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Figure 3  VAV3 is a target of miR-27a-5p. (A) Schematic diagram of mesenchymal stromal cell (MSC)-conditioned medium (MSC-CdM) experiment. 
MSCs were generated from bone marrow of wild-type (WT) C57Bl6J mice. Human pulmonary microvascular endothelial cell (HPMEC) monolayers 
were cotreated with TNF (10 ng/mL) and 20% conditioned media from cultured MSCs or control medium (CM) for 24 hours. (B) Bar graphs showing 
relative fold change (FC) in the expression of miR-27a-5p and miR-27a-3p normalised to miR-191 in response to tumour necrosis factor (TNF) in the 
presence of CM or MSC-CdM. Data are normally distributed and presented for individual experiments as means±SD (two-way analysis of variance 
(ANOVA), comparison to CM alone (*p≤0.05) and comparison to CM+TNF (#p≤0.05) corrected for multiple comparisons using Tukey test). (C) 
HPMECs were transfected with miR-27a-5p inhibitor (INH; 25 nM) or negative control (NC; 25 nM) for 24 hours and then stimulated for 24 hours with 
TNF (10 ng/mL). Transfection of the miR-27a-5p inhibitor results in significant decreased levels of miR-27a expression at baseline and following TNF 
stimulation, but had little effect on the expression levels of the miR-3p compared with the negative control (N Ctrl) microRNA (miRNA) inhibitor (D). 
Transfection of HPMECs with the miR-27a-5p mimic (MIM; 25 nM) resulted in approximately a 50% reduction in the levels of expression of VAV3 at 
baseline and in response to TNF (E), while transfection of the miR-27a-5p inhibitor resulted in the increased expression of the levels of VAV3 following 
TNF stimulation compared with transfection of the microRNA NC (F). Bar graphs represent fold change (FC) over the sham control. miRNA expression 
was normalised to miR-191, and mRNA expression was normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are normally 
distributed and presented for individual experiments, means±SDs (*p≤0.05, **p≤0.01, ***p≤0.0001, two-way analysis of variance (ANOVA), Tukey’s 
correction for multiple comparisons). (G) Genomic sequence of luciferase reporter constructs containing either the wild-type or mutated VAV3 miR-
27a-5p 3′UTR binding seed sequences. Mutant 1 (Mut 1) contained a deletion of the heptameric sequence; in Mutant 2 (Mut 2) both heptameric 
and sextameric sequences were deleted. (I) Luciferase activity in HPMECs transfected with either the WT or mutated VAV3 3′UTR and the miR-27a-
5p overexpression (MIM), miR-27a-5p inhibitor (INH) or their respective NCs (mimic (m) and inhibitor (i) Ctrl, n=3) challenged with TNF (10 ng/
mL). Data are normally distributed and presented as individual experiments, means±SDs (*p≤0.05; two-way ANOVA, Tukey’s correction for multiple 
comparisons). 3′UTR, 3′untranslated region.

to demonstrate specific binding of miR-27a-5p to the 3′UTR of 
VAV3 (figure 3I). miR-27a-5p inhibition in TNF-treated cells rescued 
luciferase activity indicating that inhibition of miR-27a-5p prevents 
binding of miR-27a-5p to the wild-type 3′UTR and VAV3 mRNA 
degradation. No significant changes in luciferase activity were seen 
when cells were transfected with a luciferase constructs containing 
the 3′UTR of the housekeeping gene actinomycin B or a non-
targeting control R01 (online supplementary figure 4B).

Modulation of miR-27a-5p altered wound closure, adhesion, 
migration and transmigration, but not barrier function
TNF administration to confluent HPMEC monolayers resulted 
in increased cellular leakage as measured by the amount of 70 

kDa FITC-Dextran that passed through the monolayer. Transfec-
tion of miR-27a-5p mimic did not significantly increase FITC-
Dextran leakage (figure 4A). Loss of cell number due to death 
or apoptosis was not a confounding factor (online supplemen-
tary figure 3). Wound healing scratch assay made on 24-hour 
serum-starved, confluent HPMECs transfected with the miR-
27a-5p mimic, inhibitor or control miRNA demonstrated that 
exposure to TNF or/and transfection of the miR-27a-5p mimic 
significantly delayed wound closure (figure  4B). In contrast, 
miR-27a-5p inhibition enhanced wound closure at baseline and 
following exposure to TNF (figure  4B). Adhesion of mono-
cytes to the HPMEC monolayer was quantified by coculturing 
HPMECs with fluorescently labelled monocytes THP-1 cells 
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Figure 4  Inhibition of miR-27a-5p enhances wound healing and mitigates tumour necrosis factor (TNF)-induced cell adhesion and transmigration: 
(A) change in fluorescent intensity showing dextran leakage across human pulmonarymicrovascular endothelial cell (HPMEC) monolayers. HPMECs 
were seeded onto 0.2% gelatin-coated 8-µm-pore Transwell inserts and transfected with either negative control (NC) or miR-27a-5p mimic (MIM); 
24 hours later monolayers were treated with TNF (10 ng/mL) or saline for 24 hours. The following morning FITC-labelled dextran (70 KDa) was added 
to the upper chamber and the fluorescence of the lower chamber was measured every 30 min for 3 hours. Bar graphs show fluorescence intensity 
means±SDs for individual experiments normalised to NC Ctrl at time 0. Peak differences in dextran leakage between NC and TNF and MIM+TNF 
are seen at 1.5 hours (for normally distributed data, two-way analysis of variance (ANOVA), Tukey’s correction for multiple comparisons, **p≤0.01 
and ****p≤0.0001). (B) Representative photomicrographs from experiments showing wound closure in HPMECs. HPMECs were transfected with 
NC, miR-27a-5p inhibitor (INH) or miR-27a-5p MIM and 24 hours later a single scratch was made straight down the middle of the monolayer 
and TNF (10 ng/mL) or saline was added. Micrographs from one representative experiment is shown (n=4). Distance between the leading edges 
was measured and bar graph show relative change in mean wound closure±SD. Scale bars are 50 mm. (C) Representative micrographs from 
experiments showing inhibition of THP-1 monocyte adhesion to the TNF-activated HPMECs by miR-27a-5p inhibitor (n=3). HPMECs transfected 
with MIM and INH and treated with TNF as described above. The following morning, THP-1 monocytes were labelled with 2 µM of CellTracker Green 
5-chloromethylfluorescein diacetate and 5×105 labelled monocytes (in RPMI-1640 medium) were added to each well and allowed to attach to the 
monolayer for 30 min. After washing, cell adhesion was determined by measuring fluorescence (excitation/emission of 492/517 nm). Bar graph 
shows mean fold change in cell attachment ±SD. (D) Transendothelial migration assay. HPMECs grown in Transwell inserts as above were transfected 
with miR-27a-5p MIM, INH or N Ctrl and exposed to TNF as above. The following morning, HPMECs were washed, and monocyte chemoattractant 
protein-1 (10 ng/mL) was added to the lower chamber. Fluorescently labelled THP-1 monocytes were added to the upper chamber and cells were 
allowed to migrate for 2 hours. Transwells were then removed and fluorescent images of the lower chamber taken. Cells were counted for calculation 
of relative transmigration (n=4–5). Bar graph show relative number of transmigrated monocytes. All data are normally distributed (Kolmogorov-
Smirnov test) and presented as means±SDs (*p≤0.05, **p≤0.01, two-way ANOVA, Tukey correction for multiple comparisons).

(described in online supplementary methods). Exposure to TNF 
increased monocyte adhesion compared with saline (figure 4C). 
Transfection with the miR-27a-5p mimic increased monocyte 
adhesion both at baseline and following TNF stimulation, while 
miR-27a-5p inhibition mitigated monocyte adhesion primarily 
following TNF stimulation (figure 4C). In a transwell migration 
assay, MiR-27a-5p inhibition attenuated transendothelial migra-
tion of THP1 cells through an HPMEC monolayer following 
TNF stimulation but had no effect on transendothelial migration 
at baseline (figure 4D). Transfection with the miR27a-5p mimic 
resulted in enhanced migration of monocytes across the HPMEC 
monolayer following TNF stimulation (figure 4D). Transfection 
of either 40 nM or 80 nM of an small interfering RNA (siRNA) 
against VAV3 resulted in significant delay in wound closure 
(figure 5A,B) and decrease in the expression of VAV3 protein in 
HPMECs (figure 5C).

Inhibition of miR-27a-5p in vivo attenuated pulmonary 
cellular infiltration but not oedema formation following LPS-
induced lung injury
Intratracheal pulmonary endotoxin instillation coadministration 
with miR-27a-5p inhibitor results in a significant decrease in total 
cell count and neutrophil infiltration in mice that received the miR-
27a-5p inhibitor compared with NC (figure  6A,B). Lung injury 
scores were calculated on the basis of the relative degree of inflam-
mation, oedema, haemorrhage and atelectasis seen on histology 
(figure 6C). Coinstillation of LPS and miR-27a-5p inhibitor showed 
a partial decrease in total protein and IgM levels after LPS but this 
did not reach statistical significance (figure 6C). Endotoxin instil-
lation resulted in both increased miR-27a-5p and decreased VAV3 
protein expression (figure  6F–I). Immunohistochemistry shows 
decreased VAV3 antibody binding after LPS treatment (figure 6F, 
online supplementary material; miR-27a-5p inhibitor coinstillation 
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Figure 5  Inhibition of VAV3 delays wound closure: human 
pulmonarymicrovascular endothelial cells (HPMECs) were transfected 
with either an small interfering (siRNA) against VAV3 (40 nM or 80 nM) 
or scrambled control (80 nM) and 24 hours later a single scratch was 
made straight down the middle of the monolayer using a 100 µL pipette 
tip and tumour necrosis factor (TNF) (10 ng/mL) or saline added to the 
medium. Distance between the leading edges was measured at 0 and 
24 hours. (A) Micrographs from one representative experiment is shown 
(n=4). (B) Bar graph of normally distributed data (Kolmogorov-Smirnov 
test) shows relative change in wound closure as mean % closure±SD 
(*p≤0.05; two-way analysis of variance, Tukey correction for multiple 
comparisons). (C) Western blot showing downregulation of VAV3 
following transfection of siRNA against VAV3 (80 nM) or scrambled 
siRNA normalised to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH).

attenuates VAV3 protein expression decrease (figure 6H). Expres-
sion of VAV3 also decreased following LPS instillation in mice that 
received the NC but was preserved in mice that received the miR-
27a-5p inhibitor (figure 6I).

Increased miR-27a-5p expression in patients who died with 
ARDS
Diffuse alveolar damage (DAD) is the histological correlate 
of severe ALI for most patients with ARDS. Absence of fresh 
human lung tissue from patients with ARDS is a major obstacle 
to further pathological, molecular and mechanistic studies in 
ARDS. To circumvent this limitation, we obtained extensively 
annotated autopsy lung tissues from patients who died with 
ARDS with or without biopsy proven DAD. We extracted RNA 
from formalin-fixed paraffin-embedded lung sections, known to 
contain DAD or no-DAD tissue, and determined by quantita-
tive real-time PCR that the expression level of miR-27a-5p was 
significantly increased in ARDS lungs with DAD compared with 

no-DAD. These data support the importance of miR-27a-5p in 
human pathology (figure 7).

Discussion
Our group and others have shown that MSC administration 
reduces morbidity and mortality in experimental models of 
sepsis.4 20–23 Although these studies demonstrate the feasibility of 
cell-based technologies for the treatment of sepsis, mechanism(s) 
remain incompletely understood and are central to the develop-
ment of novel therapeutics. Here, we exploited the canonical 
relationship between miRs and their putative targets to identify 
miR-27a:VAV3 pair as both modulated by MSCs and putatively 
involved in sepsis-induced lung injury. In vitro using a relevant 
cellular model of primary human pulmonary endothelial cells 
exposed to TNF (TNF can reproduce many of the key physio-
logical and molecular derangements seen in sepsis), the human 
miR-27a-5p binds specifically to its target on the 3′UTR of VAV3 
and is involved in cellular migration, adhesion and transmigra-
tion, but not convincingly in endothelial permeability. In vivo, 
using an independent model of ALI induced by endotoxin instil-
lation, coadministration with the miR-27a-5p inhibitor prevents 
LPS-induced cellular infiltration, but not loss of barrier function. 
The clinical relevance of our findings is evidenced by increased 
miR-27a-5p expression in patients with ARDS who died with 
autopsy-proven DAD versus no DAD.

Using an miRNA:mRNA paired analysis approach, rather 
than matching miRs to putative mRNA lists post hoc, improved 
power and allowed us to derive important biological knowl-
edge from the involvement of miR-27a in the regulation of the 
host response to injury and MSC therapy. Enrichment analysis 
predicted miR-27a would contribute to actin cytoskeleton, 
leucocyte transendothelial migration, transmigration, adhesion 
(focal adhesion) and gap junction regulation which we confirmed 
using in vitro and in vivo functional assays. In silico, VAV3 
was predicted to be a key target—which we confirmed using a 
luciferase reporter system and siRNA against VAV3. This does 
not imply that VAV3 is the ‘only’ target nor that miR-27a-5p 
regulates the phenotype exclusively through VAV3 since other 
miR-27a-5p targets including ACE1, FGF7 and EGFR were also 
found to be regulated, both in vitro and in vivo, but the regula-
tory relationship to miR-27a was not exclusive, suggesting other 
(as of yet unknown) factors may further contribute. Importantly, 
inhibition of miR-27a-5p significantly reduced in vitro and in 
vivo evidence of endothelial cell dysfunction and ALI. Further 
studies will be required to elucidate the specific role(s) of VAV3 
as well as other miR-27a-5p targets. In the interim, the main 
conclusion of our study is that miR-27a-5p plays a biologically 
and possibly clinically relevant role in ARDS.

How MSCs regulate miR expression levels in recipients remains 
highly speculative. Recent studies have highlighted the function 
of miRNAs in the paracrine effects of MSCs. These miRNAs may 
either modulate expression of proteins secreted by MSCs or be 
contained in microvesicles and exosomes, to exert their regula-
tory function in target cells. We tried to glean possible mecha-
nisms by querying coregulation of the miR-27 cluster. miR-27a 
is part of the miR-23a~27a~24–2 cluster documented to have 
altered expression in many disease states24 involving various 
functions such as angiogenesis, cell differentiation, prolifera-
tion, inflammation25 and infection.26 27 All three miRNAs of this 
cluster are derived from a single primary transcript; transforming 
growth factor beta receptor 1(TGF-βR1) and SMAD transcrip-
tion factors are primary regulators of the cluster, but expression 
pattern of different members of the cluster may vary.24 Ours is 
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Figure 6  In vivo miR-27a-5p inhibition mitigates cellular infiltration but not protein and IgM leakage into alveolar space: mice were randomised 
to receive vehicle (HiPerfect Transfection reagent, HPF) or lipopolysaccharide (LPS) (10 mg/kg)±miR-27a-5p inhibitor (INH, 1.6 nmol) or negative 
control (NCtrl, 1.6 nmol) and 24 hours later lungs were lavaged and differential cell counts were determined. (A) The photomicrograph showing a 
representative field of H&E stained preparations from each group of mice (magnification 100×). Kolmogorov-Smirnov test demonstrates that data 
are normally distributed. Bar graphs showing differences in (B) total cell count, and differential macrophages and neutrophils as mean±SD (n=4–8; 
*p≤0.05; two-way analysis of variance (ANOVA)) in bronchoalveolar lavage fluid (BALf). (C) Bar graphs showing changes in lung injury score; (D) 
total protein (mg/mL); and (E) total IgM (ng/mL) in BALf. Data are represented as means±SDs (*p≤0.05; two-way analysis of variance (ANOVA), Tukey 
correction for multiple comparisons). (F) Immunohistochemistry staining for VAV3 in lungs of wild-type mice 24 hours post-LPS (10 mg/kg)±INH (1.6 
nmol) or NCtrl(1.6 nmol). (G) Bar graph showing fold change (FC) in the expression of miR-27a-5p normalised to miR-191. (H) Bar graph showing 
relative change in DAB stain showing change in VAV3 staining in lung tissues and (I) western blot showing changes in the VAV3 protein expression 
in lung tissues from mice 24 hours post-LPS (10 mg/kg)±INH (1.6 nmol) or NCtrl (1.6 nmol). Data represented as means±SDs (*p≤0.05; two-way 
ANOVA, Tukey correction for multiple comparisons). NC, negative control; Sal, saline.

Figure 7  Upregulation of miR-27a-5p in human acute respiratory distress syndrome (ARDS) lungs. Real-time PCR results for miR-27a-3p and miR-
27a-5p expression in RNA extracted from formalin-fixed, paraffin-embedded lung autopsy samples from patients who died from ARDS with or without 
diffuse alveolar damage (DAD). Box plots shows fold change with respect to no-DAD cohort normalised to miR-191. Data are presented as median 
and IQR (n=4–8 per group; p values are shown for comparisons using Mann-Whitney test).
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the first report underscoring the role of miR-27a-5p in acute 
inflammatory pulmonary injury. Previous reports implicate miR-
27a in the regulation of VE-cadherin, vascular leak and recovery 
from ischaemic injury.28 Little is known about the role of miR-
27a-5p in cell migration, transmigration and adhesion, and much 
of what is known has been primarily defined in malignancy. In 
these models, miR-27a acts as a tumour suppressor by inhibiting 
TGF-βRI signalling pathway.29

The Vav family of proteins (Vav1, Vav2, Vav3) are cytoplasmic 
guanine nucleotide exchange factors (GEFs) for Rho-family 
GTPases. Specific receptor signalling results in the tyrosine 
phosphorylation of Vav proteins and hence their activation.30 
Results from mice deficient in one or more Vav proteins show 
critical roles in cell development, activation as well as sensing 
of bacterial products: LPS binding protein, CD14, Toll-like 
receptor 4 (TLR4) and MyD88, conveying threat signals from 
the cell membrane to intracellular intermediate mediators Rac1, 
Cdc42, ras homology gene (RhoG) and rho associated coiled-
coil containing protein kinase 1 (ROCK). These processes are 
associated with multiple cell shape changes that rely on the reor-
ganisation of the cytoskeleton.31 In this context, small GTPases 
of the RhoA family play essential regulatory roles. Vav proteins 
are activated by EGFR and fibroblast growth factor 2 receptor 
signalling.32 VAV3 also plays a key role as part of the integrin 
adhesome, a complex interactome involved in the transduc-
tion of integrin-related signalling.33 34 VAV3-deficient mice 
have hypertension and cardiac hypertrophy.35 In the immune 
system, deletion of Vav genes results in compromised immune 
responses.36

Of specific interest to ARDS, miR-27a was shown to be upreg-
ulated in microparticles derived from vascular smooth muscle 
cells exposed to mechanical cyclic stretch. Multipoint injection 
of antagomiR-27a around carotid artery decreased miR-27a 
expression in vivo and reversed abnormal endothelial cell prolif-
eration suggesting a role for miR-27a in vascular remodelling.37 
In studies using Townes humanised sickle cell (SS) murine models 
of haemolysis triggered endothelial dysfunction. In this model, 
haemin released during haemolysis (also happens in severe 
ARDS) leads to pulmonary hypertension and right ventricular 
hypertrophy associated with reduced lung levels of peroxisome 
proliferator-activated receptor γ and increased levels of miR-
27a; inhibition of miR-27a reconstituted endothelin-1 levels and 
mitigated endothelial cell dysfunction in the SS mouse lung.38 
Our study focused on the role of miR-27a in ALI, possibly longer 
time points would provide important clues to a role in repair and 
remodelling postacute injury.

While in our model the 5p mature strand of miR-27a was 
the primary target of regulation, our initial experiments have 
shown that miR-27a-3p is also upregulated in response to an 
inflammatory stimulus in HPMECs. Future studies involving 
detailed analysis of both targets will elucidate their role(s) in 
ARDS. Here we focused primarily on the role of miR-27a-5p 
in endothelial cells but given the critical role of VAV3 in 
immune cells, future studies using gene-specific deletion mice 
are warranted. Exciting results from time-series miRNA-mRNA 
integrated analysis identified various miRNAs whose expression 
differs significantly between M1 and M2 polarised macrophages 
and miR-27a-5p was one of the top miRs regulated during M2 
polarisation.19 Furthermore, upregulation of miR-27a enhances 
the expression of proinflammatory cytokines in TLR4-activated 
macrophages via downregulation of interleukin 10 (IL-10).25 
Since MSC treatment is known to induce polarisation of macro-
phages, possibly in an IL-10 dependent manner,20 this suggests 
regulation of miR-27a in myeloid derived cells might play an 

important role in defining myeloid endophenotypes following 
ALI.

In summary, although various genes were predicted to be miR-
27a-5p targets (ACE1, EGFR, FGF7 and NRF2), the regulation 
of VAV3 by miR-27a-5p in primary human microvascular endo-
thelial cells was the most robust in vitro. This does not preclude 
the coexistence of other tight regulatory relationships between 
miR-27a-5p and its other targets in other cells, by alternative 
stimuli and/or at different time points. Our in vivo experiments 
show proof of principle that miR-27a-5p plays an important 
role in early ARDS. Future studies are currently underway to 
demonstrate whether RNA-based therapeutics at later time 
points represents a viable option for treatment. From a clinical 
perspective, the potential pleotropic beneficial effects of miR-
27a-5p inhibition suggest RNA-based therapeutics targeting this 
miRNA early in the course of illness may modulate the progres-
sion of ALI and ARDS.
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