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Abstract

Background
Endothelial cells play important biological roles after peripheral nerve injury by forming blood vessels
within the nerve gap after peripheral nerve injury and guiding Schwann cell migration. microRNAs
(miRNAs) affect cellular behavior and regulate a wide variety of physiological and pathological activities,
including peripheral nerve regeneration. Emerging studies identi�ed the essential roles of miRNAs on the
phenotype modulation of Schwann cells while the effects of miRNAs on endothelial cells were not well
investigated. miR-328a-3p was differentially expressed in peripheral nerve stumps after nerve injury. This
study aimed to identify the biological effects of miR-328a-3p on human umbilical vein endothelial cells
(HUVECs).

Methods
Here, the biological functions of miR-328a-3p on endothelial cells were determined by transfecting
cultured human umbilical vein endothelial cells (HUVECs) with miR-328a-3p mimic or inhibitor. Heatmaps
of lncRNAs and mRNAs were generated using meV software according to previous obtained sequencing
data of sciatic nerve stumps at 0, 1, 4, 7, and 14 days after nerve crush injury.

Results
Transfection with miR-328a-3p mimic led to slightly decreased HUVEC proliferation and robustly
increased HUVEC migration and tubulogenesis while transfection with miR-328a-3p mimic led to opposite
observations. Bioinformatic analysis further discovered potential regulators and effectors of miR-328a-3p
and constructed a miR-328a-3p-centered competing endogenous RNA (ceRNA) network.

Conclusions
Collectively, our present study demonstrated that dysregulated miR-328a-3p after peripheral nerve injury
might affect the migration and angiogenesis of endothelial cells and contribute to peripheral nerve
regeneration.

Trial registration:
The rats were obtained from the Experimental Animal Center of Nantong University (Animal licenses No.
SCXK [Su] 2014-0001 and SYXK [Su] 2012-0031).

Background
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Endothelial cells are highly plastic cells that can rapidly switch to an activated state to mediate
angiogenesis during wound healing (1, 2). Formed blood vessels supply oxygen and nutrients, remove
wastes, and contribute to the regeneration of various tissues and organs (3). Considering the importance
of blood supply, vascularization is regarded as an essential factor during the fabrication and construction
of tissue engineered products (4–6).

Angiogenesis is also very critical for the regeneration of injured peripheral nerves. Following peripheral
nerve injury, polarized blood vessel formation within the bridge will guide the migration of Schwann cells
towards and across the injured site and encourage axon elongation and nerve repair (7). In tissue
engineered nerve grafts, su�cient angiogenesis bene�ts cell survival, promotes cell integration with
biomaterials, provides a favorable nutritional microenvironment, and improves the regeneration and
functional recovery of injured nerves (8, 9). Therefore, investigating certain approaches to modulate the
phenotype of endothelial cells and to advance angiogenesis after peripheral nerve injury is of great
theoretical and practical implications.

microRNAs (miRNAs) are small single-strand non-coding RNAs with about 22 nucleotides in length.
miRNAs bind to their target mRNAs, induce mRNA degradation and/or translational repression, and
negatively regulate their target mRNAs (10, 11). A large number of miRNAs were identi�ed to be
differentially expressed in the injured peripheral nerve stumps after nerve injury (12). Differentially
expressed miRNAs might affect the proliferation, migration, and/or remyelination of Schwann cells and
regulate nerve regeneration process (13). However, in spite of the essential roles of endothelial cells
during peripheral nerve regeneration, the regulatory effects of miRNAs on endothelial cells, as compared
with Schwann cells, remain largely unknown.

miR-328 has been involved in numerous biological activities, such as cellular apoptosis (14), brown
adipose tissue differentiation (15), and glucose uptake (16). Emerging studies have associated miR-328
with numerous diseases, including leukemic blasts (17), atrial �brillation (18, 19), intervertebral disc
degeneration (20), and hepatocellular carcinoma (21). Dysregulated miR-328 was also observed in prion
induced neurodegeneration (22), implying that miR-328 might play important roles in nervous system
diseases. Moreover, miRNA sequencing data of rat sciatic nerve stumps after nerve transection showed
that miR-328 expression was altered after peripheral nerve injury (12), suggesting that miR-328 might be
essential for peripheral nerve injury and regeneration.

miR-328a-3p was previously named as miR-328 or miR-328 according to miRbase (http://mirbase.org/).
Therefore, in the current study, we examined the biological effects of miR-328a-3p on human umbilical
vein endothelial cells (HUVECs). Potential upstream long non-coding RNAs (lncRNAs) and downstream
target mRNAs of miR-328a-3p were bioinformatically analyzed to reveal the regulatory cascade of miR-
328a-3p after peripheral nerve injury.

Materials And Methods
Cell culture
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HUVECs were seeded onto cell culture �asks (Corning, Coring, NY, USA) and grown in complete medium
(endothelial cell medium (ECM; Sciencell, San Diego, California, USA) supplemented with 5% heat-
inactivated fetal bovine serum (FBS; Sciencell), 1% endothelial cell growth supplement (ECGS; Sciencell),
and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA)) at 37°C and 5% CO2 in a humidi�ed
incubator.

Cell transfection

Cultured HUVECs were transfected with a chemically synthesized miR-328a-3p mimic, mimic control, miR-
328a-3p inhibitor, inhibitor control sequence (RiboBio, Guangzhou, Guangdong, China) using
Lipofectamine RNAiMAX transfection reagent (Invitrogen) according to the manufacturer’s instructions.
The sequences of miR-328a-3p mimic were 5’-CUGGCCCUCUCUGCCCUUCCGU-3’ and 3’-
ACGGAAGGGCAGAGAGGGCCAG-5’, the sequence of miR-328a-3p inhibitor was 5’-
ACGGAAGGGCAGAGAGGGCCAG-3’, and the sequences of non-targeting negative controls were random
sequences. HUVECs were transfected for 48 hours prior to functional investigations.

Real-time RT-PCR

Total RNA was isolated from cultured HUVECs, reverse transcribed to cDNA using the TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), and subjected to RNA ampli�cation
using the QuantiNova SYBR Green PCR Kit (Qiagen) on an Applied Biosystems StepOne real-time PCR
system. Bulge-loopTM miRNA qRT-PCR Primer Sets (one RT primer and a pair of qPCR primers for each
set) speci�c for miR-328a-3p was designed by RiboBio. The abundance of miR-328a-3p in HUVECs was
compared with the internal control U6 and the quanti�cation of miR-328a-3p was determined using the
ΔΔCt method.

EdU proliferation assay

HUVECs were seeded onto cell culture plates pre-coated with poly-L-lysine, exposed with 5-ethynyl-2’-
deoxyuridine (EdU) for 24 hours, and �xed with 4% paraformaldehyde. Cell proliferation was determined
by using a Cell-Light EdU DNA Cell Proliferation Kit (RiboBio) following manufacturer’s instructions.
Images were taken using a DMR �uorescence microscope (Leica Microsystems, Bensheim, Germany).
The numbers of EdU-postive cells and total cells were determined by EdU and Hoechst staining. The
proliferation rates of HUVECs were calculated by dividing the numbers of EdU-postive cells to the
numbers of total cells.

Wound healing assay

HUVECs were seeded onto a mold chamber with a 1 mm wide insert placed on the bottom of a 6-well
plate. After cell grew con�uent, placed insert was removed, leaving an blank space. Images were taken
using a DMR inverted microscope (Leica Microsystems) at 0 hour and 12 hours after the removal of
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placed insert. Relative cleaned areas were measured at these time points using Image-Pro Plus (Media
Cybernetics, Rockville, MD, USA) from randomly selected image �elds.

Transwell migration assay

Transwell chambers with 8 μm pores (Costar, Cambridge, MA, USA) were applied to determine migration
abilities. The upper chambers of transwell chambers were �lled with HUVECs suspended in ECM medium
while the lower chambers were �lled with complete cell culture medium. The upper chambers were taken
out after 24 hour incubation. After wiping the upper surfaces of the upper chambers and removing cells
left on the upper surfaces, the bottom surfaces of these upper chambers were stained with 0.1% crystal
violet to label migrated cells. Images were taken using a DMR inverted microscope (Leica Microsystems).
Crystal violet was dissolved in 33% acetic acid and the optical densities (O.D.) of crystal violet were
measured at 570 nm (Bio-Tek).

Matrigel tubulogenesis assay

HUVECs were seeded onto cell culture plates pre-coated with matrigel (BD Biosciences, Corning) and
incubated for 6 hours to allow the formation of tubules. Images were taken using a DMR inverted
microscope (Leica Microsystems). The numbers of nodes, meshes, and branches in formed tubules were
quantitated using Angiogensis analyzer in the Image J software (National Institutes of Health, Bethesda,
MD, USA) (23).

Bioinformatic analysis

Upstream regulatory lncRNAs of miR-328a-3p were predicted using TargetScan. Downstream target
mRNAs of miR-328a-3p were predicted using miRWalk 3.0, miRranda, and MicroRNA Target Prediction
Database (miRdb). Upstream lncRNAs and downstream mRNAs were linked to construct the miR-328a-
3p-centered competing endogenous RNA (ceRNA). Heatmaps of lncRNAs and mRNAs were generated
using meV software according to previous obtained sequencing data of sciatic nerve stumps at 0, 1, 4, 7,
and 14 days after nerve crush injury (24). Sequencing data were reserved in NCBI database with the
accession number PRJNA394957 (SRP113121) (25).

Statistical analysis

A student’s paired two-tailed t-test was performed for statistical analysis. The calculation of p-values and
the generation of graphs were made with SigmaPlot (GraphPad Prism 6.0 software, GraphPad Software,
La Jolla, CA, USA).

Results
miR-328a-3p inhibited the proliferation of HUVECs
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HUVECs were cultured and transfected with the mimic or inhibitor of miR-328a-3p to examine the
functional effects of miR-328a-3p on endothelial cells. E�cient up- or down-regulation of miR-328a-3p
from cultured HUVECs with miR-328a-3p mimic or inhibitor was con�rmed by RT-PCR examination. The
transfection of HUVECs with miR-328a-3p mimic signi�cantly increased miR-328a-3p expression (Figure
1A) while the transfection of HUVECs with miR-328a-3p inhibitor signi�cantly decreased miR-328a-3p
expression (Figure 1B) as compared with their non-targeting negative controls.

HUVECs e�ciently transfected with miR-328a-3p mimic or inhibitor were exposed to EdU to determine the
effects of miR-328a-3p on endothelial cell proliferation. EdU incorporation assay showed that
transfection with miR-328a-3p mimic transfection slightly reduced HUVEC proliferation, with an 8.56%
decrease compared with the mimic control (Figure 2A). On the contrast, transfection with miR-328a-3p
inhibitor transfection slightly elevated HUVEC proliferation, with a 12.65% increase compared with the
inhibitor control (Figure 2B).

miR-328a-3p promoted the migration of HUVECs

HUVECs transfected with miR-328a-3p mimic or inhibitor were seeded onto insert placed mold chambers
to examine cell migration abilities. Equal wide blank spaces and same sizes of cleaned area were
presented after insert removal (0 hour) in both HUVECs transfected with miR-328a-3p mimic and mimic
control. Obvious cell migration was detected at 12 hours after insert removal. In HUVECs transfected with
mimic control, many HUVECs migrated towards the wound area and �lled the blank space. About 65% of
cleaned areas were left after 12 hours of insert removal and cell culture while 35% of cleaned area was
covered by migrated HUVECs (Figure 3A). HUVECs transfected with miR-328a-3p mimic exhibited great
migration ability and occupied a larger space. In HUVECs transfected with miR-328a-3p mimic, left
cleaned areas were signi�cantly smaller and only about 50% of cleaned areas were left at 12 hour cell
culture (Figure 3A). In contrast to the decrease of relative cleaned areas observed by miR-328a-3p mimic
transfection, miR-328a-3p inhibitor transfection slightly increased relative cleaned areas (Figure 3B).

In addition to wound healing assays, transwell assays was also applied to determine the effect of miR-
328a-3p on HUVEC migration. Transfection with miR-328a-3p mimic increased the amount of migrated
HUVECs (stained with crystal violet) to nearly 2 folds as compared with mimic control (Figure 4A) while
transfection with miR-328a-3p inhibitor reduced HUVEC migration, with a 31.07% decrease as compared
with inhibitor control (Figure 4B).

miR-328a-3p promoted the tubulogenesis of HUVECs

HUVECs were seeded on matrigel-coated culture plates to probe their abilities in forming capillary-like
tubes. HUVECs transfected with miR-328a-3p mimic, miR-328a-3p inhibitor, and corresponding non-
targeting negative controls could all form interconnecting tube networks (Figure 5A & 5B). Summarized
data from skeletonized images (Figure 5C) showed that transfection with miR-328a-3p mimic largely
increased the number of formed tubes, with a 55.37% increase in the number of nodes (Figure 5E), a
34.97% increase in the number of meshes (Figure 5F), and a 28.73% increase in the number of branches
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(Figure 5G) as compared with mimic control. Curtailed formations of capillary-like tubes were observed in
HUVECs transfected with miR-328a-3p inhibitor (Figure 5D). Transfected with miR-328a-3p inhibitor, as
compared with inhibitor control, led to a 40.63% decrease in the number of nodes (Figure 5H), a 53.10%
decrease in the number of meshes (Figure 5I), and a slight decrease in the number of branches (Figure
5J).

Construction of miR-328a-3p-centered ceRNA network

Upstream regulators and downstream effectors of miR-328a-3p were analyzed by bioinformatic tools.
Considering that rat sciatic nerve crush injury was commonly applied as an animal model of peripheral
nerve injury and gene expression pro�les of rat sciatic nerve stumps were previously determined,
upstream lncRNAs and downstream mRNAs of rno-miR-328a-3p were investigated. TargetScan prediction
showed that a total of 5 lncRNAs, XLOC_097278, XLOC_083369, XLOC_138151, XLOC_174539, and
XLOC_053870 could bind to miR-328a-3p. miRWalk 3.0, miRranda, and miRdb prediction revealed various
potential target genes of miR-328a-3p. A miR-328a-3p-centered lncRNA-miRNA-mRNA network was thus
constructed (Figure 6A).

Previously achieved sequencing data showed that all identi�ed upstream lncRNAs were up-regulated in
sciatic nerve stumps after nerve crush injury (Figure 6B). However, the majority of predicted potential
target mRNAs were down-regulated after nerve injury while some a few mRNAs, such as Vsig4 and Prdx5,
showed increased expression levels in the injured nerve stumps (Figure 6C).

Discussion
Peripheral nerve injury and repair is a complex biological process that involves the participation of
various different cell types, such as Schwann cells, �broblasts, macrophages, and endothelial cells.
Following peripheral nerve injury, microRNA (miRNA)-mediated phenotype modulation of Schwann cells
have been widely explored. However, the effects of miRNAs on endothelial cells, cells that play important
roles on the guidance of Schwann cell migration after peripheral nerve injury, have not been well
demonstrated.

Our earlier study examined the functional effects of let-7, a well-known miRNA that belongs to the most
abundant miRNA family in the genome (26), on endothelial cells (27). Here, we determined the regulatory
roles of miR-328a-3p, another miRNA that was demonstrated to be dysregulated in the injured peripheral
nerve stumps (12). Outcomes from wound healing assay, transwell migration assay, and matrigel
tubulogenesis assay, revealed that miR-328a-3p would signi�cantly promote the migration of endothelial
cells and stimulate the formation of functional capabilities. Considering that proliferating cells were
variables of these assays, EdU proliferation assay was also conducted. On the contrary to the effects of
miR-328a-3p on endothelial cell migration and tubulogenesis, elevated miR-328a-3p slightly decreased
EdU incorporation. These results excluded the possibility that enhanced endothelial cell migration and
tubulogenesis was caused by increased numbers of cells and emphasized the promoting roles of miR-
328a-3p on endothelial cell migration and angiogenesis.
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The functional roles of miR-328a-3p on cell migration seemed to be contradictory in various different cell
types. It was reported that miR-328 could function as an anti-oncogene, repress cell migration in gastric
cancer cells (28) and in osteosarcoma cells (29). On the contrary, in breast cancer cells, elevated miR-328-
3p could decrease the abundances of glutamate metabotropic receptor 4 (GRM4) and counteract GRM4-
induced inhibition of breast cancer cell migration and invasion (30). Notably, recent studies showed that
miR-328a-3p might even lead to different cellular behaviors in endothelial cells exposed to diverse culture
conditions. Under high glucose and low serum condition, the migration and tube-like structure formation
of HUVECs were decreased while the expression of miR-328 was increased. Transfection high glucose
and low serum-cultured HUVECs with miR-328 inhibitor would stimulate cell migration and angiogenesis
(14). Another study showed that miR-328-3p would promote HUVEC migration and invasion and protect
HUVECs against oxidized low-density lipoprotein induced injury (31). These con�icting observations
implied that miR-328 might execute diverse functions under different microenviroment. In the current
study, we examined the biological roles of miR-328a-3p of HUVECs cultured in a standardized condition.
However, peripheral nerve injury generally induce a hypoxia response at the injury site (7, 32). In future
studies, it would be helpful to mimic the pathological conditions of peripheral nerve injury, expose miR-
328a-3p-treated HUVECs to decreased oxygen levels, and determine the modulating effects of miR-328a-
3p on HUVEC phenotype under low oxygen levels.

Besides the functional investigations of miR-328a-3p, we also analyzed lncRNAs and mRNAs that might
be associated with miR-328a-3p. The sequences of miR-328a-3p were highly conserved in different
species, including human (H. Sapiens) and rats (R. Norvegicus). Considering that we have obtained the
transcriptome pro�les and identi�ed ceRNA networks of rats after peripheral nerve injury (33), here, we
determined lncRNA-miR-328a-3p-mRNA interactions, constructed a miR-328a-3p-centered ceRNA network,
and explored the temporal expression patterns of miR-328a-3p-associated lncRNAs and mRNAs in the
injured sciatic nerves of rats. Following peripheral nerve injury, the expression levels of miR-328a-3p �rst
decreased, reaching a valley level at 4 days after nerve injury, and then gradually recovered to the
uninjured level at 14 days (12). The heatmaps showed that inverse correlations were observed between
the temporal expression pro�les of miR-328a-3p and all predicted upstream lncRNAs as well as miR-
328a-3p and potential target genes Vsig4 and Prdx5. Vsig4 encoded for a v-set and immunoglobulin-
domain containing protein and was mainly considered as a negative regulator of T-cell responses (34,
35). Prdx5 encoded for peroxiredoxin 5, a member of the peroxiredoxin family of antioxidant enzymes,
and played essential antioxidant roles (36). The involvements of Vsig4 and Prdx5 in the peripheral
nervous system have not been clearly illuminated yet although Prdx5 was found to be expressed in
peripheral nerves (37) and up-regulated in dorsal root ganglia neurons after peripheral nerve injury (38).
Here, our sequencing data showed that the abundances of Vsig4 and Prdx5 were elevated in sciatic nerve
stumps after nerve injury and elevated Vsig4 and Prdx5 might be induced by down-regulated miR-328a-
3p. The binding relationships of lncRNAs and mRNAs with miR-328a-3p might be further validated by the
luciferase assay and functional rescue assays.

Conclusions
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Collectively, in the current study, we investigated the biological effects of miR-328a-3p and found that
miR-328a-3p could encourage the migration and angiogenesis of endothelial cells. These �ndings
provided certain cues for the regulation of endothelial cells during peripheral nerve regeneration.
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Figures

Figure 1

Transfection e�ciency of miR-328a-3p mimic or inhibitor. (A) Transfection with miR-328a-3p mimic (miR-
328a-3p), as compared with transfection with mimic control (MC), increased the relative abundance of
miR-328a-3p. Summarized data were presented as mean with SEM from 3 experiments. ***, p-
value<0.001. (B) Transfection with miR-328a-3p inhibitor (Anti-miR-328a-3p), as compared with
transfection with inhibitor control (IC), decreased the relative abundance of miR-328a-3p. Summarized
data were presented as mean with SEM from 3 experiments. *, p-value<0.05.
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Figure 2

The effect of miR-328a-3p on HUVEC proliferation. (A) Transfection with miR-328a-3p mimic (miR-328a-
3p), as compared with transfection with mimic control (MC), decreased cell proliferation rate. Red color
indicated EdU staining while blue color indicated Hoechst 33342 staining. Scale bar: 50 µm. Summarized
data were presented as mean with SEM from 4 experiments. *, p-value<0.05. (B) Transfection with miR-
328a-3p inhibitor (Anti-miR-328a-3p), as compared with transfection with inhibitor control (IC), increased
cell proliferation rate. Summarized data were presented as mean with SEM from 3 experiments. *, p-
value<0.05.
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Figure 3

The effect of miR-328a-3p on HUVEC wound healing. (A) Transfection with miR-328a-3p mimic (miR-
328a-3p), as compared with transfection with mimic control (MC), decreased relative cleaned area. Scale
bar: 100 µm. Summarized data were presented as mean with SEM from 4 experiments. *, p-value<0.05.
(B) Transfection with miR-328a-3p inhibitor (Anti-miR-328a-3p), as compared with transfection with
inhibitor control (IC), increased relative cleaned area. Summarized data were presented as mean with
SEM from 4 experiments. *, p-value<0.05.
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Figure 4

The effect of miR-328a-3p on HUVEC migration. (A) Transfection with miR-328a-3p mimic (miR-328a-3p),
as compared with transfection with mimic control (MC), increased cell migration rate. Violet color
indicated cells migrated through transwell chambers. Scale bar: 50 µm. Summarized data were presented
as mean with SEM from 4 experiments. *, p-value<0.05. (B) Transfection with miR-328a-3p inhibitor (Anti-
miR-328a-3p), as compared with transfection with inhibitor control (IC), decreased cell migration rate.
Summarized data were presented as mean with SEM from 3 experiments. *, p-value<0.05.
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Figure 5

The effect of miR-328a-3p on HUVEC tubulogenesis. (A) Transfection with miR-328a-3p mimic (miR-
328a-3p), as compared with transfection with mimic control (MC), increased cell tubulogenesis. Scale
bar: 200 µm. (B) Transfection with miR-328a-3p inhibitor (Anti-miR-328a-3p), as compared with
transfection with inhibitor control (IC), decreased cell tubulogenesis. (C, D) Skeletonized images of
capillary-like tubes formed by HUVECs transfected with (C) miR-328a-3p mimic or mimic control and (D)
miR-328a-3p inhibitor or inhibitor control. (E) The number of nodes in HUVEC transfected with miR-328a-
3p mimic or mimic control. Data were presented as mean with SEM from 4 experiments. *, p-value<0.05.
(F) The number of meshes in HUVEC transfected with miR-328a-3p mimic or mimic control. Data were
presented as mean with SEM from 3 experiments. *, p-value<0.05. (G) The number of branches in HUVEC
transfected with miR-328a-3p mimic or mimic control. Data were presented as mean with SEM from 4
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experiments. *, p-value<0.05. (H) The number of nodes in HUVEC transfected with miR-328a-3p inhibitor
or inhibitor control. Data were presented as mean with SEM from 4 experiments. *, p-value<0.05. (I) The
number of meshes in HUVEC transfected with miR-328a-3p inhibitor or inhibitor control. Data were
presented as mean with SEM from 4 experiments. *, p-value<0.05. (J) The number of branches in HUVEC
transfected with miR-328a-3p inhibitor or inhibitor control. Data were presented as mean with SEM from 4
experiments. *, p-value<0.05.

Figure 6
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The ceRNA network of miR-328a-3p. (A) Interactions of lncRNAs, miR-328a-3p, and target mRNAs in the
miR-328a-3p-centered ceRNA network. lncRNAs were labeled in red color, miRNA was labeled in yellow
color, and mRNAs were labeled in blue color. (B) Heatmap of the temporal expression patterns of lncRNAs
in the miR-328a-3p-centered ceRNA network in the sciatic nerve stumps at 0, 1, 4, 7, and 14 days after
nerve crush injury. Red color indicated up-regulation while green color indicated down-regulation. (C)
Heatmap of the temporal expression patterns of mRNAs in the miR-328a-3p-centered ceRNA network in
the sciatic nerve stumps at 0, 1, 4, 7, and 14 days after nerve crush injury.


