STEM CELLS AND DEVELOPMENT
Volume 22, Number 5, 2013

© Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2012.0266

Transfer of Growth Factor Receptor mRNA
Via Exosomes Unravels the Regenerative Effect
of Mesenchymal Stem Cells
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Bone marrow—-mesenchymal stem cells (BM-MSC) ameliorate renal dysfunction and repair tubular damage of
acute kidney injury by locally releasing growth factors, including the insulin-like growth factor-1 (IGF-1). The
restricted homing of BM-MSC at the site of injury led us to investigate a possible gene-based communication
mechanism between BM-MSC and tubular cells. Human BM-MSC (hBM-MSC) released microparticles and
exosomes (Exo) enriched in mRNAs. A selected pattern of transcripts was detected in Exo versus parental cells.
Exo expressed the IGF-1 receptor (IGF-1R), but not IGF-1 mRNA, while hBM-MSC contained both mRNAs.
R- cells lacking IGF-1R exposed to hBM-MSC-derived Exo acquired the human IGF-IR transcript that was
translated in the corresponding protein. Transfer of IGF-IR mRNA from Exo to cisplatin-damaged proximal
tubular cells (proximal tubular epithelial cell [PTEC]) increased PTEC proliferation. Coincubation of damaged
PTEC with Exo and soluble IGF-1 further enhanced cell proliferation. These findings suggest that horizontal
transfer of the mRNA for IGF-1R to tubular cells through Exo potentiates tubular cell sensitivity to locally produced
IGF-1 providing a new mechanism underlying the powerful renoprotection of few BM-MSC observed in vivo.

Introduction

ELLS COMMUNICATE AND exchange information by dif-

ferent ways, including the secretion of soluble factors,
the cell-to-cell adhesion contact, and the intercellular ex-
change of organelles through nanotubular structures [1]. Re-
cent studies have proposed that cell-derived small circular
membrane vesicles, called exosomes (Exo) and microvesicles
(MV), represent an additional mechanism of cell-to-cell
communication by transfer of membrane components as well
as the cytoplasmic content [2,3]. Shuttling of genetic material
via cell membrane vesicles might have driven the unicellular
organism evolution in the oceans. High frequency of hori-
zontal gene transfer could explain the genomic flexibility of
marine microbial populations that facilitated their adaptation
to changing environmental conditions [4]. Cells physiologi-
cally release vesicles whose quantity generally increases upon
cell activation after hypoxia, oxidative injury, exposure to
complement proteins, and shear stress [2,5,6]. Two distinct
populations of vesicles with peculiar membrane structure,
mechanism of production, pathophysiological relevance, and
different size have been described. Membrane fragments of
30-90nm diameter derived from the endosomal membrane

compartment after fusion of secretory granules with the
plasma membrane are defined as Exo. Once released, Exo
bind the recipient cells through receptor-ligand interactions
or fuse with the target cell membrane transferring membrane
components, including cell receptors [2], and discharging the
portion of cytosol segregated within their lumen into the cy-
toplasm of recipient cells [7]. The molecular cargo content of
Exo derives from active packaging of certain nucleic acid
species leading to the presence of mRNAs in Exo that are not
found in donor cells [8]. Furthermore, relatively large MV
(100 nm~1 um diameter) are formed from the surface mem-
brane of activated cells in a calcium and calpain-dependent
manner following a disordered function of phospholipid
transporters that results in the budding of altered membrane
that exposes phosphatidylserine in the outer leaflet. MV and
Exo contain biomolecules, including mRNA and microRNA,
packaged in a random process and their release is considered
an expression of a pathological process in place. Molecular
transfer from MV /Exo contributes to changes in the matura-
tion and differentiation of target cells as MV /Exo released by
endothelial progenitor cells trigger neo-angiogenesis in en-
dothelial cells [9]. Consistently, embryonic stem (ES) cells
released-MV/Exo are able to reprogram hematopoietic
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progenitor cells [10] and bone marrow—mesenchymal stem
cells (BM-MSC)-derived MV /Exo have regenerative capacity
[11]. BM-MSC contribute to organ repair by virtue of their
unique tropism and proregenerative capacity [12-15]. In
previous studies, we found that infusion of BM-MSC pro-
tected mice with cisplatin-induced acute kidney injury (AKI)
from tubular damage and renal function deterioration by
stimulating the proliferation of resident renal cells [12, 16].
The insulin-like growth factor-1 (IGF-1), highly expressed in
BM-MSC as mRNA and protein, was a major mediator for
such an effect as gene silencing of the IGF-1 in BM-MSC, sig-
nificantly decreased in vitro proliferation and increased apo-
ptosis of cocultured proximal tubular cells (proximal tubular
epithelial cell [PTEC]) [17]. Consistently, IGF-1-silenced MSC
displayed limited protection from functional and structural
damage in mice with cisplatin-induced AKI [17]. The restricted
homing of BM-MSC at the site of injury in the face of a robust
functional recovery of the injured tissue [12,18] has raised the
interest to investigate additional mechanisms that act in con-
cert with the release of growth factors to explain the MSC’s
strong renoprotective effect. Here we sought to investigate
whether a communication mechanism through Exo could
operate between BM-MSC and damaged proximal tubular
cells by shuttling mRNA.

Materials and Methods
Cell cultures and incubations

Human (h) MSC were obtained from BM aspirates col-
lected from adult subjects (30-40 years old) within the
Hematology Division, Azienda Ospedaliera, Ospedali
Riuniti di Bergamo [19]. Human BM-MSC (hBM-MSC) were
plated at 2x10° cells per cm” in the Dulbecco’s modified
Eagle’s medium-low-glucose (DMEM-low glucose; Gibco)
containing 0.1 mM gentamicin and 1,000 IU of heparin in the
presence of 5% platelet lysate as previously described [19].
Nonadherent cells were removed after 3-4 days, and a fresh
medium was added. At subconfluence, cells were recovered
after trypsin-EDTA treatment, expanded, and subsequently
characterized. By FACS analysis, human BM-MSC showed
positivity for the CD29, CD90, CD73, and CD105 markers,
and negativity for the hematopoietic markers CD45, CD34,
CD14, and HLA-DR. Human BM-MSC had the capacity to
differentiate toward adipocytes and osteoblasts [19,20]. All
the experiments were performed with hBM-MSC derived
from a pool of 3 donors between passages 5 and 8.

Mouse MSC derived from BM (mBM-MSC) of 2-month-
old C57BL6/] mice [16] were obtained by their tendency to
adhere tightly to plastic culture dishes [21]. Cells were plated
at the density of 1x10°/cm? in the DMEM plus 10% fetal calf
serum (FCS; Invitrogen) and antibiotics [22]; after 6h, non-
adherent cells were removed. At 2 weeks, subconfluent
mBM-MSC were immunodepleted of CD45" cells, charac-
terized for their ability to differentiate to adipocytes, osteo-
blats, and chondroblasts [16] and used to isolate Exo.

Normal human dermal fibroblasts (NHDF) were obtained
by Lonza. R- cells, a mouse fibroblast cell line knockout for
the IGF-1R, were provided by Dr. Renato Baserga (Thomas
Jefferson University, Philadelphia, PA) and were grown as
previously described [23].

Human PTECs (HK2; American Type Culture Collection),
were grown as previously described [24]. For evaluation of
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horizontal transfer experiments, 5x 10> cells were incubated
with mBM-MSC-derived Exo for 1 and 3h in the serum-de-
prived DMEM. After 3 washing steps with a 1x phosphate
buffer solution (PBS), total RNA was extracted from HK2
and used for evaluation of mouse IGF-1R expression by real-
time polymerase chain reaction (PCR).

The mouse PTEC line was provided by Dr. Eric G. Neilson
(Vanderbilt University, Nashville, TN). PTECs were grown
as described previously [25]. For in vitro studies, PTECs were
seeded at 46 x 10° cells/cm? and 24 h later incubated with the
DMEM plus 2% FCS alone (test medium) or in the presence
of 2.5uM cis-platinum (II)-diamine dichloride (cisplatin;
Sigma-Aldrich) for 6h [17]. To study the effect of Exo on
tubular cell proliferation in coculture, cisplatin-pretreated
PTECs were incubated with a test medium or hBM-MSC-
derived Exo (corresponding to a final concentration of 1 pg/
mL of Exo proteins) or IGF-1 (5ng/mL) [17] or both for 4
days. PTECs in the test medium served as controls. After 4
days, PTEC proliferation was estimated by cell count using
trypan blue dye exclusion (Sigma-Aldrich).

Isolation of Exo

Enriched preparations of Exo were purified as previously
described [8,9,11]. Briefly, hBM-MSC were cultured for 48 h
in a medium containing platelet lysate previously ultra-
centrifugated overnight at 100.000 g at 4°C to remove exo-
genous MV and Exo. Mouse BM-MSC or NHDF were cultured
for 48h in a medium containing FCS ultracentrifugated as
above. Exo were then obtained from conditioned superna-
tants of human or mouse BM-MSC and NHDF cultured for
18 h in the DMEM-low-glucose medium deprived of platelet
lysate or FCS, respectively. After centrifugation at 2000 g for
20min and filtration through 0.2-pm filters to remove cell
debris and particles larger than 200nm, cell-free superna-
tants were ultracentrifuged at 100.000 g for 1h at 4°C, wa-
shed in PBS, and submitted to a second ultracentrifugation at
the same condition. The Exo pellet was suspended in 100 pL
PBS and the protein content quantified by the Bradford
method (BioRad). For in vitro experiments, the Exo pellet
was suspended in the culture medium. In selected experi-
ments, Exo were treated with 10 ug/mL of RNase A (Am-
bion Inc.) for 1h at 37°C, the reaction was stopped by the
addition of a 10 U/mL RNase inhibitor (Ambion), and Exo
were washed by ultracentrifugation. The effectiveness of
RNase treatment was evaluated after RNA extraction using
the Trizol reagent (Invitrogen) and submitted to reverse
transcription (RT)-PCR analysis.

Electron microscopy analysis

The Exo pellet from hBM-MSC was fixed in 2% parafor-
maldehyde, and then loaded to copper grids (100 mesh)
coated with Formvar. After washing, the grids were con-
trasted in 2% uranyl acetate, dried, and then examined by
transmission electron microscopy (Morgagni 268D; Philips).
The identity of the vesicles as Exo has been confirmed by the
presence of the tetraspan surface proteins CD63 and CD9 by
immunogold labeling of the grids over night at room tem-
perature with primary antibodies (dilution 1:100 for CD63,
BD Pharmingen; dilution 1:100 for CD9, Santa Cruz Bio-
technology, Inc). In addition, the presence of the IGF-1R
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protein has been evaluated by immunogold labeling of the
grids over night at room temperature with a primary anti-
body (dilution 1:50, Abcam, ab5497). As a positive control,
immunogold labeling for IGF-IR was concomitantly per-
formed on thin sections of human renal tissue obtained from a
patient who had undergone nephrectomy for kidney adeno-
carcinoma. The grids were then exposed for 1h to species-
specific anti-IgG antibodies conjugated to colloidal particles:
6nm for CD9 and 12nm for CD63 and IGF-1R detection.
Human BM-MSC cultured on filters were fixed by immersion
in 2.5% glutaraldehyde in a 0.1 M cacodylate buffer (pH 7.4)
for 1h at 4°C, and then washed in the cacodylate buffer. Strips
of filter of 2mm x1cm were cut with a razor blade and sub-
sequently postfixed in 1% osmium tetroxide for 1h, dehy-
drated through ascending grades of alcohol, and embedded in
Epon resin. Semithin sections were stained with toluidine blue
in borax and examined by light microscopy. Ultrathin sections
(60 to 100nm) were cut on an ultramicrotome (Leica Micro-
systems EM UC?7), collected on copper grids, and stained with
uranyl acetate and lead citrate, and then examined by trans-
mission electron microscopy (Morgagni 268D; Philips).

Quantification of DNA and RNA in Exo

DNA and RNA from hBM-MSC-derived Exo were iso-
lated using Trizol (Invitrogen) according to the manufac-
turer’s protocol or using the RNeasy mini kit (Qiagen),
suspended in 10 pL RNase-free water, and quantified by
Nanodrop ND-1000.

Reverse transcription—polymerase chain reaction
end point

RT-PCR analysis for IGF-1 and IGF-1R was performed on
hBM-MSC or NHDF and their relative-derived Exo. GAPDH
gene expression has been evaluated on hBM-MSC and their
Exo, treated or not with RNase A. First-strand cDNA was
produced from 0.5 pg total RNA using the SuperScript II First-
Strand Synthesis Systems Kit (Invitrogen). No enzyme was
added for reverse transcriptase-negative controls (RT-). The
PCR protocol was 4min at 94°C; 30s at 94°C, 45s at 56°C,
1min at 72°C for 35 cycles; 72°C 5min. The following primers
were used: human IGF-1 (transcript of 349bp), forward 5-
TGGATGCTCTTCAGTTCGTG-3" and reverse 5-ACTCGTG
CAGAGCAAAGGAT-3’; human IGF-1R (transcript of 351 bp),
forward 5-AACCCCAAGACTGAGGTGTG-3" and reverse
5-ATCGATGCGGTACAATGTGA-3"; GAPDH (transcript of
450bp), forward 5-ACCACAGTCCATGCCATCAC-3" and
reverse 5-TCCACCACCCTGTTGCTGTA-3". Samples were
then separated on a 1.5% agarose gel. To evaluate the integrity
of the IGF-1IR mRNA into the Exo, first-strand cDNA was
produced from 0.2pg total RNA using the SuperScript II
First-Strand Synthesis Systems Kit (Invitrogen). cDNA was
submitted to PCR using the following primers: forward
5-AAAAGGAATGAAGTCTGGCT-3" and reverse 5-GGATC
CAAGGATCAGCAGGT-3’ (transcript of 4122bp). The PCR
protocol was 4min at 94°C; 45s at 94°C, 45 at 58°C, 5min at
72°C for 40 cycles; 72°C 10 min.

Quantitative real-time PCR

Total RNA was extracted from cells and Exo using the
Trizol reagent and contaminating genomic DNA in murine
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and human cells were removed by RNase-free DNase (Pro-
mega) for 1h at 37°C. The first-strand cDNA (1pg for R- and
HK2 cells or 0.15 ug for hBM-MSC silenced for IGF-1R and
their respective Exo) was produced using a mixture of oligo-
dT (0.25pg) and random examers oligonucleotides (50 ng)
and 200U of SuperScript II RT (Invitrogen) for 1h at 42°C.
No enzyme was added for reverse transcriptase-negative
controls (RT-).

Amplification was performed on the 7300 Real-Time PCR
System with the SYBR Green PCR Master Mix (Applied
Biosystems) according to the manufacturer’s protocol. After
an initial hold of 2min at 50°C and 10min at 95°C, the
samples were cycled 40 times at 95°C for 15s and 60°C for
60s to reach the plateau. The comparative Ct method nor-
malizes the number of target gene copies to the housekeep-
ing gene as 18S (ACt). Gene expression was then evaluated
by the quantification of cDNA corresponding with the target
gene relative to a calibrator sample serving as a physiologic
reference (AACt). On the basis of exponential amplification of
the target gene as well as the calibrator, the amount of am-
plified molecules at the threshold cycle is given by: 274,
The following primers were used: human IGF-1 receptor
(300nM): forward 5-CCGGAATTGCATGGTAGCC-3" re-
verse 5-GCGTCATACCAAAATCTCCGA-3’; mouse IGF-1
receptor (300nM): forward 5-TAGGAACTGCATGGTAG
CC-3’ reverse 5-GTGTCATACCGAAATCTCCAA-3; 18S
(50nM) forward 5- ACGGCTACCACATCCAAGGA-3, re-
verse 5-CGGGAGTGGGGTAATTTGCG-3"; human BCL2-
likel (300 nM): forward 5-TTCTCCTTCGGCGGGGCACT-3;
reverse 5- AAGTATCCCAGCCGCCGTTCT-3".

For real-time PCR array, total RNA was extracted from
human and mouse BM-MSC and their respective Exo using the
Qiagen RNeasy Mini kit, and cDNA (0.5-1pg) was synthe-
sized with the RT* First-Strand Kit following the manufac-
turer’s procedure. The human Insulin Signaling Pathway RT?
Profiler PCR Array (PAHS-030A; SABiosciences, Qiagen), the
human PI3K/AKT Signaling Pathway RT* Profiler (PAHS-
058A), the mouse Insulin Signaling Pathway RT” Profiler PCR
Array (PAMM-030A), and the mouse PI3K/AKT Signaling
Pathway RT? Profiler (PAMM-058A) were used.

Immunofluorescence

After 24h exposition to hBM-MSC-derived exosomes
(hExo), R- cells were fixed in 2% paraformaldehyde plus 4%
sucrose in PBS, pH 7.4, for 10min at 37°C, and then per-
meabilized with 0.3% Triton for 10 min at room temperature.
After 3 washings with PBS, nonspecific binding sites were
saturated in a blocking solution (5% FCS, 2% bovine serum
albumin, and 0.2% bovine gelatin in PBS) for 45 min at room
temperature. R- cells were then incubated overnight at 4°C
with a rabbit polyclonal anti-IGF-1RB antibody detecting the
cytoplasmic domain of the receptor (Santa Cruz Biotechnol-
ogy, sc-713, dilution 1:100). A FITC-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, dilution
1:50) was then added for 1h at room temperature. DAPI
staining was used to visualize nuclei. Representative images
were acquired with an inverted confocal laser-scanning mi-
croscope. Human BM-MSC expressing IGF-1R were used as
a positive control. A negative control was performed on R-
not receiving the Exo and on R- omitting the primary anti-
body. The number of cells positive for IGF-1R was evaluated
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FIG. 1. Electron microscopy analysis of exosomes. (A and B) Representative micrographs of transmission electron mi-
croscopy on human exosome preparations. Electron micrographs of CD63 (C) and CD9 (D) immunogold labeling of exo-
somes derived from human bone marrow-mesenchymal stem cells (hnBM-MSC). (E and F) Representative micrographs of
transmission electron microscopy on hBM-MSC monolayer releasing microvesicles and exosomes.

in at least 10 randomly selected high-power microscope
fields (x40) and related to the total number of Dapi-positive
cells in each field. Percentage is expressed as mean+SE of 3
independent experiments.

Silencing of IGF-1 receptor

Human BM-MSC were transfected with ON-TARGETplus
SMARTpool siRNA (200pmoli) duplex specific for the target
sequence NM_000875 (L-003012-00-00050, 5 nmol Dharmacon
Inc.), or with control nontarget siRNA (Ambion, Silencer
Select Negative Control #2 siRNA) using the Amaxa Human
MSC Nucleofector Kit (VPE-1001 LONZA) according to the
manufacturer’s protocol. After transfection, cells were cul-
tured for 24h in the DMEM containing platelet lysate previ-
ously ultracentrifugated. Exo were then obtained from
conditioned supernatants of hBM-MSC maintained for 18 h in
the DMEM-low-glucose medium deprived of platelet lysate.

Statistical analysis

Results are expressed as mean+S.E. Analysis of variance
(ANOVA) with Bonferroni or Tukey correction, or the Stu-
dent’s t test for unpaired data were used, as appropriate.
Statistical significance is defined as P <0.05.

Results
Characterization of human BM-MSC-derived Exo

In our experimental conditions, hBM-MSC released Exo,
which were identified in the conditioned medium by electron
microscopy as rounded structures of approximately 40-

100nm (Fig. 1A, B). The expression of the CD63 and CD9
tetraspan surface proteins by immunogold labeling con-
firmed the presence of Exo in the preparations (Fig. 1C, D).
Electron microscopy performed on the hBM-MSC monolayer
cultured overnight in serum-free conditions showed also the
presence of larger vesicles, possibly MV or multivesicular
bodies, in the cell cytoplasm (Fig. 1E) that were released from
the surface of hBM-MSC (Fig. 1F).

The concentration of Exo total proteins ranged from 12 to
25ng/uL. Besides protein, Exo contain nucleic acids [8,9]. No
DNA was found in Exo isolated from hBM-MSC either by
nanodrop spectrophotometer quantification or 1% agarose
gel electrophoresis (data not shown). By contrast, substantial
amount of mRNA was detected whose concentration ranged
from 30 to 150ng/puL. These data are in line with a very
recently published study [26]. To further confirm the pres-
ence of mRNA in Exo, purified preparations were treated
with RNase A before RNA extraction. RT-PCR analysis for
GAPDH did not show any band in the RNase A-treated Exo
(Supplementary Fig. S1; Supplementary Data are available
online at www liebertpub.com/scd).

Analysis of the mRNA content in Exo

Our previous observation demonstrated that IGF-1 re-
leased by mBM-MSC recruited at the site of injury was one of
the major mediators in inducing kidney recovery after acute
injury [17]. Starting from this point, we performed PCR ar-
rays to determine the expression profile of genes involved in
the insulin signaling and in the PI3K-AKT signaling path-
ways in hBM-MSC and in hExo. A representative scatter plot
showing the correlation in the gene expression levels (24"
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of the insulin-signaling pathway within donor cells and Exo
is shown in Fig. 2A. Relative expression levels for each gene
from hBM-MSC are plotted against the corresponding ex-
pression in Exo in triplicate experiments. The points that fall
between the 2 external lines represent mRNAs with similar
levels of expression in hBM-MSC and hExo, while those
falling above or below the lines represent genes that are more
expressed in hBM-MSC or in hExo, respectively. The ma-
jority of genes showed comparable expression levels be-
tween samples in both arrays. In the IGF-1 signaling
pathway, hBM-MSC expressed both IGF-1 and IGF1-receptor
(IGF-1R) mRNAs, while Exo contained the IGF-1R, but not
the IGF-1 transcript. These results were further confirmed by
RT-PCR analysis (Fig. 2B). To assess the integrity of IGF-1R

A 10
1
g 10
=
=1
g
= 10"
3
T 107
& .
1 .0’ .
10
104 10°% 102 10" 100 101 102 108
2A-ACt (Exosomes)
B hBM-MSC hExo AT-
— IGF-1
C NHDF Exo NHDF Exo
|

IGF-1R

IGF-1

D hExo RT-
10000 bp

—» IGF-1R

3000 bp

FIG. 2. Gene expression profile in hBM-MSC and normal
human dermal fibroblasts (NHDF) and their relative exo-
somes. (A) Representative scatter plot generated by the
polymerase chain reaction (PCR) array to determine the ex-
pression profile of genes involved in the insulin-signaling
pathway in hBM-MSC and their corresponding exosomes.
(B) Reverse transcription (RT)-PCR analysis for insulin-like
growth factor-1 (IGF-1) and IGF-1 receptor (IGF-1R) on hBM-
MSC and their respective exosomes and (C) on NHDF and
their respective exosomes. (D) RT-PCR analysis for human
IGF-1R full length (transcript of 4122 bp) in human exosomes
(hExo). RT- represents negative controls obtained by omit-
ting reverse transcriptase enzyme.
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mRNA detected in hBM-MSC-derived Exo, RT-PCR analysis
with primers that covered the entire length of the human
IGF-1R mRNA was performed. As shown in Fig. 2D, a band
of the predicted size was detected by gel electrophoresis
in hExo.

To assess whether segregation of IGF-1/IGF-1R tran-
scripts was confined to hExo, PCR arrays were also per-
formed in Exo derived from mouse BM-MSC. Mouse Exo
carried IGF-IR mRNA, but not the IGF-1 transcript, sug-
gesting that segregation of mRNAs within the insulin-
signaling pathway was shared between species. Transfer of
selected transcripts was instead peculiar for BM-MSC since
Exo derived from NHDF did not contain either IGF-1 or its
receptor (Fig. 2C). The presence of IGF-1R into the hBM-
MSC-derived Exo was not a random event since other
receptors, such as the insulin receptor (INSR), or the perox-
isome proliferator-activated receptor gamma (PPARG) were
not detected in the Exo.

Exo-mediated horizontal transfer of mRNA
as mechanism of intercellular communication

To evaluate whether IGF-1R mRNA could be shuttled from
Exo to recipient cells, we elected to perform experiments in the
R- mouse fibroblast cell line, obtained from mouse embryos
homozygous for a targeted disruption of the Igflr encoding the
type 1 insulin-like growth factor receptor [23]. R- cells were
incubated with hExo for 3h in a serum-free medium (Fig. 3A).
To discard contaminant hExo not incorporated in the cells, 3
washing steps were performed at the end of incubation and
total RNA was extracted from R- cells or Exo and analyzed for
IGF-1R gene expression by RT-PCR analysis using primers
specific for the human transcript. As shown in Fig. 3B, the IGF-
1R transcript was detected in hExo and R- cells incubated with
human Exo, but not in R- control cells.

To demonstrate that the transferred mRNA was intact and
functional, we performed immunofluorescence experiments
to detect the translated protein in the target cells. Due to the
high homology between the human and mouse IGF-1R
proteins, the commercially available antibodies for IGF-1R
do not discriminate the 2 sequences, a problem that was
overcome by using R- as recipient cells. R- cells were exposed
to human Exo and immunofluorescence was performed 24 h
later. As depicted in Fig. 3C, the staining of IGF-IR was
clearly present in the R- cells exposed to human Exo (panel
b), but not in untreated cells (panel c). Human BM-MSC,
taken as a positive control, show intense staining of IGF-1R
(panel a). No staining was observed in the negative control
confirming the specificity of the signal. The percentage of R-
cells that expressed the Exo-derived hIGF-1R protein was on
average 24.2%*7.7%. To assess whether the IGF-1R protein
could be present in Exo, contributing to a direct transfer of
the protein, Exo were labeled for IGF-1R by immunogold,
but no labeling was observed (data not shown).

Horizontal transfer of IGF-1R mRNA also occurred when
mouse Exo were added to HK2 cells for 1 and 3h. Using
specific primers for mouse sequence, IGF-IR expression in-
creased in HK2 exposed to mouse Exo. The increase was
time-dependent suggesting at best that IGF-1R expression
was due to the mRNA transfer instead of residual Exo RNA.
As expected, no mouse transcript was detected in control
HK2 (Fig. 3D).
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FIG. 3. Horizontal transfer
of mRNA through human
exosomes. (A) Experimental
design of horizontal transfer.
(B) RT-PCR for human IGF-
1R on mRNA extracted from
mouse R- cells exposed or not
for 3h to hBM-MSC-derived
exosomes using primers spe-
cific for the human IGF-1R
sequence. As a positive con-
trol, RT-PCR was performed
on mRNA extracted from
hExo. A transcript of 350bp
was clearly detected both in
R- cells exposed to hExo and
in exosome preparation, but
not in untreated mouse R-
cells. (C) Immunofluorescence
staining for human IGF-1R in
mouse R- cells exposed or
not to hExo. The specificity of
the staining was confirmed
on hBM-MSC (a). Exosome-
derived expression of hIGF-
1R was detected in R- cells
exposed to hExo (b). Negative
control was performed on R-
cells not receiving the hExo
(0). Original  magnifica-
tion, x400. (D) Representative
4% agarose gel electrophore-
sis of the real-time PCR am-
plification products (expected
size of 60bp) and their rela-
tive quantification (bottom) for
mouse IGF-IR on mRNA
from HK2 untreated or ex-
posed for 1 or 3h to mouse
BM-MSC-derived exosomes.
RT- represents negative con-
trols. Results are expressed as
mean+SE (1=3). Analysis
of variance with Bonferroni
correction was performed;
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Human BM-MSC-derived Exo induce regeneration
of damaged proximal tubular epithelial cells

The ability of hBM-MSC-derived Exo to stimulate pro-
liferation was investigated using an in vitro model of cis-
platin-induced toxicity in mouse PTEC [17]. Mouse PTEC
were exposed to cisplatin for 6h. After drug withdrawal,
PTEC were incubated with Exo from the hBM-MSC-
conditioned medium, or with 5ng/mL of IGF-1, or both.
Proliferation of damaged PTEC, evaluated 4 days after the
beginning of the incubation, was significantly increased
following the addition of hExo or IGF-1 alone. Coincuba-
tion of damaged PTEC with hExo and soluble IGF-1 further
enhanced cell proliferation in respect to single treatments

(Fig. 4).

*P<0.05 and *P<0.01 versus
HK2.

Gene silencing of IGF-1R in human BM-MSC
reduces the proliferative effect of Exo

To study the possible role of IGF-IR mRNA delivered to
PTEC by Exo in potentiating the proliferative effect of IGF-1
on PTEC, we silenced the expression of IGF-1R in hBM-MSC
before Exo purification. Preliminary experiments were per-
formed to optimize the dose of siRNA to silence IGF-1R
expression in hBM-MSC (Fig. 5A). Real-time RT-PCR ex-
periments showed 80% inhibition of IGF-IR expression in
hBM-MSC and no transcript was detected in Exo prepara-
tions (Fig. 5B). When damaged PTEC cells were exposed to
Exo derived from IGF-1R-silenced hBM-MSC (hExo-silGF-
1R), IGF-1-induced proliferation was significantly reduced as
compared to that of cells incubated with Exo from scramble
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FIG. 4. Proliferation of damaged mouse proximal tubular
epithelial cells (PTEC). PTEC were exposed to cisplatin
2.5uM for 6h, and then incubated with test medium or hBM-
MSC-derived exosomes or IGF-1 (5ng/mL) or both for 4
days. PTEC proliferation was estimated by cell count using
trypan blue dye exclusion and PTEC +cispl was taken as
100%. Results are expressed as mean*S.E (1 =3). Analysis of
variance with Tukey correction was performed; *P<0.01
versus PTEC +cispl; °P <0.05 versus PTEC + cispl + hExo and
PTEC +cispl + IGF-1.

siRNA-treated hBM-MSC (hExo-siScramble) (Fig. 6). To ex-
clude the possibility that gene silencing could affect the Exo
cargo content, we compared the expression of BCL2-likel as
the gene involved in the regenerative activity of BM-MSC, in
IGF-1R-silenced or not Exo preparations. No significant dif-
ference in BCL2-likel expression was observed in Exo
preparations silenced or not for IGF-1R (data not shown).

Discussion

The present study demonstrates that hBM-MSC release into
the culture medium heterogeneous populations of MV and
Exo that do not contain DNA, but are engulfed with mRNA.
Our previous data showed that BM-MSC release anti-
inflammatory and prosurvival soluble factors, including TGF-8,
IL-10, and IGF-1, the latter representing the best candidate for
proximal tubular cell regeneration after AKI based on its
proliferative and antiapoptotic properties [17]. Starting from
this observation, we hypothesized that the effect of BM-MSC-
released IGF-1 protein on proximal tubular cells could be
amplified by increased expression of IGF-1 on tubular cells via
Exo-mediated mRNA transfer. This, however, was not the
case since analysis of the cargo content of hBM-MSC-derived
Exo by PCR array did not show the presence of the IGF-1
transcript. We therefore reasoned that the paracrine effect of
BM-MSC-derived IGF-1 on proximal tubular cells could be
helped by the transfer of IGF-IR mRNA to the target cells. To
lend further support to this hypothesis, PCR array data
showed the presence of the IGF-1R mRNA in Exo from hBM-
MSC that also was found to be intact by RT-PCR analysis.

We next evaluated whether the IGF-1R mRNA in Exo was
horizontally transferred in recipient cells taking advantage
from the availability of the IGF-IR null cells (R-). The
R-fibroblast cell line, obtained from a mouse embryo lacking
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FIG. 5. Gene silencing of IGF-1R in hBM-MSC. (A) Differ-
ent amounts of small interfering RNA (siRNA) specific for
human IGF-1R were tested to reach the highest efficiency of
silencing. Results are expressed as mean+S.E (1=3). Ana-
lysis of variance with Bonferroni correction was performed;
*P <0.01 versus hBM-MSC. (B) Evaluation of IGF-1IR mRNA
in hBM-MSC and their derived exosomes after gene silencing
(hExo-silGF-1R). Analysis of variance with Bonferroni cor-
rection was performed; *P <0.001 versus hBM-MSC.

IGF-1R, acquired the capability to express the IGF-1R protein
after incubation with Exo derived from hBM-MSC. These
data would indicate that the shuttling of IGF-1R mRNA from
Exo to R- cells occurred and was accompanied by a cell
phenotype change due to the translation of the transcript into
the corresponding protein.

Selective differences in the expression of IGF-1/IGF-1R
mRNAs in Exo derived from BM-MSC and parental cells as
well as the horizontal transfer of mRNAs between Exo and
proximal tubular cells is not restricted to hBM-MSC, but is a
shared phenomenon with mouse BM-MSC. These data point
to a novel mechanism that may operate in BM-MSC of dif-
ferent species accounting for their regenerative effect. Selec-
tive mRNA transfer into Exo supported the notion that the
mRNA contained in the Exo is not an exact copy of the
mRNAs of the donor cells as previously observed in mast
cells [8]. This observation was further supported by the
finding that mRNAs for other receptors in the insulin-sig-
naling pathway like the INSR or the PPARG were not found
in hBM-MSC-derived Exo. Specific targeting of the IGF-1R
mRNA sequence in the Exo is specific for BM-MSC since Exo
derived from NHDF did not contain either IGF-1 or its
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FIG. 6. Effect of IGF-1R silencing on proliferation of dam-
aged mouse PTEC. PTEC were exposed to IGF-1 and exo-
somes derived from hBM-MSC treated with scramble siRNA
(hExo-siScramble) or siRNA specific for IGF-1R (hExo-silGF-
1R). PTEC were exposed to medium or cisplatin 2.5 M for
6h, and then incubated with test medium or with IGF-1 and
hExo preparations. PTEC proliferation was estimated after 4
days by cell count using trypan blue dye exclusion and
PTEC +cispl was taken as 100%. Results are expressed as
mean=*S.E (n=4). Analysis of variance with Bonferroni cor-
rection was performed; *P<0.05 versus PTEC+cispl,
°P <0.05 versus PTEC + cispl +IGF-1 + hExo-siScramble.

receptor mRNAs. It is still unclear why a set of specific
mRNA transcripts is differentially shuttled to Exo in various
cell types. Understanding such a mechanism would help to
understand the function of RNA delivery to secreted vesicles.

The use of an in vitro model of cisplatin-induced toxicity in
proximal tubular cells allowed to demonstrate that the transfer
of IGF-1R mRNA through Exo resulted into a functional effect
as documented by increased proliferation of the damaged
proximal tubular cells exposed to Exo. Silencing the expression
of IGF-1R in hBM-MSC before Exo production strongly limited
proliferation of tubular cells induced by Exo further reinfor-
cing the concept of IGF-1R being involved in the functional
effect. We cannot exclude that gene silencing could have al-
tered the cargo content of Exo, modulating the expression of
genes that exacerbate the inhibitory effect on tubular cell
proliferation, although no significant changes in the expression
of the antiapoptotic gene BCL2-likel were observed in IGF-
1R-silenced Exo in respect to unmodified Exo. Addition of
exogenous IGF-1 induced an increase in the growth of
cisplatin-treated tubular cells that was further enhanced by cell
exposure to the IGF-1 protein and Exo in respect to treatments
given alone. It is conceivable that sensitivity of proximal
tubular cells to IGF-1 could be enhanced by the transfer of
IGF-1R mRNA via Exo. This phenomenon would explain the
ability of a low number of MSC engrafting the kidney to
promote a prompt recovery from AKI [17].

The present data provide for the first time the evidence of a
specific mechanism through which BM-MSC contribute to
repair the injured tissue by virtue of a combined trophic effect
induced by a soluble factor and the expression of the corre-
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sponding receptor in the target cells after the transfer of ge-
netic material accomplished by Exo. Exo have the capacity to
communicate messages to repair damaged cells as demon-
strated for mast cells that exposed to oxidative stress-released
Exo containing protective signals making the recipient cell
more tolerant to oxidative processes and to cell death [27].
Besides functional mRNA, Exo contain microRNAs (miRNAs)
[28,29], small noncoding RNAs that regulate gene expression
at the post-transcriptional level [30]. MicroRNAs control cell
fate and behavior by repressing the translation of selected
mRNAs in stem cells as well as in differentiating daughter
cells [31]. The presence of miRNAs into Exo from mast cells
[8], ES cells [32], and BM-MSC [28,29] has been taken to
suggest that they act as regulators of cell-cell communication
by modulating the fate and behavior of target cells via epi-
genetic changes of their transcriptome. Whether the regener-
ative potential of BM-MSC can be attributed to a fine
regulation of protein translation by miRNAs will be a matter
of future investigation. In conclusion, BM-MSC recruited to
the site of injury may reprogram the damaged cells stimu-
lating their proliferation and favoring tissue regeneration
through the contribution of growth factors and the transfer of
genetic material by Exo both locally released by BM-MSC.
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