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Abstract

Background/Aims: Glioblastoma multiforme (GBM) is the most devastating and widespread
primary central nervous system tumour in adults, with poor survival rate and high mortality
rates. Existing treatments do not provide substantial benefits to patients; therefore, novel
treatment strategies are required. Peiminine, a natural bioactive compound extracted from
the traditional Chinese medicine Fritillaria thunbergii, has many pharmacological effects,
especially anticancer activities. However, its anticancer effects on GBM and the underlying
mechanisms have not been demonstrated. This study was conducted to investigate the
potential antitumour effects of peiminine in human GBM cells and to explore the related
molecular signalling mechanisms in vitro and in vivo. Methods: Cell viability and proliferation
were detected with MTT and colony formation assays. Morphological changes associated
with autophagy were assessed by transmission electron microscopy (TEM). The cell cycle rate
was measured by flow cytometry. To detect changes in related genes and signalling pathways
in vitro and in vivo, RNA-seq, Western blotting and immunohistochemical analyses were
employed. Results: Peiminine significantly inhibited the proliferation and colony formation of
GBM cells and resulted in changes in many tumour-related genes and transcriptional products.
The potential anti-GBM role of peiminine might involve cell cycle arrest and autophagic flux
blocking via changes in expression of the cyclin D1/CDK network, p62 and LC3. Changes in
flow cytometry results and TEM findings were also observed. Molecular alterations included
downregulation of the expression of not only phospho-Akt and phospho-GSK3f but also
phospho-AMPK and phospho-ULK1. Furthermore, overexpression of AKT and inhibition of AKT
reversed and augmented peiminine-induced cell cycle arrest in GBM cells, respectively. The
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cellular activation of AMPK reversed the changes in the levels of protein markers of autophagic
flux. These results demonstrated that peiminine mediates cell cycle arrest by suppressing Akt-
GSk3p signalling and blocks autophagic flux by depressing AMPK-ULK1 signalling in GBM
cells. Finally, peiminine inhibited the growth of U251 gliomas in vivo. Conclusion: Peiminine
inhibits glioblastoma in vitro and in vivo via arresting the cell cycle and blocking autophagic

flux, suggesting new avenues for GBM therapy. © 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Glioblastoma multiforme (GBM) is a grade IV glioma according to the World Health
Organization (WHO) classification and is the most widespread primary central nervous
system tumour in adults [1]. In past decades, even GBM patients who were treated via
surgery, radiotherapy, chemotherapy, etc. showed a median survival of less than 15 months,
with a 5-year relative survival of less than 3% and a mortality rate of nearly 100% [2, 3].
The existing treatments cannot bring greater benefits to patients, and more novel treatment
strategies are required [4]. In recent years, increasing numbers of traditional Chinese
medicine monomers have shown extraordinary therapeutic effects on cancer [5, 6]. A new
weapon against GBM might be found in these natural medicine monomers.

Fritillaria thunbergii (Chinese name Zhe Beimu), mainly distributed in Jiangsu Province
and Zhejiang Province in China and in a few areas in Japan, has been used to treat furuncle
and lung diseases in traditional Chinese medicine for thousands of years. Pathological and
biological studies have confirmed that the active principle compounds of Fritillaria thunbergii
are alkaloids, including peimisine, peimine and peiminine [7, 8]. In recent studies, peiminine
has been reported to have anti-inflammatory, analgesic, and antitussive effects and to be able
to ameliorate acute lung injury [9-12]. In addition, it also has the potential to fight cancer
[13]. However, the antitumour effects of peiminine against GBM have not been reported.

Ithas been reported that peiminine represses colorectal carcinoma cell proliferation and
induces autophagic cell death [13]. As is well known, the protein kinase B (AKT)-glycogen
synthase kinase 33 (GSK3[3) pathway controls many intracellular processes involved in cancer
cell growth, proliferation, angiogenesis, metabolism and motility in GBM [14, 15]. Many
studies have shown that inhibiting the AKT pathway and its downstream effector, GSK3§3,
reduced the growth of GBM cells [16, 17]. AMP-activated protein kinase (AMPK), as a serine/
threonine kinase that negatively regulates lipid anabolism, is activated by metabolic stress
to promote the process of catabolism in general. AMPK has also been shown to be a positive
regulator of autophagy [18]. Extensive evidence confirms that AMPK promotes the positive
regulation of ULK1, an important autophagic factor, through phosphorylation [18, 19]. In
contrast, dampened Akt signalling enhances autophagy by increasing ULK1 phosphorylation
[20]. Although ULK1 is regulated by the AKT and AMPK signalling pathways, inhibition of
AMPK signalling can lead to autophagy reversal by suppressing the Akt-mTOR signalling
pathway [21].

Most interestingly, we determined that the mechanism of the antitumour effect of
peiminine on GBM is different from that described in other reports regarding its role in
colon tumours. In this study, we show the efficacious inhibitory effect of peiminine on GBM
occurs through the AKT-GSK3f3 and AMPK-ULK1 pathways. However, we found a difference
from other studies in that peiminine does not mediate the autophagy of GBM cells but rather
blocks the autophagic flux. Moreover, peiminine also causes cell cycle arrest at the G1/GO0
stage. Our findings suggest not only the potential use of peiminine for the treatment of
GBM but also different mechanisms of action for peiminine in different tumours, which may
provide new avenues for cancer therapy.
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Materials and Methods

Cell culture

The human GBM cell lines used in our study were purchased from the RIKEN Cell Bank (Tsukuba
Science City, Japan). The GBM cell lines were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM;
Corning, 10-017-CVR) with 10% foetal bovine serum (FBS; Invitrogen), and 1% penicillin and streptomycin
(Sigma-Aldrich, USA) at 37 °C with 5% CO, in an incubator.

Reagents

Peiminine (Aladdin, CAS18059-10-4) was prepared as a solution in dimethyl sulfoxide (DMSO) and
diluted to the indicated concentrations. LY294002 (MCE, HY-10108) and metformin hydrochloride (MCE,
HY-17471A) were purchased from MedChem Express (New Jersey, USA). The primary antibodies used in
this study recognized the following proteins: $-actin (ABclonal Technology, AC004), p62/SQSTM1 (Sigma-
Aldrich, P0067), LC3 (Sigma-Aldrich, L7543), p-AKT Ser473 (Cell Signaling Technology, 9271), AKT (Cell
Signaling Technology, 9272), PI3K (Cell Signaling Technology, 4257), p-PI3K p85 (Tyr458)/p55 (Tyr199)
(Cell Signaling Technology, 4228), p-GSK3a/f3 Ser21/9 (Cell Signaling Technology, 8566), GSK3a/B (Cell
Signaling Technology, 5676), p-Rb Ser345 (Cell Signaling Technology, 9301), p-ULK1 Ser556 (Abcam,
133747), ULK1 (Abcam, 128859), p-AMPK Thr172 (Cell Signaling Technology, 2535), AMPK (Cell Signaling
Technology, 2532), cyclin D1 (Abcam, 134175), p21 (Wanleibio, 362), p27 (Wanleibio, 1769), CDK2 (Abcam,
32147), and CDK4 (Wanleibio, 1711).

Transcriptome shotgun sequencing (RNA-seq)

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) following the manufacturer’s
procedure. Quantity and purity of the total RNA were analysed via a 2100 Bioanalyzer instrument and RNA
6000 Nano Kit (Agilent, USA) with an RNA integrity number (RIN) > 7.0. Approximately 10 ug of total RNA
representing a specific adipose type was subjected to isolation of poly(A)-mRNA with poly-T oligo-attached
magnetic beads (Invitrogen). Following purification, the mRNA was fragmented into small pieces using
divalent cations under an elevated temperature. Then, the cleaved RNA fragments were reverse-transcribed
to create the final cDNA library in accordance with the protocol for the mRNA Seq Sample preparation
kit (Illumina, San Diego, USA). The average insert size for the paired-end libraries was 300 * 50 bp. In
addition, we performed paired-end sequencing on an [llumina X10 instrument (LC Sciences, USA) following
the vendor’s recommended protocol.

MTT and clonogenic assays

GBM cells were seeded at 5 x 10*/ml with 200 pl of culture medium on 96-well plates and treated with
the indicated concentration of peiminine. At 12, 24, and 48 h after treatment, 10 pl of MTT dye (5 mg/ml,
Cat# M2128, Sigma, USA) was added to each well, and the plates were incubated at 37 °C in an incubator
for 4 h. Afterwards, the supernatants were replaced by 150 pl of DMSO (Cat# D2650, Sigma, USA) to stop
the reactions. The absorbance at 490 nm was measured using a spectrophotometer (Tecan, Switzerland).
To determine the long-term effects, cells were seeded in six-well plates at a density of 150 cells/well and
treated with peiminine at different concentrations (0, 100, 200 or 400 uM) for 7 days. Next, cells were rinsed
with fresh medium every 3 days prior to staining with crystal violet (0.4 g/L). The number of cells was
counted using Image] software.

Western blot analysis

GBM cells were seeded onto 6-cm dishes and treated with peiminine at different concentrations and
times. Then, the cells were collected with radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo
Scientific, USA) with a protease inhibitor (Roche, 05892970001) and a phosphatase inhibitor (Roche,
4906845001). According to the manufacturer’s instructions, the protein density was quantified by a
bicinchoninic acid (BCA) assay kit (Beyotime, P0010). Using 7.5-12.5% SDS gels, lysates (15-100 pg) were
separated by SDS-PAGE and then transferred to PVDF membranes (Millipore, Bedford, MA, USA). The
membranes were blocked in 5% skim milk with Tween at room temperature for 1 h and incubated with the
indicated primary antibodies at 4 °C overnight. After washing with TBST, the membranes were incubated
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with the secondary antibodies conjugated to horseradish peroxidase (ZSGB-BIO, ZF-2301, ZF-2305) for 1
h at room temperature. The protein bands were visualized using the Beyo ECL Star (Beyotime, P0018A)
detection kit and quantified with ImageLab software.

Cell cycle detected by flow cytometry

LN229 and U251 cells at a density of 5 x 10° cells/well were exposed to peiminine at different
concentrations (0, 100, 200 or 400 uM) for 24 h. Then, cells were suspended in 70% ethanol and fixed at
4 °C for 12 h. The treated cells were incubated with propidium iodide (PI) according to the protocol of the
Cell Cycle and Apoptosis Analysis Kit (Beyotime, P0010). Then, the stained cells were analysed by an Accuri
C6 flow cytometer (BD Bioscience), and the distribution of cells in different phases was calculated via BD
Accuri C6 software.

Transmission electron microscopy

LN229 and U251 cells were seeded onto 6-cm dishes for full attachment. After peiminine (200 pM)
treatment for 24 h, cells were harvested and fixed by 2.5% precooled glutaraldehyde at 4 °C overnight. Then,
cells were dehydrated by ethanol and acetone and fixed with 1% osmium tetroxide for 30 min. Cells were
then embedded in araldite, and ultrathin sections were obtained (50-60 nm). The sections were contrasted
with lead citrate-uranyl acetate and examined with a TEM (Hitachi H-7650, Japan).

Lentivirus transductions

Lentiviral particles containing Lv-AKT and virus without AKT, which served as a negative control (Lv-
control), were purchased from Wanleibio (Shenyang, China) and transduced into GBM cells following the
manufacturer’s instructions. The virus-infected cells were GFP-positive and were sorted out by an FSX100
Bio Imaging Navigator (Olympus, Japan) after 72 h.

Tumourigenicity in nude mice

Animal experiments were approved by the Animal Care and Ethical Committee of the First Affiliated
Hospital of Harbin Medical University and conducted based on the state guidelines from the Ministry of
Science and Technology of China. Six-week-old female BALB/c nude mice were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). U251 cells (1 x 10° cells in 100 pl of PBS) were
injected into the right hips of each mouse, and the mice were randomly assigned into one of the two groups
(n = 6). One week post-implantation, the control group received intraperitoneal injections of saline every
other day while the treatment group received intraperitoneal injections of 2 mg/kg peiminine every other
day. At 21 days after tumour implantation, all mice were euthanized, tumours were isolated, and the tumour
weight was recorded.

Immunocytochemistry

Tumour tissues were fixed by formalin and processed into paraffin-embedded samples. Then, the
samples were sliced into 5-um-thick sections. The tumour sections were incubated in H,0, for 10 min and
immunostained for the indicated primary antibodies at 4 °C overnight. A secondary antibody (ZSGB-BIO,
PV6001) was applied for 30 min at 37 °C. The sections were developed with the Polink-2 Plus® Polymer
HRP Detection System (ZSGB-BIO, PV-9001) following the manufacturer’s instructions. In addition, the
sections were visualized with a diaminobenzidine substrate kit (ZSGB-BIO, ZLI-9019). Then, tumour tissue
sections were counterstained by haematoxylin, dehydrated and cover slipped. Finally, the sections were
surveyed by a FSX100 Bio Imaging Navigator (Olympus, Japan). Data were analysed with Image-Pro Plus 6.0.

Statistical analysis

The data from three repeated independent experiments are expressed as the mean + SD. Comparisons
between groups were performed using two-tailed Student’s t-tests. A value of p < 0.05 was considered
statistically significant.
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Results

Peiminine inhibits the proliferation

and colony formation of GBM cells

First, we used an MTT assay to
validate the effect of peiminine on GBM
cell viability and calculate the inhibitory
concentration (IC,  Table 1). Fig. 1a
shows that U251, LN229, U87 and T98
cell growth was inhibited with different
concentrations of peiminine for 12 h,
24 h and 48 h. Moreover, we used U251
and LN229 cells for the colony forming
assay because these cell lines have
the largest and smallest IC50 values,
respectively. Also, we used these cell
lines in the subsequent experiments for
the same reason. The U251 and LN229
cells were treated with peiminine at
different concentrations (0, 100, 200
or 400 uM) and analysed by a colony
formation assay (Fig. 1b and c). The
results indicated that peiminine has
a long residual ability to inhibit cell
proliferation.

Altered expression of cancer-

associated genes by peiminine in

GBM cells

We used transcriptome shotgun
sequencing (RNA-seq) to identify
cancer-associated gene signatures in
GBM cells treated with peiminine. As the
LN229 cell line has the largest IC50, we
selected the LN229 cells for the RNA-seq
experiment. The differential expression
of genes and transcripts in the LN229
cells treated with peiminine (200 uM,
24 h culture) and the controls was clear
(Fig. 2a and b). Peiminine treatment
also resulted in increased or decreased
expression of many genes involved
in different aspects of cancer cell
development, including proliferation,
cell metabolism, cell cycle, autophagy,
apoptosis, cell migration, angiogenesis,
cell adhesion and the inflammatory
response (Fig. 2c). The expression of
many  cancer-associated signalling
pathways, such as the PI3K-AKT, AMPK,
MAPK, p53 and Wnt pathways, was
altered.
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Table 1. Average half maximal inhibitory concentration
for cell growth in GBM cell lines after exposure to
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Fig. 1. Peiminine inhibits the proliferation and colony
formation of GBM cells (a) GBM cell lines LN229,
U251, U87 and T98 were treated with peiminine at
concentrations of 0 to 800 pM in triplicate for 12, 24
and 48 h. Cell viability was measured by MTT assay. (b)
U251 and LN229 cells were treated with peiminine at
different concentrations (0, 100, 200 or 400 puM) for 7
days. (c) Bar plot of the average colony number of LN229
and U251 cells. Data are expressed as the mean + SD.
Compared with the control group: **, p<0.01, *, p<0.05.
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The results of the RNA-seq experiment were in accordance with those of our
previous experiments (Fig. 1) examining peiminine-induced inhibition of GBM cell
proliferation. Although these differentially expressed genes and transcripts are involved
in nearly every facet of GBM cells, the changes in the cell cycle markers and the nutrient-
sensing kinase signalling were particularly evident. Furthermore, the transformations of
autophagy-related molecules, such as SQSTM1/p62 and LRRK2, were different than what
we had expected.
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Fig. 3. Peiminine induces cell cycle arrest in GBM cells (a)(b) LN229 and U251 cells were treated with
peiminine at different concentrations (0, 100, 200 or 400 uM) for 24 h, and cell cycle distribution was
evaluated after propidium iodide (PI) staining. (c)(d) Bar plot of the cell cycle distribution of LN229 and
U251 cells.

KARGER

1572


http://dx.doi.org/10.1159%2F000495646

Cellular Phy5|ology Cell Physiol Biochem 2018;51:1566-1583
DO

© 2018 The Author(s). Published by S. Karger AG, Basel

| 10:La2/000492646
and B|ochem|5try Published online: 29 November 2018 |www.karger.com/cpb 1573

Zhao et al.: Antitumour Effect of Peiminine on Glioblastoma

Peiminine induces cell a LN229 U251
cycle arrest in GBM cells S g g—— T
As shown by the Cyclin D S — — — . — —
flow cytometry analysis, COK2 T P —
peiminine caused cell cycle PN — —
arrest in LN229 and U251 o
cells at the G1/GO phase P21 4 @ "NER ——
(Fig. 3a, b, ¢ and d). We P27 me s S "= — — —
further performed a separate B-actin s wm— w—" c— - - -
analysis comparing the & T F T F S
differences in G1/GO phase i s 5 s inama gy
of the cell cycle. The increase
in cells in the G1/GO phase |. P LN229 e U251
was clearly statistically iz.o Bl Coutrol i‘, - Coutrol
significant as shown in Fig. |& 100 pM g 100 M
S1 (For all supplemental %'-5 et %3‘ ey
material see wwwkarger. |5 i 5|
com/10.1159/000495646/). |3 -
Consulting the previous RNA- | Zos &1,
seq data on the cell cycle, éoo %0
we determined that cyclin- |&" T
dependent kinase (CDK) & G\,}\“Q A

inhibitor 1A (p21) and CDK2
had Corresponding Changesl Fig. 4. Peiminine induces cell cycle arrest in GBM cells (a)(b)

In addition, to validate the Expression of cell cycle-related proteins in LN229 and U251 cells as
above results, we used determined by Western blotting. *, p<0.05, compared with the control
Western blotting to assess  group.
the expression of p21, p27,
CDK2, CDK4, cyclin D1 and
phosphorylated (p-) retinoblastoma protein (Rb). Peiminine downregulated the expression
of cyclin D1, CDK2, CDK4 and p-Rb and upregulated the expression of p21 and p27 (Fig. 4a,
b).

Therefore, our data demonstrated that cell cycle arrest was induced by peiminine
through the downregulation of CDKs and upregulation of CDK inhibitors in U251 and LN229
cells.

Peiminine induces autophagosome accumulation and blocks autophagic flux in GBM cells

To detect the role of autophagy in peiminine-treated GBM cells, expression of a specific
marker of autophagosome accumulation, LC3, was analysed by Western blotting in a
dose- and time-dependent manner. Both the LN229 and U251 cell lines showed significant
increases in the abundance of LC3-II with peiminine treatment (Fig. 5a, b). Furthermore,
transmission electron microscopy (TEM) corroborated that there was an increase in
autophagosomes in the cytoplasm following treatment with peiminine compared to the
presence of autophagosomes in control cells (Fig. 5c).

The accumulation of autophagosomes may be associated with the reduction in
autophagosome degradation. Therefore, we also analysed the degree of expression of p62,
an autophagy marker associated with the degradation of autophagosomes. There was a
significant time- and dose-dependent increase in p62 expression with peiminine treatment
(Fig. 5d, e). Our results thus indicate that peiminine not only caused an accumulation of
autophagosome but also supressed the degradation of autophagosomes. These phenomena
usually stem from the obstruction of autophagic flux.
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Fig. 5. Peiminine induces autophagosome accumulation and blocks autophagic flux in GBM cells (a)(b)
Western blotting analysis of the effects of peiminine on LC3 in a dose- and time-dependent manner. *,
p<0.05, the LC3I1/LC3I value was compared and standardized compared with the control group. (c) LN229
and U251 cells were treated with peiminine (200 pmol/L) for 6 h. Ultrathin sections were cut and examined
by transmission electron microscopy. Arrows indicate autophagosomes. (d)(e) Western blotting analysis
of p62 in LN229 and U251 cells treated with peiminine in a dose- and time-dependent manner. *, p<0.05,
compared with the control group.
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Molecular alteration of AKT and AMPK signalling is responsible in LN229 and U251 cells

The RNA-seq experiment revealed a number of changes linked to nutrient-sensing
kinase signalling, including the AKT and AMPK pathways (Fig. 6a). Cyclin D1 is regulated
by the AKT-GSK3f pathway [22], and cyclin D1 protein expression is downregulated by
peiminine treatment in GBM cells, as shown in our previous experiment. The autophagy-
related factor p62/SQSTM1 is mainly regulated by ULK1, which is affected by both AKT and
AMPK in response to energetic stress [18]. These are indications that the AKT and AMPK
signalling pathways might play important roles in GBM inhibition by peiminine. After 24 h of
peiminine treatment in LN229 and U251 cells, AKT phosphorylation was obviously reduced
compared to that in the control group, and simultaneously, PI3K and GSK3f3, which are the
essential upstream and downstream effectors, were dephosphorylated. In addition, the
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Fig. 6. Molecular alteration of AKT and AMPK signalling plays a role in LN229 and U251 cells (a) A subset
of the altered genes identified by RNA-seq that are linked to nutrient-sensing kinase signalling, including
the AKT and AMPK pathways. (b)(c) LN229 and U251 cells were treated with different concentrations of
peiminine for 24 h. Then, the cells were collected and lysed. Western blotting was performed by probing
with anti-PI3K, anti-phospho-PI3K, anti-AKT, anti-phospho-AKT, anti-GSK3a/f, anti-phospho-GSK3a/3,
anti-ULK1 and anti-phospho-ULK1. *, p<0.05, compared with the control group.
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treatment downregulated P-AMPK and P-ULK1 levels in a peiminine concentration-related
manner (Fig. 6b, ¢). These results suggested that alterations in AKT-GSK3{ and AMPK-ULK1
signalling are responsible for the changes in cell cycle and autophagic status in LN229 and
U251 cells.

Peiminine induces cell cycle arrest and blocking of autophagic flux in GBM cells by

inhibiting the AKT-GSK3 and AMPK-ULK1 pathways

Next, we verified whether the AKT-GSK3p and AMPK pathways were involved in the
effects of peiminine on cell cycle arrest and autophagic flux blocking. LN229 and U251 cells
were transfected with a lentivirus to overexpress AKT (Lv-AKT). The Lv-AKT cells showed
decreased LC3-II expression and increased p62 and cyclin D1 expression; furthermore, the
levels of LC3-1I and p62 were enhanced, and cyclin D1 expression was reduced by peiminine
treatment (Fig. 7a, b). Moreover, in the cells that were preconditioned with LY294002, a
morpholine-containing compound that is a potent inhibitor of the AKT pathway [23], there
were also increases in the LC3-1I expression level but decreases in the p62 expression level.
The downregulation of cyclin D1 was also more obvious in this group (Fig. 8a, b).

Metformin hydrochloride (Met), an AMPK activator, was also used to assess the role of
AMPK in peiminine-mediated autophagic flux blocking. As shown in Fig. 8c and d, Western
blot analysis revealed that changes in the expression of p62 induced by peiminine treatment
were reversed by the addition of Met.

These observations indicated that the AKT-GSK3 and AMPK-ULK1 signalling pathways
are involved in peiminine-induced cell cycle arrest and autophagic flux blocking in GBM cells.
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Fig. 8. Peiminine induces
cell cycle arrest and
blocking of autophagic
flux in GBM cells by
inhibiting the AKT-GSK3f
and AMPK pathways (a)
(b) LN229 and U251 cells
were incubated with 10
uM LY294002, either alone
or in combination with
200 pM peiminine, for 24
h, and then Western blot
analysis was performed
to assess levels of AKT,
phospho-AKT, GSK3a/B,
phospho-GSK3a/B, ULK1,
phospho-ULK1, p62, cyclin
D1 and LC3. **, p<0.01, *,
p<0.05, compared with
the control group. (c)(d)
LN229 and U251 cells
were pretreated with 2
uM Met, either alone or
in combination with 200
UM peiminine, for 24 h,
and then Western blot
analysis was performed
to assess levels of AMPK,
phospho-AMPK, p62 and
LC3. ** p<0.01, *, p<0.05,
compared with the control

group.
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Peiminine inhibits GBM growth in vivo

Our previous experiments have shown that peiminine has an antitumour effect on GBM
cellsinvitro. To evaluate whether peiminine also has an anti-GBM effect in vivo, we established
a xenograft tumour model of human GBM by subcutaneous injection of U251 cells in nude
mice. Peiminine treatment inhibited the tumour growth (Fig. 9a and b). Furthermore, the
immunohistochemical (IHC) and Western blotting data suggested that there are the same

mechanisms of anti-tumourigenesis in vitro and in vivo (Fig. 9c and d).

In summary, our results confirmed that peiminine could also inhibit GBM cell growth

through cell cycle arrest and autophagic flux blocking in vivo.
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Fig. 9. Peiminine
inhibits GBM growth in
vivo (a) U251 xenograft
tumours in different
groups at the end of
the experiments. (b)
Tumour  weight in
different groups. (c)
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Discussion

GBM, which is defined as a grade IV glioma by the WHO, is invariably accompanied by
rapid clinical deterioration and death in patients [1, 2]. Even when combination therapies
of maximum surgical excision, radiotherapy and adjuvant temozolomide treatment are
applied, the median survival of GBM patients is still less than 15 months [3, 24]. Therefore,
more complementary treatment strategies are necessary. For the last several years,
traditional Chinese medicine has demonstrated its efficacy as an alternative medicine to
treat many cancers, including GBM [5, 6, 25]. Peiminine, an alkaloid derived from Fritillaria
thunbergii, has been reported to have potential antitumour effects [1, 26]. Additionally, it
has been previously demonstrated that peiminine plays a role in protecting dopaminergic
neurons in a rat model by inhibiting neuroinflammation [27]. These findings confirmed
that peiminine could cross the blood-brain barrier. Thus, the current study aimed to verify
whether peiminine has GBM-combating properties and to determine its anticarcinogenic
mechanism so that it can be developed into a new treatment option for this devastating
cancer.

First, the results of the present study indicate that peiminine inhibited GBM cell viability
in vitro and in vivo (Fig. 1a-d, Fig. 9a and b). Subsequently, our RNA-seq data of LN229 cells
that were treated with peiminine identified many cancer-associated changes in gene and
transcript expression levels (Fig. 2¢). The differential expression of several cell cycle genes
was particularly obvious, and it was also interesting that the autophagy-associated changes
were not exactly the same as those reported in other studies on peiminine in colorectal
carcinoma [13].

Then, we demonstrated that peiminine induced cell cycle arrest in LN229 and U251
cells at the G1/GO phase (Fig. 3a-d). It is not surprising that cell cycle arrest, which is usually
representative of a cancer cell response to DNA damage, is a component of most therapeutic
modalities for cancer [28]. Furthermore, using RNA-seq and Western blot analyses,
we observed clear changes in cell cycle-related genes, among which the cyclin D1 gene
commonly observed in human cancer cells and strongly associated with cell proliferation in
numerous malignancies is one of the most commonly observed markers of cell cycle control
regulation that governs the transition through the G1 phase [29, 30]. Cyclin D1 can bind and
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activate CDK4, which then phosphorylates Rb. These are very important parts of the G1/G0
transition in the cell cycle [31, 32]. In addition, p21 and p27, as inhibitors of cyclin D1/CDK
complex activation, have been reported to inhibit DNA replication and block the G1/GO cell
cycle transition in cancer cells [33, 34]. Our results suggest that peiminine induces G1/G0
phase arrest by increasing the expression of p21 and p27 and decreasing the expression of
cyclin D1, CDK2 and CDK4.

Autophagy is a double-edged sword in tumour progression and treatment: it can either
facilitate cancer survival under metabolic stress or induce autophagic tumour cell death [35,
36]. Mounting evidence accumulated in recent years suggests that inhibition of autophagy
can reduce the treatment resistance of chemotherapy and radiotherapy in various types of
cancers [37, 38], which is also the case in GBM treatment [39, 40]. To clarify the role of
autophagy in peiminine therapy for GBM, LN229 and U251 cells were observed under TEM
after peiminine treatment (Fig. 5¢), and we also used Western blotting to detect LC3 and p62
expression of which LC3 (Atg8) is a key protein in autophagy, which functions primarily in
the cytoplasm where the autophagosomes and autolysosomes exist [41, 42], and another
widely used autophagy marker, p62, serves as a marker of autophagosome degradation [43]
(Fig. 5a, b, d and e). Unlike previous research on peiminine, this study tested autophagy
by combining the above experiments, and we observed an upregulation of p62 expression.
Our results indicated a role of autophagy in peiminine therapy for GBM, suggesting that
peiminine treatment leads to autophagosome accumulation and blocks autophagic flux in
GBM cells. Thus, peiminine might also be a promising potential adjuvant therapy for GBM
that can be used to overcome chemotherapy and radiation resistance.

To further understand the antineoplastic mechanisms of peiminine in GBM cells, we
screened the results of the RNA-seq analysis and searched for a correlation between the
previous experimental results and the status of various oncogenic signalling cascades. In
addition to the changes in cell cycle and autophagy, the RNA-seq experiment revealed a
number of changes linked to nutrient-sensing kinase signalling, including the AKT and AMPK
pathways. AKT not only stabilizes cyclin D1 by phosphorylation and inactivation of GSK3{
but also directly inhibits p21 and p27 [33, 34]. Moreover, as a downstream effector, GSK3{3
can also regulate cyclin D1 [15, 22, 44], while GSK3{ inhibition increases the level of p21 and
downregulates CDK and p-RB, which can block cell cycle progression [32, 33]. In this study,
we demonstrated that peiminine significantly inhibits phosphorylation of AKT and GSK3 in
GBM celllines (Fig. 6b and c). Peiminine-mediated cell cycle arrest of GBM cells was confirmed
by transfecting Lv-AKT cells, LN229 and U251 cells with a lentivirus overexpressing AKT.
Overexpression of AKT led to a reversal of cell cycle arrest, as evidenced by increased levels
of cyclin D1 and p-GSK3. (Fig. 7a and b) In addition, LY294002, a morpholine-containing
compound that is a potent inhibitor of the AKT pathway [23], produced similar effects as
peiminine, further confirming that peiminine inhibits AKT/GSK3 to induce cell cycle arrest
in GBM cells (Fig. 8a and b). Our data indicated that the induction of cell cycle arrest in
LN229 and U251 cells by peiminine was due to suppress the AKT-GSK3f signalling pathway.

Increasing evidence demonstrates that the autophagy receptor protein p62/SQSTM1 is
mainly mediated through ULK1 in response to energetic stress [45]. In addition, it is known
that AKT regulates ULK1 during the process ofautophagy, whichisalsoregulated by AMPK [18,
20]. Akt signalling enhances autophagy by promoting ULK1 phosphorylation [20]. However,
AMPK has also been shown to phosphorylate and activate ULK1 during autophagy [18, 19].
Although evidence indicates that AKT and AMPK are associated with autophagy, autophagy
is a dynamic process, and there may be many other potential regulatory mechanisms. For
instance, some researchers theorize that ULK1 also participates in feedback mechanisms,
which may allow for additional control [46, 47]. However, the interaction between AKT/
AMPK/ULK1 and its relationship with autophagy are still not clear, and the network of
relationships between them requires further study. In this study, we demonstrated that
peiminine significantly inhibits the phosphorylation of AKT, AMPK and ULK1 in GBM cell
lines (Fig. 6b and c). However, in autophagy, the inhibition of these two pathways will
generally produce very different results. Inhibition of AMPK signals can lead to reversal
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of autophagy by suppressing the

Akt-mTOR signalling pathway [21]. \(/
Similarly, our results imply that ¢.

when there is competition for ULK1 —

as the substrate under peiminine T p21 /

conditions in GBM cells, the effects on
ppt— @) @

the AMPK-ULK1 pathway are greater.
Furthermore, in AKT-overexpressing
cells and AKT suppressor cells,
peiminine antagonizes ULK1-

mediated autophagy by inhibiting
AMPK signalling (Fig. 7a, b and Fig. L & ?
sl

8a, b). Peiminine-mediated AMPK-
dependent autophagic flux blocking
was also confirmed by Met, an AMPK T o ¢
activator. In the activated AMPK ——
group, autophagy was reversed, Fig. 10. Proposed mechanistic signalling pathways for AKT-
as evidenced by the decreased GSK3p cell cycle arrestand AMPK-ULK1 autophagy inhibition
expression of p62 (Fig. 8c and d). in GBM cells in response to treatment with peiminine.

In summary, we demonstrated
for the first time the anticancer
properties of peiminine in GBM cells both in vitro and in vivo. In addition, as a different
mechanism from that of peiminine in colon cancer, we clearly demonstrated that peiminine
inhibits GBM cell growth through induction of the G1/GO phase cell cycle arrest and
autophagic flux blocking, which appears to be regulated via the AKT-GSK3f3 and AMPK
signalling pathways. Also, peiminine may also have excellent adjuvant chemotherapy
effect in GBM cells. We have did some preliminary experiments shown that peiminine can
enhance the anti-GBM effect of temozolomide (as shown in Fig. S2). Therefore, peiminine
could provide a new anti-GBM treatment and deserves further study in additional in vivo
experiments and clinical trials.

Conclusion

Our work shows, as illustrated in Fig. 10, that peiminine inhibits glioblastoma in vitro
and in vivo through cell cycle arrest by suppressing Akt-GSK3 signalling and autophagic flux
blocking by depressing AMPK/ULK1 signalling.
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