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Celastrol attenuates the invasion
and migration and augments the anticancer
effects of olaparib in prostate cancer
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Abstract

Background Prostate cancer (PCa) is a leading malignancy among men globally, with rising incidence rates
emphasizing the critical need for better detection and therapeutic approaches. The roles of HSP90OABT and PARP1 in
prostate cancer cells suggest potential targets for enhancing treatment efficacy.

Methods This study investigated the overexpression of HSP90AB1 and PARP1 in prostate cancer cells and the
impact of HSP90OAB1 knockdown on the sensitivity of these cells to the PARP inhibitor olaparib. We also explored the
combined effect of olaparib and celastrol, an HSP90 inhibitor, on the clonogenic survival, migration, proliferation, and
overall viability of prostate cancer cells, alongside the modulation of the PI3K/AKT pathway. An in vivo PC3 xenograft
mouse model was used to assess the antitumor effects of the combined treatment.

Results Our findings revealed significant overexpression of HSP90AB1T and PARP1 in prostate cancer cells.
Knockdown of HSP90AB1 increased cell sensitivity to olaparib. The combination of olaparib and celastrol significantly
reduced prostate cancer cell survival, migration, proliferation, and enhanced cumulative DNA damage. Celastrol also
downregulated the PI3K/AKT pathway, increasing cell susceptibility to olaparib. In vivo experiments demonstrated
that celastrol and olaparib together exerted strong antitumor effects.

Conclusions The study indicates that targeting both HSP9OABT and PARP1 presents a promising therapeutic strategy
for prostate cancer. The synergistic combination of celastrol and olaparib enhances the efficacy of treatment against
prostate cancer, offering a potent approach to combat this disease.
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Background

Prostate cancer (PCa) is one of the most prevalent malig-
nancies affecting men globally, marked by its hetero-
geneous nature and variable clinical outcomes [1, 2]. It
ranges from indolent tumors, which may need minimal
to no treatment, to aggressive forms that require prompt
and often multifaceted therapeutic strategies [3]. The
development of PCa is influenced by a complex inter-
play of genetic, environmental, and lifestyle factors [4, 5].
Despite advances in early detection and treatment, PCa
remains a significant public health challenge [6]. Early
detection through screening, such as PSA (Prostate-
Specific Antigen) testing, has been pivotal in identifying
potential cases, yet it raises concerns regarding over-
diagnosis and overtreatment [1, 7]. Androgen depriva-
tion therapy (ADT) is crucial in treating PCa, primarily
by reducing androgen levels to inhibit tumor growth
[8]. However, its effectiveness diminishes over time with
the development of castration-resistant prostate can-
cer (CRPC), and prolonged use leads to significant side
effects like osteoporosis and cardiovascular issues [9].
Specific drugs like abiraterone, enzalutamide, docetaxel,
and sipuleucel-T have shown efficacy, particularly in
advanced stages. Abiraterone and enzalutamide target
the androgen receptor pathway, while docetaxel is a che-
motherapy agent, and sipuleucel-T is an immunotherapy
[10]. However, their limitations include the development
of drug resistance, particularly in metastatic castration-
resistant prostate cancer (mCRPC) [10, 11]. Recent
trends in research and treatment have focused on per-
sonalized medicine approaches, integrating patient-spe-
cific genetic and molecular profiles to guide therapy. As
the demographic shifts towards an older population, the
incidence and impact of PCa are expected to rise, under-
scoring the need for continued research and innovation
in its management.

HSP90AB1 (heat shock protein 90 kDa alpha, class B,
member 1), a member of the HSP90 (heat shock protein
90) family, plays a pivotal role in cellular homeostasis and
protein folding. As a molecular chaperone, it assists in
the proper folding and functional maintenance of vari-
ous client proteins, including kinases, hormone recep-
tors, and transcription factors [12]. Elevated expression
of HSP90AB1 has been observed across various solid
tumors, indicating its significant role in oncogenesis.
Multiple investigations have revealed that HSP90AB1
facilitates tumorigenesis in a spectrum of cancers, includ-
ing gastric cancer, breast cancer, non-small cell lung can-
cer (NSCLC), hepatocellular carcinoma, and head and
neck squamous cell carcinoma [13-18]. It supports the
stability and function of numerous oncoproteins, thereby
facilitating tumor growth, survival, and resistance to
therapies [19, 20]. The involvement of HSP90AB1 in
these processes makes it a potential target for cancer
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therapeutics, with research increasingly focusing on
HSP90 inhibitors to disrupt its function in cancer cells.

Celastrol, a pentacyclic triterpenoid extracted from
Tripterygium wilfordii roots, selectively destabilizes ste-
roid receptors by inhibiting HSP90AB1 activity and alter-
ing the three-dimensional structure of its co-chaperone
p23 [21]. Gaining prominence for its anti-inflammatory
and antioxidant properties [22, 23], celastrol has recently
emerged as a potential therapeutic agent in cancer treat-
ment. Studies have also highlighted its role in enhancing
the efficacy of existing chemotherapeutic agents, posi-
tioning celastrol as a promising adjunct in cancer therapy
[24]. Owing to its ability to target critical molecular path-
ways and its prospective synergistic effects with other
anticancer agents, the research potential of celastrol in
cancer therapy is substantial.

PARP inhibitors, notably olaparib, have emerged as
significant therapeutic agents, particularly in cancers
with defective DNA repair mechanisms, such as BRCA-
mutated tumors [25]. Olaparib, has shown substantial
efficacy in various cancers, including ovarian, breast, and
PCa [26-28]. Its mechanism of action involves the trap-
ping of PARP on damaged DNA, leading to cell death,
especially in cells deficient in homologous recombination
repair (HRR) [29]. In PCa, olaparib has gained attention
for its effectiveness in patients with mutations in DNA
repair genes, offering a targeted treatment approach [28,
30]. However, resistance inevitably emerges during its
clinical application, which can lead to cancer progres-
sion and reduced survival rates, posing a substantial
challenge in clinical management [31]. The combina-
tion of olaparib with other therapeutic agents in cancer
treatment holds significant clinical implications, offering
a strategy to enhance efficacy and overcome resistance
of monotherapy. When combined with drugs targeting
other pathways, such as angiogenesis inhibitors, immune
checkpoint blockers, or chemotherapy agents, can lead to
synergistic effects [29]. Such combinational strategies are
crucial for optimizing therapeutic outcomes and expand-
ing the scope of effective treatments in oncology.

In this study, we discovered that both HSP90AB1 and
PARP1 are significantly overexpressed in PCa cell lines,
and the elevated expression levels of these proteins are
associated with a lower overall survival probability in
patients with PCa. Interference with HSP9OAB1 expres-
sion enhanced the sensitivity of PCa cell lines to olapa-
rib. Functional assays demonstrated that combination
therapy with celastrol and olaparib had superior efficacy
compared to monotherapy in both in vitro and in vivo
models. This study underscores the potential of using a
combination of celastrol and olaparib as an innovative
therapeutic approach for PCa.
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Methods

Data resources

The expression and transcript data for HSP90AB1 and
PARP1 were obtained from TCGA projects. Kaplan-
Meier curves representing survival of PCa patients with
different expression of HSP90AB1 or PARPI1 as deter-
mined using the publicly available R2 platform (r2.amc.
nl). The Correlation Analysis between HSP90AB1 and
PARP1 was plotted by freely accessible GEPIA Database
(http://gepia2.cancer-pku.cn/).

Cell culture and drugs

The cell lines RWPE-1, 22RV1, PC3, and DU145 were
procured from Zhong Qiao Xin Zhou Biotechnology Co.,
Ltd., Shanghai, China. The RWPE-1 cells were propa-
gated in a specialized medium provided by ZQXZ Bio,
Shanghai, China. Both 22RV1 and DU145 cell lines were
maintained in RPMI-1640 medium, enriched with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomy-
cin (P/S), and incubated at 37 °C within an atmosphere
containing 5% CO2. Similarly, PC3 cells were grown in
F-12 K medium formulated by ATCC, supplemented
with 10% FBS and 1% P/S, and also incubated at 37 °C in
a 5% CO, ambiance. The pharmacological agents olapa-
rib (AZD2281) and celastrol (HY-13067) were sourced
from MedChemExpress, Monmouth Junction, NJ, USA.

Antibodies

Antibodies against HSP90AB1 (11405-1-AP) and
GAPDH (60004-1-Ig) were obtained from Proteintech
(Wuhan, China). Antibodies against PARP1 (ab227244),
yH2AX (phospho S139) (ab81299) and Ki-67 (ab92742)
were purchased from Abcam (Cambridge, UK). Anti-
bodies against p-AKT (phospho Ser473) (4060T), AKT
(4691T), p-PI3K (phospho Tyr458/Tyr199) (17366s) and
PI3K (4257T) were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).

Plasmids and short hairpin RNA transfection

The interference plasmid for HSP90AB1 and the nega-
tive control plasmid shNC are preserved in our labora-
tory. Transfection of all plasmids was performed using
FuGENE°HD transfection reagent (Promega Corpora-
tion, Madison, W1, USA).

Western blot analysis

Cells were harvested and lysed using RIPA buffer for pro-
tein extraction. Protein concentrations of the lysates were
quantified utilizing the bicinchoninic acid (BCA) assay.
Equivalent amounts of protein from each lysate were
combined with SDS sample buffer, subjected to SDS-
PAGE, and electrotransferred onto polyvinylidene fluo-
ride (PVDF) membranes. The membranes were blocked
in nonfat dry milk for 2 h at 37 °C, followed by overnight
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incubation at 4 °C with primary antibodies. Subsequent
incubation with the corresponding secondary antibod-
ies was conducted at a dilution of 1:10,000 for 1 h at
37 °C. The membranes were then washed with TBST and
developed using an enhanced chemiluminescence (ECL)
detection system.

Cell viability and colony formation assay

Cell viability was assessed using a Cell Counting Kit-8
(CCK-8) assay (APExBIO Technology LLC, Houston,
USA) according to the manufacturer’s instructions with
minor modifications. Post-drug treatment or plasmid
transfection, cells were plated at a density of around
5,000 cells per well into 96-well plates. At the 24 h, 48 h,
and 72 h marks of incubation, the medium was supple-
mented with 10% CCK-8 and continued to incubate for a
further 2 h. Cell viability was measured at 450 nm using
a Multiskan Spectrum instrument (Synergy H4, BioTek,
USA).

To assess the colony-forming capability of cells after
treatment, a colony formation assay was performed. Cells
were first treated with different drugs. Following trypsin-
ization and cell counting, 22RV1 cells were seeded at 800
cells per well, while PC3 and DU145 cells were seeded at
500 cells per well, in 6-well plates. Cells were cultured
at 37 °C in a humidified atmosphere with 5% CO2. The
medium was refreshed every 3 to 4 days to provide nutri-
ents essential for colony growth. After an incubation for 2
weeks, the cells were washed gently with phosphate-buft-
ered saline (PBS) and fixed with 4% paraformaldehyde for
15 min at room temperature. Fixed colonies were stained
with 0.5% crystal violet in 20% methanol for 15 min to
enhance visibility. Excess stain was washed away with tap
water, and plates were air-dried. The number of colonies
was counted using Image] 1.8.0 software (National Insti-
tutes of Health, Bethesda, MD, USA).

Wound scratch assay

The wound scratch assay was conducted to evaluate cell
migration. Cells were seeded in 6-well plates and grown
to 90—-100% confluence to form a monolayer. After reach-
ing confluence, the monolayer was scratched with a ster-
ile 10 pL pipette tip to create a straight-line “wound”.
Debris was removed by washing the cells gently with
PBS. Subsequently, the cells were incubated in medium
with reduced serum and drug.

Photographs of the scratch were taken immediately
after the wound was made (0 h), recorded as wl. The
same area of the scratch was photographed at subse-
quent time points (e.g., 48 h, recorded as w2) to monitor
cell migration into the wound space. The relative migra-
tion rate was calculated using the formula: (wl - w2) /
w1x100%.
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EdU assay

Cell proliferation was assessed using an EdU assay, which
is based on the incorporation of the thymidine ana-
log 5-ethynyl-2’-deoxyuridine (EdU) into DNA during
active DNA synthesis. This assay was conducted using
the EdU imaging kits (APExBIO Technology LLC, Hous-
ton, USA). Briefly, cells were seeded in 6-well plates and
allowed to attach overnight. Following treatment with
different drugs, cells were incubated with EdU (10 uM)
for 2 h to label proliferating cells. After EAU incubation,
cells were fixed with 4% paraformaldehyde for 15 min at
room temperature and permeabilized with 0.5% Triton
X-100 in PBS for 20 min. After the click-it reaction was
performed, fluorescent microscopy was used to visualize
and quantify the incorporated EdU (indicative of DNA
synthesis) and DAPI (indicating total cell nuclei). The
percentage of EdU-positive cells was calculated by count-
ing the number of EdU-stained cells and dividing by the
total number of DAPI-stained cells, multiplying by 100.

Immunofluorescence (IF) and immunohistochemistry (IHC)
assay

Cells were seeded on coverslips placed in culture dishes
and grown to the desired confluence. After treatment,
cells were fixed with 4% paraformaldehyde for 15 min at
room temperature and then permeabilized with 0.1% Tri-
ton X-100 in PBS for 10 min. Non-specific binding was
blocked by incubating cells in blocking buffer (5% bovine
serum albumin in PBS) for 1 h at room temperature. Cells
were then incubated with primary antibody overnight at
4 °C. After washing with PBS, cells were incubated with
fluorochrome-conjugated secondary antibodies for 1 h
at room temperature in the dark. Nuclei were stained
with DAPI for 5 min. Coverslips were mounted onto
glass slides using an anti-fade mounting medium. The
IF images were captured using an Olympus IX71 Nikon
imaging system.

For IHC staining, tissue sections were deparaffinized
in xylene and rehydrated through a graded alcohol series.
Antigen retrieval was performed by heating the slides
in a citrate buffer (pH 6.0) in a microwave. Endogenous
peroxidase activity was quenched with 3% hydrogen
peroxide for 10 min. Non-specific binding was blocked
by incubating the sections in blocking solution (5% nor-
mal serum) for 1 h at room temperature. Sections were
then incubated with primary antibodies overnight at
4 °C. After washing, the sections were incubated with
biotinylated secondary antibodies, followed by further
incubation with an avidin-biotin-peroxidase complex.
The signal was developed using a DAB (3,3’-diamino-
benzidine) substrate kit, resulting in a brown coloration
at the antigen site. The sections were counterstained
with hematoxylin, dehydrated, and mounted. The stained
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sections were examined under a light microscope, and
images were captured for analysis.

Alkaline comet assay

Cells were harvested and resuspended in PBS at a concen-
tration of 1x10° cells/mL. The cell suspension was then
mixed with 0.75% low melting point agarose at a ratio of
1:10 (v/v) and immediately pipetted onto a frosted micro-
scope slide pre-coated with 1% normal melting point aga-
rose. The slides were covered with coverslips and left at
4 °C for 10 min to solidify the agarose. Once solidified,
coverslips were gently removed, and the slides were sub-
merged in a lysis buffer (2.5 M NaCl, 100 mM EDTA, 10
mM Tris, with 1% Triton X-100 and 10% DMSO, pH 10)
at 4 °C for 1 h to lyse the cells and allow DNA unfolding.
Following lysis, the slides were placed in an electropho-
resis buffer (300 mM NaOH, 1 mM EDTA, pH>13) for
20 min to allow DNA unwinding and the expression of
alkali-labile sites. Electrophoresis was conducted at 25 V
and 300 mA (1 V/cm) for 30 min. Post electrophoresis,
the slides were neutralized with 0.4 M Tris buffer (pH
7.5) for 5 min and then stained with ethidium bromide
(20 pg/mL). The slides were photographed for analysis
under a fluorescence microscope. Images of the comets
were captured and subsequently analyzed using appro-
priate image analysis software to quantify DNA damage.

In vivo xenograft studies

Male BALB/c nude mice, 5-6 weeks old, were procured
from SJA Laboratory Animal Co., Ltd., Changsha, China.
These mice underwent a quarantine period of one week
before any experimental procedures. Tumor xenografts
were established by subcutaneously injecting 1 million
(1x10°% PC3 cells, suspended in 100 pL PBS, into the
right flank of each mouse. Subsequently, the mice were
randomly allocated into various groups, with each group
comprising 6 mice. Treatment groups were adminis-
tered intraperitoneal injections of celastrol (2 mg/kg) and
olaparib (30 mg/kg), either as monotherapies or in com-
bination, thrice weekly for a total of 3 weeks. Tumor sizes
were measured and recorded every 3 days, calculating
tumor volume with the formula: (length x width?)/2. All
procedures involving animals were performed in compli-
ance with the ethical guidelines and approval of the Lab-
oratory Animal Ethics Committee at Guizhou University.

Statistical analysis

Data are expressed as meanzstandard deviation (SD),
derived from at least three separate experiments. Sta-
tistical differences between two groups were evaluated
using the Student’s two-tailed t-test. For comparisons
across multiple groups, one-way ANOVA was employed.
All statistical analyses were performed using GraphPad
Prism version 8.0 software. Significance levels were set as
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Fig. 1 HSP90AB1 and PARP1 expression is elevated in PCa, and HSP90AB1 silencing increases olaparib sensitivity in PCa cell lines. (a) Differential expres-
sion of HSP9OABT across various cancer types as compared to normal tissue samples in the Cancer Genome Atlas (TCGA) Database. (b) The transcript
levels of the HSPOOABT in PRAD were acquired from the TCGA database. (c) Elevated HSP9OAB1 expression correlated with a diminished overall survival
probability among patients with PCa. (d) Expression of PARP1 in various cancers versus normal tissues from TCGA. (e) The transcript levels of the PARP1
in PRAD were acquired from the TCGA database. (f) High expression of PARP1 was associated with poor overall survival probability in PCa patients. (g)
Western blot analysis of HSP90AB1 and PARP1 protein levels in PCa cell lines. (h) Correlation of HSPO9OAB1 and PARP1 gene expression in PCa samples. The
dataset came from GEPIA (http://gepia.cancer-pku.cn/). (i) Knockdown efficiency of HSP9OABT in PCa cell lines. (j-1) Sensitivity of PCa cell lines to differ-
ent concentration of olaparib (20, 40, 60, 80 uM) following HSP90AB1 knockdown. Shown are the means+SD from 3 experiments (*P<0.05, **P<0.01,

***p<0.001)

follows: *P<0.05, **P<0.01, ***P<0.001, with “ns” indi-
cating a lack of significant difference. A P-value less than
0.05 was considered to denote statistical significance.

Results

The expression of HSP90AB1 and PARP1 are significantly
higher in PCa and HSP90AB1 knockdown enhanced the
sensitivity of PCa cell lines to olaparib

To assess HSP90AB1 and PARP1 expression in PCa,
we queried the TCGA database. Fig. 1la and d illustrate
the expression levels of HSP90AB1 and PARP1, respec-
tively, across different TCGA cancer cohorts, with both
tumor and adjacent normal samples. The data indicated
higher expression levels of these genes in tumor samples
compared to normal tissues. Specifically focusing on
prostate adenocarcinoma (PRAD), Fig. 1b revealed that
HSP90AB1 transcripts are significantly elevated in pri-
mary tumor tissues compared to normal samples. Simi-
larly, Fig. 1le demonstrated an upregulation of PARP1
expression in PRAD tumor samples versus normal coun-
terparts. Furthermore, our investigation employed the R2
platform (r2.amc.nl), which encompasses gene expres-
sion profiles from extensive patient cohorts and provides
analytical tools for comparing gene expression across
various cancer types. The findings revealed a correla-
tion between heightened expression of HSP90ABI1 and
PARP1 and diminished overall survival in patients with
PRAD, as illustrated in Fig. 1c and f.

To confirm the upregulation of HSP90AB1 and PARP1
in PCa, we conducted western blot assays on three
human PCa cell lines (22RV1, PC3, and DU145) alongside
normal human prostate cells (RWPE-1). In alignment
with prior observations, protein levels of HSP90AB1
and PARP1 were found to be higher in the PCa cell lines
relative to the normal control (Fig. 1g). Moreover, using
the GEPIA platform to examine the TCGA dataset for
PRAD, we observed a significant positive correlation
between the expression of PARP1 and HSP90AB1 pro-
teins (Fig. 1h).

To assess the influence of HSP90ABLI in mediating the
anti-tumor sensitivity to olaparib, we utilized shRNA to
knockdown HSP90AB1 and then examined the viability
of PCa cell lines (22RV1, PC3, and DU145) in the pres-
ence of olaparib. Western blot analysis was employed to
evaluate the silencing efficiency of HSP90ABLI in three

human PCa cell lines compared to a non-targeting con-
trol shNC. The results demonstrated a significant reduc-
tion in HSP90AB1 expression in the sShHSP90AB1 groups
across all three cancer cell lines (Fig. 1i). Furthermore,
CCK-8 assays following treatment with varying con-
centrations of olaparib (20, 40, 60, 80 uM) revealed that
HSP90AB1 knockdown significantly enhanced the sensi-
tivity of these PCa cell lines to olaparib (Fig. 1j-1). These
results indicated that both PARP1 and HSP90ABI1 are
significantly overexpressed in PCa, and suppression of
HSP90ABI1 effectively enhances the sensitivity of PCa cell
lines to olaparib in a dose-dependent manner.

The combination of olaparib and celastrol was observed

to more effectively attenuate clonogenicity, migration,
proliferation, and overall viability in PCa cells

Celastrol, a triterpenoid derivative, has been shown
to impede the activity of HSP90AB1 [21]. Given that
HSP90AB1 knockdown augments the sensitivity of PCa
cells to olaparib, we posited that celastrol may potentiate
the efficacy of olaparib in these cells. Colony formation
assays indicated that the co-administration of celas-
trol and olaparib significantly reduced the clonogenic
capacity of PCa cells more effectively than either agent
alone (Fig. 2a). Similarly, wound healing assays demon-
strated that the combination therapy markedly inhibited
the migration of PCa cells compared to monotherapy
(Fig. 2b, c). Due to the difficulty in forming a mono-
layer with 22RV1 cells, which could potentially affect the
experimental outcomes, this cell line was not utilized in
subsequent phenotypic experiments.

To further validate the impact of combination therapy
on the proliferation and viability of PCa cells, we con-
ducted both EdU incorporation and CCK-8 assays. The
results demonstrated that the combined treatment sig-
nificantly inhibited the proliferation and viability of PC3
and DU145 cells compared to the monotherapy groups
(Fig. 2d and f). These findings indicated that celastrol
amplifies the antitumor activity of olaparib, suggesting
that the combined use of celastrol and olaparib exerts a
superior inhibitory effect on PCa cells.
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Fig. 2 The olaparib-celastrol combination more effectively impairs clonogenicity, migration, and growth of PCa cells. (@ Colony formation assay of 22RV1,
PC3, and DU145 cell lines following treatment with celastrol (1 uM) and olaparib (50 uM) or monotherapy, or DMSO. (b-c) Wound scratch assay of PC3
and DU145 cell lines treated with celastrol (1 uM) and olaparib (50 uM) or monotherapy, or DMSO. Scale bars: 500 um. (d-e) Evaluation of proliferation
and viability in PC3 and DU145 cell lines subjected to treatments with DMSO, celastrol (1 uM), olaparib (50 uM), and their combination through EJU and

CCK-8 assays. Scale bars: 50 um. Shown are the means+SD from 3 experiments (*P<0.05, **P<0.01, ***P<0.001)

Olaparib and celastrol augment cumulative DNA damage
in PCa cells

Double-strand breaks (DSBs) are potent instigators of
mutagenesis and cellular demise, representing the most
deleterious type of DNA damage. In metazoans, a singu-
lar DSB has the potential to be lethal if it remains unre-
paired [32]. Phosphorylated histone H2AX (yH2AX)
serves as a biomarker for cellular responses to DSBs,
with implications for tracking DNA damage and repair
in human populations [33]. To assess the effects of celas-
trol and olaparib on DSBs, we measured the formation of
YH2AX foci in PCa cells. The results indicated that the
combination treatment group with celastrol and olaparib
significantly increased the formation of yH2AX foci com-
pared to the monotherapy groups in PCa cells (Fig. 3a).
Similarly, western blot results also revealed a significant
upregulation of YH2AX expression in the combination
treatment group (Fig. 3b).

Upon observing that celastrol as single-agent elevated
YH2AX levels in PCa cells, we subsequently assessed
whether the adjunctive application of the PARP inhibi-
tor olaparib would further impair the cellular DNA

damage response. Both celastrol and olaparib, when used
as monotherapies, moderately increased DNA damage,
as evidenced by tail moment assays. However, the con-
comitant administration of celastrol and olaparib mark-
edly intensified DNA damage in PC3 and DU145 cells
(Fig. 3c). These results suggest that celastrol and olaparib
impede DSB repair in a sustained manner, thereby exert-
ing a synergistic effect on antitumor activity.

Celastrol downregulates the PI3K/AKT pathway and
enhances the susceptibility of PCa cells to olaparib

The PIBK/AKT signaling axis is critical in the tumori-
genic process of PCa, influencing apoptosis, proliferation,
metastasis, and invasion. It modulates various pathways
integral to cellular growth, apoptosis, and invasive behav-
ior. Consequently, PI3K/AKT represents a pivotal junc-
ture in both the pathogenesis and treatment of PCa [34,
35]. To explore the functional impact of combination
treatment on the PI3K/AKT pathway in PCa, we exposed
PCa cells to celastrol, olaparib, or monotherapy for 48 h
and subsequently assessed the expression of several pro-
teins. Our results revealed that, relative to monotherapy
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with olaparib, the concurrent administration of celastrol
and olaparib further diminished the levels of phosphory-
lated AKT and PI3K proteins, which are downstream tar-
gets of the PIBK/AKT signaling pathway, in PC3, DU145,
and 22RV1 cell lines as shown in Fig. 4. This suggests
that while celastrol alone can reduce phosphorylated
PI3K/AKT levels, the combination therapy may provide
a more comprehensive inhibition of the pathway, poten-
tially overcoming resistance mechanisms that could arise
from monotherapy with olaparib. Furthermore, the com-
bined treatment targets multiple aspects of the signaling
cascade, enhancing therapeutic efficacy and reducing the
likelihood of tumor resistance.

The anti-tumor effect of celastrol combined with olaparib
on PC3 xenografts in vivo

To further validate the combined therapeutic efficacy
of celastrol and olaparib in vivo, we conducted a xeno-
graft tumor experiment. Nude mice bearing PC3-derived
xenografts were administered DMSO, celastrol, olapa-
rib, or a combination of celastrol and olaparib. On day
26, tumors were harvested, weighed, and processed for
IHC staining (Fig. 5a). Tumor volume and weight were
quantified to evaluate neoplastic progression. The results
showed that relative to the DMSO control, combination
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therapy with celastrol and olaparib markedly diminished
both tumor weight (P<0.001) and volume (P<0.01)
in the PC3 xenograft model (Fig. 5b, c). To monitor for
potential toxicity, body weight and the weights of major
organs, including the liver, kidney, heart and spleen were
measured. Regarding body weight, mice treated solely
with celastrol showed a decreasing trend, and a notable
reduction in food intake was observed during the experi-
ment. This could be associated with celastrol’s potential
to enhance leptin sensitivity, thereby suppressing appetite
[36]. Conversely, the body weight of mice in the combina-
tion treatment group remained relatively stable, suggest-
ing that the concurrent administration of celastrol and
olaparib may mitigate the weight-reducing effect of celas-
trol to some extent. Additionally, the weights of the major
organs in mice did not exhibit appreciable changes, indi-
cating that the drug treatments did not manifest notable
toxicity in normal organs (Fig. 5e, f). Moreover, IHC
staining of Ki-67 was employed to assess proliferative
activity within the PC3 xenograft tumors. The data dem-
onstrated a significant reduction in Ki-67 protein expres-
sion following combination therapy (P<0.01) (Fig. 5g),
indicative of decreased tumor cell proliferation. These
collective findings imply that the combined regimen of
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celastrol and olaparib significantly hinders in vivo tumor
growth in the PC3 xenograft setting.

Discussion

PCa is characterized by substantial genomic heteroge-
neity, originating from an accumulation of genetic and
epigenetic alterations that drive carcinogenesis [2]. This
diversity can be attributed to multiple factors, includ-
ing dysregulated transcription in AR and PI3K signaling
pathways, as well as defects in DNA repair mechanisms,
all of which contribute significantly to the initiation and
progression of PCa [34, 37, 38]. Thses present a signifi-
cant challenge in the treatment of PCa. Olaparib, a PARP
inhibitor, has garnered approval for treating metastatic
breast cancer and mCRPC patients harboring genetic
mutations in HRR genes [28, 39]. Clinical evidence has
demonstrated significant benefits of olaparib in these

patient populations; however, the development of drug
resistance inevitably occurs during its clinical applica-
tion. In cancer cells, the PI3K/AKT pathway may be acti-
vated as a survival mechanism in response to the DNA
damage caused by olaparib. Therefore, combining olapa-
rib with agents that can inhibit the PI3K/AKT pathway is
a strategy that is being researched to overcome resistance
and enhance the efficacy of olaparib in cancer therapy
(40, 41].

In this study, we initially revealed the overexpression
of HSP90AB1 and PARP1 across various cancer types,
particularly in PCa. HSP90AB1, a member of the HSP90
family, functions as a molecular chaperone that is pivotal
in maintaining cellular proteostasis [12]. Due to its inte-
gral role in protein homeostasis, HSP90ABLI is essential
for supporting cells under stress conditions that are com-
monly encountered within the tumor microenvironment.
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By stabilizing a wide range of oncoproteins, such as
kinases, hormone receptors, and transcription factors,
HSP90AB1 inadvertently promotes the malignant pheno-
type [19, 20]. HSP90AB1 is commonly overexpressed in a
variety of cancers, with this upregulation typically linked
to poor prognostic outcomes and increased resistance to
standard chemotherapy and radiotherapy treatments [12,
42, 43]. Based on these findings, we hypothesized that
inhibition of HSP90AB1 may enhance the sensitivity of
PCa cells to olaparib.

Upon utilizing shRNA to interfere with HSP90AB1, we
discovered that HSP90AB1 knockdown significantly aug-
mented the inhibitory effect of olaparib on 22RV1, PC3
and DU145 cell viability. This suggested that HSP90AB1
potentially mediates the sensitivity of PCa cells to olapa-
rib. Subsequently, we employed the HSP90ABI inhibitor
celastrol and the PARP inhibitor olaparib to conduct fur-
ther experiments on relevant cellular phenotypes. Nota-
bly, the synergy between olaparib and celastrol, resulting
in diminished clonogenic survival, migration, prolifera-
tion and viability of PCa cells, suggests that combining
with celastrol enhances the anti-tumor effect of olapa-
rib in vitro. Additionally, the enhanced accumulation of
DNA damage upon treatment with both agents suggests
that celastrol may amplify the DNA-damaging effects of
olaparib, thereby intensifying its cytotoxicity against PCa
cells.

The PI3K/AKT pathway, a crucial regulator of cell
growth and survival, plays a significant role in both the
development and therapy of PCa [34, 35]. In our study,
we observed that olaparib induces the activation of AKT,
as a response to cellular stressors, aligning with findings
from previous research [44]. However, this phenomenon
was attenuated when combined with celastrol. This sug-
gested that celastrol’s ability to downregulate the PI3K/
AKT pathway provides further mechanistic insight into
how this combination therapy hampers the survival of
PCa cells. In vivo, the anti-tumor effects of the celastrol
and olaparib combination were demonstrated in PC3
xenograft models, confirming the translational potential
of our in vitro findings. The absence of significant weight
loss or alterations in organ weights in the combination
treatment group implies a favorable toxicity profile. Addi-
tionally, the expression of the tumor proliferation marker
Ki-67 was significantly decreased in the group receiving
the combination treatment.

Celastrol, a natural triterpenoid compound extracted
from the roots of the Thunder God Vine (Tripterygium
wilfordii), has garnered considerable attention in recent
years for its potential in cancer therapy. Known for its
anti-inflammatory and antioxidant properties [22, 23],
celastrol's mechanism of action in cancer treatment is
multifaceted. It has been shown to induce apoptosis,
inhibit angiogenesis, and suppress cell proliferation in
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various cancer cell lines. Celastrol has also been observed
to sensitize cancer cells to conventional chemotherapeu-
tic agents and radiotherapy, further enhancing its thera-
peutic potential.

The findings from our study revealed that the com-
bined therapy of celastrol and olaparib exerted notably
more potent inhibitory effects on the proliferation of
PCa cells than either celastrol or olaparib when used as
single agents, observable in both in vitro and in vivo set-
tings. Highlighting the potential of combining celastrol
with olaparib as a novel therapeutic strategy for PCa.
This combination could address the limitations of PARP
inhibitor monotherapy, particularly in cancers exhibiting
inherent or acquired resistance.

Conclusions

Our research demonstrated that both HSP90AB1 and
PARP1 exhibit high expression levels in PCa cells. Fur-
thermore, we have discovered that the HSP90 inhibi-
tor, celastrol, amplifies the anticancer efficacy of the
PARP inhibitor, olaparib, both in vitro and in vivo.
These insights pave the way for a promising therapeutic
approach in PCa, focusing on the concurrent inhibition
of HSP90ABI1 and PARP1.

Abbreviations
PCa Prostate cancer

HSP90AB1 Heat shock protein alpha family class B
PARP1 Poly (ADP-ribose) polymerase 1
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