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Background: Cardiovascular disease (CVD) is the leading cause of mortality all over the
world. Vascular stents are used to ameliorate vascular stenosis and recover vascular function.
The application of nanotubular coatings has been confirmed to promote endothelial cell (EC)
proliferation and function. However, the regulatory mechanisms involved in cellular
responses to the nanotubular topography have not been defined. In the present study,
a microarray analysis was performed to explore the expression patterns of long noncoding
RNAs (IncRNAs) in human coronary artery endothelial cells (HCAECs) that were differen-
tially expressed in response to nitinol-based nanotubular coatings.

Materials and methods: First, anodization was performed to synthesize nitinol-based nano-
tubular coatings. Then, HCAECs were cultured on the samples for 24 h to evaluate cell
cytoskeleton organization. Next, total RNA was extracted and synthesized into cRNA, which
was hybridized onto the microarray. GO analysis and KEGG pathway analysis were performed
to investigate the roles of differentially expressed messenger RNAs (mRNAs). Quantitative real-
time reverse-transcription polymerase chain reaction (QRT-PCR) was performed to validate the
expression of randomly selected IncRNAs. Coexpression networks were created to identify the
interactions among IncRNAs and the protein-coding genes involved in nanotubular topography-
induced biological and molecular pathways. Independent Student’s #-test was applied for com-
parisons between two groups with statistical significance set at p<0.05.

Results: 1085 IncRNAs and 227 mRNAs were significantly differentially expressed in the nitinol-
based nanotubular coating group. Bioinformatics analysis revealed that extracellular matrix recep-
tor interactions and cell adhesion molecules play critical roles in the sensing of nitinol-based
nanotubular coatings by HCAECs. The TATA-binding protein (TBP) and TBP-associated trans-
factor 1 (TAF1) are important molecules in EC responses to substrate topography.

Conclusion: This study suggests that nanotubular substrate topography regulates ECs by
differentially expressed IncRNAs involved extracellular matrix receptor interactions and cell
adhesion molecules.

Keywords: nitinol titanium dioxide nanotubes, RNA sequencing, long noncoding RNA,
nanotopography, molecular networks

Introduction

Cardiovascular disease is the leading cause of death all over the world." Various
cardiovascular prostheses are often employed to treat and reconstruct damaged
cardiovascular structures, such as cardiovascular vessels and heart tissues.
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However, clinical complications of the prostheses, such as
in-stent restenosis and late stent thrombosis, frequently
occur after implantation. Although numerous surface mod-
ification strategies have been developed, preventing these
complications remains challenging.

Previous studies have demonstrated that rapid endothe-
lialization on the surfaces of vascular prostheses is the
most effective way to inhibit the above complications.”
There are many factors regulating rapid endothelialization
on the surface of a prosthesis.’ One of the most significant
factors is the interaction between the biomaterial surface
and the ECs. It has been reported that the rate and quality
of endothelialization on vascular prostheses depend on
these interactions.* Many factors regarding cell-substrate
interactions are known to affect endothelial cellular adhe-
sion, proliferation, spreading and other processes. Surface
topography is a critical parameter among these factors.’
Numerous vascular stents with various topographic fea-
tures have been designed to study the interactions between
ECs and the cell-substrate interface.® One of the most
promising designs involves an upright nanotubular coating
on the surface of a metallic substrate created via a simple
anodization process.” Several studies have investigated the
behaviors and functions of ECs in response to nanotubular
topography with titanium nanotubes.”® Nitinol is the uni-
versal clinical vascular stent material because of its super-
elasticity and blood compatibility; however, there have
been few studies on nitinol nanotubes, although one recent
study has shown that nitinol-based nanotubular coatings
can improve endothelialization by promoting cell migra-
tion and the spreading of human aortic endothelial cells. '
Nevertheless, the mechanisms regulating the expression of
genes in ECs responding to nitinol-based nanotubular
coatings have not been defined.

Recent studies have shown that IncRNAs are func-
tional RNA molecules longer than 200 nucleotides that
are generally not translated into proteins but can regu-
late the expression and function of protein-coding genes
by different mechanisms.!' Many IncRNAs have been
implicated in cardiovascular pathophysiology and have
been inferred as potential therapeutic targets.12 Recent
evidence indicates that IncRNAs modulate the prolifera-
tion and migration phenotype of ECs, and aberrant
expression of IncRNAs is closely associated with EC
function'® and death.'* Therefore, it is significant to
determine the roles of IncRNAs in promoting EC pro-
liferation and function in response to nitinol-based nano-
tubular coatings.

In previous studies, we investigated the effect of TiO,
nanotubes on the osteogenic differentiation process and the
biological attachment mechanism of bone implants.''®
On this basis, we are interested in the roles of IncRNAs
in EC responses to nanotubular topography. Therefore, we
cultured HCAECs on nitinol-based nanotubular coatings
and utilized RNA-sequencing technology to analyze the
expression patterns of IncRNAs and mRNAs in the
HCAECs. Microarrays revealed that the nitinol nanotubes
enhanced HCAEC motility via the sensing of nanotopo-
graphical cues by molecules involved in extracellular
matrix receptor interaction and cell adhesion. Networks
generated from significantly differentially expressed
IncRNAs indicated that TBP and TAF1 are critical mole-
cules in the interaction of ECs with nitinol-based nanotub-
1085
differentially expressed IncRNAs participate in the regula-
tion of HCAECs induced by nitinol-based nanotubular
coatings.

ular topography. Our results confirmed that

Material and methods
Synthesis and characterization of

nitinol-based nanotubular coatings

Nitinol foils were purchased (58.72 wt% Ni, superelastic,
pickled surface, PEIER, Jiangyin, China) and were cut into
2x2-cm pieces. Then the nitinol foils were cleaned by
ultrasonication in acetone and ethanol (Sinopharm Group
Co., Ltd, Beijing, China). The foils were dried under
nitrogen, and the control nitinol substrates and nanotubular
labeled CK and NT,
Anodization was conducted at 20 °C in a Teflon container.

substrates were respectively.
The nitinol foil is the working anode while graphite foil is
the counter electrode. Anodization was performed as
described in our previous study on titanium nanotubes,'’
with slight modifications. Briefly, the electrolyte contained
2 g of NH4F (Sinopharm Group Co., Ltd), 1000 mL of
ethylene glycol (Sinopharm Group Co., Ltd) and 10 mL of
Millipore water. The anodization voltage was 30 V and the
duration was 30 min. Nanotubular substrates were rinsed
in ethanol and Millipore water after anodization. Samples
were subsequently annealed in a muffle roaster (CINITE,
Beijing, China) for 2 h at a temperature of 500 °C to
crystallize the nanotubes. Each substrate was sterilized
with 75% ethanol and UV radiation before cell culture.
The nanotubular coatings were observed with a scanning
electron microscope (JEOL-JSM7001F, Tokyo, Japan). In
addition, surface

hydrophilicity was evaluated by
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measuring water contact angles (DataPhysics OCA15Pro,
Filderstadt, Germany). Because nanotubular arrays are
directly grown on nitnol sheets with 0.3mm thickness
and opaque, which is far more than the 100nm thickness
required for transmission electron microscope (TEM)
study. Therefore, the nanotubular arrays on nitinol sheets
can not support TEM study. The diagram is shown in

Figure S1.

Cellular experiments
HCAECs
California, USA) and cultured under the manufacturer’s

were purchased (ScienCell, San Diego,
instructions. Cells in passages 2—5 were used. The cell
culture medium for the HCAECs was Endothelial Cell
Medium (ScienCell) supplemented with endothelial cell
growth factor, 20% FBS and 100 U/mL penicillin/
100 pg/mL streptomycin. Cells were cultured in an incu-
bator containing 5% (v/v) CO, at 37 °C and culture med-
ium was renewed every 2 days. For the extraction of total
RNA, HCAECs were seeded onto the substrates, without
protein pre-coating, and were then cultured for 48 h.

To evaluate cell cytoskeleton organization, HCAECs
were cultured on the samples for 24 h based on previous
article’ and were then fixed with 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) in PBS for 15 min.
Then the cells were permeabilized using 0.1% Triton
X-100 (Sigma-Aldrich) in PBS containing 1% bovine
(Sigma-Aldrich) for 10 i
Subsequently, the cells were labeled for F-actin using

serum  albumin min.
phalloidin conjugated to tetramethyl rhodamine isothio-
cyanate (Sigma-Aldrich) for 20 min. Also, the cell nuclei
stained  with  4—6-diamidino-2-phenylindole
(Invitrogen, Carlsbad, USA) for 15 min. After staining,
the samples were washed three times in PBS. Finally, the

were

samples were mounted on microscope slides for observa-
tion with a confocal laser scanning microscopy (Nikon A1,
Tokyo, Japan).

To confirm the difference in cell phenotype between
the CK and NT groups, immunofluorescent analyses of
CD31, vWF, and vinculin were conducted. HCAECs
were cultured on the samples for 72 h, and then fixed
with 4% paraformaldehyde (Sigma-Aldrich) in PBS for
15 min. Then, the cells were permeabilized using 0.1%
Triton X-100 (Sigma-Aldrich) in PBS containing 1%
bovine serum albumin (Sigma-Aldrich) for 10 min. Next,
the cells were incubated with CD31 mAb (Cell Signaling
Technology, Danvers, MA, USA), vWF polyclonal anti-
body (Proteintech, Chicago, USA), and vinculin mAb

(Proteintech) at 4 °C overnight. Subsequently, the cells
were stained with Alexa Fluor 488/555-conjugated sec-
ondary antibody (Cell Signaling Technology). The cell
nuclei were also stained with 4',6-diamidino-2-phenylin-
dole (Invitrogen) for 15 min. Following each step, the cells
were washed three times with PBS. After that, the expres-
sion of adhesion molecules was determined by confocal
laser scanning microscopy (Nikon Al).

For quantification of cytoskeletal features, ImagelJ soft-
ware was used to quantify cytoskeletal elongation.
Elongation was quantified by measuring the long and
short axes of the cell and calculating the aspect ratio
(long to short axis ratio). Ten cells in each group were
randomly selected for statistical analysis.

Microarray analysis
Total RNA was extracted from each sample in TRIzol
Reagent (TaKaRa, Tokyo, Japan) with an Ultrapure RNA
Kit (CWBIO, Beijing, China) under the manufacturer’s
instructions. Total RNA was quantified with a NanoDrop
ND-2000 (Thermo Scientific, Waltham, MA, USA). Briefly,
total RNA was synthesized into double-stranded cDNA. Then
the cDNA was synthesized into cRNA labeled with Cyanine-
3-CTP, which was hybridized onto the microarray. After
washing, the arrays were scanned with an Agilent G2505C
Microarray Scanner (Agilent Technologies, Palo Alto, USA).

The array images were analyzed with Feature
10.7.1.1,

Technologies). The raw data were normalized via quantile

Extraction  software  (version Agilent
algorithm and analyzed with the Agilent GeneSpring (ver-
sion 14.8, Agilent Technologies). The probes that had at

9

least 1 condition out of 2 conditions flagged as “p” were
chosen for further analysis. Then differentially expressed
genes and IncRNAs were identified by fold changes and
p-values calculated with t-tests. The threshold for upregu-
lated and downregulated genes was a fold change >2.0 and
a p-value <0.05. Finally, hierarchical clustering was con-
ducted to display the expression patterns of the distin-

guishable genes among the samples.

Quantitative real-time PCR validation

gqRT-PCR was carried out with a Bio-Rad thermocycler and
SYBR Green Real-Time PCR Master Mix (Toyobo, Tokyo,
Japan) under the manufacturers’ instructions. The reaction
conditions were as follows: incubation at 95 °C for 1 min,
followed by 40 cycles of 95 °C for 10 s, 60 °C for 15 s and
72 °C for 20 s. The relative IncRNA and mRNA expression
levels were calculated using the 27" method. The
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expression levels of all targets were normalized to glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). The pri-
mer information could be found in Table S1.

GO analysis and KEGG pathway analysis
GO analysis and KEGG pathway analysis were performed to
investigate the roles of differentially expressed mRNAs.
Briefly, GO analysis was conducted to illustrate the genetic
regulatory networks in accordance with three integrated
domains (molecular function, biological process, and cellular
component). The number of differentially expressed genes
included in each GO term was counted, and Hypergeometric
cumulative distribution function was used to calculate the
enrichment of functional terms. The smaller the p-value, the
more enriched the differentially expressed gene was in the GO
term. The top 20 terms were sorted according to the p-value.
Pathway analysis of differentially expressed genes was per-
formed using the KEGG database, and Hypergeometric cumu-
lative distribution function was used to calculate the
enrichment of pathway terms. Again, the top 20 terms were
sorted according to the p-value.

Construction of the coexpression

network

Coexpression networks were created to identify the interac-
tions among IncRNAs and the protein-coding genes involved
in nanotubular topography-induced biological and molecular
pathways. On the basis of Guttman et al'® >, IncRNAs that
participate in special biological pathways are regulated by
critical transcription factors (TFs) of those pathways. In
order to determine whether the IncRNAs could possess trans-
regulating functions, we compared the mRNAs that are coex-
pressed with IncRNAs with particular TFs regulated mRNAs.
To investigate the mutual regulatory relationships among
miRNA, IncRNA, and mRNA, we performed miRNA—
IncRNA-mRNA coexpression network analysis based on
Pearson’s correlation coefficient. Coexpression relationships
with more than three shared miRNAs at p<0.05 were selected
to build the miRNA-IncRNA-mRNA interaction network.
The networks were constructed using the hypergeometric
cumulative distribution function in MATLAB 2012b
(The MathWorks, Natick, USA). The graphs were generated
in Cytoscape 3.01 (Agilent Technologies).

Statistical analysis
All data were shown as the mean =+ standard deviation and
were performed using SPSS 23.0 (SPSS Inc., Chicago, USA)

statistics software. Student’s ¢-test was applied to comparisons
between two groups. A p-value <0.05 was considered statisti-
cally significant.

Results

Material characterization

The morphology of the nitinol-based nanotubular coatings was
characterized by scanning electron microscope and is shown
in Figure 1A and B. The typical outer diameter of the hollow
nanotubes fabricated in this study was ~50 nm. The wettability
of the implant surface plays a significant role in cell
adhesion,”! so the surface hydrophilicity was evaluated by
the measurement of the water contact angle. As shown in
Figure 1C, the contact angle of the water on the planar nitinol
surface without anodic oxidation was 77.8+0.7 °. After anodic
oxidation and thermal treatment, the contact angle of the water
decreased to 12.7+0.2 °, indicating that the nitinol-based
nanotubular surface was more hydrophilic than the planar
nitinol surface.

Cytoskeletal organization and phenotypic

expression
In general, cells undergo an adhesion process that involves
substrate  attachment, spreading, and cytoskeletal

development.”> We investigated the cytoskeletal organization
of HCAECs grown on planar nitinol (CK) and nanotubular

(@)

80 -

60 -

40

20

Water contact angle (degree)

CK NT

Figure I SEM images of the planar control nitinol (A) and the upright nanotubular
coating (B). Scale bars: 100nm. (C) The decreased water contact angle of the
nanotubular coating (NT) compared with that of the planar control nitinol (CK).
The data are expressed as the mean * standard deviation (n=4, **p<0.00l,
compared with Student’s t-test.)
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coatings (NT) by staining the cells with phalloidin and DAPIL.
We then compared the organization of the actin structures on
the nanotubular coatings with those on the planar nitinol
surfaces. Confocal microscopy showed that the cells on the
flat surfaces were spread out, however, cells on nanotubular
coatings had elongated morphologies (Figure 2A and B). The
aspect ratio of cells in the NT group was significantly higher
than that of cells in the CK group (Figure 2C). It has been
reported that elongation can be a response to mechanical
forces induced by topographical cues.”> Moreover, a higher
migration speed has been observed in elongated cells com-
pared with spread cells.® Based on this evidence, nanotubular
topography may facilitate the migration of HCAECs, resulting
in rapid re-endothelialization, which is pivotal for wound
healing after device implantation.

The phenotypic expression of the endothelial cell marker
CD31, the focal adhesion protein vinculin, and the mature
endothelial cell marker vWF was confirmed in cells on two
different substrate surfaces (Figure S2). HCAECs on the two
different substrate surfaces exhibited positivity for CD31,
vinculin, and vWF staining. It was assumed that HCAECs
cultured on the nitinol-based nanotubular coatings could retain
the typical EC phenotype and express adhesion molecules

normally.

Aspect ratio
N

0- T
CK NT

Figure 2 F-actin (green) and nuclear (blue) stains of HCAECs grown for 24h on
(A) planar surfaces versus (B) nitinol-based nanotubular coatings. (C) Elongation of
HCAECs as measured by the aspect ratio. The data are presented as the mean *
standard deviation (n=10). **p<0.01 significantly different from the CK group,
Student’s t-test (two tailed).

Differentially expressed IncRNAs

Microarray analysis was performed to investigate the
expression levels of IncRNAs in HCAECs on nanotub-
ular coatings compared with those of IncRNAs in cells
on control planar nitinol. In total, we identified 1085
significantly differentially expressed IncRNAs in the
HCAECs cultured on nanotubular coatings; 687 were
upregulated, while 398 were downregulated (>2.0-fold,

p<0.05). The 40 most significantly differe-
ntially expressed IncRNAs can be found in Table S2.
Among these differentially expressed IncRNAs,

NONHSAT099739.2 (Inc-TRIML2-8:1) was the most
upregulated, with an FC of 10.71, whereas
NONHSAT178380 was the most downregulated, with
an FC of 6.90. A scatter plot performed to show the
variation in IncRNA expression between the cells cul-
tured on the nanotubular coatings and those cultured
on the control planar nitinol (Figure 3A). The cluster-
ing analysis was applied to show the relationships
among IncRNA expression patterns in the cells cul-
tured on the different topographies (Figure 4A).

Differentially expressed mRNAs

Microarray analysis identified 227 mRNAs that were
significantly differentially expressed in the cells cultured
on the nanotubular coatings but not in the cells cultured
on control planar nitinol; 136 were upregulated, while
91 were downregulated (>2.0-fold, p<0.05). The 40
most significantly differentially expressed mRNAs can
be found in Table S3.
expressed mRNAs, the most significantly upregulated
and downregulated mRNAs were CD8B (NM_004931)
and PRSS46 (NM_001205271), with FCs of 8.81 and
6.40, respectively. A scatter plot performed to show the

Among the differentially

variation in mRNA expression between the cells cul-
tured on the nanotubular coatings and those cultured
on control planar nitinol (Figure 3B). The clustering
analysis was applied to show the relationships among
mRNA expression patterns in the cells cultured on the
different topographies (Figure 4B). Protein-protein inter-
action (PPI) network analysis is used to recognize cri-
tical hub members among a cluster of molecules.
Accordingly, PPI network analysis was applied to iden-
tify critical members among the differentially expressed
mRNAs according to the GenOntology, KEGG, Pfam
and InterPro databases (Figure S3).
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Figure 3 Scatter plot of the variation in IncRNA (A) and mRNA (B) expression between the NT and control samples. The values shown on the x-axis and y-axis are the
normalized signal values of each sample (log 2 scale). The green lines represent FCs (the default fold change value was 2.0). The IncRNAs and mRNAs above the top green
line and below the bottom green line had FC values >2.0 between the 2 compared samples.

Validation of the microarray data using
qRT-PCR

gRT-PCR was performed to confirm the microarray ana-
lysis findings. Four differentially expressed IncRNAs
(Inc-MYO1B-1:1, Inc-TRIML2-8:1, NONHSAT178380,
and NONHSAT190776) were randomly selected for vali-
dation. The expression levels of these IncRNAs are
shown in Figure 5. In accordance with the microarray
analysis, the results of qRT-PCR demonstrated that Inc-
MYOI1B-1:1 and Inc-TRIML2-8:1 were upregulated in
the NT group compared with the CK group, while
NONHSAT178380 NONHSAT190776
downregulated.

and were

Microarray-based GO analysis and

pathway analysis

Functional analyses for differentially expressed mRNAs
were performed by GO and pathway analyses. In this
study, we found that some of the most important GO
terms were related to cell migration. For example, the
most enriched GO terms in the upregulated transcripts
were “exocyst localization” (ontology aspect: biological
process, Figure S4) and “integral component of plasma
membrane” (ontology aspect: cellular component, Figure
S5). Among the downregulated transcripts, some of the
most enriched GO terms were “cell-cell signaling” (ontol-
ogy aspect: biological process, Figure S6), “extracellular
region” (ontology aspect: cellular component, Figure S7)

and “somatostatin receptor activity” (ontology aspect:
molecular function, Figure S8). We also obtained the 10
GO terms that were most associated with the gene coding
of upregulated RNAs and downregulated RNAs in the
molecular function, biological process, and cellular com-
ponent domains (Figure S9, S10, and S11). KEGG path-
way analysis showed that a total of 111 pathways were

related to the upregulated transcripts. However, we found
that 123 pathways were related to the downregulated tran-
scripts, and the pathway with the most enrichment was
“ECM-receptor interaction” (Figure S12). The mRNA
expression levels of three genes in “ECM-receptor inter-
action” pathway are shown in Figure 6. The results of
gRT-PCR demonstrated that COL4A5 and COL9A3
expression did not differ significantly in the NT group
compared with the levels in the CK group, while
COL9A1 was downregulated in the NT group. Our results
also showed that the top 20 pathways were associated with
the genes encoding differentially expressed RNAs (Figure
S13). These results indicated that “ECM-receptor interac-
tion” and “cell adhesion molecules” are significant path-
ways in HCAECs induced by nanotubular topography.

Construction of the coexpression

network

A gene coexpression network was constructed with the
differentially expressed IncRNAs and mRNAs with
absolute values of the Pearson correlation coefficient
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Figure 4 (A) Hierarchical clustering analysis of 1085 differentially expressed IncRNA probe sets. (B) Hierarchical clustering analysis of 227 differentially expressed mRNA

probe sets. The samples are in the columns, and the probe sets are in the rows.
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Figure 5 gRT-PCR validation results of four randomly selected IncRNAs. The target IncRNA expression levels were normalized to the internal control GAPDH. The data
are presented as the mean * standard deviation (n=3).%p<0.05,**p<0.01 significantly different from the CK group, Student’s t-test (two tailed).

1.8

Relative mRNA level

COL4A5

I CK
[TINT
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Figure 6 The mRNA expression levels of three genes involved in "ECM-receptor interaction” pathway. The target mMRNA expression levels were normalized to the internal
control GAPDH. The data are presented as the mean * standard deviation (n=3).¥p<0.05 significantly different from the CK group, Student’s t-test (two tailed).

>0.9 and p<0.05 (Figure S14), which consisted of 53
nodes and 92 connections between 10 IncRNAs and 43
mRNAs. In this network, 36 pairs presented as positive,
and 56 pairs presented as negative. p-values were

calculated for the enrichment between differentially
expressed IncRNAs and TFs using the hypergeometric
distribution method. As shown in Figure 7, the data
illustrated that most of these potential transregulatory

3304 submit your manuscript

Dove!

International Journal of Nanomedicine 2019:14


https://www.dovepress.com/get_supplementary_file.php?f=204067.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove

Shang et al

Trans analysis

TBP
TAF1
POU2F2
TAF7
KAT2A

E2F4

o

20 40

60 80 100 120

Hit-number of LncRNA

Figure 7 Top-ranking TFs associated with the differently expressed IncRNAs according to p-value.

IncRNAs participate in pathways regulated by 5 TFs:
TBP, TAF1, POU2F2, TAF7 and KAT2A. Our analysis
also revealed the TFs most associated with the differen-
tially expressed IncRNAs (Figure 8). On the basis of
IncRNA-TF-mRNA analysis (Figure 9), TBP (TATA-
binding protein) was identified as a transcription regu-
lator with a critical role in the molecular pathways. TBP
is a protein that binds to a consensus TATA-box
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sequence element and is found in transcription factor
complexes involved in RNA polymerase I-, II- and III-
mediated transcription. Small increases in cellular TBP
levels have been found to induce changes in cellular
growth properties toward a transformed phenotype,
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depending on the cell type.”” miRNAs, another class

of noncoding RNA molecules, play versatile roles in many
biological processes. Figure 10 presents a miRNA—IncRNA—
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Figure 8 IncRNA-TF network visualized by hypergeometric distribution analysis. The top 100 IncRNA-TF relationships sorted by p-value were selected to construct a
dyadic relationship network. The blue and red nodes represent the TFs and IncRNAs, respectively.

International Journal of Nanomedicine 2019:14

submit your manuscript

3305

Dove


http://www.dovepress.com
http://www.dovepress.com

Shang et al

Dove

S8 HIST1H2AE RPL3

1

RPS18

A

I
HisTIHEN, || |

2ZNF280A

7
0

oA
0
‘/“‘|ST1 ‘

RPS2
71

l

|
\

N

PRDX1

& [l

NN
BN

Q I
i
\/f*'
Iy

()
Uy

g

DHRS2

L e
b Pm / HIST1H288
¢ /f/ML

/5’/ 1785
)

HSPA1B

AN L Wi
\\ %\\ E\w\\

\
\\ \\ HIST1H2AB

Figure 9 IncRNA-TF-mRNA core network consisting of the 996 pairs of IncRNAs, TFs, and mRNAs with the most relevance. The red nodes represent the IncRNAs, the

blue rectangles represent the TFs, and the green circles represent the mRNAs.

mRNA coexpression network according to the differentially
expressed miRNAs, IncRNAs, and mRNAs. The results
showed that the differentially expressed IncRNAs and
mRNAs interacted with 20 miRNAs in HCAECs in response
to nitinol-based nanotubular coatings.

Discussion
In the present study, we investigated, for the first time, the
altered expression pattern of IncRNAs in HCAECs in
response to nitinol-based nanotubular coatings using
microarray analysis. Also, potential roles and molecular
networks of differentially expressed mRNAs and IncRNAs
were predicted. In total, 1085 IncRNAs and 227 mRNAs
were differentially expressed owing to the nitinol-based
nanotubular coatings.

To gain insight into the potential functions of the differen-
tially expressed mRNAs, GO and pathway analyses were

performed. The most significantly altered categories identified
by GO analysis were those involving the plasma membrane
and exocyst-related processes. It has been shown that the
exocyst interacts with Rho GTPases resulting in cell polarity
and the activity of the cytoskeleton.” In addition to regulation
by the cytoskeleton, integrin activation is also regulated by
small GTPases.”® Integrins are the major cell-ECM adhesion
receptors. They are also mechanotransducers that can modu-
late cytoskeletal remodeling through the regulation of Rho
family small GTPases.”® It is suggested that the nanotubular
topography influences the interaction between integrins and
Rho GTPases in HCAECs through plasma membrane and
exocyst-related processes, leading to the change of cytoskele-
ton organization. In addition, GO analysis identified the most
important upregulated molecular functions as G-protein
coupled receptor activity, calmodulin-dependent protein
kinase activity and calcium ion binding, all of which have
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Figure 10 miRNA-IncRNA-mRNA coexpression network. The red rectangles represent the mRNAs, the blue rectangles represent the miRNAs, and the green rectangles

represent the IncRNAs.

previously been implicated in mechanotransduction.”’ It has
been reported that Ca®" signaling can activate G-proteins via
a mechanical signal.*® G-proteins can also regulate mechan-
otransduction and activation of specific G proteins may mod-
ulate the activity of specific Rho GTPases,”® which can
interact with exocyst participating in exocyst-related processes
mentioned above. Previous studies have suggested that
increased roughness on stainless steel surfaces may improve
the expression of cell adhesion molecules in ECs such as
E-selectin and VCAM-1;% the most highly correlated path-
ways that we identified were those related to ECM-receptor
interaction and cell adhesion molecules. Therefore, we spec-
ulate that the nanotubular topography can affect the cell adhe-
sion molecules located on the surface of the cell membrane,

and regulate the behavior and function of endothelial cells by
downstream G—protein coupled receptors and Ca®" signaling.
However, all of these speculations need to be studied in future
work.

Among the top-ranking transfactors associated with the
differentially expressed IncRNAs, TBP and TAF1 are the
most important. It has been reported that TBP levels
regulate the expression of VEGFA, which is a rate-
limiting growth factor for angiogenesis. Furthermore,
improvement of cellular TBP levels contribute to
VEGFA expression and secretion involved in enhancing
cell migration.”* Whether it is possible for nanotubular
topography to regulate the behavior of endothelial cells
via the expression of TBP and VEGFA is also worthy of
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further exploration. We also identified another significant
transfactor, E2F4, that was associated with the differently
expressed IncRNAs. E2F4 belongs to the E2F family,
which is a series of transcription factors involved in cell
proliferation in response to extra- and intra-cellular
signals.®° It has been shown that E2F3 promotes the pro-
liferation of vascular smooth muscle cells, resulting in
increased intimal hyperplasia, whereas E2F4 inhibits this
pathological response.®' Therefore, further investigation of
of E2F4-associated differently
expressed IncRNAs in intimal hyperplasia inhibition is

the potential roles
warranted. Overall, we speculate that the transcription
factors TBP and TAF1 in the nucleus regulate the expres-
sion of certain genes contributing to changes in cell func-
tion. The functions of TBP and TAFI1 involved in EC
responses to substrate topography need to be proved by
further experiments.

However, one limitation of this study is that the effect of
shear stress on blood flow was not explored. Blood flow shear
stress is also an important factor influencing endothelial cells
after stent implantation.Shear stress has an intense effect on
the function and behavior of vascular endothelial cells, so
future research should explore the changes in IncRNA expres-
sion when the cells are subjected to shear stress and substrate
topography together. In addition, it has been proved that
smooth muscle cells are also an important cell type after
stenting, so we will focus on such cells in further research.
By comparing the gene expression between endothelial cells
and smooth muscle cells, surfaces of vascular stents that are
more favorable to endothelial cell proliferation and function
can be designed, and the function of vascular stents can be
further promoted.

Conclusion

In this work, a microarray analysis was performed to
confirm the 1085 IncRNAs differentially expressed in
HCAECs in response to nitinol-based nanotubular coat-
ings. Potential roles and molecular networks of these dif-
ferentially expressed mRNAs and IncRNAs were also
predicted. Extracellular matrix receptor interactions and
cell adhesion molecules play critical roles in the sensing
of nitinol-based nanotubular coatings by HCAECs. TBP
and TAF1 are important molecules in EC responses to
substrate topography, but their functions involved in EC
responses to nanotubular topography need to be proved by
further experiments. Identifying the IncRNAs and net-
works involved in the responses to nanotopographical
cues may be crucial in understanding how cells respond

to nanotopography. Furthermore, revealing how cells and
topography interact can improve the design of future med-
ical devices.
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