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Abstract

Background: Breast cancer (BC) is one of the most common types of cancer among women worldwide.
Lycorine (Lycoris radiata), a small molecule derived from the traditional Chinese herb Amaryllidaceae
plants, has appeared potential effect on inhibiting the growth of cancer cells and inducing apoptosis in
various types of cancer with minor side effects.

Methods: To discuss the therapeutic effects and molecular mechanisms of lycorine on BC established by
lycorine-treated S180 tumor-bearing mice in vivo and MTT assay in vitro. The mitotic arrest and
microtubule morphology was observed by flow cytometry and fluorescence microscopy. Furthermore,
both the mitotic and microtubule assembly dynamics genes were performed by qPCR assays, and the
protein expression associated with mitotic arrest was investigated by flow cytometry and western blot.

Results: Lycorine was demonstrated to reduce sarcoma growth of S180 tumor-bearing mice (50.6 % at 40
mg/kg-bw of lycorine) and inhibit the proliferation of MCF-7 cells in concentration-dependent manner.
Likewise, lycorine appeared little effect on the thymus and spleen indexes. Moreover, lycorine induced M
phase cell cycle arrest viainterfering with the mitotic apparatus regulated the expression of 20 genes and
15 proteins in cell cycle progression. Furthermore, this study confirmed that the potential effect of
lycorine on BC might be mediated by cell cycle arrest in M phase for the first time.

Conclusion: These results would be the consequence of exploitation of lycorine as a potential drug for BC
therapy, however further preclinical and clinical studies are still needed.

Introduction

Cancer is the leading causes of death worldwide, by 2040, the number of new cases is expected to

29.5 million and the number of cancer-related deaths up to 16.4 million per year. Among these, breast
cancer (BC) has surpassed lung cancer as the most common cancer in women, according for 12.5% of all
new annual cancer cases in 2022 [1]. Women at increased risk of BC have several options to reduce,
including surgery, lifestyle options and medication. Still, the therapeutic strategies against BC are mainly
relied on resection and chemotherapy, on the other hand, the clinic treatment owns high risk of adverse
side effects [2].

Traditional Chinese medicine (TCM) has garnered more attention for its definite curative effect and low
toxicity [3, 4]. TCM has a long history of application on BC targeted therapies with growing popularity as
promote postoperative physical recovery, reduce surgical complication rate, diminish the risk of
recurrence and metastasis, attenuate chemotherapy toxicity, and reverse drug resistance [5]. Lycorine is a
bioactive phenanthridine alkaloid extracted from bulbs of Lycoris radiata (family Amaryllidaceae), which
possess effects of anti-cancer, antibacterial, anti-inflammatory, enzyme inhibitory, and analgesic effects
[6, 7]. Moreover, aberrancy in cell cycle progression is the key mechanism underlying tumorigenesis,
thereby, anticancer therapeutic targets is mainly depended on the regulating cell cycle progression [8].
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However, the mechanisms underlying the therapeutic effects of lycorine on BC via cell cycle arrest are still
unclear.

To data, cell cycle progression is mainly focused on both replication of genomic DNA and its subsequent
segregation, where occur in eukaryotic cells during distinct cell cycle phases. Most of cancer cells are
confirmed to undergo uncontrolled cell cycle progression, thereby, cell cycle checkpoints need to be
defective for a cell to become cancerous [9]. This appeared to be consistent with previous study indicated
that cancer cells are compromised to arrest the cell cycle instead of undergoing uncontrolled cell division
[10]. Obviously, cell cycle arrest is essential for cancer cell viability, in this perspective, the differences
between DNA damage check point and replication stress checkpoint responses are essential in the
context of cancer. Analogously, cancer cells strongly rely on functional mitotic checkpoints to prevent
catastrophic chromosome mis-segregation [11]. Taken together, cell cycle arrest phase could represent as
an “Achilles’ heel” of cancer, which are crucial for cell cycle control and new therapeutic opportunities
revealing.

To our knowledge, few studies have focused on the therapeutic effects of lycorine on BC by cell cycle
progression. Thus, this study aims to (1) evaluate the anti-carcinoma cells effect of lycorine in vivo; (2)
compare the inhibiting effect of lycorine on MCF-7, HepG2, MDA-MB-231, A549 and SGC-7901 cells; (3)
confirm the cell cycle arrest of lycorine on BC by morphological observation; (4) and explore the
mechanisms in both the relative expression of genes and proteins. This should be the consequence of
lycorine exploitation as a potential drug for BC therapy.

Materials and methods
Chemicals and reagents

Human breast cancer cell line MCF-7, human hepatoma cell line HepG2, human breast carcinoma cell line
MDA-MB-231, human gastric carcinoma cell line SGC-7901 and non-small cell lung cancer cell line A549
were passaged and maintained by the Postdoctoral Research Workstation of Engineering Research
Center for Medicine, Harbin University of Commerce (Harbin, China). The carcinoma cell lines were
cryopreserved and passaged (less than 50 generations) in laboratory. The Short Tandem Repeat (STR)
was checked on National Infrastructure of Cell Line Resource website (Fig. S1). Lycorine was purchased
from Aladdin Biotechnology (molecular formula: C;4H;7NOy; purity >98%, China, Fig. S2).
Cyclophosphamide (CTX) and vincristine (VCR) were obtained from Yuanye Biotechnology (Shanghai,
China). Fetal bovine serum (FBS) was purchased from Corning Life Science (New Zealand). RPMI-1640
medium and Dulbecco's Modified Eagle Medium (DMEM) were obtained from Gibco (USA). PageRuler
Prest Protein Ladder was from Fermentas Biotechnology (USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Phenylmethanesulfonyl fluoride (PMSF), Western and Cell Lysis
buffer IR, BCA Protein Assay Kit were obtained from Beyotime Biotechnology (Jiangsu, China). DAB
Concentrated Kit were purchased from Zhong Shan-Golden Bridge Biological Technology (Beijing, China).
The primary antibodies against CyclinB1, CDK1, P21, Aurora A, Aurora B, p-H3, PLK1, BRCA1, BUBRT,
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STAT3, PAK1, CAMK4, PKA, ERK1/2, GAPDH and B-actin were purchased from Bioss Biotechnology
(Beijing, China). Secondary antibodies included horseradish peroxidase (HRP) anti-mouse or anti-rabbit
and FITC-labeled goat anti-mouse were purchased from Beyotime Biotechnology (Jiangsu, China). All
reagents used in this study were of analytical grade and the detailed instruments and reagents were listed
in Table S1 and Table S2.

Animals and design

A total of 60 Kunming mice (clean grad, half male and half female, 4 weeks old and weighing 20+ 2 g)
were bought from Liaoning Changsheng Biotechnology Co. Ltd. (experimental animal license: SCXK
(Liao) 2010-0001), and maintained in a temperature-controlled room with 12 h light/dark cycle and free
access to food and water given. All experimental procedures were conducted according to the guide for
the affidavit of animal ethics and welfare allowed by the Animal Care and Use Committee of the Harbin
University of Commerce (Fig. S3). S180 tumor cell was purchased from China Center for Type Culture
Collection. Following a one-week adaption period, and the S180 cell line (2x10° cells/mL) was
subcutaneous injection into the right flank of mice, when the diameters of tumors reached 1 cm after 7
days, mice were randomly divided into six groups (n =10, half male and half female in each group):
control, model (saline), lycorine low dose (10 mg/kg-bw), lycorine middle dose (20 mg/kg-bw), lycorine
high dose (40 mg/kg-bw) and CTX (2 mg/kg-bw), and all groups were administered strictly once daily for
7 days in a volume of 0.2 mL, intraperitoneal injection. The S180 tumor-bearing mice were euthanized 24
h after the last administration. The tumors, thymuses and spleens were removed and weighed to
calculate tumor weight, thymus index and spleen index. The tumor growth inhibition rate (IR) was
calculated by the formula IR (%) = (1- TWt/TWm) x 100%, where TWt is the mean value of tumor weight
after lycorine and CTX treatment, and TWm is the mean value of tumor weight of model group [12],
spleen or thymus index (mg/g) = the weight of spleen or thymus (mg) / body weight (g).

Cell viability assay

MCF-7, HepG2, SGC-7901, A549 and MDA-MB-231 cells were cultured in 96-well plates with 10% fetal
bovine serum and various concentrations of lycorine (2, 4, 8, 16, 32 and 64 pmol/L) for 24 h (n=6). Then,
50 pL of 0.5 mg/mL MTT solution was added to each well and incubated at 37°C in a humidified
incubator with 5% CO, for 4 h. After incubation, the supernatant was discarded and 150 pL of DMSO was
added into each well. Finally, the absorbance values (OD values) of cells were read at 490 nm using a
microplate reader for cell viability measurements.

Immunofluorescent and cell cycle progression detection

MCF-7 cells were treated with lycorine (7, 14 and 28 pmol/L) for 48 h, and VCR (0.625 pmol/L) was used
as positive control intervention. The cells were washed three times with PBS solution, afterwards, the cells
were stored in 75% ethanol at -20 °C overnight. Then, the fixed MCF-7 cells were stained in cold PI
solution in the dark for 30 min. The OD values were read by a flow cytometer at an excitation wavelength
of 488 nm, furthermore, the flow cytometric data were obtained using the Beckman-Coulter EPICS XL-
MCL flow cytometer.
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4% paraformaldehyde was used to fix MCF-7 a-tubulin cells in 6-well culture plates for 10 min. After that,
cells were membrane permeabilized in 0.1% Triton X-100 for 5 min. In addition, 5% BSA blocking buffer
was used to block the cells. Overnight at 4°C, cells were treated with a primary antibody against tubulin
(1:1000). Then, the cells were washed in PBS solution twice. The sections were then treated with anti-goat
IgG secondary antibody (1:3000) for 1.5 h. Finally, fluorescence microscope was then used to observe
tubulin FITC stained MCF-7 cells.

Total RNA extraction and gene expression analysis

A total of cell cycle related 101 target genes of were detected and the primer sets were listed in Table S4.
Among them, 13 microtubule-related gene (/CIS, AURKB, CDC2, PAK1, STAT3, ERK, PKA, CAMK4, KIF2C,
STMN1, KATNAT, MAP2 and MAPT) and 7 M-phase related gene (CCNB2, CCNF, CDC25C, CDC6, CDC20,
MRET1A and RAD5T) with high expression change were selected, which quantified in duplicate using
Step One Plus™ Real-Time PCR system (Wcgene Biotech, Inc., Shanghai, China). The specificity of the
gPCR products was also verified by melting curve analysis in Fig.S4, and the relative abundance of cycle
arrest genes was calculated on the basis of 272 method, where AC, = C, (target gene)-C, (internal
reference gene).

Protein expression detection

The protein bands (CyclinB1, CDKT1, p21, Aurora A, Aurora B, STAT3, PAK1, CAMK4, PKA, ERK1/2) were
quantified by Image-pro plus 6.0 imaged using hypersensitive luminescence solution and the
densitometry analysis. Subsequently, after FITC staining, 400-mesh nylon net was used to filter the cells.
The relative fluorescence intensity of FITC-stained protein (p-H3, PLK1, BRCA1 and BUBR1) detected with
flow cytometry was analyzed.

Statistical analysis

All experiments were repeated at least three times. Statistical analyses were performed using SPSS 15.0
statistical software, and the data were presented as mean + standard deviation (SD). The Dunnett and
Tukey test were performed to comparison between the treatment groups and control groups. Heatmap
(Java Treeview 1.1.6) and Cluster 3.0 were used to analyze the correlation between proteins and genes
expression, and P<0.05 was considered statistical difference, P<0.01 presented significant difference,
and P<0.001 presented extremely significant difference.

Results

Effects of lycorine on tumor weight, spleen index and
thymus index in vivo

The schedule of animal experiment in vivo and cell assay in vitro was presented in Fig. 1. Lycorine
dramatically suppressed tumor growth of S180 tumor-bearing mice and appeared a dose-dependent
manner, the tumor inhibition rates were 21.7% (10 mg/kg-bw of lycorine), 32.1% (20 mg/kg-bw of

Page 5/20



lycorine), 50.6% (40 mg/kg-bw of lycorine), respectively (Fig. 2A and Table S5). The tumor weight
intervened by 40 mg/kg-bw lycorine (0.57 + 0.13 g) were significantly reduced compared with the model
group (P<0.001), and its curative effect of high dose is consistent with that of CTX (0.49 + 0.08 g).
Following treatment with lycorine, the thymus and spleen indexes of S180 tumor-bearing mice appeared
little effect (Fig. 2B, C), while there was no significant difference between high dose and low dose groups
(P=0.079, P=0.1470, respectively). Additionally, the thymus and spleen indexes showed a significant
decreased in CTX groups (0.88+0.65, 3.11 + 0.13, respectively) in comparison to high dose groups of
lycorine (1.093 + 0.28, 4.01 + 0.53, respectively). These results indicated that lycorine could inhibit the
immune function of S180 model mice as well as anti-tumor effect. Taken together, the aforementioned
date indicated that lycorine could inhibit the growth of tumor, however lycorine appeared more
therapeutic action on improving the tumor immunosuppressive microenvironment in S180 tumor- bearing
mice.

Figure 1

Inhibition of lycorine on MCF-7, HepG2, MDA-MB-231, A549
and SGC-7901 cells in vitro

The inhibition rate of lycorine in dose of 64 pmol/L on cell viability in vitro was ranked as human breast
cancer cell line MCF-7 (64.1%) > human hepatoma cell HepG2 (39.3%) >human breast carcinoma cell line
MDA-MB-231 (34.4%) > human gastric carcinoma cell line SGC-7901(26.3%) and non-small cell lung
cancer cell line A549 (26.3%) (Fig. 2D). The half-maximal inhibitory concentration (ICs,) values of
lycorine on MCF-7 cells were 13.98 pumol/L (Table S3). In this way, three different doses (7, 14, 28 pmol/L)
of lycorine were selected for the further experiments [13]. These results suggested that lycorine was
revealed to capable of BC treatment in comparison to the other cancer cells.

Figure 2
Identification and analysis of cell cycle arrest

To validate whether lycorine could inhibit cell proliferation by the effect of inducing cell cycle arrest, the
percentage of the cell cycle phases of MCF-7 cells was analyzed after treatment with lycorine. Lycorine
induced the accumulation of cells in G2/M-phase cell-cycle arrest in a dose-dependent manner (Fig. 3A).
The cells proportion of G2/M phase increased with the doses of lycorine from 11.14% (7 pmol/L), 15.47%
(14 pmol/L) to 21.15% (28 pmol/L), which appeared significantly increased compared with the control
group (9.53%), however it observed a gap curative effect between 28 pmol/L of lycorine and that of VCR
(44.67%). Additionally, proportion of GO/G1 and S phase cells were considered no significant difference.
The results demonstrated lycorine induced MCF-7 cell cycle arrest in G2/M phase arrest.

To investigate the cellular response to lycorine treatment induced G2/M phase cell cycle arrest, the
morphological changes of MCF-7 cells was observed by immunofluorescence analysis (Fig. 3B, C). The
results revealed that MCF-7 cells in control group had clear edges and regular shapes, a-tubulin was

evenly distributed over the edges of the cells. In the VCR-treated group, cell fuzzy edges were observed
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and cell volumes expanded in the MCF-7 cells. Moreover, after treating MCF-7 cells with lycorine for 48 h,
the polymerization state of tubulin was altered, the distribution of morphology was disordered, the cells
exhibited blurred edges, amplify in size, irregular shape and bent a-tubulin. Likewise, the high dose of
lycorine (28 pmol/L) treatment groups showed a similar morphological changes of VCR treatment. Thus,
these findings demonstrated that lycorine induced tubulin polymerization at the cellular and molecular
levels, which indicated that lycorine had tubulin-targeting function in MCF-7 cells.

Figure 3
Abundance expression of cell cycle-regulatory genes

To elucidate the underlying mechanismes, the cell cycle-regulatory genes were examined by gPCR assay.
Genetic changes are the primary signal of cellular changes, in this way, all the genes of 101 in cell cycle
were detected, among them, a sub of 9 genes (AURKB, CDC2, PAK1, STAT3, ERK, PKA, CAMK4, MAPZ2 and
MAPT) down regulated and 4 genes up regulated (/CIS, KIF2C, STMNT and KATNAT ) in microtubule

(Fig. 4A), a sub of 7 genes (CCNB2, CCNF, CDC25C, CDC6, CDC20, MRET11A and RAD517) down regulated in
M-phase (Fig. 4B). The effect of lycorine on MCF-7 by regulating the expression of intracellular cycle-
related genes was performed in order to further capture the interactions between 20 genes (Fig. 4C).
These 20 related genes were divided into four categories, the relative abundance expression of MRET1A,
STAT3, PAK1, PKA, AURKB, CCNBZ2 and CDC25C were similar, genes CDC6, MAPZ, CDC20, CCNF, MAPT
and RADS5T1 clustered in one category, the expression of CAMK4, ERK and CDCZ2 were similar, while
KATNAT, ICIS, STMNT and KIF2C were clustered in one category. The results suggested that the down-
regulation of STAT3 CAMK4 PKA PAKT1 ERK ICIS Aurkb and CDCZ2 may be involved in the accumulation
of genes STMNT7and KIF2Cin lycorine treated MCF-7 cells. On the other hand, the expression of genes in
control group and low dose of lycorine presented similar, and high dose of lycorine was revealed same
effect with VCR group.

Figure 4
Cell cycle arrest-related protein expression

To further confirm the effect of lycorine on cell cycle arrest-related protein activity, a total of 15 protein
expression was discussed both in microtubule and M-phase (Fig. S5, Table. S8). Specifically, western blot
analysis revealed that lycorine enhanced the expression of microtubule associated marker p21, but
decreased the expression of CyclinB1, CDK1, Aurora A, Aurora B, STAT3, CAMK4, PAK1, PKA, ERK1 and
ERK2 in MCF-7 cells after 48 h (Fig. 5.A, B, G). Furthermore, lycorine also significantly upregulated the
expression of mitotic phase marker p-H3 and BUBR1 (Fig. 5.C, F) and down-regulated the expression of
PLK1 (Fig. 5.D), however the expression of BRCA1 had no obvious variation (Fig. 5.E). The results
indicated that lycorine triggered the M-phase cell cycle arrest in MCF-7 cells.

To further determine the potential role of proteins in cell cycle arrest, principal component analysis (PCA)
was performed. Among the cycle arrest relative proteins, PLK1, STAT3, PAK1, CAMK4 and PKA were
clustered in PC1, which explained 88.8% of the first component. p21 and BUBR1 accounted for 6.4% in
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PC2, while the other presented 3.1% in PC3 (Fig. 5H and Table S6). The cell cycle arrest in MCF-7 cell
induced by lycorine was revealed, at least partly, due to alterations in the expression of cell cycle-related
proteins. Moreover, these findings suggested that lycorine-induced M-phase cell cycle arrest may
mediated by PLK1, STAT3, PAK1, CAMK4 and PKA.

Figure 5
Mechanism of lycorine inhibiting effect on breast cancer

To test the therapeutic effects of lycorine on mitotic arrest in MCF-7 cells, cluster analysis and correlation
analysis were performed on 20 related genes of 15 proteins. The darker color indicated higher expression
of genes and proteins, and the thicker lines presented the stronger related between genes and proteins
(Fig. 5A and Table S7). Protein CDK1 and gene STMN1, KIF2C, KATNA1, STAT3, ERK; protein CyclinB1 and
gene STMN1, KATNAT, protein p21 and gene STMN1, KIF2C, KATNAT, protein Aurora A and gene KATNAT,
protein Aurora B and gene KATNAT, protein ERK and gene KATNAT in the MCF-7 cells were extremely
significant correlated (P<0.01).

By contrast, the cell cycle progression was classified into 2 types, which were M phase (80%), and G2
phase (20%). The results indicated that lycorine induced cell cycle arrest mainly in M phase. Meanwhile,
the expression of M phase-related protein ranked as STAT3 (15.62%) > PAK1 (13.09%) > CAMK4 (12.55%)
>PKA (9.65%) > PLK1 (7.72%) > BRCA1 (7.26%) > BUBR1 (6.59%) > p-H3 (5.92%) > ERK2 (5.33%) > ERK1
(5.30%), followed by Aurora B of 4.87%. Cyclin B1, p21 and CDK1 accounted for the fraction of 44.68%,
28.19% and 27.13% in G2 phase, respectively (Fig. 5B). All these results indicated that lycorine significant
inhibited MCF-7 cell cycle arrest in M phase.

Figure 6

Discussion

BC remains a recalcitrant cancer in women worldwide, thus novel therapeutic strategies of TCM with low
side effects are urgently needed. Lycorine, the active alkaloid isolated from Lycoris radiata (family
Amaryllidaceae) has a long history of application in TCM [14, 15], and has been reported to possess
extensive pharmacological activities, such as anti-inflammatory, antiviral, and antitumor effects [16].
Previous studies reported that lycorine not only has inhibitory effects on tumor growth but also has
extensive activity that induces apoptosis [14]. As mentioned earlier, lycorine suppressed constitutive
STAT3 activation by up-regulating the expression of SHP-1 and down-regulating the expression of STAT3
target proteins, thus induced apoptosis and cell cycle arrest. However, more research is needed to fully
understand potential therapeutic effect of lycorine as a drug of BC treatment and its safety profile. In the
present study, we found that lycorine had inhibiting effect on BC both in vivo and in vitro for the first time.

Immunosuppression appears to be a major side effect of chemotherapy drugs, while it is not disturbing
for lycorine. Instead, the lycorine suppressed tumor growth based on their altered immunostimulatory

activities. Thymus and spleen are the important immune organs, which orchestrate adaptive immune
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responses [17]. CTX was the most effective drug evaluated against 33 kinds of cancers out of 1,000 anti-
tumors compounds and medicines [18], however, it accompanied by high toxicity and severe side effects.
Thus, it was worth noting that lycorine suppressed tumor growth in addition to lessening the frequency of
the aforementioned adverse effects.

By contrast, stomach cancer, lung cancer and liver cancer and BC are the top four cancers with high
morbidity and mortality [19—21]. Moreover, the inhibitory effects of lycorine on the growth of MCF-7,
MDA-MB-231, SGC-7901, A549 and HepG-2 cells were demonstrated by MTT assay in vitro. Studied to
identify the active alkaloids with anti-proliferative activities and the corresponding sensitive cell lines,
lycorine had obvious inhibitory effects on MCF-7 cell proliferation in a dose-dependent manner, and the
ICs5q values of lycorine for MCF-7 cells was 13.98 pmol/L. Last but not least, the MCF-7 cells were

considered sensitive to lycorine.

Cell cycle arrest is a process by which the normal progression of the cell cycle is disrupted. This can
occur in response to various signals, such as DNA damage, replication stress, and oncogene activation
[22]. It has been proposed as a therapeutic strategy for the treatment of cancer [23]. However, the
mechanism that lycorine induces cell cycle arrest is still unclear. Firstly, the results demonstrated lycorine
induced MCF-7 cell cycle arrest in G2/M phase arrest by flow cytometer. Furthermore, a sub of 101 genes
in cell cycle were detected, among them, 20 target genes and 15 cell cycle arrest related proteins with high
expression changes were discussed. More importantly, CDK1 and CyclinB1 are critical in G2 phase
checkpoint. CyclinB1 progressively increases through G1 and S phase and reaches its peak in G2 phase
then form complex with CDK1. It has been documented that CDK1 is activated on centrosomes, CyclinB1-
CDK1 binds to the microtubules, chromosomes and to unattached kinetochores in the prometaphase [24].
Recent literature reports that evodiamine induced M-phase cell cycle arrest via the p21 signaling pathway
in ESCC cells [25]. In our study, the expression of protein p21 was up-regulated by lycorine treatment. The
expression of protein CDK1 was down-regulated by p21, which caused the down regulation CyclinB1
further inhibited the activity of CDK1 in MCF-7 cells. The Phosphorylation of Histone H3 (p-H3) is a
critical step in the regulation of the cell cycle, playing a key role in the regulation of DNA replication and
chromosome segregation [26]. During the cell cycle, p-H3 modification occurs in the early stages of
mitosis and marks the chromatin for proper condensation and separation. CyclinB1 and Histone H3
phosphorylation are the markers of cells in M phase. Our experiment revealed that lycorine treatment
significantly enhanced the mitotic phase marker protein p-H3 expression, indicating that lycorine triggered
the M-phase cell-cycle arrest in MCF-7 cells, instead of the G2 phase. These findings suggested that
lycorine induced M-phase arrest may be mediated by p21.

The phosphorylation of p-H3 is catalyzed by mitotic kinases, such as Aurora A and Aurora B, which
recognize and bind to the p-H3 modified histones. Any disruptions in p-H3 phosphorylation levels may
lead to a variety of chromosomal abnormalities and contribute to the development of diseases such as
cancer [27]. Herein, the down-regulated expressions of protein Aurora A and Aurora B induced by lycorine
in this study revealed in this study. Likewise, PLK1 was the key checkpoint to recovery from mitotic arrest
mediated by the DNA damage after DNA damage repair [28]. BUBR1 is a very important protein in mitotic
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checkpoint, which plays a role in maintaining checkpoint activation in chromosome kinetochore and
cytoplasm, and its expression peaks at G2/M phase with the progress of cell cycle. Aurora-B is involved in
the enrichment and phosphorylation of BUBR1. When the lack of appropriate tension is detected at the
mitotic spindle detection point, it can effectively prevent the continuation of mitosis. Meanwhile, BUBR1
can be phosphorylated by PLKI. In the present study, we demonstrated that lycorine-induced down-
regulated expression in PLK1 and up-regulated expression in BUBR1. Taken together, induction of mitotic
arrest in MCF-7 cells was occurred.

Apart from cell-cycle arrest, triggering microtubules dynamics is another appealing option for cancer
treatment. The relationship between microtubules and cancer is complex and multifaceted. In cancer
cells, alterations in microtubule dynamics can result in changes to cell division and lead to the formation
of abnormal, uncontrolled growths [29]. The microtubule targeting agents (MTAs) used in cancer
chemotherapy work by disrupting the normal structure and stability of microtubules, leading to cell cycle
arrest and apoptosis. Here, we investigated for the first time whether lycorine hampers the mitotic effect
through the inhibition of microtubule dynamics in MCF-7 cells. Oncoprotein stathmin 1 (STMN1), also
known as oncoprotein 18, is involved in the regulation of the microtubule 561 dynamics system.
Accumulating evidence shows that STMNT1is highly expressed in multiple 562 types of human cancer,
which functions as a tumor promoter contributing to malignant phenotypes [30]. Mitotic centromere-
associated kinesin (MCAK/KIF2C) is a member of the kinesin-13 family, which is important for the
regulation of microtubule dynamics. Moreover, disrupting the dynamic balance of microtubule
depolymerization and polymerization is a potential target for the development and research of antitumor
drugs [13]. In a nutshell, the results in this study proved that lycorine down-regulated expression of pro-
microtubule polymerization related genes (MAP2, MAPT), and up-regulated the expression of microtubule
depolymerization-related genes (STMN1, KIF2C, KATNAT) in MCF-7 cells.

Conclusions

In summary, this study uncovered a mechanism by lycorine induced BC through regulating cell-cycle
arrest. Activation of p21/CDK1/CyclinB1 signaling pathway involved in underlying mitotic cell cycle arrest
in MCF-7 cells was validated. Obviously, lycorine disrupted tubulin morphology and the dynamic balance
of tubulin polymerization and depolymerization. These findings demonstrated for the first time that the
inhibitory activity of lycorine in MCF-7 cells, by which led to M-phase cell cycle arrest, DNA damage and
enhance microtubule dynamics.

Furthermore, these results imply that lycorine has the great prospect in the clinical treatment of BC and
also has great significance for enriching the application of TCM in the development of new anti-tumor
drugs. Notably, TCM focuses on the characteristics of multi-target and multi-mechanism treatment of
diseases, and thus the potential effect of lycorine on BC might be mediated by cell cycle arrest in M
phase via targeting multiple tumorigenic pathways. Further studies will carry out the potential molecular
mechanism of therapeutic action of lycorine on BC by microRNAs, long non-coding RNAs and circular
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RNAs. Last but not least, our findings would be the consequence of exploitation of lycorine as a potential
drug for BC therapy, however further preclinical and clinical studies are still needed.
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The schedule of experimental design. (A) Study design of animal experiment and treatment in vivo. (B)

Study design of cell experiment in vitro.
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Lycorine inhibited S180 tumor growth and stimulated the host immune response. (A) Tumor weights of
mice in each group (n=10). (B) Thymus indexes of mice in each group (n=10). (C) Spleen indexes of mice
in each group (n=10). (D) The cell viability variation of MCF-7, HepG2, SGC-7901, A549 and MDA-MB-231
cells treated with lycorine of 2, 4, 8, 16, 32 and 64 umol/L (n=6). Data were expressed as meantstandard
deviation. Significant difference was indicated as #*# P< 0.001 presented extremely significant difference
compared with the CTX group. * P< 0.05,** P< 0.01 and *** P< 0.001, compared with the control group.
™*P<0.001, compared with the model group. AA2P< 0.001, compared with the model group.
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Lycorine induced cell cycle arrest in MCF-7 cells. (A) Flow cytometric analysis of phases percentage of
the cell cycle in MCF-7 cells treated with lycorine (7 pmol/L, 14 pmol/L, 28 ymol/L), 0.625 pmol/L VCR for
24 h and stained with PI. (B) x 20, (C) x40 a-tubulin changes detected by fluorescence microscopy. Anti a-
tubulin and FITC-conjugated goat anti-rabbit IgG (green) were used to label microtubules. Yellow arrows
presented abnormal a-tubulin morphology in MCF-7 cells.
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Figure 4

Effect of lycorine treatment on expression of relative genes in MCF-7 cells. (A) Effect of lycorine on the
expression of microtubule relative genes in MCF-7 cells (n=3). (B) Effect of lycorine on the expression of
M-phase relative genes in MCF-7 cells (n=3). (C) Heatmap of various doses of lycorine treatment on MCF-
7 intracellular cycle-related gene expression. Significant differences indicated as *P< 0.05, **P< 0.01 and
***P < 0.001 compared with the control group.
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Figure 5

Expression of proteins in cell cycle arrest. (A) Expression of protein CyclinB1, CDK1, p21 by western blot.
(B) Expression of protein Aurora A and Aurora B by western blot. (C, D, E, F) Quantification of the p-H3,
PLK1, BRCA1 and BUBR1 protein in cells by FITC staining with flow cytometry. (G)Expression of protein
STAT3, PAK1, CAMK4, PKA and ERK by western blot. (H) PCA ordination plot for eigenvalue
decomposition covariance matrixes among cell cycle arrest relative proteins based on the relative

abundance. Significant differences were indicated as *P < 0.05, **P< 0.01 and ***P< 0.001 compared
with the control group.
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Figure 6

The mechanism of lycorine-induced cell cycle arrest related. (A) Correlation between cell cycle arrest
related proteins and genes. (n = 3, the darker color indicated the greater contribution in proteins and
genes, and the thicker line indicated more statistical significance (P< 0.01). (B) The contribution of

proteins analyzed by chord diagram. The size of the connected ribbon indicated by the shared cell cycle
and proteins.
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