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Abstract Angiogenesis, a crucial step in tumor growth

and metastasis, is regulated by various pro- or anti-angio-

genic factors. Recently, microRNAs have been shown to

modulate angiogenic processes by modulating the expres-

sion of critical angiogenic factors. However, roles of tumor-

derived microRNAs in regulating tumor vascularization

remain to be elucidated. In this study, we found that delivery

of miR-494 into human vascular endothelial cells (ECs)

enhanced the ECmigration and promoted angiogenesis. The

angiogenic effect of miR-494 was mediated by the targeting

of PTEN and the subsequent activation of Akt/eNOS path-

way. Importantly, co-culture experiments demonstrated that

a lung cancer cell line, A549, secreted and delivered miR-

494 into ECs via a microvesicle-mediated route. In addition,

we found that the expression of miR-494 was induced in the

tumor cells in response to hypoxia, likely via a HIF-1a-
mediated mechanism. Furthermore, a specific miR-494

antagomiR effectively inhibited angiogenesis and attenu-

ated the growth of tumor xenografts in nude mice. Taken

together, these results demonstrated that miR-494 is a novel

tumor-derived paracrine signal to promote angiogenesis and

tumor growth under hypoxic condition.

Keywords miR-494 � Angiogenesis � Non-small cell lung

cancer � Microvesicle

Introduction

MicroRNAs are a family of non-coding RNAs, *22 nt in

length, which repress gene expression by pairing to the 30-
untranslated regions of target mRNAs [1]. Aberrant

expression of microRNAs in tumor cells contributes to

tumor growth by the activation of cell proliferation, the

induction of resistance to apoptosis and other related

pathological process [2]. Using anti-miR oligonucleotides to

inhibit onco-miRs has shown efficacies in tumor xenograft

models and thus has great potential in cancer therapy [3].

Emerging evidence indicates that miR-494 plays a

critical role in cancer development. The level of miR-494

was higher in a number of cancers such as classical

Hodgkin’s lymphoma [4] and oral squamous cell carci-

noma [5]. Anti-miR-494 treatment significantly diminished

tumor size in mice with primary myc-driven liver tumor

[6]. Recently, it was reported that knockdown of miR-494

in myeloid-derived suppressor cells, one of the most

important cell types in tumor microenvironment, inhibited

the growth of mouse breast cancer [7], indicating that miR-

494 may also promote cancer progression by modulating

tumor microenvironment. Angiogenesis is an essential

component in microenvironment to tumor growth and

metastasis, whereas inhibiting angiogenesis has become a

promising strategy for cancer therapy [8]. It has been

reported that tumors can promote angiogenesis through

different extracellular pathways, including cellular factors

and microRNAs [9]. Therefore, we sought to examine a

role of miR-494 in the tumor angiogenesis and demon-

strated that miR-494 is a novel tumor-derived paracrine
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signal to promote angiogenesis and tumor growth under

hypoxic condition.

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) were

cultured as previously described [10, 11]. Tumor cell lines

including A549, H1299 and HCC827 were obtained from

ATCC and cultured in DMEM supplemented with 10 % fetal

bovine serum (FBS) (Invitrogen) [12]. Tumor–endothelial co-

culture experiments were performed in six-well plates with

8-micron transwell inserts (BD Biosciences). Tumor cells

were seeded in the top insertswithECmonolayers co-cultured

in the bottomwells [13, 14].MicroRNAmimics, inhibitors or

mouse full-length HIF-1a expressing plasmid were trans-

fected with Lipofectamine 2000 (Invitrogen). MicroRNA

mimics and inhibitors were synthesized and obtained from

GenePharma. Expression of miR-494 and HIF-1a after

transfection were shown in Supplemental Fig. 1D–E.

Western blotting

Protein samples were extracted from the cells or tumor tissues

with lysis buffer (50 mmol/L Tris–HCl, pH 7.5, 15 mmol/L

EGTA, 100 mmol/L NaCl, 0.1 % [vol/vol] Triton X-100 and

complete protease inhibitor cocktail). Equal amounts of pro-

tein were run on 10 % SDS-PAGE and blotted onto

polyvinylidene difluoride membranes. The blots were reacted

with primary antibodies against HIF-1a (BD Pharmingen),

PTEN (Epitomics), eNOS (BD Pharmingen), phosphorylated

(p)-eNOS (S1177), p-Akt (S473) and Akt (Cell Signaling

Technology), respectively, followed by the reaction with the

appropriate secondary antibodies and the detection with the

enhanced chemiluminescence kit as described previously [15].

Real-time quantitative RT-PCR

Total RNA was isolated from cancer cells and HUVECs

using Trizol (Invitrogen), and cDNA was synthesized fol-

lowing standard protocols. Mature miR-494 was quantified

by Taqman� microRNA Assay (Life Technology) with U6

as control. Real-time PCR involved SYBR Green dye and

Taq polymerase. Please see supplemental materials for the

primer sequences.

Chromatin immunoprecipitation assay

Cellswere cross-linkedwith 1 % formaldehyde and quenched

before harvest and sonication. The lysates were incubated

with 2 lg of anti-HIF-1a antibody or control rabbit IgG, and

then the complexes were precipitated by using protein A/G

agarose beads. Immunoprecipitates were extensively washed.

DNAwas purified by using the QIAGENPCRpurification kit

and amplified with the primers flanking the putative HIF-

responsive elements (HRE) motifs [16].

Wound closure assay

Confluent HUVECmonolayers weremechanicallywounded

with a pipette tip and washed with phosphate-buffered saline

(PBS) to remove the debris. The wounded monolayers were

cultured in the complete EC medium (M199 supplemented

with 20 % FBS, 20 mmol/L HEPES (pH 7.4), 1 ng/mL

recombinant human fibroblast growth factor, 90 mg/mL

heparin and antibiotics). Wound closure was observed under

inverted microscopy, and the images were taken at different

time points. Wound closure was measured using softwares

and presented as relative distance in pixel (ImageJ) or dis-

tance in lM (Leica microscopy imaging software) [17].

Tube formation

After transfection with miR-494 mimic or inhibitor,

HUVECs (3 9 104 cells/well) were seeded onto Matrigel

(BD Biosciences). Cells were microscopically recorded for

the formation of tube-like structures 16 h later. Data were

expressed as the mean ± SEM of the tube numbers per

field [18].

Microvesicle isolation

Tumor cells were cultured in serum-free DMEM for 48 h.

Conditioned medium was collected and centrifuged at

1200g for 3 min to remove living cells and subsequently

centrifuged at 14,000g for 10 min to remove cell debris.

Supernatants were filtered through a 0.22-lmmembrane and

centrifuged for 30 min at 16,500g. Microvesicles (MVs)

were pelleted by ultracentrifugation for 2 h at 110,000g,

resuspended in PBS and stored at -80 �C until use [18].

Mouse model

All procedures involvingmouse experimentswere approvedby

the Peking University Animal Care and Use Committee and in

conformity with NIH guidelines. Five-week-old male BALB/c

nude mice were injected subcutaneously (s.c.) with A549 cells

(5 9 106) in serum-free RPMI 1640 and Matrigel (v/v 1:1).

AntagomiR (GenePharma), which has optimized phospho-

rothioate modifications to make it more stable than inhibitor,

was used in silencing miR-494 in vivo [3]. Control (NC)

antagomiRormiR-494 antagomiR (0.2 lg)was intratumorally

injected twice on the 8th and 15th day. Tumor volume was

calculated every 3 days according to width2 9 length 9 0.5.
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Mice were killed on the 22nd day. Tumors were removed,

weighed and fixed in 4 % paraformaldehyde [19].

Assessment of tumor angiogenesis

Tumor specimens were fixed with 4 % paraformaldehyde

and embedded in paraffin. Immunohistochemistry was

carried out on 5-lm sections to visualize vascular endothe-

lium by using CD31 antibody (Santa Cruz). Using a Leica

DM4000Bphotomicroscope (magnification, 1009), six field

images were collected from two biopsies per specimen. Any

discrete cluster or single cell stained positive for CD31 was

counted as one vessel. Tumor vessel density was reported as

the average number of vessels number per field [20].
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Fig. 1 miR-494 promoted

angiogenesis in vitro.

a HUVECs were transfected

with the miR-494 mimic or

scramble control (NC) for 24 h

and then subjected to the wound

closure assay. Cell migration

was assessed by measuring the

distances between the migratory

edges (dotted lines) at different

time points after wounding. The

unit of relative distance is pixel,

measured using ImageJ

software. b Cells were

transfected with the miR-494

inhibitor or scramble control.

c HUVECs were transfected

with miR-494 mimic or

scramble control and then

seeded on Matrigel. Formation

of tube-like structures was

counted 16 h later. d Cells were

transfected with the miR-494

inhibitor or scramble control.

*P\ 0.05 versus scramble

controls (n = 3). e HUVECs

were cultured in serum-free

EBM and transfected with miR-

494 inhibitor or scramble

control before the addition of

the A549-conditioned medium

(CM). Then, cell migration was

assessed at different time points
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Statistical analysis

Data were expressed as mean ± SEM. Statistical analyses

involved Student’s t test and one-way analysis of variance

(ANOVA). P values of\0.05 were considered significant.

Results

miR-494 exerts an angiogenic effect in HUVECs

To determine the effect of miR-494 on angiogenesis, we

first performed the wound closure experiments in HUVECs

transfected with miR-494 mimic, miR-494 inhibitor or

their scramble controls (NC). The results showed that miR-

494 mimic significantly accelerated the wound closure. In

contrast, miR-494 inhibitor delayed the wound closure

(Fig. 1a, b). In addition, the capacity of ECs to form tube-

like structures on the Matrigel was increased by the miR-

494 mimic and decreased by the miR-494 inhibitor

(Fig. 1c, d). These results suggested that miR-494 had a

pro-angiogenic activity.

miR-494 promotes angiogenesis through activation

of Akt/eNOS pathway

To further study the mechanism of miR-494 on angio-

genesis, we examined the effects of miR-494 on Akt/eNOS

pathway, since PTEN, a well-known regulator of Akt

pathway, has been reported as a target gene of miR-494

[21]. Firstly, we verified that PTEN was downregulated by

miR-494 mimic in HUVECs (Fig. 2a). Then, we examined

PTEN
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Fig. 2 Pro-angiogenic effect of miR-494 was mediated by Akt/eNOS

pathway. a HUVECs were transfected with miR-494 mimic, inhibitor

or NC for 24 h. Protein samples were isolated to measure the PTEN

level by using western blotting. b HUVECs were transfected with

miR-494 mimics or NC and maintained in the presence of the PI3K

inhibitor LY294002 (50 lM) or vehicle control (DMSO). Alterna-

tively, cells were transfected with miR-494 inhibitor or NC. The

levels of phosphorylated Akt and eNOS were detected and shown as

fold change in the bar graphs. c After transfection with miR-494 or

NC, HUVECs were subjected to the wound closure assay in the

presence of LY294002 (50 lM), the eNOS inhibitor L-NAME

(100 lM) or DMSO. Cell migration was measured 16 h later.

d HUVECs were transfected with miR-494 mimic or NC and then

seeded on Matrigel in the presence of LY294002, L-NAME or

DMSO. Formation of tube-like structure was measured 16 h later.

Data presented as mean ± SEM in the bar graph; *P\ 0.05 versus

NC (n = 3)
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the activation of Akt/eNOS pathway, which is negatively

regulated by PTEN level and positively involved in

angiogenesis process. As shown in Fig. 2b, the phospho-

rylations of Akt and eNOS were increased in ECs treated

with miR-494 mimic and decreased in those treated with

miR-494 inhibitor.

To test whether miR-494-induced cell migration is

dependent on Akt/eNOS pathway, we used LY294002 and

L-NAME to inhibit Akt and eNOS activities, respectively.

As expected, miR-494-induced phosphorylation of Akt and

eNOS was significantly suppressed with the treatment of

LY294002. Furthermore, treatment of Akt inhibitor

LY294002 or the eNOS inhibitor L-NAME abolished the

effects of miR-494 in cell migration (Fig. 2c) and forma-

tion of tube-like structure in ECs (Fig. 2d).

Tumor cells increased miR-494 in ECs

via microvesicle-mediated delivery

As miR-494 promoted endothelial migration and tube for-

mation in vitro, we used a tumor–endothelial co-culture

system to examine the role of miR-494 in tumor angiogen-

esis. Co-culture with A549 significantly increased the level

of mature miR-494 in ECs (Fig. 3a). Moreover, conditioned

medium fromA549 cells had a similar effect (Fig. 3b). These

results suggested that A549-secreted factors might con-

tribute to the increased miR-494 in ECs. We treated

HUVECs with several factors including VEGF, bFGF, ET-1

and TNFa, which are reported and involved in tumor

angiogenesis process. However, none of these factors were

able to increase miR-494 in ECs (Supplemental Fig. 1A).

Thus, we tested the possibility that the increased miR-

494 was resulted from the delivery from the co-cultured

A549 cells. Firstly, we found that the level of miR-494

primary transcript, pri-miR-494, was not changed in ECs

treated with A549-conditioned medium or after co-culture

with A549 (Supplemental Fig. 1B and C). Next, we

transfected a FAM fluorescence-labeled synthetic miR-494

into A549 cells and used the conditioned medium to treat

HUVECs for 6 h and then washed the HUVECs with PBS

for three times. Fluorescence microscopy demonstrated the

transfer of the labeled miR-494 from A549 cells into ECs

(Fig. 3c). In addition, HUVECs were treated with the

microvesicles extracted from the A549-conditioned med-

ium. Real-time PCR showed that the microvesicles also

increased the miR-494 level in ECs (Fig. 3d). Importantly,

treatment with conditioned media from H1299 and HCC

827, the other lung cancer cells, similarly increased miR-
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Fig. 3 Delivery of the tumor cell-derived miR-494 to ECs via MVs.

a HUVECs were co-cultured with A549 cells (inserted in upper well)

or with HUVECs as control for 24 h. RNA samples were isolated

from ECs cultured in the lower wells. The level of mature miR-494

was assessed with Taqman qRT-PCR and normalized to that of U6.

b HUVECs were treated with CM from A549 or HUVECs (as

control) for 24 h. c HUVECs were incubated with the conditioned

media from A549 cells transfected with FAM-tagged miR494 or from

HUVECs as a control for 12 h. Fluorescence microscopy image of

A549 transfected with FAM-tagged miR-494 and HUVECs incubated

with MVs bearing FAM-tagged miR-494 for 12 h. d HUVECs were

incubated with or without MVs isolated from A549 for 12 h before

RNA isolation. e HUVECs were treated with the CM from HCC827,

H1299 cells or HUVECs (control) for 24 h. The levels of mature

miR-494 transcript were expressed as fold of controls. *P\ 0.05

versus control (n = 3)
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494 in HUVECs (Fig. 3e). Functionally,A549-conditioned

medium significantly accelerated EC migration. This effect

was attenuated in ECs transfected with miR-494 inhibitor

(Fig. 1e). Taken together, these results indicated that miR-

494 is a pro-angiogenic signal delivered into ECs from

cancer cells.

Hypoxia induces miR-494 expression via a HIF-1a-
mediated mechanism

Hypoxia is a primary factor to stimulate tumor angio-

genesis. We treated A549 cells with chronic hypoxia

condition (1 % oxygen) and found that the levels of both

mature and primary miR-494 were increased in A549 cells

after 24 h compared with normoxic group (Fig. 4a, b),

indicating that miR-494 was transcriptionally upregulated

by hypoxia.

In order to explore the mechanism underlying the

hypoxia induction of miR-494, we overexpressed HIF-1a
in A549 cells and found that the expression of pri-miR-494

was induced by HIF-1a (Fig. 4c). Bioinformatic analysis

using JASPAR (http://jaspar.genereg.net) predicted two

putative binding sites for HIF-1a in 50-flanking region of

the human miR-494 gene (Fig. 4d). ChIP assay confirmed

the HIF-1a binding to the distal site (Fig. 4e).

miR-494 inhibits tumor angiogenesis in vivo

We used a xenograft mouse model to examine the effect of

miR-494 inhibitor on tumor angiogenesis. In A549 cells-

inoculated nude mice, intratumoral administration of

antagomiR-494 significantly inhibited the tumor growth

(Fig. 5a–d). Most importantly, angiogenesis was sup-

pressed in the antagomiR-494 treated group, as assessed by

CD31 immunostaining (Fig. 5e). It is thus indicated that

targeting miR-494 is a potential anti-angiogenic strategy

for cancer therapy.

Discussion

In the present study, we demonstrated for the first time that

miR-494 is an important tumor-derived microRNA to

promote tumor angiogenesis. MiR-494 is upregulated by

hypoxia stimuli in tumor cells via a HIF-1a-mediated

transcriptional regulation. This upregulated miR-494 was
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Fig. 4 Hypoxia induced expression of miR-494 in A549 cells.

a Levels of miR-494 were detected in A549 cells after the exposure to

hypoxia (1 % O2) or normoxic control for the indicated time period.

b Relative levels of pri-miR-494 in A549 cells after exposure to

hypoxia or normoxia for 24 h. c The pri-miR-494 levels in A549 cells

were detected 24 h after transfection with a HIF-1a expression

plasmid or the vector control. *P\ 0.05 versus control (n = 3).

d The diagram depicts the two putative HIF-1a motifs located in the

50-flanking region of the human miR-494 gene. e A549 cells were

treated with hypoxia for 12 h and subjected to ChIP assays with

antibodies against HIF-1a or IgG (as a control) followed by the PCR

amplifications using primers flanking the two putative HREs. HRE1 is

the binding site located at -3619/-3612 (S1) and HRE2 is located at

-3042/-3035 (S2). DNA samples without immunoprecipitation were

used as positive control (input)
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firstly secreted from tumor cells into microenvironment

and delivered into ECs via MVs, then downregulated

PTEN and activated Akt/eNOS pathway in ECs, finally

exacerbated tumor development by promoting angiogene-

sis (Fig. 6).

Our study described a novel pathway that tumor cells

facilitate angiogenesis via secretion of MVs containing

miR-494 into the surrounding microenvironment. Mir-494

packed in MVs can be uptaken by recipient ECs and

consequently promotes the angiogenesis. Tumor-derived

MVs have been shown to shape the tumor and metastatic

environment [22–24]. Tumor cells can use MVs as a cargo

to transfer angiogenic factors, including proteins and

microRNAs [25]. MVs released from human renal cancer

stem cells triggered angiogenesis and formed a pro-meta-

static niche in lungs [18]. Recently, it has been reported

that miR-1245 in colorectal cancer cell-derived MVs pro-

moted angiogenesis in vitro [26]. In this study, we found

that the tumor-derived miR-494 was delivered en route

MVs into ECs to promote angiogenesis. This notion is

supported by several lines of evidence: (1) Mature but not

the primary form of miR-494 was elevated in ECs co-

cultured with three different lung cancer cell lines; (2) MVs

extracted from the tumor cells-conditioned media also
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Fig. 5 AntagomiR against

miR-494 inhibited tumor

angiogenesis and growth.

a A549 cells were inoculated

subcutaneously in the flank site

of BALB/c nude mice. Mice

bearing A549 tumors were

intratumorally injected with the

miR-494 antagomiR or

scramble control on day 8 and

15. After 3 weeks, mice were

killed for examination. b The

tumor xenografts excised from

mice treated with miR-494

antagomiR or control. c Tumor

volumes were measured by

every 3 days starting from the

day before the treatment. d The

weights of the excised tumors.

e Tumor angiogenesis was

assessed with

immunohistochemical staining

using an antibody against CD31.

Endothelia (arrow) were stained

dark brown. Blood vessels were

quantified on two sections (six

random fields/section) from

each mouse (six mice per

group). *P\ 0.05 versus

control. (Color figure online)
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increased the miR-494 level in ECs; (3) the pro-migratory

capacity of the conditioned media on ECs was diminished

by a specific inhibitor of miR-494. This finding provided a

new insight into the MV-mediated pathway in the modu-

lation of lung cancer microenvironment.

The pro-angiogenic capacity of miR-494 was mediated

via the PTEN/Akt/eNOS axis. Targeting of PTEN by miR-

494 was previously demonstrated in a bronchial epithelial

cell line and cardiomyocytes [21, 27]. We found that miR-

494 targeting of PTEN, a phosphatase of Akt kinase, led to

an increased phosphorylation of Akt. As a result, eNOS

activation mediated the pro-migratory effect. Moreover,

the inhibition of Akt or eNOS abolished the pro-angio-

genesis effect (Fig. 2c, d), establishing the importance of

the Akt/eNOS pathway in mediating the effect of miR-494

on angiogenesis. Considering that Akt/eNOS pathway is

regulated by many angiogenic factors such as VEGF, FGF

or TGF-b and its central role in angiogenesis [28], inhibi-

tion of PTEN by miR-494 would de-brake the Akt/eNOS

activation and lead to a pro-angiogenic microenvironment

in tumorous tissues.

The increased metabolic activity and oxygen consump-

tion of rapidly proliferating tumor cells can produce a

hypoxic tumor microenvironment, which drives angiogen-

esis [29]. Expression of miR-494 was induced in cancer cells

upon the exposure to hypoxia (Fig. 4), suggesting that miR-

494 is a hypoxia-responsive gene.We also demonstrated that

miR-494 is a downstream target gene of HIF-1a (Fig. 4),

which is a transcriptional factor stabilized and translocated

into the nucleus under hypoxic conditions. Previous study

showed that HIF-1a plays a pivotal role in the hypoxia

response by activating a broad array of genes including

VEGF, interleukin-8 and bFGF.Anumber of pro-angiogenic

microRNAswere known to be regulated by hypoxia [30–35].

For instance, miR-382 had been shown to be a target gene of

HIF-1a and regulated tumor angiogenesis in gastric cancer

[36]. Moreover, the expression level of miR-494 could also

be regulated by other transcription factors such as AP-1,

which could bind to the promoter region of miR-494 gene to

regulate its expression in NSCLC [37].

A most recent study found that the expression of miR-494

was significantly higher in the non-small lung cancer

(NSCLC) lesions than that in normal adjacent lung tissues and

positively associated with pathological TNM staging and

lymph node metastasis. In addition, the increased miR-494

levels were negatively correlated with the survival probabil-

ities, indicating that miR-494 may be an independent prog-

nostic factor for NSCLC [38]. Moreover, previous studies

suggested an oncogenic potential of miR-494 in lung cancers.

In a transformed human bronchial epithelial cell line, inhibi-

tion of miR-494 decreased the malignancy of transformed

cells induced by air pollutants benzo(a)pyrene diolepoxide

(BPDE) and radon [27, 39]. In addition, activation of the

mitogenic signaling pathways such as Erk1/2 increased the

expression of miR-494, inducing tumor necrosis factor

(TNF)-related apoptosis-inducing ligand (TRAIL) resistance

in NSCLC [37]. Besides lung cancer, it was reported that,

miR-494 might even act as a tumor suppressor by targeting

c-myc in gastric cancer [40]. According to our in vivo xeno-

graft experiments, intratumor administration of the miR-494

antagomiR effectively reduced angiogenesis, demonstrating a

pathophysiological role of miR-494 in mediating the tumor-

derived angiogenic signaling. Importantly, the tumor-sup-

pressive effect of the antagomiRprovided the proof of concept

that the targeting miR-494 is a potential strategy for the

angiogenesis-based tumor therapy.

Hypoxia

Microvesicle Endothelial Cell

Angiogenesis

Nucleus

PTEN

p-Akt

p-eNOS

Cancer Cell

Nucleus

HIF-1 miR-494

miR-494

Anti-mir-494

Fig. 6 Tumor-derived miR-494

conveys a pro-angiogenic

signal. In tumor (NSCLC) cells,

hypoxia induced the expression

of miR-494 by HIF-1a-
mediated transcription. The

miR-494 was secreted and

delivered, via MVs, into

residential ECs. Suppression of

PTEN by miR-494 activated

Akt/eNOS pathway and

mobilized EC migration and

angiogenesis, which reshaped a

proliferative microenvironment.

The miR-494 antagomiR

blocked angiogenesis and, thus,

effectively inhibited tumor

growth
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