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Purpose: Tizanidine hydrochloride (TZN) is a centrally acting a,-adrenergic agonist. In this
study, we aimed to explore the role of TZN on human lung cancer and to elucidate its
underlying mechanisms.

Methods: The effect of TZN treatment in A549 cell proliferation, migration, invasion and
apoptosis was evaluated by CCKS8, transwell and flow cytometer assays. The expression of
apoptosis-related proteins and the activation of AKT and Wnt3a/B-catenin pathways were
detected by Western blot. From the data of DrugBank, TZN could act as an agonist to target
Nischarin in humans. We next investigated the function of Nischarin receptor in lung cancer
and its role in the anti-tumor activity of TZN.

Results: The treatment of TZN inhibited the proliferation, migration and invasion of A549
cells, and induced apoptosis. These results were further confirmed by that TZN treatment
increased the Bax/Bcl-2 ratio in A549 cells. We also observed that TZN treatment changed
the expression and phosphorylation of proteins of AKTand Wnt3a/B-catenin signaling path-
way members. By bioinformatics analysis, we found that Nischarin was down-regulated in
human lung cancer tissues and patients with high Nischarin expression had a better survival.
Moreover, Nischarin functioned as a tumor suppressor in the survival and metastasis of A549
cells through the regulation of AKT and Wnt3a/B-catenin pathways. Knockdown of
Nischarin promoted the proliferation, invasion, migration of A549 cells and inhibited the
apoptosis, which were reversed by the TZN treatment.

Conclusion: Summary, our data revealed that treatment of TZN inhibited the growth of lung
cancer cell line A549 and may be used as a novel strategy for lung cancer therapy.
Keywords: Tizanidine, lung cancer, A549, apoptosis, AKT pathway

Introduction
Lung cancer is the highest morbidity and mortality malignancy in the world,
associated with approximately 18% of cancer deaths.' > Non-small cell lung cancer
(NSCLC) accounts for 85-90% of all lung cancer cases, with a 5-year survival rate
of no more than 15%.%¢ In 2017, about 160,000 lung cancer deaths occur in the
United States.” It is estimated that by 2025, the number of lung cancer patients in
China will reach 1 million, making China the world’s largest lung cancer country.
Tizanidine hydrochloride (TZN) is a centrally acting o2-adrenergic agonist that
acts as a muscle relaxant for the treatment of muscle spasms, cramping, and
tightness caused by medical problems such as spine or central nervous system.®
In addition, it has a high affinity for o2-agonist receptors, which reduces the
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nervous reflex and thus has an analgesic effect. Therefore,
TZN is also prescribed off label for some symptoms of
migraine and fibromyalgia.’

Nischarin is initially identified as an ~190 kDa cytosolic
protein. It has been reported to be a tumor suppressor gene in
human breast and ovarian cancers and plays important roles
in tumor cell apoptosis and metastasis.'”'" From the data of
DrugBank, TZN could act as an agonist to target Nischarin in
humans. Therefore, TZN may exert an anti-tumor activity
through interaction with Nischarin in human lung cancer.

In this study, we aimed to explore the role of TZN and
Nischarin on human lung cancer and to elucidate its under-
lying mechanisms. Here, we reported that treatment of
TZN inhibited A549 cell viability and induced apoptosis
through AKT and Wnt3a/B-catenin signaling pathways.
Moreover, the anti-proliferation activity of TZN was
dependent on Nischarin in A549 cells. These data suggest
that TZN may be a new agent for lung cancer therapy.

Materials and Methods

Cell Culture and Treatments

Human lung cancer cell line A549 was purchased from the cell
bank of the Chinese academy of sciences (Shanghai, China).
Cells were incubated in DMEM medium containing 10% FBS,
100U/mL Penicillin and 0.1mg/mL Streptomycin at 37°C with
5% CO,. TZN (20 uM) was applied to cells at ~80% conflu-
ence for 24 hrs and DMSO (1:1000) was used as control.
Nischarin siRNA (50nM) was transfected into A549 cells (at
80% confluence) using Lipo2000 (Invitrogen; USA) in accor-
dance with the manufacturer’s instructions. A scrambled
siRNA was used as a negative control (NC). The sequences
of siRNAs were as follows:

siRNAL: 5'-GCTTCCAACAGGGTCAGAC-3’,
siRNA2: 5'-CCAACAGGGTCAGACACAG-3',
siRNA3: 5'-CCTGATGCCAGCTGTTGCT-3',

siNC: 5-UUCUCCGAACGUGUCACGUTT-3".

Quantitative Real Time PCR (qRT-PCR)
Analysis

Total RNA was extracted from cells with Trizol reagent
(Invitrogen, Carlsbad, CA, USA). cDNA was generated
using RNA (1 pg) with a PrimeScript RT reagent kit
(Tiangen, China). qRT-PCR was conducted with IQTM
SYBR Green supermix and Applied Biosystems 7500
Detection system. GAPDH was used as an internal control.
The expression levels of target genes were quantified through
the 27 **“" method. The primers of genes were as follows:

Nischarin-F: 5'-CTCGGAGCTTGTGGACACTT-3',
Nischarin-R: 5'-CAGGTCATGGAAGTCGCTGT-3,
GAPDH-F: 5'-CTCACCGGATGCACCAATGTT-3',
GAPDH-R: 5-CGCGTTGCTCACAATGTTCAT-3".

Western Blot

Cells were lysed with ice-cold RIPA buffer and the protein
concentration was detected by BCA method. About 20 pg
of protein samples was loaded to each well on 10% SDS-
PAGE gel. PVDF membrane was blocked with 5% non-fat
milk for 1 hr at room temperature after protein transferring
and incubated with primary antibodies in blocking solution
at 4°C overnight. After washing with TBST for 5 mins 3
times, the membrane was incubated with secondary anti-
body in blocking buffer at room temperature for 1 hr. After
washing, the membrane was applied with an ECL sub-
strate for signal development. QUANTITY ONE software
scanned grey value to Tubulin for internal control and
calculates the relative expression of the target protein.

CCK8 Assays

Seeding about 1000 cells to each well of 96-well plate.
Cell vitality was detected every 24 hrs by adding 10 pL of
CCKS8 reagent. After incubation at 37°C for 90 mins, the
OD value of excitation light was detected by using an
enzyme standard instrument with 450 nm.

Transwell Assays

For migration assay, A549 cells maintained for 24 hrs
were trypsinized and resuspended in a serum-free culture
medium. Add 100 pL cell suspension containing 1x10*
cells to each 24-well chambers and add 600 pL. medium
containing 10% FBS to the outside of the chamber. 24 hrs
after incubation at 37°C, remove non-migrating cells.
Migrated cells were fixed with 4% paraformaldehyde at
room temperature for 15 mins and stained with 0.1%
crystal violet for 5 mins. After washing with 1x PBS, the
filters were cut off and mount on slides. Observe, image
and count the invaded cells under the microscope. The
invasion experiment was similar to the migration experi-
ment except that the chamber required Matrigel coating.

Apoptosis Analysis

A549 cells were maintained for 48 hrs and were trypsinized
with EDTA free trypsin. After washing with BPS, cells were
re-suspended in 1X binding buffer, and cell intensity was
adjusted to 3—5x10° cells/mL. 5 uL of AnnexinV-FITC was
added to 100 pL cell suspension, which was incubated at
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room temperature in dark, and then 10 pL of 20 pg/mL PI
was added for two more minutes’ double staining. Results
were analyzed with a flow cytometer (BD FACSC anto II,
BD Biosciences, San Jose, CA, USA). The apoptotic rate
was calculated by Flowjo software.

Statistical Analysis

Data represented three independent experiments performed in
triplicate. Statistical analysis of the data was performed using
SPSS18.0 as means =+ standard deviation (SD) or means =+
standard error of mean (SEM). The student’s #-test was used
to determine the significance of all pairwise comparisons.
Differences were considered statistically significant for
values of P<0.05.

Results

TZN Inhibits Proliferation, Invasion and

Migration of A549 Cells

We detected the effect of TZN on lung cancer cell A549. At24
hrs after treatment, there was no big difference between treat
and control groups (Figure 1A). At 48 hrs, the proliferation of
the TZN-treated group showed a lower OD value of excitation
light compared with control cells (Figure 1A). This difference
is more significant at 72 hrs (Figure 1A). This result indicated
that the treatment of 20 pM TZN inhibited the proliferation of
A549 cells. Transwell assay was used to determine migration
and invasion of A549 cells. We treated cell monolayer with 20
UM TZN for 24 hrs. Crystal violet-stained cells on TZN treated
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Figure | Tizanidine significantly inhibited proliferation, migration and invasion of A549 cells.

Notes: (A) At 48 and 72 hrs after treatment, the proliferation of A549 cells was significantly decreased than the NC groups. (B) The results of the Transwell experimental results
showed that the A549 cell migration capacity was significantly inhibited (31+4> | | £2) by Tizanidine. The invasion ability was also inhibited (107+5>553). (C) Flow cytometry staining
revealed a significant shift in annexin V-FITC-positive cells after Tizanidine treatment in A549 cells. (D) The expression of apoptosis-related protein was analyzed by Western-blot. (E)
The expression of PI3K signaling pathway members AKT, p-AKT, mTOR, p-mTOR, P70 and Cyclin D | was analyzed by Western-blot. (F) The expression of Wnt3a/B-catenin pathway
members Wnt3a, B-catenin and E-cadherin was analyzed by Western-blot. *P<0.05.

Abbreviations: NC, negative control; FITC, fluorescein isothiocyanate.
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well were much less than control groups (Figure 1B).
Transwell experimental results showed that TZN suppressed
invasion ability of A549 cells by significant inhibition (31
+4>1142; P<0.05) and migration ability under the same inhibi-
tion (10745>5543; P<0.05). These data suggested that the
TZN can inhibit the migration and invasion of A549 cells.

TZN Induces Apoptosis in A549 Cells
The apoptosis of A549 cells treated with TZN was ana-
lyzed. TZN treatment significantly increased the apopto-
sis rate of AS549 cells compared with control cells
(11.54%>4.19%) (Figure 1C).

To further confirm the apoptosis induced by TZN, we
detected the expression of apoptosis-related proteins with
Western blot analysis. Compared with the control group,
Bcl-2 expression was decreased, while simultaneous expres-
sion of Bax was increased by TZN treatment (Figure 1D). The
Bax/Bcl-2 ratio in A549 cells was increased after treated with
TZN, which suggested that TZN triggered the mitochondrial
apoptotic pathway in A549 cells. For another pro-apoptotic
protein, active Caspase-3, TZN treatment significantly
increased the expression of Caspase-3 (Figure 1D).

TZN Suppresses the Activation of AKTand
Whnt3a/B-Catenin Pathways in A549 Cells

To elucidate the molecular mechanisms involved in TZN
affecting the biological function of lung cancer cell, we
detected the effect of TZN treatment on PI3K and Wnt3a/B-
catenin pathways in A549 cells. The results of Western blot
showed that in the TZN-treated group, there was no change
in the expression of AKT, while in the phosphorylated form
p-AKT decreased (Figure 1E). mTOR has the same expres-
sion pattern with AKT (Figure 1E). These data suggested that
treatment of TZN causes the decrease of the phosphorylated
form of AKT and mTOR. The expression of P70 and Cyclin
D1 was also decreased by the treatment of TZN (Figure 1E).
Here we also found that TZN led to a significant decrease in
the levels of Wnt3a and B-catenin, which suggested that
Wnt3a/B-catenin pathway was inactivated (Figure 1F). The
expression of E-cadherin was also decreased by the treatment
of TZN (Figure 1F).

Nischarin Is Down-Regulated in Human
Lung Cancer Tissues and lIts

Overexpression Predicts a Better Prognosis
As TZN functions as an agonist for Nischarin, we further
investigated the functions of Nischarin in human lung cancer.

As shown in Figure 2A, compared with normal tissues,
Nischarin expression was significantly down-regulated in
lung adenocarcinoma (LUAD) and lung squamous cell car-
cinoma (LUSC) tissues (P<0.05). Furthermore, we also ana-
lyzed the survival correlation of Nischarin in human lung
cancer using the Kaplan-Meier plotter (www.kmplot.com).'
As shown in Figure 2B, the survival rates of patients with
high expression of Nischarin were significantly higher than
those with low expression of Nischarin (P<0.05). Taken
together, these results suggested that Nischarin might func-
tion as a potential tumor suppressor in human lung cancer.

Down-Regulation of Nischarin Promotes
Proliferation, Invasion and Migration and
Inhibits Apoptosis of A549 Cells

We next evaluated the effects of Nischarin knockdown on
the proliferation, mobility and apoptosis pf A549 cells. As
shown in Figure 2C, siRNA1 and siRNA2 could effi-
ciently down-regulate the mRNA expression of Nischarin
in human A549 cells. siRNA1 was used for further func-
tion analysis. The Western blot results also validate the
inference effects of Nischatin siRNA on protein level
(Figure 2D). CCK-8 assay results indicated that Nischarin-
KD significantly promoted the proliferation of A549 cells,
compared with the NC group (Figure 2E). Transwell
experimental results showed that Nischarin knockdown
significantly promoted the invasion and migration ability
of A549 cells (Figure 2F, P<0.05). Cell apoptosis analysis
was also performed. The results indicated that compared
with the NC group, the apoptosis percentage of A549 cells
was significantly decreased in the Nischarin knockdown
group (Figure 2G, P<0.05). Moreover, Nischarin was also
involved in the regulation of the mitochondrial apoptotic
pathway. As shown in Figure 2H, compared with the NC
group, Bcl2 expression was increased, while simultaneous
expression of Bax was decreased by Nischarin knock-
down, which suggested that the mitochondrial apoptotic
pathway was inactivated. Consistently, the down-stream
apoptosis executor active Caspase3 was also down-
regulated (Figure 2H).

Down-Regulation of Nischarin Promotes
the Activation of AKTand Wnt3a/[3-Catenin
Pathways in A549 Cells

After function analysis, we also investigated whether
Nischarin was involved in the regulation of AKT and
Wnt3a/B-catenin pathways. As shown in Figure 3A,
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Figure 2 High expression of Nischarin predicts a well prognosis in patients with lung cancer and knockdown of Nischarin promotes proliferation, migration and invasion of
A549 cells.

Notes: (A) The red and gray boxes represent human lung cancer and normal tissues, respectively. The y-axis indicates the log2-transformed gene expression level. Left, lung
adenocarcinoma (LUAD); Right, lung squamous cell carcinoma (LUSC). The data were obtained from GEPIA (http://gepia.cancer-pku.cn/). (B) Survival percentage of lung
patients with high or low Nischarin expression. The data were obtained from the Kaplan-Meier plotter (www.kmplot.com). (C) Three siRNAs targeting Nischarin were
synthesized and introduced into A549 cells. The mRNA expression of Nischarin was detected by qRT-PCR. A scrambled siRNA was used as a negative control (NC). (D) The
interference effect of Nischarin was validated by Western blot. (E) Nischarin knockdown promoted the proliferation of A549 cells. (F) Cell invasion and invasion were detected
using transwell assays. (G) Cell apoptosis was analyzed using flow cytometry. (H) The expression of the apoptosis-related protein was analyzed by Western-blot. *P<0.05.

Abbreviations: LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NC, negative control.

Nischarin knockdown led to no change in the expression
of AKT but increased the level of phosphorylated form
p-AKT. mTOR has the same expression pattern with
AKT (Figure 3A). Moreover, the expression of P70 and
Cyclin D1 was also increased by Nischarin knockdown
(Figure 3A). The results of the Wnt3a/B-catenin pathway
indicated that Nischarin knockdown increased the expres-
sion of Wnt3a and B-catenin and decreased the expres-
sion of E-cadherin (Figure 3B). Taken together, these
data suggested that Nischarin knockdown induces the
activation of AKT and Wnt3a/B-catenin pathways in
A549 cells.

TZN Treatment Reverses the Affection of

Nischarin Down-Regulation

To comprehensively assess the interaction between TZN and
Nischarin on A549 lung cancer cells, we knocked down
Nischarin expression and combined it with TZN treatment
(Figure 4A). Moreover, TZN could reverse the affection
caused by Nischrin-KD, which demonstrated that the anti-
tumor activity of Nischarin was mediated by TZN treatment.
As shown in Figure 4B and C, knockdown of Nischarin
promoted the proliferation, invasion and migration of
A549 cells, which were reversed by the TZN treatment.
Furthermore, knockdown of Nischarin inhibited the
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Figure 3 Nischarin knockdown promotes the activation of AKT and Wnt3a/-catenin signaling pathways in A549 cells.
Notes: (A) The expression of PI3K signaling pathway members AKT, p-AKT, mTOR, p-mTOR, P70 and Cyclin DI was analyzed by Western-blot. (B) The expression of
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Figure 4 TZN treatment reverses the affection of Nischarin down-regulation.

Notes: (A) The expression of Nischarin was validated by Western blot. (B) Nischarin knockdown promoted the proliferation of A549 cells and reversed the inhibition
induced by Tizanidine. (C) Cell invasion and invasion were detected using transwell assays. (D) Cell apoptosis was analyzed using flow cytometry. (E) The expression of
apoptosis-related protein was analyzed by Western-blot. (F) The expression of PI3K signaling pathway members AKT, p-AKT, mTOR, p-mTOR, P70 and Cyclin DI was
analyzed by Western-blot. (G) The expression of Wnt3a/f-catenin pathway members Wnt3a, B-catenin and E-cadherin was analyzed by Western-blot. *P<0.05, compared to

NC; #P<0.05, compared to Nischarin-KD.
Abbreviation: KD, knockdown.

apoptosis of A549 cells, whereas TZN treatment reversed
the inhibition on A549 cell apoptosis caused by Nischarin-
KD (Figure 4D and E). Down-regulation of Nischarin pro-
moted the activation of AKT and Wnt3a/B-catenin pathways

in A549 cells, which were inhibited by the TZN treatment
(Figure 4F and G). These data suggest that Nischarin func-
tions as a negative regulator of A549 cell growth and its
anti-tumor activity is dependent on TZN treatment.
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Discussion
For the first time, we reported the role of TZN on human lung
cancer cell line A549 and elucidated the underlying mechan-
isms. Our results showed that treatment of TZN significantly
inhibited the proliferation and motility of A549 cells. In
addition, TZN induced apoptosis of A549 cells. To further
elucidate the mechanism of TZN on inhibiting A549 cells,
we studied the effect of TZN treatment on AKT and Wnt3a/
B-catenin pathway members. We found that TZN treatment
decreased the amount of phosphorylated form of AKT and
mTOR, which happened at upstream PI3K. Moreover,
Wnt3a/B-catenin pathway was also inactivated by TZN.

Increasing evidence show that Nischarin functions as
a tumor suppressor in human breast cancer. For example,
Baranwal et al report that human breast tumor tissues
exhibit a significantly lower expression of Nischarin than
normal tissues and its overexpression inhibits tumor
growth and metastasis of MDA-MB-231 and MCF-7
tumor xenografts.'? Chang et al report that expression of
Nischarin negatively correlates with estrogen receptor and
promotes apoptosis and inhibits migration and invasion in
human breast cancer.'® However, currently very little is
known about the function of Nischarin in human lung
cancer. Here we found that Nischarin was down-
regulated in human lung cancer tissues compared with
normal tissues and Nischarin overexpression predicts
a good survival of cancer patients. Furthermore, we iden-
tified that Nischarin knockdown promoted cell prolifera-
tion, migration, invasion and inhibited apoptosis in A549
cells through up-regulation of AKT and Wnt3a/B-catenin
pathways, which was consistent with the tumor suppressor
function of Nischarin reported in other studies.'''*!

Finally, it was reported that TZN treatment reverses the
affection of Nischarin knockdown by siRNA transfection.
Knockdown of Nischarin promoted the proliferation, inva-
sion, migration of A549 cells and inhibited the apoptosis,
which was reversed by the TZN treatment. Down-
regulation of Nischarin promoted the activation of AKT
and Wnt3a/B-catenin pathways in A549 cells, which were
inhibited by the TZN treatment. These data suggested that
the anti-tumor activity of TZN was dependent on its inter-
action with Nischarin. TZN treatment may up-regulate the
expression of Nischarin, or active the Nischarin. This
conclusion needs further experimental research.

In conclusion, we first reported that TZN could inhibit the
proliferation, migration and invasion of lung cancer cell

A549 and induce apoptosis via inhibiting the activation of

AKT and Wnt3a/B-catenin pathways. Moreover, we identi-
fied that the anti-tumor activity of TZN was dependent on its
interaction with Nischarin.
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