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Abstract
The miR-200 family, consisting of miR-200a/b/c, miR-141, and miR-429, is well known to inhibit epithelial-to-mesenchymal 
transition (EMT) in cancer invasion and metastasis. Among the miR-200 family members, miR-200a/b/c and miR-429 have 
been reported to inhibit angiogenesis. However, the role of miR-141 in angiogenesis remains elusive, as contradicting results 
have been found in different cancer types and tumor models. Particularly, the effect of miR-141 in vascular endothelial cells 
has not been defined. In this study, we used several in vitro and in vivo models to demonstrate that miR-141 in endothelial 
cells inhibits angiogenesis. Additional mechanistic studies showed that miR-141 suppresses angiogenesis through multiple 
targets, including NRP1, GAB1, CXCL12β, TGFβ2, and GATA6, and bioinformatics analysis indicated that miR-141 and its 
targets comprise a powerful and precise regulatory network to modulate angiogenesis. Taken together, these data not only 
demonstrate an anti-angiogenic effect of miR-141, further strengthening the critical role of miR-200 family in the process 
of angiogenesis, but also provides a valuable cancer therapeutic target to control both angiogenesis and EMT, two essential 
steps in tumor growth and metastasis.

Keywords  miR-141 · miR-200 family · Angiogenesis · Regulatory network

Introduction

Angiogenesis, the growth of new capillary vessels from 
existing vasculature, plays an essential role in a number of 
physiological and pathological processes, including embry-
onic development, wound healing, inflammation, and tumor 
growth and metastasis [1–3]. MicroRNAs (miRNAs) are a 
class of highly conserved non-coding small RNA molecules 
that post-transcriptionally down-regulate target gene expres-
sion through translational repression or mRNA degradation 
[4]. Accumulating evidence suggests that miRNAs play a 
critical role in various bioprocesses, including angiogenesis 
and tumor progression [5–7].

The miR-200 family of miRNAs contains five members, 
and organized into two clusters: miR-200b/a/429 and miR-
200c/141. This family has been well documented to play an 
essential role in tumor maintenance and malignant metas-
tasis by targeting several central inducers of the epithelial-
to-mesenchymal transition (EMT) process, such as ZEB1, 
ZEB2, and SLUG [8–10]. Additional studies have shown that 
some miR-200 family members also regulate the process of 
angiogenesis [11–13]. The role of miR-141 in angiogenesis, 
however, remains unclear as contradicting lines of evidence 
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suggest that miR-141 could promote [14, 15] or inhibit 
[16] angiogenesis. For example, xenografts from Kras-
transformed mouse fibroblasts that overexpressed miR-141 
developed more large blood vessels than those that did not 
[14]. In line with this, non-small cell lung cancer (NSCLC) 
patient samples with high levels of miR-141 expression had 
greater microvessel density than those with less miR-141 
expression [15]. In contrast, miR-141 has been shown to 
reduce microvessel density and primary tumor growth in a 
basal-like breast cancer model [16]. These studies, however, 
were conducted in tumor-based models or patient samples 
with complicated microenvironments and various cell–cell 
interactions that prevent the evaluation of the direct role of 
miR-141 in vascular endothelial cells.

In this study, we explored the role of miR-141 in angio-
genesis using several endothelial angiogenesis models both 
in vitro and in vivo. We demonstrated that miR-141 inhibits 
endothelial cell proliferation, migration, and tube formation 
in vitro, as well as angiogenesis in vivo. In silico analy-
sis and functional studies revealed that miR-141 represses 
angiogenesis through multiple targets, including NRP1, 
GAB1, CXCL12β, TGFβ2, and GATA6. Literature review-
ing and bioinformatics analysis indicated that these targets 
are located in different cell components and may constitute 
a “3D” regulatory network through which miR-141 modu-
lates different steps of angiogenesis. Taken together with 
previous findings regarding the involvement of miR-141 in 
EMT regulation, our results shed light on the critical role 
of miR-141 in the processes of EMT and angiogenesis, two 
essential steps in tumor growth and metastasis. Thus, our 
findings may support the development of miR-141-based 
tumor therapy.

Materials and methods

Cell culture

Human primary umbilical vein endothelial cells (HUVECs) 
were isolated from the human umbilical cords of healthy 
newborns, as described previously [17]. The use of human 
umbilical cords was approved by the Ethics Committee of 
Zhejiang University School of Medicine (Approval ID 2010-
121). HUVECs were cultured in modified endothelial cell 
growth medium containing 52% M199 medium (Life Tech-
nologies, Carlsbad, CA, USA), 36% Human Endothelial-
SFM (Life Technologies), 10% fetal bovine serum (FBS, 
Life Technologies), and 15 µg/ml endothelial cell growth 
supplement (ECGS, Millipore, Billerica, MA, USA). 
HUVECs were used in the experiments between passages 3 
and 8. HEK293T and HEK293T/17 cells were maintained in 
Dulbecco’s Modified Eagle’s Medium (Life Technologies) 
supplemented with 10% FBS (Hyclone, Logan, UT, USA). 

All cells were incubated at 37 °C in an incubator with a 
humidified atmosphere of 5% CO2.

Plasmid construction

For dual-luciferase reporter assays, the regions of the 3′UTR 
sequences containing the predicted miR-141 binding sites of 
CXCL12β, GAB1, GATA6, NRP1, RUNX1, or TGFβ2 were 
cloned into the XhoI and NotI sites of psiCHECK-2 dual-
luciferase reporter vectors (Promega, Madison, WI, USA). 
The cloned regions are listed in Supplementary Table S1. 
Site-direct mutagenesis of miR-141 binding site was per-
formed using the FAST Mutagenesis System (TransGen 
Biotech, Beijing, China) as described in Supplementary 
Table S2. The tested 3′UTR regions of CXCL12β, GATA6, 
and RUNX1 were synthesized by FulenGen Co. (Guang-
zhou, China). To construct the miR-141 lentivirus expres-
sion plasmid, the pri-miR-141 sequence was PCR amplified 
from HUVEC genomic DNA and cloned into the XbaI and 
EcoRI sites of a pMIRNA1 vector (System Biosciences, 
Palo Alto, CA, USA). All primers used are listed in Supple-
mentary Table S3. All constructs were verified using DNA 
sequencing.

Lentivirus packaging and transduction

The miR-141 lentivirus was produced by co-transfecting 
HEK 293T/17 cells with pMIRNA1-miR-141, psPAX2, and 
pMD2.G. Transfection was carried out using Lipofectamine 
2000 (Life Technologies) according to the manufacturer’s 
protocol. Forty-eight hours after transfection, supernatant 
containing the lentivirus was harvested, centrifuged at 
600×g for 5 min, filtered through a 0.45-µm PES filter, ali-
quoted, and stored at − 80 °C. Viral titer was determined 
using serial dilution and fluorescence detection. Transduc-
tion was carried out in the presence of 10 µg/ml polybrene 
(Millipore). The supernatant was removed 24 h after trans-
duction, and GFP-positive cells were examined under a fluo-
rescence microscope. The GAB1 lentivirus was produced 
using the same procedure described above.

RNA oligoribonucleotides and transfection

HUVECs were grown to 60–70% confluence before trans-
fection with siRNAs, miRNA mimics (miR-141 mimic or 
agomir-141) or miRNA inhibitor (miR-141 inhibitor) at 
40 nM. Transfections were performed with Lipofectamine 
RNAiMAX Transfection Reagent (Life Technologies) 
according to the manufacturer’s protocol. The negative 
control RNAs for siRNAs (NC), miRNA mimics (NC or 
agomir-NC), and miRNA inhibitor (NC inhibitor) have no 
genetic homology with human or mouse genomic sequences. 
The siRNAs used are listed in Supplementary Table S4. All 
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siRNAs, miRNA mimics, and miRNA inhibitor were pur-
chased from GenePharma Co. (Shanghai, China).

RNA extraction, reverse transcription PCR, 
and real‑time PCR

Total RNA was extracted from cultured cells using Trizol 
reagent (Life Technologies) and a Direct-zol-RNA-Mini-
Prep kit (ZYMO Research, Irvine, CA, USA). RT-PCR was 
performed using TaqMan primers (Life Technologies). U6 
small nuclear RNA was used as an internal control. To quan-
tify mRNA levels of candidate target genes, reverse tran-
scriptase reactions were carried out with 500 ng total RNA 
and M-MLV Reverse Transcriptase (Life Technologies). The 
real-time PCR analyses of CXCL12β, GAB1, GATA6, NRP1, 
RUNX1, TGFβ2, and GAPDH genes were performed using 
a SYBR Premix Ex Taq kit (TAKARA Bio, Shiga, Japan). 
The real-time PCR primers used are listed in Supplemen-
tary Table S5. All primers were synthesized by Sangon Co. 
(Shanghai, China). All mRNA levels were normalized to the 
GAPDH mRNA level. Data were analyzed using the ΔΔC

t
 

method.

Western blot analysis

Transfected HUVECs were harvested and lysed in RIPA 
buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS, and pro-
tease inhibitor cocktail (Roche Diagnostics, Indianapolis, 
IN, USA)] for 30 min on ice. Cell lysates were separated 
by electrophoresis in 10–15% SDS-polyacrylamide gels 
and blotted onto nitrocellulose membranes. Western blots 
were performed using the antibodies listed in Supplemen-
tary Table S6. The IRDye 800CW-labeled goat anti-rabbit 
or anti-mouse secondary antibody (Li-COR Biosciences, 
Lincoln, NE, USA) was visualized and quantified using an 
Odyssey Infrared Imaging System (LI-COR Biosciences).

Dual‑luciferase reporter assay

Luciferase reporter assays were performed in HEK293T 
cells. Twenty-five thousand cells per well were seeded in 
a 96-well plate. After 24 h, the cells were co-transfected 
with 5 pmol miR-141 mimic and 25 ng psiCHECK2-X plas-
mids, where X stands for the predicted target genes using 
Lipofectamine 2000 (Life Technologies), according to the 
manufacturer’s protocol. Cell extracts were prepared using 
1 × Passive Lysis Buffer (Promega) 48 h after transfection, 
and luciferase activity was measured using the Dual-Lucif-
erase Reporter Assay System kit (Promega). Renilla lucif-
erase activity was normalized to Firefly luciferase activity 
(RL/FL) for each group before comparison with the corre-
sponding control group.

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) 
was used to measure proliferation of transfected HUVECs, 
according to the manufacturer’s protocol. Twenty-four hours 
after transfection, HUVECs were harvested and seeded in 
96-well plates at a density of 2000 cells per well. The base-
line was determined when the cells adhered to the plate. Cell 
numbers were detected by measuring OD450 in a microplate 
reader at days 1, 2, 3, and 4 after seeding.

Real‑time cell migration assay using 
the xCELLigence system

The xCELLigence system is a versatile device that quanti-
tatively measures the migratory ability of cells in real time 
without exogenous labels [18]. HUVECs were harvested and 
seeded 10,000 cells/well in a cell invasion and migration 
plate (CIM-plate 16), and the real-time cell migration assay 
was performed in the xCELLigence RTCA DP Analyzer 
(Roche).

Wound healing assay

HUVECs were seeded in six-well plates and cultured to a 
confluent monolayer. Three separate wounds were scratched 
using a pipet tip and cells were rinsed with culture medium. 
Pictures of the wound were taken at the same position under 
a microscope (Nikon Ts-i, Nikon, Shinagawa, Japan) at 0 h 
and 12 h. Migration ability was analyzed by quantifying 
the wound area using Image Pro Plus software (IPP, Media 
Cybernetics, Rockville, MD, USA).

Tube formation assay

A tube formation assay on Growth Factor Reduced (GFR) 
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was 
employed to evaluate capillary-like structure formation by 
HUVECs. At 24-h post-transfection, HUVECs were washed 
twice with serum-free medium, then 3500 cells were sus-
pended in 50 µl serum-free medium and plated on µ-slide 
angiogenesis plates (ibidi GmbH, Martinsried, Germany) 
coated with 10 µl GFR Matrigel. The extent of tube forma-
tion was assessed 6–8 h after seeding. IPP software was used 
to quantify tube length and branch points.

In vivo matrigel plug assay

The in vivo matrigel plug assay was performed as described 
previously [19] with some modifications. Briefly, 100 µM 
agomir-141 or agomir-NC (GenePharma Co.) was resus-
pended in 30 µl PBS and mixed with 500 µl Matrigel Base-
ment Membrane Matrix (BD Biosciences) containing 15 
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units of heparin (Sigma-Aldrich). The matrigel mixture was 
injected subcutaneously into 5–7-week-old C57 BL/6 mice 
along the abdominal midline. After 6–8 days, the animals 
were sacrificed and plugs removed. Angiogenesis ability 
was quantified by immunohistochemical staining of blood 
vessels, as described below. Mice were treated and cared 
for according to guidelines and protocols approved by the 
Medical Experimental Animal Care Commission of Zheji-
ang University (Approval ID ZJU201402-1-01-033).

Immunohistochemistry

Dissected matrigel plugs were fixed in 10% formalin and 
embedded in paraffin. 4-µm-thick sections were cut and sub-
jected to immunohistochemical staining. Neovessels were 
stained with a rabbit anti-CD31 antibody (ab28364; Abcam, 
Cambridge, UK). Sections were deparaffinized with xylene, 
rehydrated in ethanol, and boiled in 10 mM citrate buffer 
(pH 6.0) for 30 min for antigen retrieval. Endogenous per-
oxidase was blocked by treatment with 3% H2O2 in metha-
nol for 10 min. Slides were then blocked in goat serum for 
30 min at room temperature, incubated with the anti-CD31 
primary antibody at a dilution of 1:100 at 4 °C overnight, 
incubated with anti-rabbit secondary antibodies for 1 h, and 
visualized using the EnVision System (DAKO Corporation, 
Carpinteria, CA, USA) and diaminobenzidine (DAB) sub-
strate kit (Life Technologies). Slides were counterstained 
with hematoxylin. Negative controls were obtained through 
the same process but omitting primary antibodies. CD31-
positive vessels were counted in the five most highly vascu-
larized areas of each section at × 200 magnification.

Statistical analysis

The data are presented as the mean ± SD or percentages 
of the control ± SD from at least three independent experi-
ments. The cell migration curve was analyzed using a two-
way ANOVA analysis. miRNA or mRNA expression in more 
than two groups and cell proliferation at different time points 
were compared using one-way ANOVAs. Comparisons of 
two groups were conducted using two-tailed unpaired Stu-
dent’s t tests. N denotes the number of mice used for in vivo 
experiments. All analyses were performed using Graph-
Pad Prism 5 (Graph Software, Inc., San Diego, CA, USA). 
P < 0.05 was considered statistically significant.

Results

All the members of miR‑200 family inhibit HUVEC 
tube formation in vitro

The tube formation assay, one of the most widely used 
assays to model the process of angiogenesis in vitro, was 
employed to evaluate the activity of the five members 
of the miR-200 family in angiogenesis. Interestingly, in 
addition to verifying the previously reported inhibition 
of angiogenesis by miR-200a, miR-200b, miR-200c, and 
miR-429, our study showed that miR-141 also inhibited 
HUVEC tube formation in vitro (Fig. 1). This result indi-
cates that all the five members of miR-200 family have the 
potential to suppress angiogenesis.

miR‑141 inhibits angiogenesis in vitro

We next performed a series of in vitro analyses to clarify 
the role of miR-141 in the process of angiogenesis. First, 
we transiently transfected HUVECs with a synthetic miR-
141 mimic to overexpress miR-141 or a miR-141 inhibi-
tor to block endogenous miR-141 function. HUVEC pro-
liferation assay showed that overexpression of miR-141 
repressed the proliferation of HUVECs (Fig. 2a), whereas 
suppression of endogenous miR-141 promoted prolifera-
tion (Fig. 2b). To confirm the suppressive effect of miR-
141 in HUVEC proliferation, we transduced HUVECs 
with a lentivirus expressing pri-miR-141 to generate 
mature miR-141 using the intracellular miRNA biogen-
esis system (Fig. S1a, b). Unexpectedly, lentiviral-induced 
overexpression of miR-141 was more than 300-fold that 
of baseline expression. This level of overexpression is not 
normally expected in the cells; therefore, it may have had 
some unintended consequences on cell function. However, 
control and miR-141 lentiviruses infected similar numbers 
of cells and resulted in similar levels of GFP fluorescence 
(Fig. S1a). Overall, this experiment confirmed that over-
expression of miR-141 prominently inhibits HUVEC pro-
liferation (Fig. S1c).

To detect the effects of miR-141 in HUVEC migration, 
we analyzed cell migration using an xCELLigence real-
time migration assay, as well as a wound healing assay, 
after transfection with the miR-141 mimic and inhibitor 
described above. Both assays revealed that overexpression 
of miR-141 repressed migration, whereas suppression of 
endogenous miR-141 enhanced migration (Figs.  2c–f, 
S1d–f). Notably, the formation of capillary-like structures 
by HUVECs was reduced dramatically when miR-141 was 
overexpressed (Figs. 2g–i, S1g–i). In contrast, blocking the 
activity of miR-141 with the miR-141 inhibitor resulted 
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in enhanced tubular structure formation by HUVECs 
(Fig. 2g–i). Together, these in vitro results suggest that 
miR-141 negatively regulates angiogenesis through the 
inhibition of multiple bio-events.

miR‑141 inhibits angiogenesis in vivo

We used a matrigel plug assay to further validate the role 
of miR-141 in angiogenesis in vivo. In accordance with 
our in vitro results, after 6–8 days implanted in C57 BL/6 
mice, control group that treated with agomir-NC had more 
blood vessels than agomir-141 treated group (Fig.  3a). 
CD31 staining of the matrigel slices showed that there were 
fewer microvessels in miR-141 group than in control group 
(Fig. 3b, c). Collectively, our data suggest that miR-141 
inhibits angiogenesis both in vitro and in vivo.

Prediction and identification of miR‑141 targets 
involved in angiogenesis

To elucidate how miR-141 exerts its anti-angiogenic func-
tion, putative miR-141 target genes involved in controlling 
angiogenesis were predicted in silico using three algo-
rithms: TargetScan [20], PicTar [21], and DIANA microT 
[22] (Fig. 4a). Among the 76 commonly predicted miR-141 

targets, six were chosen for further validation due to their 
importance in angiogenesis: CXCL12β [23, 24], GAB1 
[25, 26], GATA6 [27], NRP1 [28, 29], RUNX1 [30, 31], 
and TGFβ2 [32, 33] (Fig. 4b). A dual-luciferase reporter 
assay revealed that co-transfection of HEK293T cells with 
miR-141 significantly inhibited the luciferase activity of 
constructs expressing the wild-type 3′UTRs of CXCL12β, 
GAB1, GATA6, NRP1, or TGFβ2. This inhibitory effect 
was abrogated when the predicted binding site in the 3′UTR 
was mutated (Fig. 4c). However, co-transfection with miR-
141 did not influence the activity of the luciferase reporter 
carrying the wild-type 3′UTR of RUNX1 (Fig. 4c). These 
results demonstrate that miR-141 may negatively regu-
late CXCL12β, GAB1, GATA6, NRP1, and TGFβ2, but not 
RUNX1, by binding to their mRNA 3′UTRs.

To confirm that miR-141 affects the expression of these 
targets in HUVECs, their mRNA and protein levels were 
analyzed by real-time PCR and western blot analysis after 
transfection with a miR-141 mimic. The mRNA levels of 
CXCL12β, GAB1, GATA6, and NRP1 did not change sig-
nificantly but TGFβ2 expression was significantly reduced 
(Fig. 4d). Meanwhile, the protein levels of GAB1, NRP1, 
TGFβ2 (preproprotein of TGFβ2) and GATA6, but not 
RUNX1, were down-regulated after miR-141 overexpression 
(Fig. 4e). Because CXCL12β is a small secreted chemokine 
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Fig. 1   The entire miR-200 family inhibits HUVEC tube formation. 
HUVECs transfected with individual miR-200 family member mim-
ics were harvested and reseeded into matrigel-coated µ-slide angio-
genesis plates for tube formation assays. a Representative pictures of 

HUVEC tube formation in the presence of miR-200 family mimics or 
a negative control (NC). Tube length (b) and branch points (c) were 
analyzed to evaluate angiogenic activity of each member. *P < 0.05, 
**P < 0.01
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and has been reported as the target of miR-141, we did not 
detect it using ELISA in this study [34]. Our findings are 
consistent with reports of GAB1, CXCL12β, and TGFβ2 as 
miR-141 targets in keloid fibroblasts, colorectal cancer cells, 
and colonic epithelia cells, respectively [34–36], and suggest 
that miR-141 may repress angiogenesis by modulating the 
expression of CXCL12β, GAB1, GATA6, NRP1, and TGFβ2 
at the post-transcriptional level.

miR‑141 inhibits angiogenesis through multiple 
targets

To test whether the anti-angiogenic effect of miR-141 is 
in fact due to the down-regulation of its five angiogenesis-
related targets, we conducted rescue experiments using 
tube formation as the detected endpoint. CXCL12β and 
TGFβ2, two secreted cytokines, were added directly to the 
medium to restore their protein levels. As the result, miR-
141-eliminated capillary-like structure formation was sig-
nificantly increased by 26.4% (CXCL12β rescue group) 
and 13.6% (TGFβ2 rescue group), with the tube length 
increasing from 61.0% of the NC group to 87.4% and 74.6%, 
respectively (Fig. 5a–c). GAB1 is a cytosolic protein, so 
we supplemented its expression using a lentiviral approach. 
After successfully boosting cellular GAB1 levels (Fig. 5g), 
miR-141-suppressed tube length rose from 17.1% of the 
empty vector-treated NC control group to 58.2% (41.1% 
increase) (Fig. 5d–g). Unfortunately, we failed to express 
GATA6 and NRP1 in HUVECs, and could not complete 
their rescue experiments. However, previous studies have 
reported that silencing or neutralizing these targets inhib-
its angiogenesis [27, 33, 37–39]. To confirm our findings, 
we knocked down the five miR-141 targets using siRNAs 
in HUVECs transfected with the miR-141 inhibitor, and 

Fig. 2   miR-141 inhibits HUVEC proliferation, migration, and tube 
formation in vitro. a, b HUVECs transfected with a miR-141 mimic 
(a) or miR-141 inhibitor (b) were harvested and reseeded into 96-well 
plates. Cell proliferation was evaluated using a CCK-8 kit on days 1, 
2, 3, and 4 after reseeding. c, d HUVECs transfected with a miR-141 
mimic or inhibitor were grown to a confluent monolayer for a wound 
healing assay. Dashed lines delineate the scratched wound area. 
Migration activity into the wound area was quantified relative to NC. 
e, f HUVECs transfected with a miR-141 mimic or inhibitor were 
harvested and reseeded into CIM-plates 16 for a real-time cell migra-
tion assay using the Roche xCELLigence system. Cell migration was 
quantified and plotted over a period of 18 h. g HUVECs transfected 
with a miR-141 mimic or inhibitor were harvested and reseeded into 
matrigel-coated µ-slide angiogenesis plates for tube formation assays. 
Representative pictures of tube formation of HUVECs are shown. 
Tube length (h) and branch points (i) were analyzed to evaluate angi-
ogenic activity. *P < 0.05, **P < 0.01

◂

Fig. 3   miR-141 inhibits 
angiogenesis in vivo. Matrigel 
containing agomir-141 (miR-
141) or agomir-NC (NC) was 
injected subcutaneously along 
the abdominal midline of C57 
BL/6 mice. Matrigel plugs 
were harvested 6–8 days after 
implantation, fixed, sliced, and 
immunohistochemically stained 
with an anti-CD31 antibody. 
a Representative pictures of 
the matrigel plugs harvested 
from mice. b Representative 
micrographs of matrigel plug 
slices immunohistochemically 
stained with an anti-CD31 anti-
body. Red arrows indicate the 
CD31 positive vessels. White 
boxes indicate enlarged areas of 
formed vessels. c Quantification 
of vessel density in matrigel 
plugs based on CD31 stain-
ing. N = 5. Scale bar 100 µm. 
*P < 0.05, **P < 0.01
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Fig. 4   Identification of miR-141 target genes involved in angiogen-
esis. a Venn diagram of miR-141 targets predicted by three different 
algorithms with 76 commonly hits. b Gene ontology and functional 
analysis revealed 6 commonly predicted targets that are associated 
with angiogenesis. c HEK293T cells were co-transfected with a miR-
141 mimic and psiCHECK2 plasmid containing luciferase and the 
normal or mutated binding site of each putative miR-141 target. Cells 
were lysed, and the ability of miR-141 to target the binding site was 

analyzed based on luciferase activity. d Real-time PCR analysis of the 
mRNA levels of each predicted miR-141 target gene after transfection 
with a miR-141 mimic. e Western blot analysis (IB) of the protein 
level of each predicted miR-141 target gene after transfection with a 
miR-141 mimic. Mean protein expression levels, relative to NC, are 
noted below each image. GAPDH was included as a loading con-
trol. Data shown are mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01
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evaluated the HUVEC tube formation. Our results showed 
that down-regulation of these targets antagonized miR-
141 inhibitor-promoted tube formation to varying degrees 
(Fig. S2). The inhibitory effects of siCXCL12β and siGAB1 
were significantly greater than those of the other three siR-
NAs (Fig. S2c). Taken together with our rescue experiment 
results, these data suggested that CXCL12β and GAB1 
might contribute more than the other targets to the miR-
141 angiogenesis regulatory network. In sum, we verified 
that miR-141 inhibits angiogenesis through multiple targets, 
including GAB1, CXCL12β, TGFβ2, GATA6, and NRP1 in 
our model.

Discussion

miR-141 is a tumor-related miRNA, found to be not only 
aberrantly expressed in many malignant tumors, but an 
active participant in various tumorigenic processes, includ-
ing EMT and tumor proliferation, migration, and inva-
sion [40]. However, the role of miR-141 in angiogenesis 
has remained ambiguous. In this study, we adopted several 
in vitro and in vivo endothelial cell-based angiogenesis 
models to clearly demonstrate that miR-141 functions as an 
anti-angiogenic molecule. Furthermore, we identified NRP1, 
GAB1, CXCL12β, TGFβ2, and GATA6 as the angiogenesis-
related target genes of miR-141 in endothelial cells, and ver-
ified that miR-141 blocks angiogenesis by down-regulating 

these multiple target genes. Hence, we can now conclude 
that the entire miR-200 family inhibits angiogenesis.

Among the members of miR-200 family, miR-200b was 
the first member to be identified as an angiogenesis suppres-
sor [11]. Later on, several reports showed that it directly 
targets VEGFA, FLT/VEGFR1, and KDR/VEGFR2, three 
key components of the VEGF signaling pathway [11, 41, 
42]. miR-200c and miR-429, sharing same seed sequence 
with miR-200b, were also reported to inhibit angiogenesis 
by targeting the VEGF signaling pathway directly or indi-
rectly [12, 43, 44]. In addition, miR-200a, which shares 
same seed sequence with miR-141, was found to repress 
angiogenesis through direct and indirect mechanisms by tar-
geting IL-8 and CXCL1 secreted by the tumor endothelial 
and cancer cells [16]. Although data revealed that there was 
direct binding between miR-200a and the 3′ UTR of IL-8 or 
CXCL1, lack of casual relationship among miR-200a, IL-8 
and CXCL1, and angiogenesis prevents to conclude that both 
genes are the real target genes of this miRNA. Here, after 
uncovering the inhibition function of miR-141 on angiogen-
esis, we adopted an in silico approach to predicate its puta-
tive target genes. Firstly, three mostly used bioinformatic 
algorithms (i.e., TargetScan, PicTar, and DIANA microT) 
were employed to extract possible target lists for each algo-
rithm. After overlapping these hits, we obtained 76 genes as 
putative targets. Secondly, a functional annotation cluster-
ing analysis was carried out to analyze their involvement 
in angiogenesis using the DAVID bioinformatics database, 

Fig. 5   miR-141 inhibits angiogenesis through multiple targets. a 
Representative images of HUVECs after transfected with a miR-141 
mimic, harvested, and reseeded into matrigel-coated µ-slide angio-
genesis plates with or without 100  ng/ml CXCL12β or 0.5  ng/ml 
TGFβ2. Tube length (b) and branch points (c) were analyzed to eval-

uate angiogenic activity. d–f HUVECs transduced with lentivirus-
GAB1 (Lv-GAB1) or a control vector (vector) were transfected with 
a miR-141 mimic, and tube formation was assessed. g Western blot 
analysis of GAB1. *P < 0.05, **P < 0.01
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and only two genes, NRP1 and TGFB2, were appeared in 
the angiogenesis cluster. Thirdly, we incorporated the latest 
gene function reports by searching literature, and further 
identified GAB1, CXCL12β, and GATA6 as angiogenesis-
related target genes of miR-141. Among these six genes, 
CXCL12β, TGFβ2, and GAB1 have already been reported as 
miR-141 targets in colonic epithelia cells, colorectal cancer 
cells, and keloid fibroblasts, respectively [34–36]. Based on 
published data and our results, we have found that some 
miR-200 family members have common targets, whereas 
some have unique targets, indicating that the target genes 
are cell context-dependent.

Combinatorial regulation is a feature of miRNA action in 
various bioprocesses [45]. After carefully considering that 
the five identified miR-141 targets localize to different cel-
lular components and function at various levels, forming 
distinct crosstalk and/or feedback loops, we propose that 
miR-141 precisely inhibits angiogenesis through a “3D” 
regulatory network (Fig.  6). Specifically, the secretory 

chemokine CXCL12β [23] and cytokine TGFβ2 [32] are 
extracellular targets, NRP1 is a cell membrane receptor [28], 
GAB1 is a docking protein [26], and GATA6 is an intracel-
lular transcription factor [27] (Fig. 6). The cell membrane 
receptor NRP1 acts as a co-receptor of VEGF to potentiate 
VEGF/VEGFR2 signaling [28, 29]. After the receptors are 
activated, the signal is transduced to GAB1 with the help of 
GRB2, and subsequently stimulates downstream signaling to 
promote angiogenesis [26]. The chemokine CXCL12β binds 
primarily to CXCR4, a G-protein-coupled receptor, which 
couples with the heterotrimeric G-protein Gαβγ to stimulate 
angiogenesis [23]. TGFβs bind to TGFβ type II receptors 
and activate two distinct type I receptors, ALK1 and ALK5, 
in endothelial cells, which leads to biphasic effects in angio-
genesis [32, 46]. It has been reported that the transcription 
factor GATA6 promotes angiogenesis by modulating TGFβ2 
expression and the intricate balance between ALK1- and 
ALK5-dependent signaling [27]. Overall, these five miR-
141 targets organize a kind of three-dimensional regulation 

Fig. 6   A schematic of the miR-141 regulatory network in angiogen-
esis. This schematic shows a network of angiogenesis-associated 
genes directly regulated by miR-141. Through this three-dimensional 

regulatory network, miR-141 inhibits angiogenesis by suppressing 
endothelial cell proliferation, migration, and tube formation
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network to modulate different biological processes of angio-
genesis. In the future, technical advance may allow us to 
simultaneously silence multiple target genes in HUVECs 
to precisely assess their contributions to this regulatory 
network.

Based on published data and our results, we posit that 
the function of miR-141 might vary across different situ-
ations and environments. In our study, we clearly showed 
that miR-141 has anti-angiogenic effects in endothelial 
cells. However, the environment inside a tumor is much 
more complicated than the experimental environment. 
First, the tumor cells themselves are heterogeneous; 
second, there are other cell types, such as macrophages, 
vessel endothelial cells, and tumor cell-derived endothe-
lial cell-like cells, with elaborate cell–cell crosstalk. For 
example, findings from Kras-transformed fibroblasts [14] 
and NSCLC patients [15] indicate that miR-141 promotes 
angiogenesis. These pro-angiogenic effects may be related 
to miR-141 activity in the tumor cells and/or tumor micro-
environments, rather than in the endothelial cells. There-
fore, future work should explore the roles of miR-141 in 
tumor versus endothelial cells, in vasculogenic mimicry 
and angiogenesis, in cell–cell communication, and in 
tumors in situ and distal metastatic foci based on a single 
tumor model.

EMT and angiogenesis are two key processes that pro-
mote tumor growth and metastasis. Because all the members 
of the miR-200 family inhibit both processes, they have great 
potential to be developed as cancer therapeutic targets. One 
remaining challenge is that the miR-200 family members 
may function differently in local tumors versus distant meta-
static foci. For example, there are several reports showing 
that the miR-200s enhance breast cancer cell colonization 
to form distant metastasis [47–49], so it might be necessary 
to adopt different strategies to treat tumors in situ and distal 
metastatic cancer.
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