte differentiation
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medium. Briefly, 2.5 x 10% cells/cm? were seeded and allowed to differentiate in adipocyte
differentiation medium containing insulin, dexamethasone, indomethacin and isobutyl-
methylxanthanine for 7 days. Differentiation was confirmed by gene expression and lipid
droplets staining with Nile red (Sigma, USA).

2.3 Exosome isolation

Exosomes were isolated from differentiated NHO and pre-adipocytes. On day 6 of
osteoblast and adipocyte differentiation, the medium was changed, and the conditioned
medium was collected on day 7. The conditioned medium was centrifuged sequentially at
300 x g for 5 min and at 20,000 x g for 20 min to remove cells and smaller cell debris,
respectively. The collected supernatant was passed through polyethersulfone membrane filter
(0.22 um; Corning, USA) and centrifuged at 100,000 x g for 60 min. Exosome pellets were
rinsed with PBS and re-centrifuged (100,000 x g for 60 min). Exosome pellets suspended in
sterile PBS were stored at 4°C until further use.

2.4 Characterization of exosomes

The exosome size and concentration were determined using NanoSight (NS300, Malvern
Instruments, UK). Exosomes resuspended in PBS were observed with blue laser (405 nm)
and their movement under Brownian motion was captured for 60 sec. NanoSight was used
with a standard detection threshold of 3 and camera level set at 14 for all the experiments.
Exosome concentration and size distribution profiles were determined by analyzing the
captured video using NanoSight particle tracking software. All measurements were repeated
3 times

2.3 Scanning electron microscopy (SEM)

Exosomes suspended in 100 pul PBS were fixed with 2.5% glutaraldehyde dissolved in 0.1 M
cacodylate solution (pH 7.0) for 2 hr followed by 2% osmium tetroxide for one hr. Diluted
samples were added to cleaned silicon chips and treated with acetone, ethanol and distilled
water. Immobilized and dried silicon chips were imaged by JEOL-7600F SEM.

2.4 Western blotting

Proteins extracted from exosomes and cells resolved in 10% SDS-PAGE were transferred
onto nitrocellulose membrane using Novex transfer buffer (ThermoFisher, USA). The blots
were blocked with 5% BSA dissolved in TBS for one hr. Specific primary antibodies were
added to the blots and incubated for 16 hr at 4°C. The blots were washed with TBS
containing 0.5% triton-X100 for 10 min (3X) and incubated with appropriate secondary
antibody conjugated with horse radish peroxidase. The blots were developed using ECL kit
(GE Healthcare, USA).

2.5 Extracellular matrix preparation

The cell-secreted ECMs were isolated as described previously (27). Briefly, the cells were
grown for 7 days in the respective differentiation medium. ECM was prepared by incubating
the cells with 0.02 M ammonium hydroxide for 5 min and the cell debris and genomic DNA

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Narayanan et al.

Page 5

were aspirated. The ECM was washed gently twice with sterile ice-cold PBS. The ECM
containing plates were either used immediately or stored in PBS at 4°C.

2.6 Characterization of extracellular matrix

The concentration of Type-I (ab210966) and Type-1V (ab6586) collagen, fibronectin
(ab219046) and, laminin (ab119599) in the isolated ECM were quantitated using sandwich
enzyme-linked immunosorbent assay (ELISA; Abcam, UK) using manufacturer’s
instruction. Values are presented as mean + SD of triplicate assays of three independent
measurements. The structural and mechanical properties of the ECM were determined using
atomic force microscope (AFM; Veeco Instruments, USA), as described previously (27).

2.7 Exosome labeling and uptake studies

Purified exosomes were labeled with membrane targeted green fluorescent dye PKH67
(Sigma-Aldrich, St. Louis, MO). In brief, 1 x 107 exosomes suspended in 1 ml PBS mixed
with equal volume of PKH67 dye were incubated at 4°C for 5 min. The labeling reaction
was stopped by the addition of 5% BSA in PBS. The labeled exosomes purified by
centrifugation (100, 000 x g for 60 min) were resuspended in PBS. For uptake studies, 1 x
107 labeled exosomes suspended in 750 pl serum free culture medium was added to pre-
plated hMSCs (at least 24 h). Control group received equivalent concentration of free-dye in
the medium. To block exosome uptake, hMSCs were incubated together with exosomes and
chlorpromazine (Sigma, USA). Following 24 h incubation at 37°C, exosome uptake by
hMSCs was visualized with fluorescence microscope.

2.8 RNA isolation and quantitative polymerase chain reaction

Total RNA (10 ug) isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) was reverse
transcribed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA). Real-time PCR was performed with gene specific TagMan assays (Applied
Biosystems, USA) (Supplementary Table-S1). Number of specific RNA copies were
calculated using standard curve of known concentrations of respective genes.

2.9 Promoter constructs and luciferase activity measurement

Both an 800 bp OC and 600 bp ADPN promoters were PCR amplified from genomic DNA
isolated from hMSCs. The OC promoter was cloned into Kpnl/Xhol site (28), while the
ADPN promoter was cloned into pGL3-basic at Sacl/Bglll site (29) in pGL3-basic vector
(Promega, USA). The promoter clones were sequence verified prior to use. Plasmid DNA
(2.5 pg) mixed with 1 pg enhancer and 1 pl of Lipofectamine 3000 (ThermoFisher, USA)
was complexed by incubating at room temperature for 5 min. The DNA-Lipofectamine
complex mixed with 500 pl of DMEM containing 5% serum was added dropwise to cells.
Control cells received empty vector (i.e. without promoter insert). Following 24 h
transfection, cellular extracts were prepared using lysis buffer and used for luciferase
activity. Luciferase assay was performed as described by the manufacturer (Promega, USA).
In brief, luminescence was measured in 50 pl cell lysate mixed with 100 pl luciferase
substrate using GloMax luminometer (Promega, USA). The luciferase activities presented
were normalized to protein concentration.
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2.10 Quantitative measurement of calcium deposition and lipid formation

Osteogenic differentiated hMSCs were fixed and stained with von Kossa stain for calcium
deposition (ab150687, Abcam, UK). For quantitative calcium measurement, cells were
washed with PBS and the cellular calcium was extracted by decalcification using with 0.6 N
HCI for 18 h at room temperature. The extracted cellular calcium was quantitated using
QuantiChrom Calcium Assay Kit by following the manufacturer’s instruction (BioAssay
Systems, USA). In brief, equal volume (200 pl) of reagent A and B was added to cell extract
and incubated at room temperature for 5 min. Absorbance at 612 nm was measured and
normalized to protein.

For quantitative measurement of lipid droplet formation during adipogenic differentiation,
we used Nile Red (Sigma, USA) as a fluorescent lipid staining dye. Upon differentiation,
cells were fixed with paraformaldehyde and stained with Nile Red. Fluorescent intensity of
Nile Red stained cells was measured with a plate reader and normalized with total protein.

2.11 siRNA mediated knockdown

Exosomal RUNX2 (assay id # 115507) and PPARy (assay id # 5636) specific RNA
expressions were knockdown using specific siRNA kit (Applied Biosystems, USA). Eight hr
prior to exosome supplementation, the cells were transfected with siRNA. One pl sSiRNA
(5uM) mixed with 9 pl of serum-free DMEM was incubated with 10 pl DharmaFECT
transfection reagent for 30 min at room temperature. The siRNA-DharmaFECT complex
mixed with 80 ul of DMEM containing 10% FBS was added dropwise to the cells.
Following 15 days differentiation, OC and ADPN promoter plasmids were transfected to
hMSCs undergoing osteogenic and adipogenic differentiation. Luciferase assay was
performed with the cell lysates as described in section 2.9.

2.12 In-vitro translation

Five pg of RNA in 25 pl of nuclease-free water wastranslated with rectic lysate
(ThermoFisher, USA) at 30°C for 90 min following manufacturer instructions. The in-vitro
translated proteins were resolved in a 10% SDS-PAGE and western blotting was performed
with specific antibodies as described in section 2.4.

2.13 Statistical analysis

All data presented represent mean + SD of triplicate assays. One-way analysis of variance
(ANOVA) was used to determine the statistical significance (0 < 0.05.)

3. Results

3.1 Exosome isolation and characterization

Normal human osteoblasts (NHO) and human pre-adipocytes were differentiated using
conventional osteogenic and adipogenic differentiation media, respectively. The NHO
differentiation was confirmed by von Kossa staining and osteocalcin (OC), Runt related
transcription factor 2 (RUNX2), osterix (OSX) and osteopontin (OPN) specific gene
expression (Supplementary Figure 1A and 1B), while the pre-adipocyte differentiation was
confirmed by Nile Red staining and CAAT /enhancer binding protein alpha (CEBPa),
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lipoprotein lipase (LPL), adiponectin (ADPN) and peroxisome proliferation activator
receptor gamma (PPARY) gene expressions (Supplementary Figure 1C and 1D). Exosomes
were purified from conditioned media collected from osteogenic and adipogenic
differentiated cells after 7 days of differentiation. SEM analyses of osteoblastic and
adipocytic exosomes revealed the presence of globular structures with a diameter in the
range of 70 to 100 nm (Figures 1A and 1B). Homogeneity and size of the purified exosomes
were characterized by NanoSight using Nanoparticle tracking software (NTA). Average size
of osteoblast exosomes ranges from 75 to 112 nm, while adipocyte exosomes ranges from 63
to 95 nm. NanoSight images (data not shown) and the presence of single peak size
distribution profile indicate that the nano-sized vesicles isolated from the conditioned media
of both differentiated osteoblasts (Figures 1A and 1C) and differentiated adipocytes (Figures
1B and 1D) are highly purified (Figures 1A and 1B). Western blot analyses indicate the
presence of ubiquitous exosome markers such as CD63, CD9 and TSG101 (Tumor
Susceptibility Gene 101) proteins that are enriched in both osteoblast (Figure 1E) and
adipocyte (Figure 1F) exosomes compared to respective cell lysates. On the other hand,
tubulin and Heat Shock Protein 90 (HSP90) which belong to cytosolic fraction are depleted
in the purified exosomes.

Exosomes are known to contain cell-type specific macromolecules such as miRNA, RNA
and proteins. Thus, we investigated the presence of specific miRNAs and RNASs in the
purified osteoblast exosomes by RT-qPCR analyses. The fluorescence amplification of
targets were normalized with baseline and plotted as deltaRN (ARnN) against the number of
amplification cycles. The miRNAs (miR-34a, miR-27a and miR-22) that influence
osteoblast differentiation (Figure 2A), and RUNX2 and OSX specific RNAs (Figure: 2B)
were detected, whereas miR-10a, U6 sSnRNA, miR-143 and miR-375 (negative control)
(Figure 2A) were not detected in the osteoblastic exosomes. Similarly, we were not able to
detect the presence of adipocyte specific mMRNA such as PPARy and C/EBPa in the
osteoblastic exosomes. In addition, RUNX2 and OSX proteins were also detected by
western blot in both osteoblast cell lysates and exosomes (Figure 2C). Similarly, miRNAs
influencing adipocyte differentiation (miR-143 and miR-375) (Figure 2D) and RNAs
(PPAR~y and C/EBPa.) (Figure 2E) were detected, while miR-10a and U6 snRNA (used as
negative control) (Figure 2D) were not detected in adipocyte exosomes. Western blot
analysis identified PPARy and C/EBPa protein expression in the purified adipocyte
exosomes (Figure 2F). The copy number of specific mRNAs were estimated in both cell and
exosomes of osteoblast and adipocyte. The osteoblasts and its exosomal RUNX2, OC, OSX
and HSP90 specific transcript (i.e. mMRNA) copies were determined using RT-gPCR analyses
using a standard curve of known concentrations of respective genes (Figure 2G). Similarly,
in adipocytes and its exosomes PPARy, C/EBPa, LPL and HSP90 specific mRNA copies
were determined (Figure 2H). Copy number analyses indicate that lineage regulating
transcripts are present comparatively at higher concentrations both in cellular and exosomal
contents compared to control cells during the differentiation process. At day-7 of NHO
differentiation, exosomes contain 2.9 and 0.9-fold of RUNX2 and OSX transcript copies
compared to cellular RNA respectively (Figure 2G). Similarly, at day-7 of adipocyte
differentiation, 1.8 and 0.8-fold of PPARy and C/EBPa transcript copies compared to
cellular RNA respectively (Figure 2H). Interestingly OC and LPL RNA copies in exosomes
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are present at lower concentrations (0.4-fold) compared to cellular level of differentiated
osteoblasts and adipocytes respectively (Figure 2G and 2H). Further, to identify whether
these mMRNAs have the ability to translate into respective proteins, western blot analyses of
specific proteins were performed using in-vitro cell-free translation system. As shown in
Figure-21, RUNX2 and OSX proteins were detected in osteoblasts and its exosomes, while
adipocytes and its exosomes exhibited the presence of PPARy and C/EBPa proteins during
in vitrotranslation. In contrary, Absence of these proteins in /n vitro translation performed in
the presence of RNase indicate these proteins are translated from the mRNA (Figure 2I).

3.2 Extracellular matrix isolation and characterization

The differentiated osteoblast and adipocyte ECMs were isolated and characterized by atomic
force microscope (AFM) and enzyme linked immunosorbent assay (ELISA) techniques. The
AFM was used to measure the Young’s modulus of the cell-secreted ECM. Stiffness of the
ECM was measured as Young’s modulus (kPa), briefly, 10 randomly selected regions of 50
x 50 um were scanned to deduce force curve with Hertz model. The Young’s modulus
estimated to be 251 + 174 kPa and 27 * 18 kPa for osteoblasts and adipocytes, respectively
(Figure 3A). The larger error bar noticed in Young’s modulus of osteoblast might be
attributed to the localized mineralization on the ECM. The cell-secreted ECM was
immunostained with laminin, Type-I and Type-IV collagen specific antibodies. Presence of
these proteins were established in the osteoblast and adipocyte derived ECM
(Supplementary Figure 2). The soluble ECM proteins were extracted and quantitated by
ELISA. Three different extractions were analyzed for Type | collagen, fibronectin, laminin
and Type IV collagen content. Type | collagen and Type IV collagen content were higher in
osteoblast ECM and adipocyte ECM respectively. Interestingly, the fibronectin and laminin
levels were not significantly different between osteoblast and adipocyte ECMs (Figure 3B).

3.3 Exosome uptake by hMSCs

To identify whether the purified exosomes are taken up by the hMSCs, the hMSCs were
incubated with fluorescence-labeled exosomes. Following 24 h incubation, the fixed cells
were either visualized with fluorescent microscope or quantitatively measured using a plate
reader. As shown in Supplementary Figure 4, both osteoblast and adipocyte exosomes were
actively adsorbed and internalized by the hMSCs. At higher magnification, typical granular
pattern of labeled exosomes were localized in the perinuclear region of hMSCs
(Supplementary Figure 4). Quantitative measurement studies suggest that exosome
internalization is aided at 37°C but not at 4°C; further, the fluorescence was not observed in
hMSCs incubated with free dye (Figure 3C). The presence of exosome uptake by hMSCs at
37°C, but not at 4°C indicates that the exosome uptake in hMSCs are mediated by an active,
but not a passive diffusion process. Since active internalization of exosomes occur through
both clathrin-dependent and clathrin-independent pathways, the effect of chlorpromazine, an
inhibitor of both clathrin-dependent and clathrin-independent exosome internalization (30,
31), was examined on exosome uptake in hMSCs. As shown in Figure 3D, significant
inhibition (p<0.005) by chlorpromazine (5 and 10 pM) establishes that the exosome uptake
is mediated by an active process in hMSCs.
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3.4 Effect of exosome concentration on hMSCs differentiation on osteoblast and
adipocyte ECM

To determine the specificity of exosome effect on hMSCs differentiation, the effect of
increasing exosome concentrations on hMSCs differentiated on either osteogenic or
adipogenic ECM were examined. In this study, hMSCs differentiated on either osteogenic or
adipogenic ECM were supplemented with different concentrations (1 x 104, 1 x 10° and 1 x
107 exosomes/ml) of the respective exosomes. For both osteogenicity and adipogenicity, we
demonstrated that increasing respective exosome concentrations correspondingly increase
the respective gene expression during hMSCs differentiation (Figures 4A and 4B).
Increasing osteoblast exosome concentrations increased the Osteocalcin (OC) and Runt
related transcription factor 2 (RUNX2) expression by 3-fold, while it increased the Osterix
(OSX) and osteopontin (OPN) expression by 4.3-fold in osteogenic differentiation, (Figure
4A). Similarly, in adipogenic differentiation, increasing adipocyte exosome concentrations
increased the expression of CAAT/enhancer binding protein alpha (C/EBPa) and
peroxisome proliferation activator receptor gamma (PPARy) by 4.3-fold and 8.7-fold,
respectively (Figure 4B).

3.5 Effect of ECM and exosomes on hMSC differentiation

The ECM and exosomes were derived from normal human osteoblasts and human pre-
adipocytes after 7-day differentiation in their respective differentiation medium. We
investigated the role of ECM and exosomes on osteogenic and adipogenic differentiation of
hMSCs. The hMSCs were differentiated either on tissue culture plate (TCP) or ECM
[osteoblast ECM (Os-ECM) and adipocyte ECM (Ad-ECM)] coated plates. The
differentiation was induced in the absence or in the presence of exosomes. The hMSCs were
allowed to undergo osteogenic and adipogenic differentiation for 15 days in the respective
differentiation medium. Exosomes were added at a concentration of 1 x 107/ml at day 3, 6, 9
and 12 during routine medium change. Gene expression analyses were performed to
determine the effect of ECM and exosomes for osteogenic and adipogenic differentiation.
We calculated the fold expression changes of the respective genes by considering their
expression in undifferentiated hMSCs as 1 fold. The expression of OC, RUNX2, OSX and
OPN were increased in osteogenic differentiation of hMSCs on TCP. The expression level of
these genes was increased to a similar extent when the hMSCs were differentiated with
either osteoblast ECM or osteoblast exosomes (Figure 5A). Osteoblast exosomes do not
contain RNAs for OC and OPN, hence their expressions serve as an indicator of osteogenic
differentiation. Interestingly, the hMSCs differentiated on osteoblast ECM supplemented
with osteoblast exosomes (Os-ECM/Os-Exo) exhibited highest expression of the osteogenic
genes. The key osteogenic transcription factors (RUNX2 and OSX) expressions in hMSCs
differentiated on Os-ECM/QOs-Exo group were increased more than 3-fold compared to that
of hMSCs differentiated on TCP (Figure 5A; Supplementary Figure 5). Similarly,
adipogenic differentiation of hMSCs in TCP exhibited increased expression of adipogenic
genes C/EBPa, LPL, PPARy and adiponectin (ADPN). These adipogenic genes were
expressed at the highest (3-fold) level in hMSCs differentiated on adipocyte ECM
supplemented with adipocyte exosomes (Ad-ECM/Ad-Exo) compared to that of hMSCs
differentiated on TCP (Figure 5B; Supplementary Figure 5). Adipocyte exosomes do not
contain RNAs for LPL and ADPN, hence, we used their expression levels as an indicator of
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adipogenic differentiation. Further, lineage specific promoter reporter constructs for
osteoblasts (OC promoter) and adipocytes (ADPN promoter) were assessed during
osteogenic and adipogenic differentiation at different conditions. Results indicate that both
Os-ECM and Os-Exo significantly increased (1.3 to 1.5-fold, p < 0.05) OC activity
compared to TCP. On the other hand, combination of Os-ECM and Os-Exo (Os-ECM/Os-
Exo) activated the OC promoter to the maximum (2-fold, p < 0.05). Interestingly, addition of
Ad-ECM or Ad-Exo did not significantly alter the OC promoter activity (Figure 5C).
Similarly, ADPN promoter activity was investigated during adipogenic differentiation at
different conditions and the results indicate that both Ad-ECM and Ad-Exo increased ADPN
promoter activity (1.7 to 1.6-fold, p<0.05) compared to TCP. On the other hand,
combination of Ad-ECM and Ad-Exo (Ad-ECM/Ad-EXxo) activated the AADPN promoter to
the maximum (3-fold, p<0.05). Interestingly, addition of osteogenic ECM or exosomes did
not significantly alter the ADPN promoter activity (Figure 5D).

3.6 Evaluation of mineralization (osteogenic index) and lipid formation (adipogenic index)
in differentiated hMSCs

Osteoblast and adipocyte differentiation of hMSCs under different conditions (TCP, ECM,
TCP/Exo and ECM/EX0) is described in section-3.4. To functionally distinguish osteoblast
and adipocyte differentiation, mineralization (calcium) (osteogenic index) and lipid droplets
(adipogenic index) were quantitated, respectively. Compared to TCP, the calcium levels were
increased by 2.5-fold and 2.3 fold in hMSCs differentiated on osteoblast derived ECM (Os-
ECM) and exosome (Os-Exo), respectively (Figure 6A). The highest calcium level (i.e., 4-
fold) was measured in hMSCs differentiated on osteoblast ECM supplemented with
osteoblast exosomes (Os-ECM/Os-Exo) (Figure 6A). Interestingly, addition of Ad-Exo to
the hMSCs undergoing osteogenic differentiation in TCP showed a decrease in calcium
deposition (25% lower, p<0.05) (Figure 6A).

Lipid droplets formed during adipogenic differentiation of hMSCs was visualized by
fluorescent (Nile Red) staining. The labeled lipid droplets were quantitated by normalizing
to total protein. As shown in Figure 6B, lipid droplets levels were increased by 1.3-fold and
1.2-fold in hMSCs differentiated on adipocyte ECM (Ad-ECM) and adipocyte exosomes
(Ad-Exo) compared to hMSCs differentiated on TCP. The lipid droplet levels were observed
to be highest (i.e., 2.1-fold) on hMSCs differentiated in adipocyte ECM supplemented with
adipocyte exosomes (Ad-ECM/Ad-Exo) (Figures 6B) compared to hMSCs differentiated on
TCP. Interestingly, addition of Os-Exo to the hMSCs undergoing adipogenic differentiation
in TCP, showed decreased lipid staining (20% lower, p<0.05) (Figure 6B).

3.7 Exosomes speed-up differentiation

Studies were performed to investigate whether exosomes alter the kinetics of h(MSC
differentiation. In this study, the key lineage specific gene expressions were quantitated on
the 41, 6t and 15™ day of differentiation in the absence or presence of exosomes on TCP
and ECM (i.e., TCP, TCP/Exo, ECM and ECM/Ex0). As mentioned in methods section,
exosomes were added on days 3, 5, 9 and 12 of differentiation. As shown in Figures 7A and
7B, within a day after osteoblast exosome supplementation, the OC and RUNX2 specific
gene expressions were detected to increase by 18-fold and 10-fold in hMSCs differentiated
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on osteoblast ECM (i.e., Os-ECM/QOs-Exo) compared to hMSCs differentiated on TCP,
respectively. Although the OC and RUNX2 gene expressions were detected to increase
progressively in all groups, their expressions were significantly higher in Os-ECM/Os-Exo
group (Figures 7A and 7B). It is to be noted that in contrast to day-1 (10 — 18 fold), the
magnitude of OC and RUNX2 gene expressions were diminished to 2 — 3 fold at 3™ and
12t day after exosome supplementation (Figures 7A and 7B; Supplementary Figure 3A).

Similar to osteogenic differentiation, C/EBPa and PPARy expressions were increased in
hMSCs differentiated on adipocyte ECM supplemented with adipocyte exosomes (i.e., Ad-
ECM/Ad-Exo) (Figures 7C and 7D). Following 1-day after adipocyte exosome
supplementation, the C/EBPa and PPARy expressions were increased by 10-fold and 20-
fold in hMSCs differentiated on adipocyte ECM (Ad-ECM/Ad-Exo) compared to hMSCs
differentiated on TCP, respectively (Figures 7C and 7D). Although the expression levels of
both C/EBPa and PPARYy were progressively increased in all groups, the difference in their
expression level are diminished at 3™ and 12t day after exosome addition (Figures 7C and
7D; Supplementary Figure 3B).

3.8 Exosomes override the ECM mediated lineage determination

We addressed the key question of whether exosomes control the lineage determination in
hMSCs. In this study, hMSCs differentiated on osteoblast ECM (Os-ECM) were
supplemented with either osteoblast (Os-EMC/Os-Exo) or adipocyte exosomes (Os-
ECM/Ad-Exo), while hMSCs differentiated on adipocyte ECM were supplemented with
either osteoblast (Ad-EMC/Os-Exo) or adipocyte (AD-EMC/Ad-Exo) exosomes (Figure 8).
Both osteogenic (OC, RUNX2 and OSX) and adipogenic (C/EBPa, ADPN and PPARY)
gene expressions were quantitated in all the conditions. All these experiments were
performed using basal medium in the absence of osteogenic and adipogenic factors and
other supplements. The expression levels in undifferentiated hMSCs were taken as 1-fold for
calculations. In osteogenic lineage determination, osteoblast ECM (Os-ECM) increased the
osteogenic gene expressions (OC, RUNX2 and OSX), which was further increased by
osteoblast exosomes (Os-EXO) by 2 to 3-fold (Figure 8A; Supplementary Figure 5). In
contrast, addition of adipocyte exosomes did not alter the osteogenic gene expressions in
hMSCs differentiated on Os-ECM (Figure 8A). In contrast to osteogenic gene expression,
the adipogenic gene expressions were very low in hMSCs differentiated on Os-ECM.
However, although Os-Exo did not significantly alter, Ad-Exo increased the adipogenic gene
expressions by 12 — 15 fold (Figure-8B; Supplementary Figure 5).

Analyses of hMSCs differentiated on adipogenic ECM supplemented with Ad-Exo
significantly increased, while supplementation of Os-Exo did not alter the adipogenic gene
expression (Figure 8C; Supplementary Figure 5). In contrast to adipogenic genes, the
osteogenic gene expressions were very low in hMSCs differentiated on Ad-Exo. However,
although Ad-Exo did not significantly alter, the Os-Exo supplementation increased the
osteogenic gene expressions by 6 — 10-fold in hMSCs differentiated in Ad-ECM (Figure 8D;
Supplementary Figure 5).

As shown in Figure 3D, addition of chlorpromazine inhibited the internalization of
exosomes in hMSCs undergoing differentiation resulting in reduced OC (60%, p<0.05) and
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ADPN (70%, p<0.05) promoter activity compared to Os-ECM/Os-Exo. Further, SIRNA
mediated knockdown of RUNX2 and PPARy resulted in the reduced OC (50%, p<0.05) and
ADPN (52%, p<0.05) promoter activity compared to Ad-ECM/Ad-Exo (Figure 8E and 8F).

4 Discussion

The cellular microenvironment, which includes the cell attachment substrate (i.e., ECM) and
cellular milieu are known to dictate lineage specification of stem cells during development
and differentiation (32, 33). Exosomes, a constituent of the cellular microenvironment, serve
as a mode of intercellular communications during tissue formation and repair. Exosomes
carry key morphogens such as Wnt and Hedgehog that are essential for tissue patterning
(34-37). However, the beneficial effect of exosomes in regenerative medicine remain
unexplored. Although both ECM and exosomes can regulate lineage specification, it is not
clear which of these is the more critical factor for the lineage determination of hMSCs.
Thus, this study was initiated to outline the role of exosomes in lineage specification of
hMSCs. The results presented in the current study demonstrate that exosomes derived from
osteoblasts and adipocytes influence the hMSCs differentiation. Our observations suggest
that exosomes and ECM act cumulatively in the lineage specification of hMSCs. Gene
knock-out studies have demonstrated the importance of the key transcription factors,
RUNX2 and OSX in osteoblast differentiation (38, 39). Additionally, miRNAs such as
miR-34a (40), miR-27a (41) and miR-22 (42) were reported to influence the osteoblast
differentiation in different cell types. The key adipogenic transcription factors C/EBPa and
PPARY (43, 44), and miR-143 (45) and miR-375 (46) were shown to influence adipogenic
differentiation. Our observations confirm the presence of miRNAs, RNAs and proteins, in
the osteoblast (Os-Exo) and adipocyte (Ad-Exo) derived exosomes that modulate osteogenic
and adipogenic differentiation, respectively (Figure 2). Cui et al., have recently demonstrated
that exosomes derived from osteoblasts and pre-osteoblasts (MC3T3-E1) promote
osteogenic differentiation of bone marrow stromal cells via miRNA perturbations in mice
(47). The presence of specific mMiRNAs and key transcription factors in the exosomal cargoes
provide signaling machinery to enhance the differentiation of hMSCs. Thus, the presence of
miRNAs, and the key transcription factor specific mMRNAs and proteins prompted us to
investigate the role of exosomes in the determination of lineage during hMSC
differentiation.

Mouse derived exosomes have been shown to deliver their protein cargo to human cells (48).
Uptake of exosomes by the recipient cells have been demonstrated to alter transcriptome and
signaling activity of the recipient cells and induce phenotypic changes (49-56). Studies by
Li et al. (52) and Farahani et al. (49) have demonstrated that the exosome mediated
modification of gene expression and transcriptome in the recipient cells. Transfer of mMRNA
from exosomes to recipient cells have been demonstrated using radio-labeled mRNA (50),
exosome targeted luciferase mRNA (51) and CRE-mRNA (54). Zhang et al. have
demonstrated that astrocyte derived exosomes containing PTEN targeting miRNAs reduce
brain metastasis (56) confirming the delivery of miRNAs via exosomes. Although exosomes
have been shown to transfer its cargoes into the cells, the mechanism of cellular delivery of
exosomal content is not well understood. In general, the exosomal cargoes could be
delivered through either energy-dependent or energy-independent processes. Our
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observations of cellular exosome uptake at 37°C and reduced uptake at 4°C indicate that
exosome internalization is mediated via an energy dependent process (Figure 3D).

In earlier studies, we and others have demonstrated ECM mediated differentiation of stem
cells with its physical and biological properties influencing stem cell behavior and lineage
determination (4-13, 27, 53, 55). Thus, it is clear that either ECM or exosomes could
individually promote the hMSCs differentiation. However, the combinatorial effect of ECM
and exosomes in the hMSCs differentiation and lineage determination has never been
exploited. Results presented in this study demonstrate that hMSCs differentiated on ECM
supplemented with exosomes increased the rate of differentiation by enhancing key
transcription factors. This conclusion is supported by the observation that the osteoblast
ECM supplemented with osteoblast exosomes increased osteogenic differentiation by
enhancing RUNX2 and OSX expression (Figures 5A; Supplementary Figure 5), while
adipocyte ECM supplemented with adipocyte exosomes promoted adipogenic differentiation
by enhancing PPAR~y and CEBPa expression (Figures 5B; Supplementary Figure 5). Thus,
it is likely that the cell-type specific ECM provides added influence in lineage commitment
of hMSCs. In addition, the exosomal concentration dependent increase of ECM mediated
differentiation establishes the combinatorial effect of ECM stimuli and exosomal cargo.

RUNX2 and PPAR~y were shown to control the promoter activity and expression of OC and
ADPN, respectively. Lineage specific promoter assessment studies with OC or ADPN
promoters indicated that exosomes augmented the respective lineage promoters in hMSCs
differentiating in the presence of growth factors supplemented medium (Figure 5C and 5D).
Further, addition of chlorpromazine inhibited exosome uptake by hMSCs and resulted in the
loss of exosome mediated activation of both OC and ADPN promoter activity during
differentiation (Figure 8E and 8F). Our present study established that the osteogenic gene
expressions are increased when the cells are differentiated on either osteoblast ECM or
osteoblast ECM supplemented with osteoblast exosomes, while the adipogenic gene
expression are increased in cells that are differentiated on either adipocyte ECM or
adipocyte ECM supplemented with adipocyte exosomes. Adipogenic genes are expressed in
cells that were differentiated on osteoblast ECM supplemented with adipocyte exosomes
(Figure 8B). Similarly, osteogenic gene expressions are turned-on in cells differentiated on
adipocyte ECM supplemented with osteoblast exosomes (Figure 8D). These observations
indicate that despite being differentiated on a lineage specific ECM, the exosomal bio-active
molecule(s) overrides and influences the phenotypic change in hMSCs. Further, the
inhibition of RUNX2 and PPARy proteins by specific sSiRNA during hMSC differentiation
resulted in the loss of exosome mediated activation of respective lineage specific promoters.
These results establish conclusion that the exosomal RNAs taken up by the hMSCs are
translated by the cellular machineries into functional proteins that are regulating the hMSCs
lineage. Recent reports have indicated the presence of exosomes in the ECM of different
tissues withstanding the harsh conditions of ECM extraction (57-62). Isolation of ECM
without exosomes would further help us to understand the role these vesicles in both
regenerative medicine and pathology. We further predict that the ECM will undergo
modifications based on the transcriptome of the differentiating cells. However, further
studies are required to identify and establish the ECM associated modification(s) that occurs
during lineage specific exosomal addition. Results and conclusions presented in this study
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are based on the in vitro effects of ECM prepared at specified time of differentiation.
However, the cell culture and ECM preparations lack the macromolecular crowding effect
usually observed in native cell/tissue due to excluded-volume effect (63-65). It may take
several weeks for sufficient ECM deposition to simulate macromolecular crowding. In
addition, whether the supplementation of exosomes at high concentrations as shown in the
present study potentially create an excluded-volume effect, which requires further extensive
studies.

5 Conclusions

Current understanding have limited knowledge on the role of specific microenviromental
cues in stem cell differentiation. In this study, we have characterized the exosomes isolated
from osteoblasts and adipocytes. Several key miRNAs associated with osteogenesis and
adipogenesis were detected in the exosomes derived from osteoblasts and adipocytes
respectively. Most importantly, key transcription factors involved in osteogenesis (RUNX2
and OSX) and adipogenesis (PPARy and C/EBPa) were present in the exosomes. The
presence of osteoblast/adipocyte specific transcription factors together with miRNAs
augmented the ECM mediated differentiation of hMSCs. Results from in vitro translation
and lineage specific promoter studies confirmed the translation of exosomal mRNAS into
functional proteins that control the fate of hMSCs. siRNA mediated knockdown of RUNX2
and PPARy further affirmed the importance of exosomal RNA in lineage specific promoter
activation. Results presented in this study demonstrated that osteoblast derived exosomes
induced osteogenic genes in spite of being presented with adipogenic ECM and vice versa.
Taken together, we conclude that the exosomes might have predomination over ECM in the
lineage determination of hMSCs.
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Figure 1: Characterization of exosomes.
Physical parameters of the purified exosomes were analyzed by SEM and NanoSight. Three

separate experimental runs were performed for osteoblast and adipocyte derived exosomes.
Representative SEM images are presented for osteoblast (A) and adipocyte (B) exosomes.
Average size distribution profile of osteoblast (C) and adipocyte (D) exosomes were
obtained from the three runs. Cell lysate and exosomes of osteoblast (E) and adipocyte (F)
were scrutinized by western blot with specific antibodies.
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Figure 2: Characterization of cargo of exosomes.
Osteogenic influencing miRNAs (A) and RNAs (B) abundance, and protein (RUNX2, OSX

and actin) expression (C) in the purified osteoblast exosomes. Adipogenic influencing
miRNAs (D) and RNA (E) abundance, and protein (PPAR-y, C/EBPa and actin) expression
(F) in the purified adipocyte exosomes. The miRNA and RNA expressions presented
represent normalized fluorescent signals (ARN) plotted against the number of amplification
cycles (A, B, D and E). RUNX2, OSX, PPARy, C/EBPa and actin expressions were
detected by western blot analyses using specific antibodies in respective cell lysates and
purified exosomes (Os-Exo/Ad-Exo) (C and F). RUNX2, OC, OSX, PPARY, C/EBPa, LPL
and HSP90 expressions were quantitated by RT-gPCR using gene specific primers. The
RNA copy numbers of osteoblasts (G) and adipocytes (H) were estimated using RT-qPCR
with known concentrations of respective plasmid DNA. RNAs were isolated from
undifferentiated (UD) and differentiated (Diff) at day-7 and day-15 of culture. The copy
numbers are presented as mean + S.D. The RNAs isolated from osteoblast, adipocytes and
their respective exosomes were in vitro translated to proteins using cell-free translation
system in the presence and absence of RNase. The presence of RUNX2, OSX, PPARy and
C/EBPa were identified by western blot analysis with specific antibodies (1).
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Figure 3: Characterization of extracellular matrix and exosome internalization.
Normal human osteoblasts (NHO) and pre-adipocytes were differentiated to either

osteoblasts or adipocytes on glass coverslips, as described in methods. The lysed cells were
aspirated and the stiffness of the selected area (50 um x 50 pm) deposited extracellular
matrix (ECM) was examined under atomic force microscope (AFM). Young’s modulus (A)
presented as mean + S.D. for osteoblast and adipocyte ECM were calculated from 10
randomly selected regions using Hertz model. The extracted ECM was quantitated for
specific proteins by ELISA. Type | collagen, fibronectin, laminin and Type IV collagen were
measured for three independent extractions and presented as mean + S.D. (B). Adhered
human mesenchymal stem cells (hMSCs) were incubated with either labeled exosomes or
free-dye for 24 h, as described in Materials and Methods section. Following incubation, the
cells were washed with PBS, fixed with paraformaldehyde and fluorescence intensity was
measured in a plate reader. Exosome uptake is presented as mean + S.D. of fluorescence
intensity of osteoblast (Os-Exo), adipocyte (Ad-Exo) and hMSC (hMSC-Exo). The hMSCs
were supplemented with labeled exosomes for 2 h either at 37°C (solid bar) in the presence
of 5uM (vertical lines bars) and 10puM (horizontal lines bars) of chlorpromazine. While
incubation of hMSCs with exosomes at 4°C (slanted line bars) inhibited the uptake of
exosomes. One-way ANOVA was used to evaluate statistical significance between groups
(*p < 0.005).
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Figure 4: Effect of exosome concentrations on osteogenic and adipogenic gene expression in

human mesenchymal stem cells.

Human mesenchymal stem cells (hnMSC) were differentiated on either osteoblast (A) or
adipocyte (B) extracellular matrix (ECM). The differentiation on ECM was further
supplemented with different concentrations of respective exosomes. After 15 days of
differentiation, the osteogenic [OC, RUNX2, OSX and OPN) and adipogenic (C/EBPa,
LPL, ADPN and PPARy) specific gene expressions were quantitated by RT-gPCR analyses
using specific primers. Student t-test was used to evaluate the statistical significance (*p <

0.005).
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Figure 5: Effect of extracellular matrix and exosomes on gene expression in human mesenchymal
stem cell differentiation.

Human mesenchymal stem cells (hnMSCs) were differentiated in either tissue culture plate
(TCP, open bars) or cell type specific extracellular matrix (ECM, vertical line bars). The
hMSCs differentiated in TCP (TCP/Exo, horizontal line bars) and ECM (ECM/EXxo,
checkered bars) were further differentiated in the presence of either osteoblast exosomes (A)
or adipocyte exosomes (B). Relative gene expressions presented represent fold changes with
respect to undifferentiated hMSCs. Osteogenic (OC, RUNX2, OSX and OPN) and
adipogenic (C/EBPa, LPL, ADPN and PPARy) genes were quantitated by RT-qPCR using
gene specific primers. The OC (C) and ADPN (D) promoter activities were assessed during
differentiation of hMSCs into osteoblast and adipocytes at different conditions, respectively.
The hMSCs grown on either TCP or ECM were supplemented with exosomes as described
in Materials and Methods section. The OC and ADPN promoter constructs were transfected
individually into the hMSCs on day-15 of differentiation towards osteogenic and adipogenic
lineage, respectively. Following 24 h transfection, luciferase activity was measured in the
cell lysates. One-way ANOVA was used to evaluate statistical significance between groups
(*p <0.005).
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Figure 6: Effect of cell specific exosomes on calcium deposition (osteogenesis) and lipid droplets
(adipogenesis) on human mesenchymal stem cells.

The human mesenchymal stem cells (hMSCs) were differentiated on either tissue culture
plate (TCP) or extracellular matrix (ECM). During osteogenic differentiation on osteoblast
ECM (Os-ECM), the cells were also supplemented and differentiated in the presence of
osteoblast exosomes (Os-ECM/Os-Exo). The deposited calcium was quantitated using
calcium assay kit, normalized to protein and presented as percentage with levels on TCP as
100% (dotted line) (A). During adipogenic differentiation on adipocyte ECM (Ad-ECM),
the cells were also supplemented and differentiated in the presence of adipocyte exosomes
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(Ad-ECM/Ad-EXxo0). The fluorescent intensity of the lipid droplets was measured at 505 nm,
normalized to protein and presented as percentage with levels on TCP as 100% (dotted line)
(B). One-way ANOVA was used to evaluate the statistical significance (*p < 0.005).
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Figure 7: Effect of cell specific exosomes on the kinetics of human mesenchymal stem cell

differentiation.

Human mesenchymal stem cell (hnMSCs) were differentiated on either tissue culture plate
(TCP) (solid bars) or extracellular matrix (ECM; vertical line bars). Exosomes were
supplemented during differentiation (TCP/EXxo; horizontal line bars) on ECM (ECM/EXo;
checkered bars). Following 3, 5 and 15 days of induction, the osteogenic [OC (A) and
RUNX2 (B)] and adipogenic [C/EBPa. (C) and PPARYy (D)] gene expressions were
quantitated by RT-gPCR analyses using specific primers. One-way ANOVA was used to

evaluate the statistical significance (*p < 0.005).
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Figure 8: Effect of cell specific exosomes on extracellular matrix directed human mesenchymal
stem cell lineage.

Human mesenchymal stem cells (hMSCs) were differentiated on either osteoblast (Os-ECM)
or adipocyte (Ad-ECM) extracellular matrix (ECM). During osteogenic differentiation on
Os-ECM the cells were supplemented with either osteoblast exosomes [Os-ECM/Os-Exo;
(A)] or adipocyte exosomes [Os-ECM/Ad-Exo (B)], while during adipogenic differentiation
on Ad-ECM the cells were supplemented with either osteoblast exosomes [Ad-ECM/Os-Exo
(C)] or adipocyte exosomes [Ad-ECM/Ad-Exo (B)]. After 15 days of differentiation the
osteogenic [OC, RUNX2 and OSX) and adipogenic (C/EBPa, ADPN and PPARY) specific
gene expressions were quantitated by RT-gPCR analyses using specific primers. The OC (E)
and ADPN (F) promoter activities were assessed during the differentiation of hMSCs to
osteoblast or adipocyte on either Os-ECM or Ad-ECM with respective exosomes. The
promoter activities were also measured in the presence of 10 uM chlorpromazine
supplemented with exosomes. The siRNAs targeting RUNX2 and PPARy were transfected 8
h prior to supplementation of exosomes. One-way Anova was used to evaluate the statistical
significance (*p < 0.005).
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