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Abstract: As proliferation of vascular smooth muscle cells (VSMCs) plays an important role in the pathogenesis
of atherosclerosis, the present study aims to explore new molecules which can inhibit the proliferation of VSMCs.
Honokiol is identified as the most effective one which can inhibit the proliferation and promote the apoptosis of
VSMCs in a time-dependent manner by cell counting kit-8 test and fluorescence-activated cell sorting. This process is associated with a reduction in the levels of FTO and relative RNA expression, identified by western-blot and
qRT-PCR. Furthermore, after over-expression FTO in VSMCs, the expression of lncRNA (BC033150) is obviously
increased. Meanwhile, the proliferation-inhibited and apoptosis-promoted effect of Honokiol can be attenuated
by siRNA. These results indicate that Honokiol can inhibit VSMCs proliferation and promote apoptosis by targeting
lncRNA (BC033150) via FTO, and the Honokiol-FTO-lncRNA axis is indispensible for Honokiol’s role performance,
suggesting Honokiol has potential to serve as a novel agent for atherosclerosis prevention and therapy.
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Atherosclerosis leading to myocardial infarction
and stroke is the major cause of death in the
world. It is a chronic inflammatory condition
that results from complex interactions of modified lipoproteins and various cell types including vascular smooth muscle cells (VSMCs) and
monocyte-derived macrophages and so on [1].
VSMCs proliferation is thought to play an important role in the pathogenesis of both atherosclerosis and restenosis [2]. During their migration and intimal proliferation, VSMCs partially
loose their contractile phenotype and acquire a
synthetic one, involving the appearance of
abundant endoplasmic reticulum and the Golgi
apparatus and the secretion of proteoglycans
and collagen [3]. Exploring new molecules,
which can inhibit the proliferation and migration of VSMCs, bring great significance not only
for better understanding of mechanism but
also for strategy of pertinent therapeutic
remedies.

nalis, obovata, and grandiflora) of Magnoliaceae
family [4], which has been shown to exhibit
pleiotropic anticancer effects in many cancer
types. Studies have shown that honokiol is able
to target many pathologically relevant pathways, including nuclear factor kappa B (NF-κB),
signal transducers and activator of transcription 3 (STAT3), epidermal growth factor receptor (EGFR) and mammalian target of rapamycin
(m-TOR), which have great relevance during
cancer initiation and progression [5]. Honokiol
exerts anti-proliferative activity with the cell
cycle arrest at the G0/G1 phase and sequential
induction of apoptotic cell death in a concentration-dependent manner [6]. However, little is
known as to whether Honokiol targets proliferation and migration of VSMCs, if so, what is the
mechanism of Honokiol performing its function.
In this study, we investigate the effect of
Honokiol on the proliferation and apoptosis of
VSMCs, identified fat mass and obesity-associated (FTO) gene as the most suppressed gene
by Honokiol.

Honokiol is a bioactive compound and obtained
from several species of genus Magnolia (offici-

FTO gene locates on chromosome 16. As one
homolog in the AlkB family proteins, it is the
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first mRNA demethylase that has been identified [7]. The discovery of the FTO-mediated oxidative demethylation of m6A in nuclear RNA
initiate further investigations on biological regulation based on reversible chemical modification of RNA. Long non-coding RNAs (LncRNA),
non-protein coding transcripts longer than 200
nucleotides, generally lack strong conservation, which is often cited as evidence of nonfunctionality [8]. However, accumulating evidence suggest that the majority of these are
likely to be functional [9]. LncRNAs modulate
the function of transcription factors by several
different mechanisms, including functioning
themselves as co-regulators, modifying transcription factor activity, or regulating the association and activity of co-regulators [10]. Local
LncRNAs can also recruit transcriptional programs to regulate adjacent protein-coding gene
expression [11]. The presence of appreciable
amounts of m6A in lncRNAs suggests that m6A
can also be important in cellular processes
other than protein synthesis.

rsville, MD) which characterized by positive
immunostaining for alpha-smooth muscle actin (α-SMA) and negative immunostaining for
factor VIII. Cells were grown in smooth muscle
basal medium (SmBM) supplemented with
hEGF, insulin, hFGF-B and gentamin/amphotericin-B (SmGM-2 SingleQuots; Lonza), 5% (v/v)
heat inactivated fetal bovine serum (Hyclone
Defined FBS; Thermo Ficher Scientific, Waltman, MA), 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mmol/L glutamine (Sigma-Aldrich, St Louis, MO, USA), in a humidified atmosphere with 5% CO2 in air. Culture medium was
changed every 2 days. Experiments were performed using cells between the 5th and 10th
passage.
Immunofluorescence

Considering the aforementioned roles of
LncRNAs in the regulation of gene transcription, we hypothesize that Honokiol can regulate
the proliferation and migration of VSMCs
through regulation of gene transcription via targeting LncRNA. However, whether LncRNA
involved the function of Honokiol is unknown.
Here, we demonstrate the role of Honokiol in
regulation of gene transcription and the expression of lncRNA by microarray, and also confirm
LncRNA (BC033150) as the target lncRNA of
Honokiol.

After various experimental treatments, the
adherent cultured cells were washed twice with
cold phosphate buffered saline (PBS) and fixed
in a paraformaldehyde solution (4% in PBS, pH
7.4) for 30 min at 4°C. The fixed cultures were
then washed twice with PBS, treated with permeabilization solution (0.1% Triton X-100 in
0.1% sodium citrate) on ice for 2 min, and incubated in blocking buffer (3% BSA in TBST) for 1
h. The cells were then incubated with the indicated antibody in TBST containing 3% BSA
overnight at 4°C. After incubation, the cells
were washed and incubated with the indicated
fluorescence-labeled secondary antibody in the
dark at 37°C for 1 h. After washing, the cells
were observed under a fluorescence microscope. Confocal images were captured under a
Leica, TCS SP5 confocal microscope.

Materials and methods

Cell viability assay

Reagents and antibodies
Purified Honokiol was purchased from Quality
Phytochemicals, LLC (Edison, NJ). Boyden
Chambers and polycarbonate membranes (8
mm pore size) for cell migration assays were
obtained from Neuroprobe (Gaithersburg, MD).
The antibodies specific for FTO and GAPDH
were purchased from Cell Signaling Technology
(Beverly, MA). PI/Annexin V antibody kit (C1062)
for FACS was from Beyotime biotech company
(Shanghai, China).

The effect of honokiol on the proliferative
capacity or cell viability of the VSMCs was
determined using CCK8 assay. A total of 10000
cells were plated into each well of a 96-well
plate and cultured for 24 hours. After this the
culture medium was removed, different concentration of honokiol media were added, and
the VSMCs were cultured for 1, 2, or 3 days.
Subsequently, 10 µL of CCK-8 was added to
each well and incubated for 3 hours, and a
microplate reader was used to detect absorbance at 450 nm.

Cell lines and cell culture

Apoptosis assay

Human coronary artery smooth muscle cells
(CASMCs) were purchased from Lonza (Walke-

Apoptosis was measured using an Annexin V/
fluorescein isothiocyanate (FITC) apoptosis
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Figure 1. Honokiol inhibit the proliferation of VSMCs (A) with a time-independent manner (B), and promote the
apoptosis of VSMCs (C, D). There was a significant difference in OD450 value between control group and Honokiol
treated group (P<0.01). Moreover, the OD450 value was obviously lower at 72 h in Honokiol treated group than
control group (P<0.01) (B). The apoptosis rate was obviously higher at 72 h in Honokiol treated group than control
group or DMSO treated group (P<0.01) (C, D).

detection kit (Beyotime biotech company,
China). Briefly, 2×105 cells cultured in 6-cm
dishes were trypsinized, washed, stained with
FITC-conjugated anti-Annexin V antibody under
darkness for 15 min at room temperature, and
then analyzed by flow cytometry (FAC-SCalibur;
Becton-Dickinson).
Western blotting
VSMCs were treated with or without honokiol
for desired time period, thereafter the cells
were harvested, and lysed with ice-cold lysis
buffer supplemented with protease inhibitors.
Proteins were electrophoretically resolved on
8-10% Tris-Glycine gels and transferred onto a
nitrocellulose membrane. After blocking the
non-specific binding sites, the membrane was
incubated with the primary antibody at 4°C
overnight. Membranes were washed and then
incubated with the peroxidase-conjugated secondary antibody and the specific protein bands
were detected using the enhanced chemiluminescence reagents. To verify equal loading of
proteins on the gels, the membrane was
stripped and reported with either anti-GAPDH
antibody.
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Quantitative RT-PCR analysis
Osteosarcoma cell lines were used to isolate
total RNA by using RNeasy kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA).
Briefly, first-strand cDNA was reverse-transcribed from 1 μg total RNA using the SuperScript First-Strand cDNA System (Invitrogen),
and was amplified by Platinum SYBR Green
qRT-PCR SuperMix-UDG (Invitrogen). A master
mix was prepared for each PCR reaction, which
included Platinum SYBR Green qPCR SuperMixUDG, forward primer, reverse primer, and 10 ng
of template cDNA. PCR conditions were 5 min
at 95°C, followed by 40 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 30 s.
PCR-assay
VSMCs’ RNA was converted to cDNA using RT2
first strand kit (SA Bioscience). Real-time PCR
was done using Super Array RT2 SYBR Green
qPCR Master Mix (SA Bioscience) and RT2
Profiler™ PCR Array contains gene-specific PCR
arrays for a set of LncRNA genes relevant to
FTO and three RNA quality control elements.
PCR cycling conditions were as follows: initial
Int J Clin Exp Med 2018;11(1):201-208
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Figure 2. Gene expression of FTO is obviously inhibited by Honokiol (A), and also the RNA expression and protein
level of FTO are down regulated by Honokiol (B, C).

denaturation at 95°C for 10 min, followed by
40 cycles of amplifications at 94°C for 15 s,
60°C for 60 s. Data were analyzed by PCR Array
Data Analysis Web Portal using the default set
format.

www.graphpad.com.). A two-tailed P value of
less than 0.05 was considered statistically
significant.

Choice of differentially expressed gene list using volcano plot and heat map analysis

The effect of honokiol on the proliferation and
apoptosis of VSMCs

We obtained the microarray date from Gene
Expression Omnibus (GEO, http://www.ncbi.
nlm.nih.gov/geo/), and the GEO accession
number is GSE39890. The date was generated
using the genechip Affymetrix Human Genome
U133 plus 2.0 Array (GEO accession number is
GPL570), which completely coverage Human
Genome U133 Set plus 6500 additional genes
for analysis of over 47,000 transcripts. Significantly different expression genes were extracted by volcano plot analysis with the filtering criteria of a 10.0-fold change and P<0.001 using
GeneSpring GX, version 7.3. The heat map of
related LncRNA genes relevant to FTO was created using a method of hierarchical clustering
by GeneSpring GX, version 7.3.
Statistical analysis
For cell apoptosis and viability assays, the data
were compared among groups separately using
one-way analysis of variance (ANOVA) using
GraphPad Prism version 4.00 for Windows software (GraphPad Software, San Diego, California.
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Results

First, we tested the effect of Honokiol on the
proliferation and apoptosis of VSMCs. As shown
in Figure 1, incubation of VSMCs with Honokiol
for 24 h and 72 h in Boyden chamber resulted
in an obvious inhibition of VSMCs proliferation.
Additionally, a time-dependent manner was
observed (Figure 1B): the inhibition-ratio of
VSMCs at 72 h was obviously higher than at 24
h. There was a significant difference in OD450
value between control group and Honokiol
treated group (P<0.01). Moreover, the OD450
value was obviously lower at 72 h in Honokiol
treated group than control group (P<0.01).
Contrary to proliferation, the apoptosis of
VSMCs was promoted by Honokiol. As shown in
Figure 1C, after treated by Honokiol, apoptotic
cells of VSMCs was obviously increased. The
apoptosis rate was around 5 percent after
treatment by Honokiol, but was still maintain
almost zero in the control. The apoptosis rate
was obviously higher at 72 h in Honokiol treated group than control group or DMSO treated
group (P<0.01). These data showed that
Honokiol could be an effecting factor of inhibit-
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after screened from P21,
P16, P53, NYD-SP15, CD24,
CNKSR3, Beclin1, FTO and
Bcl2. This also was confirmed
by Western-Blot, level of FTO
was decreased with an obvious dose-dependent manner
but with an unclear timedependent manner (Figure
2B). In addition, we confirmed
that the FTO RNA expression
in VSMCs was decreased after treated by Honokiol. There
was a significant difference in
FTO RNA expression between
control group and Honokiol
(50 or 100 mg/mL) treated
group (P<0.01) (Figure 2C).
From these data, we proposed that Honokiol performs
its function via FTO.
Confirmation of the target
lncRNA which involved in the
function of FTO
As shown in Figure 3A and
3B, the microarray data of
pcDNA3 vector as control in
the selection of differentially
expressed genes related to
FTO transfer. After removed
the redundant and unannoated sequences, with FDR<1%,
1 gene was found to be significantly down-regulated and 1
genes to be significantly upregulated (P<0.0001) in FTOtransfer group compared to
Figure 3. FTO promotes LncRNA (BC033150) expression in FTO overexpcDNA3 vector group (Figure
pressed VSCMs. After overexpression of FTO in VSMCs, lncRNA (BC033150)
3A). We found that the expresin contrary to lncRNA (BC04008), in which lncRNA (BC033150) was up-regsion
of lncRNA (BC033150)
ulated and lncRNA (BC04008) was down-regulated (A, B).
at the highest level in FTOtransfer group (Figure 3B).
ing VSMCs proliferation and promoting apoThese results suggested that both lncRNA
(BC033150) and lncRNA (BC04008) were
ptosis.
involved in the function of FTO, although an
Identification of the most suppressed gene
opposite expression pattern was observed.
by honokiol from cell proliferation-associated
Meanwhile, FTO could regulate the expression
genes
of lncRNA (BC033150).
To further confirm the most suppressed gene
by Honokiol, the PCR-array was adopted to
screen from gene clusters associated with cell
proliferation. As we can see from Figure 2A,
the FTO was the greatest suppressed one,
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LncRNA (BC033150) was indispensable in
honokiol-FTO-lncRNA axis
To further determine the exact role of LncRNA
(BC033150) involved in Honokiol-FTO-lncRNA
Int J Clin Exp Med 2018;11(1):201-208
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Figure 4. After lncRNA (BC033150) was silenced by target siRNA, the proliferation-inhibit (A, B) and apoptosispromote (C) effect of Honokiol was attenuated. (A) Interference the expression of LncRNA (BC033150) inhibits
VSMCs proliferation. (B) There was a significant difference in OD450 value after Honokiol treated between lncRNA
(BC033150) silenced Group andcontrol group (P<0.01). (C) The apoptosis ratio of VSMCs was higher in lncRNA
(BC033150) silenced Group than in control group (P<0.01).

axis, we silenced LncRNA (BC033150) using
siRNA. After silenced by siRNA, the proliferation-inhibit (Figure 4A, 4B) and apoptosis-promote (Figure 4C) effect of Honokiol was attenuated. There was a significant difference in
OD450 value after Honokiol treated between
lncRNA (BC033150) silenced Group andcontrol
group (P<0.01) (Figure 4B). The apoptosis ratio
of VSMCs was higher in lncRNA (BC033150)
silenced Group than in control group (P<0.01)
(Figure 4C). LncRNA (BC033150) was indispensible in Honokiol-FTO-lncRNA axis and was as a
core function-exertion factor to Honokiol.

sis and restenosis. Exploring new molecules
inhibiting VSMCs proliferation was helpful for
the strategy of atherosclerosis-therapeutic
remedies. The discovery of new agents that
could alter VSMCs proliferation in preclinical
models would set the stage for clinical trials in
humans. Honokiol had been shown to exert
antitumor effects in various types of cancer [5].
However, there was little known to whether
Honokiol targeted the proliferation and migration of VSMCs, and the mechanism of Honokiol
performing its function was not clear.

Discussion

The present study firstly explored the effects of
Honokiol on VSMCs and demonstrated that
Honokiol could inhibit the proliferation and promote the apoptosis of VSMCs. Furthermore, we

The proliferation of VSMCs played important
roles in the pathogenesis of both atherosclero206
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indentified that FTO gene was the most suppressed gene by Honokiol, and confirmed
LncRNA (BC033150) as the target lncRNA
which involved in the function of FTO. Honokiol
reduced LncRNA (BC033150) expression via
FTO suppression seems to be the mechanism
of Honokiol’s effects on VSMCs.
Honokiol-mediated apoptosis had been described in other cells types, consistent with these studies [12-14], the present data revealed
that honokiol was able to induce apoptosis in
VSMCs, as determined by CCK8 assay kit and
reflected by FACS of annexin V/propidium iodide-labelled cells. Others found that Honokiol
was shown to inhibit the growth in breast cancer cell lines in a dose dependent manner
regardless of their HR, HER2 or p53 status
[15]. Growth inhibitory effects of honokiol were
shown to occur through arrest of cell cycle at
the G0/G1 phase and induction of apoptosis
[16], which indicated an interpretation to the
mechanism of Honokiol in VSMCs.
We further screened from the cluster of proliferation-associated genes and found that FTO
gene was the most suppressed one. FTO was a
kind of demethylase which was first discovered
to catalyze demethylation of 3-methylthymine
in single-stranded DNA, and 3-methyluridine
in single-stranded RNA, with low efficiency [17].
Therefore, we detected the expression of lncRNA by microarray. We found that the expression of lncRNA (BC033150) was at the highest
level in FTO-transfer group, suggesting that
lncRNA (BC033150) participated in this process and FTO were able to regulate the expression of lncRNA (BC033150).
LncRNAs were considered to be longer than
~200 nucleotides, on the basis of a convenient
practical cut-off in RNA purification protocols
that excluded small RNAs [18]. Given their
unexpected abundance, lncRNAs were initially
thought to be spurious transcriptional noise
resulting from low RNA polymerase fidelity, but
now emerging recognition that any transcript,
regardless of coding potential, could have an
intrinsic function was becoming the mainstream of more and more studies [9]. The functional repertoire of lncRNAs was broad and
complex, which included roles in high-order
chromosomal dynamics, telomere biology and
subcellular structural organization. Research of
lncRNAs in cardiovascular diseases was
becoming a hot-area. Leung provided the first
207

identification of Ang II-regulated lncRNAs,
which suggested functional roles for these
lncRNAs in mediating cellular responses to Ang
II. Furthermore, they identified an Ang II-regulated lncRNA was responsible for the production of microRNAs implicated in VSMC proliferation [19]. Wu identified lincRNA-p21 as a novel
regulator of cell proliferation and apoptosis and
suggested that this lncRNA could serve as a
therapeutic target to treat atherosclerosis and
related cardiovascular disorders [20]. Consistence with these researches, we found that
the expression of lncRNA (BC033150) was at
the highest level in FTO-transfer group, suggesting that lncRNA was involved in the function of FTO/Honokiol. Although exact mechanism needs further exploration, we identified
that LncRNA (BC033150) was indispensible in
Honokiol-FTO-lncRNA axis. Based on early discoveries linking lncRNA to proliferation and
apoptosis, we proposed that LncRNA (BC033150) may affect the expression of nearby protein-coding genes. Future studies aimed at
determining the mechanisms that control this
context-dependency will be necessary to identify signaling nodes that could be targeted by
therapeutic interventions.
Other limitations of our study include lacking
observation on other apoptosis related molecules, without in vivo proof, and without proof
by knocking-down or knocking out models of
FTO/LncRNA (BC033150) pathway. Although
these defects was companied with our study,
we identified for the first time that honokiol promotes the apoptosis of VSMCs and proved that
LncRNA (BC033150) was involved the mechanism of Honokiol’s effects.
Further mechanism and intervention strategies
for Honokiol targeting key signaling molecules
of the FTO/LncRNA (BC033150) pathway might
represent promising options to inhibit dysplasia
of VSMCs, and serve as the basis for prevention or therapy of atherosclerosis and restenosis. Honokiol promoted VSMCs apoptosis by
targeting FTO/LncRNA pathway, and indicated
that it had potential to serve as a novel agent
for the prevention and therapy of atherosclerosis and restenosis.
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