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Abstract
Background/Aims: HULC is a multifunctional lncRNA that has pro-angiogenic function in 
various cancers. The present study was designed to see the role of lncRNA HULC in normal 
endothelial cells angiogenesis. Methods: Cell viability, apoptosis, migration, tube formation 
and expression levels of angiogenesis-related proteins were respectively assessed in 
human microvascular endothelial HMEC-1 cells after lncRNA HULC was silenced by shRNA 
transfection. Cross-regulation between lncRNA HULC and miR-124, and between miR-124 and 
MCL-1 were detected by qRT-PCR, sequence analysis, and luciferase reporter assay. Results: 
Silence of lncRNA HULC significantly reduced viability, migration, tube formation and protein 
levels of VEGF, VEGFR2, CD144 and eNOS in HMEC-1 cells. Meanwhile, silence of lncRNA 
HULC induced apoptosis in HMEC-1 cells, as Bcl-2 was down-regulated, Bax was up-regulated, 
and caspase-3 and -9 were cleaved. miR-124 expression was negatively regulated by lncRNA 
HULC, and HULC worked as a molecular sponge for miR-124, in having miR-124 exhausted. 
Besides, MCL-1 was a target gene of miR-124. Rescue assay results showed that the effects of 
lncRNA HULC silence on HMEC-1 cells growth, migration and angiogenesis were abolished 
by miR-124 suppression. Similarly, the effects of miR-124 on HMEC-1 cells were abolished 
by MCL-1 overexpression. Furthermore, MCL-1 activated PI3K/AKT and JAK/STAT signaling 
pathways. Conclusion: These findings suggest a pro-angiogenic role of lncRNA HULC in 
endothelial cells. The pro-angiogenic actions of lncRNA HULC may be through sponging miR-
124, preventing MCL-1 from degradation by miR-124.
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Introduction

Atherosclerosis is the principal cause of coronary heart disease, ischemic cerebrovascular 
disease, and peripheral arterial disease. Atherosclerotic plaques narrow the arterial flow 
lumen leading to ischemic damage and seriously threatening the lives of people. Although 
the pathogenesis of atherosclerosis is still unclear, it has been widely accepted that 
dysfunction of endothelial cell induced by stimuli, such as hypoxia and endotoxin, initiates 
the process of atherosclerosis. Healthy endothelium prevents thrombus formation, leukocyte 
adhesion, and smooth muscle cell proliferation, whereas dysfunctioned endothelium, also 
known as activated endothelium has opposing properties [1]. An improved understanding 
of endothelial dysfunction may helpful for development of novel treatment strategies for 
atherosclerosis.

Long non-coding RNAs (lncRNAs) are a class of transcribed, non-coding RNA molecules 
(nt), with length longer than 200 nucleotides [2]. Several lncRNAs, like lncRNA NRON [3], 
lncRNA MALAT1 [4], and lncRNA GAS5 [5], have been recognized as angiogenesis regulators 
by controlling of endothelial cells proliferation, tube formation, and migration. Highly up-
regulated liver cancer (HULC) is a 500 nt lncRNA. Aberrant expression of lncRNA HULC 
is closely related with various cancers, including hepatocellular carcinoma [6], colorectal 
cancer [7], osteosarcoma [8], and esophageal squamous cell carcinoma [9]. LncRNA HULC 
has been recognized as a cancer-related lncRNA, and its role in angiogenesis was sporadically 
revealed, since angiogenesis is a common feature of all cancers. Two in vitro studies have 
studied the pro-angiogenic activity of lncRNA HULC in liver cancer cell [10] and glioma 
cell [11]. However, whether lncRNA HULC also has a function in angiogenesis of normal 
endothelial cell has not been revealed.

Mechanistically, it is believed that lncRNAs contribute to the pathogenesis of diseases 
via working as a molecular sponge for various miRNAs, which subsequently inhibit miR-
mediated functions [12]. General information about miRNA involvement in atherosclerosis 
has been described [13]. Smoking individuals with a high miR-124 expression in whole 
blood are at increased risk of having atherosclerosis at an advanced stage as well as in 
an early phase (subclinical atherosclerosis) [14]. Another in vivo investigation evidenced 
that homocysteine induced atherosclerosis possibly via promoting the DNA methylation of 
miR-124 promoter [15]. Additionally, increased expression of miR-124 could induce an up-
regulation of atherosclerosis-related markers, like CD206 [14]. These authors demonstrated 
miR-124 as an atherosclerosis-related miRNA.

In the current study, we set out to explore the function of lncRNA HULC in normal 
endothelial cells to evaluate the potential role of lncRNA HULC in atherosclerosis. Then, we 
focused on the cross-talk between lncRNA HULC and miR-124, to reveal one of the underlying 
mechanisms of lncRNA HULC’s action in endothelial cells angiogenesis.

Materials and Methods

Microvascular endothelial cells culture
Human microvascular endothelial cell line HMEC-1 was purchased from the American Type Culture 

Collection (ATCC, Manassas, VA, USA). The cells were cultured in a culture system using Dulbecco’s Modified 
Eagle’s Medium (DMEM, GIBCOL, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS, GIBCOL) and were maintained at 37°C in a humidified incubator (with 5% CO2 and 95% 
air).

qRT-PCR analysis
To test the RNA levels of lncRNA HULC and MCL-1, total RNA in HMEC-1 cells was extracted by using 

Trizol reagent (Life Technologies Corporation, Carlsbad, CA, USA). 5 μg of total RNA were subjected to 
reverse transcription by using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). 
qRT-PCR was conducted on the ABI PRISM 7500 Real-time PCR System (Applied Biosystems, Foster City, 
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CA, USA) by using FastStart Universal SYBR Green Master (Roche). GAPDH served as an internal control in 
this procedure. To test the RNA levels of miR-372, miR-186, miR-9, miR-122, miR-195, miR-488 and miR-
124, the miRNAs in HMEC-1 cells were isolated by miRNeasy Mini Kit (Qiagen, Shenzhen, China). Reverse 
transcription was done in 5 μg of total miRNAs by using the Taqman MicroRNA Reverse Transcription 
Kit (Applied Biosystems). Taqman Universal Master Mix II with the TaqMan MicroRNA Assay (Applied 
Biosystems) was used for qRT-PCR. The RNA levels of miRNAs were normalized to U6. Fold changes were 
calculated by relative quantification (2−ΔΔCt) method.

Cell transfection
LncRNA HULC was silenced by shRNA transfection. shRNA specific for human lncRNA HULC was 

ligated into the pGPU6 plasmid which was purchased from Genepharma (Shanghai, China). pGPU6 with 
non-targeting sequences was transfected as a blank control. The specific mimic, inhibitor, and scrambled 
controls for hsa-miR-124 were all from Genepharma, and were transfected into cells. Full-length wild-
type of MCL-1 was ligated into pcDNA3.1 plasmid (Invitrogen, Carlsbad, CA, USA), and an empty pcDNA3.1 
plasmid was used as its blank control. For MCL-1 silencing, shRNA specific for MCL-1 was inserted into 
pGPU6 plasmid (Genepharma). A non-targeting sequence was used as its blank control. All transfections 
were performed by using lipofectamine 3000 reagent (Life Technologies Corporation) under antibiotic-free 
conditions. At 48 h of transfection, the culture medium was replaced with fresh medium containing 0.5 mg/
ml G418 (Sigma-Aldrich, St Louis, MO, USA). The G418-resistant cells were obtained after four weeks of 
culturing.

Cell viability assay
Trypan blue (Beyotime, Shanghai, China) was used for detection the viability of HMEC-1 cells. After 

the indicated transfection, HMEC-1 cells were transferred into 24-well plants with a density of 5 × 104 
cells/well, after which the plants were maintained at 37°C for 1-4 days. At the indicated time periods, cells 
were collected by Trypsin/EDTA and centrifugation, and were stained by trypan blue solution at room 
temperature for 3 min. Living cells were counted microscopically. Viability was calculated as % cell viability 
= unstained cells (living cells)/total cells × 100%.

Apoptosis assay
Cell apoptosis was analyzed by using FITC Annexin V Apoptosis Detection kit (BD Biosciences, San Jose, 

CA, USA). The transfected HMEC-1 cells (1 × 105 cells/sample) were double stained with 10 μl FITC Annexin 
V and 10 μl PI. After 30 min of incubation in the dark over ice, the samples were analyzed under the flow 
cytometry (FACScan®; BD Biosciences) to distinguish early apoptotic cells (FITC-positive and PI-negative) 
from death cells and late apoptotic cells (FITC-positive and PI-positive). Quantification of the apoptotic cell 
rate was analyzed by using FlowJo software (Tree Star, San Carlos, California, USA).

Migration assay
Cell migration was determined as previously described [16] by using a Transwell chamber (Costar-

Corning, New York, USA) with an 8-μm pore filter. The transfected HMEC-1 cells (5 × 104 cells/well) were 
suspended in the serum-free medium and were placed in the upper side of chamber. The lower chamber 
was filled with the complete medium (i.e., DMEM medium with 10% FBS). After 48 h of incubation at 37°C, 
the non-traversed cells in the upper side were wiped away carefully by cotton swabs. The cells in lower side 
were stained with crystal violet and were counted microscopically. Relative cell migration was calculated 
based on the traversed cell numbers from five randomly selected fields, and was respect to the following 
formula: relative migration (%) = (cell number in experimental group)/(cell number in control) × 100%.

Tube formation assay
A 6-well plate was pre-coated with matrigel (BD Biosciences) (1.8 ml/well). After polymerization of 

matrigel at 37°C for 1 h, HMEC-1 cells were seeded in each well with a density of 1 × 105 cells/well. After 24 
h of incubation in DMEM supplemented with 2% FBS, numbers of tube-like cell were counted under phase-
contrast microscopy.
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Reporter vector construct and luciferase reporter assay
The genomic DNA fragment of MCL-1 which contains the predicted miR-124 binding site was amplified 

by PCR and cloned into pmirGlO Dual-luciferase miRNA Target Expression Vector (Promega, Madison, WI, 
USA). The predicted binding site in MCL-1 was replaced by a non-targeting sequence to form a control 
reporter vector. The wild-type (wt) and the mutated-type (mt) of vectors were respectively co-transfected 
with miR-124 mimic by using lipofectamine 3000 reagent (Life Technologies Corporation). After transfection, 
Dual-Luciferase Reporter Assay System (Promega) was used for testing the luciferase activity.

ELISA
After the indicated transfection, cell culture supernatant of each sample was collected and centrifugated 

at 1000 g, 4°C for 15 min. The concentrations of VEGF in the culture supernatant were tested by using 
Human VEGF ELISA KIT (CSB-E11718h, Cusabio, Wuhan, China).

RNA immunoprecipitation (RIP)
wt or mt of HULC was inserted into pcDNA3.1-MS2 plasmid (Addgene, Cambridge, MA). Cells were 

co-transfected with pMS2-GFP (Addgene) and pcDNA3.1-MS2, pcDNA3.1-HULC-MS2, or pcDNA3.1-HULC-
mt-MS2. Then, the cells were lysed by lysis buffer (25 mmol/l Tris-Hcl (pH7.5), 150 mmol/l KCl, 2 mmol/l 
EDTA, 0.5% NP40, 1 mmol/l NaF, 1 mmol/l DTT, 100 U/ml Rnasin inhibitor, and EDTA-free protease 
inhibitor. The cell lysate was incubated with magnetic beads and GFP antibody (ab6556, Abcam, Cambridge, 
MA) by using Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA). IgG 
antibody (ab200699, Abcam) was used as a blank control. After incubated at 4°C for 6 h, the samples were 
centrifugated at 800 g, 4°C for 10 s. Subsequently, the co-precipitated RNAs were measured by qRT-PCR. For 
anti-AGO2 RNA IP, cells were transfected with miR-con or miR-124 mimic. anti-AGO2 antibody (ab186733, 
Abcam) was used in this procedure.

Western blot
HMEC-1 cells were lysed by 1% Triton X-100 and 1 mM PMSF (pH 7.4) over ice for 30 min for protein 

extraction. Purity and concentration of protein in the supernatant of the whole-cell extracts were qualified 
by the BCA™ Protein Assay Kit (Pierce, Appleton, WI, USA). Protein (0.1 mg) was separated by SDS-PAGE 
and was transferred onto a PVDF membrane. The membranes were blocked in 5% non-fat dry milk/0.05% 
Tween for 1 h at room temperature, after which the blots were probed by primary antibodies overnight at 
4°C for the detection of VEGF (orb303954, Biorbyt, San Francisco, CA, USA), VEGFR2 (orb186489), CD144 
(orb375049), eNOS (orb29800), Bcl-2 (orb10173), Bax (orb378567), caspase-3 (sc-271759, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), GAPDH (sc-47724), caspase-9 (ab25758, Abcam, Cambridge, MA, 
USA), p-PI3K (ab182651), PI3K (ab191606), p-AKT (ab38449), AKT (ab8805), p-Jak1 (ab215338), Jak1 
(ab47435), p-Tyk2 (ab138394), Tyk2 (ab223733), p-Stat1 (ab30645), Stat1 (ab31369), p-Stat2 (ab53132), 
and Stat2 (ab32367). The membranes were then incubated with the secondary antibodies for 1 h at room 
temperature. After rinsing, the positive bands were visualized by chemiluminescence and autoradiography 
using X-ray film (Applygen Technologies Inc., Beijing, China). Intensity of bands was quantified using Image 
LabTM Software (Bio-Rad, CA, USA).

Statistical analysis
Data were expressed as mean ± SD from three independent experiments. Statistical analysis was 

performed by SPSS 19.0 statistical software (SPSS Inc., Chicago, IL, USA). Statistical differences between two 
or more groups were analyzed by the ANOVA with a Duncan post-hoc procedure. p-values lower than 0.05 
were considered as significant differences.
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Results

Capillary structure formation of HMEC-1 cells
HMEC-1 cells were seeded in matrigel-coated plates for 1-24 h. As a result, tube 

formation was increased with the prolonging of time (Fig. 1A). The angiogenesis of HMEC-1 
cells was further confirmed by detection of angiogenesis-related proteins. ELISA assay result 
showed that VEGF concentrations in the culture supernatant were significantly increased 
with the prolonging of time (p < 0.05, Fig. 1B). Meanwhile, Western blotting results showed 
that protein levels of VEGF, VEGFR2, CD144 and eNOS were all highly expressed with the 
prolonging of time (p < 0.05, Fig. 1C).

Silence of lncRNA HULC represses HMEC-1 cells viability, migration and capillary structure 
formation
The expression changes of lncRNA HULC were monitored with the prolonging of the time. 

qRT-PCR data in Fig. 2A showed that lncRNA HULC expression was significantly increased 
with the time increased (p < 0.05). Next, two sequences of shRNAs specific for lncRNA HULC 
were respectively transfected into HMEC-1 cells to knock down the expression of lncRNA 
HULC in cell. qRT-PCR analytical results indicated that sh-HULC #1 (p < 0.01) and sh-HULC 
#2 (p < 0.001) transfection significantly reduced the RNA levels of lncRNA HULC when 
compared to the sh-NC group (Fig. 2B). Considering that sh-HULC #2 resulted in a lower 
level of lncRNA HULC than sh-HULC #1, sh-HULC #2 was selected for use in the following 
shRNA transfection. Viability of cells was significantly reduced by sh-HULC compared to sh-
NC at day 3 (p < 0.05) and day 4 (p < 0.001) post-transfection (Fig. 2C). Protein expression 
of Bcl-2 was down-regulated, Bax was up-regulated, and caspase-3 and -9 were cleaved after 
sh-HULC transfection (Fig. 2D). More importantly, relative migration (p < 0.01) and tube-like 

Fig. 1. Capillary structure formation of HMEC-1 cells. (A) HMEC-1 cells were seeded in matrigel-coated 
plates for 1-24 h. In the indicated time period, tube formation was assessed. (B) Concentrations of VEGF 
in culture supernatant were measured by ELISA. (C) Protein levels of angiogenesis-related factors were 
measured by Western blot analysis. Data represented as mean ± SD (n = 3). Different lowercase letters above 
the columns indicate that the mean values of different groups are significantly different (p<0.05, ANOVA).
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cell rate (p < 0.001) were repressed in sh-HULC group when compared to the sh-NC group 
(Fig. 2E and 2F). The reduced formation of capillary structure was confirmed in Fig. 2G and 
2H, that the concentration of VEGF in culture supernatant (p < 0.001) and the protein levels 
of VEGF, VEGFR2, CD144 and eNOS were all suppressed by sh-HULC.

Fig. 2. Silence of 
lncRNA HULC represses 
HMEC-1 cells viability, 
migration and capillary 
structure formation. 
(A) Expression changes 
of lncRNA HULC with 
the prolonging of the 
time were determined 
by qRT-PCR. (B) Two 
sequences (#1 and #2) 
of shRNAs specific for 
lncRNA HULC were 
respectively transfected 
into HMEC-1 cells. A 
non-targeting shRNA 
(sh-NC) was transfected 
as a blank control. The 
RNA levels of HULC 
were monitored by qRT-
PCR post-transfection. 
(C) Viability of HMEC-1 
cells was monitored by 
Trypan blue staining 
at day 1 to day 4 
p o s t - t r a n s f e c t i o n . 
(D) Protein levels of 
a p o p t o s i s - r e l a t e d 
factors were measured 
by Western blot 
analysis. (E) Relative 
migration was detected 
by using a Transwell 
chamber. (F) Tube 
formation capacity was 
detected by culturing 
cells in matrigel pre-
coated plates. (G) 
Concentrations of VEGF 
in culture supernatant 
were measured by 
ELISA. (H) Expression 
levels of angiogenesis-
related proteins 
were measured by 
Western blotting. Data 
represented as mean ± SD (n = 3). Different lowercase letters above the columns indicate that the mean 
values of different groups are significantly different (p<0.05, ANOVA). * p<0.05, ** p<0.01, and *** p<0.001 
compared to sh-NC group (ANOVA).
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LncRNA HULC works as a molecular sponge for miR-124
qRT-PCR was performed to measure the expression changes of miRNAs in response 

to lncRNA HULC silence. Data in Fig. 3A displayed that miR-372, miR-186, miR-9, miR-122, 
miR-195, miR-488 and miR-124 were all significantly up-regulated in sh-HULC group when 
compared to sh-NC group (p < 0.05 or p < 0.01), indicating these miRNAs were all negatively 

Fig. 3. LncRNA HULC works as a molecular sponge for miR-124. (A) The RNA levels of several miRNAs were 
determined by qRT-PCR after HMEC-1 cells were transfected with sh-HULC or sh-NC. (B) The RNA levels of 
lncRNA HULC were determined by qRT-PCR after HMEC-1 cells were transfected with miR-124 (mimic) or 
anti-miR-124 (inhibitor). miR-con and anti-miR, two scrambled miRNAs, were transfected as blank controls 
for miR-124 and anti-miR-124. (C) Sequence analysis of the targeting relationship between lncRNA HULC 
and miR-124. The red, blue, and green lines represented the pairing sequences. (D) The RIP assay was 
performed to pull down the miRNAs associated with lncRNA HULC. (E) Anti-AGO2 RIP was performed in 
HMEC-1 cells overexpressing miR-124, followed by qRT-PCR to detect lncRNA HULC associated with AGO2. 
Data represented as mean ± SD (n = 3). * p<0.05, ** p<0.01, and *** p<0.001 compared to the indicated group 
(ANOVA).
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regulated by lncRNA HULC. Considering that miR-124 has been previously reported as an 
anti-angiogenic regulator [17], miR-124 was selected for further investigation. Next, the 
expression changes of lncRNA HULC in response to miR-124 dysregulation were tested. 
Data in Fig. 3B showed that lncRNA HULC was also negatively regulated by miR-124 (p < 
0.05). Sequence analytical results in Fig. 3C showed that, there existed three sites in lncRNA 
HULC which could directly bind with miR-124. To further explore the regulatory relationship 
between lncRNA HULC and miR-124, RNA IP was performed. Fig. 3D showed that the relative 

Fig. 4. Silence of lncRNA HULC represses HMEC-1 cells viability, migration and capillary structure formation 
via sponging miR-124. (A) HMEC-1 cells were transfected with sh-HULC or co-transfection with sh-HULC 
plus anti-miR-124. sh-NC and anti-miR (a scrambled miRNA) were transfected as blank controls for sh-HULC 
and anti-miR-124. Cell viability was monitored by Trypan blue staining at day 1 to day 4 post-transfection. 
(B) Apoptotic cell rate was determined by flow cytometry. (C) Protein levels of apoptosis-related factors 
were measured by Western blot analysis. (D) Relative migration was detected by using a Transwell chamber. 
(E) Tube formation capacity was detected by culturing cells in matrigel pre-coated plates. (F) Expression 
levels of angiogenesis-related proteins were measured by Western blotting. Data represented as mean ± SD 
(n = 3). * p<0.05 and ** p<0.01 compared to the indicated group (ANOVA).
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enrichment to MS2 was much higher in MS2-HULC group than the MS2 group (p < 0.01). 
Additionally, endogenous lncRNA HULC pull-down by AGO2 was significantly enriched 
in miR-124 group as compared to the miR-con group (p < 0.001, Fig. 3E). These findings 
suggested that lncRNA HULC could sponge miR-124, having miR-124 exhausted by binding 
effects.

Silence of lncRNA HULC represses HMEC-1 cells viability, migration and capillary structure 
formation via sponging miR-124
Next, HMEC-1 cells were transfected with sh-HULC or co-transfection with sh-HULC 

plus anti-miR-124, to see whether miR-124 was involved in the functions of lncRNA HULC on 
HMEC-1 cells. Fig. 4A displayed that sh-HULC-induced the impairment of cell viability was 
alleviated by anti-miR-124. sh-HULC-induced increase of apoptotic cell rate (p < 0.01), down-
regulation of Bcl-2, up-regulation of Bax, and cleavage of caspase-3 and -9 were all alleviated 
by anti-miR-124 (Fig. 4B and 4C). As expected, sh-HULC-induced inhibition of migration and 
tube-like cell rate (both p < 0.05), and down-regulations of angiogenesis-related proteins 
were also recovered to the control baseline when anti-miR-124 was co-transfected (Fig. 4D-
4F).

MCL-1 is a target gene of miR-124
It has been reported that miR-124 influenced apoptosis in regulation of AKT/mTOR/

MCL-1 survival pathway [18]. Here, we found that the mRNA (p < 0.05) and protein levels 
of MCL-1 was down-regulated by miR-124 mimic transfection, while was up-regulated by 
anti-miR-124 transfection (Fig. 5A and 5B). Sequence analytical results in Fig. 5C showed 
that, MCL-1 possessed four sites which could directly bind with miR-124. To analyze 
whether MCL-1 could directly bind with miR-124, the third predicted binding site in MCL-1 
(GTGAACAC) was selected for use in luciferase reporter assay. As results shown in Fig. 5D, 
the luciferase activity was significantly reduced by co-transfection with MCL-1-wt and miR-
124 mimic (p < 0.05). Meanwhile, the relative luciferase activity was significantly increased 
by co-transfection with MCL-1-wt, miR-124 mimic and pc-HULC (p < 0.05). No significant 
changes were observed in luciferase activity after co-transfection with MCL-1-mt and miR-
124 mimic, as well as co-transfection with MCL-1-mt, miR-124 mimic and pc-HULC. These 
data indicated that MCL-1 was a target gene for miR-124. Next, we performed Western blot 
analysis for testing the regulatory relationship between lncRNA HULC, miR-124 and MCL-
1. Fig. 5E showed that protein level of MCL-1 was up-regulated in pc-HULC group and was 
down-regulated in sh-HULC group as compared to the corresponding controls respectively. 
Fig. 5F showed that the protein level of MCL-1 was remarkably up-regulated in sh-HULC+anti-
miR-124 group as compared to anti-HULC+anti-miR group. These data together with the 
above mentioned findings implied an interesting regulation between lncRNA HULC, miR-
124 and MCL-1, that lncRNA HULC acted as a molecular sponge for miR-124, preventing 
MCL-1 from degradation by miR-124.

miR-124 represses HMEC-1 cells viability, migration and capillary structure formation via 
targeting MCL-1
The expression changes of MCL-1 in HMEC-1 cells with the prolonging of the time were 

determined by performing qRT-PCR. Data in Fig. 6A showed that mRNA level of MCL-1 was 
significantly up-regulated with the time increased (p < 0.05). Next, to test the involvement 
of MCL-1 in miR-124-mediated functions in HMEC-1 cells, miR-124 mimic and/or pc-MCL-1 
were transfected into cell. Viability of HMEC-1 cells was significantly reduced by miR-124 
mimic at day 4 post-transfection (p < 0.01, Fig. 6B). miR-124 mimic transfection resulted in 
a significant increase in apoptotic cell rate (p < 0.001, Fig. 6C), a down-regulation of Bcl-2, 
an up-regulation of Bax, and cleavages of caspase-3 and -9 (Fig. 6D). Additionally, relative 
migration (p < 0.05, Fig. 6E), tube-like cell rate (p < 0.01, Fig. 6F), and expression levels of 
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angiogenesis-related proteins (Fig. 6G and 6H) were all repressed by miR-124 mimic. More 
importantly, these above mentioned functions of miR-124 mimic on HMEC-1 cells were all 
abolished by pc-MCL-1 transfection.

MCL-1 activates PI3K/AKT and JAK/STAT signaling pathways
For further explore the underlying mechanisms of which MCL-1 promoted HMEC-1 cells 

angiogenesis, the expression changes of core proteins in PI3K/AKT and JAK/STAT signaling 
pathways were determined. As shown in Fig. 7A and 7B, sh-MCL-1 transfection reduced the 

Fig. 5. MCL-1 is a target gene of miR-124. (A) The mRNA and (B) protein levels of MCL-1 were determined 
by qRT-PCR and Western blot after HMEC-1 cells were transfected with miR-124 (mimic) or anti-miR-124 
(inhibitor). miR-con and anti-miR, two scrambled miRNAs, were transfected as blank controls for miR-124 
and anti-miR-124. (C) Sequence analysis of the targeting relationship between miR-124 and MCL-1. The 
red, green, blue and yellow lines represented the pairing sequences. (D) The third predicted binding site in 
MCL-1 (the sequence colored blue below) was selected to detect whether MCL-1 could bind with miR-124 
by using luciferase reporter assay. The protein levels of MCL-1 were measured by Western blot in (E) HMEC-
1 cells after transfection with pc-HULC or sh-HULC, as well as in (F) HMEC-1 cells after co-transfection with 
anti-HULC and anti-miR-124. Data represented as mean ± SD (n = 3). * p<0.05 compared to the indicated 
group (ANOVA).
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Fig. 6. miR-124 represses HMEC-1 cells viability, migration and capillary structure formation via targeting 
MCL-1. (A) The mRNA levels of MCL-1 in HMEC-1 cells were determined by qRT-PCR with the prolonging 
of culture time. (B) HMEC-1 cells were transfected with miR-124 or co-transfection with miR-124 plus 
pc-MCL-1 (a MCL-1 expression vector). miR-con and pcNC (an empty plasmid) were transfected as blank 
controls for miR-124 and pc-MCL-1. Cell viability was monitored by Trypan blue staining at day 1 to day 4 
post-transfection. (C) Apoptotic cell rate was determined by flow cytometry. (D) Protein levels of apoptosis-
related factors were measured by Western blot analysis. (E) Relative migration was detected by using 
Transwell chamber. (F) Tube formation capacity was detected by culturing cells in matrigel pre-coated 
plates. (G) Concentrations of VEGF in culture supernatant were measured by ELISA. (H) Expression levels 
of angiogenesis-related proteins were measured by Western blotting. Data represented as mean ± SD (n 
= 3). Different lowercase letters above the columns indicate that the mean values of different groups are 
significantly different (p<0.05, ANOVA). * p<0.05, ** p<0.01, and *** p< 0.001 compared to the indicated 
group (ANOVA).
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phosphorylation levels of PI3K, AKT, Jak1, Tyk2, Stat1, and Stat2, while pc-MCL-1 transfection 
increased the phosphorylation of these proteins. The total levels of these proteins were 
unaffected either by pc-MCL-1 or by sh-MCL-1.

Discussion

Recently, a growing number of lncRNAs interfering with the progress of atherosclerosis 
were identified and characterized in the atherogenic cells like smooth muscle cell, 
endothelial cell and macrophage [19]. In the present study, we identified lncRNA HULC also 
as an atherosclerosis-related lncRNA, which was unstudied previously. Silence of lncRNA 
HULC repressed human microvascular endothelial HMEC-1 cells viability, migration and 
tube formation, and accelerated apoptosis. Mechanistically, lncRNA HULC exerted “sponge-
like” effects on miR-124, preventing MCL-1 (a target gene of miR-124) from degradation by 
miR-124. Furthermore, MCL-1 showed accelerating effects on the activation of PI3K/AKT 
and JAK/STAT signaling pathways in HMEC-1 cells.

Endothelial dysfunction is a fundamental event in the process of atherosclerosis. 
Endothelial cells switch from a quiescent phenotype toward one that involves the host 
defense response, during which eNOS switches to generate ROS in appropriate circumstances 
as a part of endothelial dysfunction [1]. VEGF is a well-known angiogenic growth factor that 
is isolated by virtue of its ability to accumulate endothelial cells and to induce angiogenesis 
and vasculogenesis [20, 21]. CD144 is a transmembrane protein involved in endothelial 
homotypic cell adhesion [22]. In the present study, we demonstrated that silence of 
lncRNA HULC decreased the tube formation capacity of HMEC-1 cells, and reduced the 
expression of VEGF, VEGFR2 (a receptor of VEGF), CD144 and eNOS, implying lncRNA 
HULC might contribute to endothelial dysfunction and angiogenesis. As the angiogenesis 
continues, endothelial cells migration and proliferation lead to the more advanced lesions of 
atherosclerosis. We additionally demonstrated that silence of lncRNA HULC reduced HMEC-
1 cells growth and migration. This observation suggested that lncRNA HULC promoted the 
progression of atherosclerosis via controlling endothelial cells influx and proliferation.

HULC is a multifunctional lncRNA that recent works mainly focused on its role in 

Fig. 7. MCL-1 activates PI3K/AKT and JAK/STAT signaling pathways. (A) HMEC-1 cells were transfected 
with pc-MCL-1 or sh-MCL-1 (shRNA specific for MCL-1). pcNC and shNC (a non-targeting shRNA) were 
transfected as blank controls for pc-MCL-1 and sh-MCL-1. The expression levels of core proteins in PI3K/
AKT pathway were detected by Western blotting. (B) The expression levels of core proteins in JAK/STAT 
pathway were detected by Western blotting.
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various cancers. Angiogenesis is a common feature of all cancers, thus it is rational that 
investigators have begun to concern about the role of lncRNA HULC in normal endothelial 
cells angiogenesis. Increased expression of lncRNA HULC in glioma cells created a bridge 
between VEGF and VEGFR, as well as between angiogenesis and invasion, which contributed 
to cancer malignancy [11]. An in vitro investigation also evidenced that lncRNA HULC was 
capable of promoting tumor angiogenesis in hepatoma cells [10]. However, the present work 
for the first time discovered that lncRNA HULC also exerted pro-angiogenic functions on 
normal endothelial cells.

It has been well-accepted that lncRNA function to the regulation of gene expression 
via acting as endogenous sponges for various miRNAs [12, 23]. LncRNA HULC could post-
transcriptionally sponge miR-186 [24], miR-122 [8], miR-372/miR-373 [25], and miR-9 
[26], preventing target genes from degradation by these miRNAs, and thereby participating 
in a wide range of cellular process, like cell proliferation, differentiation, migration, invasion, 
apoptosis and inflammatory response. Herein, we found that lncRNA HULC was a molecular 
sponge for miR-124, that lncRNA HULC sequestrated miR-124, preventing MCL-1 from 
binding with miR-124. The role of miR-124 observed in this study is consistence with 
previous studies demonstrating miR-124 as an atherosclerosis-related miRNA [14, 15].

MCL-1 is a unique member of Bcl-2 family that is different from other family members 
(i.e., Bcl-2, Bcl-xL, Bcl-w and Bfl-1A1), as it holds a considerably long N-terminus [27]. MCL-1 
has been shown to be widely expressed in many types of cells, including endothelial cells in 
a wide range of tissues, such as prostate, breast, endometrium, epidermis, stomach, etc. [28]. 
MCL-1 exhibited oncogenic functions in colorectal cancer cells by inhibition of apoptosis 
and enhancing angiogenesis [29]. In the present study, the pro-angiogenic effects of MCL-
1 on HMEC-1 cells were observed, and our data suggested that MCL-1 might be one of the 
executors for lncRNA HULC, bringing lncRNA HULC into play significant role in angiogenesis.

Furthermore, various studies suggest an essential role of PI3K/AKT signaling pathway 
in the survival and angiogenesis of endothelial cells. Activation of AKT activates eNOS, 
increases the endothelial NO synthase [30], which promotes endothelial cells survival [31] 
and migration [32], and leading to pro-angiogenic effect [33]. In addition to PI3K/AKT, JAK/
STAT signaling pathway is also essential in mediating the proliferation of vascular endothelial 
cells [34], which evidences its direct role in modulating angiogenesis. In the current study, 
both PI3K/AKT and JAK/STAT signaling pathways were shown to be activated by MCL-1 
overexpression, while were blocked by MCL-1 suppression. These findings suggest PI3K/
AKT and JAK/STAT signaling pathways might be involved in the pro-angiogenic functions of 
MCL-1 in HMEC-1 cells.

Conclusion

To sum up, the findings in this study demonstrated a promoting role of lncRNA HULC 
in endothelial cells angiogenesis. One of the possible mechanisms involved in the pro-
angiogenic action is that lncRNA HULC works as a molecular sponge for miR-124, preventing 
MCL-1 (the target gene of miR-124) from degradation by miR-124. More effort is required to 
cross-check the pro-angiogenic role of lncRNA HULC in vivo and in other types of endothelial 
cells, especially the primary cells.
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