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Celastrol promotes apoptosis of breast cancer 
MDA-MB-231 cells by targeting HSDL2
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Abstract 
Objective: Celastrol is a pentacyclic triterpenoid extracted from the traditional Chinese medicinal herb, Tripterygium wilfordii. This 
study aims to provide a scientific basis for the rational development and use of celastrol in breast cancer.

Method: A quantitative chemical biology approach was used to investigate the protein targets and molecular mechanisms of 
celastrol in breast cancer cells.

Results: Low-concentration celastrol exerted an anti-tumor effect by directly binding to hydroxysteroid dehydrogenase-like 2 
(HSDL2) and inhibiting its expression. Moreover, the expression of the pro-apoptotic protein, Bcl-2-associated X (BaX), increased, 
the level of the anti-apoptotic protein, B-cell lymphoma-2 (Bcl-2), decreased, and the rate of apoptosis increased. After the 
transfection of cells with si-HSDL2, the apoptosis rate was similar to that observed after the administration of celastrol. However, 
apoptosis was reversed by the overexpression of HSDL2. Furthermore, our mass spectrometry (MS) data indicated a relationship 
between HSDL2 and the mitogen-activated protein kinase (MAPK) signaling pathway. We also found that the expression of HSDL2 
was directly related to the degree of extracellular signal-regulated kinase (ERK) phosphorylation.

Conclusion: Celastrol may promote apoptosis by suppressing the HSDL2/MAPK/ERK signaling pathway.

Keywords: Activity-based protein profiling, Apoptosis, Celastrol, HSDL2.

Graphical abstract: http://links.lww.com/AHM/A99.

Introduction

Breast cancer is one of the most common types of can-
cer that threatens women’s health[1]. According to data, 
the prevalence of breast cancer among Asian women 
was 22.9% in 2020[2], particularly in Nepal, a devel-
oping country[3]. Triple-negative breast cancer (TNBC) 
is a heterogeneous group of breast tumors defined by 
the absence of human epidermal growth factor recep-
tor 2 (HER2), progesterone receptor (PR), and estrogen 
receptor (ER)[4]. Compared with other types of breast 
cancer, TNBC is characterized by strong invasiveness, 
highly difficult diagnosis, high metastatic potential, 
and poor effects of endocrine and targeted therapies[5]. 
Therefore, the development of new therapeutic strat-
egies for TNBC is urgently required. In this study, we 
aims to explore the drug targets and their underlying 
mechanisms in MDA-MB-231 cells, a typical human 
TNBC cell line, to identify more efficient targets for 
TNBC treatment.

Celastrol is a pentacyclic triterpenoid extracted from 
the traditional Chinese medicinal herb Tripterygium 
wilfordii[6]. The pharmacological properties of celas-
trol, including anti-inflammatory[7], anti-obesity[8], anti-
depressant[9], and anti-cancer activities[10], have been 
extensively studied. Celastrol inhibits the proliferation 
and metastasis of various human tumor types, includ-
ing gastric[11], liver[12], cervical[13], and breast cancers[14]. 
Studies have shown that celastrol can attenuate the 
proliferation and invasiveness of breast cancer cells by 
restraining the expression of interleukin-1β (IL-1β)[15]. 
Celastrol also suppresses the invasion of breast cancer 
cells by reducing the expression of matrix metallopro-
teinase 9 (MMP-9)[16]. Many studies have suggested that 
celastrol is a potential agent for the treatment of breast 
cancer; however, its targets in breast cancer inhibition 
remain unknown and the underlying mechanisms remain 
unclear. Quantitative chemical proteomics combining 
affinity chromatography and mass spectrometry (MS) 
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has been widely used to identify small molecule–protein 
interactions[17]. The identification of drug targets can 
deepen our understanding of the mechanism of action 
of celastrol and reveal its potential therapeutic appli-
cations and safety profile. In this study, we employed 
an activity-based celastrol probe (Cel-p) and quantita-
tive chemical biology methods for target pull down and 
MS identification in breast cancer cells MDA-MB-231 
to elucidate the anti-tumor targets and mechanisms of 
celastrol in MDA-MB-231 cells as a representative of 
TNBC.

Hydroxysteroid dehydrogenase-like 2 (HSDL2) 
belongs to the short-chain dehydrogenase/reductase 
(SDR) superfamily, which is located at the chromosome 
9q32loci and is widely expressed in the liver, fat, and 
other tissues[18]. It catalyzes the reduction and oxidation 
of various substrates such as sugars, vitamin A, steroids, 
and fatty acids[19]. Studies have shown that HSDL2 is 
an effective regulator of fatty acid metabolism[20] and 
is abnormally expressed in numerous types of tumors. 
Although HSDL2 has been reported to play a role in the 
occurrence and development of breast cancer[21], few stud-
ies have investigated the role of HSDL2 in breast cancer, 
and its mechanism of action in the treatment of breast 
cancer remains unclear. Here, we found that HSDL2 
was a direct target of celastrol in MDA-MB-231 cells. 
Additionally, celastrol inhibited HSDL2 expression and 
promoted apoptosis possibly via the mitogen-activated 
protein kinase (MAPK)/extracellular signal-regulated 
kinase (ERK) pathway.

Materials and methods

Reagents and antibodies

For drugs, MS-related reagents, and plasmid sequences, 
refer to literature[7,22]. The pCMV6-HSDL2 overexpres-
sion plasmid was purchased from OriGene. The antibod-
ies used in the experiments are shown in Supplementary 
Table 1, http://links.lww.com/AHM/A100, and 
Supplementary Table 2, http://links.lww.com/AHM/
A101.

Cell culture

The Union Medical College Cell Bank (Beijing, China) 
was used to obtain MDA-MB-231 cells. Cells were grown 
in RPMI-1640 (ThermoFisher, MA, USA) complemented 
with 10% fetal bovine serum (ThermoFisher) and 100 
U/mL penicillin streptomycin solution (ThermoFisher) at 
37°C and 5% CO2. When the cells reached 80% to 90% 
confluence, they were passaged and frozen according to 
experimental requirements.

Cell viability assay

In a 96-well plate, 1 × 105 MDA-MB-231 cells were 
seeded for 20 hours before treatment with various cel-
astrol doses (0, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, and 
16 μM) for 24 hours. Cells were then grown at 37°C and 
5% CO2 for 1 to 2 hours after being treated with 10 μL 
of cell counting kit-8 (CCK-8) assay buffer in 100 μL 
of media. A microplate reader (Thermo Fisher Scientific, 

Waltham, MA, USA) was used to analyze the 450 nm 
absorption spectra of each well.

Western blotting (WB)

Intracellular proteins were extracted using a lysis buf-
fer containing protease inhibitors. Following quan-
tification using the bicinchoninic acid assay, the 
samples were boiled and isolated using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
and the proteins were subsequently transferred to poly-
vinylidene fluoride (PVDF) membranes. After blocking 
with 5% bovine serum albumin (BSA) for 1 hour, mem-
branes were incubated with specific secondary antibod-
ies. Ultimately, an improved chemiluminescence plus 
detection device (Sapphire RGBNIR; Azure Biosystems, 
Dublin, CA, USA) was used to visualize the protein 
bands.

Cellular thermal shift assay (CETSA)

Cells diluted with double-distilled water (ddH2O) con-
taining 50 μM 4-hydroxyethyl piperazine ethanesul-
fonic acid (HEPES) pH 7.5, 100 μM Na3VO4, 10 mM 
MgCl2, 1 mM TCEP, 5 mM β-glucuronidase, and 1× pro-
tease inhibitor, and stored in liquid nitrogen, were lysed 
through repeated freeze-thaw cycles. The supernatant 
was packaged into polymerase chain reaction (PCR) 
tubes and treated with celastrol (0, 5, 10, and 20 μM) 
for 1 h at room temperature. The solutions were heated 
in a thermocycler for 3 min at the stated temperatures 
(37°C, 52°C, and 56°C) and then cooled for 3 min at 
4°C (Applied Biosystems, MA, USA). The soluble super-
natant was analyzed using WB after centrifugation at 
20,000×g for 25 min at 4°C.

Flow cytometry

Apoptosis was measured using the Apoptosis Detection 
Kit I for fluorescein isothiocyanate (FITC) Annexin V 
(Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. A BD LSRFortessa cell analyzer with 
Diva software (version 6.0) was used to collect data, and 
FlowJo software was used for additional analysis (BD 
Biosciences, Franklin Lake, NJ, USA).

Reverse transcription-PCR analysis

RNA was extracted using TRIzol reagent, chloroform, 
and isopropyl alcohol according to the manufactur-
er’s guidelines. The amount of RNA was determined 
using a NanoDrop spectrophotometer (Thermo Fisher 
Scientific). RNA was converted to complementary DNA 
(cDNA) using a reverse transcription kit at the follow-
ing temperatures: 25°C for 5 min, 50°C for 45 min, and 
85°C for 5 min. Reverse transcription-PCR was used to 
amplify cDNA, according to the manufacturer’s recom-
mendations. Forty cycles of amplification were performed 
at the following temperatures: 94°C pre-denaturation 
for 30 seconds, 94°C denaturation for 5 seconds, 60°C 
annealing for 15 seconds, and 72°C extension for 10 
seconds. The 2Ct technique was used to determine the 
mRNA expression of the target gene.
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Fluorescence labeling

Six-well plates containing 6 × 105 cells were used to label 
the living cells in situ. After 80% to 90% confluence was 
achieved, Cel-p (0.5, 1, 2, and 4 μM) or dimethyl sulfoxide 
(DMSO) was added to the wells for 2 hours. Competitive 
trials to join the various celastrol incubation for 2 h. Cells 
were lysed using RIPA containing a 1× protease inhibitor. 
After protein measurement, 100 μg of protein (in 1 mM 
NaVC, 100 mM THPTA, 1 mM CuSO4, and 50 mM 
TAMRA azide) was obtained for the click reaction. The 
reaction was allowed to proceed for 2 h at room tempera-
ture, with vigorous shaking. After overnight precipitation, 
the protein was separated by SDS-PAGE and 1× loading 
buffer (50 μL) was added. Visualization was accomplished 
using laser scanner fluorescence (Sapphire RGBNIR; 
Azure Biosystems). To determine the amount of protein 
loaded, SDS-PAGE gels were stained with the Instant Blue 
Coomassie Protein Stain.

Plasmid transfection

The plasmid was mixed with Lipofectamine 2000 
(Thermo Fisher Scientific) in Opti-MEM (Thermo Fisher 
Scientific), according to the manufacturer’s instructions. 
Subsequently, the cells were transfected with the mixture 
and cultured for 24 to 72 h according to experimental 
requirements.

Target identification

The experimental procedure was performed as previously 
described. In the presence or absence of the original drug 
(4×), the cells were treated for 4 h with Cel-p or DMSO, 
and the protein was extracted for the click reaction (biotin 
tag). After acetone precipitation, 1.5% SDS was added for 
ultrasonic rupture. Subsequently, 1× PBS (10.5 mL) was 
added and 1.5% SDS was diluted to 0.1%. The beads 
(60 μL) were then incubated at room temperature for 4 h. 
Thereafter, 1% SDS (30 mL; 10 mL each time) and 0.1% 
SDS (10 mL) were added. Protein samples incubated with 
beads were washed with 6 M urea (30 mL; 10 mL each 
time) and centrifuged at 1,000×g for 5 min at room tem-
perature to remove nonspecific binding. Next, 100 mM 
dithiothreitol (25 μL) was added and the mixture was 
incubated at 37°C for 30 min on a shaker. Subsequently, 
400 mM indole acetic acid (25 μL) was added and the 
mixture was incubated at 37°C for 50 min on a shaker. 
The mixture was washed three times with 1× PBS; 2 M 
urea (150 μL), 1 mM CaCl2 (150 μL), and trypsin (2.5 μg) 
were added to each tube, and the mixture was incubated 
at 37°C overnight. To terminate the reaction, 0.1% for-
mic acid was added to the digested samples. Subsequently, 
methanol (1 mL), acetonitrile (2 mL), and 0.1% formic 
acid in water (3 mL) were added to activate the column. 
The supernatant samples were loaded five times, along 
with 0.1% formic acid water (2 mL) for desalting and 
formic acid water 70% acetonitrile (500 μL). The 1 M 
tetraethyl-ammonium bromide (TEAB) was diluted to 
100 mM with ddH2O, and the dried protein sample was 
re-dissolved in 20 μL TEAB. Four microliters of differ-
ent tandem mass tag (TMT) reagents (128C, 130N, and 
127C) were added to each group and labeled. Samples 

were incubated in a shaker at 37°C and 800 rpm for 2 
hours in the dark. After the reaction was completed, 20 μL 
of 1 M Tris-HCl (pH = 8.0) was added to each tube to ter-
minate the reaction. The three tubes were then combined 
into one tube for desalination (the steps were the same as 
above). The eluted sample was dried and frozen at −80°C 
for long-term storage. Dried samples were re-suspended 
in 0.1% formic acid in water and 1% acetonitrile for liq-
uid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis.

Cellular imaging

Cells were plated in a confocal dish and incubated with 
Cel-p for different time periods (0, 60, and 120 min). 
Cells were washed three times with 1× PBS, fixed with 
4% paraformaldehyde for 20 min, washed three times 
with 1× PBS, incubated with 0.2% TitonX-100 for 
15 min for permeabilization, washed three times with 
1 ×PBS, blocked with 5% BSA for 1 h, washed three 
times with 1× Tris buffered saline Tween (TBST), and 
incubated with click reagent for 2 h in the dark. The 
freshly prepared click reaction reagent was incubated 
with the cells for 2 h at room temperature with gentle 
shaking. The cells were then washed three times with 
1× TBST.

Statistical analysis

In all statistical analyses in this study, P < 0.05 indicated 
that the difference was statistically significant, and the 
experimental data are presented as mean ± standard 
error (X ± SEM). SPSS (version 26.0) was used as the sta-
tistical analysis software and GraphPad prism 8.0 was 
used as the mapping software.

Results

The targets of celastrol in MDA-MB-231 cells were identified 
by ABPP

A modified celastrol was synthesized and termed Cel-p 
(Figure 1A). In the synthesis of Cel-p, we introduced 
an alkyne group far from the active center of celastrol, 
which was unlikely to destroy its bioactivity (Figure 1A). 
The CCK-8 assay was used to determine whether celas-
trol and Cel-p exhibited similar cytotoxicity and the most 
effective drug concentration. The results showed that the 
half maximal inhibitory concentration (IC50) values of 
Cel-p and celastrol were 1.973 and 1.445 μM, respec-
tively (Figure 1B). These data indicated that celastrol 
and Cel-p exhibited similar cytotoxicities, confirming the 
equivalence of the probe and the original drug. Celastrol 
had a concentration-dependent ability to significantly 
reduce cell viability and proliferation at concentrations 
greater than 1.973 μM. Therefore, the probe synthesized 
by introducing a bioorthogonal reaction group into cel-
astrol did not affect the activity of the original drug, and 
Cel-p could be used in subsequent research. These results 
indicate that the anti-cancer activity of celastrol was 
completely retained in the modified molecule.

The fluorescent dye or biotin tag was added to the 
alkyne group via a click chemistry reaction, allowing 

D
ow

nloaded from
 http://journals.lw

w
.com

/ahm
 by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 04/12/2024



95

Liu et al.  •  Volume 4  •  Number 1  •  2024� www.ahmedjournal.com

the targets of Cel-p to be visualized by SDS-PAGE or 
affinity-purified targets identified by MS (Figure 1C). We 
investigated the effectiveness of Cel-p protein labeling 
and competition efficiency with celastrol to determine 
the possible target proteins of celastrol. As shown in 
Figure 1D, after 4 hours of incubation with Cel-p at a 
concentration of 4 μM, strong labeling efficiency and 
concentration-dependent labeling of MDA-MB-231 cells 
and obviously visible bands were observed. The labeling 
efficiency of Cel-p (4 μM) became progressively weaker 
under the condition with the celastrol competitor (4-32 
μM), suggesting that the probe bound similar target 
proteins to those of celastrol (Figure 1E). Subsequently, 

the Cel-p alkyne tag was used to perform a click chem-
istry reaction with the red fluorescent dye tetrameth-
ylrhodamine (TAMRA) azide to detect its subcellular 
localization. Cell imaging showed that Cel-p entered the 
nucleus from the cytoplasm after 2 h (Figure 1F). These 
data indicated that Cel-p had a high labeling efficiency 
in vitro and could be used in subsequent chemical pro-
teomic analyses.

Celastrol promoted apoptosis of MDA-MB-231 cells

Previous studies have indicated that treatment with 
celastrol can induce apoptosis in cancer cells[11,23].  

Figure 1.  The targets of Cel in the MDA-MB-231 cells were identified using ABPP. (A) Chemical structures of Cel and Cel-P. (B) IC50 values of Cel 
and Cel-p in MDA-MB-231 cells. (C) Process flow for identifying possible Cel targets by ABPP profiling. (D) Labeling efficiency of Cel-p in living cells 
at concentrations of 0–4 µM. (E) Competitive effect of Cel-p on living cells during early incubation with Cel (1×, 2×, 4×, and 8×). (F) Cellular imaging 
of Cel-p in MDA-MB-231 cells (scale bar: 300 µm). ABPP: Activity-based protein profiling; CBB: Coomassie brilliant blue; Cel: Celastrol; Cel-p: 
Celastrol probe; FL: Fluorescence; IC50, Half maximal inhibitory concentration; LC-MS/MS: Liquid chromatography-tandem mass spectrometry; 
SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TMT: Tandem mass tag.
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Here, we investigated whether celastrol induces apop-
tosis in MDA-MB-231 cells and explored the under-
lying molecular mechanisms. Cells were treated with 
celastrol (1, 2, and 4 µM) or DMSO, and apoptosis 
was detected by flow cytometry analysis using Annexin 
V-FITC/propidium iodide (PI) staining. As shown in 
Figure 2A, the PI red probe accumulated in the nucleus 
and emitted a strong red fluorescent signal in the drug 
groups, the Annexin V green fluorescence was signifi-
cantly reinforced only in the cytoplasm, and the cell 
membrane ruptured in the celastrol group (4 µM). 
The results showed that apoptosis was concentration- 
dependent, where only early apoptosis occurred at 1 
µM celastrol and late apoptosis began to occur when 
the concentration was increased to 2 µM (Figure 2B, 
F). B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated 
X (BaX) are typical biomarkers of the mitochondrial 
apoptosis pathway. Therefore, we detected changes in 
Bcl-2 and BaX levels using WB as indicators of celastrol- 
induced apoptosis (Figure 2C). The results showed that 
compared to the control group (0 µM), the expres-
sion levels of BaX and Bcl-2 in the celastrol group 
increased and decreased, respectively (Figure 2D, E). 
These results revealed that celastrol induces apoptosis 
in MDA-MB-231 cells in a dose-dependent manner.

Celastrol directly bound to HSDL2

TMT-labeled quantitative chemical proteomics was used 
to identify the Cel-p targets in MDA-MB-231 cells. Cells 
were incubated with Cel-p (4 µM) in the presence or 
absence of celastrol (16 µM) for 4 hours. Cell lysates 
were then incubated with streptavidin beads, which can 
be used to collect labeled proteins. Subsequently, the 
samples were subjected to denaturation, reduction, and 
digestion, and the peptides were identified by LC-MS/
MS. A total of 828 targets were identified. Based on 
the ratios of the probe and competitive groups (>2 and 
>1, respectively), 41 of these proteins were found to be 
highly reliable (Figure 3A). HSDL2 was identified as 
a direct binding target of celastrol, and previous stud-
ies have demonstrated its role in tumors[24]. Therefore, 
we further investigated the importance of HSDL2. The 
pull-down assay and WB were performed to verify 
direct interactions between celastrol and HSDL2. The 
results showed that celastrol (4×) completely competed 
for binding of Cel-p to HSDL2, indicating that HSDL2 
directly interacted with celastrol (Figure 3B). The results 
of the CETSA further supported the idea that the direct 
interaction between celastrol and HSDL2 increased the 
thermal stability of the latter compared to that of the 
control group (Figure 3C, D).

Figure 2.  Celastrol promotes apoptosis in breast cancer cells. (A) Fluorescence intensity analysis after incubation of MDA-MB-231 cells with 
Hoechst 33342/Annexin V-FITC/PI (scale bar: 10 µm). (B, F) Apoptosis was detected using flow cytometry. Data are presented as the mean ± SD 
(n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001 denote statistically significant differences compared with the control group. (C–E) BaX and Bcl-2 
levels were measured by WB. GAPDH was used as a loading control. BaX: Bcl-2-associated X; Bcl-2: B-cell lymphoma-2; FITC: Fluorescein iso-
thiocyanate; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; PI: Propidium iodide; SD: Standard deviation; WB: Western blotting.
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HSDL2 affected the apoptosis of MDA-MB-231 cells

To further investigate the relationship between HSDL2 and 
apoptosis in MDA-MB-231 cells, we used transient trans-
fection to knock down the expression of HSDL2. WB and 
quantitative polymerase chain reaction (qPCR) analyses 
confirmed that the expression of HSDL2 decreased at both 
the protein and mRNA levels (Figure 4B, C). Moreover, 
the expression of the pro-apoptotic protein BaX increased, 
whereas that of the anti-apoptotic protein Bcl-2 decreased 
(Figure 4B). The results of flow cytometry analysis showed 
that the apoptosis rate increased, thereby confirming that 
the knockdown of HSDL2 expression promoted apopto-
sis (Figure 4A). Moreover, it also reduced the IC50 value 
of celastrol (Figure 4D). Contrastingly, overexpression of 
HSDL2 in cells resulted in the opposite effects, and apopto-
sis was reversed (Figure 4E–H). These data suggested that 
HSDL2 mediates apoptosis in breast cancer cells.

Celastrol promoted apoptosis of MDA-MB-231 cells by 
targeting HSDL2

Previous studies have confirmed that celastrol can induce 
apoptosis and that knockdown of HSDL2 promotes 
apoptosis. However, it remains unclear whether celas-
trol induces apoptosis by acting on HSDL2. Initially, the 
expression of HSDL2 was measured after treatment with 
different drug concentrations and at various time points 
after in situ administration. The results showed that 
HSDL2 expression decreased in a concentration- and 

time-dependent manner (Figure 5A, B). Subsequently, we 
measured the expression levels of the BaX and Bcl-2 pro-
teins after celastrol treatment and HSDL2 overexpres-
sion. After overexpression of HSDL2, the expression of 
the pro-apoptotic protein BaX decreased, whereas that 
of the anti-apoptotic protein Bcl-2 increased compared 
to that in the control group (Figure 5C). Collectively, 
these results reveal that celastrol targets HSDL2 and 
effectively inhibits its expression, thereby inducing apop-
tosis in breast cancer cells.

Celastrol inhibited the phosphorylation of the MAPK 
pathway in MDA-MB-231 cells

We demonstrated that celastrol promoted apoptosis by 
inhibiting the expression of HSDL2. To further understand 
the mechanism of this action, we conducted an in-depth 
study of the signaling pathways related to HSDL2. It has 
been reported that the inhibition of HSDL2 could be car-
ried out by suppressing the ERK pathway[24]. According to 
the Kyoto Encyclopedia of Genes and Genomes pathway 
analysis, our differentially expressed proteins were mainly 
related to the MAPK cascades, which participate in the 
regulation of apoptosis in tumor cells and form a clas-
sical signal transduction signaling pathway with ERK[25] 
(Figure 6A). Therefore, we investigated whether celastrol 
influences the MAPK/ERK pathway by inhibiting ERK 
phosphorylation. As shown in Figure 6B, ERK phosphor-
ylation was inhibited after treatment with celastrol in a 

Figure 3.  Cel bounds directly to HSDL2. (A) After treatment with Cel-p (4 µM) and Cel (16 µM), 828 targets were captured by ABPP and mass spec-
trometry. The high-confidence target was HSDL2. The following criteria were established: 41 measured proteins from the Cel-P ABPP experiment 
are shown in a scatter plot. The x-axis shows the mean log2 difference in protein abundance between the Cel-p and DMSO control groups, while 
the y-axis shows the mean log2 difference between the Cel-p and Cel + Cel-p groups. Each dot represents the measured protein. The associated 
number of peptide spectrum matches was inversely correlated with the dot size. (B) Pull-down western blotting revealed that Cel-P and Cel had 
the same binding ability to HSDL2. (C, D) CETSA revealed that Cel binds to HSDL2 and improves its thermal stability. For HSDL2, whole cell lysates 
were analyzed. GAPDH was used as a loading control. ABPP: Activity-based protein profiling; Cel: Celastrol; Cel-P: Celastrol probe; CETSA: Cellular 
thermal shift assay; DMSO: Dimethyl sulfoxide; FC: Fold change; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HSDL2: Hydroxysteroid 
dehydrogenase-like 2; PSMs: Peptide-spectrum matches.
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Figure 4.  HSDL2 affects breast cancer cell apoptosis. HSDL2 knockdown by siRNA transfection in MDA-MB-231 cells. (siRNA: si-HSDL2#1 or 
si-HSDL2#2; NC: negative control siRNA; n = 3.) (A–D) Flow cytometry, estern blotting, qPCR, and CCK-8 assays were used to detect the effect of 
HSDL2 knockdown on apoptosis. GAPDH was used as a loading control. (E–H) Flow cytometry, western blotting, qPCR, and CCK-8 assays were 
used to detect the effect of HSDL2 protein overexpression on apoptosis. GAPDH was used as a loading control. Data are shown as mean SD (n = 3) 
of the total data. The following symbols indicate statistically significant differences from the control group: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. BaX: Bcl-2-associated X; Bcl-2: B-cell lymphoma-2; CCK8: Cell counting kit-8; GAPDH: Glyceraldehyde-3-phosphate dehydro-
genase; HSDL2: Hydroxysteroid dehydrogenase-like 2; OE: Overexpression; PI: Propidium iodide; qPCR: Quantitative polymerase chain reaction; 
SD: Standard deviation; siRNA: Small interfering RNA.
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concentration-dependent manner. Following overexpres-
sion of HSDL2, the phosphorylation level of ERK signifi-
cantly increased (Figure 6C). These results revealed that 
celastrol induced apoptosis by suppressing the HSDL2/
MAPK/ERK signaling pathway.

Discussion

Breast cancer is a common cause of mortality in females in 
developing countries[26]. Compared to other types of breast 
cancer, TNBC is characterized by strong invasiveness, 

difficult diagnosis, high metastatic potential, and poor 
response to endocrine and targeted therapies. Therefore, 
it is necessary to develop novel therapeutic strategies for 
TNBC. Celastrol is a pentacyclic triterpenoid compound 
that has been reported to be effective in treating breast 
cancer; however, the targets of celastrol in breast cancer 
inhibition are still unknown, and the underlying mech-
anisms remain unclear. Here, we investigated the direct 
interaction targets of celastrol in MDA-MB-231 cells and 
found that HSDL2 is a specific binding target of celastrol 
and celastrol-mediated apoptosis via the HSDL2/MAPK/

Figure 5.  Celastrol promotes the apoptosis of breast cancer cells by acting on HSDL2. (A, B) After treatment with various doses of celastrol (0, 1, 2, 
4 μM) and at various intervals (0, 6, 12, 24 h), the expression of HSDL2 was detected by using WB. (C) The levels of HSDL2 and apoptotic proteins 
were detected by WB after the administration of celastrol in the control and overexpression groups. *P < 0.05. BaX: Bcl-2-associated X; Bcl-2: 
B-cell lymphoma-2; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HSDL2: Hydroxysteroid dehydrogenase-like 2; O/E: Overexpression; 
WB: Western blotting.

Figure 6.  In MDA-MB-231 cells, celastrol inhibits the MAPK pathway. (A) Mass spectrometry data were imported into the DAVID database and 
nine high-confidence pathways were identified. (B, C) The protein expressions of ERK and p-ERK were detected by WB after 24 h of celastrol 
administration (0, 1, 2, 4 μM) or 48 h of HSDL2 overexpression. ERK: Extracellular signal-regulated kinase; GAPDH: Glyceraldehyde-3-phosphate 
dehydrogenase; HSDL2: Hydroxysteroid dehydrogenase-like 2; KEGG: Kyoto encyclopedia of genes and genomes; MAPK: Mitogen-activated 
protein kinase; OE: Overexpression; p-ERK: Phosphorylated extracellular signal-regulated kinase; WB: Western blotting.

D
ow

nloaded from
 http://journals.lw

w
.com

/ahm
 by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 04/12/2024



100

Liu et al.  •  Volume 4  •  Number 1  •  2024� www.ahmedjournal.com

ERK pathway in MDA-MB-231 cells. These findings pro-
vide new directions for breast cancer research and clinical 
treatment of TNBC. However, it may also exert antitu-
mor effects through other target proteins or signaling 
pathways, and more in-depth studies are needed.

To investigate the fundamental mechanisms and target 
proteins of celastrol in breast cancer cells, Cel-p was cre-
ated using a clickable alkyne tag. Subsequently, the tar-
get protein covalently bound to celastrol was identified 
using a combination of activity-based protein profiling 
(ABPP), biological orthogonal clicking chemistry, and 
LC-MS/MS. The results of the ABPP assay indicated that 
celastrol directly binds to HSDL2. HSDL2 is responsible 
for steroid hormone biosynthesis in cells. Studies have 
shown that HSDL2 is involved in lipid metabolism and 
regulates the growth, proliferation, and metastasis of 
cervical cancer cells[22]. Currently, only the natural drug, 
cucurbitacin E, has been shown to inhibit the expression 
of HSDL2 in tumor cells[24]. We used synthetic Cel-p 
to label and compete with the original drug protein in 
situ and the results identified HSDL2 as one of the most 
reliable targets. The pull-down assay and CETSA WBs 
also clearly demonstrated that celastrol targeted HSDL2. 
Following in situ administration, celastrol inhibited 
HSDL2 expression in a concentration-dependent manner.

Apoptosis plays a significant role in the maintenance 
of cellular homeostasis during normal development and 
aging[27]. In type I programmed apoptosis, cells exhibit 
obvious characteristic changes, cell contracture after 
the nucleus, cytoplasmic fragmentation, and cell mem-
brane blistering; finally, the formed apoptotic bodies are 
phagocytosed[28]. The Bcl-2 family of genes is mainly 
located in the mitochondrial membrane of cells. BaX 
can form a dimer with Bcl-2, inhibit the activity of Bcl-
2, and prevent the passage of cytochrome C through 
the mitochondria[29,30]. We confirmed that celastrol 
treatment promoted apoptosis in MDA-MB-231 cells. 
Moreover, the expression of the pro-apoptotic protein 
BaX increased, that of the anti-apoptotic protein Bcl-2 
decreased, and the rate of apoptosis increased. After 
the knockdown of HSDL2 in MDA-MB-231 cells, the 
apoptosis rate was similar to that observed after celas-
trol administration. However, apoptosis was reversed 
by the overexpression of HSDL2. These results suggest 
that celastrol promotes apoptosis by inhibiting HSDL2 
expression.

To further understand the underlying mechanism of 
this action, we conducted an in-depth study of the signal-
ing pathways related to HSDL2. Our MS data showed 
that the differentially expressed proteins were mainly 
related to the MAPK cascades that participate in the 
regulation of apoptosis in tumor cells and form a clas-
sical signal transduction signaling pathway with ERK. 
The inhibition of HSDL2 could also be carried out by 
suppressing the ERK pathway[24]. Therefore, we exam-
ined whether celastrol inhibits HSDL2 expression and 
induces apoptosis in cancer cells through the MAPK/
ERK signaling pathway.

The rapidly accelerated fibrosarcoma (RAF)-MEK-
ERK signaling cascade is a well-characterized MAPK 
pathway involved in cell proliferation and survival[31]. 
ERKs (ERK1 and ERK2), also termed MAPK3 and 
MAPK1, respectively[32], are downstream signaling 

modules that initiate a three-layer MAPK signaling 
cascade after the activation of receptor tyrosine kinase 
(RTK) and reliability, availability and serviceability 
(RAS), thereby guiding a series of physiological func-
tions[33]. Abnormal activation of the MAPK1/3 pathway 
is associated with tumor development[34,35]. Therefore, 
we selected ERK molecules in the MAPK pathway to 
verify whether celastrol and HSDL2 were involved in 
the MAPK1/3 pathway. ERK phosphorylation in the 
MAPK pathway changed after celastrol administra-
tion and HSDL2 overexpression. Thus, our results con-
firm that celastrol is involved in the regulation of the 
MAPK1/3 pathway through HSDL2. Based on these 
results, we concluded that celastrol induces apoptosis 
by suppressing the HSDL2/MAPK/ERK signaling path-
way. Our results provide new binding targets for cel-
astrol in the treatment of cancer as well as additional 
agent options and target information for the treatment 
of breast cancer, especially TNBC.
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