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4-Methoxydalbergione is a potent inhibitor of human
astroglioma U87 cells 1n vitro and in vivo

Ran Li', Chang-giong Xu', Jian-xin Shen', Qiu-yun Ren’, Di-ling Chen?, Mianjie Lin', Rong-ni Huang', Chun-hui Li, Ru-ting Zhong',

Zhi-hua Luo', Xiao-yu Ji' and Jie Wu'

Astroglioma is the most common primary tumor in the central nervous system without effective treatment strategies.
Temozolomide (TMZ) is a chemotherapeutic drug to treat astroglioma but exhibits low potency and has side effects. Therefore,
there is an urgent need to develop new compounds to treat astroglioma. Dalbergia sissoo Roxb was the source of Dalbergia
odorifera in traditional Chinese medicine (TCM) and has been clinically used as an anti-tumor medicine. 4-Methoxydalbergione
(4MOD) is purified from Dalbergia sissoo Roxb., and shows an inhibitory effect on osteosarcoma, but its effects on astroglioma have
not been reported. Here, we evaluate its anti-astroglioma effects on both in vitro and in vivo models. In cultured astroglioma U87
cells, 4MOD inhibited cell proliferation and induced cell apoptosis in a time- and concentration-dependent manner. Compared with
TMZ, 4MOD exhibited a tenfold greater potency of anti-astroglioma effects. 4MOD effectively stalled the cell cycle in G2 phase.
Transcriptome sequencing (RNA-seq) showed that 4MOD upregulated 158 genes and downregulated 204 genes that are mainly
enriched in cell membrane, cell division, cell cycle, p53, TNF, and MAPK signaling pathways, which may underlie its anti-tumor
mechanisms. In a nude mouse xenograft model transplanted with U87 cells, 10 mg/kg 4MOD slowed down tumor growth rate,
while at 30 mg/kg dose, it reduced tumor size. Collectively, this study demonstrates that 4MOD is a potent native compound that
remarkably inhibits U87 astroglioma growth in both in vitro and in vivo models.
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INTRODUCTION

Cancer has been become a leading cause of death globally in the
twenty-first century [1]. Glioblastoma is the most common primary
brain tumor, and the astrocytomas account for about 65% of brain
glioblastomas. These tumors are characterized by aggressiveness
and a short overall survival rate [2]. Astroglioma is rarely cured,
and its poor prognosis is largely attributed to the proliferative and
invasive nature of the disease. Treatment of malignant astro-
glioma mainly includes surgery, radiotherapy and chemotherapy,
with chemotherapy being the standard care. The addition of TMZ
to radiotherapy can improve patient survival [3]. TMZ is the first-
line drug for astroglioma treatment, but its low potency, serious
side effects, and induced astroglioma cell resistance [4] are major
disadvantages. Therefore, new compounds to treat astroglioma
are needed.

Dalbergia odorifera has the effects of promoting qi, blood
activating and stasis eliminating, analgesia and hemostasis in TCM
[5]. The heartwood of Dalbergia sissoo Roxb was the source of D.
odorifera in TCM. D. odorifera has been used clinically as a
common anti-tumor medicine. However, there is not enough
scientific evidence to fully support its medicinal properties since
the active ingredients are not well known. In our previous studies,
seven flavonoids were isolated and purified from D. sissoo Roxb.
Their chemical structures were elucidated by nuclear magnetic

resonance (NMR) and mass spectrum (MS). In this study, we focus
on 4MOD, a flavonoid-containing methoxy groups, flavonoids-
containing methoxy groups have shown selective cytotoxicity
toward cancer cells, but not to normal cells [6]. Recent research
has reported that 4MOD possesses pharmacological effects of
anti-osteosarcoma [7]. In addition, 4MOD showed anti-
inflammatory and cytoprotective effects on hippocampal BV2
microglia cells in mice and primary microglia in rats [8]. It has also
shown antihistamine activity [9].

Therefore, this study aimed to investigate the pharmacological
effects of 4MOD on U87 astroglioma cells in vitro and in vivo. Our
results demonstrate that 4MOD increases U87 cell apoptosis and
cell cycle arrest, and inhibits tumor cell growth in both in vivo and
in vitro models. These results suggest that 4MOD is a novel,
promising compound that can be developed to treat
glioblastoma.

MATERIALS AND METHODS

Preparation of 4MOD

4MOD (98% purity, MW = 254.28) was isolated and purified from
ethanolic extract of D. sissoo Roxb. It is a yellow needle-like crystal.
EI-MS m/z, molecular ion peak 255.1[M + H]"; NMR data attribu-
tion: '"H NMR (CDCl5, 500 MHz) 6:5.92 (1H, s, H-3), 6.49 (1H, d,
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J=1.2Hz, H-6), 493 (1H, br.d, J=6.7 Hz, H-7), 6.10 (1H, ddd, J =
17.2,10.3, 6.7 Hz, H-8), 5.00 (1H, dt, J=17.2, 1.3 Hz, H-9a), 5.28 (1H,
dt, J=10.3, 1.3 Hz, H-9b), 7.19 (2H, br.d, J= 7.4 Hz, H-2/, H-6/), 7.32
(2H, br. t, J=7.4Hz, H-3/, H-5'), 7.24 (1H, br.t, ] = 7.4 Hz, H-4'), 3.81
(3H, s, 4-OCH5). ">C NMR(CDCl5, 125 MHz) 6:151.0 (C-1), 186.3 (C-
2), 107.9 (C-3), 158.4 (C-4), 182.4(C-5), 131.6 (C-6), 47.0 (C-7), 137.2
(C-8), 118.2 (C-9), 139.3 (C-1'), 128.5 (C-2/, C-6'), 128.7 (C-3/, C-5'),
127.2 (C-4'), 56.3 (4-OCHs) [10]. In cell experiments, the solvent
was 0.3% DMSO and 0.05% Tween 20. In animal experiments, the
solvent was 0.25% EtOH and 0.25% Cremophor EL.

Cell culture

U87 astroglioma cells (ATCC version, were obtained from professor
Yi Guan of the Joint Institute of Virology Shantou University- The
University of Hong Kong), U251 astroglioma cells (Suzhou Institute
of Cell Biology, Chinese Academy of Sciences), and BV2 microglia
cells (Guangdong Institute of Microbiology) were cultured in
DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA),
penicillin (100 U/mL) and streptomycin (100 ug/mL) at 37°C in a
humidified atmosphere of 5% CO,.

Cell cytotoxicity and proliferation assays

Cell proliferation was determined by using a Cell Counting Kit-8
(CCK-8, Meilunbio, Dalian, China) assay to detect NADH-
dependent dehydrogenase activity as described below. Cells were
seeded into a 96-well plate (2x10° cells/well) with 100 uL of
culture medium. After a 12 h incubation, the cells were treated
with various concentrations of 4MOD (0, 2.5, 5.0, 10.0, 25.0, 50.0,
and 100.0 pM) for 24, 48, and 72 h. TMZ (0-200.0 uM, Meilunbio,
Dalian, China) was used as a positive control. Next, 10 uL CCK-8
solution was added to each well and cells were incubated at 37 °C
for 2 h. Absorbance was measured at 450 nm using a microplate
reader (Bio Tek EIx800, USA).

The inhibition and the median inhibitory concentration (ICs)
were calculated from the cytotoxicity curves. Inhibition was
calculated by the following formula: Inhibition = (Ac — As)/(Ac —
Ab) x 100% (Ac, As, and Ab are the absorbance of control well,
sample well and blank well, respectively). Drug concentrations and
cell inhibition were used to plot a dose-response curve. ICso was
calculated from concentration vs. percent inhibition curves. Cell
morphological changes were observed using an inverted micro-
scope (Zeiss, Axio Observer A1, Oberkochen, Germany).

Annexin V-FITC/PI cell apoptosis analysis

Cell apoptosis was analyzed with an Annexin V-FITC/PI apoptosis
detection kit (Absin Bioscience Inc, Shanghai, China). U87 cells
were seeded in a six-well plate (1 x 10° cells/well) and incubated
at 37°C for 48h in medium (treated with 4MOD, 0-10.0 uM;
positive control was TMZ, 0-100.0 uM). The cells were collected
and washed twice with ice-cold PBS and stained with Annexin V-
FITC for 15 min. Pl staining was performed 5 min before evaluation
by flow cytometry (BD Accuri™ C6, BD Biosciences, San Jose, CA).
Data analysis was performed with BD Accuri C6 software (Version
1.0.264.21).

Cell cycle analysis

Cell cycle analysis was performed using a Cell Cycle Staining Kit
(Abbkine, Wuhan, China). U87 cells were seeded in a six-well plate
(1x10° cells/well) and incubated for 4h. Cells were first
synchronized by serum starvation, then drug-containing medium
(4MOD, 0-10.0 uM; positive control was TMZ, 0-100.0 uM) was
added for 48 h. The cells were collected and fixed with chilled 70%
ethanol for 24 h at 4 °C. Next, the fixed cells were washed with ice-
cold PBS and stained with Pl at 37 °C for 30 min in the dark, then
fluorescence was detected by flow cytometry (Ex/Em = 535/615
nm, BD Accuri™ C6, BD Biosciences, San Jose, CA). Cell cycle
distribution was determined using FlowJo cell cycle analysis
software (Version 7.61, Version V10.5).

SPRINGERNATURE

Total RNA isolation and transcriptome sequencing
U87 cells were seeded in a six-well plate (1x 10” cells/well) and
incubated for 12 h, then treated with 4MOD (0 uM and 5.0 uM for
12 h). Total RNA was isolated using an RNAeasy™ RNA extraction
kit (Beyotime, Shanghai, China), after which RNA purity and
concentration were determined using a Nanodrop 2000 spectro-
photometer (Implen, Los Angeles, USA). After total RNA was
extracted and mRNA was enriched by using oligo(dT) beads and a
Ribo-Zero™ Magnetic Kit (Epicentre, Madison, WI, USA). The
enriched mRNA was fragmented into short fragments using
fragmentation buffer and reverse transcribed into ¢cDNA with
random primers. Second-strand ¢cDNA was synthesized by DNA
polymerase I, RNase H, dNTP, and buffer. Then the cDNA
fragments were purified with a QIAQuick PCR extraction kit,
end-repaired, poly(A) tailed, and ligated to lllumina sequencing
adapters. The ligation products were size selected by agarose gel
electro'ahoresis, PCR amplified, and sequenced using an Illlumina
HiSeq™ 2500 platform by Gene Denovo Biotechnology Co.
(Guangzhou, China).

gRT-PCR analysis

Based on the RNA-seq results, relevant genes were selected, and
primers were designed using Primer Premier 5 software (Primer
sequences are shown in Table 1). Reverse transcription into cDNA
was performed using a ¢cDNA Synthesis SuperMix for qPCR Kit
(Transgen, Beijing, China) and the ¢cDNA was amplified using an
RT-PCR amplification kit (PerfectStart Green qPCR SuperMix)
(Transgen, Beijing, China). The 272" method was used to
perform analysis with GAPDH as the reference gene.

Examination of the ability of 4MOD to cross the blood-brain
barrier (BBB)

Ten-week-old C57BL/6J mice (n=3) were injected (i.p.) with
4MOD (10 mg/kg in NS, 1.0% EtOH and 1.0% Cremophor EL). After
5, 25, 40, 60, and 120 min, brain tissue homogenate was extracted
after anesthesia and normal saline irrigation. After centrifugation
(5 min at 14,000 r/min, 4 °C), the supernatant was taken out and
precipitated into 1 mL methanol for ultrasonic extraction, cen-
trifuged again. The supernatant was combined and freeze dried,
and the product was redissolved with methanol (250 uL), and
filtered through a 0.22 um pore size filter prior to detection.
Chromatographic separation of compounds from brain tissue was
conducted using an LCMS-2020 (Shimadzu, Japan) fitted with a
Waters Symmetry C;g column (3.5um, 100 mm x 3.0 mm i.d.).
Mobile phase gradient as follows: mobile phase A, 60% at 0 min,
70% at 5 min, 100% at 10 min, and 60% at 15 min. The flow rate
was 300 yL/min and temperature was 40°C. SPD20A UV diode
array detector was monitored at 280 nm.

In vivo assessment of the anti-tumor effect of 4MOD in BALB/c-nu
mice

Thirty-four 6-week-old male BALB/c nude mice were purchased
from Huafukang (Beijing, China). Briefly, U87 cells (2 x 10° cells/0.1
mL PBS/mice) were injected subcutaneously into the right-lower
flanks. After 20 days, mice were injected (i.p.) with 4MOD (0, 10,
and 30 mg/kg in NS, 0.25% EtOH and 0.25% Cremophor EL) and
TMZ (30 mg/kg) once per 3 days for 4 weeks. Tumor size was
determined every 3 days using a 3D imaging platform (Vevo®
2100 small animal ultrasonic imaging platform, FUJIFILM Visual-
Sonics, Canada). VsiApp (version-3.0.0) was used to determine the
areas of cross-sections every 1.0 mm, which were 3D fitted to form
a 3D image of the tumor, and the tumor volume was automatically
calculated. At the end of the experiment, the tumors were
stripped and weighed.

Hematoxylin-eosin(H&E) staining for liver and kidney tissue

In order to explore the toxicity of 4MOD, we verified the liver and
kidney tissues side effect in mice models. Liver and kidney tissues
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Table 1. QPCR primer sequences.
Gene Primer sequence Annealing T (°C)
GAPDH 5-GTCTCCTCTGACTTCAACAGCG-3/ 59.5
5-ACCACCCTGTTGCTGTAGCCAA -3/ 59.5
BCL-2 5-TGTGGATGACTGAGTACCTGAAC-3’ 57.8
5-AGACAGCCAGGAGAAATCAAA-3' 53.7
IL-6 5-AGACAGCCACTCACCTCTTCAG-3’ 59.5
5-TTCTGCCAGTGCCTCTTTGCTG -3’ 59.5
ATF4 5-TCAAACCTCATGGGTTCTCC-3’ 55.4
5-GTGTCATCCAACGTGGTCAG -3/ 57.4
SESN2 5-AGATGGAGAGCCGCTTTGAGCT-3’ 59.5
5-CCGAGTGAAGTCCTCATATCCG -3/ 59.5
CCNB1 5 -TGTTGGTTTCTGCTGGGTGT-3’ 554
5-TGCCATGTTGATCTTCGCCT -3/ 554
HSPB1 5-CTGACGGTCAAGACCAAGGATG-3’ 59.5
5-GTGTATTTCCGCGTGAAGCACC -3/ 59.5
IL-1A 5-TGTATGTGACTGCCCAAGATGAAG -3’ 579
5-AGAGGAGGTTGGTCTCACTACC -3’ 59.5
CCNA2 5’-CAACCAGAGCAGCACAAGTAGC-3/ 59.6
5-CTGTGGTGCTTTGAGGTAGGTC -3’ 59.5
CCNB2 5-CAACCAGAGCAGCACAAGTAGC-3/ 59.5
5-GGAGCCAACTTTTCCATCTGTAC -3/ 59.8
CDC20 5-CGGAAGACCTGCCGTTACATTC-3’ 59.5
5-CAGAGCTTGCACTCCACAGGTA-3’ 59.5
MCM7 5-GCCAAGTCTCAGCTCCTGTCAT-3’ 59.5
5-CCTCTAAGGTCAGTTCTCCACTC -3’ 59.6
PLK1 5-GCACAGTGTCAATGCCTCCAAG-3/ 59.5
5-GCCGTACTTGTCCGAATAGTCC -3’ 59.5
BUB1B 5'-GTGGAAGAGACTGCACAACAGC-3/ 59.5
5-TCAGACGCTTGCTGATGGCTCT -3/ 59.5
BUB1 5-GCTCTGTCAGCAGACTTCCTTC-3/ 59.5
5-CAGCAGATGTGAAGTCTCCTGG-3/ 59.5
CDK1 5-GGAAACCAGGAAGCCTAGCATC-3/ 59.5
5-GGATGATTCAGTGCCATTTTGCC -3’ 57.8
MAP2K6  5-GGCTACTTGGTGGACTCTGTTG -3’ 59.5
5/-CATCGTGATGCCCAGACTCCAA -3/ 59.5
RRM2 5-CTGGCTCAAGAAACGAGGACTG-3’ 59.5
5/-CTCTCCTCCGATGGTTTGTGTAC-3’ 59.6
p53 5-TGGATGGTGGTACAGTCAGAGC -3/ 59.5
5'-TGGATGGTGGTACAGTCAGAGC -3/ 59.5
BAX 5-TCAGGATGCGTCCACCAAGAAG-3’ 59.5
5-TGTGTCCACGGCGGCAATCATC-3/ 59.6

were harvested for pathological analysis after 4MOD treatment
(dose: 30 mg/kg). The morphology of liver and kidney tissues was
observed by H&E staining to evaluate the hepatorenal toxicity of
4MOD. Liver and kidney tissues were embedded in paraffin,
sectioned (4 ym), stained with H&E, dehydrated, cleared and
sealed with neutral gum before microscopic inspection (Nikon
Eclipse Cl).

Statistical analysis

Data were analyzed using Graph Pad Prism software (version 5).
Data are presented as the mean+SEM. Statistical analysis of
multiple group comparisons was performed by two-way ANOVA
(CCK8 analysis, 1Csq, apoptotic rate, cell cycle, g-PCR and tumor
volume) and one-way ANOVA (tumor weight). Significance was
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defined at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs.
the control group.

RESULTS

4MOD can cross BBB

Previous studies have reported that 4MOD accounts for
0.047%-1.240% in the heartwood of D. sissoo Roxb [11]. NMR
and MS were used to confirm the chemical structure. UPLC
analysis showed that the purity was more than 98% (Fig. S2a). The
retention time of 4MOD peak was 6.9 min (Fig. S2a). Brain sample
with 4MOD injection was consistent with it (Fig. S2¢). There was no
response peak in the brain tissue of solvent group (Fig. S2b). These
results indicate that 4MOD can penetrate BBB and reach a peak
concentration at 40 min after administration (Fig. S2f).

4MOD affects cell morphology and suppresses cell proliferation of
U87 astroglioma

To evaluate pharmacological effects of 4MOD, we used human
U87 cells (cultured from a grade Il astrocytoma-gliolastoma of a
44-year-old woman). U87 cells were treated with different
concentrations of 4MOD for 24, 48, and 72 h, then examined for
cell morphological changes. At 2.5 uM 4MOD, the treated cells
exhibited morphological changes, such as cell rounding and the
disappearance of protruding spike. At the relatively high dose of
5.0 UM 4MOD, treated cells showed cell shrinking, disappearance
of spikes, and detachment from the substrate compared with
untreated cells. However, the TMZ (a positive control) indicated
that similar morphological changes needed 50puM (Fig. 1a).
Determination of cell viability, using a CCK-8 assay, showed that
4MOD treatment remarkably inhibited U87 cell growth in a
concentration-dependent manner. The ICs, values of 4MOD-
induced inhibition at 24, 48, and 72 h were 12.05+1.98, 430+
0.74, and 5.00 +0.83 uM, respectively (Fig. 1b). ICso values of
TMZ at 24 h, 48 h, and 72 h were 89.12 +£9.87, 78.03 £ 13.76, and
58.00 + 7.32 yM, respectively (Fig. 1c). In comparing ICso values
between 4MOD and TMZ, 4MOD exhibited tenfold higher potency
of inhibition for U87 cell growth (Fig. 1d, P < 0.01, and P < 0.001 vs.
the TMZ group).

4MOD affects cell morphology and suppresses cell proliferation of
U251 astroglioma

Then, we evaluated and compared the effects of 4MOD and TMZ
on another astroglioma tumor cell line (U251). The results showed
that in the 4MOD-treated group (above 5.0 uM), cells exhibited
morphological changes that included cells shrinking, disappear-
ance of spiked protrusions and detachment from the substrate
compared with the untreated control cells, while TMZ showed
similar effect on cell morphological changes required 50 uM and
above (Fig. S3a). Further, 4MOD treatment inhibited U251 cell
growth between 2.5 and 100 uM (Fig. S3b), while TMZ inhibited
U251 cell growth between 5.0 and 200 uM (Fig. S3c). Statistical
analyses showed that the ICs, values for 4MOD at 24, 48, and 72 h
were 183+7.32, 146+0.88, and 133+ 1.22uM, respectively
(Fig. S3b), whereas those for TMZ at 24, 48, and 72 h were 99.33
+9.88, 77.13 £ 2.24, and 62.44 £ 6.29 uM, respectively (Fig. S3c). In
four tested cases, comparison between 4MOD and TMZ, the
differences of ICso values were highly significant at 24 (P < 0.0001),
48 (P<0.0001), and 72h (P<0.001) treatments, respectively
(Fig. S3d).

4MOD induces cell apoptosis and cell cycle arrest

To evaluate the effects of 4MOD on cell apoptosis, U87 cells
were treated with different concentrations of 4MOD and TMZ,
then examined for cell apoptosis by Annexin V-FITC/PI flow
cytometry (Fig. 2a). After treated with 2.5, 5.0, and 10.0 uyM
4MOD, the early apoptotic rate increased from 8.91% + 1.22%
(untreated control group) to 22.41% +3.91%, and 26.88% =+
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after 48 h treatment with different concentrations of 4MOD (top) and TMZ (bottom). b Effects of 4MOD on U87 cell proliferation using a CCK-8
assay. Bar graph shows that 4MOD inhibited U87 cell proliferation in a concentration-dependent manner between 2.5 and 25.0 pM, but did
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the comparisons between 4MOD and TMZ.

3.42%, then decreased to 9.12% +5.43%, respectively. The
decrease of early apoptosis at 10.0 yM 4MOD may be due to
the rapid occurrence of late apoptosis and even death of tumor
cells. Late apoptotic rate increased from 1.02% + 0.11% (control)
to 2.52% + 1.45%, 12.59% + 1.48%, and 52.19% + 9.32% at 2.5,
5.0, and 10.0 uM 4MOD, respectively. Thus, the total apoptotic
rate increased from 9.78% + 1.04% (control) to 24.33% + 2.87%,
39.37% +4.19%, and 60.99% *+7.98% at 2.5, 5.0, and 10.0 uM
4MOD, respectively (Fig. 2b). There was a significant difference
between early and total apoptosis at 2.5puM (P<0.01 vs.
control). The apoptosis rates of TMZ group were 12.90% +
1.87%, 32.04% + 4.93%, and 47.03% + 4.49% at 10.0 (P> 0.05 vs.
control), 50.0 (P<0.01 vs. control), and 100.0 uM P < 0.0001 vs.
control), respectively (Fig. 2c). There was the significant
differences between late and total apoptosis at 10.0 pM
between 4MOD and TMZ (P<0.001 4MOD vs. TMZ, Fig. 2g).
Flow cytometry analysis demonstrated that the main effect of
4MOD on U87 cells was a decreased percentage of cells in GO/
G1 phase and an increased percentage of cells in G2/M phase
(Fig. 2d). Statistical analysis showed that the cells in the G0/G1
phase of the 4MOD untreated group decreased from 70.70% +
9.32% to 44.33% £ 4.78% in the 5.0 uM 4MOD group (P <0.01 vs.
control); and 37.88% +5.97% in the 10.0 uM group (P < 0.0001
vs. control). G2/M phase cells of control and cells treated with
50uM and 10.0uM 4MOD accounted for 11.77% % 1.57%,
35.76% £ 3.97% (P < 0.01 vs. control), and 43.27% +6.38% (P <
0.001 vs. control), respectively (Fig. 2e). TMZ did not affect cell

SPRINGER NATURE

cycle at 10.0 uM, but blocked U87 cells at G2/M phase and S
phase at 50.0 and 100.0 uM, respectively (Fig. 2f). Compared
with 4MOD and TMZ, the difference of cellular GO/G1 phase (P <
0.001 4MOD vs. TMZ), and G2/M phase (P < 0.01 4MOD vs. TMZ)
at 10.0 uM was statistically significant (Fig. 2h).

Transcriptome sequencing

To investigate possible mechanisms of 4MOD in inhibiting U87
astroglioma cells, we analyzed the transcription levels of
associated mRNAs. Total RNAs were isolated from the control
and 4MOD-treated groups and mRNA-sequencing was performed.
A total of 362 differentially expressed genes (DEGs) were obtained
with a fold change =2 and g < 0.01. Among these, 158 genes were
found to be upregulated, and 204 genes were downregulated in
the 4MOD-treated group compared with the control group
(Fig. 3a, b). KEGG pathway enrichment analysis revealed the top
20 significantly enriched pathways that were directly associated
with 4MOD. They were p53, p38, TNF, MAPK, FoxO, cell division,
oocyte meiosis, cell cycle, cellular senescence, and ferroptosis
(Fig. 3c). To determine the potential function of the DEGs, GO
analyses including categories of biological process, cellular
component (CC), and molecular function (MF) were performed.
The results revealed that the DEGs were significantly enriched in
GO005575 (cellular component, 100%), GO0005623 (cell, 94.81%),
GO00044464 (cell part, 94.52%), GO0043227 (membrane-bounded
organelle, 72.05%), GO0016020 (membrane, 46.11%), GO0043231
(intracellular membrane-bounded organelle, 69.45%), GO0043232
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Fig. 2 Effect of 4MOD and TMZ on apoptosis and the cell cycle of U87 astroglioma cells. a Cells treated with different concentrations of
4MOD and TMZ for 48 h. Cell apoptosis was detected by flow cytometry. The lower left represents normal cells, the lower right represents
early apoptotic cells, the upper right represents late apoptotic cells, and the upper left represents dead or late apoptotic cells. b, ¢ Analysis
of the altered rates of early apoptosis, late apoptosis, and total apoptosis after 4AMOD and TMZ treatment. d Cells treated with different
concentrations of 4MOD and TMZ for 48 h, stained with propidium iodide (Pl), and subjected to flow cytometry analysis to determine
their distribution in each phase of the cell cycle. Different colors from left to right represent G0/G1, S, and G2/M phase cells, respectively.
e, f Altered cell cycle distribution of U87 cells after 48 h treatment with different 4MOD and TMZ concentrations. Results are expressed
as means+SEM, n=3, *P<0.05 **P<0.01, ***P<0.001, ****P<0.0001 vs. the control group. g Comparison of apoptosis rates
between 4MOD and TMZ, ***P < 0.001, 4MOD vs. TMZ. h Comparison of cell cycle between 4MOD and TMZ, **P < 0.01, ***P < 0.001, 4AMOD

vs. TMZ.

(intracellular  non-membrane-bounded  organelle, 40.06%),
GO0044424 (intracellular part, 84.15%), GO0044422 (organelle
part, 84.15%), GO0044429 (intracellular organelle, 75.5%),
GO00044446 (intracellular organelle part, 56.48%), GO0044430
and GO00005634 (nucleus, 51.59%), GO0044428 (nuclear part,
40.06%), and GO0005737 (cytoplasm, 68.3%) (Fig. 3d). These
results suggest that 4MOD interferes with cell mitosis, blocks cell
cycling, destroys the integrity of cell membrane and cell structure,
and leads to cell apoptosis, which may underlie 4MOD-induced
tumor cell death.

Quantitative real-time PCR analyses of protein—protein interaction
after 4AMOD treatment

STRING and Cytoscape software were used to extract a
protein—protein interaction network of the DEGs to evaluate
potential interactions of the hub genes following 5.0 uyM 4MOD
treatment for 12 h. A total of 17 genes were identified from the
protein—-protein interaction network, including RRM2, MCM?7,
BUB1B, CCNA2, CCNB1, CDC20, CCNB2, CDK1, MAP2K6, PLK1,
ATF4, SESN2, HSPB1, IL-1A, IL-6, BCL-2, and BUB1(Fig. 4a). These
genes mainly concentrated in the cell cycle, apoptosis and tumor
suppression-related signaling pathways.

Further, the gene expression levels, using the 27227 method
and normalization to GAPDH as a reference, were determined. The
17 DEGs between 4MOD-treated (5.0 uM treatment for 12 h) and
-untreated groups were selected and verified using RT-qPCR. The
results showed that four hub genes were found to be over-
expressed (Fig. 4b), and 13 genes were under expressed in the
4MOD treatment group (Fig. 4c). The results were consistent with
the sequencing data.
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4MOD inhibits U87 astroglioma growth in the BALB/c-nu mouse
model
Data presented thus far demonstrate that 4MOD remarkably
inhibits U87 cell growth in an in vitro cell line. We used
transplanted U87 cells into nude mice (BALB/c-nu mice) and then
examined the increase in tumor volume with and without 4MOD
treatment. Beginning 20 days after tumor cell implantation, 4MOD
was administered at a dose of 10 or 30 mg/kg, once per 3 days for
27 days. Tumor volume was measured every 3 days using a small
animal ultrasonic 2D and 3D imaging platform. In 2D images, each
1.0 mm of tumor image was measured, and the tumor boundary
was represented by blue lines (Fig. 5a). According to the cross-
section measurement data, the 3D shape of the tumor was fitted
by VsiApp software (Fig. 5b). In this way, the tumor volumes were
obtained. As shown in Fig. 5¢, the tumor volume was smaller in
4MOD group (n =6, 10 mg/kg group, 85.67 +12.21 mm?®) at day
21, as compared with the control group (n=6, 127.49+12.02
mm?3, P<0.001). Tumor volume was decreased significantly after
9 days of 4MOD treatment in the 30 mg/kg group (59.04 + 3.33
mm?3, P<0.01 vs. control group, n=6). On the last day (day 27),
tumor tissues were removed and weighed (Fig. 5d), tumor weights
were 0.141 +£0.026 g in untreated control group (n=6), 0.075+
0.007 g in 10 mg/kg treated group, (n =6, P < 0.05 vs. control), and
0.043+£0.011 g in 30 mg/kg group (P <0.01 vs. control, Fig. 5e).
We also applied RT-qPCR to verify the expression levels of G2
phase-related genes, such as the p53 signaling pathway (CCNBT,
CCNB2, CDK1) and apoptosis (Bcl-2, Bax)-related genes, for tumor
tissue. The expressions of CCNB1, CCNB2, and CDK1 were
significantly downregulated in the low dose 10 mg/kg group.
The expressions of p53 and Bcl-2 were also significantly decreased

SPRINGER NATURE

1511



4-Methoxydalbergione inhibits human astroglioma U87 cells
R Li et al.

1512

a CON-vs-MOD volcano plot

-1g(FDR)

Top 20 of KEGG Enrichment

Cell cycle

P53 signaling pathway
Oocyte meiosis o
Mineral absorption L

Legionellosis [ ]

GeneNumber

Pathway

0
log2(fc)

b DIffExp Gene Statistics
(4MOD vs CON)
204

[
=1
=3

158

-
&
S

Number of Genes
1. 3
(=] (=]

Cytokine-cytokine receptor interaction{

Protein processing in endoplasmic reticulum

Fluid shear stress and atherosclerosis

Antigen processing and presentation L]

diated oocyte [ ]

Cellular senescence 1

[ Y X X X3
Iy

Measles
FoxO signaling pathway
HTLV-I infection @
TNF signaling pathway [ ]
Rheumatoid arthritis [ ] 0.04
Influenza A [ ]
Ferroptosis 1 .

MAPK signaling pathway [ )

Hematopoietic cell lineage [ ]

0.00 0.05 0.10 0.15

RichFactor

Number of Genes

Biological Process

Cellular Component

Molecular Function

Fig. 3 GO/KEGG pathway enrichment analysis of DEGs. a Volcano plots analyzing differential expressions of mRNA in U87 cells. Green dots
represent downregulated genes, and red dots represent upregulated genes. b Histogram showing the differentially expressed mRNA in U87
cells, 158 genes were upregulated, and 204 genes were downregulated. ¢ Differentially expressed mRNA on the top 20 pathways identified by
KEGG analysis. Bubble size represents the number of DEGs enriched in a signaling pathway; the bubble color represents the g value. d GO
enrichment analysis of the significantly upregulated and downregulated genes. Red columns are the numbers of up-regulated DEGs related
to this function, and green columns are the numbers of down-regulated DEGs; DEGs were chosen by a fold change >2 and g < 0.01.

at high doses (30 mg/kg group). The results are consistent with
our in vitro experiments (Fig. 5f).

Further, we examined the effects of TMZ in this in vivo U87 tumor
model. The tumor volume was significantly smaller in the treatment
group of TMZ (30 mg/kg group, 95.33 £ 7.99 mm?, n = 3) at day 9, as
compared with the control group (138.89+ 11.22mm?, P>0.05)
(Fig. S5a). Tumor weights were 0.135 + 0.024 g (control group), 0.081
+0.011 g (30 mg/kg group, P> 0.05 vs. control) (Fig. S5b). Compar-
ison between 4MOD and TMZ, after 9 following initiation of
treatment, the difference in tumor size reduction (4MOD reduced
748% +4.3% vs. TMZ reduced 1.9% +0.2%, P <0.0001) and the
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difference in tumor weights (4MOD reduced 69.5% + 6.8% vs. TMZ
41.2% + 2.5%, P < 0.05) were statistically significant.

Toxicity observation for 4MOD in vivo and in BV2 microglia cells
H&E staining showed only a few enlarged nuclei (Liver, black
arrows). Kidney displayed no significant differences between
control and 4MOD treatment groups (Fig. S1a, b). In addition, we
monitored the weight among the control group and different
4MOD treatment groups. No significant differences were observed
among them (Fig. S1c). BV2 is a normal microglia cell line. 4MOD-
treated BV2 cells exhibited no obvious morphological changes
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compared with the untreated control cells (Fig. S4a). Cell viability
was determined using the CCK8 assay, which demonstrated that
4MOD promoted cell proliferation at low concentrations and
showed toxic effects at high concentration (Fig. S4b). 4MOD
showed significant differences in the inhibitory concentrations for
tumor cells vs. microglia cells, which was helpful in controlling the
dose (Fig. S4c).

DISCUSSION

In this study, 4MOD was shown to inhibit U87 astroglioma cell
proliferation and induce cell apoptosis. Inhibition of tumor cell
proliferation and induction of the apoptosis are important in
tumor progression [12, 13], and several antitumor drugs work by
inducing apoptosis in tumor cells [14]. Our results also show that
4MOD increases early and late apoptosis. Cell cycle changes are
reported to be important markers of apoptosis [15], and they are
closely related to tumor development [16]. Stupp’s team has
reported that regulating cell cycle through TTFields can induce
apoptosis and significantly improve patient survival [17]. They also
demonstrated that TMZ intervention can significantly improve
patient survival through multi-center clinical studies [3]. It will play
an important guiding role in developing 4MOD as a new
candidate for treatment of brain astroglioma. The present study
found that 4MOD altered the U87 cell cycle by decreasing the
percentage of cells in GO/G1 phase and increasing the percentage
of cells in the G2/M phase. TMZ decreased the percentage of cells
in the GO/G1 phase and increased the percentage of cells in the
G2/M and S phase. But the concentration difference between
them is large. In addition, the ICso values of 4MOD at 24, 48, and
72 h were tenfold lower than TMZ. Usually, anti-tumor drugs show
side effects at higher concentration. Thus, our results suggest that
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use of 4MOD could be of interest in reducing the toxic and side
effects of chemotherapy drugs, as well as enhancing efficacy.

Transcriptome analysis is an effective method used to
investigate anticancer effects and mechanisms [18]. In this study,
we sequenced the transcriptome of cells (4MOD treated group
and control group) and verified the changes in gene expression
with gPCR. In addition, functional analyses of DEGs were explored
using KEGG and GO in STRING. We observed a downregulation of
functional clusters related to the cell cycle, including RRM2, MCM?7,
BUB1B, CCNA2, CCNB1, CDC20, CCNB2, CDK1, PLK1, and BUB1.
These genes play critical roles in regulating DNA replication and
repair, which may indirectly influence the cell cycle [19, 20].
Cyclins are positive regulatory units for CDKs whose activity is
negatively regulated by a variety of CDKs inhibitors. These
inhibitors play a key role in the transition from G2 to M phase
of the cell cycle [21]. Among them, the protein encoded by CCNB1
is a regulatory protein involved in mitosis and it is important in the
regulation of the G2/M transition phase of the cell cycle [22, 23]
Furthermore, it has also been pointed out that downregulation of
CCNB1 mRNA levels and protein reduces cell proliferation [24].
CDK activity increases or decreases as the cell cycle progresses.
Among the CDKs, the CDK1/cyclin B complex is known to control
G2/M transition, while the CDK2/cyclin E1/A complex regulates
G1/S and S/G2 transitions [25] CDC20, BUB1, and BUB1B are the
targets of the spindle assembly checkpoint and they ensure
faithful segregation of chromosomes [26, 27]. Downregulation of
BUB1 and BUB1B expression accelerates the progression from G1
to S phase and reduces G1 accumulation. Therefore, this study
reveals how 4MOD arrested the G2/M phase of the cell cycle and
induced cell apoptosis.

Many compounds have anti-tumor effects in vitro, but not
in vivo because there may be many influencing factors in the
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Fig.5 4MOD inhibites U87 tumor growth in BALB/c-nu mice. a Ultrasound images (2D images) of the cross-section view of tumors collected
using a small animal ultrasonic 3D imaging platform. The blue lines represent measurements of the tumor boundary at intervals of 1.0 mm on
this section. b 3D reconstruction of tumors and the tumor volume determined using 3D fitting. Tumor volume was also calculated by this
procedure. ¢ Drug administration time and tumor volume change curves. d Tumor tissue sizes after 4MOD treatment. e Tumor weight plot.
Results are expressed as the means + SEM, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the control group. f Expression of CCNBI1,
CCNB2, CDK1, p53, BCL-2, and BAX in tumors of the 4MOD groups and control group. Results are expressed as the means + SEM, n=3, *P<

0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001 vs. the control group.

in vivo environment. In this study, based on our in vitro findings,
the in vivo antitumor efficacy of 4MOD was evaluated in BALB/c-
nu tumor-bearing mice. 4MOD was found to reduce tumor
growth. This inhibition of tumor growth was positively correlated
with dose and administration time. These findings confirm the
antitumor properties of 4MOD against astroglioma and are also
consistent with the in vitro properties.

4MOD is one of the flavonoids found in D. sissoo Roxb.
Flavonoids have been reported to have antioxidant and anti-
tumor activities [28-30]. The anti-tumor effect of flavonoids has
been associated with the induction of tumor cell apoptosis,
inhibition of the cell cycle, tumor neovascularization, cycloox-
ygenase 2, and regulation of immunosuppressive telomerase
activity [31, 32]. The latest research also directly shows 4MOD has
anti-osteosarcoma effect [7]. The molecular weight of 4MOD is
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254.28 and it is mainly concentrated in low-polarity sites such as
chloroform, our study also demonstrates that it can cross the BBB.
So, it may have a therapeutic effect on brain-related diseases.
Astroglioma is a major tumor that occurs in the brain.

This study demonstrates 4MOD exerts antitumor effects on U87
astroglioma cells both in vivo and in vitro. To the best of our
knowledge, this is the first study to evaluate the antitumor action
and apoptotic potential of 4MOD on astroglioma cells. Besides,
previous studies have reported that 4MOD possesses anti-
inflammatory and cell-protective effects in hippocampal BV2
microglia cells in mice and primary microglia in rats [8]. We also
found that 4MOD has proliferative effects on BV2 cells at low
concentrations (<10.0 uM) but was toxic to cells at high
concentrations (>10.0 uM) (Fig. S4). In order to explore the toxicity
of 4MOD, we verified the liver and kidney tissue side effects in
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mouse models. HE staining showed no significant difference
between control and 4MOD (30 mg/kg)-treated group. In addition,
we monitored the weight among the control group and 4MOD
treatment groups treated with different doses of 4MOD. This also
showed no significant difference among them (Fig. S1). All the
studies have suggested that 4MOD may be less toxic to normal
cells, though this is subject to further toxicological investigations.
This study provides new insides into the pharmacological effects
of 4MOD and its potential as a new treatment for astroglioma.
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