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The mechanisms involved in renal repair by mesenchymal stromal cells (MSCs) are not entirely elucidated. The
paracrine secretion of bioactive molecules has been implicated in the protective effects. Besides soluble
mediators, MSCs have been shown to release extracellular vesicles (EVs), involved in renal repair process for
different injury models. EVs have been shown to mediate communication between cells through the transference of several molecules, like protein, bioactive lipids, mRNA, and microRNAs (miRNAs). The miRNAs
are noncoding RNAs that posttranscriptionally modulate gene expression and are involved in the regulation of
several cellular processes, including those related to repair. The aim of the present study was to investigate the
role of MSC-EVs in the modulation of miRNAs inside renal proximal tubular epithelial cells (PTECs) in an in
vitro model of ischemia-reperfusion injury induced by ATP depletion. In this model we evaluated whether
changes in miRNA expression were dependent on direct miRNA transfer or on transcription induction by MSCEVs. The obtained results showed an enhanced incorporation of MSC-EVs in injured PTECs with protection
from cell death. This biological effect was associated with EV-mediated miRNA transfer and with transcriptional modulation of miRNAs expressed by injured PTECs. Prediction of miRNA targets showed that miRNAs
modulated in PTECs are involved in process of renal recovery with downregulation of coding-mRNAs associated with apoptosis, cytoskeleton reorganization, and hypoxia, such as CASP3 and 7, SHC1 and SMAD4.
In conclusion, these results indicate that MSC-EVs may transfer and modulate the expression of several
miRNAs involved in the repair and recovery process in PTECs.

Introduction

M

esenchymal stromal cells (MSCs) are instrumental
in renal regeneration and functional recovery. The
mechanisms by which these cells act are not completely
elucidated. However the main mechanism seems to be independent from the differentiation properties of these cells
[1,2]. MSCs are transiently recruited in the injured kidney
and act by a paracrine mechanism through a direct secretion
of cytokines, growth factors, and several other bioactive
molecules [3]. The interaction between MSCs and proximal
tubular epithelial cells (PTECs) was also shown to be mediated through secretion of extracellular vesicles (EVs) [4].
Ratajczak et al. [5] demonstrated that hematopoietic pro-

genitor cells can be reprogrammed by horizontal transfer of
messenger RNAs and proteins by EVs derived from embryonic stem cells. Adult stem cells are also capable to secret
EVs containing RNAs that can be transferred to target cells
inducing phenotypic changes [6–8]. Based on this observation Quesenberry et al. proposed a new role of EVs in stem
cell biology where EVs may shuttle information between
stem and injured cells [8]. They also showed that the phenotypic changes in target cells exposed to vesicles were due
to transfer of mRNA and transcriptional regulators [9]. In
acute kidney injury (AKI) models, the administration of EVs
derived from MSCs (MSC-EVs) led to tissue repair by
stimulating proliferation and increasing apoptosis resistance
of PTECs [4]. The beneficial effects of MSC-EVs were
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similar to those observed with the administration of MSCs,
suggesting that the release of EVs represents an important
mechanism in the regenerative action of these cells.
The internalization of EVs is followed by the transfer of
several groups of molecules (lipids, proteins, and nuclei acids) [10] capable of inducing phenotypic changes in recipient
cells [11]. Among these molecules, microRNAs (miRNAs)
play an important role in the modulation of phenotype of
recipient cells. In fact, miRNAs are noncoding RNAs that
posttranscriptionally regulate genes by mRNA cleavage or
translation repression through a sequence-dependent process
that regulates the expression of many proteins involved in
different cellular pathways, like proliferation, cell death,
differentiation, and tumor development [12]. Collino et al.
observed different patterns of miRNAs inside MSCs and their
secreted MSC-EVs, suggesting a regulated mechanism of
miRNA compartmentalization within MSC-EVs [7]. Subsequent analysis of possible miRNA targets inside MSC-EVs
suggested that these molecules can regulate important cellular
processes related to renal repair.
The aim of the present study was to investigate the role of
MSC-EVs in the modulation of miRNAs inside renal PTECs
in an in vitro model of ATP depletion injury. In this model
we evaluated whether changes in miRNA expression were
dependent on direct miRNA transfer or on transcription
induction by MSC-EVs. Moreover, we evaluated whether
variation in miRNA expression in the PTECs was followed
by regulation of genes related to renal recovery and protection from cell death.

Materials and Methods
Renal epithelial cell culture
Human kidney 2 (HK-2) is a PTEC cell line derived from
normal kidney (ATCC). The cells were cultured in lowglucose DMEM (Lonza) supplemented with 10% of fetal
calf serum (FCS) under a humidified atmosphere of 5% CO2
at 37C. During assays, the cells were cultured with DMEM
in the absence of FCS.

Characterization of bone marrow MSCs
Human MSCs were purchased from Lonza and cultured
and characterized as previously described [4,7]. The MSC
characterization was performed by fluorescence activated
cell sorting (FACS). The antibodies used, all phycoerythrinor fluorescein-isothiocyanate- conjugated, were as follows:
anti-CD146, anti-CD105, and anti-CD90 (Miltenyi Biotech);
anti-CD73, anti-CD29, anti-CD34, anti-CD44, anti-CD45, antiCD80, anti-CD86, anti-CD166, and anti-HLA-I (Becton Dickinson Biosciences Pharmingen). As control we used mouse
isotypic IgG from Dakocytomation. MSCs expressed CD44,
CD90, CD73, CD105, CD146, CD166, and HLA class I. MSCs
did not express CD45, CD14, and CD34 hematopoietic markers
and CD80, CD86, and CD40 costimulatory molecules.
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centrifuged first at 300 g and then at 6,000 g for 20 min.
Subsequently, supernatants were ultracentrifuged at 150,000
g (Optima L-90K ultracentrifuge; Beckman Coulter) for 1 h
at 4C and the pellets containing MSC-EVs were resuspended in RPMI containing 1% DMSO and stored at
- 80C. FACS analysis of MSC-EVs performed using
Guava easyCyte (Millipore) showed the presence of
several MSC markers, such as CD29, CD44, CD73, CD90,
CD146, HLA-class I, and alpha-5, but not CD105. In addition MSC-EVs expressed the exosomal markers CD9,
CD81, and CD107, but not CD63 (Supplementary Fig. S1).
Nanoparticle tracking analysis using NanoSight LM10 was
performed to determine size and number of MSC-EVs. The
size of MSC-EVs ranged from 50 to 250 nm, with a mean
value of 170 nm. The number of MSC-EVs ranged from
1,300 to 4,800 particles/cell, with a mean value of 2,200
particles/cell (corresponding to 2.7 · 108 particles/mL of
medium). Contamination of endotoxin was excluded by
Limulus test (Charles River Laboratories, Inc.).

MSC-EV incorporation by PTECs
To determine the MSC-EV incorporation dynamic by
PTECs, we incubated the MSC-EVs (3 · 109 particles/mL)
derived from MSCs double-labeled with SYTO RNASelect
and Vybrant Dil (Fig. 1A) (both from Molecular Probes)
with PTECs for periods of 6, 12, and 24 h in normal and
injury conditions. The levels of MSC-EV incorporation were
analyzed by FACS and confocal microscopy. To determine
the specificity of SYTO RNASelect, MSC-EVs were incubated with RNAse as previously described [13]. The MSCEVs that were RNAse treated were incubated with PTECs for
24 h. The intensity of RNA marker inside PTECs was significantly reduced in comparison to PTECs incubated with
not treated MSC-EVs (Supplementary Fig. S2).
To determine the participation of CD29 and CD44 in the
MSC-EV incorporation by PTECs, EVs were preincubated
(15 min at 4C) with blocking antibody (1 mg/mL) against
adhesion molecule CD29 (b1-integrin; Becton Dickinson) and
with hialuronic acid (sHA; 100 mg/mL from Rooster comb;
Sigma) to block CD44 and then incubated with the cells. The
incorporation was observed by confocal microscopy.

ATP depletion injury model
To promote an injury that mimics important aspects of
renal tubule injury during acute kidney ischemia, 60%–70%
confluent PTECs were incubated for 1 h in serum-free, lowglucose DMEM in the presence of 10 mM 2-deoxyglucose
(Sigma) (to inhibit glycolysis) and 1 mM antimycin A
(Sigma) (to block the mitochondrial respiratory chain at the
level of complex III). These combinations of inhibitors
avoid oxidation of any substrate and lead to almost complete
exhaustion of ATP stores [14]. After this period, the cells
were washed with PBS and incubated in low-glucose
DMEM for 24 h at 37C and 5% CO2, in the presence
(1 · 109 particles/mL) or absence of MSC-EVs.

Isolation and characterization of MSC-EVs
MSC-EVs were isolated from cell-free supernatants of
MSCs and cultured overnight in Roswell Park Memorial
Institute (RPMI) medium containing 0.5% of bovine serum
albumin (Sigma). To remove debris supernatants were

Cell death and proliferation analyses
The cell death analysis was performed using the Muse
Annexin V & Dead Cell Assay (Millipore). The kit allows
quantitative analysis of live, early, and late apoptosis. The
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FIG. 1. Incorporation of MSC-EVs and RNA transfer in proximal tubular epithelial cells (PTECs). (A) MSCs were
double-stained in red (with Vybrant Dil, 15-min incubation) and green (with Syto-RNA, 30-min incubation). Original
magnification: · 200. Labeled MSCs released double-labeled EVs (see ‘‘Materials and Methods’’ section). (B) Doublelabeled MSC-EVs were incubated for 6, 12, and 24 h with PTECs in normal condition and after ATP depletion injury. The
first column of panels from the left shows the internalization of MSC-EV membranes. The second column of panels is the
nuclei of PTECs stained with DAPI (blue). The third column of panels shows the distribution of Syto-RNA carried by MSCEVs inside PTECs. The fourth column of panels shows a merge between the two previous panels. These experiments were
realized in normal culture condition. (C) MSC-EV incorporation in PTECs after 24 h of incubation in normal culture
condition and after ATP depletion injury. The panel description is the same as indicated above. Three experiments were
performed with similar results using MSC-EVs derived from different MSCs. Original magnification: · 630. (D) FACS
analysis of Vybrant Dil-labeled MSC-EV incorporation rate by PTECs. White bars represent the experiments realized in
normal control conditions and black bars represent incorporation rate by PTECs after ATP depletion injury. Statistical
analysis was performed by ANOVA with Newman-Keuls multicomparison test: *,**statistical difference between the 6and 24-h experimental conditions; #statistical difference between normal and injury conditions, in the same incubation time
(P < 0.05; n = 4). EV, extracellular vesicle; MSCs, mesenchymal stromal cells; FACS, fluorescence activated cell sorting.

assays were performed as indicated in the manufacturer’s
protocols. After submitted to the experimental conditions
(normal, ATP depletion, and ATP depletion + MSC-EV conditions), the PTECs were harvested with trypsin, and resuspended in DMEM supplemented with 10% FCS so that the
final concentration was 1 · 105 cells/mL. An aliquot of 100 mL
of the cells was then mixed with 100 mL of Muse Annexin V &
Dead Cell reagent, incubated for 20 min at room temperature,
and subsequently analyzed by the Muse Cell Analyzer (Millipore). TUNEL assay was also performed with ApopTag In
Situ Apoptosis Detection Kit (S7111; Chemicon) to determine the apoptosis via DNA fragmentation. The assays were
performed according to the manufacturer’s protocol. The
TUNEL-positive cell rate was determined by the number of
stained cells in relation to the total number of cells. Estimations
were made by counting a total of 500 cells in random fields
using fluorescent microscopy at a magnification of ·200.
Proliferation was assessed by measuring BrdU incorporation.

Transespithelial resistance
To measure transespithelial resistance (TER), an epithelial Voltohmeter (World Precision Instruments) was used in
confluent PTEC monolayers grown on permeable inserts
(BD Falcon 0.4-mm-pore-size PET membrane). Measurements of electrical resistance of cell-free membrane inserts
were performed and subtracted from all subsequent measurements. The electrodes were equilibrated in sterile
phosphate-buffered saline and placed to the same depth in
the solutions bathing the cultured monolayer.

RNA extraction
The mirVana RNA isolation kit (Ambion) was used for
RNA extraction from MSC-EVs and cell preparations
and RNA was measured by spectrophotometry (Nanodrop
ND-1000; Wilmington DE). RNA quality and the presence
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of small RNAs were evaluated by capillary electrophoresis
on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc.)

miRNA and mRNA profiling by quantitative real-time
polymerase chain reaction
To analyze the MSC-EV miRNA content and the changes
in the miRNA levels inside renal cell after injury and treatment with MSC-EVs, the Applied Biosystems TaqManH
MicroRNA Assay Human Panel Early Access kit (Applied
Biosystems) was used to profile 365 mature miRNAs by sequential steps of reverse transcription (Megaplex RT Pools;
Applied Biosystems) using an Applied Biosystems 7900HT
real-time polymerase chain reaction (PCR) instrument. The
SDS software version 2.3 was used to calculate Raw Ct
values with automatic baseline and threshold [7].
miRNAs screened by microarray analysis were confirmed
using miScript Reverse Transcription Kit and miScript SYBR
Green PCR Kit (both from Qiagen). The following specific
primers to hsa-miR-148b-3p, 375, 410, 495, 548c-3p, 548c5p, 561, and 886-3p were used. The snoRNA RNU48 was
used as normalize reference control. Fold change in miRNA
expression was calculated as 2 - DCt using the geometric mean
in Ct values of all the card conditions as normalizer.
The mRNA expression in PTECs was assessed by quantitative real-time PCR using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and the Power
SYBR Green PCR Master Mix (Applied Biosystems).
Negative cDNA controls (no cDNA) were cycled in parallel
with each run. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using a 96-well StepOne
Real-Time System (Applied Biosystems). The sequence-specific
oligonucleotide primers were all obtained from MWGBiotech AG, Ebersberg, Germany (www.mwg-biotech.com).

Blockage of transcription in renal cells
PTECs were incubated with 10 mg/mL of actinomycin D
(Sigma) in DMEM without FCS for 30 min. After this period the cells were washed with PBS and then submitted to
ATP depletion injury and subsequently maintained in culture for 24 h in the presence (1 · 109 particles/mL) or absence of MSC-EVs. The control group, after incubation with
actinomycin D, was maintained in DMEM without FCS.

miRNA target prediction
Predicted miRNA targets were obtained from Targetscan
[15], release 6.1, using the ‘‘nonconserved targets’’ list
downloaded from the TargetScan Web site. Gene ontology
(GO) annotations were obtained from the NCBI Entrez
Gene database. A list of genes expressed in HK-2 PTECs
was obtained from the microarray data deposited in the
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo)
under accession GSE23338. Gene analysis was performed in
three different PTEC preparations and a gene was defined as
expressed when present in at least two of them. We then
generated a list of mRNAs that are expressed in HK-2 cells
and a list of miRNAs that are upregulated when PTECs were
treated with MSC-EVs. The GO of selected miRNAs was
performed for ‘‘actin cytoskeleton reorganization,’’ ‘‘induction of apoptosis,’’ and ‘‘response to hypoxia.’’
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Statistical analyses
Statistical analyses were carried out using the one-way
analysis of variance test and Newman-Keuls or Dunnett posttests. Statistical significance was set at P < 0.05. Data were
analyzed using the GraphPad Prism 5.0 Demo program.

Results
MSC-EV incorporation by PTECs
The incorporation of labeled MSC-EVs by PTECs was
observed at different culture times by confocal microscopy
(Fig. 1B). Initial incorporation was observed after 6-h incubation, followed by a progressive increase until 24 h.
Concomitant to EV incorporation, an increase of labeled
RNA distribution in PTEC cytoplasm was observed, indicating the transfer of RNA from MSC-EVs to PTECs. To
determine whether ATP injury could influence the MSC-EV
incorporation, the vesicles were incubated with PTECs after
injury and compared with cells cultured in normal condition.
The results obtained showed that the MSC-EV incorporation
was significantly increased in injured cells (Fig. 1C). FACS
analysis showed that the uptake of MSC-EVs by PTECs
presents a 2.7-fold increase when compared with normal
condition group at 24 h (Fig. 1D).

CD29 and CD44 are involved in the MSC-EV
incorporation by PTECs
Since the adhesion molecules CD29 and CD44 are present on the surface of MSC-EVs, we evaluated their role in
the internalization by PTECs. EVs derived from MSCs
stained in red by Vybrant Dil were preincubated with antiCD29 antibody and/or with sHA to block CD29 and CD44,
respectively, and then incubated for 24 h with PTECs after
injury (Fig. 2). CD29 and CD44 blockage significantly diminished the internalization of labeled MSC-EVs within
PTECs. The simultaneous blockage of CD29 and CD44
almost completely inhibited the EV internalization.

Biological effect of MSC-EVs on PTEC injury
To observe the biological effects of MSC-EVs, cell death,
proliferation, and TER in PTECs cultured were evaluated
(Fig. 3). The initial analysis showed that MSC-EVs partially
reversed the reduction of number of viable cells observed
after injury (Fig. 3A). This phenomenon was not due to an
increase in the PTEC proliferation (Fig. 3B), but to a protective effect of MSC-EVs, as confirmed by FACS and
TUNEL analyses (Fig. 3C, D).
The ATP depletion injury promotes disruption of renal
epithelia integrity, affecting directly its function [16]. Evaluation of TER as a functional marker of epithelial integrity
showed that ATP depletion injury induced a significant loss
of TER (Fig. 3E). MSC-EVs significantly reduced the loss
of TER, suggesting a protective effect on PTEC function.

Identification and modulation of mature miRNAs
inside PTECs treated with MSC-EVs
miRNA content of MSC-EVs was evaluated. Table 1
shows the 20 miRNAs more expressed in the MSC-EVs that
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FIG. 2. Blockage of MSCEV incorporation by PTECs.
MSC-EVs stained with Vybrant Dil (red) were incubated
for 24 h with PTECs submitted
to ATP depletion injury. To
block CD29 and CD44 integrins the MSC-EVs were
previously incubated with antiCD29 antibody, hialuronic acid
(HA), or both simultaneously
as indicated in the panels. Left
panels indicate internalization
of MSC-EV membrane. INJ
indicated cells submitted to
injury without any blockage.
Middle panels show the nuclei
of PTECs stained with DAPI
(blue). Right panels show a
merge of the two previous images. Three experiments were
performed with similar results
using MSC-EVs derived from
different MSCs. Original magnification: · 630.

were confirmed by RT-PCR. miRNA content of PTECs was
also evaluated in basal condition, after injury, and after incubation with MSC-EVs. Injury induced significant variations of several miRNAs within PTECs (Table 2). Some of
the miRNAs were upregulated (h-miR-224, 296, 450, 548a,
548d, 570, 616, 618, 627, 642, 651, 655, and 873) and others
were downregulated (h-miR-125a-3p, 148b-3p, 150, 219,
335, 451, 485-3p, 495, 518, 548c-3p, and 576-5p). MSC-EV
treatment partially or completely reversed some of miRNA
changes observed after injury as indicated in Table 2. In
addition, some miRNAs that did not change during injury
were modulated by MSC-EVs.
In this condition, some miRNAs were downregulated (hmiRNA-217, 450b-5p, and 548d-5p) and others were upregulated (h-let7-a, h-miRNA 375, 410, 548c-5p, 561, and 886-3p).

miRNAs transferred or expression induced
by MSC-EVs
To assess whether miRNA variation in MSC-EV-treated
PTECs was dependent on the delivery of miRNAs by MSCEVs or on transcription induced within the recipient cells, we
performed selected experiments in the presence of transcription inhibitor actinomycin D (Fig. 4). We observed an
increase in the expression of miR-148b-3p, miR-410, miR495, and miR-548c-5p within the recipient cells despite

transcription inhibition, suggesting a direct transfer of these
miRNAs. The effective transfer cannot be seen when basal
levels of miRNA in the recipient cells were already high. This
is the case of miR-886-3p that was present in the MSC-EVs
but its increase inside of PTECs treated with the vesicles was
not observed after transcription blockage. In fact the amount
of miR-886-3p present in MSC-EVs was significantly lower
than that present in PTECs in basal condition. Upregulation
of miR-375, miR-548c-3p, miR-561, and miR-886-3p was
inhibited by actinomycin D, which indicates that the increase
was dependent on MSC-EV stimulation rather than by direct
transfer. These results were supported by the screening of
miRNAs present inside the MSC-EVs (Supplementary Table
S1). Some miRNAs, not present in the vesicles, were upregulated inside PTECs after MSC-EV treatment, suggesting
that vesicles stimulate their transcription. Moreover, several
miRNAs were downregulated in PTECs after MSC-EV
stimulation (Table 2), indicating that variation of miRNA
content observed after incorporation of MSC-EVs was also
dependent on transcription modulation.

miRNA target prediction and modulation
by MSC-EVs
Among the modulated miRNAs, we were interested in
those directly transferred (miRNAs detected inside MSC-
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FIG. 3. MSC-EVs promoted protection but not proliferation in PTECs after injury. After ATP depletion injury, MSC-EVs
were incubated with PTECs for 24 h. (A) Number of viable cells by counting with Trypan blue staining. (B) Proliferation
was performed by an ELISA for Brdu incorporation. (C) Cell death analysis by Muse Annexin V & Dead Cell Assay. Black
bars indicate cell death rate by early apoptosis and white bars represent late apoptosis. (D) Apoptosis was also evaluated by
TUNEL and expressed as percentage of positive cells (500 cells were counted in random fields using a fluorescent
microscopy at a magnification of · 200). (E) Effect of MSC-EVs on TER of PTECs. TER was measured in all groups
before submitted to the different conditions and no significant difference was observed (not shown). Final measures were
performed 24 h after the cell incubation with antimycin A. Each group is indicated in the abscissa; in the control group
(CTR) the cells were not submitted to injury. CTR/EV represents PTECs that were incubated with MSC-EVs; INJ indicates
the PTECs submitted to injury, while INJ/EV is the group submitted to injury and then incubated with MSC-EVs. Statistical
analysis was performed by ANOVA with Newman-Keuls multicomparison test: *statistical difference related to the control
group; **statistical difference between injured group and injured group treated with MSC-EVs (P < 0.05; n = 5). ANOVA,
analysis of variance; TER, transespithelial resistance.

Table 1. Identification of microRNAs Carried
by Mesenchymal Stromal Cell–
Extracellular Vesicles
miRNAs more expressed inside MSC-EVs
MSC-EVs
miRNAs
miR-222
miR-145
miR-125b
miR-199a-3p
miR-21
miR-100
h-let-7b
miR-99a
miR-24
miR-19b

2 - DCt

MSC-EVs
miRNAs

2 - DCt

202
185
93
92
79
69
53
47
45
32

miR-193b
h-let-7e
miR-191
miR-221
miR-31
h-let-7a
miR-30b
miR-17
miR-106a
miR-26a

27
24
23
23
23
14
13
12
12
12

The table shows the fold change analysis of the 20 miRNAs more
expressed in the MSC-EVs. The relative expression of miRNAs in
MSC-EVs was defined as fold change evaluated as 2 - DCt, as
described in ‘‘Materials and Methods’’ section.
EV, extracellular vesicle; miRNAs, microRNAs; MSCs, mesenchymal stromal cells.

EVs) or those whose expression was induced by EVs
(miRNAs not present inside MSC-EVs) in the PTECs: let7a, miR-148b-3p, 375, 410, 451, 485-3p, 495, 522, 548c-3p,
548c-5p, 561, and 886-3p (marked with black dot in Table
2). To determine the involvement of these miRNAs in the
recovery process, we performed a GO analysis based on
genes expressed on HK-2 PTECs and that were involved in
important process of ATP depletion injury: cell death by
apoptosis, cytoskeleton reorganization, and hypoxia (Supplementary Table S2). From the group of predicted targets,
we choose those in which the downregulation was associated with an improvement in renal recovery (Table 3). A
subsequent analysis on the modulation of these genes revealed that caspase-3 (CASP3), caspase 7 (CASP7), SMAD
family member 4 (SMAD4), and Src homology 2 domain
containing transforming protein 1 (SHC1) genes were upregulated after injury. The incubation of MSC-EVs after
injury inhibited this upregulation (Fig. 5).

Discussion
In this study, we demonstrated that EVs secreted by
MSCs protect renal epithelial cells after ATP depletion injury. The uptake of MSC-EVs by PTECs was increased after
injury, resulting in cell death reduction and maintenance of
TER. The incorporation of MSC-EVs modulated several
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Table 2. Changes in the Expression of microRNAs Inside Proximal Tubular Epithelial Cells
Changes of miRNA expression inside PTECs
miRNAs
upregulated
in injury
miR-224
miR-296
miR-450a
miR-548a
miR-548d
miR-570
miR-616
miR-618
miR-627
miR-651
miR-642
miR-655

Treatment
with
MSC-EVs
Reverted
Reverted
Reverted
Reverted
Not reverted
Reverted
Reverted
Not reverted
Not reverted
Not reverted
Reverted
Reverted

miRNA
downregulated
in injury

Treatment
with
MSC-EVs

miR-125a-3p

Not reverted
Reverted
Not reverted
Not reverted
Not reverted
Reverted
Reverted
Reverted
Not reverted
Reverted
Reverted

 miR-148b-3p

miR-150
miR-219
miR-335
 miR-451
 miR-485-3p
 miR-495
miR-518
miR-522
 miR-548c-3p

miRNAs
upregulated only
with MSC-EVs







let-7a
miR-375
miR-410
miR-548c-5p
miR-561
miR-886-3p

miRNAs
downregulated
only with MSC-EVs
miR-217
miR-450b-5p
miR-548d-5p

List of miRNAs that significantly varied after injury and treatment with MSC-EVs in respect to the control (fold change ‡ 1.8). The
PTECs cultivated in normal condition were established as the parameter to determine the variations in the miRNA expression (up- and
downregulated). The relative expression of miRNAs of PTECs in the different conditions was defined as fold change evaluated as 2 - DCt, as
described in ‘‘Materials and Methods’’ section.
The symbol ‘‘’’ indicates miRNAs that are possibly transferred or expression induced by MSC-EVs.
PTECs, proximal tubular epithelial cells.

miRNAs inside renal cells that were related to important
processes in renal recovery.
Several studies demonstrated that MSCs favor renal recovery after AKI [17–20] and protect against chronic
kidney disease [21–24]. The paracrine secretion has been
shown to be the main mechanism related to the injured
recovery, stimulating tubular surviving cells that reenter
into cycle and proliferate, promoting a recovery in renal
epithelia integrity [18, 25–33]. Recently, MSCs have been
shown to be capable to secrete EVs that are small vesicles

that compartmentalize several bioactive molecules and can
interact through specific receptor–ligands with target cells,
consequent transfer of proteins, lipids, and RNAs [5,10].
Moreover, our group demonstrated the EV-mediated
transfer of functional mRNAs both in vitro and in vivo
[4,34,35] and of miRNAs in vitro [7]. In the present study
we observed a progressive increase in the MSC-EV incorporation with time, resulting also in the increase of
RNA delivery inside the cells in normal and in injury
conditions. Interestingly, MSC-EV incorporation rates

FIG. 4. Characterization of miRNAs transferred or upregulated by MSC-EVs. PTECs were first incubated with actinomycin
D. After transcription blockage, the cells were submitted to injury and treated or not with MSC-EVs. White bars indicate
control group maintained in normal condition. Black bars represent PTECs submitted to injury and gray bars represent the
cells treated with MSC-EVs after injury. Three experiments were performed in triplicate. Analysis of upregulated miRNAs
was performed by quantitative real-time polymerase chain reaction. The abscissa indicates the miRNAs evaluated. Data are
expressed as relative quantification (RQ), normalized to RNU48. Statistical analysis was performed by ANOVA with Dunnett
multicomparison test: *statistical difference to the injured group (P < 0.05; n = 6).
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Table 3. Gene Ontology Biological Functions of Upregulated microRNA Targets Inside
Proximal Tubular Epithelial Cells
Predicted targets of upregulated miRNAs in PTECs
Gene

Symbol

Process involved

Targeted by miRNA

Actinin, alpha 4
Activin A receptor, type B
BCL2-associated transcription factor 1
Caspase 3, apoptosis-related cysteine peptidase
Caspase 7, apoptosis-related cysteine peptidase
Cyclin-dependent kinase inhibitor 1B (p27, Kip1)
Fas cell surface death receptor
SHC (Src homology 2 domain containing)
transforming protein 1
SMAD family member 3

ACTN4
ACVR1B
BCLAF1
CASP3
CASP7
CDKN1B
FAS
SHC1

Hypoxia
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Cytoskeleton

miR-410, 485-3p, 548c-5p
miR-148b-3p, 410, 495, h-let-7a
miR-410, 495, 548c-5p, 561
miR-410, 495, 548c-5p, h-let-7a
miR-375, 495, 548c-5p
miR-148b-3p, 485-3p, 495, 561
miR-410, 485-3p, 561, h-let-7a
miR-375, 548c-5p, 561

SMAD3

miR-410, 485-3p, 548c-5p, 561

SMAD family member 4

SMAD4

Apoptosis
Hypoxia
Hypoxia

miR-410, 485-3p, 495, 548c-5p, 561

Gene ontology biological functions of predicted targets of miRNAs related to recovery process (apoptosis, cytoskeleton reorganization,
and hypoxia) in PTECs. The list of predicted targets was established using as background all genes expressed in PTECs (HK-2 cells) and
predicted to be a target of at least three miRNAs.

were higher after PTECs were submitted to ATP depletion,
indicating that under injury condition the renal cells were
more responsive to the effects mediated by MSC-EVs. In
addition, CD29 and CD44 integrins, present in the MSCEV membrane, were directly involved in the renal uptake
after injury. The participation of these integrins in the EV
uptake was supported by experiments based on inhibition
of EV incorporation after CD29/CD44 blockage [4]. The
incorporation of MSC-EVs led to the protection of PTECs
from apoptosis. Bruno et al. also pointed to the protective
effect of MSC-EVs in ischemia-reperfusion model in vivo
with effects similar to that observed with MSC administration [4].
The comparative screening of miRNA content in EVs
and in normal-, injured-, and EV-treated PTECs revealed
that miRNAs were modulated during injury and recovery.
miRNAs are known to play an important role in the reg-

ulation of process involved in renal pathology, like proliferation, cell cycle, phenotype, and death [12]. miRNA
involvement in the ischemia/reperfusion-induced AKI was
suggested by experiments that show attenuated renal ischemic damage after miRNA depletion using knock-out
mouse for Dicer, an enzyme involved in the maturation of
miRNAs [36]. Subsequent studies pointed to the participation of miRNAs in the prevention of tubular cell death
after ischemic injury [37–39]. In the present study, miRNA
prediction targets indicated a possible regulation of apoptosis by miR-410, miR-495, miR-548c-5p, and let-7a that
target CASP3 and miR-375, miR-495, and miR-548c-5p
that target CASP7. Activation of caspases occurred before
DNA fragmentation or cell death, and administration of pancaspase blocking antibodies protected against hypoxiainduced damage [40,41]. The administration of MSC-EVs
promoted reduction of CASP3 and CASP7, suggesting that

FIG. 5. Changes in the expression of predicted miRNA targets modulated by MSC-EVs. Evaluation of the gene expression of miRNA targets predicted by GO analysis related to hypoxia, cytoskeleton reorganization, and apoptosis processes. The changes in gene expression were performed by quantitative real-time polymerase chain reaction. The analysis
was performed in all three conditions: control (white bars), injury (black bars), and injury treated with MSC-EVs (gray
bars). Data are expressed as RQ, normalized to GAPDH. The abscissa indicated the evaluated genes. Statistical analysis was
performed by ANOVA with Dunnett multicomparison test: *statistical difference to the control group; #statistical difference
to the injured group (P < 0.05; n = 4).
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these upregulated miRNAs may be, at least in part, responsible for the reduction of renal cell death promoted by
ATP depletion (Fig. 5).
Another group of upregulated miRNAs—miR-375, miR548c-5p, and miR-561—may be responsible for the downregulation of SHC1 that could be involved in the protective
effect of renal cells. SHC1, also known as p66shc, is a
signaling protein implicated in receptor tyrosine kinase
signal transduction that is involved in the polymerization of
actin [42]. Moreover, SHC1 is a recognized mediator of
mitochondrial dysfunction, whose activation is associated
with excessive generation of reactive oxygen species that
depolarize the mitochondria [43]. SHC1 also contributes to
cell death by inhibiting the prosurvival EGFR-ras-ERK
pathway [44]. We also found that SMAD4 was reduced
by MSC-EV incubation. Smad4 plays an important role in
the epithelial-mesenchymal transition induced by TGF-b1
[45,46]. TGF-b1 promotes fibrosis by phosphorylation of
Smad2 and Smad3 that form a complex with Smad4 and is
translocated to the nuclei to regulated target genes [47]. The
role of Smad4 in the fibrotic process inhibition seems to be
associated with its capacity to influence the association of
Smad3 with collagen promoter regions [48,49]. The modulation of SMAD4 by MSC-EVs suggests a participation of
these vesicles in the prevention of fibrosis process that is
associated with renal mass reduction and impairment of
tubule regeneration.
In conclusion, our results show that renal cells increased
MSC-EV uptake after injury and that the protective effects
promoted by these vesicles was, at least in part, mediated by
the transfer or induction of miRNAs that regulate important
targets related to cell recovery.
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18. Tögel F, Z Hu, K Weiss, J Isaac, C Lange and C Westenfelder. (2005). Administered mesenchymal stem cells

1818

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

protect against ischemic acute renal failure through differentiation-independent mechanisms. Am J Physiol Renal
Physiol 289:F31–F42.
Morigi M, M Introna, B Imberti, D Corna, M Abbate, C
Rota, D Rottoli, A Benigni, N Perico, et al. (2008). Human
bone marrow mesenchymal stem cells accelerate recovery
of acute renal injury and prolong survival in mice. Stem
Cells 26:2075–2082.
Beiral HJ, C Rodrigues-Ferreira, AM Fernandes, SR Gonsalez, NC Mortari, CM Takiya, MM Sorenson, C FigueiredoFreitas, A Galina and A Vieyra. (2014). The impact of stem
cells on electron fluxes, proton translocation and ATP synthesis in kidney mitochondria after ischemia/reperfusion.
Cell Transplant 23:207–220.
Semedo P, M Correa-Costa, M Antonio Cenedeze, D Maria
Avancini Costa Malheiros, M Antonia dos Reis, MH Shimizu, AC Seguro and A Pacheco-Silva. (2009). Mesenchymal stem cells attenuate renal fibrosis through immune
modulation and remodelling properties in a rat remnant
kidney model. Stem Cells 27:3063–3073.
Choi S, M Park, J Kim, S Hwang, S Park and Y Lee.
(2009). The role of mesenchymal stem cells in the functional improvement of chronic renal failure. Stem Cells
Dev 18:521–529.
Choi SJ, JK Kim and SD Hwang. Mesenchymal stem cell
therapy for chronic renal failure. Expert Opin Biol Ther
10:1217–1226.
Verdoorn KS, RS Lindoso, J Lowe, LS Lara, A Vieyra and
M Einicker-Lamas. (2010). Bone marrow mononuclear
cells shift bioactive lipid pattern in injured kidney towards
tissue repair in rats with unilateral ureteral obstruction.
Nephrol Dial Transplant 25:3867–3874.
Lindoso RS, DS Araujo, J Adão-Novaes, RM Mariante,
KS Verdoorn, L Fragel-Madeira, C Caruso-Neves, R
Linden, A Vieyra and M Einicker-Lamas. (2011). Paracrine interaction between bone marrow-derived stem
cells and renal epithelial cells. Cell Physiol Biochem
28:267–278.
Togel F, K Weiss, Y Yang, Z Hu, P Zhang and C Westenfelder. (2007). Vasculotropic, paracrine actions of infused mesenchymal stem cells are important to the recovery
from acute kidney injury. Am J Physiol Renal Physiol
292:F1626–F1635.
Bi B, R Schmitt, M Israilova, H Nishio and LG Cantley.
(2007). Stromal cells protect against acute tubular injury via an endocrine effect. J Am Soc Nephrol 18:2486–
2496.
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