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Abstract: Angiogenesis is an essential process for tissue growth and embryo development. However, inflammation, 
abnormal wound healing, vascular diseases, and tumor development and progression can result from inappropriate 
angiogenesis. Lipopolysaccharide (LPS) can activate various cells and alter endothelium function and angiogenesis. 
This study investigated the underlying molecular events involved in LPS-induced angiogenesis and revealed a novel 
strategy for controlling abnormal angiogenesis. LPS treatment promoted wound healing and tube formation in hu-
man umbilical vein endothelial cell (HUVEC) cultures and induced their expression of miR-146a. miR-146a was pre-
viously shown to regulate angiogenesis in HUVECs. Knockdown of miR-146a expression antagonized LPS-induced 
angiogenesis in vitro. Moreover, bioinformatic analyses predicted TGF-β1 as a target gene for miR-146a, which was 
confirmed by aluciferase reporter assay. Expression of miR-146a in HUVECs resulted in downregulation ofTGF-β1in 
HUVECs, whereas a miR-146a inhibitor upregulated the expression of TGF-β1 and TGF-β1 downstream proteins, 
such as phosphoraylation-Smad2 and plasminogen activator inhibitor type 1 (PAI-1). Furthermore, the TGF-β1 sig-
naling inhibitor SB431542 impaired the ability of miR-146a knockdown to suppress LPS-induced angiogenesis. 
Thus, LPS-induced angiogenesis of HUVECs functions through miR-146a upregulation and TGF-β1 inhibition. This 
study suggests that knockdown of miR-146a could activate TGF-β1 signaling to inhibit angiogenesis as a potential 
therapy for angiogenesis-related diseases.
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Introduction

Angiogenesis is a pivotal process in embryo 
development, tissue growth, and wound heal-
ing [1]. During angiogenesis, the endothelial 
cells that line the inner wall of the vasculature 
respond to growth signals, such as basic fibro-
blast growth factor (bFGF), vascular endothelial 
growth factor (VEGF), cytokines, or nitric oxide, 
to proliferate and migrate to form new vessels 
[2, 3]. Pathologically, angiogenesis can promo- 
te inflammation, abnormal wound healing, vas-
cular diseases, and tumor development and 
progression [4]. Thus, angiogenesis may be a 
therapeutic target for the treatment of various 
human diseases. For example, anti-angiogene-
sis treatments could be used in tumor therapy, 
whereas angiogenesis promotion could be us- 
ed to treat cardiovascular heart diseases [5, 6]. 

Many studies have shown that infectious dis-
ease-induced inflammation can promote can-

cer development and progression [7-11]. Gram-
negative bacterial endotoxin lipopolysaccharides 
(LPS) can induce inflammation-related cells to 
secrete a variety of pro-inflammatory and pro-
coagulant cytokines, nitric oxide, and eicosan- 
oids that induce tissue inflammation and alter 
endothelium functions and angiogenesis [12, 
13]. A previous study showed that LPS induces 
migration and tube formation of HUVECs [13]. 
Thus, LPS is a useful agent for triggering angio-
genesis in vitro in order to assess angiogenesis 
and the underlying molecular events. Here, we 
used an in vitro angiogenesis model using LPS-
stimulated human umbilical vein endothelial 
cells (HUVECs) to examine the underlying mo- 
lecular events of angiogenesis.

Transforming growth factor-beta (TGF-β) is a 
multifunctional cytokine that is involved in the 
regulation of proliferation, differentiation, mig- 
ration, and survival of many different cell types 
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[14], including blood endothelium. The role of 
TGF-β as a regulator of blood vessel endotheli-
um is complicated and controversial, and the 
mechanisms by which TGF-β decreases angio-
genesis in vitro are not well understood [15].

MicroRNAs (miRNAs), a class of small, naturally 
occurring, noncoding RNAs, function to post-
transcriptionally suppress expression of specif-
ic genes coding for target proteins. miRNAs 
bind to the 3’-untranslated region (UTR) of their 
target mRNAs via complete or partial base-pair 
complementarity, resulting in degradation or 
translational repression of these mRNA mole-
cules and subsequent regulation of various bio-
logical processes [16-20]. miRNAs can be used 
to therapeutically alter gene expression. A pre-
vious study showed that LPS induces the upreg-
ulation of miR-146a in HUVECs [13].

In this study, we utilized an in vitro model of 
HUVEC angiogenesis to investigate the underly-
ing molecular mechanisms of LPS-induced 
angiogenesis. We confirmed that LPS induces 
angiogenesis and upregulates expression of 
miR-146a in HUVECs. Bioinformatic analysis 
identified TGF-β1 as a target gene of miR-146a. 
Our study shows that LPS-induced angiogene-
sis occurs through miRNA-146a inhibition of 
TGF-β1 and that in vitro angiogenesis can be 
altered by inducing or inhibiting expression of 
miR-146a or TGF-β1. Thus, targeting miR-146a 
could be a therapeutic strategy for treating 
human cancers and other diseases involving 
angiogenesis.

Materials and methods

Cell lines and knockdown of miR-146a 

Human umbilical vein endothelial cells (HUV- 
ECs) were obtained from Clonetics (San Diego, 
CA, USA) and cultured according to a previous 
report [13]. miR-146a expression was knocked 
down by treating HUVECs with locked nucleic 
acid (LNA)-anti-miR-146a [13]. Briefly, the LNA-
anti-miR-146a molecules were synthesized to 
specifically knock down hsa-miR-146a. An LNA 
control was designed with mismatched oligo-
nucleotides in the seed region of known miR-
NAs to control for any interference during 
silencing. The LNA-anti-miR-146a and the con-
trol were synthesized using the following se- 
quences: LNA-anti-miR-146a: 5’-UGAGAACUG- 
AAUUCCAUGGGUU-3’ and control: 5’-CAGUAC- 
UUUUGUGUAGUACAA-3’. Synthetic miR-146a 

and RNA controls were purchased from Shang- 
hai Genechem (Shanghai, China). HUVECs were 
seeded at a density of 1 × 106 cells in 6-cm 
plates and treated with 1-25 nM LNA-anti-miR-
146a or LNA-control for 24 h. miR-146a levels 
were measured using qRT-PCR to determine 
the most effective concentrations.

RNA isolation and quantitative reverse tran-
scription-polymerase chain reaction (qRT-PCR) 

Total RNA isolation and synthesis were per-
formed according to commercial standard me- 
thods. Specially, for miR-146a qRT-PCR, total 
RNA was reverse transcribed using a miScript 
Reverse Transcription Kit (Qiagen, Hilden, 
Germany) with a miRNA-specific primer and 
qPCR was performed in an ABI PRISM 7500 
Real-Time PCR System (Applied Biosciences, 
Benicia, CA, USA) with miRNA-specific primers 
[13]. U6 was used as a normalization control. 
For qPCR, we used TGF-β1 specific primers 
(5’-GGCCAGATCCTGTCCAAGC-3’, 5’-GTGGGTTT- 
CCACCATTAGCAC-3’); PAI-1 specific primers 
(5’-CCTGGGCACTTACAGGAAGG-3’, 5’-GGTCCG- 
ATTCGTCGTCAAATAAC-3’); and used GAPDH as 
an internal control (5’-TCACCAGGGCTGCTTTT- 
AAC-3’ and 5’-GACAAGCTTCCCGTTCTCAG-3’). 
Relative expression levels were calculated 
using the comparative Ct method.

Wound healing assay

HUVECs were grown and transfected with the 
LNA-anti-miR-146a or LNA-control forfor 24 h 
and then treated with 1 μg/ml LPS (L3755; 
Sigma, St. Louis, MO, USA) for 24 h with or with-
out pretreatment for 1 h with aTGF-β type I 
receptor inhibitor SB431542 (0.5 mM; Tocris, 
Bristol, UK) according to a methoddescribed  
in a previous study [21] to inhibit TGF-β family 
signaling. When HUVEC monolayer cultures 
reached approximately 95-100% confluency, 
three scratches were made using a 200-μl 
pipette tip across the plates. After plates were 
washed with endothelium growth medium, 
HUVECs were grown for 24 h and photographs 
were taken at different time points. Data are 
summarized as means ± SD.

In vitro matrigel tube formation assay 

HUVECs were grown and transfected with the 
LNA-anti-miR-146a or LNA-control forfor 24 h 
and then treated with 1 μg/ml LPS for 24 h with 
or without SB431542 pretreatment for 1 h. 
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HUVECs (3 × 104 cells per well) were seeded 
onto matrigel plates (containing 200 μl matri-
gel; BD Biosciences, San Jose, CA, USA) and 
cultured for 18 h at 37°C in 5% CO2. Capillary-
like structures were evident and counted using 
a phase-contrast microscope and the networks 
formed by HUVECs were quantified with VID- 
EOMET software (Videojet Technologies Inc., 
Chicago, IL, USA). Data are summarized as 
means ± SD.

ELISA and western blot

A human TGF-β1 ELISA kit (eBioscience Inc., 
San Diego, CA, USA) was used to measure the 
level of supernatant TGF-β1 in HUVECs accord-
ing to the manufacturer’s instructions. Briefly, 
after miR-146a transfection and treatment of 
HUVECs, cells were collected and homogenized 
in a lysis buffer containing protease and phos-
phatase inhibitors (Sigma). Protein concentra-
tions were determined using BCA protein assay 
kits (Pierce, Waltham, MA, USA) and then sub-
jected to ELISA analysis of TGF-β1 levels. For 
each reaction in a 96-well plate, 100 µg of pro-
tein samples was used and ELISAs were per-
formed according to the manufacturer’s proto-
col (eBioscience Inc) with inclusion of a 
standard curve in each experiment. 

Antibodies used for western blot analyses 
included anti-phosphoraylation-Smad2 (p-Sm- 
ad2, phospho S250; ab184557, Abcam, Cam- 
bridge, MA, USA, 1:1000), anti-PAI-1 (ab125687, 
Abcam, 1:1000) and anti-β-actin (ab6276, Ab- 
cam, 1:2000), antibodies. Band intensities we- 
re analyzed using ImageJ software.

Bioinformatic analysis 

miRDB (http://mirdb.org) was used to predict 
miR-146a targets. Gene ontology analysis and 
pathway enrichment analyses were performed 
using the DAVID website (http://david.abcc.
ncifcrf.gov). Expression profiling of mRNAs was 
downloaded from correlative normalized GEO 
dataset (GSM1224744). The dataset was also 
used to compare the mRNA expression between 
LNA-antimir-146a LPS-treated HUVECs and 
LNA-control LPS-treated HUVECs.

Plasmid construction and luciferase assays

The 3’-UTR of TGF-β1 was amplified from 
human genomic DNA and cloned into a modi-
fied pGL3 luciferase vector (Promega, Madison, 
WI, USA) using the following primers: 5’-GTC- 

TGTGTGAGGGAGGGCT-3’ and 5’-GGAAATGTC- 
TGTGCTGT-3’. PCR products with the appropri-
ate primers to generate point substitutions in 
miRNA-complementarity binding sites were 
also inserted into the pGL3 vector (pGl3-TGF-
β1-UTR-mut) and used as a mutant control. 
After amplification and DNA sequencing verifi-
cation, the constructedDNAwere used for lucif-
erase reporter assays. HUVECs were grown and 
transfected with 1 μg of the pRL construct con-
taining Renillareniformis luciferase gene (a nor-
malization control), TGF-β1-luciferase-reporter 
construct (pGL3-TGF-β1 UTR), or constructs 
containing miR-146a binding motifs, miR-146a 
mimics (miR-146a) or negative controls (con-
trol) for 24 h using Lipofectamine 2000 (Invi- 
trogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. Relative lucifer-
ase activity was assessed using a dual lucifer-
ase assay system (Promega). Each transfection 
was performed in triplicate and repeated three 
times.

Statistical analyses

All statistical analyses were conducted by using 
PRISM software, version 4 (Graph Pad Software, 
La Jolla, CA, USA). All experiments were per-
formed in triplicate and repeated at least three 
times. Data are expressed as means ± SD and 
were statistically analyzed using two-tailed 
Student’s t tests or analysis of variance (ANOVA) 
tests. P < 0.05 (*), P < 0.01 (**), or P < 0.001 
(***) were considered statistically significant.

Results 

LPS induction of HUVEC migration, tube forma-
tion, and miR-146a expression 

We confirmed that LPS acts as an inflammatory 
mediator to induce angiogenesis in HUVECs in 
vitro as previously reported for several chronic 
inflammatory diseases [22, 23]. Specifically, 
the wound healing assay showed that LPS pro-
moted HUVEC migration, and tube formation 
assay indicated that LPS induced HUVECs to 
form microvessels in vitro (Figure 1A-D). LPS 
induced the upregulation of miR-146a expres-
sion (Figure 1E), which is consistent with a pre-
vious study [13].

Effects of miR-146a knockdown on LPS-in-
duced angiogenesis

To better understand the pathways affected by 
miR-146a knockdown in HUVECs, we mimicked 
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the HUVEC miR-146a-knockdown model devel-
oped in a previous report (Figure 2A) [13]. To 
investigate gene expression differences bet- 
ween miR-146a-knockdownLPS-treated HUV- 
ECs and miR-control LPS-treated HUVECs, we 
analyzed the expression profiles of a normal-
ized Gene Expression Omnibus (GEO) dataset. 
We selected upregulated genes with at least a 
2.0-fold increase in the miR-146a knockdown 

dataset compared with the control dataset. 
Pathway analysis of these differentially expre- 
ssed genes revealed significant enrichment of 
genes involved in several important cellular 
processes, including intracellular signaling cas-
cades, cytokine-mediated signaling pathways, 
negative regulation of endothelial cell migra-
tion, and blood vessel maturation (Figure 2B). 
Moreover, miR-146a inhibitor suppressed LPS-

Figure 1. Effects of LPS on angiogenesis and miR-146a expression in HUVECs. A. HUVEC cultures were treated with 
1 μg/ml LPS for 24 h and then subjected to wound healing assay at selected time points (every 4 h over the course 
of 24 h). Scale bar = 100 μm. B. Quantified data from A. C. HUVEC cultures were treated with 1 μg/ml LPS for 24 h 
and then subjected to in vitro tube formation assay. Scale bar = 50 μm. D. Quantified data from C. E. Duplicate HU-
VEC cultures were subjected to RNA isolation and qRT-PCR analysis of miR-146a expression. *Comparison between 
LPS-treated and control HUVECs. 

Figure 2. Knockdown of miR-146a suppressed LPS-induced angiogenesis. A. HUVEC cultures were transfected 
with miR-146a inhibitor (LNA-anti-miR-146a) and then treated with 1 µg/ml LPS for 24 h before being subjected to 
qRT-PCR analysis of miR-146a expression. B. Gene ontology classification of genes that were upregulated 2.0-fold 
or more in GSM1224744. C. HUVEC cultures were transfected with LNA-anti-miR-146a and treated with 1 µg/ml 
LPS for 24 h before being subjected to the wound healing assay. Scale bar = 100 μm. D. Quantified data from C. E. 
Duplicate HUVEC cultures were subjected to the in vitro tube formation assay. Representative images were taken at 
0 h and 24 h. Scale bar = 50 μm. F. Quantified data from E.
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induced HUVEC migration and, also, inhibited 
the capacity of LPS-induced HUVEC tube for-
mation in vitro (Figure 2C-F). 

Effects of miR-146a knockdown on LPS-in-
duced TGF-β signaling 

Previous studies indicated that overexpression 
of miR-146a modulates activation of hepatic 
stellate cells during TGF-β1 induction [19]; how-
ever, the mechanism of this effect has not been 
well characterized. Knockdown of miR-146a 
expression enhanced the expression of TGF-β1 
and plasminogen activator inhibitor type 1 (PAI-
1) mRNA (Figure 3A), and further confirmed the 
microarray data (Figure 3A). Knockdown of 

miR-146a expression also enhanced TGF-β1, 
PAI-1, and p-Smad2 protein levels in HUVECs 
(Figure 3B, 3C). These findings suggest that-
miR-146a knockdown may negatively regulate 
TGF-β signaling.

TGF-β1 is a target gene of miR-146a 

miRNAs function to posttranscriptionally inhibit 
the expression of genes, coding for their target 
protein, by binding to the 3’-UTR of their respec-
tive mRNA. Thus, we used qRT-PCR and ELISAs 
to compare TGF-β1 expression in HUVECs 
transfected with miR-146a or control (Figure 
4A). TGF-β1 RNA and protein expression were 
significantly reduced after overexpression of 

Figure 3. Knockdown of miR-146a-suppressed LPS-induced TGF-β signaling. A. HUVEC cultures were simultane-
ously subjected to microarray and qRT-PCR analyses of TGF-β1 and PAI-1 expression. B. HUVEC cultures were also 
subjected to ELISA analysis of TGF-β1 expression. C. HUVEC cultures were further subjected to western blot analysis 
of p-Smad2, Smad2, and PAI-1 expression. 

Figure 4. miR-146a directly targets TGF-β1. A and B. HUVECs were transfected with miR-146a and subjected to 
qRT-PCR analysis of miR-146a and TGF-β1 expression, respectively. C. Supernatants from miR-146a-transfected 
HUVECs were subjected to ELISA analysis of TGF-β1 protein expression. D. The predicted miR-146a target sequence 
in the 3’-UTR of TGF-β1 and the mutantcontaining eight mutated nucleotides (TGF-β1-mut). E. HUVEC cells were 
transfected with a reporter vector containing the WT (wild-type) or MUT (mutant) TGF-β 3’-UTR along with a control 
mimic (control) or miR-146a mimics (miR-146a). HUVECs were co-transfected with miR-146a and luciferase report-
ers containing either the predicted miRNA target site in the TGF-β1 3’-UTR or its corresponding mutant 48 hours 
after transfection. Levels were normalized to Renilla luciferase activity. F and G. TGF-β1 mRNA and protein levels 
were assessed by qRT-PCR and ELISA, respectively, in LPS-induced HUVECs. 
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miR-146a in HUVECs (Figure 4B, 4C). To obtain 
further direct evidence that miR-146a alters 
TGF-β1 expression via posttranscriptional eff- 
ects on the 3’-UTR of the gene, we constructed 
a luciferase reporter plasmid containing the 
3’-UTR of TGF-β1 (pGl3–TGF-β1-UTR) (Figure 
4D). As shown in Figure 4E, the luciferase activ-
ity in pGl3–TGF-β1-UTR-transfected cells was 
significantly reduced compared with luciferase 
activity in cells transfected with miR-146a tar-
get site mutant TGF-β1 3’-UTR and with that 
negative control cells. 

Because LPS-treated HUVECs show enhanced 
miR-146a expression, we hypothesized that 
LPS would induce angiogenesis by upregula- 
ting miR-146a expression that subsequently 
would reduce TGF-β1 expression. To test this 
hypothesis, we analyzed the expression of TGF-
β1 in LPS induced HUVECs. Using qRT-PCR, we 
observed that TGF-β1 mRNA levels were re- 
duced in LPS induced HUVECs compared to 
control group (Figure 4F). Furthermore, ELISA 
analyses showed a negative correlation bet- 
ween miR-146a levels and secreted TGF-β1 
protein levels in LPS induced HUVECs (Figure 
4G). Our results show that miR-146a directly 
binds and negatively regulates TGF-β1 mRNA 
stability.

Effects of the TGF-β1 signaling inhibitor 
SB431542 on miR-146a inhibitor-mediated 
suppression of LPS-induced angiogenesis and 
gene expression in HUVECs 

Thus far, we demonstrated that LPS-induced 
HUVEC angiogenesis occurs through miR-146 
upregulation resulting in TGF-β1 inhibition. To 
further confirm this finding, we utilized the TGF-
β1 signaling inhibitor SB431542 to antagonize 
the effect of LNA-anti-miR-146a on suppres-
sion of LPS-induced HUVEC angiogenesis in 
vitro. HUVECs were transfected with the miR-
146a inhibitor, treated with 0.5 mM SB431542 
for 1 h, and further treated with 1 µm/ml of LPS 
for 24 h. Wound healing and tube formation 
assays show that SB431542 treatment inhibit-
ed HUVEC migration and tube formation, 
respectively (Figure 5A-D). Our data further 
indicate that, as compared with the data shown 
in Figure 2B-E, SB431542 significantly impa- 
ired the ability of miR-146a inhibitor to sup-
press LPS-induced HUVEC angiogenesis. How- 
ever, HUVEC angiogenesis following treatment 
with SB431542 was similar to that of LPS-
treated HUVECs (Figure 1A-D). Moreover, the 
TGF-β1 pharmacological inhibitor downregulat-
ed the expression of p-Smad2 and PAI-1 
(Figures 5E, 4F). Thus, our data indicate that 

Figure 5. A. TGF-β1 inhibitor blocked miR-146a inhibitor-mediated suppression of LPS-induced angiogenesis and 
TGF-β signaling in HUVECs. A. HUVEC cultures were transfected with a miR-146a inhibitor (LNA-anti-miR-146a), 
pretreated with the TGF-β1 signaling inhibitor SB431542 for 1 h, and treated with 1 µg/ml LPS for 24 h before be-
ing subjected to the in vitro wound healing assay. Representative images were taken at 0 h and 24 h. Scale bar = 
100 μm. B. Quantified data from A. C. Duplicate HUVEC cultures were subjected to the in vitro tube formation assay. 
Scale bar = 50 μm. D. Quantified data from C. E and F. HUVEC cultures were also subjected to qRT-PCR analysis of 
PAI-1 expression and western blot analysis of Smad2, p-Smad2, and PAI-1 expression, respectively.
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LPS-induced angiogenesis occurs via upregula-
tion of miR-146a and subsequent inhibition of 
TGF-β1 expression. 

Discussion

In this study, we explored the underlying mech-
anisms of angiogenesis using an in vitro model 
of HUVEC angiogenesis following LPS treat-
ment. Our results suggest a novel strategy for 
manipulating tissue angiogenesis, which can 
help in clinically treating tumor angiogenesis 
and other angiogenesis-related diseases. Our 
current data indicate that i) LPS treatment pro-
motes HUVEC angiogenesis in vitro and induc-
es miR-146a expression, ii) knockdown of miR-
146a expression antagonizes LPS-induced 
angiogenesis, iii) TGF-β1 is a target gene of 
miR-146a, and iv) TGF-β1 signaling inhibitor 
SB431542 impairs the ability of miR-146a 
knockdown to suppress LPS-induced angiogen-
esis. Therefore, the mechanism of LPS-induced 
angiogenesis involves the upregulation of miR-
146a, which subsequently inhibits TGF-β1 
expression. Future studies will investigate the 
utility of miR-146a inhibitors for the treatment 
of human cancers and miR-146a mimics for the 
treatment of cardiovascular diseases such as 
myocardial infarction. 

LPS is a well characterized immune modulator 
that can induce tissue inflammation and pro-
mote angiogenesis [13, 24] and human cancer 
development and progression [25]. Further- 
more, LPS can be used as a stimulator of 
HUVEC angiogenesis to examine the molecular 
mechanisms of angiogenesis [13].

Profiling of miRNA regulatory genes can further 
the understanding of gene regulation and 
molecular signaling in normal and disease pro-
cesses. Emerging evidence accumulated dur-
ing the past decades implicate miRNAs in the 
pathogenesis of some human cancers [26]. 
Altered miRNA expression can contribute to cell 
transformation, tumorigenesis [27], and angio-
genesis [28]. miR-146a is reported to exert a 
tumor-suppressive role in many types of cancer 
[29], but other studies have shown that miR-
146a expression is upregulated in myeloma 
and prostate cancer and may, therefore, func-
tion as an oncogene [30]. Our previous study 
showed that miR-146a regulates HUVEC angio-
genesis via the NF-κB/CARD10 axis [13]. 

Therefore, we investigated whether miR-146a 
is involved in LPS-mediated angiogenesis.

Here, microarray data (GEO dataset: GSM12- 
24744), GO analysis, and our qRT-PCR data 
indicate that knockdown of miR-146a results in 
increased expression of TGF-β1 and other 
downstream genes. LPS induced miR-146a 
expression in HUVECs, which is consistent with 
data published previously in similar contexts 
[13, 31]. Upregulation of miR-146a expression 
is pro-angiogenic in LPS-induced HUVECs [13]. 
In contrast, blockage of miR-146a expression 
with locked nucleic acids in LPS-treated 
HUVECs impairs angiogenesis [13, 31]. 

miR-146a appears to play conflicting roles in 
different disease settings. A previous study 
showed that miR-146a plays a positive role in 
promoting the angiogenic activity of hepatocel-
lular carcinoma-associated endothelial cells 
[32]. However, other studies have reported that 
overexpression of miR-146a in castration-resis-
tant prostate cancer cell lines suppresses 
tumor cell growth, colony formation, and migra-
tion in vitro, and reduces tumorigenicity and 
angiogenesis in vivo [31-33]. Furthermore, miR-
146a can function as an inhibitor of angiogen-
esis via negative regulation of NRAS expression 
[34]. Thus, further study is needed to clarify the 
functions of miR-146a in various cancer and 
disease settings.

A single miRNA can target multiple protein-cod-
ing genes in cells and a single mRNA can be 
targeted by different miRNAs. Thus, depending 
on the different miRNA targets available, bio-
logical functions of miRNA could vary between 
different cell types or disease settings [35]. In 
our current study, we demonstrated that miR-
146a binds to the 3’-UTR region of TGF-β1 
mRNA and inhibits the expression of TGF-β1 
and TGF-β1-regulated genes such as p-Smad2 
and PAI-1.

The role of TGF-β as a regulator of adult vascu-
lar endothelium is complicated and controver-
sial [36]. The described dual actions of TGF-β in 
vascular growth are highly dependent on cell 
context [37] and balance between two distinct 
TGF-β receptor signaling pathways, namely 
activin receptor-like kinase 5 (ALK5)-Smad2/3 
pathway and the ALK1-Smad1/5 pathway [36, 
38]. Typically, the TGF-β1/ALK5 pathway leads 
to inhibition of endothelial cell migration and 



miR-146a inhibits TGF-β1 and induces angiogenesis

598 Am J Transl Res 2017;9(2):591-600

proliferation, whereas the TGF-β1/ALK1 path-
way induces endothelial cell migration and pro-
liferation [38]. Briefly, TGF-β can bind to the 
TGF-β type II receptor, thus phosphorylating/
activating ALK5 [39], which, in turn, phosphory-
lates Smad2/3 to induce expression of PAI-1 
and fibronectin to inhibit endothelial cell migra-
tion, proliferation, and tube formation [40, 41]. 
Our current dataon phosphorylation of Smad2 
were not in agreement with this description [37-
40]. We found only TGF-β1-induced phosphory-
lation of Smad2, but not Smad3, which is con-
sistent with a previous report [42], and may be 
partly due to parallel, but distinct, Smad path-
ways [43]. Altogether, TGF-β signaling is of criti-
cal importance in normal vascular development 
and physiology [36]; TGF-β1 can inhibit endo-
thelial cell proliferation, migration, and proteo-
lytic activity [44]. In our current study, we also 
used the expression of miR-146a to assess the 
effect of TGF-β type I receptor inhibitor SB43- 
1542 [45] on LPS-induced angiogenesis and 
on the levels ofPAI-1 and p-Smad2. These find-
ings further confirmed the importance of TGF-
β1 in miR-146a-mediated LPS-induced HUVEC 
angiogenesis. 

In our current study, we demonstrated the 
importance of miR-146a-induced TGF-β1 inhi-
bition in mediating LPS-induced HUVEC angio-
genesis in vitro. Future studies will investigate 
whether targeting miR-146a expression in vivo 
can modulate angiogenesis in various human 
diseases such as cancer, heart, and vascular 
diseases. We will also assess miR-146a-regu-
lated gene pathways (e.g., the NF-κB/CARD10 
or the TGF-β1 pathways) during angiogenesis.
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