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Exosome miR-371b-5p promotes
proliferation of lung alveolar progenitor
type II cells by using PTEN to orchestrate
the PI3K/Akt signaling
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Abstract

Background: Pathways directing endogenous stem/progenitor cells to restore normal architecture and function of
damaged/diseased lungs remain underexplored. Published data have revealed that alveolar progenitor type II cell
(ATIIC)-derived signaling promotes re-epithelialization of injured alveoli, yet the underlying mechanism is unknown.
Here we aim to define the role of ATIIC-derived exosome miRNA signaling in controlling ATIIC-specific proliferation
or differentiation in response to injury.

Methods: Pluripotent stem cell-derived cultures, which contain early lung stem/progenitor populations that can
subsequently differentiate into ATIICs, were used as a model for unbiased screening and identification of ATIIC
phenotype-specific exosome miRNA signaling, and human induced pluripotent stem cell-derived ATIICs (hiPSC-ATIICs)
were employed to examine the molecular basis of key exosome miRNA signaling in promoting ATIIC-specific
proliferation. QRT-PCR was performed to examine expression pattern of ATIIC-derived key exosome miRNA in an
alveolar injury model and in injured human lungs.

Results: We show that human ATIIC line (A549)-derived exosome miR-371b-5p promotes ATIIC-specific proliferation,
but not differentiation, in differentiating cultures of pluripotent stem cells. Using 3′UTR-driven luciferase reporters, we
identified PTEN as a direct target of miR-371b-5p. Transfection of miR-371b-5p mimic into hiPSC-ATIICs leads to
significantly decreased expression of endogenous PTEN, which stimulates phosphorylation of Akt and its downstream
substrates, GSK3β and FOXOs, promoting cell proliferation. While not expressed in normal ATIIC phenotypes, the
exosome miR-371b-5p expression is significantly induced after hiPSC-ATIICs or hATIICs (human primary ATIICs) are
subjected to bleomycin-induced injury. To rule out that the ATIIC-derived exosome-miRNAs are merely a cell culture
phenomenon, we transplanted hiPSC-ATIICs into bleomycin-challenged lungs of mice, and found that the transplanted
hiPSC-ATIICs engraft and express exosome miR-371b-5p, along with additional survival of numerous mouse ATIICs in
bleomycin-injured lungs. Consistent with these findings, significant levels of exosome miR-371b-5p were also detected
in lavage samples of patients with acute pneumonia, but not in those from patients without pulmonary disorders.

Conclusions: Collectively, our data strongly suggest that ATIIC-derived exosome miR-371b-5p may serve as a niche
signaling to augment ATIIC survival/proliferation, promoting re-epithelialization of injured alveoli, and thus provide a
promising novel target to develop treatment for currently incurable lung diseases.
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Background
Alveolar epithelial type II cells (ATIICs) serve as alveolar
progenitor critical for maintaining the integrity of alveolar
epithelium, a structure essential for O2/CO2 exchange.
Failure to repair injured alveolar epithelium has been
implicated in the development of many life-threatening
pulmonary diseases, including acute respiratory distress
syndrome, chronic obstructive pulmonary disease, and
pulmonary fibrosis. Crosstalk between ATIICs and
mesenchymal cells is thought to play an important role
in distal lung development, yet niche signaling supporting
ATIIC function in response to injury remains largely un-
known. We have observed in our previous studies that
transplanted ATIICs derived from human pluripotent stem
cells not only engraft and differentiate into alveolar epithe-
lial type I cells (ATICs) for repair of injured mouse alveoli,
but also provide an appropriate signal microenvironment
to promote the repair capacity of endogenous ATIICs
[1, 2], suggesting a pivotal role of signal communication
between ATIICs or between ATIICs and their upstream
stem cells in controlling ATIIC-specific proliferation or
differentiation in response to injury.
Exosomes are cell-derived extracellular vesicles con-

taining functional proteins, mRNAs and microRNAs
(miRNAs), and serve as a key mediator in intercellular
communication [3–5]. Distinct miRNA expression pat-
terns have been found in different tissues, cell types, and
developmental stages [6], and shown to play a critical
role in controlling various cellular processes such as
stem cell self-renewal, proliferation, differentiation, and
tissue development [7–16]. Hence, exosomes are likely
to be an efficient and robust means to transfer miRNAs
and regulate physiological functions of neighboring and
distant tissue progenitor cells for tissue regeneration. Be-
cause secreting and recycling of vesicle-rich surfactant
by ATIICs is a key process in surfactant metabolism in
lung [17], we hypothesize that ATIIC-derived exosome
miRNAs (Exo-miRs) may be critical to carry cell-to-cell
communication necessary for maintaining alveolar
homeostasis in response to injury.
MiRNAs, on average 22 nucleotide long, endogenous

non-coding RNA molecules, suppress gene expression
post-transcriptionally by binding to partially complemen-
tary sites within 3′UTR regions of mRNAs in all eukaryotic
cells. Over 1000 miRNAs have been identified in human
[18], which may target about 60% mammalian genes
[19, 20]. Despite mounting evidence demonstrating
their importance in numerous cellular processes, little
is known about the role of Exo-miR-mediated cellular
communications in lung physiology. We here report
that a human ATIIC line, A549, expresses exosome
miR-371b-5p, which promotes ATIIC-specific prolifera-
tion by orchestrating PTEN/PI3K/AKT signaling pathway.
While human induced pluripotent stem cell-derived

ATIICs (hiPSC-ATIICs) and human primary ATIICs
(hATIICs) do not express exosome miR-371b-5p, exosomes
isolated from bleomycin (BLM)-treated hiPSC-ATIICs and
hATIICs express a significant level of miR-371b-5p.
Consistently, lung lavage exosomes of patients with
acute pneumonia, but not those without any pulmonary
disorders, express miR-371b-5p. In further exploration
of the possibility of ATIIC-derived exosome miR-371b-
5p serving as a niche signaling, we show the capacity of
transplanted hiPSC-ATIICs to engraft and secrete exo-
some miR-371b-5p in response to injury, along with
additional survival of numerous mouse ATIICs in the
BLM-injured lungs. These results suggest an essential
role of exosome miR-371b-5p-mediated communication
between ATIICs in response to lung injury, and that
exosome miR-371b-5p may represent a novel therapeutic
target for repair of injured alveoli.

Methods
Cell cultures
A hiPSC line, hiPSC-26B [2] was cultured on Matrigel-
coated plates in differentiation medium (DM) containing
20% FBS (HyClone, Logan, UT, USA), 1% nonessential
amino acid, 1 mM L-glutamine, 100 μg/ml penicillin,
100 μg/ml streptomycin, and 20 μg/ml G418 in Knock-
out DMEM (Gibco, Invitrogen, Waltham, MA, USA) for
14 days, which allows us to select a pure population of
functional ATIICs. The hATIICs and mATIICs (mouse
primary ATIICs) were prepared as previously described
[21, 22]. Human peripheral blood monocytes (hmonos)
and NK cells were isolated from peripheral blood samples
(Gulf Coast Regional Blood Center, Houston, TX, USA) by
using the density gradient centrifugation (Ficoll-Paque)
and the NK Cell Isolation Kit (MACS; Miltenyi Biotec,
Bergisch Gladbach, Germany), respectively, as previously
reported [23].

Preparation of ATIIC phenotype-derived exosomes and
Exo-miRs
A549 cells, hiPSC-ATIICs, and hATIICs were cultured
on Matrigel-coated plates with exosome-depleted DM.
The medium was collected from each phenotype [A549-,
hiPSC-ATIIC-, and hATIIC-conditioned DM or condi-
tioned medium (CM)] in 24 hours, from which exosomes
were then isolated using ExoQuick-TC Exosome Precipita-
tion Solution (System Biosciences, Palo Alto, CA, USA)
for small RNA (<200 nt) preparation using the mirVana™
miR Isolation kit (Ambion, Austin, TX, USA) by following
the manufacturer’s instructions. To prepare exosomes and
Exo-miRs from injured ATIICs, we established an ATIC/
ATIIC co-culture model. Briefly, 5 × 105 hiPSC-ATIICs
were placed in the lower chamber of each six-well trans-
well plate with DMEM containing 10% FBS and left to
spontaneously differentiate for 8 days [1, 2], which allows
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100% placed hiPSC-ATIICs to differentiate into ATICs
(hiPSC-ATICs) expressing AQP5 and T1α as shown in
Additional file 1: Figure S2. Then the derived ATICs were
switched to exosome-depleted DM, and 1 × 106 freshly
isolated hiPSC-ATIICs or hATIICs were placed in each
transwell insert (Matrigel-coated, 0.4 mm pores) with 1 ml
exosome-depleted DM. Next day, various doses (10, 20,
30, and 40 μg/ml) of BLM were added to the medium to
induce injury for 24 hours before exosome and Exo-miR
isolation.

Exosome miRNA profiling analysis
Exo-miRs were prepared for array analysis (performed
by LC Sciences, Houston, TX, USA). The human
miRNA array (MRA-1001) that targets all known human
mature miRNAs in the miRNA database (Release 18,
hrrp://microrna.sanger.ac.uk) was used. The miRNA ex-
pression levels identified in the analyses were validated
by QRT-PCR for consistency.

Construction of miRNA-inhibitor vectors
For each miRNA-inhibitor vector, a double-stranded
oligonucleotide was designed to contain a targeting
motif for specific binding to an individually selected
miRNA molecule, with Xho I or Xba I overhang at each
end, and was then cloned into Sal I and Xba I sites
downstream of the U6 promoter in the pSuppressorNeo
vector as shown in Fig. 2c. The sequences of targeting
motifs are listed in the figure legends.

Examination of the effect of ATIIC-derived signaling on
ATIIC-specific differentiation or proliferation
To examine the effect of ATIIC phenotype-derived sig-
naling on ATIIC-specific differentiation or proliferation
in the cultures of pluripotent stem cells, a human em-
bryonic stem cell (hESC) line, SPCP/NEO74 [24], which
harbor ATIIC-specific surfactant protein C (SPC) pro-
moter/neomycinR (SPCP/NEOR) transgene, was cultured
on Matrigel-coated six-well plates in DM for 6 days, and
then some of the differentiating cultures were switched
to A549-CM, hiPSC-ATIIC-CM, hATIIC-CM, or DM
containing ATIIC phenotype-derived exosomes for 6 or
10 days, with the medium changed every day. Exosomes
isolated from 5 × 106 each ATIIC phenotype were added
into one corresponding well for the study. In order to
test the effect of A549-derived Exo-miRs on ATIIC-
specific proliferation, the hESC-derived cultures were
co-transfected with A549-derived Exo-miRs (1.0 μg) and
one selected individual miRNA inhibitor vector (0.5 μg)
on days 6 and 12 using Lipofectamine® RNAiMAX
Transfection Reagent (Invitrogen). To determine the
content of the derived SPC-expressing cells in the differ-
entiated cultures of hESCs, the differentiated cells were
stained with 1:500 diluted anti-human proSPC antibody

(Chemicon, Temecula, CA, USA) on days 12 and 16.
The number of SPC-positive cells was counted per 1000
cells based on 4′,6-diamidino-2-phenylindole (DAPI,
Biostatus, Loughborough, UK) staining on each plate.
To examine the capacity of miR-371b-5p to induce
ATIIC proliferation, the G418-selected hiPSC-ATIICs in
six-well plates were transfected with various doses (50,
100, and 150 pmols/well) of miR-371b-5p mimic
(Ambion) and then incubated with 10 μM bromodeox-
yuridine (BrdU) (Abcam, Cambridge, MA, USA) for
12 hours to label the proliferating cells. Proliferation was
assessed 2 days after transfection using the CellTiter
96®AQueous One Solution Cell Proliferation Assay Kit
(Promega, Madison, WI, USA).

Immunofluorescent staining and Western blot analysis
Differentiated hESCs and hiPSC-ATIICs were washed
twice with PBS and fixed in 4% paraformaldehyde for
15 minutes. Washed cells were permeabilized in 0.5%
Triton X (Sigma-Aldrich, St. Louis, MO, USA) for 30 mi-
nutes before being blocked in 5% goat serum for 2 hours.
Cells were then stained with 1:500 diluted rabbit anti-
human proSPC antibody and/or mouse anti-BrdU antibody
(1:100, Abcam), and visualized with Alexa Fluor 546- or
488-conjugated goat anti-rabbit IgG or Alexa Fluor 546-
conjugated goat anti-mouse IgG (1:1000, Molecular Probes,
Eugene, OR, USA) with 1:1000 diluted DAPI counterstain-
ing. In addition, the rabbit anti-human proSPC and mouse
anti-human nuclei monoclonal antibody (Chemicon) were
used for immunofluorescent staining of tissue sections of
BLM-challenged lungs transplanted with hiPSC-ATIICs
as previously reported [1, 2]. For Western blot analysis,
protein extracts (20 μg) from miR-371b-5p mimic-treated
hiPSC-ATIICs were prepared. Rabbit anti-human Akt/
pAkt, Erk/pErk, GSK3β/pGSK3β, FOXO3/pFOXO3,
FOXO1/pFOXO1, PTEN, and GAPDH (Cell Signaling,
Danvers, MA, USA) were used in the study. In addition,
10 μg ATIIC phenotype-derived exosomal proteins were
analyzed for exosome marker expression by using rabbit
anti-TSG101, mouse anti-CD63 and mouse anti-HSP70
antibody (Abcam).

Dual-luciferase miRNA target reporter assay
To generate the dual-luciferase miRNA target reporter
vector, a double-stranded oligonucleotide containing
wild-type (wt) PTEN 3′UTR sequence with a predicted
miR-371b-5p target site or mutant PTEN 3′UTR sequence
was cloned into Pmel and XbaI sites in pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega,
Fig. 4b). The hiPSC-ATIICs of 70% confluence in 24-well
plates were co-transfected with the dual-luciferase miRNA
target reporter vector (0.3 μg) and miR-371b-5p mimic (15
pmol/well). Cell extracts were prepared 24 hours after
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transfection, and the luciferase activity was measured using
the Dual-Luciferase Reporter Assay System (Promega).

QRT-PCR
0.5 μg total cellular/exosome RNA (0.1 μg for human/
mouse lavage exosome RNA) were prepared for QRT-
PCR analysis using TaqMan One-Step RT-PCR Master
Mix Kit (AB Applied Biosystems, Foster City, CA, USA)
as previously described [1], using the following primers and
probes: (1) miR-371b-5p primers (ABM Inc., Richmond,
BC, Canada); (2) SPC forward primer (5′-GTC CTC ATC
GTC GTG GTG ATT-3′), SPC reverse primer (5′-CGT
GTG TTT CTG GCT CAT GTG -3′), and SPC probe
(5′- 6-FAM-AGA CCC ATG AGC AGG GCT CCC
-TAMRA-3′); (3) PTEN forward primer (5′- ACC CAC
ACG ACG GGA AGA CA -3′), PTEN reverse primer
(5′- CTG TTT GTG GAA GAA CTC TAC TTT GAT
ATC AC -3′), and PTEN probe (5′-6-FAM-CAT GTA
CTT TGA GTT CCC TCA GCC GTT ACC TGT G-
TAMRA-3′); and (4) 18S forward primer (5′-TAA CGA
ACG AGA CTCTGG CAT-3′), 18S reverse primer (5′-
CGG ACA TCT AAG GGC ATC ACA G-3′), and 18S
probe (5′-FAM-TGG CTG AAC GCC ACT TGT CCC
TCTAA-TAMRA-3′).

Statistical analysis
Data were analyzed using one-way ANOVA test and the
results with pairwise P values less than 0.05 were consid-
ered statistically significant.

Results
A549 cell-derived exosome miR-371b-5p promotes
ATIIC-specific proliferation
Based on literature and our previous studies [1, 2], we
hypothesize that ATIIC-derived Exo-miRs may be crucial
in mediating cell-to-cell communication that supports
ATIIC-specific proliferation and/or differentiation in re-
sponse to lung injury. To test this, we first used pluripotent
stem cell-derived cultures as models to examine ATIIC-
signaling derived from A549, hiPSC-ATIICs, and hATIICs.
As previously reported [2], an hiPSC line, hiPSC-26B, was
used to prepare a pure population of hiPSC-ATIICs (>99%,
Additional file 1: Table S1 and Figure S1), which can be in-
duced to differentiate into ATICs (Additional file 1: Figure
S2). As described in “Methods”, a hESC line, SPCP/NEO.74
[24], was subjected to spontaneous differentiation in DM
for 6 days, and then the hESC-derived cultures, which con-
ceivably contain many tissue cell lineages including early
lung stem/progenitor populations, were switched to A549-
CM, hiPSC-ATIIC-CM, or hATIIC-CM for 6 or 10 days
before immunostaining for ATIIC-specific SPC expression.
In comparison with hESC-derived cultures in DM on day
12, in which approximately 9% cells expressed SPC protein,
the hESC-derived cultures treated with A549-CM, hiPSC-

ATIIC-CM, or hATIIC-CM for 6 days did not show an in-
creased content of SPC-expressing cells (Fig. 1a). Since the
hESCs contain the SPCP/NEOR transgene, these SPC-
expressing cells should express NEOR. Thus, we were able
to isolate and characterize these SPC-expressing cells from
the hESC-derived cultures using G418 selection strategy
[24]. As we previously reported [2, 24], all these SPC-
expressing cells also expressed other surfactant proteins
and lamella bodies, but not CCSP on day 12 (Additional file
1: Figure S3), representing a pluripotent stem cell-derived
mature ATIIC phenotype. Together, these results suggest
that A549 cells, hiPSC-ATIICs, and hATIICs do not derive
an active signaling to promote ATIIC-specific differenti-
ation from early lung stem/progenitor cells. However,
10-day treatment with A549-CM, but not with hiPSC-
ATIIC-CM or hATIIC-CM, resulted in an enriched
SPC-expressing cell population (41%), yet only approxi-
mately 15% of cells in hESC-derived cultures in DM
expressed SPC on day 16 (Fig. 1a). This enrichment of
SPC-expressing cells in the spontaneously differentiated
hESC cultures indicated that the early-derived ATIICs
in cultures had subsequently been induced to proliferate
by A549-derived factors. To further test if Exo-miRs are
the key factors to convey A549 cell-derived signaling, exo-
somes as well as Exo-miRs were isolated from A549-CM,
hiPSC-ATIIC-CM, and hATIIC-CM, respectively, and
used to treat hESC-derived cells. The isolated exosomes,
verified by expression of exosome-specific markers
TSG101, CD63, and HSP70 (Fig. 1b) [25–27], were added
into hESC-derived cultures in exosome-depleted DM on
day 6. As expected, we found that after 10-day treatment
with A549-derived exosomes, but not with hiPSC-ATIIC-
or hATIIC-derived exosomes, the hESC-derived SPC-
expressing cells were enriched to the degree similar to that
observed in hESC-derived cultures treated with A549-CM,
suggesting an exosome-mediated communication between
ATIICs (Fig. 1c and e). Interestingly, SPC-expressing cells
were similarly enriched in hESC-derived cultures on day
16 after the differentiating hESCs were transfected with
A549-derived Exo-miRs, but not with hiPSC-ATIIC- or
hATIIC-derived Exo-miRs, on days 6 and 12 (Fig. 1d and
e). Such A549 Exo-miR-mediated cell proliferation was
observed in the cultures of purified hiPSC-ATIICs,
hATIICs, and mATIICs, but not in the cultures of human
NK cells or hmonos (Fig. 2a). Collectively, these results
demonstrate that an ATIIC-derived signaling directs
ATIIC-specific proliferation, but not ATIIC-specific dif-
ferentiation from pluripotent stem cells, via Exo-miR-
mediated cell-to-cell communication in vitro, while the
normal ATIIC-phenotypes, hiPSC-ATIICs, and hATIICs,
are not active in this process.
To further identify the A549-derived key Exo-miR

regulating ATIIC-specific proliferation, microarray analysis
was performed to characterize A549-specific Exo-miR

Quan et al. Stem Cell Research & Therapy  (2017) 8:138 Page 4 of 14



signature. Purified hiPSC-ATIICs, which exhibit hATIIC-
specific miRNA expression pattern (Additional file 1:
Figure S1), were used as control. The identified miRNA
expression levels were validated by QRT-PCR for
consistency. We found 31 Exo-miR molecules secreted
by A549 cells. Among these, nine Exo-miRs were differ-
entially expressed between A549 cells and hiPSC-
ATIICs (Fig. 2b, indicated with * or #), eight of which
(marked with *) expressed at significantly higher levels
in A549 cells than in hiPSC-ATIICs. To screen these
A549-derived Exo-miRs in an unbiased manner, we
generated eight miRNA-inhibitor vectors (Fig. 2c) by
using the pSuppressorNeo vector backbone [28], each
designed to express a targeting motif for specific binding
to one of the eight highly expressed A549 Exo-miR mole-
cules. We delivered A549-derived Exo-miRs together with
one miRNA-inhibitor vector into hESC-derived cells on
days 6 and 12, and found that in all cases, A549-derived
Exo-miRs lost their capacity to promote ATIIC-specific

proliferation when the vector expressing miR-371b-5p in-
hibitor was co-transfected, as evidenced by a significantly
reduced content of SPC-expressing cells, along with a
greatly decreased SPC expression level in the cultures
(Fig. 2d). Although it could be a concern that the isolated
Exo-miR samples may be contaminated with a small
amount of mRNAs, our result clearly rules out the role of
exosome mRNAs, and suggests a pivotal role of exosome
miR-371b-5p-mediated communication between ATIICs
in supporting ATIIC-specific proliferation.
To further confirm the critical role of miR-371b-5p in

promoting ATIIC-specific proliferation, purified hiPSC-
ATIICs (Additional file 1: Table S1 and Figure S1), which
we have previously demonstrated as a functional ATIIC
phenotype both in vitro and in vivo [2], were transfected
with increasing concentrations (50, 100, and 150 pmols)
of miR-371b-5p mimic or negative control in six-well
plates and then treated with 10 μM BrdU overnight to
label the proliferating cells as described in “Methods”.

Fig. 1 A549-derived Exo-miRs promote ATIIC-specific proliferation. Bar graph representation of the content of SPC-expressing cells in the differentiated
cultures of hESCs to show the effects of each ATIIC phenotype-derived CM (a), exosomes (c) or Exo-miRs (d) on ATIIC-specific differentiation (day 12)
and proliferation (day 16). b Western blotting of TSG101, CD63 and HSP70 in exosomes derived from cultured A549 (1), hiPSC-ATIICs (2) and hATIICs (3).
e Representative immunofluorescent staining of the SPC-expressing cells (red) in the differentiated cultures of hESCs after treatment with A549-,
hiPSC-ATIIC-, or hATIIC-derived exosomes or Exo-miRs on days 12 and 16. ATIICs alveolar epithelial type II cells, CM conditioned medium, DAPI
4′,6-diamidino-2-phenylindole, DM differentiation medium, Exo-miRs exosome miRNAs, hATIICs human primary ATIICs, hiPSC-ATIICs human
induced pluripotent stem cell-derived ATIICs
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Many colonies were observed (data not shown), and the
number of viable hiPSC-ATIICs significantly increased,
along with increased percentages of BrdU-labeled SPC-
expressing hiPSC-ATIICs in a dose-dependent manner
2 days after treatment with miR-371b-5p mimic (Fig. 3a
and b). This showed that transfection of miR-371b-5p
mimic resulted in a dose-dependent hiPSC-ATIIC prolif-
eration with a minimal cytotoxicity.

Activation of PI3K/Akt signaling pathway in miR-371b-5p
mimic-treated hiPSC-ATIICs
To understand the molecular basis of miR-371b-5p-medi-
ated ATIIC-specific proliferation, we examined if PI3K/
Akt and/or MAPK/Erk, the two major proliferation-linked
signaling pathways [29], are activated in miR-371b-5p
mimic-treated hiPSC-ATIICs. We first tested Akt phos-
phorylation as an index of PI3K/Akt pathway activation.

Fig. 2 A549-derived exosome miR-371b-5p promotes ATIIC-specific proliferation. a Histogram representation of the number of viable cells in the
cultures of hiPSC-ATIICs, hATIICs, mATIICs, human NK cells, and human monocytes after being treated with ATIIC-phenotype-specific Exo-miRs. b
ATIIC-phenotype-specific Exo-miR expression patterns were represented by color heat maps (A: A549 cells, B: hiPSC-ATIICs). Nine Exo-miRs showed
significantly differential expression between A549 cells and hiPSC-ATIICs (marked with * or #), eight of which (marked with *) showed significantly
elevated expression in A549 cells. c Schematic structure of miRNA-inhibitor vectors. Each vector harbors a miRNA targeting motif corresponding
to one of the eight selected miRNA sequences. The targeting motif in the vector is separated from its inverted repeat sequence by a spacer of 8 nt.
The diagram is drawn to show relevant information only, not scaled proportionally according to the sequence length. The sequences of targeting
motifs used to build the miRNA-inhibitor vectors are listed below: (1) aaagtgccgccatcttttgagt for miR-371b-5p, (2) gcacagcccccgtccctccct for miR-149,
(3) cgccgccccgcacctgct for miR-3665, (4) cagagcccgccccaacccac for miR-3940-5p, (5) cccccgcctccgccgccgcc for miR-3960, (6) gcctgccccctccaacagcca
for miR-4687-3p, (7) gcggtcccgcggcgccccgcct for miR-663, and (8) gctcggccccggccccagcccc for miR-762. d The content of SPC-expressing cells (top
panel) and the relative SPC expression levels (QRT-PCR, bottom panel) in the differentiated cultures of pluripotent stem cells were analyzed to show the
effects of A549-derived Exo-miRs on ATIIC-specific differentiation (day 12) and proliferation (day 16) after one of the A549-specific Exo-miRs had been
inhibited. ATIICs alveolar epithelial type II cells, DM differentiation medium, Exo-miRs exosome miRNAs, hATIICs human primary ATIICs, hESCs human
embryonic stem cells, hiPSC-ATIICs human induced pluripotent stem cell-derived ATIICs, hmonos human peripheral blood monocytes, mATIICs mouse
primary ATIICs, SPC surfactant protein C
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HiPSC-ATIICs were transfected with various doses of
miR-371b-5p mimic, and after 24 hours, phosphorylation
was examined using anti-phosphorylated Akt kinase anti-
body. The miR-371b-5p mimic-treated hiPSC-ATIICs
expressed significantly increased levels of phosphorylated
Akt kinase protein in a dose-dependent manner (Fig. 3c),
suggesting the presence of PI3K-dependent Akt kinase ac-
tivation [30, 31]. To assess the MAPK/Erk signaling path-
way, we analyzed the phosphorylation status of Erk1/2 in
the miR-371b-5p mimic-transfected hiPSC-ATIICs and
found that these cells did not show a significantly increased
expression level of phosphorylated Erk1/2 (Fig. 3d). Next

we examined phosphorylation of Akt kinase substrates, and
found that treatment with 150 pmol miR-371b-5p mimic
stimulated Akt kinase activation, which in turn phosphory-
lated endogenous GSK3β, FOXO3A, and FOXO1A, as
evidenced by significantly increased phosphorylation
levels of these proteins (Fig. 3e). These data demonstrate
that the PI3K/Akt signaling pathway, but not MAPK/Erk
signaling pathway, is activated in miR-371b-5p mimic-
treated hiPSC-ATIICs. To further confirm this finding,
LY294002 (25 μM), a PI3K inhibitor, was added into the
cultures of miR-371b-5p mimic-treated hiPSC-ATIICs for
24 hours. This treatment inhibited phosphorylation of Akt

Fig. 3 MiR-371b-5p activates PI3K/Akt pathway in hiPSC-ATIICs. The cultured hiPSC-ATIICs were transfected with various doses of miR-371b-5p
mimic as indicated. a Histogram representation of the number of viable cells in the cultures of miR-371b-5p mimic-treated hiPSC-ATIICs. b The
miR-371b-5p mimic-transfected hiPSC-ATIICs were treated with BrdU for 12 hours to label the proliferating cells and then were immunostained
with mouse anti-BrdU (red) and rabbit anti-SPC antibody (green). The BrdU-stained images were merged with SPC-stained images (left panel), and
the BrdU+cells were counted and presented as the percentage of total cells in the miR-371b-5p mimic-treated cultures (right panel). c and d Western
blot analysis of expression of Akt/pAkt and Erk/pErk in miR-371b-5p mimic-transfected hiPSC-ATIICs (top panel). The pAkt and pErk expression levels
were quantified and presented as folds of control after being normalized to Akt and Erk, respectively (bottom panel). e Western blotting of Akt/pAkt,
GSK3β/pGSK3β, FOXO3/pFOXO3, and FOXO1/pFOXO1 of hiPSC-ATIICs treated with miR-371b-5p mimic (150 pmol) using GAPDH as internal control.
f The miR-371b-5p mimic-transfected hiPSC-ATIICs were incubated for 24 hours with and without LY294002 (25 μM). The number of viable cells in the
cultures was counted 2 days after transfection. ATIICs alveolar epithelial type II cells, BrdU bromodeoxyuridine, DAPI 4′,6-diamidino-2-phenylindole, SPC
surfactant protein C
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kinase and its substrates (data not shown) and completely
blocked the miR-371b-5p mimic-induced cell proliferation
(Fig. 3f). Taken together, our data demonstrate that treat-
ment with miR-371b-5p mimic results in activation of
PI3K/Akt signaling pathway in hiPSC-ATIICs. As the
FOXO factors serve as mediators of apoptosis and cell-
cycle arrest [32], activated Akt kinase that phosphorylates
and inhibits transcriptional activity of FOXO factors may
account for miR-371b-5p-induced cell proliferation.

MiR-371b-5p mimic promotes ATIIC proliferation by
targeting PTEN
PTEN serves as a key negative regulator of PI3K/Akt
signaling pathway. Its lipid phosphatase activity converts
the phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) into
phosphatidylinositol-(4,5)-bisphosphate [33, 34], subse-
quently decreasing PIP3 level and thereby inhibiting
phosphorylation and activation of Akt kinase [35]. As
PTEN is one of the miR-371b-5p targets predicted by
TargetScan [36] and miRDB [37], we aimed to examine
whether miR-371b-5p works through PTEN to orches-
trate PI3K/AKT signaling pathway for promoting ATIIC-
specific proliferation. We used the dual-luciferase miRNA
target reporter vectors, which express the primary firefly
luciferase reporter fused with wt or mutant PTEN 3′UTR
and the control Renilla luciferase reporter (Fig. 4a and b),
to test whether PTEN is a target of miR-371b-5p. In com-
parison to controls, the activity of the firefly luciferase re-
porter fused with wt PTEN 3′UTR, but not the activity of
those fused with mutant PTEN 3′UTR, was significantly
suppressed in the hiPSC-ATIICs when miR-371b-5p
mimic was co-transfected (Fig. 4c). This indicates that the
firefly luciferase reporter mRNA becomes a target of miR-
371b-5p when fused with wt PTEN 3′UTR. In addition,
we observed that the expression levels of endogenous
PTEN mRNA and protein significantly decreased in a
dose-dependent manner when hiPSC-ATIICs were trans-
fected with miR-371b-5p mimic (Fig. 4d). These data dem-
onstrate that miR-371b-5p regulates PTEN expression
post-transcriptionally by directly targeting its 3′UTR. We
further used the PPARγ agonist Rosiglitazone, which can
activate PTEN expression transcriptionally [38, 39], to
treat hiPSC-ATIICs for 24 hours after transfection with
miR-371b-5p mimic. As mRNA of PTEN can be signifi-
cantly induced by Rosiglitazone in a dose-dependent
manner (data not shown), Rosiglitazone is able to com-
pete the miR-371b-5p mimic-mediated degradation of
PTEN mRNA in hiPSC-ATIICs. As expected, the miR-
371b-5p mimic-treated hiPSC-ATIICs in the cultures
with Rosiglitazone (20 μM) expressed PTEN at a level
comparable to that expressed by control hiPSC-ATIICs
(Fig. 4e, left). Meanwhile, the treatment with Rosiglita-
zone inhibited phosphorylation of Akt kinase and its
downstream targets in the miR-371b-5p mimic-treated

hiPSC-ATIICs (Fig. 4e, left), and blocked the miR-371b-5p
mimic-induced cell proliferation (Fig. 4e, right). Taken
together, our results demonstrate that miR-371b-5p
promotes ATIIC-specific proliferation by orchestrating
the PTEN/PI3K/AKT signaling pathway.

ATIICs express exosome miR-371b-5p in vitro and in vivo
in response to injury
Our previous studies reveal a pivotal role of ATIIC-de-
rived signaling in promoting re-epithelialization of in-
jured alveoli [1, 2]. Here we aimed to test whether
normal ATIICs can express an active signaling in re-
sponse to injury via exosome miR-371b-5p-mediated
cell-to-cell communication. Initially, we did not observe
miR-371b-5p expression in the cultures of hiPSC-ATIICs
or hATIICs treated with BLM (Additional file 1: Figure
S4). Considering that ATIC-derived factors may be re-
quired to stimulate ATIICs’ function in response to injury,
we established an ATIC/ATIIC co-culture model using
transwell plates to mimic the injured alveolar environment
(Fig. 5a). ATICs and ATIICs (hiPSC-ATIICs or hATIICs)
in the co-culture system were exposed to various doses
of BLM for 24 hours, and then the cells and exosomes
were separately isolated from ATIIC chambers for
miRNA preparation. Like A549-derived exosomes, the
hiPSC-ATIIC- and hATIIC-derived exosomes expressed
exosome-specific markers TSG101, CD63, and HSP70
(Fig. 5b). QRT-PCR was performed to analyze miR-371b-
5p expression (as described in “Methods”), and the expres-
sion levels of cellular and exosome miR-371b-5p derived
from A549 cells were used as control index. As shown in
Fig. 5c, neither cellular nor exosome miR-371b-5p were
derived from control hiPSC-ATIICs or hATIICs. In con-
trast, hiPSC-ATIICs and hATIICs were induced to express
cellular and exosome miR-371b-5p to significantly detect-
able levels (Fig. 5c, represented as percentages of those
derived from A549 cells) after treated with BLM at 10, 20,
or 30 μg/ml. Both cellular and exosome expressions of
miR-371b-5p were consistently induced in these two
ATIIC phenotypes, with more robust induction at lower
BLM concentrations: approximately 43% (hiPSC-ATIICs)
or approximately 35% (hATIICs) at 10 μg/ml BLM; 20%
(hiPSC-ATIICs) or approximately 17% (hATIICs) at
20 μg/ml BLM, and; approximately 8% (hiPSC-ATIICs) or
approximately 6% (hATIICs) at 30 μg/ml BLM. However,
miR-371b-5p expression by hiPSC-ATIICs and hATIICs
was barely detected after treatment with 40 μg/ml BLM,
possibly due to seriously damaged ATIICs so that they
failed to respond to injury in the cultures.
We also examined the capacity of ATIICs to derive

exosome miR-371b-5p in vivo in injured microenviron-
ment by transplanting hiPSC-ATIICs into a BLM-induced
acute lung alveolar injury model, using immune-deficient
SCID mice to avoid graft rejection [40, 41]. As previously

Quan et al. Stem Cell Research & Therapy  (2017) 8:138 Page 8 of 14



reported by our laboratory [1, 2], 8–10-week-old female
SCID mice were exposed to BLM (3.5 units/kg) 2 days be-
fore transplantation with hiPSC-ATIICs (1 × 106 in 50 μl
of saline). After exposure to this relatively high dose of
BLM, injured alveolar ATIICs barely survive [1, 2]. Thus,
transplanted hiPSC-ATIIC-derived signaling as well as its
capacity to promote survival of endogenous ATIICs can
be clearly evaluated. To demonstrate the specificity of
hiPSC-ATIIC-derived signaling, BLM-challenged mice
were also transplanted with same number of hmonos. Lav-
age exosomes, which expressed exosome-specific markers

TSG101, CD63, and HSP70 (data not shown), were iso-
lated from BLM-challenged lungs with and without
transplantation on days 2, 4, 6, 8, and 10 for miRNA
preparation. Initially, miR-371b-5p primers (ABM Inc.)
were used to analyze hiPSC-ATIIC-derived exosome
signaling. Our results showed that no exosome miR-
371b-5p was expressed in control lungs as well as
BLM-challenged lungs at each time point (Fig. 5d). In
comparison, a significant high level of exosome miR-
371b-5p was detected in BLM-challenged lungs 2 days
after transplantation with hiPSC-ATIICs (on day 4). As

Fig. 4 MiR-371b-5p utilizes PTEN to orchestrate the PI3K/Akt signaling in hiPSC-ATIICs. a The predicted RNA duplexes of miR-371b-5p target site
in the 3′UTR of PTEN (top panel). The underlined nucleotides (UUUGA) in the target site (top panel) were replaced with GGGUC in the mutant 3′
UTR construct (bottom panel). b Schematic structure of dual-luciferase miRNA target reporter, in which wt or mutant PTEN 3′UTR was inserted into
the Pmel and XbaI sites downstream of firefly luciferase (Luc2). c Normalized firefly luciferase activity using the dual-luciferase miRNA target
reporter with a wt or mutant PTEN 3′UTR in hiPSC-ATIICs co-transfected with miR-371b-5p mimic. d QRT-PCR analysis of mRNA expression of PTEN
in hiPSC-ATIICs transfected with various doses of miR-371b-5p mimic as indicated. The expression levels were normalized to 18 s and presented
as percentages of control (left panel). PTEN protein expression of each group of miR-371b-5p mimic-transfected hiPSC-ATIICs was analyzed by
Western blot using GAPDH as an internal control (right panel). e The miR-371b-5p mimic-transfected hiPSC-ATIICs were incubated for 24 hours
with and without Rosiglitazone (20 μM). The protein extracts were prepared for Western blot analysis of PTEN, Akt/pAkt, GSK3β/pGSK3β, FOXO3/
pFOXO3, and FOXO1/pFOXO1 with GAPDH as control (left panel), and the number of viable cells in the cultures was counted 2 days after transfection
(right panel). ATIICs alveolar epithelial type II cells
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no exosome miR-371b-5p was expressed in BLM-
challenged lungs transplanted with hmonos, our data
demonstrated an induced expression of hiPSC-ATIIC-
specific miR-371b-5p in response to alveolar injury (Fig. 5d).
However, as many miRNAs and miRNA recognition

(target) motifs are very well conserved in many animal
species [42–45], it is rather likely that the ABM primers
used for QRT-PCR analysis of the human miR-371b-5p
expression can also detect its mouse homolog [46]. We
therefore compared the sequence of miR-371b-5p with

Fig. 5 ATIICs express exosome miR-371b-5p in response to injury. a Schematic strategy of co-cultures of hiPSC-ATIICs or hATIICs with hiPSC-ATICs
in six-well transwell plates using exosome-depleted DM with and without BLM. b Western blotting of TSG101, CD63 and HSP70 in exosomes
derived from cultured A549 (1), hiPSC-ATIICs (2) and hATIICs (3). QRT-PCR analysis of expression levels of cellular and exosome miR-371b-5p in the
cultures of ATIIC phenotypes treated with various doses of BLM (c) as well as the level of exosome miR-371b-5p in the lavage samples isolated
from BLM-treated mouse lungs transplanted with hiPSC-ATIICs or hmonos (d) by using ABM primer. The expression levels were normalized to
18 s and presented as percentage of the cellular or exosome miR-371b-5p level of A549 cells. e Schematic structures to show the sequences of
miR-371b-5p (top), in which two underlined nucleotides are not identical in miR-292b-5p (bottom), as well as the sequences of miR-371b-5p-specific
reverse primer (R-primer-I) and miR-292b-5p-specific reverse primer (R-primer-II). f QRT-PCR analysis of expression levels of exosome miR-371b-5p and
miR-292b-5p in BLM-treated lungs with or without transplantation by using R-primer-I or R-primer-II. The expression levels were normalized to 18 s and
presented as a ratio to the ABM primer detected ‘miR-371b-5p’ expression level as indicated. g Immunofluorescent staining of representative lung
sections from BLM-challenged mice with or without transplanted hiPSC-ATIICs or hmonos by using a mouse anti-human nuclei antibody and rabbit
anti-human proSPC antibody with DAPI counterstaining. The human nuclei antibody recognizes human cells (red) in mouse lungs; the anti-human
proSPC stains both mouse and human SPC-expressing ATIICs (green). Many nuclei-SPC+mouse ATIICs (indicated by white arrows) were identified in
control and BLM-treated lungs transplanted with hiPSC-ATIICs, but not in the BLM-treated lungs receiving hmonos or saline. The nuclei+SPC+ human
ATIICs (indicated by green arrows) were found only in the BLM-treated lungs transplanted with hiPSC-ATIICs. Some nuclei+ cells were SPC negative
(indicated by red arrows), suggesting that they were ATICs that had been differentiated from the transplanted hiPSC-ATIICs. A magnified view of a
mouse ATIIC (indicated by the white arrowhead), a human ATIIC (indicated by the green arrowhead), or an ATIC (indicated by red arrowhead) is shown
in the corresponding image. BLM bleomycin, DAPI 4′,6-diamidino-2-phenylindole, DM differentiation medium, hATIICs human primary ATIICs, hiPSC-ATIICs
human induced pluripotent stem cell-derived ATIICs, hmonos human peripheral blood monocytes, SPC surfactant protein C
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that of its mouse homolog. As shown in Fig. 5e, miR-371b-
5p and its mouse homologous miR-292b-5p do share ap-
proximately 91% sequence homology. For clarification, we
designed two reverse primers, R-primer-I and R-primer-II
(Fig. 5e), to specifically analyze miR-371b-5p and miR-
292b-5p expression, respectively. As shown in Fig. 5e,
the isolated Exo-miRs were ligated to an RNA 5′
adaptor (Qiagen, Hilden, Germany) before QRT-PCR
analysis by using a universal forward primer (Qiagen)
and a specific reverse primer (R-primer-I or R-primer-II).
The ABM primer detected ‘miR-371b-5p’ expression level
was used as control index because the ABM primers are
expected to detect both miR-371b-5p and miR-292b-5p
(also demonstrated by our preliminary experiments, data
not shown). Consistent with the result shown in Fig. 5d,
the exosomes isolated from control lungs, BLM-challenged
lungs as well as BLM-challenged lungs transplanted with
hmonos did not express miR-371b-5p and miR-292b-5p at
each time point (Fig. 5f). The fact that no miR-371b-5p/
miR-292b-5p expression was detected in control lungs
could be because its expression is only restricted to early
developmental stage [46]. Interestingly, BLM-challenged
lungs expressed significant levels of exosome miR-371b-5p
and miR-292b-5p 2 days after transplantation with hiPSC-
ATIICs (on day 4, Fig. 5f, represented as a ratio to the
ABM primer detected ‘miR-371b-5p’ expression level).
These data indicated that the transplanted hiPSC-ATIICs
were induced to express miR-371b-5p+Exo-miRs in re-
sponse to alveolar injury in vivo just as in the in vitro exper-
iments. Since mATIICs can also be induced to proliferate
by miR-371b-5p+Exo-miRs (A549-Exo-miRs, Fig. 2a), the
expression of mouse exosome miR-292b-5p in the BLM-
challenged lungs transplanted with hiPSC-ATIICs, but not
in control lungs, BLM-challenged lungs or BLM-challenged
lungs transplanted with hmonos, suggests that the hiPSC-
ATIIC-derived miR-371b-5p+Exo-miRs may promote
survival/recovery of endogenous injured ATIICs, which
subsequently release miR-292b-5p+Exo-miRs and par-
ticipate in the repair process. In support of the capacity
of mATIICs to release the miR-292b-5p+Exo-miRs, the
miR-292b-5p expression was demonstrated in BLM-
treated mATIIC cultures (Additional file 1: Figure S5).

Negative expression of exosome miR-292b-5p in the
BLM-treated lungs (without ATIIC transplantation) may
reflect the severity of endogenous ATIIC injury. As indi-
cated in Fig. 5d and f, expression of hiPSC-ATIIC-derived
exosome miR-371b-5p as well as endogenous exosome
miR-292b-5p significantly decreased in BLM-challenged
lungs on day 6 and was barely detected on day 10 when
injured alveoli were almost completely repaired (data not
shown). Such decreased expression of exosome miR-371b-
5p/miR-292b-5p over time to the end point (day 10) may
reflect the process of recovery of injured alveoli after
transplantation. Consistently, the endogenous ATIICs
were severely damaged after exposure to this high dose of
BLM, and in comparison to control lungs, only a few
mouse ATIICs (nuclei-SPC+) survived in the BLM-
challenged lungs receiving saline or hmonos (Table 1 and
Fig. 5g). Remarkably, numerous mouse ATIICs were ob-
served in the BLM-challenged lungs where transplanted
hiPSC-ATIICs (nuclei+SPC+) had efficiently engrafted
(Table 1 and Fig. 5g), differentiated into ATICs (Additional
file 1: Table S2), and released exosome miR-371b-5p
(Fig. 5d and f). Taken together, our results demonstrate
the capacity of ATIICs to derive miR-371b-5p+Exo-miRs
in vitro and in vivo in response to injury, which may medi-
ate a communication between ATIICs to promote survival
and participation of endogenous injured ATIICs in repair
of injured alveoli.

Expression of exosome miR-371b-5p in lung lavage of
patients with acute pneumonia
To examine if exosome miR-371b-5p is expressed in
vivo, we also collected lavage samples of patients with
acute pneumonia and without any pulmonary disorders
for Exo-miR preparation, and analyzed the miR-371b-5p
expression by QRT-PCR. Consistent with the in vitro
and in vivo data described above, significant expression
of exosome miR-371b-5p was detected in lavage samples
of patients with acute pneumonia, but not in samples
collected from patients without pulmonary disorders
(Fig. 6). Taken together, these data strongly support our
hypothesis that ATIIC-derived exosome miR-371b-5p

Table 1 Relative content of human and mouse ATIICs in bleomycin-mouse lung tissue

SPC+a SPC+Nuclei+b SPC+Nuclei-c SPC+Nuclei+ (%d)

Saline-SCID 1083 ± 54.1 0 1083 0

BLM-SCID/saline 13.2 ± 3.2 0 13 0

BLM-SCID/hmonos 14.8 ± 5.2 0 15 0

BLM-SCID/hiPSC-ATIICs 991 ± 39.8 227.6 ± 11.8 763.4 ± 32.8 29.8

Abbreviations: ATIICs alveolar epithelial type II cells, SPC+ human and mouse ATIICs, SPC+Nuclei+ human ATIICs, SPC+Nuclei- mouse ATIICs, SCID severe combined
immunodeficiency, BLM bleomycin, hmonos human monocytes, hiPSCs human induced pluripotent stem cells,
aNumber of SPC+ cells
bNumber of SPC+Nuclei+ cells
cNumber of SPC+Nuclei- cells in the same counted area of 2000 DAPI-stained cells in BLM-mouse lung tissue dRatio of hiPSC-ATIICs to mouse ATIICs
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may play a critical role in maintaining alveolar homeo-
stasis in response to injury.

Discussion
Signal pathways derived from niche supporting cells are
critical in the regulation of tissue stem/progenitor cell
function during development and regeneration. In the
lung, several stem/progenitor cell types reside in ana-
tomically diverse regions [47–51] and likely respond to
distinct niche signals for maintenance or repair of func-
tionally and structurally different airway and alveolar
epithelia. Identifying niche signaling pathways that regu-
late lung stem/progenitor cell behavior is key to develop-
ing new therapies for targeted activation of endogenous
regenerative capacity. However, although extensive effort
has been devoted to identifying lung stromal cell-derived
niche factors that direct airway stem/progenitor cell fate
[52–57], alveolar niche signal pathways as well as their
molecular bases controlling alveolar progenitor ATIIC
behavior remain elusive.
We hypothesize that alveolar progenitor ATIICs may

derive a functional niche signaling to robustly promote
re-epithelialization of injured alveoli. In this present
study, we used a differentiating model of pluripotent
stem cells to screen ATIIC phenotype-derived signaling
and showed that ATIIC line A549-derived exosomes,
but not those derived from human normal ATIIC types
(hiPSC-ATIICs and hATIICs), mediated a cell-to-cell
communication using miRNAs to promote ATIIC-specific
proliferation in the pluripotent stem cell-derived cultures.
MiRNA expression profiling analysis shows that A549
cells express a phenotype-specific Exo-miR signature. To

identify the Exo-miR signaling, we tested each individual
A549-specific Exo-miR in an unbiased manner and dem-
onstrated for the first time that exosome miR-371b-5p is
the key factor to promote ATIIC-specific proliferation in
the pluripotent stem cell-derived cultures by using PTEN
as its direct downstream target to activate the PI3K/Akt
signaling pathway. Although A549 cell-derived exosomes
express a high level of miR-21, which can also target
PTEN [58–60], use of miR-21 inhibitor vector did not
affect the capacity of A549 cell-derived Exo-miRs to pro-
mote ATIIC-specific proliferation (data not shown), sug-
gesting that exosome miR-21 is not involved in this
process. This is because miR-21 is highly expressed by
normal ATIIC phenotypes, hiPSC-ATIICs (Fig. 2b) and
hATIICs (data not shown), at similar levels. Expression of
miR-21 may be required for ATIICs to maintain their
basic proliferation capacity as a progenitor cell type. In
fact, miR-371b-5p+Exo-miRs promote the cell prolifera-
tion in the cultures of ATIIC phenotypes, but not in those
of non-ATIIC phenotypes, suggesting more Exo-miRs in-
volved in the complex process of induced ATIIC-specific
proliferation in the pluripotent stem cell-derived cultures.
How miR-371b-5p works together with other Exo-miRs in
a coordinating manner to promote ATIIC-specific pro-
liferation is unknown and merits further investigation,
which may provide significant insight into the mecha-
nisms underlying alveolar development/regeneration.
We observed that the BLM-treated hiPSC-ATIICs and

hATIICs expressed exosome miR-371b-5p, suggesting a
possibility that ATIIC-derived exosome miR-371b-5p may
serve as an alveolar niche signaling in response to lung in-
jury. To further test this, we transplanted hiPSC-ATIICs
into acute injured mouse lungs, in which the repair cap-
acity of endogenous ATIICs had been eliminated by BLM.
As previously reported by our laboratory [1, 2], we showed
that the transplanted hiPSC-ATIICs can efficiently engraft
and differentiate into ATICs for repair of injured alveoli.
Interestingly, the BLM-treated lungs transplanted with
hiPSC-ATIICs, but not the BLM-treated lungs and
BLM-treated lungs transplanted with hmonos, expressed a
significant level of human ATIIC-specific exosome miR-
371b-5p, demonstrating the ability of the engrafted hiPSC-
ATIICs to derive an Exo-miR signaling in response to lung
injury in vivo. Consistent with this finding, a significant
level of exosome miR-371b-5p was also detected in in-
jured human lungs. As ATIICs are active in secreting and
recycling of vesicle-rich surfactant [17, 61–63], exosome-
mediated communication between ATIICs is thought to
be an efficient and robust means to exchange miRNAs for
maintaining alveolar homeostasis; in other words, the
hiPSC-ATIIC-derived exosome miR-371b-5p in the in-
jured lungs could be efficiently and specifically transferred
to neighboring and distant mouse ATIICs to promote the
endogenous repair capacity. While we do not have the

Fig. 6 Exosome miR-371b-5p expressed in lungs of patients with
acute pneumonia. Total exosome RNA (0.1 μg) isolated from each
lung lavage sample of patients with acute pneumonia or without
pulmonary disorders (control) was analyzed for miR-371b-5p expression
by QRT-PCR with ABM primer and represented as percentages of an
exosome miR-371b-5p level of A549 cells after being normalized to
18 s control (n = 9)
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direct evidence to show Exo-miR-mediated communication
between ATIICs in vivo yet, we observed numerous mouse
ATIICs survived in BLM-injured lungs that expressed hu-
man ATIIC-specific exosome miR-371b-5p, but only a few
in the BLM-exposed lungs that were exosome miR-371b-
5p negative. Interestingly, our data suggest that those sur-
vived mATIICs may also produce miR-292b-5p, the mouse
homolog of miR-371b-5p, to participate in the process of
re-epithelialization. Collectively, our data strongly suggest
that ATIIC-derived exosome miR-371b-5p may contribute
to the alveolar signal microenvironment in response to
injury, playing a critical role during the re-epithelialization
of injured alveoli, and thus may provide a novel target to
develop treatment for currently incurable lung diseases.

Conclusions
In summary, we have identified the ATIIC phenotype-
derived exosome miR-371b-5p as a key factor that pro-
motes ATIIC-specific proliferation by using PTEN as its
direct downstream target to orchestrate the PI3K/Akt sig-
naling pathway. The ATIIC phenotype-derived exosome
miR-371b-5p may serve as a niche signaling to promote
re-epithelialization of injured lung alveoli in response to
injury, and thus provide a novel target to develop treat-
ment for repair of injured alveoli.

Additional file

Additional file 1: Selection and characterization of hiPSC-, hESC-, and
mESC-derived ATIICs. (PDF 482 kb)

Abbreviations
ATICs: Alveolar epithelial type I cells; ATIICs: Alveolar epithelial type II cells;
BLM: Bleomycin; BrdU: Bromodeoxyuridine; CM: Conditioned medium;
DAPI: 4′,6-Diamidino-2-phenylindole; DM: Differentiation medium;
Exo-miRs: Exosome miRNAs; hATIICs: human primary ATIICs; hESCs: Human
embryonic stem cells; hiPSC-ATIICs: Human induced pluripotent stem
cell-derived ATIICs; hmonos: Human peripheral blood monocytes ;
mATIICs: mouse primary ATIICs; miRNAs: MicroRNAs;
PIP3: Phosphatidylinositol-(3,4,5)-trisphosphate; SPC: Surfactant protein C;
SPCP/NEOR: SPC promoter/neomycinR transgene; Wt: Wild-type

Acknowledgements
We are grateful to Dr. Rick A. Wetsel for his administrative support, and thank
Steven Kolodziej and Patricia Navarro for their assistance with the electron
microscopy experiments.

Funding
This work was supported by University Texas Medical School Bridging Grant
Program (DW), the Welch Foundation Endowment in Chemistry and Related
Sciences - Grant L-AU-0002 (DW), and the American Heart Association
Grant-in-Aid 16GRNT30310015 (DW).

Availability of data and materials
The authors confirm that all data underlying the findings are fully available.

Authors’ contributions
YQ and DW conceived and designed the project, interpreted data, and wrote
the manuscript. YQ, ZW, LG, and XP performed differentiation, proliferation, and
all molecular biology experiments. DW and JZ performed transplantation

experiments. MR, MF, and JLA performed all other experiments and analyzed
data. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
This study was carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Animal Welfare Committee of
University of Texas Health Science Center at Houston (AWC-15-0180). The hiPSC
cell line was generated and published by our group (Yan et al., Stem Cells, 2014),
and the de-identified peripheral blood samples were purchased from Gulf Coast
Regional Blood Center for NK and monocyte isolation. Generation of the hiPSC
cell line, as well as use of the de-identified human lavage samples and the
de-identified peripheral blood samples in this project were approved by the
University Committee for the protection of Human Subjects (HSC-MS-11-0070).
No human subjects were involved and the lavage samples as well as the
peripheral blood samples were de-identified, therefore no consent was
needed for the project.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1The Brown Foundation Institute of Molecular Medicine for the Prevention of
Human Diseases, University of Texas Medical School at Houston, 1825
Pressler Street/IMM 437D, Houston, TX 77030, USA. 2Tongji Hospital, Tongji
Medical College Huazhong University of Science and Technology, Wuhan,
Hubei Province 430030, China. 3Department of Anesthesiology, Ruijin
Hospital, Shanghai Jiaotong University School of Medicine, Shanghai 200025,
China. 4Department of Neuroscience, Baylor College of Medicine, Houston,
TX 77030, USA. 5Department of Internal Medicine, University of Texas
McGovern Medical School at Houston, Houston, TX 77030, USA. 6Department
of Pediatrics, University of Texas McGovern Medical School at Houston,
Houston, TX 77030, USA.

Received: 12 April 2017 Accepted: 16 May 2017

References
1. Wang D, Morales JE, Calame DG, Alcorn JL, Wetsel RA. Transplantation of

human embryonic stem cell-derived alveolar epithelial type II cells
abrogates acute lung injury in mice. Mol Ther. 2010;18:625–34.

2. Yan Q, Quan Y, Sun H, et al. A site-specific genetic modification for
induction of pluripotency and subsequent isolation of derived lung alveolar
epithelial type II cells. Stem Cells. 2014;32:402–13.

3. van der Pol E, Boing AN, Harrison P, et al. Classification, functions, and
clinical relevance of extracellular vesicles. Pharmacol Rev. 2012;64:676–705.

4. Keller S, Sanderson MP, Stoeck A, et al. Exosomes: from biogenesis and
secretion to biological function. Immunol Lett. 2006;107:102–8.

5. Valadi H, Ekstrom K, Bossios A, et al. Exosome-mediated transfer of mRNAs
and microRNAs is a novel mechanism of genetic exchange between cells.
Nat Cell Biol. 2007;9:654–9.

6. Lagos-Quintana M, Rauhut R, Yalcin A, et al. Identification of tissue-specific
microRNAs from mouse. Curr Biol. 2002;12:735–9.

7. Brennecke J, Hipfner DR, Stark A, et al. Bantam encodes a developmentally
regulated microRNA that controls cell proliferation and regulates the
proapoptotic gene hid in Drosophila. Cell. 2003;113:25–36.

8. Chen CZ, Li L, Lodish HF, et al. MicroRNAs modulate hematopoietic lineage
differentiation. Science. 2004;303:83–6.

9. Kim KS, Kim JS, Lee MR, et al. A study of microRNAs in silico and in vivo:
emerging regulators of embryonic stem cells. FEBS J. 2009;276:2140–9.

10. Melton C, Judson RL, Blelloch R. Opposing microRNA families regulate
self-renewal in mouse embryonic stem cells. Nature. 2010;463:621–6.

Quan et al. Stem Cell Research & Therapy  (2017) 8:138 Page 13 of 14

dx.doi.org/10.1186/s13287-017-0586-2


11. La Torre A, Georgi S, Reh TA. Conserved microRNA pathway regulates
developmental timing of retinal neurogenesis. Proc Natl Acad Sci U S A.
2013;110:E2362–2370.

12. Carrington JC, Ambros V. Role of microRNAs in plant and animal
development. Science. 2003;301:336–8.

13. Ambros V. The functions of animal microRNAs. Nature. 2004;431:350–5.
14. Stefani G, Slack FJ. Small non-coding RNAs in animal development. Nat Rev

Mol Cell Biol. 2008;9:219–30.
15. Williams AH, Liu N, van Rooij E, et al. MicroRNA control of muscle

development and disease. Curr Opin Cell Biol. 2009;21:461–9.
16. Shomron N. MicroRNAs and developmental robustness: a new layer is

revealed. PLoS Biol. 2010;8:e1000397.
17. Weaver TE, Conkright JJ. Function of surfactant proteins B and C. Annu Rev

Physiol. 2001;63:555–78.
18. Friedlander MR, Lizano E, Houben AJ, et al. Evidence for the biogenesis of

more than 1,000 novel human microRNAs. Genome Biol. 2014;15:R57.
19. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by

adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005;120:15–20.

20. Friedman RC, Farh KK, Burge CB, et al. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 2009;19:92–105.

21. Alcorn JL, Smith ME, Smith JF, et al. Primary cell culture of human type II
pneumonocytes: maintenance of a differentiated phenotype and transfection
with recombinant adenoviruses. Am J Respir Cell Mol Biol. 1997;17:672–82.

22. Sun H, Quan Y, Yan Q, Peng X, Mao Z, Wetsel RA, Wang D. Isolation and
characterization of alveolar epithelial type II cells derived from mouse
embryonic stem cells. Tissue Eng Part C Methods. 2014;20:464–72.

23. Wang D, Quan Y, Yan Q, Morales JE, Wetsel RA. Targeted Disruption of the
beta2-microglobulin gene minimizes the immunogenicity of human
embryonic stem cells. Stem Cells Transl Med. 2015;4:1234–45.

24. Wang D, Haviland DL, Burns AR, et al. A pure population of lung alveolar
epithelial type II cells derived from human embryonic stem cells. Proc Natl
Acad Sci U S A. 2007;104:4449–54.

25. Wang J, Wang L, Lin Z, et al. More efficient induction of antitumor T cell
immunity by exosomes from CD40L gene-modified lung tumor cells. Mol
Med Rep. 2014;9:125–31.

26. Li X, Wang S, Zhu R, et al. Lung tumor exosomes induce a pro-inflammatory
phenotype in mesenchymal stem cells via NFkappaB-TLR signaling pathway.
J Hematol Oncol. 2016;9:42.

27. Yuan D, Xu J, Wang J, et al. Extracellular miR-1246 promotes lung cancer
cell proliferation and enhances radioresistance by directly targeting DR5.
Oncotarget. 2016;7:32707–22.

28. Cheng J, Wang D, Wang Z, Yeh ET. SENP1 enhances androgen receptor-
dependent transcription through desumoylation of histone deacetylase 1.
Mol Cell Biol. 2004;24:6021–8.

29. Shukla A, Grisouard J, Ehemann V, et al. Analysis of signaling pathways
related to cell proliferation stimulated by insulin analogs in human
mammary epithelial cell lines. Endocr Relat Cancer. 2009;16:429–41.

30. Cantley LC, Neel BG. New insights into tumor suppression: PTEN suppresses
tumor formation by restraining the phosphoinositide 3-kinase/AKT pathway.
Proc Natl Acad Sci U S A. 1999;96:4240–5.

31. Cully M, You H, Levine AJ, et al. Beyond PTEN mutations: the PI3K pathway
as an integrator of multiple inputs during tumorigenesis. Nat Rev Cancer.
2006;6:184–92.

32. Accili D, Arden KC. FoxOs at the crossroads of cellular metabolism,
differentiation, and transformation. Cell. 2004;117:421–6.

33. Leevers SJ, Vanhaesebroeck B, Waterfield MD. Signalling through
phosphoinositide 3-kinases: the lipids take centre stage. Curr Opin Cell Biol.
1999;11:219–25.

34. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J Biol Chem. 1998;273:13375–8.

35. Leslie NR, Downes CP. PTEN: The down side of PI 3-kinase signalling. Cell
Signal. 2002;14:285–95.

36. Lewis BP, Shih IH, Jones-Rhoades MW, et al. Prediction of mammalian
microRNA targets. Cell. 2003;115:787–98.

37. Wang X. miRDB: a microRNA target prediction and functional annotation
database with a wiki interface. RNA. 2008;14:1012–7.

38. Cao LQ, Chen XL, Wang Q, et al. Upregulation of PTEN involved in
rosiglitazone-induced apoptosis in human hepatocellular carcinoma cells.
Acta Pharmacol Sin. 2007;28:879–87.

39. Teresi RE, Shaiu CW, Chen CS, et al. Increased PTEN expression due to
transcriptional activation of PPARgamma by Lovastatin and Rosiglitazone.
Int J Cancer. 2006;118:2390–8.

40. Moore BB, Hogaboam CM. Murine models of pulmonary fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2008;294:L152–60.

41. Chua F, Gauldie J, Laurent GJ. Pulmonary fibrosis: searching for model
answers. Am J Respir Cell Mol Biol. 2005;33:9–13.

42. Hertel J, Lindemeyer M, Missal K, Fried C, Tanzer A, Flamm C, Hofacker IL,
Stadler PF. The expansion of the metazoan microRNA repertoire. BMC
Genomics. 2006;7:25.

43. Sempere LF, Cole CN, McPeek MA, et al. The phylogenetic distribution of
metazoan microRNAs: insights into evolutionary complexity and constraint.
J Exp Zool B Mol Dev Evol. 2006;306:575–88.

44. Prochnik SE, Rokhsar DS, Aboobaker AA. Evidence for a microRNA
expansion in the bilaterian ancestor. Dev Genes Evol. 2007;217:73–7.

45. Xie X, Lu J, Kulbokas EJ, et al. Systematic discovery of regulatory motifs in
human promoters and 3′ UTRs by comparison of several mammals. Nature.
2005;434:338–45.

46. Wu S, Aksoy M, Shi J, et al. Evolution of the miR-290-295/miR-371-373
cluster family seed repertoire. PLoS One. 2014;9:e108519.

47. Hong KU, Reynolds SD, Watkins S, et al. Basal cells are a multipotent
progenitor capable of renewing the bronchial epithelium. Am J Pathol.
2004;164:577–88.

48. Boers JE, Ambergen AW, Thunnissen FB. Number and proliferation of clara
cells in normal human airway epithelium. Am J Respir Crit Care Med.
1999;159:1585–91.

49. Evans MJ, Cabral-Anderson LJ, Freeman G. Role of the Clara cell in renewal
of the bronchiolar epithelium. Lab Invest. 1978;38:648–53.

50. Reddy R, Buckley S, Doerken M, et al. Isolation of a putative progenitor
subpopulation of alveolar epithelial type 2 cells. Am J Physiol Lung Cell Mol
Physiol. 2004;286:L658–67.

51. Quan Y, Wang D. Clinical potentials of human pluripotent stem cells in lung
diseases. Clin Transl Med. 2014;3:15.

52. Lange AW, Sridharan A, Xu Y, et al. Hippo/Yap signaling controls epithelial
progenitor cell proliferation and differentiation in the embryonic and adult
lung. J Mol Cell Biol. 2015;7:35–47.

53. Paul MK, Bisht B, Darmawan DO, et al. Dynamic changes in intracellular ROS
levels regulate airway basal stem cell homeostasis through Nrf2-dependent
Notch signaling. Cell Stem Cell. 2014;15:199–214.

54. Shaykhiev R, Zuo WL, Chao I, et al. EGF shifts human airway basal cell fate
toward a smoking-associated airway epithelial phenotype. Proc Natl Acad
Sci U S A. 2013;110:12102–7.

55. Hegab AE, Arai D, Gao J, et al. Mimicking the niche of lung epithelial stem
cells and characterization of several effectors of their in vitro behavior. Stem
Cell Res. 2015;15:109–21.

56. Vaughan AE, Brumwell AN, Xi Y, et al. Lineage-negative progenitors mobilize to
regenerate lung epithelium after major injury. Nature. 2015;517:621–5.

57. Lee JH, Bhang DH, Beede A, et al. Lung stem cell differentiation in mice
directed by endothelial cells via a BMP4-NFATc1-thrombospondin-1 axis.
Cell. 2014;156:440–55.

58. Meng F, Henson R, Wehbe-Janek H, et al. MicroRNA-21 regulates expression
of the PTEN tumor suppressor gene in human hepatocellular cancer.
Gastroenterology. 2007;133:647–58.

59. Pezzolesi MG, Platzer P, Waite KA, et al. Differential expression of PTEN-
targeting microRNAs miR-19a and miR-21 in Cowden syndrome. Am J Hum
Genet. 2008;82:1141–9.

60. Dey N, Ghosh-Choudhury N, Kasinath BS, et al. TGFbeta-stimulated
microRNA-21 utilizes PTEN to orchestrate AKT/mTORC1 signaling for
mesangial cell hypertrophy and matrix expansion. PLoS One. 2012;7:e42316.

61. Stahlman MT, Gray MP, Falconieri MW, et al. Lamellar body formation in normal
and surfactant protein B-deficient fetal mice. Lab Invest. 2000;80:395–403.

62. Vorbroker DK, Voorhout WF, Weaver TE, et al. Posttranslational processing of
surfactant protein C in rat type II cells. Am J Physiol. 1995;269:L727–33.

63. Sorokin SP. A morphologic and cytochemical study on the great alveolar
cell. J Histochem Cytochem. 1966;14:884–97.

Quan et al. Stem Cell Research & Therapy  (2017) 8:138 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell cultures
	Preparation of ATIIC phenotype-derived exosomes and Exo-miRs
	Exosome miRNA profiling analysis
	Construction of miRNA-inhibitor vectors
	Examination of the effect of ATIIC-derived signaling on ATIIC-specific differentiation or proliferation
	Immunofluorescent staining and Western blot analysis
	Dual-luciferase miRNA target reporter assay
	QRT-PCR
	Statistical analysis

	Results
	A549 cell-derived exosome miR-371b-5p promotes ATIIC-specific proliferation
	Activation of PI3K/Akt signaling pathway in miR-371b-5p mimic-treated hiPSC-ATIICs
	MiR-371b-5p mimic promotes ATIIC proliferation by targeting PTEN
	ATIICs express exosome miR-371b-5p in vitro and in vivo in response to injury
	Expression of exosome miR-371b-5p in lung lavage of patients with acute pneumonia

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

