
RESEARCH ARTICLE

Schwann cell reprogramming into repair cells increases miRNA-21
expression in exosomes promoting axonal growth
Rodrigo López-Leal1,2, Florencia Dıáz-Viraqué3, Romina J. Catalán1,2, Cristian Saquel1,2, Anton Enright4,
Gregorio Iraola1,5 and Felipe A. Court1,2,6,*

ABSTRACT
Functional recovery after peripheral nerve damage is dependent on
the reprogramming of differentiated Schwann cells (dSCs) into repair
Schwann cells (rSCs), which promotes axonal regeneration and
tissue homeostasis. Transition into a repair phenotype requires
expression of c-Jun and Sox2, which transcriptionally mediates
inhibition of the dSC program of myelination and activates a non-cell-
autonomous repair program, characterized by the secretion of
neuronal survival and regenerative molecules, formation of a
cellular scaffold to guide regenerating axons and activation of an
innate immune response. Moreover, rSCs release exosomes that are
internalized by peripheral neurons, promoting axonal regeneration.
Here, we demonstrate that reprogramming of Schwann cells (SCs) is
accompanied by a shift in the capacity of their secreted exosomes to
promote neurite growth, which is dependent on the expression of
c-Jun (also known as Jun) and Sox2 by rSCs. Furthermore, increased
expression of miRNA-21 is responsible for the pro-regenerative
capacity of rSC exosomes, which is associated with PTEN
downregulation and PI3-kinase activation in neurons. We propose
that modification of exosomal cargo constitutes another important
feature of the repair program of SCs, contributing to axonal
regeneration and functional recovery after nerve injury.
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INTRODUCTION
Regeneration of injured peripheral nerve axons is critically
dependent on the response of Schwann cells (SCs) to nerve
injury. This dependency on glial cells for efficient axonal
regeneration and functional recovery is associated with the
reprograming of differentiated Schwann cells (dSCs) into a cell
phenotype, known as a repair Schwann cell (rSC), that is specialized
for promoting regeneration and tissue homeostasis. Features of rSCs
critical for promoting functional recovery after nerve damage
include (i) secretion of neuronal survival and pro-regenerative

molecules (Boyd and Gordon, 2003; Wood and Mackinnon, 2015),
(ii) formation of a cellular scaffold to guide regenerating axons,
including the expression of adhesive molecules and the molecular
remodeling of basal laminae (Gardiner, 2011; Jessen and Mirsky,
2016), (iii) downregulation of myelin components and elimination
of myelin remnants by a process known as myelinophagy (Gomez-
Sanchez et al., 2015) and (iv) mounting an innate immune response,
involving macrophage recruitment for clearing axonal and myelin
debris (Chen et al., 2015;Martini et al., 2008; Shamash et al., 2002).
This adaptive SC reprogramming (Jessen et al., 2015; Jessen and
Arthur-Farraj, 2019), which leads to the loss of myelin
differentiation and activation of a repair program, depends on the
activation of transcriptional mechanisms different from those
associated with SC differentiation during development (Arthur-
Farraj et al., 2017; Clements et al., 2017). Transition to the rSC
phenotype involves several transcriptional regulators, including c-Jun
(also known as Jun), Sox2, merlin (Nf2), Stat3, and chromatin
remodeling (Mindos et al., 2017). The transcription factor c-Jun is
upregulated in SCs upon nerve injury and is responsible for inhibiting
myelination and activation of the abovementioned repair program
(Parkinson et al., 2008; Arthur-Farraj et al., 2012), whereas Sox2 acts
as a negative regulator of myelination in rSCs and also drives changes
that promote axonal regeneration. Indeed, decreased c-Jun expression
by genetic targeting is associated with slower axonal regeneration and
functional recovery after nerve injury (Parkinson et al., 2008), whereas
its overexpression enhances axonal degeneration in poor regenerative
settings such as advanced age and chronic denervation (Fazal et al.,
2017). Sox2, in turn, is involved in activating an inflammatory
response after nerve damage (Roberts et al., 2017). Indeed,
overexpression of Sox2 enhances SC proliferation and increases
macrophage infiltration in undamaged nerves (Roberts et al., 2017).

Therefore, reprogramming of SCs to the repair phenotype
involves known molecular regulators that generate a specialized
cell for successful axonal regeneration, leading to morphological
modifications and profound changes in molecular programs. We
have previously shown that rSCs release exosomes that are
internalized by peripheral neurons and that strongly enhance
neurite growth and axonal regeneration in vitro and in vivo,
respectively (Lopez-Verrilli et al., 2013). Exosomes are nano-sized
extracellular vesicles generated in the endosomal compartment and
loaded with different cargo molecules including RNA species and
proteins. It has been demonstrated that exosomes can profoundly
modulate diverse cellular processes in a non-cell-autonomous
fashion, including cellular migration, differentiation and response to
tissue damage (van Niel et al., 2018; Steenbeek et al., 2018). After
the initial demonstration of a pro-regenerative role for glial
exosomes (Lopez-Verrilli et al., 2013; Lopez-Leal and Court,
2016), it has been shown that exosome-mediated mobilization of
non-coding RNA and proteins to neurons promotes neurite
outgrowth and axonal regeneration in the peripheral and central
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nervous systems (Holm et al., 2018; Rajendran et al., 2014; Tassew
et al., 2017; Huang et al., 2018; Hervera et al., 2018).
Although the effect of cell-derived exosomes in cellular

reprogramming has been demonstrated in physiological and
pathological conditions (McNamara et al., 2019; La Shu et al.,
2018), whether cell reprogramming impacts the content, and
therefore the biological activity, of the secreted exosomes has not
been explored. Here, we investigated whether the adaptive cellular
reprogramming of dSCs into rSCs is accompanied by a shift in the
capacity of their secreted exosomes to promote neurite growth. Our
data demonstrate that the capacity of SC exosomes to stimulate
neurite growth is restricted to those secreted by rSCs. Furthermore,
this enhancement of growth by rSC-derived exosomes is dependent
on rSC expression of c-Jun and Sox2, key transcription factors of the
SC repair program. Indeed, HEK cell-derived exosomes strongly
promote neurite growth after forced expression of human c-Jun or
SOX2. Mechanistically, the shift of SC-derived exosomes to this
phenotype that enhances neurite growth is dependent on the
increased expression of miRNA-21 by rSC-derived exosomes and is
associated with downregulation of the miRNA-21 target gene PTEN
and PI3-kinase (PI3K) activation. Our results demonstrate that
cellular reprogramming of SCs into the repair phenotype involves a
modification in their exosome miRNA cargo and their effects on
neurite growth. We propose that modification of exosomal cargo
constitutes another important feature of the repair program of SCs,
contributing to axonal regeneration and functional recovery after
nerve injury.

RESULTS
Pharmacological modulation of the SC phenotype in vitro
Exosomes derived from rSCs enhance neurite growth and axonal
regeneration in vitro and in vivo (Lopez-Verrilli et al., 2013).
Nevertheless, whether the effects of secreted exosomes are
specifically associated with the rSC phenotype is currently
unknown. In order to explore this idea, we first implemented a
reliable in vitro method to culture SCs in a way that led them to
adopt either the differentiated or repair phenotype. To this end, we
adapted a protocol based on the differential effects of cyclic-AMP
(cAMP) levels on the phenotype of SCs (Monje et al., 2009).
Primary cultures of SCs from rat neonates cultured in the presence
of the cAMP analogs dibutyryl-cAMP (db-cAMP) or 8-(4-
chlorophenylthio)-cAMP (cpt-cAMP) showed key molecular
signatures of dSCs, including high expression of the myelin protein
MBP and low expression of the transcription factors c-Jun and Sox2
(Fig. 1A), which contrasted with SCs cultured in a low concentration
of forskolin (Fsk2), which were negative for MBP expression but
expressed high levels of c-Jun and Sox2 (Fig. 1A,B). In addition, the
proliferative capacity of SCs treated with Fsk2was double that of SCs
treated with either db-cAMP or cpt-cAMP (Fig. 1A–C), which
indicated that the Fsk2-treated SCs had reprogrammed into a repair
phenotype. Finally, reverse transcription quantitative PCR (RT-
qPCR) was used to test bona fidemarkers of each SC state. Relative to
cells treated with Fsk2, cells treated with the cAMPanalogs expressed
lower levels of the rSC markers Sox2, Lif, Artn (which encodes
artemin) and Bdnf, and high levels of Mbp mRNA (Fig. 1D). Taken
together, these data show that SCs in vitro can be pharmacologically
modulated to express a differentiated or repair-like phenotype.

Exosomes derived from rSCs, but not from dSCs, enhance
neurite growth
We next tested whether the SC phenotype was associated with the
capacities of their derived exosomes to enhance neurite growth. To

this end, exosomes were purified by differential ultracentrifugation
from the conditioned medium of SCs cultured in the presence of
Fsk2 or the cAMP analogs db-cAMP and cpt-cAMP. Importantly,

Fig. 1. Schwann cell reprograming in vitro by pharmacological treatment.
(A) IF of SC cultures stained for c-Jun, Sox2, MBP or Ki67 (also known as
Mki67) (green), together with DAPI (blue) to stain nuclei. SCs were treated for
5 d with 2 µM forskolin (Fsk2), 1 mM db-cAMPor 250 µM cpt-cAMP. Scale bar:
50 µm. (B) IF quantification of total cells positive for the SC markers (green in
A) compared to the total cell number as determined by nuclear DAPI staining
(blue in A). Fifty cells per field were quantified in three fields per condition. n=3
per treatment from three separate experiments. (C) Proliferation analysis was
performed using Ki67 immunostaining after 5 d treatment with 2 µM forskolin
(Fsk2), 1 mM db-cAMP or 250 µM cpt-cAMP. The number of Ki67-positive
cells (green in A) were compared to the total cell number by nuclear DAPI
staining (blue in A). Fifty cells per field were quantified in three fields per
condition. n=3 per treatment from three separate experiments. (D) RT-qPCR
from SC mRNA preparations. SCs were treated for 5 d with 2 µM forskolin
(Fsk2), 1 mM db-cAMP or 250 µM cpt-cAMP. The quantification of PCR
products was performed using the 2-ΔΔCt method, and the quantity of mRNA
was normalized to the housekeeping gene Gapdh. The assays were
performed in triplicate. Data shown are mean±s.e.m. *P<0.05; **P<0.001;
***P<0.0005; ****P<0.00001; n.s, not significant (ANOVA test followed by
Bonferroni post-test).
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SCs in these different culture conditions secrete a comparable
number of exosomes, and the exosome size profile was similar when
analyzed by Nanosight nanoparticle tracking (Fig. S1A,B). Next,
neurite growth of sensory neurons was evaluated in dorsal root
ganglia (DRG) explants in the presence of equal amounts of
exosomes purified from SCs exposed to Fsk2, db-cAMP or cpt-
cAMP (120 ng/ml; see Table S1). As expected, exosomes derived
from rSCs strongly enhanced neurite growth by a factor of twowhen
compared to neurite growth of vehicle-treated neurons (Fig. 2A,B).
Nevertheless, exosomes derived from dSCs failed to enhance
neurite growth (Fig. 2A,B). Importantly, the enhancement of neurite
outgrowth by rSC exosomes was not observed when rSC-
conditioned medium devoid of exosomes was added to DRG
neurons (Fig. S2A,B), suggesting that under NGF-supplemented
conditions, neurite growth cannot be further activated by paracrine
factors derived from rSCs. We next evaluated whether exosomes
derived from dSCs or rSCs were similarly internalized by sensory
neurons. For this, SCs expressing palmitoylated eGFP (palm-
eGFP), which is strongly expressed in exosomes (Lai et al., 2015),

were treated with either Fsk2 or cpt-cAMP. Then, DRG neurons
were exposed to the same number of exosomes purified from palm-
eGFP-expressing SCs. After 3 h, similar amounts of GFP-
expressing exosomes derived from Fsk2- or cpt-cAMP-treated
SCs were detected in neurites and growth cones of sensory neurons
(Fig. 2C,D), demonstrating that the contrasting effects of dSC- and
rSC-derived exosomes on neurite outgrowth is not due to
differences in exosome internalization by sensory neurons, and
suggesting that changes in exosomal content might be associated
with this effect.

Expression of c-Jun and Sox2 modulates the effect of
exosomes on neurite growth
Because expression of c-Jun and Sox2 are involved in the adaptive
cellular reprogramming of dSCs into rSCs, we used a genetic strategy
in order to define whether the capacity of rSC-derived exosomes to
enhance neurite growth was dependent on these transcription factors.
To this end, c-Jun or Sox2 were downregulated in rSCs (cultured in
Fsk2) using shRNA co-expressing eGFP to identify transfected SCs
(Fig. 3A). Compared to scrambled shRNA, c-Jun and Sox2 shRNAs
effectively downregulated nuclear expression of the corresponding
protein in eGFP-expressing SCs (Fig. 3A,B). We next purified
exosomes from these shRNA-transfected rSC cultures and tested their
capacity to promote neurite growth. Compared to exosomes derived
from control rSC cultures (scramble shRNA), neurite extension was
significantly reduced when neurons were treated with exosomes
derived from rSCs expressing either c-Jun or Sox2 shRNAs (Fig. 3C,
D). Because exosomes derived from rSCs promoted axonal growth in
a c-Jun- and Sox2-dependent manner, we examined whether the
expression of these transcription factors was sufficient to generate
exosomes that enhance neurite growth. To this end, we used HEK293
(HEK) cells, which secrete exosomes without neurite pro-growth
capacities (Tassew et al., 2017). HEK cells were transfected with
plasmids expressing either human c-Jun (encoded by the gene JUN)
or SOX2 and co-expressing eGFP under a CMV promoter, and cells
expressing eGFP under the same promoter were used as a control.
Compared to control HEK cells, in which c-Jun or SOX2 proteins
were not detected by immunofluorescence (IF), transfection of c-Jun-
or SOX2-containing plasmids led to strong expression of each protein
in eGFP-positive cells (Fig. 4A) and at the mRNA level (Fig. 4B).We
then obtained exosomes from control HEK cells and from HEK cells
overexpressing SOX2 or c-Jun, and treated DRG sensory neurons
with the purified exosomes. As expected, control HEK cell exosomes
had no effect on neurite growth compared to the effect of vehicle
treatment (Fig. 4C,D). Impressively, exosomes from HEK cells
overexpressing either c-Jun or SOX2 strongly stimulated neurite
growth (Fig. 4C,D). Importantly, these effects on neurite extension
were not due to differences in exosome internalization by sensory
neurons (Fig. S3A,B). These results suggest that transcriptional
programs controlled by c-Jun and SOX2 are involved in the capacity
of exosomes to promote neurite extension, an effect that is likely
associated with modulation of the exosomal cargo.

The miRNA cargo of rSC exosomes is involved in their
pro-growth effect on neurites
Exosomes are highly enriched in miRNA molecules, which appear
to be determinants of several biological roles of exosomes.
Therefore, we studied whether the effect of rSC exosomes on
neurite extension was associated with miRNA cargoes. We first
used ultraviolet (UV) treatment as a non-specific method to damage
the RNA molecules contained in rSC exosomes (Eldh et al., 2010;
Zhang et al., 2016). Indeed, rSC exosomes treated with UV lost their

Fig. 2. Exosomes derived from rSCs, but not from dSCs, enhance neurite
growth. (A) Neurite growth from DRG explants. SC exosomes from each
condition (Fsk2 or cAMP analogs) were administered daily for 3 d at a
final concentration of 120 ng/ml. After 3 d, DRG were visualized using
immunostaining against acetylated tubulin. Dashed line indicates the neurite
growth front of the vehicle control condition. Scale bar: 250 µm. (B) Neurite
growth area was quantified by measuring the neurite growth area minus
explant body area. Mean±s.e.m. neurite growth of DRG neurons is shown.
n=3. *P<0.05, **P<0.001 (ANOVA followed by Bonferroni post-test).
(C) Exosomes from Fsk2- and cAMP-treated SCs were isolated from
palm-eGFP-transduced cells. DRG explants were treated with 5 µg of eGFP-
labeled exosomes for 3 h, washed and immunostained to detect neurofilament
heavy chain (Nfh, red) and eGFP (green). Scale bar: 2 µm. (D) The
internalization index was obtained from confocal images and deconvolved
z-stack images by measuring the mean eGFP staining area that colocalized
with Nfh staining. Mean±s.e.m. internalization index was calculated
from five neurites from three separate experiments. n.s., not significant
(two-tailed t-test).
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capacity to enhance neurite growth (Fig. 5A,B). We then used a
genetic approach to establish whether miRNAs contained in rSC
exosomes are required for neurite extension. To this end, an shRNA
against Dicer1, which encodes a key protein in miRNA maturation
(Lee et al., 2002), was virally expressed in rSCs, and exosomes from
these cultures were tested for their capacity to enhance neurite
growth. Compared to exosomes derived from rSCs transduced with
a scrambled shRNA, neurite extension was significantly reduced
when neurons were treated with exosomes derived from rSCs
expressing Dicer1 shRNAs (Fig. 5C,D). Having established the
possible participation of rSC exosome miRNAs in promotion of
neurite extension, we determined the miRNA expression profile of
rSC exosomes and rSCs by next-generation small RNA sequencing.
Sequences were aligned to knownmiRNA sequences obtained from
miRbase. The correlation plot and principal component analysis

(PCA) of our RNAseq expression data demonstrated that miRNAs
from rSC and exosome samples segregated, but were highly similar
within each group (Fig. S4A,B). Absolute quantification of
miRNAs demonstrated that only a small pool of rSC miRNAs are
contained in exosomes, with some exosomal miRNAs found at
similar proportions in rSCs, whereas other miRNAs were found to
be overrepresented in rSC-derived exosomes (Fig. 5E; Fig. S4C).
We next analyzed miRNAs with high raw RNAseq read counts in
rSC exosome samples (Fig. 5E,F). Interestingly, several of them
have been shown to modulate different neuronal processes,
including axonal growth and regeneration (data not shown).
Especially interesting was the high expression of miRNA-21 in
exosomes from rSCs, as this miRNA has been implicated in cell-
autonomous enhancement of axonal growth in vitro (Strickland
et al., 2011).

Fig. 3. Sox2 and c-Jun expression modulates the growth
capacity of rSC exosomes. SCs cultured under 2 µM forskolin
(Fsk2) were transduced with shRNA against c-Jun or Sox2,
which also expressed eGFP to allow identification of transduced cells.
Exosomes from these cells were isolated. A scrambled
shRNA expressing eGFP was used as control (sh-Scramble).
(A) Immunostaining against c-Jun (magenta) or Sox2 (red) in
shRNA transduced SCs. DAPI was used to stain nuclei (blue).
Arrows show eGFP-positive SCs in each condition. Boxes in left
panels indicate regions shown as magnifications in the panels on the
right. Scale bar: 25 µm. (B) Quantification of shRNA effect on protein
expression by measuring staining density of Sox2 or c-Jun in shRNA-
treated SCs. A total of 15 cells were analyzed from each experiment
and the mean±s.e.m. of six separate experiments is shown.
****P<0.00001; n.s., not significant (ANOVA followed by Bonferroni
post-test). (C) Neurite growth from DRG explants treated for 3 d with
120 ng/ml of exosomes from rSCs transduced with sh-scramble
(sh-Scr), sh-Sox2 or sh-c-Jun. A DRG explant treated for 3 d with
vehicle solution is included for comparison. DRG were
immunostained against acetylated tubulin. Dashed line indicates the
neurite growth front of the vehicle control condition. Scale bar:
250 µm. (D) Neurite growth was quantified by measuring the neurite
growth area minus explant body area. Mean±s.e.m. neurite growth
of DRG neurons is shown. n=3. ***P<0.0005; n.s, not significant
(ANOVA followed by Bonferroni post-test).

4

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs239004. doi:10.1242/jcs.239004

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.239004.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.239004.supplemental


SC reprogramming upregulates exosomal miRNA-21 to
promote neurite growth
Our data suggest that miRNAs contained in rSC exosomes mediate
their pro-regenerative capacity. Furthermore, profiling of the
miRNAs of rSC exosomes demonstrated the enrichment of
several miRNAs with reported neuronal-autonomous effects on
axonal regeneration and neurite growth. We focused on miRNA-21,
due to its known effects on neurite growth (Strickland et al., 2011).
Interestingly, relative to dSCs (cpt-cAMP-treated), rSCs (Fsk2-
treated) have increased expression of miRNA-21 (Fig. 6A), and
miRNA-21 expression was also strongly increased in exosomes
derived from rSCs compared to those obtained from dSCs (Fig. 6B).
We then functionally tested whether miRNA-21 was involved in the
enhancement of neurite extension exhibited by rSC exosomes. To
this end, rSCs were transfected with an miRNA-21 inhibitor, and
exosomes from these SCs were used for growth assays. Compared to
treatment with exosomes derived from rSCs transfected with a non-
targeting oligonucleotide, neurite extension was significantly
reduced when neurons were treated with exosomes derived from
rSCs expressing the miRNA-21 inhibitor (Fig. 6C,D). Using a
similar approach, we also tested two other miRNAs that were highly
abundant in rSC exosomes, miRNA-10b and miRNA-27b. We
found that inhibition of these miRNAs had no effect on neurite
extension (Fig. 6C,D), suggesting some specificity of miRNA-21 in
the exosome-derived enhancement of neurite extension. One of the
known targets of miRNA-21 is PTEN (phosphatase and tensin
homolog), which is a well-known negative regulator of neurite
growth through its inhibitory effect on PI3K–Akt signaling
(Duraikannu et al., 2019; Ohtake et al., 2015). Therefore, we

studied whether miRNA-21-loaded exosomes modulated PTEN
levels in receiving neurons. Indeed, treatment with rSC-derived
exosomes led to a significant downregulation of Pten mRNA in
DRG neurons (Fig. 6E). Having established that PTEN expression
is modulated after exosome treatment, we then studied the
involvement of PI3K in the pro-growth effect of rSC exosomes.
To this end, we pharmacologically inhibited PI3K using
wortmannin. Compared to vehicle-treated DRGs, wortmannin
treatment alone had no effect on neurite growth; nevertheless, it
completely suppressed the pro-growth effect of rSC-derived
exosomes (Fig. 6F,G). This suggests that rSC exosomes activate a
signaling pathway for enhancement of neurite growth that is
different to the one driving neurite growth under basal conditions.
Taken together, this data demonstrates that reprogramming of SCs to
the rSC phenotype enhances expression of miRNA-21, which has a
pro-regenerative effect on sensory neurons by modulating the PI3K
signaling pathway.

DISCUSSION
The role of SCs in promoting axonal regeneration in the peripheral
nervous system (PNS) has been widely documented (Zochodne,
2012). The pro-regenerative capacity of rSCs has been attributed to
their ability to perform several processes in the injured nerve,
including secretion of pro-regenerative and pro-survival molecules,
the formation of cellular tracks for axonal growth and mounting an
innate immune response (Jessen and Mirsky, 2019). Here, we
demonstrate that the reprogramming of SCs to a repair phenotype is
accompanied by the secretion of regenerative exosomes,
characterized by a repair-specific miRNA cargo that enhances

Fig. 4. Overexpression of human c-Jun
or SOX2 produces regenerative HEK
exosomes. (A) HEK 293T cells were
transfected with plasmids to overexpress
human c-Jun or SOX2 together with eGFP.
An empty eGFP vector was used as a
control. Cells were immunostained for c-Jun
(magenta) and SOX2 (red), together with
eGFP (green) and DAPI (blue). (B) RT-
qPCR analysis of JUN (c-Jun) and SOX2
mRNAs in HEK cells transfected with c-Jun
(gray bars) or SOX2 (black bars) plasmids,
relative to eGFP-transfected cells. Data are
mean±s.e.m. of triplicate experiments. n.s.,
non-significant; *P<0.05 (ANOVA followed
by Bonferroni post-test). (C) Neurite growth
from DRG explants treated for 3 d with
120 ng/ml of exosomes isolated from
conditioned medium of HEK cells
transfected with a control vector (Exo-
HEKControl), c-Jun (Exo-HEKc-Jun OE) or
SOX2 (Exo-HEKSox2 OE). DRG were
visualized using acetylated tubulin
immunostaining. Dashed line indicates the
neurite growth front of the vehicle control
condition. Scale bar: 250 µm. (D) Neurite
growth was quantified by measuring the
neurite growth area minus explant body
area. Mean±s.e.m. neurite growth of DRG
neurons is shown. n=3. *P<0.05 (ANOVA
followed by Bonferroni post-test).
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neurite growth. To our knowledge, this is the first report to show that
SC reprogramming leads to a modification of the miRNA cargoes of
their secreted exosomes, adding a novel dimension to the
reprogramming event – the differential properties of exosomes. It
will be important to assess whether rSC exosomes are also involved
in critical features of rSCs associated with the degenerative and
regenerative response after nerve damage, including neuronal
survival, cell adhesion and immune responses. In fact, we found
that rSC exosomes contained miRNAs that are reported to be
involved in diverse functions, including cellular adhesion and
modulation of immune activities. Furthermore, a recent proteomic
analysis of rSC exosomes showed that they contain proteins
associated with different biological processes, including cell
adhesion, angiogenesis and immune responses (Wei et al., 2019).
Although the model we used to produce dSCs in vitro mimics

several characteristics of dSCs in vivo, it is important to consider
that axonal contact is missing, which is known to influence the SC
phenotype. Nevertheless, our in vitro system is suitable to analyse,
by different ‘omics’ techniques, the changes in the SC secretome
associated with reprogramming of SCs, including changes in

protein and RNA content. Having established that certain miRNAs
are modulated after SC reprogramming in vitro, it will be important
to corroborate these findings in an in vivo setting. Identification of
miRNAs highly expressed in exosomes, but with low expression in
the secreting rSCs (Fig. 5E), will allow the generation of tagged
molecules to study this process during in vivo regeneration after
peripheral nerve damage.

The loss-of-function experiments downregulating c-Jun or Sox2
in rSCs might shift the SC phenotype into a differentiated state
(dSC) and therefore modulate the content of their derived exosomes,
decreasing their neurite growth properties. Although this remains a
possibility, our gain-of-function experiments upregulating c-Jun
and SOX2 transcription factors in HEK cells demonstrated that the
neurite growth capacity of cellular exosomes can be directly
controlled by targets of these transcription factors, independent of
the differentiation state of the cell. Indeed, transcription factors
regulate miRNA expression at the transcriptional level (Treiber
et al., 2019;Wang et al., 2010). Importantly, in conditions with poor
regenerative outcomes, including advanced age and chronic
denervation, rSCs have decreased levels of c-Jun expression,

Fig. 5. The miRNA cargo of rSC exosomes is involved in their
pro-growth effect on neurites. (A) Exosomes from rSCs were UV
irradiated for 1 h on ice and used to treat DRG daily for 3 d at a
concentration of 120 ng/ml, and the effects compared to treatment
with non-irradiated control rSC exosomes or vehicle. DRG were
visualized using acetylated tubulin immunostaining. Dashed line
indicates the neurite growth front of the vehicle control condition.
Scale bar: 250 µm. (B) Neurite growth was quantified by measuring
the neurite growth area minus explant body area. Mean±s.e.m.
neurite growth of DRG neurons is shown. n=3. *P<0.05, **P<0.001
(ANOVA followed by Bonferroni post-test). (C) Downregulation of
Dicer in rSCs by transduction with a lentivirus coding for sh-RNA
against Dicer. sh-RNAagainst a scrambled sequencewas used as a
control. Exosomes isolated from each condition were administered
to DRG daily for 3 d at a final concentration of 120 ng/ml. DRG were
visualized using acetylated tubulin immunostaining. Dashed line
indicates the neurite growth front of the vehicle control condition.
Scale bar: 250 µm. (D) Neurite growth was quantified by measuring
the neurite growth area minus explant body area. Mean±s.e.m.
neurite growth of DRG neurons is shown. n=3. **P<0.001 (ANOVA
followed by Bonferroni post-test). (E) Small RNAseq analysis of
cellular and exosome-derived miRNAs from rSCs. Heat map
showing normalized expression levels (in triplicate) of the 13
miRNAs with highest expression in rSC exosomes (Exo-SCFsk2)
and compared to the expression in rSCs (SCFsk2). Blue corresponds
to highest expression and white to lowest expression. Columns
represent data sets and rows represent miRNAs. (F) Pie chart
showing the percentage expression of the 13 miRNAs with
highest expression in rSC exosomes relative to the total
identified exosomal miRNA.
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which has been functionally associated with a decrease in the pro-
regenerative capacity of SCs (Painter et al., 2014). Whether
diminished levels of c-Jun in rSCs after nerve damage in aged
organisms or after chronic denervation leads to a modification to the
miRNA content of exosomes, thereby affecting axonal regeneration,
remains to be established.
Our studies on the miRNA profile of rSCs and their derived

exosomes suggested that some miRNAs are specifically cargo, and
are secreted in SC exosomes. Asymmetric miRNA and mRNA
distributions between cells and their exosomes have been previously
reported in other cell types (Ragusa et al., 2017). Different sorting
mechanisms for asymmetric miRNA expression in exosomes has
been described, including those controlled by specific miRNA
motifs (Santangelo et al., 2016; Villarroya-Beltri et al., 2013), as
well as regulation by cellular levels of the target transcripts
(Squadrito et al., 2014). Our bioinformatic analysis failed to identify
specific target sequences in miRNAs asymmetrically overexpressed

in rSC exosomes (data not shown). We focused on miRNA-21,
because this RNA has been associated with the regulation of axonal
guidance and was highly expressed in rSC exosomes. Interestingly,
miRNA-21 has been shown to be a direct target of c-Jun in vascular
endothelial cells (Zhou et al., 2011), and the AP-1 early response
transcription factor, composed of c-Jun and c-Fos, positively
regulates the expression of miRNA-21 in cancer cell lines (Fujita
et al., 2008). In the PNS, the miRNA-21 passenger strand miRNA-
21-3p is expressed at much lower levels in c-Jun-null injured nerves
than in control injured nerves (Arthur-Farraj et al., 2017). Our data
demonstrated that miRNA-21 is required for the effects of rSC
exosomes in neurite extension, which could be due to the
downregulation of diverse mRNA targets of miRNA-21,
including PTEN, Sprouty2 (Spry2) and Ephrin, all reported to
contribute negatively to neurite extension. PTEN deletion or
knockdown greatly enhances axonal regeneration in the PNS
(Christie et al., 2010), as well as axonal regeneration in the optic

Fig. 6. SC reprogramming upregulates exosomal miRNA-21,
promoting neurite growth. (A,B) RT-qPCR of miRNA-21 from
SCs treated with Fsk2 and cAMP and from exosomes derived from
the SC cultures. C. elegans cel-miR-39 was spiked into each
sample and used to normalize the levels of RNA input. The
quantification of PCR products was performed using the 2-ΔΔCt

method. Data are mean±s.e.m. of assays performed in triplicate.
*P<0.05 (ANOVA followed by Bonferroni post-test). (C) Neurite
growth from DRG explants. Oligonucleotide inhibitors for miR-21,
miR-10b andmiR-27b, and a non-targeting inhibitor (control), were
transfected into rSCs and exosomes from these preparations were
isolated. Exosomes isolated from each condition were
administered to DRG daily for 3 d at a final concentration of 120 ng/
ml. DRG were visualized using acetylated tubulin immunostaining.
Dashed line indicates the neurite growth front of the vehicle control
condition. Scale bar: 250 µm. (D) Neurite growth was quantified
by measuring the neurite growth area minus explant body area.
Mean±s.e.m. neurite growth of DRG neurons is shown. n=4.
****P<0.0001; n.s., not significant (ANOVA followed by Bonferroni
post-test). (E) RT-qPCR of DRG treated with rSC exosomes was
performed to analyze the levels of PtenmRNA compared to levels
in vehicle-treated DRG neurons. Data were normalized to Gapdh
expression. The quantification of PCR products was performed
using the 2-ΔΔCt method. Data are mean±s.e.m. of assays
performed in triplicate. **P<0.001 (ANOVA followed by Bonferroni
post-test). (F) DRGs were treated daily with vehicle, Exo-SCFsk2 at
120 ng/ml and/or 100 nM of wortmannin (wort) for 3 d. DRG were
visualized using acetylated tubulin immunostaining. Dashed line
indicates the neurite growth front of the vehicle control condition.
Scale bar: 250 µm. (G) Neurite growth area was quantified by
measuring the neurite growth area minus explant body area.
Mean±s.e.m. neurite growth of DRG neurons is shown.
n=7. **P<0.001, ****P<0.0001 (ANOVA followed by
Bonferroni post-test).

7

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs239004. doi:10.1242/jcs.239004

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



nerve and corticospinal neurons (Park et al., 2008; Liu et al., 2010;
Zukor et al., 2013; Geoffroy et al., 2015). Related to PTEN
downregulation by rSC-derived exosomes, our experiments
demonstrated that the enhancement of neurite growth by rSC
exosomes is dependent on the activation of PI3K, which has well-
known roles in axonal growth and regeneration after injury (Ohtake
et al., 2015). Nevertheless, inhibition of PI3K in untreated DRGs
had no effect on neurite growth, suggesting that at least two
pathways for neurite extension operate in sensory neurons, a basal
one that is dependent on the NGF added to the culture medium,
which probably activates extracellular signal-related kinases (ERK)
or phospholipase C-γ (Denk et al., 2017), and a PI3K-dependent
pathway activated by rSC exosomes. Additionally, it is important to
consider that paracrine factors secreted by rSCs have well-known
pro-regenerative roles in vitro and in vivo (Schira et al., 2019;
Johnston et al., 2016). In our in vitro model, neurite growth is
critically dependent on supplemented NGF (Kaselis et al., 2014),
which emulates the factors secreted by rSCs and other cells present
in the developing and regenerating nerve. This might explain why
rSC-conditioned medium did not further enhance neurite growth
(Fig. S2A,B) in an NGF-saturated culture condition.
The role of miRNA in SC development and myelination has been

studied using conditional knockdown of Dicer in SCs. Dicer
expression is required for SC differentiation and proper
developmental myelination (Verrier et al., 2010). Interestingly,
Dicer deletion in adult SCs causes progressive axonal degeneration
(Li et al., 2018), and using an injury paradigm together with similar
approaches for time- and cell-specific deletion of Dicer, leads to a
delay in the transition from dSC to rSC in peripheral nerves (Viader
et al., 2011). Although regeneration was not affected, this process
was only studied at later time points following nerve crush (14 d
post-damage) and at a single nerve level (Viader et al., 2011).
Therefore, more detailed studies on nerve regeneration will be
required to establish the role of exosomal miRNA in nerve
regeneration. We have found that rSC exosomes lead to a
profound change in the transcriptomic profile of receiving sensory
neurons (data not shown), therefore the effect of exosomes on
neurite growth probably involves modulation of several mRNAs, as
well as direct mRNA and protein transfer by exosomes and
activation of signaling cascades in sensory neurons. More studies
will be required to dissect the diverse effects of exosomes on
neurons, which probably modulate diverse neuronal programs
depending on the cellular context.
Our work suggests that the transfer of exosomes from SCs to

neurons is part of the repair program mounted by SCs after nerve
injury, probably contributing to axonal regeneration and functional
recovery after nerve injury. This not only underscores a cellular
mechanism for non-cell-autonomous regulation of neuronal
function but also provides novel strategies to enhance axonal
regeneration in poor regenerative regions of the nervous system or in
conditions where regeneration is greatly impaired, including aging
and chronic denervation.

MATERIALS AND METHODS
Schwann cell culture
SCs were obtained from newborn P2-P3 SD rat sciatic nerves as previously
described (Lopez-Verrilli et al., 2013; De Gregorio et al., 2018), expanded
over laminin coating and maintained on DMEMwith 10% FBS (Gibco Life
Technologies, cat. #10437028) supplemented with 2 µM forskolin (Sigma,
cat. #F3917) and 20 µg/ml bovine pituitary extract (BPE; Gibco Life
Technologies, cat. #1302814). The medium was replaced every 3 d until the
cells reached 90% confluency. All experiments with SCs were performed
with cells at early passage of P3–P4. Animal procedures were carried out in

accordance to the Institution’s Animal Care Committee Guidelines. For
pharmacologic induction experiments, cells were seeded at 50,000 cells/cm2

in T175 flasks for exosome isolation or in 24-well plates for IF. Cells were
cultured for 48 h and then changed to the induction medium (DMEM with
1% FBS, exosome-free). After 24 h, pharmacological agents were
administrated for 5 d at the following concentrations: db-cAMP, 1 mM
(Sigma, cat. #D0260); cpt-cAMP, 250 µM (Sigma, cat #C3912); forskolin,
2 µM (Sigma, cat #F3917). After this time, conditioned medium was
collected, and cells prepared for downstream analysis.

Rat embryonic dorsal root ganglia culture
DRG explants were prepared as previously described (López-Leal et al.,
2018). Briefly, DRG were dissected from the spinal cord of E16.5 rat
embryos. DRG were seeded in 96-well plates coated with poly-L-lysine/
collagen type I and neurobasal medium supplemented with 1× B27 (50×,
Gibco), 20 µM L-glutamine, 1× antibiotic-antimycotic solution (100×,
Gibco), 3.75 µM aphidicolin (Sigma, cat. #A0781), 1.25 µM 5-fluoro-2-
deoxyuridine (Sigma, cat. #F0503) and 50 ng/ml of nerve growth factor
(NGF-2.5s; Thermo Fisher Scientific, cat. #13257-019). Isolated exosomes
were administered daily at a final concentration of 120 ng/ml. Wortmannin
(Calbiochem cat. # 195545-26-7) was added daily at 100 nM for 3 d. After
3 d in culture, DRG were fixed in 4% paraformaldehyde (PFA). IF against
acetylated tubulin was performed as described below, photo-documented
using an automated Leica DMI8 microscope together with Las-X software,
and neurite growth area was quantified using ImageJ (NIH, MD). All animal
procedures were carried out in accordance with the Institutional Animal
Care Committee guidelines.

HEK 293T culture and transfection
HEK 293T cells were maintained on 100 mm plates on DMEM with 10%
FBS. The culture medium was changed every 3 d. For exosome isolation,
HEK cells were grown in a 150 mm plate in DMEM, 4% FBS exosome-free.
For overexpression experiments, HEK 293T cells were seeded at 12×106

cells on a 150 mm plate for 24 h before transfection. The CaCl2 method was
used to transfect 40 µg of target vector (Graham and van der Eb, 1973).
Vectors used in this study were produced by Vigene Bioscience, USA:
pLenti-CMV-SOX2-P2A-GFP (NM_003106.3); pLenti-CMV-JUN-P2A-
GFP (NM_002228). An empty vector, pLenti-CMV-Empty-P2A-GFP, was
used as control.

Exosome isolation
Exosomes were isolated by differential ultracentrifugation using a micro-
ultracentrifuge CS ISONX Himac Hitachi equipped with a S58A rotor as
described (De Gregorio et al., 2018). In brief, pooled conditioned medium
(CM) was collected from SCs incubated with induction culture medium
supplemented with 1% exosome-depleted FBS. To discard cellular debris
and dead cells, CM was centrifuged at 2000 g for 10 min at room
temperature. Then, to discard microvesicles, the supernatant was centrifuged
at 11,000 g for 30 min at 4°C. To pellet exosomes the supernatant from the
last step was centrifuged at 100,000 g for 1 h at 4°C. The exosome pellet was
washed with 5 ml of filtered PBS and centrifuged again at 100,000 g for 1 h
at 4°C. Finally, the exosome pellet was resuspended in 100 µl of filtered
PBS and stored at −20°C until use. Exosomes were quantified by analyzing
the protein content of purified exosomes. To this end, a modified BCA
protein assay (Pierce cat. # 23225) for higher sensitivity was performed for
all exosome samples. Table S1 shows detail of protein concentration per
volume of conditioned medium collected, and the corresponding number of
exosomes detected using a Nanosight (Malvern NS300).

Isolation of rSC exosomes and rSC-conditioned medium without
exosomes
For the purification of exosomes, 30 ml of conditioned medium was used.
Exosomes were isolated by differential ultracentrifugation as described
above. The supernatant from the last step was centrifuged at 100,000 g for
1 h at 4°C and then the medium without exosomes was collected. The
exosome pellet was washed with 5 ml of filtered PBS and centrifuged again
at 100,000 g for 1 h at 4°C. Finally, the exosome pellet was resuspended in
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100 µl of filtered PBS and stored at −20°C until use. DRG explants were
prepared as described above. Isolated exosomes were administrated daily at
a final concentration of 120 ng/ml and the SC-conditioned medium without
exosomes was prepared by mixing 60% of 100,000 g supernatant fraction
with 40% of complete neurobasal medium for DRG incubation. The mixed
medium was replaced daily for 3 d.

Lentivirus generation
HEK 293T cells were grown at 37°C with 5% CO2 in a humidified
incubator. The culture medium contained DMEM supplemented with 10%
FBS, and penicillin-streptomycin (50 U/ml and 50 μg/ml, respectively). For
lentivirus preparation, HEK 293T cells were seeded at a density of 12×106

cells on a 150 mm plate 24 h before transfection. Lentivirus was produced
by transfecting HEK 293T cells with the lentiviral vector Palm-eGFP
(Xandra Breakefield, Massachusetts General Hospital, Charlestown, MA)
and two helper plasmids (pVSVg, delta8.9; Addgene, plasmid numbers
12263, 12259 and 8454), by the calcium phosphate precipitation method
(Zufferey et al., 1997). Plasmids were mixed as follows: 20 µg of the Palm-
eGFP vector, 10 µg of pVSVg and 15 µg of delta 8.9. To this mix, 400 µl of
1.25 M CaCl2 plus 1.5 ml H2O were added. This solution was added
dropwise to the cells. After 4 h, the medium was changed with fresh growth
medium. After 2 d, the conditioned medium was harvested and centrifuged
at 2000 g for 7 min. The supernatant was then filtered using a 0.45 µm filter.
This preparation was then concentrated using the Lenti-X concentrator
(Takara) following the manufacturer’s instructions.

Lentiviral transduction of SCs
SCs at 40% confluency were treated with 5 μg/ml polybrene (Sigma, cat.
#H9268). Then, lentivirus particles were added to the plate at 1×106

transduction units/ml for 24 h. After that, the medium was changed for fresh
growth medium. Lentiviruses encoding four shRNAs were used to
downregulate Sox2 and c-Jun (pLenti-4in1-GFP-JUN, pLenti-4in1-GFP-
SOX2; Vigene Biosciences). Scrambled shRNA sequence was used as
control (pLenti-U6-GFP-puro-scrambled shRNA; Vigene Biosciences). For
Dicer downregulation, rat sh-dicer1-pLenti-3in1 shRNA-copGFP-P2A-
puro (XM_001068155.3; Vigene Biosciences) was used to transduce SCs.
The following sequences were used for shRNA studies. sh-Sox2: 5′-AG-
CTACGCGCACATGAACGGCTGGAGCAA-3′, 5′-CAGTACAACTCC-
ATGACCAGCTCGCAGAC-3′, 5′-GGCTCTGTGGTCAAGTCCGAG-
GCCAGTTC-3′, 5′-CCGTTCATCGACGAGGCCAAGCGGCTGCG-3′.
sh-c-Jun: 5′-CCGAGCCAAGAACTCGGACCTTCTCACGT-3′, 5′-TCT-
GAAGCCGCACCTCCGAGCCAAGAACT-3′, 5′-TGAGGAACCGCA-
TCGCTGCCTCCAAGTGC-3′, 5′-AGCTGGCGTCCACGGCCAACA-
TGCTCAGG-3′. sh-Dicer: 5′-GCTACACAGGAAGTTCTTA-3′, 5′-GG-
GAAAGTCTGCAGAACAA-3′, 5′-CCTCATAACCAAGCACCTT-3′.

Internalization assay
SCs were transduced at 40–50% confluency with a lentivirus coding for
CMV-Palm-eGFP (Lai et al., 2015). SC growth medium was replaced with
induction medium 5 d after transduction. After 2 d, the induction medium
was changed and replaced with fresh induction medium. Then, conditioned
medium was collected from this cell culture after 3 d. Exosomes were
isolated and quantified. A total of 5 µg of exosome proteins was incubated
for 3 h with DRG previously grown for 3 d. Cells were imaged with a Leica
confocal microscope TCS SP8. Las-X Leica software was used to
deconvolve z-stack images, and internalization was assessed by measuring
the eGFP staining area that colocalized with the Nfh staining.

Immunofluorescence
IF analysis was performed as described previously (López-Leal et al., 2018).
Briefly, culture medium was removed from wells containing SCs or DRG
andwashed 2–3 times with PBS. Then, the cells were fixed with 4% PFA for
15 min at room temperature. After washing, the cells were blocked and
permeabilized with PBS containing 0.1% Triton X-100, 2% (v/v) fish skin
gelatin (Sigma, cat. NºG7765) for 2 h at room temperature in a humidified
chamber. Then, the cells were incubated with primary antibodies diluted in
PBS containing 0.1%TritonX-100 and 1% (v/v) fish skin gelatin overnight at
4°C in a humidified chamber. The primary antibody was removed and cells

washed with PBS three times every 5 min at room temperature. Then, the cells
were incubated with secondary antibodies diluted in washing solution for 2 h
at room temperature in a dark humidified chamber. After removing the
secondary antibodies, the cells werewashed with PBS three times every 5 min
at room temperature. Where nuclear staining was desired, the second PBS
wash was replaced with DAPI staining. DAPI (stock concentration 5 mg/ml)
was diluted 1:50,000 in PBS and incubated for 5 min at room temperature.
Then, the cells were washed with PBS three times every 5 min at room
temperature in a dark place. Finally, coverslips were mounted with mounting
medium. Primary antibodies used were: rabbit anti-c-Jun, 1:200 (Cell
Signaling Technology, cat. #9165); rabbit anti-Sox2, 1:500 (Cell Signaling
Technology, cat. #2748); mouse anti-acetylated tubulin, 1:1000 (Sigma-
Aldrich, cat. #T6793); rabbit anti-neurofilament heavy chain, 1:1000 (Sigma-
Aldrich, cat. #N4142) and rabbit anti-myelin basic protein (MBP), 1:500
(Sigma-Aldrich, cat. #M3821). Secondary antibodies used were: anti-mouse
Alexa Fluor-546 (Life Technologies, cat. #A11003); anti-rabbit Alexa Fluor-
488 (Invitrogen, cat. #A11034); anti-goat Alexa Fluor-555, 1:1000
(Invitrogen, cat. #A27017) and anti-rabbit Alexa Fluor-647, 1:1000
(Invitrogen, cat. #A21244). Cells were imaged using a Leica microscope
DMi8 equipped with a motorized stage. Objectives used were a Leica HC PL
10×/0.32 and a Leica 20×/0.40 HCX PL. Images were captured with Leica
LAS X software version 2.0.

Reverse transcription quantitative PCR
For reverse transcription quantitative PCR (RT-qPCR) analysis, total RNA
and microRNA isolation was performed using the RNeasy and miReasy
miniprep kit (Qiagen). DNase treatment was performed on the column
according to the manufacturer’s protocol (Qiagen). cDNA was synthesized
using iScript one-step reverse transcription, according to the manufacturer’s
instructions (Bio-rad). RT-qPCR was performed in the StepOnePlus (96-
well) Real-Time PCR System using 5× HOT FIREPol EvaGreen qPCRMix
Plus and following the manufacturer’s instructions. The sequences of the
primers used to detect rat (r) Sox2, Bdnf, Artn, Lif ,Mbp andGapdh (internal
control), as well as human (Hs) JUN (which encodes c-Jun) and SOX2 are as
follows: rSox2 F, 5′-CAGCATGTCCTACTCGCAGCA-3′; rSox2 R, 5′-
GGAACTGGCCTCGGACTTGA-3′; rBdnf F, 5′-AGCTGAGCGTGTG-
TGACAGT-3′; rBdnf R, 5′-ACCCATGGGATTACACTTGG-3′; Gadph F,
5′-TCCCTCAAGATTGTCAGCAA-3′; Gadph R, 5′-AGATCCACAAC-
GGATACATT-3′; rArtn F, 5′-ATGTCGCCCTACCTGGAAC-3′; rArtn R,
5′-GGCTCT-GTCTGTCCCTCATC-3′; rLif F, 5′-TCAAACTCAATGCG-
ACTACAGA-3′; rLif R, 5′-ACACAGGGCACATCCACA-3′; rMbp F, 5′-
CACAAGAACTACCCACTACGG-3′; rMbp R, 5′-GCCTCTCCCCTTT-
CCTTG-3′. HsSox2 F, 5′-TACAGCATGTCCTACTCGCAG-3′. HsSox2,
R 5′-GA-GGAAGAGGTAACCACAGG-3′. HsJun F, 5′-TCCAAGTGCC-
GAAAAAGGAAG-3′. HsJun R, 5′-CGAGTTCTGAGCTTTCAAGGT-3′.

The quantification of PCR products was performed using the 2-ΔΔCt

method, and the quantity of mRNA was normalized to the housekeeping
gene Gapdh. The assays were performed in triplicate. For quantitative
miRNA analysis, microRNA cDNA was synthesized using MystiCq
microRNA cDNA Synthesis Mix Kit and MystiCq MicroRNA
quantification system (Invitrogen) using 20 ng of total RNA. Cel-miR39
was used as spike-in to normalize cDNA levels in exosome microRNA
analysis.

miRNA inhibitions in SCs
For miRNA loss-of-function studies, LNA-enhanced antisense miRNA
inhibitors labeled with FAM were used (Qiagen), and transfected into rSCs
using Lipofectamine 2000 (ThermoFisher Scientific, cat. #11668027). The
following sequences were used: miRNA-21 (MIR-21-5P), 5′-UAGCUU-
AUCAGACUGAUGUUGA-3′; miRNA 27b (MIR-27b-3P), 5′-GCAGA-
ACTTAGCCACTGTGA-3′; miRNA 10b (MIR-10b-5P), 5′-TAACACG-
TCTATACGCCCA-3′; negative control A (YI00199006), 5′-TAACACG-
TCTATACGCCCA-3′. For SC transfection and exosome isolation, the cells
were grown to 70% confluency in a T75 flask. Then, 8 ml of Opti-MEM
(Gibco, cat. #31985-070) was mixed with 10 nM of FAM-labeled oligon-
ucleotide and 70 µl of Lipofectamine 2000. The mixed solution was incu-
bated for 10 min at room temperature and then added to the cells. After 4 h in
a cell incubator, the medium was replaced with growth medium. After 24 h,
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the SC repair phenotype was induced using a low forskolin concentration
(Fsk2) in the induction medium. After 72 h, exosomes were isolated and
quantified as described above.

RNA-sequencing and data analysis
For SC and exosome RNA sequencing, SCs were grown in T175 flasks and
120 ml of conditioned medium was collected from four T175 flasks for each
replicate then used for exosome isolation as described above. SC exosomes
and SC cytoplasm total RNAwas extracted using a miRNeasyMini Kit from
Qiagen. RNA quality was assessed using a 2100 Bioanalyzer (Agilent,
USA) with a RNA 6000 Nano kit (Agilent Technologies, cat. #5067). Three
independent replicates were further processed and sequenced. TruSeq Small
RNA Libraries (Illumina) were prepared from 100 ng of total RNA, and
RNA-sequencing was performed to generate 36 bp single-end reads on a
HiSeq 2500 (Illumina). Reaper (Davis et al., 2013) was used to trim the 3′
adapter sequence, and reads with length lower than 16 nucleotides and
larger than 30 nucleotides were discarded using PRINSEQ (Schmieder and
Edwards, 2011). Reads were aligned to Mus musculus and Rattus
norvegicus hairpins from miRbase (Griffiths-Jones, 2005) (ftp://
mirbase.org/pub/mirbase/CURRENT/hairpin.fa.gz) taking into account
RNA folding predicted using RNAfold software from ViennaRNA
Package 2.0 (Lorenz et al., 2011). Statistical analyses were conducted in
R using the DESeq2 package from Bioconductor (Love et al., 2014). Spatial
projection was analyzed by PCA using the princomp function in
R. Hierarchical clustering and correlation plotting were performed on the
normalized read count data as exploratory data analyses.

Statistical analysis
All data are presented as the mean±s.e.m. The comparison between groups
was performed using a two-tailed Student’s t-test. One-way ANOVA was
used to evaluate the difference among multiple groups, followed by
Bonferroni’s multiple comparisons test. The data were analyzed using
GraphPad Prism 6.0. P<0.05 was considered statistically significant.
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