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Abstract

Background: Glioblastoma is one of the most common fatal intracranial malignancies. Lysine-specific demethylase
1 (LSD1) reportedly has therapeutic effects on a variety of tumors. This study explored the therapeutic effect of LSD1
inhibition on glioblastoma cell lines and the possible underlying mechanisms.

Methods: The MTT assay was utilized to screen for the sensitivity of U87, U251 and T98G cells to 4, 5-dimethoxycarra-
geenin-6-one. gRT-PCR and western blot were used to measure the proliferation, apoptosis, and pyroptosis signaling
pathway expression to observe the effect of LSD1 inhibition on U251 and T98G cells. Flow cytometry, immunofluores-
cence, immunohistochemistry, wound scratch, clone formation, and TUNEL assay were used to analyze the effects of
4, 5-dimethoxycanthin-6-one on glioblastoma cells. The effect of 4, 5-dimethoxycanthin-6-one was examined in vivo
in BALB/c nude mice injected with U251 cells. HE staining was used to detect the histopathology of the tumor.

Results: LSD1 specifically catalyzes the demethylation of monomethylated and demethylated histone H3 lysine at
position 4 (h3k4meT, h3k4me2, h3k4me3) and lysine at position 9 (h3k9me1). This regulated the transcriptional activ-
ity of proliferation, apoptosis, and pyroptosis signaling pathway genes. In vitro, the proliferation of glioblastoma cells
was decreased in the 4, 5-dimethoxycanthin-6-one group. The expression of Caspase1 in glioblastoma cells treated
with 4, 5-dimethoxycanthin-6-one increased, and the number of apoptotic cells increased. The tumor volume of mice
injected with 4, 5-dimethoxycanthin-6-one decreased significantly.

Conclusion: 4, 5-Dimethoxycanthin-6-one could act as a novel inhibitor of LSD1 to regulate glioblastoma, which
could inhibit the proliferation of U251 and T98G cells and induce their apoptosis and pyroptosis. It is a potential drug
for the treatment of glioblastoma.
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Introduction
Glioblastoma is one of the most aggressive cancers of the
central nervous system. Glioblastoma has a poor progno-
sis [1] with a median survival time of 5—-15 months [2].
The treatment failure and poor prognosis observed in the
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throughout the brain [3]. As the most commonly used
treatment for glioblastoma, surgical resection followed
by concurrent chemoradiotherapy (CCRT) can prolong
progression-free survival [4, 5]. However, CCRT t can
result in serious adverse reactions that reduce the quality
of life of patients. Specifically, frequent change targeting
in glioblastoma cells, such as mammalian target protein
phosphoinositide 3-kinase/protein kinase B/rapamycin
(PI3K/AKT/mTOR), p53 and retinoblastoma (RB) path-
ways, epidermal growth factor receptor genes, and ampli-
fication or mutation failure can improve the prognosis.
This may be due to the redundancy of the compensation
mechanism and the insufficient coverage of some tar-
gets related to the blood—brain barrier or poor tolerance
and safety [6]. Transcriptional activation and repres-
sion of tumorigenesis-relevant genes are influenced by
local histone methylation. For example, methylation
of histone 3 lysine 4 (H3K4) residues is associated with
increased gene expression and is reduced in severe glio-
blastoma cases [7]. The study found that H4K20me3 and
H3K4me3 RNAs co-localize in promoter and gene body
regions of active genes with histone modifications such
as H3K36me3 and transcriptional machinery. Moreo-
ver, H4K20me3 and H3K4me3 are associated with dis-
tinct gene features including transcripts of greater length
and exon number relative to unoccupied transcripts [8].
H3K4me3 and H3K9me3 are unstable in methionine-
addicted cancer cells, but stable in normal cells [9]. High
expression of H4K20me3 was associated with good
prognosis in colon cancer [10]. Therefore, the catalytic
enzymes of these non-permanent epigenetic markers are
of particular interest in therapeutic approaches.
Lysine-specific demethylase 1 (LSD1) is overex-
pressed in many human cancers and is often associated
with more aggressive tumors with poor prognosis [11,
12]. LSD1 knockdown significantly promotes cancer
cell apoptosis, inhibits anti-apoptotic BCL-2 protein
expression, and increases the expression of the pro-
apoptotic protein BAX [13]. Comprehensive exami-
nations of LSD1 have gradually revealed the details of
the downstream signaling pathway regulated by LSD1.
Loss of LSD1 demethylase activity can cause senes-
cence of trophoblast stem cells [14] and prevent age-
programmed loss of beige fat cells [15]. LSD1 acts as a
co-activator or co-inhibitor by methylating lysine 4 on
histone H3 (H3K4me/me2) and H3 lysine 9 dimeth-
ylation (H3K9me/me2) [16]. Some reports proved that
LSD1 could regulate the PI3K/Akt/mTOR pathway
by combining the promoter region of tumor suppres-
sor PTEN and inducing autophagy in ovarian cancer
cells [17, 18]. A study showed that inhibition of LSD1
decreased the expressions of related protein, not only in
the Notch pathway (such as Notch3, Notchl, DTX1 and
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Hesl), but also in the PI3K/Akt/mTOR pathway such
as PI3K, p-Akt (Serd73), p-mTOR (Ser2448), p-mTOR
(Ser2481) and Rictor in ESCC cells, which indicated
that LSD1 might have positively regulating effects on
the Notch and PI3K/Akt/mTOR signaling pathways in
ESCC [19]. The mTOR pathway is dysregulated in sev-
eral human diseases, including cancer and diabetes, as
well as intellectual disabilities, such as FXS, Rett syn-
drome and ASD. Thus, there is a wealth of evidence
implicating mTOR and MAPK pathways, and ultimately
protein synthesis, in syndromic ASD [20]. However, it
is unclear whether LSD1 can regulate the AKT/mTOR
and mitogen-activated protein kinase (MAPK) sign-
aling pathways to affect the proliferation of glioblas-
toma cells. The pathway of glioblastoma cell apoptosis
is also unclear. Pyroptosis is a pro-inflammatory and
lytic mode of cell death. This cell death is dependent on
Caspasel activation and leads to a series of reactions
that ultimately affect cells [21, 22]. Whether inhibition
of LSD1 expression leads to apoptosis of glioblastoma
cells requires further verification.

Many natural products from plants have shown good
potential for the treatment or prevention of cancer. The
active substances in plants are less toxic to the human
body. 4,5-dimethoxycanthin-6-one is one of the main
active canthaxanthin alkaloids isolated from quassinoids
of Picrasma quassiodes. 4,5-dimethoxycanthin-6-one
has anti-inflammatory, antiviral, antihypertensive, and
anticancer activities [23-25]. 4,5-dimethoxycanthin-
6-one may impede the progression of glioblastoma by
LSD1-mediated epigenetic (heritable non-DNA sequence
changes) modifications that affect key transcription
factors. These changes in turn control the transition
between carcinogenic states [26]. Substances have been
identified that affect the migration, invasion, prolif-
eration, and apoptosis of glioblastoma cells by regulat-
ing LSD1 [27, 28]. Our previous data confirmed that
4,5-dimethoxycanthin-6-one could inhibit the expression
of LSD1. Whether 4,5-dimethoxycanthin-6-one affects
the proliferation, apoptosis, and pyroptosis of glioblas-
toma cells is unclear and warrants investigation.

In the present study, we hypothesized that the inhibi-
tion of LSD1 by 4, 5-dimethoxycanthin-6-one leads to
the inhibition of the AKT/mTOR and MAPK prolifera-
tion pathways of U251 and T98G cells, upregulation of
the expression of the BAX pro-apoptotic gene, and acti-
vation of Caspasel to promote the apoptosis of U251 and
T98G cells. The results of this study demonstrated that 4,
5-dimethoxycanthin-6-one can inhibit the development
of U251 and T98G cells by regulating LSD1, implicating
LDS1 as a valuable target in the treatment of glioblas-
toma. We added a hypothesis figure for better under-
standing (Additional file 1: Fig. S1).
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Material and methods

Cell culture and treatment

The HKF, U87, U251 and T98G glioblastoma cell
lines and lentivirus were purchased from HonorGene
(Changsha Aibiwei Biotechnology Co., Ltd.). The cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum. Cell cul-
ture conditions were 37 °C and 5% CO,. U87, U251, and
T98G cells were treated with a concentration gradient
of 0—4 puM 4, 5-dimethoxycanthin-6-one to screen out
sensitive cell. Cell lines were grouped into the Control
group (U251 or T98G cells), 1 uM group (U251 or T98G
cells with 1 pM 4,5-dimethoxycanthin-6-one), 2 pM
group (U251 or T98G cells with 2 uM 4,5-dimethoxy-
canthin-6-one), 4 uM group (U251 or T98G cells with
4 uM 4,5-dimethoxycanthin-6-one), short hairpin (sh)-
NC (T98G cells transfected with sh-NC lentivirus), and
sh-LSD1 group (T98G cells transfected with sh-LSD1
lentivirus). T98G cells in sh-NC and sh-LSD1 groups
were treated with 0-16 pM 4, 5-dimethoxycanthin-
6-one. The LSD1 knock-down in T98G cells was carried
out by transfecting 40 pmol SMART pool LSD1 siRNAs
(Cat#:M-009223-00-0050, Dharmacon RNAI technolo-
gies) using Nucleofector II. The cells were analyzed in
48 h post-transfection. The siRNA sequences are avail-
able in the Additional file 5: Table S1. The adherent
cells were placed in a 24 well plate at 1 x 10°/well. The
number of cells transfected by lentivirus reached about
2 x 10°/well. On the second day, we replaced the origi-
nal medium with 2 mL fresh medium containing 6 pg/
ml polybrene, and then added an appropriate amount
of virus suspension and continued culture for 24 h.
When the cells are stable and passed on to the third
generation. Cells were collected for subsequent tests.

Viability assay

The U87, U251 and T98G were digested with trypsin
digestion solution, and a cell suspension was pre-
pared. The suspended cells were inoculated into wells
of 96-well plates (1 x 10* cells/100 pL), with three wells
used in each group. After 24 h incubation with above
indicated compounds, 10 pL/well MTT (5 mg/ mL,
HG-M100, Honorgene, China) to each well and incu-
bated at 37 ‘C with 5% CO2 for 4 h. The supernatant
was centrifuged, and then 150 pL/well dimethyl sul-
foxide was added. The Optical Density (OD) value at
490 nm was analyzed by a Bio-Tek enzyme plate ana-
lyzer (MB-530, Heaples, China). Then we treated HKF,
U251 and T98G cells with the same method. After the
compounds were incubated for 12, 24 and 48 h, 10 pL/
well MTT was added to each well and incubated at
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37 °C with 5% CO, for 4 h. The Optical Density (OD)
value at 490 nm was analyzed by a Bio-Tek enzyme
plate analyzer.

Quantitative real-time PCR (qRT-PCR)

About 0.02 g of tissue stored in Trizol was put into a
new 1.5 mL centrifuge tube. 1 mL Trizol was added to
the homogenizer (BioPrep-24, Allsheng China) to grind
the homogenate thoroughly. After mixing, the homogen-
ate was cracked in the chamber for 3 min. Total RNA of
glioblastoma was extracted by Trizol (15596026, Thermo,
USA). The sample RNA was reverse transcribed to cDNA
using the cw2569 kit according to the instructions of the
manufacturer (Kangwei Century Company, China). The
reaction conditions comprised 40 cycles of denaturation
at 95 °C for 10 min followed by 94 °C for 15 s and anneal-
ing at 60 °C for 30 s. The internal reference primer was
B-actin. The primer sequences are presented in Table 1.
With 2 ug cDNA as template, the 2~ AAC relative quan-
titative method. The relative transcription level of the
target gene was calculated as: /A /\Ct=/\ experimental
group — /\ Control group, ACt=Ct (target gene) — Ct
(B-actin).

Western blot

The model R0010 total protein extract RIPA kit (Solar-
bio, China) was used to extract total protein from
glioblastoma cells. The bicinchoninic acid method
was used to determine the protein concentration. The
membrane was blocked with 5% skimmed milk for 2 h
to allow non-specific binding prior to incubation with

Table 1 Primer sequences

Gene Forward (F) and Reverse (R)
Sequences (5-3)
BAX F: TGAAGACAGGGGCCTTTTTG
R: AATTCGCCGGAGACACTCG
I-1B F: CAGAAGTACCTGAGCTCGCC
R: AGATTCGTAGCTGGATGCCG
BCL-2 F: GGACCGCGTATCAGAGCTTT
R: CAGTGCCCCGCCAAAGGA
Caspase-3 F: TCTGACTGGAAAGCCGAAACTCT

R: AGCCATCTCCTCATCAGTCCCA
XIAP F: TGCTGGACTGGGCTCCCTAT
R: CACGAAGTTTAAGGAGGCTGACC

NLRP3 F: CCTCTTTGGCCTTGTAAACCAG
R: TGGCTTTCACTTCAATCCACT
Caspase-1 F: ACAAGGCACGGGACCTATG
R: TCCCAGTCAGTCCTGGAAATG
B-actin F: ACATCCGTAAAGACCTCTATGCC

R: TACTCCTGCTTGCTGATCCAC
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the primary antibody overnight at 4 °C. Rabbit anti-
H3K4mel (1:600, ab8895), rabbit anti-H3K4me2 (1:500,
ab32356), mouse anti-H3K9me2 (1:5000, ab1220), rab-
bit anti-H3K4me3 (1:1000, ab8580), rabbit anti-p-c-Raf
(1:2000, ab173539), and rabbit anti-p-MEK1 (1:2000,
ab96379) were purchased from Abcam (UK). Rab-
bit anti-LSD1 (1:2000, 20813-1-AP), rabbit anti-H3
(1:3000, 17168-1-AP), rabbit anti-mTOR (1:500, 66888-
1-Ig), rabbit anti-p-mTOR (1:500, 67778-1-1g), rabbit
anti-AKT (1:1000, 10176-2-AP), mouse anti-p-AkT
(1:5000, 66444-1-Ig), mouse anti-c-Raf (1:300, 66592-1-
Ig) and rabbit anti-MEK1 (1:2000, 51080-1-AP), rabbit
anti-BAX (1:6000, 50599-2-Ig), rabbit anti-Cleaved-
caspase3 (1:2000, 19677-1-AP), rabbit anti-BCL-2
(1:2000, 12789-1-AP), rabbit anti-XIAP (1:1000, 10037-
1-Ig), rabbit anti-NLRP3 (1:600, 19771-1-AP), rabbit
anti-Caspasel (1:1000, 22915-1-AP), rabbit anti-IL-1f
(1:1000, 16806-1-AP), rabbit anti-IL-18 (1:2000, 16663-
1-AP), and mouse anti-B-actin (1:5000, 66009-1-Ig)
were purchased from the Proteintech (USA). The mem-
brane was immersed in Superecl Plus (k-12045-d50,
Advansta, USA) for the development of luminescence.
B-Actin was used as an internal reference. Image ] soft-
ware (NIH, USA) was used to analyze gray values.

LSD1 enzyme assay

The Epigenase” LSD1 Demethylase Activity/Inhibition
Assay Kit (Colorimetric) contains all reagents necessary
for the measurement of LSD1 activity/inhibition. In
this assay, di-methylated histone H3-K4 LSD1 substrate
is stably coated onto the strip wells. Active LSD1 binds
to the substrate and removes methyl groups from the
substrate. The LSD1-demethylated products can be rec-
ognized with a specific antibody. The ratio or amount
of demethylated products, which is proportional to
enzyme activity, can then be colorimetrically measured
by reading the absorbance in a colorimetric microplate
reader at a wavelength of 450 nm. The activity of LSD1
enzyme is proportional to the optical density intensity
measured.

Wound scratch assay

The cells transfected for 48 h in each group were inocu-
lated into 6-well plates. Each group was examined using
triplicate wells. Cells were grown to 90% confluence,
washed once with sterile PBS, scratched with a sterile
pipette tip, and washed once with PBS. The dislodged
cells were removed, and serum-free DMEM high glu-
cose medium (d5796-500 ml, Sigma-Aldrich, China) was
added for continuous culture. Images were obtained at
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various times using a model DSZ2000x inverted biologi-
cal microscope (Cnmicro, Beijing).

Flow cytometry

Cells were collected by centrifugation at 1500xg
for 5 min and washed once with PBS (SH30256.01,
Hyclone, USA). Five microliters of Annexin V-FITC
(KGA108, Keygen, China) was added to the mixture.
Propidium iodide (5 uL) was then added and mixed. All
steps were performed in a dark room.

Colony formation assay

The cells were trypsinized to prepare a cell suspen-
sion. The suspended cells were seeded in a 6-well plate
at 2 x 10° cells/well. After overnight culture the cells
were washed twice with PBS for drug intervention.
After intervention for 24 h, the cultured cells were
digested with 0.25% trypsin digestion solution (C0201,
Beyotime, China) and suspended in a serum-free basal
medium. The cell density was adjusted to approximately
1 x 10°/mL. In each group, 2 mL containing 1000 cells
was inoculated in each well of a 6-well plate. The plates
were gently agitated to disperse the cells. The cells were
cultured in a 37 °C, 5% CO, incubator (DYY-6C, LIUYI,
China) with replacement of the medium was changed
every 2-3 days. The culture medium was discarded
and the cells were washed twice with PBS. The washed
cells were fixed with 4% paraformaldehyde (P0099,
Beyotime, China) for 30 min, washed twice with PBS,
stained for 5 min with 0.5% crystal violet (C0121, Beyo-
time, China), and washed with aseptic water more than
three times. Each well was photographed and the num-
ber of clones in each well was counted.

Cell proliferation assay

Following the particular treatment, ethynyldeoxyu-
ridine (EDU) solution was diluted with cell culture
medium at a ratio of 1000:1 to prepare the 50 uM EDU
working solution. 20 mg/mL glycine (AW T0119a, Well-
bio, China) was added to each well. The EDU work-
ing fluid was preheated at 37 °C and equal volumes
were added to wells of a 96-well plate. The plate was
incubated at 37 °C and 5% CO, for 2 h. The cells were
fixed with 4% paraformaldehyde for 15 min and per-
meabilized with 0.3% Triton X-100 for another 15 min
at room temperature. Each well was incubated with
60 pL of the click additive solution for 30 min at room
temperature in the dark. One hundred microliters of
1 x Hoechst 33342 reaction solution was added to each
well. An average EDU intensity greater than 500 was
considered EDU-positive. The ratio of EDU-positive
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cells to total cells was calculated as the percentage of
EDU-positive cells.

Immunofluorescence (IF) assay

Cultured cells (T98G or U251) were fixed for 15 min
in 4% paraformaldehyde in PBS (AWC0216a, Wellbio,
China) and 10 min in methanol. Cells were washed
with PBS three times for 3 min each time, and incu-
bated with bovine serum albumin (BSA, 5%) at 37 °C
for 60 min. Primary antibody was added and incu-
bated at 4 °C overnight. The primary antibodies tar-
geted Caspase 1, glial fibrillary acidic protein (GFAP;
1:50, 22915-1-AP, Proteintech)+ interleukin (IL)-18
(1:50, 10663-1-AP, Proteintech), and GFAP+IL-1 f
(1:50, ab4648, Abcam) were dripped. PBS was washed
three times for 5 min and then incubated at 37 °C for
90 min with the corresponding secondary antibodies.
The antibodies were CoraLite594-conjugated goat anti-
mouse IgG (H+ L) (1:200, SA00013-3, Proteintech) and
CoralLite594-conjugated goat anti-rabbit IgG (H+L)
(1:200; SA00013-2, Proteintech). A solution of 4/,6-
diamidino-2-phenylindole (DAPI) (AWC0291a, Well-
bio, China) was used to stain nuclei at 37 °C for 10 min,
followed by washing with PBS was used to wash the
nucleus 3 times, 5 min each. The cells were observed
in the dark using a model BA210T fluorescence micro-
scope (Motic, China).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

Sections were deparaffinized in water, placed in xylene
solution for 20 min each time, followed by sequential
exposure to 100%, 95%, 85%, and 75% ethanol for 5 min
at each concentration. The sections were then soaked in
distilled water for 5 min. Each sample was prepared in a
ratio of 99 pL of 1 x PBS to 1 pL of 100 x proteinase K.
Each sample received drops of 100 pL proteinase K work-
ing solution and reacted at 37 °C for 20 min. After rinsing
with PBS three times for 5 min each time, cell nuclei were
stained with DAPI at 37 °C for 10 min. Each section was
rinsed three times with PBS for 5 min each time, sealed
with buffered glycerin, and examined by fluorescence
microscopy.

Nude mouse xenograft experiment

Male BALB/c nude mice were purchased from Hunan
SJA Laboratory Animal Co., Ltd. The mice (n=16,
16-20 g) were injected with 1x 10’ U251 cells into
their dorsal flanks. Eight mice were not treated fur-
ther and comprised the Control group. The remaining
8 were used as the 4 uM group. The 4 uM group pro-
cessing method was as follows: they were given 4 uM 4,
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5-Dimethoxycanthin-6-one (50 mg/kg) orally after injec-
tion of 1 x 107 U251 cells. From the 10th day after inoc-
ulation, the length and width of tumor xenografts were
measured every 3 days. The tumor volume was calculated
as width? x length x 0.5. The mice were sacrificed on day
28 and the xenografts were weighed and dissected.

Immunohistochemistry (IHC)

Primary antibody to LSD1 (ab129195, Abcam) was added
and incubated overnight at 4 °C. PBS was rinsed three
times for 5 min each time. Anti-Rabbit IgG-HRP (50-100
uL, Bio-Rad, USA) was added and incubated at 37 °C for
30 min, then washed with PBS three times for 5 min each.
The samples were than exposed to two xylene solutions
for 10 min each time. Each samples was sealed using neu-
tral gum and examined by microscopy.

Hematoxylin-eosin (HE) staining

The xenografts were washed with normal saline and
fixed in 4% paraformaldehyde for 15 min, and then were
washed, dehydrated, permeabilized, waxed, embedded,
and sliced. After that, the tissue sections were put on the
slide, dried in a 45 °C incubator, dewaxed, soaked in gra-
dient ethanol, and washed with distilled water for 5 min.
Stained with hematoxylin (AWI0009a, Wellbio, China)
for 3 min, the sections were washed with running water
for 3 s, differentiated with 1% hydrochloric acid ethanol
for 3 s, and stained with 5% eosin solution for 3 min. Sub-
sequently, the sections were dehydrated, permeabilized,
sealed, and observed under a microscope (Motic, China).

Statistical analyses

All data were analyzed using GraphPad Prism 8.0 soft-
ware (GraphPad Software, USA). Unpaired t-test was
used to compare the two groups conforming to the nor-
mal distribution. Comparisons among multiple groups
were conducted using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Differences
were considered statistically significant at P <0.05.

Results

4, 5-Dimethoxycanthin-6-one is a novel LSD1 inhibitor
Recent studies reported that LSD1 is aberrantly overex-
pressed in glioblastoma and is associated with tumori-
genesis [7, 29]. Based on the most effective inhibition of
LSD1 activity, 4, 5-dimethoxycanthin-6-one was evalu-
ated for its anticancer activity in vitro against T98G,
U87, and U251 glioblastoma cells. The cells were treated
with 4, 5-dimethoxycanthin-6-one for 24 h and viabil-
ity was assessed using the MTT assay. As shown in
Fig. 1A, 4, 5-dimethoxycanthin-6-one exhibited potent
anticancer activity in vitro against T98G and U251
cells. We have added MTT assay to detect the toxicity
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Fig. 1 4, 5-Dimethoxycanthin-6-one inhibits LSD1. A Viability of T98G, U87, and U251 cells. B Dose-dependent change in LSD1 enzyme activity.
C-E.LSD1 levelsinthe 0, 1, 2, and 4 uM groups. F Three-dimensional binding model of the LSD1 active site 4 of 4,5-dimethoxycanthin-6-one (PDB
code: 513e). G, H Relative LSD1 expression of sh-LSD1 and sh-NC cells. I Anti-proliferation effect of 4,5-dimethoxycanthin-6-one on sh-LSD1 and
sh-NC cells. *P <0.05 compared with the 0 uM group, #P <0.05 compared with the sh-NC group

of 4, 5-dimethoxycanthin-6-One to HKF cell lines. 4, assay, qRT-PCR and western blot results indicated that
5-dimethoxycanthin-6-One had a slight inhibitory effect  4,5-dimethoxycanthin-6-one effectively inhibited LSD1
on HKF cell lines activity (Additional file 2: Fig. S2). activity in a concentration-dependent manner (Fig. 1B—
The viability results combined with the LSD1 enzyme E). As shown in Fig. 1F, 4, 5-dimethoxycanthin-6-one
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(colored yellow) occupied the cavity of LSD1. The car-
bonyl group of 4, 5-dimethoxycanthin-6-one formed two
hydrogen bonds with ASP555. The nitrogen atom of the
pyridine ring formed a hydrogen bond with the GLU559.
The methoxy group of 4, 5-dimethoxycanthin-6-one
formed a hydrogen bond with ASP556. Binding mod-
els indicated that 4, 5-dimethoxycanthin-6-one could
inhibit LSD1 activity. The LSD1 gene was silenced of
T98G cells (sh-LSD1) and Control cells (sh-NC) to study
the anti-proliferative activity of 4,5-dimethoxycanthin-
6-one in vitro (Fig. 1G, H). 4,5-dimethoxycanthin-6-one
inhibited the proliferation of sh-NCs in a concentration-
dependent manner. In contrast, 4,5-dimethoxycanthin-
6-one showed worse inhibitory activity in the sh-LSD1
group (Fig. 1I). These results indicated that LSD1 might
affect the antiproliferative effect of 4,5-dimethoxycan-
thin-6-one in glioblastoma cells.
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Enrichment effect of 4, 5-dimethoxycanthin-6-one

on methylated H3 peptide substrate in glioblastoma cells
Based on the anti-LSD1 activity of 4, 5-dimethoxycan-
thin-6-one, we studied the effect of its accumulation
on methylated H3 peptide substrates in glioblastoma
cells. We check the UCSC genome browser and see the
chromatin enrichment marks on LSD promoter. The
results showed that LSD1 is associated with H3K4 and
H3K9, suggesting that there may be a targeting relation-
ship (Additional file 3: Fig. S3). As shown in Fig. 2A,
4, 5-dimethoxycanthin-6-one induced enrichment of
H3K4mel/2 and H3K9me2 and the degradation of LSD1
in T98G cells in a concentration-dependent manner. In
addition, the expression levels of H3K4me3 remained
unchanged. Figure 2B shows that the same situation was
observed for the U251 and T98G cells. These results veri-
fied that 4, 5-dimethoxycanthin-6-one was the inhibitory
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Fig. 2 4, 5-Dimethoxycanthin-6-one targets glioblastoma cells. A, B Expression and histone methylation of LSD1 in T98G (A) and U251 (B) cells.
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target of LSD1 in glioblastoma cells. 4, 5-Dimethoxycan-

thin-6-one could inhibit LSD1 via methylation.

4, 5-Dimethoxycanthin-6-one is a novel LSD1 inhibitor

that inhibits the AKT/mTOR and MAPKsignaling pathways
in glioblastoma cells

Next, we explored whether the proliferation of glio-
blastoma cells was affected. The AKT/mTOR and
MAPK signaling pathways play a key role in cell prolif-
eration. The results of western blot analysis are shown
in Fig. 3A. In T98G cells, 4, 5-dimethoxycanthin-6-one
had no obvious effect on the expression of mammalian
target of rapamycin (mTOR), AKT, c-Raf, and MAPK
kinase 1 (MEK1). Both p-AKT (473Ser) and p-mTOR
(2448Ser) were downregulated by 4, 5-dimethoxycan-
thin-6-one. The expression levels of key proteins in the
MAPK signaling pathway (p-c-Raf and p-MEK1) were

also suppressed. Figure 3B displays the same situation
in U251 and T98G cells. The above results showed that
4, 5-dimethoxycanthin-6-one can inhibit the AKT/
mTOR and MAPK signaling pathways in a concentra-
tion-dependent manner.

4, 5-Dimethoxycanthin-6-one inhibits the proliferation

of U251 and T98G cells

Based on the above signaling pathway results, we spec-
ulated that 4,5-dimethoxycanthin-6-one can inhibit
the proliferation of U251 and T98G cells. As shown in
Fig. 4A, 4 pM 4,5-dimethoxycanthin-6-one inhibited
the proliferation of U251 and T98G cells. Compared
with the Control, the results of the scratch test indi-
cated that migration of U251 and T98G cells was inhib-
ited by 4 uM 4,5-dimethoxycanthin-6-one (Fig. 4B).
The number of colonies was reduced (Fig. 4C). The
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collective data indicated that 4,5-dimethoxycanthin-
6-one could inhibit the proliferation of U251 and T98G
cells.

4, 5-Dimethoxycanthin-6-one promotes apoptosis of U251

and T98G cells

Next, we explored whether the apoptosis of glioblas-
toma cells was affected. The expression of pro-apoptotic
genes BAX and Cleaved-caspase3 increased in the 4 uM
4,5-dimethoxycanthin-6-one group, while the expres-
sion of anti-apoptotic genes BCL-2 and XIAP decreased
(Fig. 5A-D). The number of TUNEL-positive cells was
increased in the 4 puM 4,5-dimethoxycanthin-6-one
group. The results of the TUNEL assay (Fig. 5E) sug-
gested that 4,5-dimethoxycanthin-6-one promoted the
apoptosis of U251 and T98G cells in a concentration-
dependent manner. Finally, the flow cytometry results in
Additional file 4: Fig. S4 showed that 4,5-dimethoxycan-
thin-6-one might promote the rate of apoptosis of U251
and T98G cells.

4, 5-Dimethoxycanthin-6-one promotes the pyroptosis

of U251 and T98G cells

Pyroptosis is a highly inflammatory cell death pattern. IF
was performed to observe the co-localization of the IL-1p
and IL-18 pro-inflammatory cytokines with the GFAP
glioblastoma marker. The IL-1p and IL-18 expression
was increased in the 4 pM 4, 5-dimethoxycanthin-6-one
group compared to that in the Control group (Fig. 6A,
B). The qRT-PCR and western blot results revealed
increased expression of NLR family pyrin domain con-
taining 3 (NLRP3), Caspasel, IL-1f, and IL-18 in the
4 pM 4,5-dimethoxycanthin-6-one group. The findings
suggested that 4, 5-dimethoxycanthin-6-one could acti-
vate the pyroptosis signaling pathway (Fig. 6C—F). The
level of Caspase 1 was detected by IF. 4, 5-Dimethoxy-
canthin-6-one could promote the expression of Caspasel
(Fig. 6G, H). The collective findings indicated that 4,
5-dimethoxycanthin-6-one induced pyroptosis in U251
and T98G cells.
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4, 5-Dimethoxycanthin-6-one inhibits development

of glioblastoma in nude mice

The foregoing results indicated that 4 pM 4, 5-Dimeth-
oxycanthin-6-one had the best effect. Thus, this
concentration was used to explore the effect of 4,
5-dimethoxycanthin-6-one on the growth of glioblas-
toma cells in vivo. U251 cells were injected into nude
mice as the Control group. The treated mice received 4,
5-Dimethoxycanthin-6-one group following the subaxil-
lary injection of U251 cells. Compared with the Control
group, the tumor volume in the 4 uM 4, 5-dimethoxycan-
thin-6-one group and the tumor mass were significantly
reduced (Fig. 7A-D). Hematoxylin and eosin staining of
tumor tissue in each group revealed that nuclei in the
4 uM 4, 5-dimethoxycanthin-6-one group was lighter
in coloration, and cell arrangement was looser. IHC
was used to detect the positive rate of LSD1 (Fig. 7E).
The results showed that the positive rate of LSD1 was
downregulated by 4 puM 4, 5-dimethoxycanthin-6-one

(brown-yellow granules). The apoptosis index of the
tumor tissue was determined by the TUNEL assay.
Compared with the Control group, the number of
TUNEL-positive cells increased in the 4 uM 4, 5-dimeth-
oxycanthin-6-one group (Fig. 7F). qRT-PCR and western
blot assays were used to detect cell pyroapoptosis and
inflammatory signaling pathways, respectively. Expres-
sion of NLRP3, Caspase 1, IL-1f, and IL-18 increased in
the 4 uM 4, 5-dimethoxycanthin-6-one group compared
with that in the Control group. 4, 5-dimethoxycanthin-
6-one had no obvious effect on the expression of mam-
malian target of mTOR, AKT, c-Raf, and MEKI. The level
of p-mTOR, p-AKT,p-cRaf and p-MEK1 decreased in
the 4 uM 4, 5-dimethoxycanthin-6-one group compared
with that in the Control group (Fig. 7G, H). The collective
results demonstrated that 4, 5-dimethoxyornithine-6-one
significantly inhibited tumor growth.
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Discussion

The antitumor effect of 4, 5-dimethoxycanthin-6-one
has been observed in a variety of tumors, including leu-
kemia, colon cancer, retinoblastoma, and breast cancer
[30]. 4, 5-Dimethoxycanthin-6-one is a natural medici-
nal extract that has low toxicity in animals. Its specific-
ity to tumor tissue is different from that of chemically
synthesized drugs [31]. Therefore, knowledge of the
molecular understanding of the antitumor properties
of 4, 5-dimethoxycanthin-6-one may be valuable for
the treatment of glioblastoma. In the present study, 4,
5-dimethoxycanthin-6-one inhibited LSD1 methyla-
tion in T98G and U251 cells, which in turn inhibited the
activation of the downstream AKT/mTOR and MAPK
signaling pathways. The inhibition of these pathways trig-
gered cell apoptosis and pyroptosis. This may be the main
reason why 4, 5-dimethoxycanthin-6-one regulated the

growth and metastasis of T98G and U251 cells. The col-
lective findings indicate that the novel LSD1 inhibitor 4,
5-dimethoxycanthin-6-one slows down cell proliferation
and migration, thus inhibiting the growth of glioblastoma
cells in vitro and in vivo, and also induces pyroptosis.
Research on LSD1 function has focused on tumors
[32]. The demonstration that LSD1 combines catalyzed
the demethylation of H3K9 has increased research inter-
est in the role of LSD1 in hormone-related tumors such
as prostate cancer and breast cancer [33, 34]. Succes-
sive studies have demonstrated changes in LSD1 expres-
sion in nervous system tumors, bladder cancer, colon
cancer, and many other types of tumors [35, 36]. There-
fore, some LSD1 inhibitors have been investigated as
potential antitumor drugs [37]. The expression of LSD1
increases in neuroblastoma tissues and cell lines [38, 39],
and LSD1 is related to the degree of tumor malignancy
[40]. The report have described a novel dual role for the



Li et al. Cancer Cell International (2022) 22:32

histone demethylase LSD1 in controlling cell death and
innate immune responses against pHGG and DIPG cells
in vitro and in vivo [41]. The study findings elucidate a
mechanism whereby LSD1 controls senescence in Glio-
blastoma tumor cells through the regulation of HIF-1a,
and their propose the novel defined LSD1/HIF-1a axis as
a new target for the therapy of Glioblastoma tumors [16].
In the present study, both in vivo and in vitro experi-
ments confirmed that LSD1 could inhibit tumor growth
after the expression of LSD1 was reduced or its effect was
weakened. LSD1 is thus a key factor in maintaining the
poorly differentiated malignant phenotype of neuroblas-
toma. Inhibition of LSD1 could reprogram cells to inhibit
the growth of tumor cells, providing a new option for
the treatment of neuroblastoma. We are not sure which
mark is responsible to regulate LSD1 expression. We will
study H3K4me1/2 and H3K9me2 in more depth in future
studies.

Pyroptosis has become an increasingly common form
of programmed cell death that occurs in biological sce-
narios, including tumor treatment and chronic inflam-
mation [42]. Many studies have shown that LSD1 is
highly expressed in normal tissues. However, LSD1 is
activated by hypermethylation of the promoter in can-
cer cells [43]. This expression pattern is consistent with
its role as a putative tumor suppressor. The reduction in
LSD1 expression may represent a unique opportunity
to utilize pyrophosphorylation to treat glioblastoma. In
the present study, when LSD1 expression was blocked
in vitro, the pyroptosis of glioblastoma cells increased.
In vivo, combination therapy using a mouse xenograft
model significantly improved survival. The released cell
contents have the potential to stimulate inflammation
and may initiate an antitumor immune response. We
explored the role of glioblastoma apoptosis and pyrop-
tosis, two mechanisms that could lead to programmed
cell death. 4, 5-Dimethoxycanthin-6-one could reduce
cell proliferation and cell cycle arrest, and increased cell
apoptosis by targeting the LSD1 mediated AKT/mTOR
and MAPK signaling pathways in glioblastoma. In some
cell lines, pyroptosis has been shown to be a necrosis that
is secondary to apoptosis. Pyroptosis is a mode of inflam-
matory cell death. IL-1f and IL-18 are pro-inflammatory
cytokines that cause complex immune diseases. Com-
pared with other cytokines, the secretion of IL-1p and
IL-18 requires a second stimulus, which activates the
inflammasome Caspasel pathway and cleaves pro-IL-1f
and IL-18 into mature and secretable forms [44]. There-
fore, pyroptosis could have a synergistic effect with cur-
rent antitumor immunotherapy. In addition, some tumor
cells have anti-pyroptosis mechanisms, and the pyrop-
tosis pathway may be an important way for drugs to kill
tumor cells. Our results demonstrate that the expression
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of NLRP3, Caspase 1, IL-1f, and IL-18 was increased in
the 4 pM 4, 5-dimethoxycanthin-6-one group compared
with that in the Control group. 4, 5-dimethoxyornithine-
6-one significantly inhibited tumor growth. Our limi-
tation is that we haven’t done clinical studies. We plan
more in-depth explorations of the mechanism of pyrop-
tosis. In the follow-up, we will further examine the effect
of 4, 5-dimethoxyornithine-6-one on pyroptosis, and
strive for clinical progress.

In conclusion, 4, 5-dimethoxycanthin-6-one inhibits
the proliferation of glioblastoma cells in vitro and inhib-
its tumor growth in vivo. 4, 5-Dimethoxycanthin-6-one
also promotes apoptosis of glioblastoma cells. High lev-
els of 4, 5-dimethoxycanthin-6-one can induce Caspase 1
expression, which eventually triggers the pyrogen death
of glioblastoma cells.
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