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Abstract
Celastrol is a naturally occurring compound with a range of pharmacological properties derived from the
traditional Chinese herb Tripterygium wilfordii. To develop a new therapeutic strategy for
medulloblastoma (MB), this study will investigate the inhibitory effect of celastrol on MB and its
underlying signaling pathway. We evaluated the effects of celastrol on cell proliferation using the CCK-8
assay and colony formation assay. Scratch assays and transwell invasion assays were used to assess
the effects of celastrol on metastasis. The flow cytometry method was used to detect apoptosis and
reactive oxygen species (ROS) levels in the cells. The potential signaling pathways were detected by
transcriptomics and quantitative PCR. To study the anticancer effect of celastrol on MB in vivo using a
mouse xenograft model. Cell proliferation and metastasis of the SHH subgroup MB cell line can be
inhibited by celastrol, and the effect of the drug on apoptosis is associated with its proliferation inhibition
effect. Animal experiments showed that celastrol inhibited the growth of MB in vivo. In addition, the pro-
apoptotic effect of celastrol on ONS-76 cells may be caused by ROS. Our findings indicate that celastrol
inhibits the progression of MB both in vitro and in vivo, and this effect is associated with the induction of
ROS in cells by celastrol in vitro studies.

Introduction
In children, MB is the most common malignant brain tumor[1]. Three molecular subgroups of MB can be
identified: WNT, SHH, and non-WNT/non-SHH[2]. WNT-MB is found in the embryonic lower rhombic lip
(LRL), whereas Sonic Hedgehog (SHH)-driven medulloblastoma (SHH-MB) and non-WNT/non-SHH MB
are found in the cerebellar precursor matrix[3]. The MB is primarily treated with surgical resection,
radiotherapy, and chemotherapy as adjuvant therapy[4]. However, treatment outcomes are often
suboptimal, leading to severe long-term side effects[3].

Approximately 30% of MBs are SHH subtypes and are frequently diagnosed in infants and adults[5]. One
or more genes of the SHH pathway are usually mutated in the SHH subgroup[6]. A two-class approach to
inhibiting SHH has been developed: upstream antagonists of Smoothened (SMO) receptors and
downstream inhibitors of GLI transcription factors[7]. Unfortunately, it is associated with a poor prognosis
and often leads to drug resistance[8]. With many MB patients still facing challenges in achieving disease
control, there is an urgent need to uncover novel targets for developing more precise, safe, and effective
anticancer medications.

Autophagy, a lysosomal degradation system of cytoplasmic components, contributes to cellular
homeostasis through the turnover of various biomolecules and organelles, often selectively[9]. Autophagy
exhibits a dual role in shaping the development and progression of cancer, exerting both promoting and
inhibiting effects depending on the tumor's stage and type[10]. But even so, recent studies have
demonstrated that autophagy can eliminate drug-resistant tumors[11]. During the process of autophagy
regulation, the AMPK pathway takes the lead in initiating autophagy and orchestrating autophagosome
formation through phosphorylation of specific targets[12]. As an evolutionarily conserved
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serine/threonine protein kinase, AMPK functions as a cellular energy sensor and governs an array of
metabolic processes, including those pertinent to cancer[13]. Currently, AMPK is well known as an
effective target for anticancer treatments[14].

Apart from authophagy, the ubiquitin-proteasome system (UPS) serves as another pivotal cellular
homeostasis mechanism, essential for maintaining cellular balance, orchestrating signal transduction,
and determining cell destinies[15]. Considering the higher rates of protein turnover in cancer cells, their
increased reliance on the UPS renders it an attractive target for inhibition through targeted therapeutic
approaches[16].

Therefore, we screened some compounds in the library consisting of inhibitors targeting autophagy and
UPS pathways, and celastrol was one of these compounds. We determined the IC50 value of celastrol for
MB and found the inhibitory effect of celastrol on the proliferation and migration of MB, which provides a
new method for the treatment of MB. This study also expands the understanding of the mechanism of
action of celastrol in MB and provides clues for the subsequent development of celastrol drugs.

Result

Celastrol was identified through drug screening
Screening of the top 50 drugs from the ubiquitin and autophagy drug libraries was performed at a
concentration of 10 µM (Fig. 1A). The drugs obtained from the screening were further assessed for their
half maximal inhibitory concentrations (IC50 concentrations), yielding an IC50 value of 2.102 (1.91–
2.293) (Fig. 1B). Therefore, the subsequent experiments were performed exclusively with celastrol at a
concentration of 2 µM, unless specified otherwise.

Celastrol has the capacity to influence the proliferation of
SHH subtype medulloblastoma
To validate the anticancer potential of celastrol in SHH subtype MB, we performed a CCK-8 assay to
measure cell viability. Upon exposure of ONS-76 cells to 2 µM of celastrol for varying durations (0, 1, 2, 3,
4, and 5 days), we observed a progressive decrease in cell viability with increasing treatment duration
(Fig. 1C). Additionally, the results of the colony formation assay revealed a progressive reduction in both
the number and size of colonies following celastrol treatment (Fig. 1D, E).

Celastrol can inhibit the invasion and migration of medulloblastoma cells

To evaluate the impact of celastrol on MB dissemination, we conducted transwell assays to test the
effect of celastrol on MB migration and invasion. We found the ability of cells to migration (Fig. 2A, B)
and invasion (Fig. 2C,D) significantly reduced upon celastrol treatment. To validate the results of
transwell assays, we carried out the cell scratch assays and observed a remarkably reduced migration of
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cells (Fig. 2E and F). Taken together, these results indicated that celastrol exhibits significant efficacy in
suppressing the invasion and migration of SHH-MB.

Celastrol can induce cell apoptosis via upregulation of ROS levels.

To further investigate the potential mechanism by which celastrol inhibits SHH-MB, we performed the
flow cytometry analysis to assess the impact of celastrol on ONS-76 cell apoptosis (Fig. 3A). The flow
cytometry results revealed a significantly higher percentage of apoptotic ONS-76 cells following 24-hour
treatment with celastrol, compared to the DMSO control group (Fig. 3B).

To ascertain the correlation between celastrol's apoptotic efficiency and its capacity to enhance
intracellular ROS levels, we performed a repeat flow cytometry analysis to assess the levels of ROS in
ONS-76 cells (Fig. 3C). Indeed, we observed that the cells treated with celastrol for 24 hrs exhibited
significantly elevated levels of ROS in comparison to the control group (Fig. 3D), suggesting that celastrol
has the capability to induce apoptosis via upregulation of ROS levels in SHH subtype MB.

Comparative transcriptome analysis investigates the impact of celastrol on SHH subtype
medulloblastoma

To comprehensively investigate the regulatory mechanism of celastrol in SHH subtype MB, we carried out
transcriptome analysis to compare the differences between celastrol-treated and DMOS-treated ONS-76
cells. In this study, we identified 514 differentially expressed genes (DEGs), comprising 399 significantly
upregulated genes and 115 significantly downregulated genes (Fig. 4A, B). We employed the GO
database for further annotation of these DEGs, and discovered that they were associated with a
comprehensive set of 1984 GO terms, encompassing 1612 biological processes, 156 cellular
components, and 216 molecular functions (Fig. 4C). When considering the Log₂ fold change values, the
top 30 most significantly expressed genes were primarily enriched in various biological processes and
molecular functions, as shown in Fig. 5A. Notably, the DEGs were prominently enriched in functions such
as protein tyrosine/threonine phosphatase activity, extracellular matrix constituent secretion, and MAP
kinase enrichment, which included tyrosine or serine/threonine phosphatase activity.

Furthermore, we conducted KEGG analysis with a significance threshold of p < 0.05 (Fig. 5B). This
analysis identified a total of 258 signaling pathways, with the top 18 enriched terms including: vitamin B6
metabolism, rheumatoid arthritis, bladder cancer, TNF signaling pathway, IL-17 signaling pathway, thyroid
cancer, NF-κB signaling pathway, basal cell carcinoma, legionellosis, AGE-RAGE signaling pathway in
diabetic complications, colorectal cancer, endometrial cancer, one-carbon pool by folate, epithelial cell
signaling in helicobacter pylori infection, antifolate resistance, and the p53 signaling pathway (Fig. 6A).

We validated seven genes chosen from the top 18 pathways identified in the KEGG analysis using
quantitative polymerase chain reaction (qPCR), as shown in Fig. 6B. The results exhibited consistency
with the findings from the transcriptome analysis.

Celastrol inhibits the growth of SHH type medulloblastoma in vivo
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Finally, we performed animal experiments to investigate the anti-tumor effect of celastrol on SHH-MB in
vivo (Fig. 7A, B). The animals were administered intraperitoneal injection of 2mg/kg/ day or an equal
volume of saline after subcutaneous tumor formation using ONS-76 cells. After a treatment period of 20
days, we consistently observed that mice treated with celastrol showed a significant reduction in tumor
volume (Fig. 7C, D) throughout the experimental duration and resected tumor weight at day 33 (Fig. 7E,
F), as compared to the control group, despite that there was no notable disparity in body weight between
the two groups of mice (Fig. 7G).

Discussion
SHH-MB stands as one of the most prevalent malignant pediatric tumors originating in the
cerebellum[17]. SHH-MB cells rely on continuous Shh signaling, yet targeted therapies for SHH-MB have
faced challenges due to drug resistance[18]. In this study, therefore, we performed a screening of a
compound library consisting of inhibitors targeting autophagy and UPS pathways. We found that
celastrol can inhibit the proliferation of SHH-MB. In light of this, we identified celastrol, a plant-derived
triterpene, which offers significant promise for MB treatment.

Celastrol, a natural compound derived from the traditional Chinese medicinal herb Tripterygium wilfordii
Hook F, boasts a wide range of pharmacological properties[19]. This versatile compound exhibits potent
pharmacological activity, delivering pronounced anti-cancer, anti-tumor and anti-diabetes effects[20]. It is
well-documented that celastrol possesses the capability to influence a wide array of signaling
pathways[21]. Celastrol, being a unique compound, exerts the ability to modulate both autophagy and
apoptosis, and it triggers mitochondrial biogenesis through the upregulation of AMPK and sirtuin 1
(SIRT1) signaling pathways[22]. In breast cancer cells, celastrol possesses the capability to induce the
ubiquitin-dependent degradation of mTOR[23]. Furthermore, celastrol-induced autophagy and apoptosis
are contingent upon the deactivation of the PI3K/Akt/mTOR signaling pathway and ROS-mediated
mitochondrial dysfunction[24]. Additionally, it has been reported that celastrol can modulate the
expression of pro-inflammatory cytokines, MHC II, HO-1, iNOS, NF-κB, Notch-1, CXCR4, TRAIL receptors
DR4 and DR5, CHOP, JNK, VEGF, adhesion molecules, proteasome activity, topoisomerase II, potassium
channels, and the heat shock response[25]. Our present study demonstrates that celastrol exhibits potent
anticancer effects in MB both in vitro and in vivo by inhibiting cell proliferation, migration, and invasion.
Notably, celastrol achieves its anti-proliferative effects by modulating intracellular ROS levels and
inducing apoptosis. Recent research has unveiled novel functions of the MEK/MAPK pathway in the
regulation of human SHH-MB tumorigenesis[26]. Importantly, we found that celastrol primarily inhibits
the proliferation, migration, and invasion of MB through the MAPK signaling pathway, NF-κB signaling
pathway, TNF signaling pathway, and IL-17 signaling pathway.

Apoptosis, a programmed cell death process, plays a pivotal role in cancer therapy[27]. Celastrol exerts its
cytotoxic effects by inducing cell cycle arrest at the G2/M phase and activating both intrinsic and
extrinsic apoptotic pathways[28]. Extensive research has previously demonstrated that celastrol
possesses potent antitumor effects on a variety of cancer cells by targeting the AKT/mTOR signaling
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pathway[29]. Celastrol elevates intracellular ROS levels, leading to ROS-dependent endoplasmic reticulum
stress, mitochondrial dysfunction, and ultimately apoptosis[30]. Additionally, celastrol induces apoptosis
by promoting the accumulation of mitochondrial ROS to inhibit the STAT3 pathway in non-small cell lung
cancer[31]. STAT3 activity, in turn, represses p21 expression and fosters the formation of colonies in SHH-
MB cells. However, the combined treatment with inhibitors targeting both Smo and STAT3 leads to a
marked synergistic effect, effectively overcoming drug resistance in Smo antagonist-resistant SHH-MB
cells[32]. Our current study further establishes that celastrol induces apoptosis in ONS-76 cells, with
notable increases in ROS levels following celastrol treatment. At the transcriptome level, it's plausible that
celastrol's induction of apoptosis occurs through modulation of the AKT/mTOR signaling and STAT3
pathway.

Proliferation, a hallmark of cancer, plays a pivotal role in tumor treatment strategies[33]. Celastrol, for
example, exhibits its therapeutic potential by effectively restraining laser-induced choroidal
neovascularization, primarily through the suppression of VEGF-induced proliferation[34]. The p53
network, a critical tumor-suppressive mechanism, orchestrates the transcriptional activation of target
genes to counteract excessive cellular proliferation in various human malignancies[35]. Our research
findings suggest that celastrol may exert its anti-proliferative effects on MB cells by modulating both the
VEGF pathway and the p53 pathway.

Tumor invasion and metastasis are intrinsically linked to the process of epithelial-to-mesenchymal
transition (EMT)[36]. EMT represents a reversible cellular program that transforms epithelial cells into
mesenchymal states characterized by enhanced motility and invasive properties[37]. Notably, VEGF
assumes a crucial role in regulating the metastatic behavior of NPC cells by modulating EMT markers
and MMPs in an autocrine manner[38]. Similarly, TNF-alpha influences the role of EMT in facilitating
invasion and metastasis in oral squamous carcinoma cells through the MAPK signaling pathway[39].
Moreover, the ability of celastrol to inhibit EMT extends to its impact on other signaling pathways,
including SIRT1, NFAT1, SMAD, IL-6, STAT3, AQP5, Notch 1, PI3K/Akt, Wnt/beta-catenin, NF-κB, FAK/AKT,
and Hedgehog (Hh)[40]. These findings align with our research, indicating that celastrol effectively
impedes the migration and invasion of ONS76 cells. This effect is likely mediated by the suppression of
EMT activity, influenced by the interplay of VEGF, TNF-alpha, NF-κB, and the MAPK signaling pathway.

Our study demonstrated that celastrol effectively suppressed the proliferation, migration, and invasion of
SHH-MB cells while promoting apoptosis. To assess the viability of celastrol as an anticancer drug, we
established a MB xenograft mouse model and administered celastrol. Encouragingly, celastrol efficiently
inhibited MB growth without exerting a significant impact on the mice's overall growth. These results
underscore the potential of celastrol as a promising chemotherapeutic agent for the treatment of SHH-
MB.

In conclusion, the identification of celastrol and its potential mechanisms of MB suppression offer a
promising avenue in the realm of pediatric oncology. To fully assess its therapeutic capabilities in the
context of MB, additional research, spanning preclinical and clinical investigations, is imperative. Should
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these efforts yield success, celastrol may emerge as a substantial contributor to the enhancement of
treatment strategies for this devastating form of cancer.

Methods

Chemicals
The library of ubiquitinated and autophagic compounds was purchased from TargetMol (United States).
Celastrol was obtained from TargetMol (Cat# 34157-83-0, United States). Fetal calf serum (FCS) was
sourced from LONSERA (Cat# S711-001S, Uruguay). DMEM (Cat# 11995-065), penicillin–streptomycin
(Cat# 10378016), and 0.25% Trypsin-EDTA (Cat# 25200-072) were procured from Gibco (United States).
DPBS (Cat# 14190144, China) was obtained from ThermoFisher. The CCK-8 kit was sourced from NCM
Biotech (Cat# c6005, China). Matrigel was sourced from Corning (Cat#356234, United States). The
Reactive Oxygen Species Assay Kit was sourced from Yeasen (Cat# 50101ES01, China). HiScript II Q RT
SuperMix for qPCR (Cat# R223-01, China) and ChamQ Universal SYBR qPCR Master Mix (Cat# Q711-03,
China) were obtained from Vazyme.

Cell culture
The ONS-76 cell lines were acquired from the Japanese Collection of Research Bioresources Cell Bank
(Cat#IFO50355, Japan) and cultured in DMEM containing 10% FCS and 1% penicillin–streptomycin. The
cells were cultured at 37°C with 5% CO2 in a humidified environment.

Drug screening assay
The ONS-76 seeded in a 96-well plate (5000 cells per well) was treated with each drug from the library at
a final concentration of 10µM for 48 hours (hrs). CCK8 reagent was then added, and the OD450 value
was measured following a 1-hr incubation at 37°C. DMSO-treated cells were served as negative control.

Assessment of the 50% inhibitory concentration of celastrol
The ONS-76 seeded in a 96-well plate (5000 cells per well), treated with celastrol at concentrations
ranging from 0 to 64 µM, and then incubated for 24 hrs. CCK8 reagent was then added, and the OD450
value was measured following a 1-hr incubation at 37°C. Each experiment had three accessory Wells, and
each experiment was repeated at least three times. Data analysis was analyzed using the GraphPad
Prism.

Clonogenic proliferation assay
ONS-76 cells were trypsinized, and 200 viable cells were plated in 6-well plates. Following 5 days, the cells
were subjected to treatment with celastrol at a concentration of 0 or 1 µM. Another 5 days later, the cells
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were fixed and stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, United States), and the
visible colonies were subsequently counted.

Wound healing assay
Cells were seeded in 6-well plates at a density of 5 × 105 cells per well and incubated overnight at 37°C
with 5% CO2. The cell monolayers were scratched vertically using a pipette tip and then subjected to three
PBS washes. In the control group, serum-free DMEM was added, while in the celastrol group, 2 µM
celastrol was added. The plates were returned to the incubator, and images were taken at a consistent
field of view for each group at 0, 12, 24, and 48 hours. The extent of healing between the scratch lines
was quantified using ImageJ software (v2.9.0).

Cell migration and invasion assay
For the cell migration assay, cells were resuspended in serum-free DMEM at a concentration of 5 × 105

cells/ml. In the control group, 100 µl of the cell suspension was combined with 100 µl of DMEM, while in
the celastrol group, 100 µl of the cell suspension was mixed with 100 µl of 4 µM celastrol and added to
the upper chamber. Simultaneously, 600 µl of complete medium (medium containing 10% FCS) was
introduced into the lower chamber. After 6 hours of incubation, the upper chamber was fixed with 4%
paraformaldehyde for 15 min, and subsequently stained with 0.5% crystal violet for additional 15 min.

For the invasion assay, 0.2% Matrigel was introduced into the upper chamber before cell seeding. Cells
were resuspended in serum-free DMEM at a concentration of 6 × 105 cells/ml. In the control group, 100 µl
of the cell suspension was mixed with 100 µl of DMEM, while in the celastrol group, 100 µl of the cell
suspension was combined with 100 µl of 4 µM celastrol and added to the upper chamber.
Simultaneously, 600 µl of complete medium (containing 10% FCS) was introduced into the lower
chamber. The culture duration was extended to 24 hours. Images were captured using a Zeiss
microscope (Germany) after the chambers had been dried, and cell counts were quantified using Fiji
software (v2.9.0).

Flow cytometry
ONS-76 cells were seeded into a 6-well plate (1 × 106 cells/well) and treated separately with celastrol at a
final concentration of 2.1 µM for 24 hrs.

In the detection of ROS, we utilized the ROS assay kit. Cells were rinsed with DPBS two times, diluted in
DMEM at a 1:1000 ratio, and incubated in a light-protected cell culture incubator at 37°C for 30 min.

In the detection of apoptosis, we used the Annexin V-fluorescein isothiocyanate (FITC) kit (Beyotime
Institute of Biotechnology). Cells were rinsed with DPBS two times, collected and resuspended in a
binding buffer and stained with Annexin V-FITC/propidium iodide (PI). Cell apoptosis was examined by
flow cytometry (Thermo Fisher Scientific, Waltham, MA, United States).

Data analysis was analyzed using the FlowJo software (Tree Star Inc, Ashland, OR).
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RNA Sequencing Technique
ONS-76 cells were seeded in a 6-well plate with a density of 4 × 105 cells per well. The three biological
samples were then treated with celastrol at a concentration of 2.1 µM for 24 hrs, while another three
samples were treated with DMSO for 24 hrs. The six biological samples were collected using TRIzol
Reagent. The six biological samples were subsequently transported to the Sinotech Genomics Co., Ltd
(Shanghai, China). Total RNA was isolated using RNeasy mini kit (Qiagen, Germany), after which the RNA
concentration and quality were determined by the Qubit®3.0 Fluorometer (Life Technologies, USA) and
the Nanodrop One spectrophotometer (Thermo Fisher Scientific Inc., USA). Integrity of total RNA was
assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., USA), and samples with RNA
integrity number (RIN) values above 7.0 were used for sequencing. One micrograms of RNA were used as
input material for the RNA sample preparations.

Paired-end libraries were synthesized by using the Stranded mRNA-seq Lib Prep Kit for lllumina (ABclonal,
China) following Preparation Guide. Briefly, the poly-A containing mRNA molecules were purified using
poly-T oligo-attached magnetic beads. Following purification, the mRNA is fragmented into small pieces
using divalent cations under 94°C for 10 min. The cleaved RNA fragments are copied into first strand
cDNA using reverse transcriptase and random primers. This is followed by second strand cDNA synthesis
using DNA Polymerase I and RNase H. These cDNA fragments then go through an end repair process, the
addition of a single ‘A’ base, and then ligation of the adapters. The products are then purified and
enriched with PCR to create the final cDNA library. Purified libraries were quantified by Qubit® 3.0
Fluorometer (Life Technologies, USA) and validated by Agilent 2100 bioanalyzer (Agilent Technologies,
USA) to confirm the insert size and calculate the mole concentration. Cluster was generated by cBot with
the library diluted to 10 pM and then were sequenced on the Illumina NovaSeq 6000 (Illumina, USA).

Quantitative PCR
ONS-76 cells were seeded in a 6-well plate at a density of 4 × 105 cells per well. Subsequently, they were
treated with Celastrol at a concentration of 2 µM for 24 hrs. Total cellular RNA was isolated using TRIzol
reagent (Invitrogen) as per the manufacturer's instructions. The total RNA extracted was processed
following the established protocol. Reverse transcription into cDNA was carried out using HiScript Ⅱ Q RT
SuperMix. Real-time PCR was then conducted using ChamQ Universal SYBR qPCR Master Mix, with
triplicate samples run on a Bio-Rad(CFX Opus)qPCR system in accordance with the manufacturer's
instructions. Ct values were normalized to GAPDH, and quantitative analysis was conducted using the
2−ΔΔCt method. The sequences of the primers used are listed in table1.

Tumor xenografts in nude mice
ONS-76 cells (5 × 106) were suspended in PBS and injected subcutaneously into 6-week-old BALB/c nude
mice (Shanghai Laboratory Animal Center, Shanghai, China). About 14 days later, the mice were randomly
divided into two groups: a control group and a celastrol group. The control group of mice received a daily
oral administration of 300 µL of saline, while the celastrol group was given a daily oral dose of 300 µL of



Page 10/21

celastrol at 2 mg/kg/daily. The mice were measured for body weight and tumor volume every 2 days. The
tumor volumes were measured using a vernier caliper and calculated as 0.5 × length × width2. After 20
days of treatment, the tumors were excised from the mice, weighed, and photographed.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 9.5.1 (GraphPad Software, Version X; La Jolla,
CA, United States). All experimental data were displayed as mean ± standard deviation. Statistical
analysis of the data was carried out using unpaired t test, one-way analysis of variance (ANOVA), or two-
way ANOVA. A significance level of p < 0.05 was used to determine statistical significance.
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