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Abstract

Lung cancer is the most common cause of cancer-related deaths. Moreover, exploring
efficient tumor-killing drugs is urgently needed. In our study, several derivative com-
pounds of myricetin were synthesized and tested. Experiments on non-small cell lung
cancer (NSCLC) showed that S4-2-2 (5,7-dimethoxy-3-(4-(methyl(1-(naphthalen-2-yls
ulfonyl)piperidin-4-yl)Jamino)butoxy)-2-(3,4,5-trimethoxyphenyl)-4H-chromen-4-one)
had the strongest effect on A549 cell inhibition across all compounds. Furthermore,
S4-2-2-treated A549 cells were also suppressed when transplanted into immunode-
ficient mice. Particularly, we found that the migration and invasiveness of A549 cells
became suppressed upon treatment with S4-2-2. Furthermore, the compound signifi-
cantly induced cell apoptosis, but did not affect the cell cycle of A549 cells. Finally,
we revealed that S4-2-2 inhibited the biological function of NSCLC cells by regulating
the protein process in the endoplasmic reticulum, and then by inducing the expression
of apoptosis-related proteins. Taken together, S4-2-2 was shown to act as a potential

molecular inhibitor of A549 cells.

KEYWORDS
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1 | INTRODUCTION

Lung cancer is a global health concern that has a substantial and
increasing burden, as measured by incidence, mortality, and eco-
nomic cost.! In 2019, approximately 228 150 new lung cancer
cases have been diagnosed worldwide. Approximately 85% of the
diagnoses are non-small cell lung cancer (NSCLC).%® Currently,

targeted therapy and immunotherapy are recommended as

therapeutic regimens for NSCLC harboring activating muta-
tion(s) and/or biomarker(s), respectively.“’5 However, the role of
traditional chemotherapy in the treatment of NSCLC cannot be
ignored in cases where (1) patients are unsuitable for targeted
therapy and immunotherapy,® (2) patients experience drug resis-
tance after targeted therapy and immunotherapy,” and (3) pro-
viding an alternative therapeutic option that combines targeted

immunotherapy with conventional therapy is net:essary.8 Thus,
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screening conventional drugs with tumor sensitivity is important
in the treatment of NSCLC.

Natural compounds have long been a source of and/or are com-
plementary to current chemotherapeutic drugs. Natural products
and their derivatives contribute to approximately 63% of new drug
development.” Many studies have shown that myricetin, a flavonoid
widely found in tea, fruits, and herbs, has antiproliferative effects
on various cancers.'°12 Shih et al. found that the invasion and mi-
gration ability of A549 cells could be suppressed by blocking the
extracellular regulated protein kinases signaling pathway.'® As an
attractive candidate, myricetin can inhibit the lung metastasis of
breast cancer 4T1 cells in mice.'* Moreover, myricetin can report-
edly act as a radiosensitizer and reduce the survival and proliferation
of A549 and H1299 cells compared to radiotherapy alone.'® Overall,
the development of novel myricetin derivatives and the discovery of
their tumor-inhibiting activities are critical and confer more options
during myricetin-based chemotherapy.

2 | MATERIALS AND METHODS
2.1 | Preparation of S4 series compounds

The four compounds in the S4 series were derived from myricetin
synthesized by our team. The molecular weights of the four de-

rivatives, S4-2-2, S4-2-6, S4-2-8, and S4-2-9 were 746.87, 741.81,

(A) (B)

© (D)

697.80, and 747.86, respectively. The following steps have been
used to synthesize the derivatives: (a) protect the hydroxyl group of
myricitrin with methyl iodide; (b) expose the three hydroxyl groups;
(c) synthesize 1,4-dibromobutane; (d) replace the terminal bromine
with 1-Boc-4-methylaminopiperidine; (e) remove Boc; and (f) react
with sulfonyl chloride to obtain compounds. The derivatives were
dissolved in DMSO, and their chemical structures are shown in
Figure 1. All four molecules analytical information including mass

spectrometry analysis are listed in Tables S1 and S2.

2.2 | Cellculture

The human lung adenocarcinoma cell line A549 was obtained from
the Cell Line Bank, Chinese Academy of Science. DMEM (HyClone)
containing 10% fetal bovine serum (FBS) (HyClone) was used to cul-
ture the cells under 5% carbon dioxide at 37°C. When the cells grew
to a density of 80%-90%, they were passaged, and the logarithmic

growth cells were harvested for the experiments.

2.3 | MTT assay
An MTT kit (Sigma) was used to measure the cell survival rate in
in vitro cytotoxicity tests of the four derivatives. A 96-well plate

was used to incubate A549 cells with a density of 3 x 10* cells/

S4-2-6 FIGURE 1 The structures of myricetin

derivatives. (A) 5,7-Dimethoxy-3-(4-
(methyl(1-(naphthalen-2-ylsulfonyl)
piperidin-4-yl)amino)butoxy)-2-(3,4,5-
trimethoxyphenyl)-4H-chromen-

4-one. (B) 5,7-Dimethoxy-3-(4-
(methyl(1-((4-nitrophenyl) sulfonyl)
piperidin-4-yl) amino) butoxy)-2-(3,4,5-
trimethoxyphenyl)-4H-chromen-4-one.
(C) 5,7-Dimethoxy-3-(4-(methyl(1-
(pyridin-3-ylsulfonyl) piperidin-4-yl)Jamino)
butoxy)-2-(3,4,5-trimethoxyphenyl)-
4H-chromen-4-one. (D) 5,7-Dimethoxy-
3-(4-(methyl(1-(quinolin-8-ylsulfonyl)
piperidin-4-yl) amino) butoxy)-2-(3,4,5-
trimethoxyphenyl)-4H-chromen-4-one

S4-2-9
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ml at 37°C for 12 h. Treatment with S4-2-2, S4-2-6, S4-2-8, and
S4-2-9 at a final concentration of 10 uM was first performed for
24 h. DMSO was used as the negative control and six replicates
were performed for each objective. Subsequently, an MTT assay
was performed. MTT, which was dissolved in PBS, was added to
the plates, and all cells were cultured for 4 h at 37°C. Next, 100 pl
SDS-HCI was used to incubate A549 cells. After the plates were
shaken on the oscillator for 10 min, the photos were captured at
24 and 48 h. A Multiskan Ascent spectrophotometer (Thermo
Fischer) was used to measure the optical density (OD) at a wave-
length of 570 nm.

2.4 | CCK8 assay

To examine the effect of S4-2-2 on A549 cells, the viability of A549
cells was evaluated using the CCK8 kit (Beyotime). Cells (4 x 10%/ml)
were incubated for 24 h after being plated in 96-well plates (six repli-
cates per group). The cells were treated with various concentrations
of S4-2-2(1, 2, 5, 6, 8, and 10 uM) for 24 and 48 h. Then, WST-8 was
added to each well at 37°C for 2 h. A microplate reader (Molecular
Devices) was used to record the absorbance value (OD) at 450 nm.
Cell viability was calculated using the formula: [[ODtest - ODblank)/
(ODcontrol - ODblank)] x 100%.

2.5 | Kié7 staining

Ki67 immunofluorescence was performed to detect the effect of
15 h of S4-2-2 (6 uM) and DMSO treatment to the cell prolifera-
tion index. Briefly, PBS was used to wash the cells at a density of
2 x 10°/ml, and then polyfluoroalkoxy was used to fix the cells for
10 min. The cells were then incubated with 0.1% Triton-X 100 for
10 min. The cells were blocked with 5% bovine serum albumin (BSA)
(Sigma) for 1 h and subsequently incubated with anti-Kié7 antibody
(Invitrogen, 1: 200) overnight at 4°C. Following washes, goat anti-
mouse (Invitrogen, 1: 500) was used as a secondary antibody. Nuclei

were counterstained with DAPI (Sigma).

2.6 | Measurement the inhibition of S4-2-2 ina
mouse subcutaneous tumor model

Twelve healthy immuno-deficient mice have been skinned on their
right hips and received 1 x 107 A549 cells per mouse through sub-
cutaneous injection.

Twelve tumor-bearing mice were randomly divided into two
groups to receive DMSO and S4-2-2 (50 pl of 6 pM S4-2-2 each
mouse) injection twice on the 5th and 10th days after tumor trans-
plantation. We measured the tumor length (L) and tumor width (W)
every 2 days and calculated the tumor weight at the end of the ex-
periment. Tumor volume was calculated as follows: Vn (mm?®) = leng
th * width * width/2.

2.7 | HE staining and TUNEL staining

The tumors harvested from the tumor-bearing mice were fixed with
4% paraformaldehyde, and then the tumor sections were embed-
ded in paraffin. To examine the tumor burden, hematoxylin and
eosin (HE) (Solarbio) was used to stain some of the tumor sections,
whereas some of the sections were subjected to TUNEL staining to
detect apoptosis. For the TUNEL-staining assay, proteinase K was
used to treat all sections for 15 min at room temperature. The sec-
tions were further stained with a TdT-mediated dUTP Nickel End
Labelling Kit (Beyotime).

2.8 | Transwell assay

A transwell assay kit (BD Biosciences) was used to measure cell inva-
sion. A Matrigel of 5 mg/L was coated on the upper surface of the
basement membrane of the transwell chambers. After air-drying at
room temperature, the basement membrane was hydrated with a
serum-free culture solution of 1% BSA (Sigma), and the upper layer
was inoculated with cells (1 x 10°/ml). DMEM containing 5% FBS was
added to the lower layer. After culturing with DMSO or the drugs at
1, 6, and 10 puM for 24 h, cotton swabs erased the upper layer cells
and 4% paraformaldehyde fixed the lower layer cells for HE staining.

2.9 | Scratch wound healing assay

A549 cells (2 x 10°/ml) were inoculated into a 6-well plate, and a scratch
was made on the cell layer using 200-ul pipette tips after the cells grew
to confluence. DMEM containing 1% FBS was used to culture the cells.
Images were captured under an inverted microscope at 0, 12, 24, and
48 h. Eight views were captured for each group. The healing area of
the scratch wound was calculated using ImageJ software through the
formula Healing area% = (Test scratch area/0 h scratch area) x 100%.

2.10 | Cell apoptosis

Apoptosis was assayed using a cell apoptosis kit (Beyotime). A549
cells with a density of 1 x 10%/ml, which have been cultured in the
logarithmic growth phase, were seeded into a 6-well plate. After 6 uM
of S4-2-2 was added to the medium for another 15 h, the cells were
harvested and suspended in a solution containing 5 pl Annexin V-FITC
and 10 pl PI, and were incubated at 37°C for 15 min. Cells that received
the same volume of DMSO were used as the control group. Apoptosis
was immediately detected using a flow cytometer (Beckman Coulter).

2.11 | Cellcycle

The cell cycle was assayed using a cell cycle kit (Beyotime) accord-
ing to the manufacturer's guidelines. A549 cells with a density of
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1 x 10%/ml, which have been cultured in the logarithmic growth
phase, were seeded into a 6-well plate. To synchronize the cell cycle,
the cells were cultured in serum-free medium for 12 h after 24 h of
culture in a normal medium. Then, the cells were cultured for 15 h
with 6 pM S4-2-2 in a normal medium. Next, the cells were har-
vested and fixed on ice with pre-chilled 70% ethanol for 4 h. A549
cells were re-suspended in 500 pl Pl staining buffer containing 10 pl
LRNaseA and 10 pl propidium bromide, and incubated in the dark
at 37°C for 30 min. Finally, the cells were analyzed using a flow cy-

tometer (Beckman Coulter) after being passed through a nylon filter.

2.12 | RNA sequencing

Transcription analysis of A549 cells was performed through whole-
genome RNA sequencing. Cells were incubated in 6 uM of S4-2-2 for
15 h, and then the TRIzol rea-gent (Thermo Fisher) was used to isolate
the total RNA according to the manufacturer's instructions. The RNA
concentration was measured using Qubit (Life Technologies), and se-

guencing and data analysis were performed by Shanghai Liebing Co., Ltd.

2.13 | Real-time PCR

The gene expression of four genes selected from RNA sequencing and
related publications was examined by RT-PCR. A549 cells were treated
with 6 uM of S4-2-2 or DMSO for 15 h, and total mRNA was isolated
with TRIzol according to a standard protocol. An m-MLV reverse tran-
scriptase kit (Bioneer Co.) was used to synthesize cDNA from 2 pg of
mRNA. The sequences of the primers for the genes are listed in Table
S3, and the human GAPDH gene was used as an internal control.

2.14 | Western blot

A549 cells were treated with 6 pM S4-2-2 and DMSO for 24 h.
RIPA buffer (Cell Signaling Technology) was used to extract
total proteins. A Pierce™ BCA Protein Assay Kit (23227, Thermo
Scientific) was used to quantify protein concentration. The 10%
SDS-PAGE gel was used to load and separate 30 pg of protein from
each sample at 80-120 V. Then, the protein was transferred to
nitro-cellulose for 2 h at a current of 200 mA. After blocking for
1 h with 5% milk, the membranes were incubated with primary
antibodies (anti-Bax, Proteintech, 50599-2-ig, 1: 500; anti-P53,
Proteintech, 10442-1-AP; 1: 500; anti-Caspase-3, Proteintech,
19677-1-AP, 1: 500; anti-Bcl2, Proteintech, 26593-1-AP, 1: 500;
and anti-p-actin, a mouse antibody, BOSTER, BM0627, 1:500,
which was set as an internal control) for 12 h at 4°C. This was fol-
lowed by incubation with the corresponding secondary antibodies
(goat anti-rabbit IgG, Proteintech, 15015, 1: 10 000) and goat anti-
mouse IgG (Invitrogen, A28177, 1: 10 000) conjugated to horse-
radish peroxidase. The signal was developed with a horseradish
peroxidase developer solution and visualized using a Bio-Rad. The

gray value of each band was quantified using ImageJ) software.

Each sample was analyzed in triplicate.

2.15 | Statistical analysis

The data were statistically analyzed using SPSS 21.0, and the data
are presented as the mean + standard deviation (SD). One-way anal-
ysis of variance (ANOVA) was used for statistical analysis, followed

by Tukey's post-hoc test. Statistical significance was set at p < .05.

3 | RESULTS

3.1 | S4-2-2significantly suppressed A549 cell
proliferation

We focused on myricetin and synthesized its derivatives, termed S4-
2-2, S4-2-6, S4-2-8, and S4-2-9. These synthesized compounds had
variable inhibitory effects on A549 cells (78.2 + 8.1%, 22.6 + 9.1%,
21.1 + 7.0%, and 58 + 7.0%, respectively) and S4-2-2 had the strong-
est inhibitory effect on tumor cells (Figure 2A,B). The CCK8 assay was
performed and the results showed that S4-2-2 could suppress cell pro-
liferation in a dose-dependent manner, and the IC50 at 24 and 48 h
were 6.38 and 3.25 pM, respectively (Figure 2C). Ki6é7 staining also
showed that S4-2-2 significantly inhibited the proliferation of A549
cells (Figure 2D-F).

3.2 | S4-2-2inhibits the growth of A549
cell xenografts

The xenografts have been created by transplanting A549 cells into
immunodeficient mice, which were then randomly divided into two
groups and treated with either DMSO or S4-2-2. In the S4-2-2 ad-
ministration group, the tumor volume inhibition rate was 41.9%
and the tumor weight was significantly attenuated than the DMSO
group (DMSO: 1.16 + 0.1 g; S4-2-2: 0.96 + 0.1 g, Figure 3A,B).
Furthermore, the tumor burden in mice that received S4-2-2 treat-
ment was lower than that in the DMSO control mice (Figure 3C).
Conversely, the number of apoptotic cells increased after S4-2-2
treatment (Figure 3D).

3.3 | S4-2-2significantly attenuated the
invasiveness and migration of A549 cells

Cell invasion and migration were detected using the Matrigel-
covered transwell assay and wound-healing assay. The transwell
assay showed that the invasiveness of A549 cells was inhibited
by S4-2-2 in a dose-dependent manner (Figure 4A,B). The wound-
healing test also showed that the number of migrating cells was sig-
nificantly reduced after S4-2-2 treatment (Figure 4C,D).
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FIGURE 2 S4-2-2 was discovered to significantly suppress A549 cell proliferation in vitro. (A) The bright views of cultured A549 cells
treated with DMSO, S4-2-2, S4-2-6, S4-2-8, and S4-2-9 for 24 h (upper) and 48 h (lower), the final concentration was 10 pM. (B) MTT results
showed the inhibition rate on A549 cells of each candidate upon 10 uM final concentration. (C) CCK8 results of S4-2-2 on A549 cells.

(D) Immunostaining for Ki67 on A549 cells after treating with S4-2-2 for 15 h. (E) The number of counted cells and (F) statistical data of
Ki67 + DAPI + cells/DAPI + cells, n = 3. The results were presented as means + SD. The scale bar is 100 um. *p < .05, **p < .01, ***p <.001
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respectively. n = 6. The scale bar is 100 pm. ***p < .001

3.4 | S4-2-2significantly induced the cell
apoptosis of A549 cells, but not the cell cycle

We further examined whether S4-2-2 significantly increased
the apoptosis of A549 cells through flow cytometry (DMSO:
7.56% + 1.44%; S4-2-2: 31.07% + 4.23%; Figure 5A,B). While we
observed that S4-2-2 showed a trend of an increasing number of
cells with cell cycle arrest at the G1 phase, the difference was not
statistically significant (Figure 5C,D).

3.5 | S4-2-2 suppressed A549 cells by
influencing the biological behavior of NSCLC cells
through the regulation of endoplasmic reticulum
stress and steroid biosynthesis

By comparing the transcriptional profile of A549 cells in the S4-
2-2 and DMSO groups treated for 15 h, 860 differentially ex-
pressed genes were identified, including 541 upregulated genes
and 319 downregulated genes (Figure 6A,B). Furthermore, the
details are presented in the supplementary file. The enriched

pathways were identified using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analy-
sis. Among them, the protein process in the ER pathway was
the most significantly activated (Figure 6C). Abnormal protein
processing in the ER is highly correlated with ER stress and the
unfolded protein response (UPR).X® The expression of DDIT3,
which acts as the effector protein of ER stress,17
upregulated after 15 h of treatment with S4-2-2 (Figure 6D). In

addition, the steroid biosynthesis pathway was also highly ac-

was highly

tivated (Figure 6C), and the transportation of steroids was also
enhanced, indicating that STARD4 was in-creased by S$4-2-2
stimulation (Figure 6E).*® Moreover, we observed that some of
the apoptotic and anti-apoptotic genes showed a trend of in-
creasing and decreasing expression after 15 h of treatment with
S4-2-2 and DMSO, respectively, but this trend was not statisti-
cally significant (Figure 6F-H). By contrast, the majority index of
increasing A549 cell apoptosis was significantly elevated after
24 h of S4-2-2 treatment (Figure 61-L). Considering all of these
findings, S4-2-2 therefore inhibited the biological behaviors of
NSCLC cells by inducing ER disorder, disturbing steroid biosyn-
thesis, and through subsequent apoptosis.
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The mRNA expression level of P53 was measured by RT-PCR. Six replicates were performed when RT-PCR was carried out. (H) The fold
change of DDIT3, caspase-3, and P53 was further analyzed based on the RNA-seq data. (I) The protein level of Bax, Bcl2, P53, caspase-3,
and cleaved caspase-3 were measured by western blotting, the cells were harvested at 24 h after S4-2-2 treatment. 3-Actin was used as an
internal control. (J) The quantification of the ratio of Bcl2/Bax, which represents and negative correlates with the ability of anti-apoptosis.
(K) Quantification of the expression level of P53 according to western blotting results. (L) The ratio indicates the apoptosis calculated by
gray value (cleaved caspase-3)/gray value (caspase-3). The results are presented as means + SD. A two-tailed t-test was employed in group
comparison. *p < .05, **p < .01, ***p <.001
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4 | DISCUSSION

Chemotherapy during the early stage of NSCLC is still needed in the
targeted therapy era.”’ As a natural compound, myricetin exerts an-
tiproliferative and anti-metastatic effects on several tumor cells.2%%!
Here, we focused on the biological functions of four synthesized
myricetin derivatives in the regulation of NSCLC. In particular, S4-2-2
was found to exert a relatively higher inhibitory effect on A549 cells
(Figure 2A,B). The experimental results showed that the proliferation of
A549 cells was mitigated by nearly half at 24 h and was considerably in-
hibited at 48 h after treatment with S4-2-2 at a concentration of 6 uM
(Figure 2C,D). Considering that a higher concentration (i.e., 10 uM) S4-
2-2 treatment will inevitably cause catastrophic cell death, we used
6 uM as the final concentration in most of the tests. Xenografts treated
with S4-2-2 at 6 uM also showed attenuated growth ability (Figure 3).

Compared with cell proliferation, the cell migration and invasive-
ness of A549 cells were more sensitive to S4-2-2, as we observed
that 1 uM drug administration was sufficient to limit the cellular
motor capacity of A549 cells (Figure 4). This capacity endowed
S4-2-2 with potential applications in advanced metastatic tumors.
Moreover, the in vitro and in vivo results indicated that S4-2-2 in-
duced early- and late-stage cell apoptosis (Figure 5A,B), but did not
change the cell cycle of A549 cells (Figure 5C,D).

To elucidate the mechanism underlying the roles of S4-2-2 in
NSCLC, a transcriptional sequencing assay was performed. S4-2-2-
treated A549 cells and DMSO-treated A549 cells were harvested
at 15 h after drug treatment, when the cells showed a significant
change in drug-induced cell morphology. We then observed that
protein processing in the ER pathway was highly activated in A549
cells after S4-2-2 treatment (Figure 6C). We observed that the pro-
teins in the ER, which is a subcellular organelle, are folded. Misfolded
proteins are retained within the ER for ER-associated degradation.
In contrast, folded proteins are shuttled into the Golgi complex. The
UPR, which includes ER stress and a signaling pathway, is caused by
the accumulation of misfolded proteins in the ER, which are induced
by harmful endogenous or exogenous stimulation. If ER stress can-
not be reversed, it will cause deterioration of cell function and lead
to cell death.?? Enormous data analyses have shown that one of the
key pathways to mediate the myricetin inhibition of multiple tumors
is ER stress. 2324

Mitochondrial apoptosis, which occurs in a variety of cells, is in-
duced by UPR. In mitochondrial apoptosis, the release of cytochrome
cis allowed by an outer mitochondrial membrane pore, which is reg-
ulated by Bcl2 family proteins. Moreover, an outer mitochondrial
membrane pore can also activate caspase-9 in apoptotic bodies,
which subsequently activates the apoptotic effector caspase-3 and
caspase-7 to induce cell apoptosis.?> DDIT3 is an ER stress-related
gene that also acts as a remote effector to mediate apoptosis.?®?’
After 15 h of S4-2-2 treatment, we detected that the signaling
pathway of protein processing in the ER was activated (Figure 6C)
and that DDIT3 was highly upregulated in A549 cells (Figure 6D).
Enhanced expression of an apoptosis-related gene (Caspase-3) and
attenuated expression of anti-apoptotic genes (Bcl2 and P53) were
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also observed until 24 h after drug administration, followed by ER

disorder (Figure 6l-L). These results suggest that S4-2-2 activated
ER stress and UPR, and hence induced apoptosis in A549 cells.
Cholesterol, the main component of steroids, is synthesized
through multiple steps in most nucleated mammalian cells, mainly
in the ER.%® ER stress can promote cholesterol synthesis and mito-
chondrial cholesterol influx, leading to cell apoptosis under differ-
ent stimuli through a complex signaling pathway.?%%° In this study,
we observed that the steroid biosynthesis pathway was activated
after S4-2-2 treatment (Figure 6C). Furthermore, cholesterol trans-
portation was also enhanced as STARD4, which participates in the
non-cystic transport of cholesterol in the cell,'® was significantly
up-regulated after S4-2-2 treatment (Figure 6E). Nevertheless, the
change in steroid levels with S4-2-2 interference and the underlying

biological functions require further exploration.

5 | CONCLUSIONS

In summary, we have developed a novel myricetin derivative that
functions in NSCLC cell inhibition, and explored a potential com-
plex pathway for this derivative, which regulates the progression of
tumor cells.
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