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Abstract

Endothelial to mesenchymal transition (EndoMT) has been proposed to 
be involved in the loss of microvascular capillaries in the pathophysiology 

mesenchymal transition associated with the loss of cell-cell contacts and the 
acquisition of a synthetic, contractile phenotype. Here, we sought to identify 
microRNAs (miRNAs) that could play a central role in regulating EndoMT. 

in vitro
that were differentially expressed in normoxic and hypoxic conditions. These 

effect that was enhanced under hypoxia, which further augments EndoMT.
Silencing of miR-155 directly increased RhoA expression and activity in 
endothelial cells and affected phosphorylation of downstream LIMK. 
In contrast, overexpression of miR-155 counteracted RhoA function. 
Using a selective Rho kinase inhibitor, we could partly suppress EndoMT, 
strengthening the notion that RhoA plays a central role in EndoMT. Forced 
overexpression of miR-155 completely suppressed EndoMT, as evidenced 
by the maintenance of EC characteristics and blocking the acquisition of a 
mesenchymal phenotype, as compared to control cells. Our data demonstrate 
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Introduction

Endothelial to mesenchymal transition (EndoMT) is an essential process in 
embryonic development of the heart valves and involves dedifferentiation 
of endothelial cells towards a mesenchymal, synthetic phenotype1,2. At the 
same time, evidence is accumulating that EndoMT can also contribute to the 
loss of the microvasculature in the adult, limiting the long-term survival of 
transplanted organs3 and leading to end organ failure in progressive cardiac and 
renal disease4. EndoMT involves the dissolution of endothelial tight junctions, 
reorganization of the cytoskeleton, acquisition of invasive and migratory 
properties and the production and deposition of extracellular matrix5. These 

evidence is accumulating that EndoMT provides another source of tissue 
4. A common denominator in chronic diseases associated with 

of nitric oxide (NO)6. In mice, long term inhibition of NO synthesis with 
inhibitors of endothelial nitric oxide synthase (NOS3) leads to induction of 

endothelial cells (EC)7

8. These studies strongly suggest 

9. 

to the excessive formation of scar tissue, the associated loss of microvascular 
EC and capillary density, that eventually leads to a state of chronic ischemia, 

5

in the phosphorylation of SMAD2 and SMAD3. The phosphorylated 
SMAD2/3 complex subsequently associates with SMAD4 and translocates 
to the nucleus. This complex binds to SMAD-binding DNA elements and 
also to several regulatory molecules, thereby activating various transcriptional 
networks10,11.  
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MicroRNAs (miRNAs) are small ~22 nucleotide regulatory RNAs that 
function as negative regulators of gene expression12. Since these molecules 
play a central role in regulating cellular differentiation, miRNAs may also be 
involved in EndoMT. Support for this notion can be derived from the fact 

to mesenchymal transition (EMT). Among the best characterized miRNAs, 
miR-200 has been found to regulate EMT, by targeting the transcriptional 

13. Furthermore, miR-21 has been 
shown to be upregulated in EMT14 15. 
More recently, initial evidence detailing a role for miRNAs in EndoMT has 
come to light, with miR-21 silencing phosphatase and tensin homolog in EC 
resulting in activation of the Akt-pathway16. 

embryonic endothelial cells (MEEC), and determined the miRNA expression 

miRNAs. While miR-155 is important in regulating diverse processes such as 
immune regulation and cancer17, a role for this miR in EndoMT is currently 
unknown. Ras homolog gene family, member A (RhoA), which is a well-
established target of miR-15518, has been described as a regulator of EMT. 
In this study, we demonstrated that modulation of miR-155 levels in EC can 
affect EndoMT via targeting the RhoA pathway. 
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Materials and Methods

Cell Culture and induction of EndoMT

described19. MEEC were maintained on 1% (w/v) gelatin coating in Dulbecco’s 

supplemented with 10% fetal calf serum and 2 mM L-glutamine (Invitrogen). 

hours, unless indicated otherwise. For the culture of MEEC under hypoxic 

levels of <1%. To effectively block RhoA activity, we used the Rho kinase 

concentration of 3.5 μg/mL. For the scratch assay, MEEC were scraped in 
a straight line with a 200 μL pipette tip. A reference point was marked with 
a tip marker. Cell migration after 24 hours of incubation was determined by 
microscopy and expressed as migration distance in μm. 

MiRNA microarray

microarrays V2 (Invitrogen). For this, isolated RNA was poly-A tailed, 
followed by ligation of the capture sequences. Subsequently, the tagged 

labeled capture reagents were hybridized and signal intensity measured 
using an array reader. Data analysis was performed using BRB-ArrayTools 
developed by Dr. Richard Simon and BRB-ArrayTools Development Team. 
All data were normalized to miR-125b, as we have previously found miR-

RNA isolation and qRT-PCR analysis
Total RNA from kidneys was isolated using Trizol reagent (Invitrogen). 
Reverse transcription was performed using a 5 minute 65ºC incubation 
of 250 ng total RNA with dNTPs (Invitrogen) and oligo(dT) (Invitrogen) 

Foster City, CA, USA). cDNA was synthesized using a M-MLV First-
Strand Synthesis system (Invitrogen). Validation of target genes was 
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Biosystems) according to manufacturer’s instructions (Invitrogen),RNU6B 

using the delta delta Ct method.

Western Blot
Western blot analyses were performed on cellular lysates harvested in lysis 
buffer (50 mM Tris-HCl pH7.5, 150 mM NaCl, 1% SDS, 0,5% deoxycholate,  
0,5% Triton X-100) containing phosphatase and protease inhibitors. 
Following quantitation of protein determination, equal amounts of proteins 

conditions. Proteins were transferred to a PVDF membrane (Amersham, ‘s 
Hertogenbosch, the Netherlands). Primary antibodies were utilized to detect 

Co, USA).  Bound primary antibody was labeled with HRP-conjugated 
secondary antibody in blocking solution. Bound fragments were detected 
with chemiluminescent reagents (West Dura supersignal; ThermoFisher 

.

Antagonism and overexpression of miR-155
Design of Antagomirs
Cholesterol-conjugated RNA analogs, ‘antagomirs’, (Dharmacon RNA 
technologies, Lafayette, CO, USA) were synthesized as previously 
described20. For antagomir-155 the following sequence was used: 5’- 
ascscccuaucacaauuagcaususasas-Chol-3’. As a control a ‘scramblemir’ was used, 
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this RNA analog is constructed from a randomized nucleotide sequence which 
does not bind to any known microRNAs: 5’-asusgacuaucgcuauucgcsasusgs-
Chol-3’. The lower case letters represent 2’-O
subscript ‘s’ represents phosphorothiate linkage; ‘Chol’ represents a 
cholesterol-group linked through a hydroxyprolinol linkage. Antagomir 

stimulation at a concentration of 5 μg/mL.

Overexpression of miR-155
To overexpress miR-155, a synthetic pre-miR-155 precursor (Applied 

concentration of 100 nM. As a control, we used a negative control precursor 
molecule.  Per well, 4 μL of Lipofectamine 2000 (Invitrogen) was added to 
facilitate transfection.

Immunocytochemistry
For immunocytochemistry, MEEC were seeded into 4-well chamber slides. 

with 4% paraformaldehyde at room temperature for 5 min. The cells were 
subsequently washed again, and permeabilized with 0.5% Triton X-100 in 
PBS for 5 min at room temperature. Cells were then blocked with 10% 
normal goat serum in PBS for 30 min at room temperature, and incubated for 
1 hr with primary antibodies. The following primary antibodies were used: 
F-actin was visualized with 2 μg/mL phalloidin-TRITC (Sigma-Aldrich), 
pLIMK1/pLIMK2 (Cell Signaling Technology, Leiden, the Netherlands), 

1 hour at room temperature with the appropriate secondary antibodies. The 

4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, 

(Leica DM1-6000).

RhoA activity assay

performed according to the protocol of the manufacturer.

Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). Statistical 
analysis was performed using Student’s t-test. P<0.05 was considered 
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Results

in vitro and 
assessed whether they displayed mesenchymal characteristics. When MEEC 

(Figure 1A-B). A hallmark feature of mesenchymal transition is the expression 

contraction. When we visualized F-actin by immunostaining with phalloidin 

 A-B, Representative microscopic images of 
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21 (Figure 

regulated as previously described in EMT22. In contrast, the expression of 
EC intercellular junction protein CD31 was decreased.  Western blot analysis 

the level of protein expression (Figure 1H).  

EndoMT in vivo5, we investigated whether hypoxia also augmented EndoMT 
in MEEC. MEEC were cultured under normoxic and hypoxic conditions 

expectation, hypoxia induced a cellular disorganization that, when combined 

in F-actin immunostaining, as evidenced by a highly disorganized staining 

Finally, to validate increased production and deposition of extracellular 
matrix (ECM) under conditions of hypoxia, we performed Sirius Red staining 

production that was even furthers pronounced in hypoxia (from 4.51 ± 0.20 

of these cells to study mechanisms in EndoMT. 

To identify miRNAs that are differentially expressed during EndoMT, 

unstimulated control cells and processed the samples to determine their 

427 miRNAs assessed, 62 miRNAs displayed differential expression during 

the dedifferentiation process, while 11 miRNAs were upregulated during 
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expression for all tested miRNAs (Table 1). 
In our search for miRNAs that regulate EndoMT we selected miR-155 for 
further study as this miRNA is was one of the few up regulated miRNAs and 

18. 

Figure 2. Hypoxia augments, and RhoA is essential for, EndoMT.
A-B, representative microscopic images of cells cultured under hypoxic conditions in the 

of F-actin. E-H, Rho/ROCK inhibitor Y-27632 suppresses EndoMT. Representative 

Expression is relative to cell number. K, qRT-PCR analysis shows that miR-155 expression 
is increased in EndoMT and augmented by hypoxia. L, qRT-PCR analysis shows reduced 
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155 levels both under normoxic and hypoxic conditions in the presence or 

on miR-155 expression levels and that miR-155 expression quantitatively 
follows EndoMT.

Rho/Rock inhibition partly inhibits EndoMT

whether there is also a role for RhoA in EndoMT in MEEC. Using the Rho 

EndoMT as indicated by a preservation of endothelial cell morphology (Figure 

 
Data is normalized on miR-125b expression, which is the most highly expressed miRNA in 

as compared to miR-125b expression level. Third and fourth column show differential 
expression as determined by respectively microarray and qPCR. – is downregulation, + is 
upregulation.

miRNA TGF- Fold Change

- + array qRT -PCR

miR -125b 1 1 1 1

miR -424 0.13 0.03 -4.3 -2.5

miR -696 0.51 0.21 -2.4 1

miR -93 0.21 0.09 -2.3 n/a

miR -130a 0.19 0.09 -2.0 n/a

miR -15a 0.13 0.07 -1.9 n/a

miR -15b 0.13 0.07 -1.9 n/a

miR -106b 0.16 0.09 -1.8 n/a

miR -22 1 0.14 0.08 -1.8 n/a

miR -20a 0.13 0.08 -1.6 n/a

miR -16 0.34 0.21 -1.6 -2.0

miR -31 0.26 0.18 -1.4 n/a

miR -29a 0.31 0.22 -1.4 -1.5

miR -214 0.06 0.09 +1.5 +2.8

miR -155 0.06 0.08 +1.3 +1.5

miR -199a 0.08 0.10 +1.3 +2.0

miR -199a* 0.09 0.12 +1.3 +2.0

miR -22 0.17 0.22 +1.3 +1.5
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2L). This indicates that RhoA is essential for full transition of endothelial 
cells towards a mesenchymal phenotype.

silence miRNA expression in EC both in vitro as well as in vivo23. To study the 
effect of miR-155 silencing during EndoMT, we employed an antagomir to 
miR-155 and a control scramblemir that was designed to lack complementary 
to the mouse transcriptome. When we assessed the effect of silencing of 

Figure 3. Effect of miR-155 silencing on EndoMT and RhoA signaling. 

MEEC. C, Western blot for RhoA. Antagomir-155 vs scramblemir control at baseline and 

cells. E, increased migratory capacity of MEEC as a result of miR-155 silencing. Migration 
distance in μm was measured in a scratch assay.
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miR-155 on markers of EndoMT 48 hours after treatment we observed 

0.3, p<0.05) suggesting a repressive role for miR-155 in the basal regulation 
of cytoskeletal organization. 

MiR-155 regulates RhoA expression and activity in MEEC 
24 

we sought to determine if, similar to what has been described for EMT, miR-
155 can also regulate RhoA in EndoMT. Since the conversion of RhoA to 

25

stimulation in antagomir-155 and scramblemir treated cells. Figure 3B shows 

activity of RhoA activity in MEEC both before and at 1 and 2.5 hr after 

 demonstrated that silencing of 
miR-155 increases RhoA protein expression concomitant to the increased 

exceed the silencing effect of antagomir-155.  To further support the effect 
of miR-155 silencing on RhoA activity we assessed the phosphorylation of 
LIM kinase (pLIMK), a downstream effector of RhoA dependent stress 

24

antagomir-155 or scramblemir and stained for pLIMK at baseline and after 

a negative role for miR-155 in RhoA signaling. RhoA has been described to 
regulate the migration in endothelial cells26. We performed a scratch assay 
to see if cell migration was also affected by the silencing of mir-155. Twenty 
four hours after making a scratch, we found that the loss of miR-155 activity 
has a stimulatory effect on Rho-A dependent migration both in unstimulated 

limiting role for miR-155 in RhoA activity in MEEC.

EndoMT 
Following the above we postulated that overexpression of miR-155 could 
counteract EndoMT in MEEC. To test this hypothesis we treated MEEC for 
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for 48 hr to induce EndoMT. Increased levels of miR-155 lead to a virtually 

the maintenance of EC morphology (Figure 4A), while Western blot analysis 
of lysates harvested from MEEC treated with pre-miR-155 revealed that 

the regulatory role of miR-155 on EndoMT is secondary to inhibition of 
RhoA expression we also determined RhoA expression at baseline and 1 

miR-155 reduces RhoA protein levels compared to the scrambled control 
pre-miR (Figure 4C). Finally, overexpression of miR-155 was associated with 

Figure 4. miR-155 overexpression inhibits EndoMT.

control. C, RhoA Western blot, pre-miR-155 versus control pre-miR at baseline and 1 hr 
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Discussion

In this study, 

to mesenchymal transition and that this mechanism involved the activation 

prominent and an increase in production of extracellular matrix is found. 
When MEEC are cultured under hypoxic conditions, these features are even 
stronger.

and found several differentially regulated miRNAs. Overall, we found more 

effect on miRNA biosynthesis. This could be true as it has been described 
27. 

Several papers described endothelial cells to contribute to the development 
28,29. The 

pericyte-like cells30. This could mean that the processes of EMT and 

EndoMT. Furthermore, it is generally accepted that EndoMT is important in 
embryogenesis, e.g. during formation of the heart.
  

through targeting RhoA. We found the effect on RhoA activity and expression 

presence of antagomir-155, and vice versa when miR-155 was over expressed, 
effects were observed. In addition, in retinal epithelial cells it is described 

expression that way31

RhoA, thereby inducing endothelial barrier dysfunction32. By overexpressing 

   
In concordance with upregulation of RhoA activity due to silencing of miR-
155 we found increased expression of phosphorylated LIM-kinase, which is 
phosphorylated by ROCK, the direct target of RhoA24. pLIMK in its turn 



44   

activity anymore. So antagomiR-155 contributes to Rho-induced 
reorganization of the actin cytoskeleton and provides further evidence that 
miR-155 modulates EndoMT through RhoA regulation. Based on our data 
and supportive literature we propose a mechanism as illustrated in Figure 5.

Nevertheless, it is very well possible that miR-155 functions through other 
targets as well. For example, it has been described that miR-155 targets 

33. This mechanism 
could also be important in the context of EndoMT as SMAD5 could be 

includes SMAD234

During this transition miR-155 expression is increased, and is shown to 
modulate RhoA, and thereby acts as a negative feedback regulator. We 
showed that over expression of miR-155 can completely inhibit EndoMT 
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Figure 5. Schematic illustration of miR-155 
function in EndoMT. 

dependent manner. In addition, hypoxia 

other EndoMT related genes. RhoA is suppressed 
by miR-155, which implies a negative feedback role 
for miR-155 in RhoA regulation, and therefore 
EndoMT.



miR-155 regulates EndoMT through RhoA    45

2

References

-

2. Nakajima, Y., Yamagishi, T., Hokari, S. & Nakamura, H. Mechanisms involved in valvulosep-
tal endocardial cushion formation in early cardiogenesis: roles of  transforming growth factor 

3. Bruneau, S., et al. Key Features of  the Intragraft Microenvironment that Determine Long-Term 
Survival Following Transplantation. Front Immunol 3, 54 (2012).

-

293-298 (2008).
-

ers of  endothelial activation in kidney disease. Nat Rev Nephrol 6, 404-414 (2010).
7. O’Riordan, E., et al. Chronic NOS inhibition actuates endothelial-mesenchymal transforma-

Med 13, 952-961 (2007).

the rat. Cardiovasc Res 26, 671-677 (1992).

5764-5774 (2005).
-

ment and disease. Nat Rev Mol Cell Biol 8, 857-869 (2007).
12. Filipowicz, W., Bhattacharyya, S.N. & Sonenberg, N. Mechanisms of  post-transcriptional regu-

mesenchymal transition. Cell Cycle 7, 3112-3118 (2008).

and microRNA:mRNA regulatory networks in epithelial plasticity. Cells Tissues Organs 185, 
157-161 (2007).

15. Thum, T., et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase 

16. Kumarswamy, R., et al. Transforming growth factor-beta-induced endothelial-to-mesenchymal 
transition is partly mediated by microRNA-21. Arterioscler Thromb Vasc Biol 32, 361-369 
(2012).

-
cer. Int Rev Immunol 28, 264-284 (2009).

18. Kong, W., et al. MicroRNA-155 is regulated by the transforming growth factor beta/Smad 
pathway and contributes to epithelial cell plasticity by targeting RhoA. Mol Cell Biol 28, 6773-
6784 (2008).

(2005).



46   

-
tastasis. Cell 117, 927-939 (2004).

22. Taki, M., et al. Up-regulation of  stromal cell-derived factor-1alpha and its receptor CXCR4 
expression accompanied with epithelial-mesenchymal transition in human oral squamous cell 
carcinoma. Oncol Rep 19, 993-998 (2008).

24. Maekawa, M., et al. Signaling from Rho to the actin cytoskeleton through protein kinases 
ROCK and LIM-kinase. Science 285, 895-898 (1999).

25. Bhowmick, N.A., et al. Transforming growth factor-beta1 mediates epithelial to mesenchymal 
transdifferentiation through a RhoA-dependent mechanism. Mol Biol Cell 12, 27-36 (2001).

angiogenesis in vitro. Oncol Rep 15, 1147-1152 (2006).

microRNA maturation. Nature 454, 56-61 (2008).

(2008).
-

Pathol 175, 1380-1388 (2009).
-

gene and effector that regulates alpha-smooth muscle actin expression and cell migration. Mol 
Biol Cell 21, 860-870 (2010).

-

375-384 (2006).
33. Rai, D., Kim, S.W., McKeller, M.R., Dahia, P.L. & Aguiar, R.C. Targeting of  SMAD5 links mi-

3111-3116 (2010).

285, 41328-41336 (2010).



miR-155 regulates EndoMT through RhoA    47

2




