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Mortalin promotes the evolution 
of androgen‑independent prostate cancer 
through Wnt/β‑catenin signaling pathway
Ying Chang1,3,4†, Jinyuan Sui3,4†, Qiang Fu2,3,4, Zhongqi Lu2,3,4, Zhengri Piao5*, Tiefeng Jin3,4* and 
Meihua Zhang1,2,3* 

Abstract 

Prostate cancer (PC) is a major global health concern affecting male individuals. Among its variants, androgen-
independent prostate cancer exhibits slow progression and lacks effective treatment targets, rendering it insensitive 
to hormone therapy. Recent reports have highlighted the significance of Mortalin, an important oncogene, in tumor 
migration and invasion through various signaling pathways. Experimental evidence from in-vivo and in-vitro stud-
ies indicate upregulated expression of Mortalin in prostate cancer tissues. Moreover, it has been shown to regulate 
the epithelial-mesenchymal transition (EMT) process via the Wnt/β-catenin signaling pathway, thereby promoting 
prostate cancer proliferation and metastasis. These findings suggest that Mortalin may serve as a promising novel 
immunotherapeutic target for prostate cancer.
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Introduction
Cancer and other non-communicable diseases (NCDs) 
are now widely recognized as a threat to global devel-
opment, an observation reiterated by the latest United 

Nations High-level Meeting on NCDs [1, 2]. The aging 
population is leading to an increased cancer burden in 
older people. The latest global cancer data for 2023 show 
that prostate cancer (PC) is a significant global health 
concern, particularly among the aging population. As the 
latest data highlight, PC remains one of the most preva-
lent cancers among men, with a high rate of new morbid-
ity and mortality [3]. In men on active surveillance older 
age at diagnosis was positively associated that imply for 
many older men, active surveillance as opposed to watch-
ful waiting remains a more appropriate management 
strategy [4]. Androgen-dependent prostate cancer, also 
known as hormone-sensitive prostate cancer, has indeed 
been the focus of treatment with a variety of therapies 
targeting the androgen receptor signaling pathway. Drugs 
like flutamide and apalutamide are examples of andro-
gen receptor inhibitors commonly used in the clinic for 
treating this type of prostate cancer [5]. Androgen-inde-
pendent prostate cancer is difficult to treat once diag-
nosed because of its slow progression, lack of effective 
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therapeutic targets and insensitivity to hormonal therapy. 
Thus, it is very important to find effective treatment, 
immunotherapy is currently a hotspot in the treatment 
of cancer [6]. Localized diseases can be successfully 
treated, but advanced cases have more problems [7]. The 
fact that early-stage prostate cancer is usually asymp-
tomatic emphasizes the need for research and develop-
ment of new diagnostic and treatment methods, as well 
as the use of combination therapy to improve treatment 
efficacy. This is because the disease is often diagnosed in 
advanced or even metastatic stages, making it difficult to 
treat. Therefore, it is crucial to develop new diagnostic 
methods and treatment options to improve outcomes for 
patients with prostate cancer [8].

Mortalin, also known as GRP75/HSPA9, is a molecu-
lar chaperone of mitochondrial motility related proteins 
in the HSP70 family, is a highly conserved mitochondrial 
chaperone protein. It is involved in many cellular activi-
ties, including protein folding and transport, mainte-
nance of mitochondrial stability, substance synthesis [9, 
10], apoptosis, senescence and intracellular signaling 
pathways [11, 12]. Mortalin is associated with tumor 
metastasis and highly expressed in a variety of human 
tumors [13]. Recent studies have revealed the involve-
ment of Mortalin in cancer progression, highlighting its 
potential as a therapeutic target in several malignancies 
[14, 15]. Mortalin levels in tumor tissues are higher than 
those in healthy tissues and associated with the pro-
liferation of cancer cells, activating the Wnt/β-catenin 
pathway to accelerate epithelial-mesenchymal transition 
(EMT) [16, 17]. EMT is closely associated with tumor 
metastasis, which acquires the ability to migrate and 
invade due to loss of cell membrane polarity and reduced 
adhesion [18]. Mortalin may be involved in the EMT 
process, but the exact mechanism of Mortalin’s role in 
prostate cancer remains unclear [13, 19]. Co-activation 
of ALK and N-myc can induce androgen-independent 
prostate cancer by stimulating the Wnt/β-catenin path-
way, which can be used for targeted tumor therapy [20]. 
It has been improved that Mortalin plays a vital role in 
the progression of prostate cancer, but the mechanism of 
its association with androgen-independent prostate can-
cer is still unknown.

We investigated the impact of Mortalin expression on 
the progression of prostate cancer through in-vitro and 
in-vivo experiments and clinical data. Mortalin may 
play a critical role in the progression of prostate cancer 
through the Wnt/β-catenin signaling pathway and has 
the potential to become a therapeutic target for andro-
gen-independent prostate cancer. The upregulation of 
Mortalin expression in prostate cancer tissues and its 
promotion of tumor progression through the Wnt/β-
catenin signaling pathway suggests the feasibility and 

efficacy of exploring Mortalin as a targeted therapy for 
prostate cancer.

Materials and methods
Cell lines
The cell lines used, LNCAP, 22RV1, DU145, and PC3, 
were provided by the Tumor Research Center of Yan-
bian University. Two independent androgenic cell lines, 
DU145 and PC3, were selected from prostate cancer cell 
lines with high malignancy and high expression of Mor-
talin by database and Western blotting assay. Both cells 
were cultured in Dulbecco’s modified Eagle medium sup-
plemented with 10% FBS, 1% penicillin/streptomycin, 
and in 37 °C, 5% CO2 in a humidified incubator.

Immunohistochemistry (IHC) staining
The tissue microarray was manufactured by Shanghai 
Outdo Biotechnology Corporation (Shanghai, China). 
Clinicopathological data of the samples were shown that 
42 cases were under 60  years of age and 48 cases were 
over 60  years of age. All cases were pathologically con-
firmed to be in accordance with clinical pathologic diag-
nostic criteria of prostate cancer.

According to the Gleason score, there were 36 cases 
with Gleason ≤ 6 and 54 cases with Gleason ≥ 7. Accord-
ing to the TNM stage, there were 57 cases in stage I–II 
and 33 cases in stage III–IV. IHC staining scores were 
assessed by two pathologists who had no knowledge of 
the patient’s clinicopathological data.  The IHC staining 
scores used were ‘0’ (negative, −), ‘1–3’ (weak, +), ‘4–6’ 
(moderate, ++) and “8–12” (strong, +++).

Immunohistochemistry staining was performed on all 
tissues using the DAKO LSAB kit (DAKO A/S, Glostrup, 
Denmark). The tissue microarrays were baked at 60  °C, 
dewaxed with xylene, hydrated through a gradient con-
centration and repaired by sodium citrate buffer, then 
incubated at 3% H2O2 for 20  min.  The tissue sections 
were incubated with Mortalin, Ki-67, C-myc, Cyclin-D1 
antibody (1:100, Santa Cruz Biotechnology) overnight at 
4 °C, followed by exposure to secondary antibody. Finally, 
the sections were visualized by 3, 3-diaminobenzidine 
(DAB) solution and counterstained with hematoxylin.

Database analysis
Application of cancer cells is an encyclopedia (CCLE) 
database (https://​porta​ls.​broad​insti​tute.​org/​ccle) to 
extract the prostate tumor tissues Mortalin mRNA 
expression. Prostate carcinoma tissues and normal Mor-
talin expression in tumor tissue analysis of the differences 
between using UALCA database (http://​ualcan.​path.​uab.​
edu). The relationship between Wnt/β-catenin pathway 
and EMT progression was examined using STRING 
(https://​string-​db.​org), and repeated validation was 

https://portals.broadinstitute.org/ccle
http://ualcan.path.uab.edu
http://ualcan.path.uab.edu
https://string-db.org
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performed using gene-Mania database (https://​genem​
ania.​org). The association between Mortalin and Wnt/β-
catenin pathway associated proteins DVL2, CTNNB1 
and CCND1 in prostate cancer was searched using the 
GEPIA database (http://​gepia.​cancer-​pku.​cn).

Western blot
In brief, polyacrylamide gel electrophoresis was used to 
separate proteins which extracted from tissues or cells, 
and transferred onto polyvinylidene fluoride (PVDF) 
membranes. Membranes were incubated with pri-
mary antibodies including: Mortalin(1:1000; Santa Cruz 
Biotechnology), β-Actin(1:1000; Proteintech), E-cad-
herin(1:1000; Proteintech), Vimentin(1:1,000; Santa Cruz 
Biotechnology), Slug(1:1000; Santa Cruz Biotechnology), 
Twist(1:1,000; Santa Cruz Biotechnology), VEGF (1:1000; 
Santa Cruz Biotechnology), MMP2 (1:1000; Santa Cruz 
Biotechnology), MMP9 (1:1000; Santa Cruz Biotech-
nology),  β-catenin(1:1000; Santa Cruz Biotechnology), 
C-myc(1:1000; Santa Cruz Biotechnology), Cyclin1-
D1(1:1000; Santa Cruz Biotechnology), and with sec-
ondary antibody, then quantified by gel imaging system 
(Bio-RAD, Hercules, CA, USA) and photographed.

Transfection
A Mortalin-specific small interfering RNA (siRNA) 
transfection kit, purchased from RiboBiow (Guangzhou, 
China), was used to knock down the expression of Mor-
talin in cells. siRNA1 and siRNA3 sequences were GCG​
ATA​TGA​TGA​TCC​TGA​A and GCT​GGA​ATG​GCC​
TTA​GTC​A, respectively. Non-specific siRNA was used 
as negative control (si-con). The mixture containing 
1 × buffer (12  μl/well), siRNA (5  μl/well) and transfec-
tion buffer (120  μl/well) was configured and added into 
DMEM without penicillin/streptomycin, then placed in 
an incubator for 48 h.

Immunofluorescence (IF)
For immunostaining, cells were cultured on (24 × 24 mm) 
slides, washed with PBS, fixed with 2% paraformalde-
hyde for 30  min, permeabilized with 0.5% TritonX-100 
(CWBIO, Beijing, China), sealed with BSA (Solarbio, 
Beijing, China). Primary antibodies specific for the fol-
lowing proteins were used: Mortalin(1:100; Santa Cruz 
Biotechnology), β-Actin(1:100; Proteintech), E‑cadherin 
(1:100; Proteintech.), Vimentin (1:100; Santa Cruz Bio-
technology), C-myc(1:100; Santa Cruz Biotechnology), 
Cyclin1-D1(1:100; Santa Cruz Biotechnology). Following 
incubation with the primary antibodies, the cells were 
then incubated with Alexa Fluor 488 goat anti‑rabbit IgG 
(1:400; cat. no. A11008; Invitrogen; Thermo Fisher Scien-
tific, Inc.) or Alexa Fluor 568 goat anti‑mouse IgG (1:400; 
cat. no. A11004; Invitrogen; Thermo Fisher Scientific, 

Inc.) at room temperature for 1 h. Sections were sealed 
with an anti-fading fluorescent fixator containing 4ʹ,6-
diamino-2-phenylindole (DAPI, Solarbio). The intensity 
of fluorescence image was observed and photographed 
under a microscope.

MTT assay
After cell digestion and counting, DU145 (5 × 103 cells/
well) and PC3 (5 × 103 cells/well) were inoculated on 
96-well plates and incubated in an incubator for 0, 24, 48 
and 72 h. Then cells were incubated in100μl/well medium 
with 20 μl (5 mg/l) MTT for 4 h. Replaced the medium 
with 100 μl dimethylsulfoxide (DMSO). Finally, the opti-
cal density (OD) was measured at 490 nm.

Colony formation assay
PC3 and DU145 cells transfected with Mortalin-specific 
siRNA or non-specific siRNA were plated at a density 
was 1000 cells/well, placed in 6-well plates and cultured 
for at least 14 days. Then the cells were fixed with 100% 
methanol for 10 min and washed in PBS and stained with 
0.5% hematoxylin (Solarbio). Visible colonies in the wells 
were counted under a light microscope directly.

Wound healing assay
Cells were incubated at a density of 5 × 105 cells /well in 
a 6-well plate until density reached nearly 80–90% con-
fluence. The cell was scratched by 200  μl pipette tips. 
Microscopic photographs of the wound area at 0, 24, 48 
and 72 h and analyzed by ImageJ software. Prism 8.0 was 
used for data statistics.

Cell migration assay
Transwell migration assay was performed in a 24-well 
plate. Cells were inoculated at a density of 5 × 104 cells 
into 0.1 ml serum-free conditioned medium in the upper 
chamber BD (BD Biosciences, Piscataway, NJ, USA), and 
1  ml medium containing 10% FBS was added into the 
lower chamber. After incubation at 37  °C with 5% CO2 
for 24  h, paraformaldehyde was fixed, hematoxylin was 
stained, observed under microscope and photographed.

Endothelial cell tube formation assay
A 96-well plate was filled with 30 μl of Matrigel (BD Bio-
science) and 30  μl of serum-free DMEM without dual 
antibodies, then incubated in a 37  °C, 5% CO2 incu-
bator for 4  h. Cells treated under different conditions 
(1.5 × 103 cells/well/100 μl) were inoculated vertically on 
top of the gel and incubated for 6  h in an incubator at 
37 °C, 5% CO2. Photographs were taken by confocal laser 
microscopy.

https://genemania.org
https://genemania.org
http://gepia.cancer-pku.cn
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Animal model
Ten male BALB/c mice aged 5  weeks and weighing 
approximately 20  g, were procured from Beijing Vital 
River Laboratory Animal Technology Co, Ltd. Mice were 
raised in a pathogen free environment at 22 °C, with 50% 
humidity and a light/dark cycle of 12 h. 1 × 106 PC-3 cells 
were mixed with Matrigel (BD Biosciences, Franklin 
Lakes, NJ, USA) and injected intraperitoneally into the 
right fat pad of the 4th mammary gland of nude mice. The 
tumor volume was measured using an improved ellip-
soidal volume formula (volume = 1/2[length × width2]). 
The Institutional of Yanbian University monitored and 
approved Animal Ethics (approval no. YD20231027003), 
and was performed according to the guidelines of the 
Committee on Animal Research and Ethics.

US imaging
The A Vevo2100 LAZR high frequency ultrasound (US) 
imaging system, manufactured by FUJIFILM VisualSon-
ics Inc. in Toronto, Ontario, Canada, was utilized for all 
US image acquisition. This system is equipped with a 
linear array transducer (LZ-550), which has a center fre-
quency of 32–55  MHz and an integrated light source. 
The system utilizes fiber-optic transducers to deliver 
nanosecond laser pulses into deep anatomical targets. 
The laser light is differentially and specifically absorbed 
by tissues, causing transient thermoelastic expansions 
that generate acoustic pressure waves. These waves are 
detected by 256 sensitive piezoelectric elements, and the 
transmitted US pulses are similarly received, generating 
high-resolution images of microscopic anatomical struc-
tures. The photoacoustic and spatial dimensions of the 
collected US images were less than 14 mm in width and 
less than 15 mm in depth.

Statistical analyses
Data are presented as mean ± standard deviation, and 
used for data statistics and analysis by GraphPad Prism 
8.0 software (GraphPad, La Jolla, CA, USA). Database 
data and clinical patient data were analyzed using one-
way AOVA or T-test. *P < 0.05 was considered statistically 
significant. According to the analysis of experimental 
results, significance was *P < 0.05, **P < 0.01, ***P < 0.001, 
or ****P < 0.0001. All experiments were repeated three 
times.

Results
Mortalin protein expression was up‑regulated in prostate 
cancer and positively correlated with the malignancy
To explore the role of Mortalin in cancer development, 
we analyzed the relative mRNA expression of Morta-
lin in tumour tissues and adjacent non-tumour tissues 

through the CCLE database and The Cancer Genome 
Atlas (TCGA) database, and the results showed that 
Mortalin was highly expressed in prostate, breast and 
lung cancers (Fig.  1A–C). Meanwhile, to evaluate 
whether Mortalin can be used as a prognostic marker 
for prostate cancer. The intensity of Mortalin expres-
sion in prostate cancer tissues was precisely deter-
mined using IHC, which examined Mortalin expression 
in 90 patients with different stages of prostate cancer. 
The results revealed that Mortalin protein levels were 
significantly increased in tumor tissues compared 
to adjacent non-tumor tissues (Fig.  1D). In addition, 
Mortalin expression was positively correlated with the 
malignancy of the tumor. According to Gleason score, 
Mortalin expression was analyzed in 90 patients. The 
positive rate of Gleason score ≤ 6 was 66.3%, and the 
strong positive rate was 30.6%. The positive rate of 
Gleason score ≥ 7 was 83.3% and the strong positive 
rate was 55.6%. The positive rate of Tumor-surrounding 
tissue was 31.1%, and the strong positive rate was only 
0% (Table  1,  Additional file  1A). The higher Gleason 
score, the higher Mortalin expression, which is consist-
ent with the IHC. The above results indicated that Mor-
talin is highly expressed in prostate cancer patients.

Mortalin promotes proliferation in prostate cancer cells
PC3, DU145 and 22RV1 are cell lines for androgen-
independent prostate cancer, while LNCAP is the cell 
line for androgen-dependent prostate cancer, and we 
used Western blot to detect Mortalin expression in 
these four cell lines (Fig.  2A, B) and found that Mor-
talin was expressed higher in PC3 and DU145 cells. In 
subsequent experiments, Mortalin-specific siRNA was 
used to knock down the expression of Mortalin in PC3 
and DU145 cells, and the expression of Mortalin was 
detected by western blot (Fig.  2C, D), and the more 
specific Mortalin-specific siRNA sequence 2 (Mortalin-
si-2) was selected for subsequent experiments. At the 
same time, the protein expression after knocking down 
Mortalin was repeatedly verified by IF staining, and the 
results showed that Mortalin expression was signifi-
cantly reduced after application of Mortalin-si-2 in PC3 
and DU145 cells (Fig. 2E). In this paper, MTT method 
and colony formation method were used to detect 
whether knockdown Mortalin protein can inhibit 
cell proliferation of PC3 and DU145, and the results 
showed that knockdown Mortalin can significantly 
inhibit the proliferation and clonal formation ability of 
prostate cancer cells compared with the control group 
(Fig.  2F–H). In conclusion, down-regulating Mortalin 
expression inhibits the proliferation of prostate cancer 
cells.
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Fig. 1  Mortalin expression in prostate cancer. A Mortalin mRNA expression in prostate cancer. B Mortalin is difference expressed in prostate cancer 
and matched peritumoral specimens. C Differential expression of Mortalin in normal prostate tissues and prostate cancer tissues. D Mortalin 
expression in prostate cancer tissues

Table 1  Expression of mortalin in prostate cancer tissue microarray

Diagnosis No Positive cases Positive (%) Strongly 
positive 
(%)− + ++ +++

Cancer Gleason ≥ 7 54 9 6 9 30 83.3 55.6

Cancer Gleason ≤ 6 36 12 8 5 11 66.7 30.6

Adjacent 90 62 26 2 0 31.1 0
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Mortalin promotes metastasis and angiogenesis 
of prostate cancer
Tumor metastasis is a major cause of death in cancer 
patients and inhibition of tumor migration is important 
in tumor therapy. We used the wound healing assay and 
Transwell assay to examine the effects of knocking down 
Mortalin expression on migration and invasion, respec-
tively. The results showed that knockdown of Mortalin 
expression could effectively inhibit the wound healing 
ability of prostate cancer cells and inhibit cell migration 

(Fig. 3A, B). At the same time, reducing Mortalin expres-
sion inhibited the invasive effect of tumor (Fig.  3C). 
Western blot results also demonstrated that knock-
down of Mortalin inhibited the expression of MMP2 
and MMP9, proteins involved in tumor progression and 
metastasis (Fig.  3D). Tumor angiogenesis can provide 
nutrients for tumor growth and promote malignant pro-
gression. Therefore, we examined the angiogenic abil-
ity of tumor cells after Mortalin knockdown by western 
blot assay. The results showed that Mortalin knockdown 

Fig. 2  Mortalin expression is related to the proliferation of prostate cancer. A Mortalin expression in different prostate cancer cell lines. B Statistical 
histogram of group A data. C Western blot was used to detect protein expression in different Mortalin expression groups in PC3 and DU145 cells. D 
Statistical histogram of group C data. E Differences in Mortalin expression between DU145 and PC3 cells were detected by immunofluorescence. 
F Statistical histogram of group E data. G The growth differences of PC3 and DU145 cells were determined by MTT assay. H The ability of colony 
forming in PC3 and DU145 cells. I Statistical histogram of group G data.  *P<0.05, **P<0.01, ****P < 0.0001 VS Control
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Fig. 3  Mortalin promotes the migration in prostate cancer cells. A Effect on wound healing ability in DU145 cells with differential expression 
of Mortalin. B Effect on wound healing ability in PC3 cells with differential expression of Mortalin. C Effect on migration ability of PC3 
and DU145 cells with differential expression of Mortalin. D Mortalin down-regulation influences expression of MMP2, MMP9 and VEGF, 
and western blotting histogram. E Effect on angiogenesis ability with differential expression of Mortalin, and angiogenesis ability histogram.  
**P < 0.01, ***P<0.001, ****P < 0.0001VS Control
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could inhibit the expression of VEGF protein in PC3 and 
DU145 cells. Meanwhile, in the angiogenesis assay, Mor-
talin knockdown significantly inhibited the ability of PC3 
and DU145 cells to form blood vessels compared to the 
si-con group (Fig.  3E). Taken together, knockdown of 
Mortalin could inhibit the malignant progression of pros-
tate cancer.

Mortalin promotes EMT progression in prostate cancer
EMT is also called the transition of tumor epithelial cells 
to mesenchymal cells. The acceleration of EMT process 
can reduce the connection between cells and increase the 
possibility of tumor cell metastasis [21]. Therefore, the 
expression of protein markers of EMT in prostate cancer 
cells after Mortalin knockdown was detected by western 
blot (Fig.  4A, B). The results showed that after Morta-
lin knockdown, the expression of epithelial cell markers 
ZO-1 and E-Cadherin increased in PC3 and DU145 cells, 
while the expression of mesenchymal markers Vimentin, 
Slug and Twist decreased. Repeated verification by IF 
staining also demonstrated that in PC3 and DU145 cells, 
the expression of E-Cadherin was up-regulated and the 

expression of Vimentin was down-regulated after Morta-
lin knockdown (Fig. 4C–F; Additional file 1B-C).

Mortalin promotes progression of the prostate cancer 
through the Wnt/β‑catenin signaling pathway
Mortalin can be involved in tumor EMT process by acti-
vating Wnt/β-catenin signaling pathway. The Wnt/β-
catenin signaling pathway plays an important role in 
cell cycle regulation and affects cell proliferation, differ-
entiation and growth. It can lead to the accumulation of 
β-catenin in the nucleus, which interacts with transcrip-
tion factors to promote the expression of target genes 
such as Wnt and cyclin D1 [22]. To verify this conclu-
sion, We used STRING and GeneMANIA database 
analyses to demonstrate that the Wnt/β-catenin signal-
ing pathway is correlated with EMT progression in pros-
tate cancer first (Fig. 5A, B). Then, the analysis of GEPIA 
database showed that Mortalin was positively correlated 
with DVL2 (Wnt), CTNNB1 (β-catenin) and CCND1 
(CyclinD1) in prostate cancer (Fig.  5C). Subsequently, 
Expression of proteins related to Wnt/β-catenin signal-
ing pathway in DU145 and PC3 cells by Western blotting 
and immunofluorescence assay (Fig.  5F–I). The results 

Fig. 4  The relationship between Mortalin differential expression and tumor EMT. A, B Western blot was used to detect the expression differences 
of epithelial and mesenchymal markers in DU145 and PC3 cells, and western blotting histogram. C Immunofluorescence detection of difference 
in fluorescence signal intensity of E-cadherin between DU145 and PC3 cells. D Statistical histogram of group C data. E Immunofluorescence 
detection of difference in fluorescence signal intensity of Vimentin between DU145 and PC3 cells. F Statistical histogram of group E data. 
*P<0.05, **P<0.001   ***P < 0.001 VS Control
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Fig. 5  Wnt/β-catenin signaling pathway was affected by differential expression of Mortalin. A, B Interaction network between Wnt/β-Catenin 
signaling and EMT search by STRING and GeneMANIA database. C GEPIA database was used to detect the relationship in Mortalin, Wnt/β -catenin 
and Cyclin-D1 in prostate cancer. D, E Differential expression of Mortalin had effects on expression of β-catenin, C-myc and Cyclin-D1, and western 
blotting histogram. F Immunofluorescence detection of difference in fluorescence signal intensity of C-myc between DU145 and PC3 cells. G 
Statistical histogram of group F data. H Immunofluorescence detection of difference in fluorescence signal intensity of Cyclin-D1 between DU145 
and PC3 cells. I Statistical histogram of group H data.  * P < 0.05, **P<0.001 ****P < 0.0001 VS Control
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showed that Mortalin knockdown significantly inhibited 
the expression of β-catenin, C-myc and Cyclin-D1. These 
results suggest that Mortalin knockdown can inhibit 
EMT process through Wnt/β-catenin signaling path-
way and thus inhibit the malignant progression of pros-
tate cancer. Single factor analysis showed that Gleason 
score, TNM stage, lymph node metastasis and Mortalin 
expression were closely correlated with poor prognosis of 
prostate cancer patients (Table  2). Multivariate analysis 
showed that lymph node metastasis and Mortalin expres-
sion were independent risk factors for poor prognosis in 

prostate cancer patients (Table 3). These results suggest 
that high Mortalin protein expression is an independent 
risk factor for poor prognosis in prostate cancer patients.

Mortalin promotes prostate cancer progression in‑vivo
To evaluate the effect of Mortalin on cancer metastasis, 
xenograft models in-vivo was applied. Intraperitoneally 
injections of PC3 cells knockdown Mortalin (Mortalin-
si-2) or negative control (si-con) into BALB/c nude mice 
were carried out. The results showed that the tumor vol-
ume was reduced in the Mortalin-si-2 group compared 

Table 2  Correlation analysis of Mortalin protein expression and clinicopathological parameters of prostate cancer patients

* P < 0.05, **P < 0.01, ***P < 0.001

Variables No. of cases Strongly positive Mortalin 
cases +++ (%)

Weakly Mortalin cases 
−~++ (%)

χ2 p value

Age (years) 1.479 0.224

 < 60 42 22 (52.4) 20 (47.6)

 ≥ 60 48 19 (39.6) 29 (61.4)

Tumor size 3.269 0.071

 T1–T2 51 19 (37.3) 32 (62.7)

 T3–T4 39 22 (56.4) 17 (44.6)

Gleason score 5.443 0.020*

 ≤ 6 36 11 (30.6) 25 (69.4)

 ≥ 7 54 30 (55.6) 24 (44.4)

TNM stage 6.868 0.009**

 I–II 57 20 (35.1) 37 (64.9)

 III–IV 33 21 (63.6) 12 (36.4)

LN metastasis 17.203 0.000***

 Negative 54 15 (27.8) 39 (72.2)

 Positive 36 26 (72.2) 10 (27.8)

Table 3  Univariate and multivariate analysis of influencing prognosis of prostate cancer patients

*P < 0.05, ***P < 0.001

Factors B SE Wald HR 95%CI p value

Lower Upper

Univariate survival analyses

 Age 0.023 0.289 0.006 1.023 0.580 1.804 0.937

 Tumor size 0.001 0.294 0.000 1.001 0.563 1.780 0.997

 Gleason score 0.705 0.344 4.194 2.023 1.031 3.971 0.041*

 TNM stage 1.025 0.293 12.276 2.788 1.571 4.948 0.000***

 LN metastasis 1.130 0.302 14.052 3.096 1.715 5.591 0.000***

 Mortalin expression 1.441 0.336 18.400 4.225 2.187 8.162 0.000***

Multivariate survival analyses

 Gleason score 0.455 0.364 1.568 1.577 0.773 3.215 0.210

 TNM stage 0.565 0.317 3.177 1.759 0.945 3.272 0.075

 LN metastasis 0.676 0.341 3.919 1.965 1.007 3.836 0.048*

 Mortalin expression 0.839 0.400 4.391 2.313 1.056 5.068 0.036*
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with the si-con group. The Mortalin-si-2 group did not 
cause significant differences in the body weights of mice 
and the damage of normal tissues, and the absence of 
physical distress over the course of the experiment. 
(Fig.  6A–D). The Vevo2100 LAZR high frequency US 
imaging system demonstrated that Mortalin-si-2 group 
can reduce tumor formation (Fig.  6E). These findings 
strongly suggest that Mortalin significantly promotes 
cancer progression within an in-vivo model. The expres-
sion of Ki-67 (Fig. 6F), a marker associated with cellular 
proliferation, was significantly reduced following Morta-
lin-si-2 group. Consistent with in-vitro findings, Immu-
nohistochemical analysis revealed compelling evidence 
that the administration of Mortalin-si-2 group effectively 
suppressed the process of EMT transformation (Fig. 6G, 
H), Meanwhile, immunohistochemistry was performed 
to detect the expression of Cyclin-D1 and C-myc, the 
tumor cycle-related proteins in nude mice (Fig.  6I, J). 
Notably, HE staining demonstrated no discernible impact 
on the liver, kidney, and spleen, indicating the absence of 
adverse effects on these vital organs (Fig. 6k).

Discussion
Prostate cancer is a major global health concern that 
primarily affects older individuals. The latest global can-
cer data for 2023 underscores its prominence as one of 
the most common cancers among men, with a substan-
tial burden in terms of new morbidity and mortality 
[23].  Currently, androgen deprivation therapy (ADT) 
is mainly used to treat early-stage prostate cancer, but 
many patients will develop drug resistance and progress 
to androgen-independent prostate cancer when repeated 
therapy is used for a long time [24]. There are many fac-
tors affecting the occurrence of prostate cancer. Studies 
have found that the over-expression of Mortalin can pro-
mote the malignant progression of prostate cancer. Mor-
talin is involved in the proper folding of newly formed 
proteins and the renaturation of damaged proteins. It 
is also involved in the transport of specific proteins to 
appropriate organelles or lysosomes and protecting pro-
teins from degradation factors produced during cellular 
stress. In addition, Mortalin is also involved in the regu-
lation of immune response and apoptosis, affecting the 
sensitivity of cells to androgen receptor (AR) [25–27].

Many studies have shown that Mortalin protein inter-
acts through the relationships existed in the HSP40/
HSP70/HSP90 chaperone mechanism in prostate cancer 
cells, which is consistent with the versatility of the chap-
erone mechanism [28–30]. These data further support 
the study of HSP40/HSP70 companion shafts as a basis 
for androgen-independent hormone replacement therapy 
for prostate cancer.

Differences in the expression of Mortalin in normal 
Tumor-surrounding tissue and tumor tissues have been 
improved. Data analysis and IHC analysis were con-
ducted by CCLE and UALCAN databases in this paper. 
It was confirmed that Mortalin expression was higher 
in prostate cancer tissues. In addition, our IHC results 
showed that Mortalin was more expressed in tumor tis-
sue with higher Gleason scores, confirming the impor-
tance of Mortalin in the malignant progression of 
prostate cancer. Previously, our research team has shown 
that Mortalin plays an important role in the malignant 
progression of breast cancer [31] and lung adenocarci-
noma [16]. It has been shown that Mortalin can promote 
the malignant progression of ovarian cancer. In-vivo and 
in-vitro data show that Mortalin plays an important role 
in the progression of many cancers, which promotes the 
proliferation, migration, invasion, and EMT process of 
tumor cells. It also fully demonstrates that Mortalin has 
great potential as a predictor of malignant progression of 
cancer and an evaluation index of tumor survival. These 
common findings also suggest the possibility of Mortalin 
as an indicator of cancer malignancy and a potential ther-
apeutic target for androgen-independent prostate cancer.

To explore Mortalin’s specific mechanisms for pro-
moting malignant progression in prostate cancer. We 
screened for androgen-independent prostate cancer 
cells with higher levels of malignancy, DU145 and PC3, 
through Western blot, and conducted a series of Mor-
talin related experiments. To verify Mortalin’s role in 
cell proliferation, we employed MTT and colony forma-
tion experiments to show that knocking down Mortalin 
inhibits the proliferation in DU145 and PC3 cells.

Tumor metastasis is the main cause of death in patients. 
Androgen independent prostate cancer is more likely to 
develop malignant progression due to its insensitivity to 
hormone therapy [32, 33]. Therefore, it is very impor-
tant to inhibit tumor metastasis effectively. The results 

(See figure on next page.)
Fig. 6  Differential expression of Mortalin inhibits tumor growth in-vivo. A Mortalin-si-2 inhibits tumor growth in-vivo. B Body weight of mice. C 
Tumors size and volume of mice; D Tumor growth was monitored for 21 days. After 21 days of treatment, tumors were removed and photographed. 
E Representative US images of Mortalin differential expression in PC3 tumors. F–J Expression of ki-67, E-cadherin, vimentin, Cyclin-D1 and C-myc 
in tumors tissues after subcutaneous injection detected by IHC. K H&E of liver, kidney, and spleen tissues isolated from each mouse group. 
* P<0.05, **P<0.001,  ****P < 0.0001 VS Control
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Fig. 6  (See legend on previous page.)
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of scratch test and transwell test showed that Mortalin 
expression was negatively correlated with scratch healing 
rate. These results suggest that Mortalin knockout can be 
an effective method to inhibit the migration and progres-
sion of androgen independent prostate cancer. Tumor 
angiogenesis is an important link in tumor survival and 
progression [34], in which VEGF plays a vital role, and 
the expression of VEGF was detected by Western blot 
test. The effect of Mortalin differential expression on 
angiogenesis was examined by angiogenesis assay. The 
results showed that the ability of forming blood vessels 
was reduced after Mortalin knockdown in prostate can-
cer cells.

EMT affects and promotes metastasis cascade, which is 
characterized by loss of cell adhesion and cell membrane 
polarity, enhancing cell motility and metastasis [35, 36]. 
Meanwhile, Mortalin is also involved in tumor EMT pro-
cess. We detected the expression levels of EMT markers 
in DU145 and PC3 cells by Western blot and IF stain-
ing. The results showed that the expression of epithelial 
markers was up-regulated and mesenchymal markers 
down-regulated after Mortalin knockdown. These results 
suggest that Mortalin promotes the EMT process in 
prostate cancer.

The Wnt/β-catenin pathway plays a key role in embry-
onic development and adult tissue homeostasis. Blocking 
this pathway can inhibit angiogenesis in prostate cancer 
[37, 38]. Therefore, angiogenesis assay was used to detect 
the effect of differential expression of Mortalin on angio-
genesis, and Western blot assay was used to detect the 
expression levels of related proteins β-catenin, C-Myc 
and CyclinD1. The results showed that the expression 
levels of β-catenin, C-myc and CyclinD1 were decreased 
after Mortalin knockdown.  In conclusion, Mortalin 
knockout can effectively inhibit tumor malignant pro-
gression by inhibiting Wnt/β-catenin signaling pathway, 
thus playing an anti-tumor role.

The up-regulation of Mortalin helps to improve the 
stemness of cancer cells and promote the increase of 
stemness markers, thus showing high migration abil-
ity and weak response to various cancer chemotherapy 
drugs. Single factor analysis confirmed that TNM stage, 
lymph node metastasis and Mortalin expression were 
independent factors for poor prognosis in prostate can-
cer patients. In the multivariate analysis, lymph node 
metastasis and Mortalin expression were combined to 
influence the poor prognosis of prostate cancer. These 
results suggest that Mortalin expression is not only 
closely related to the degree of malignancy of pros-
tate cancer, but also can be an independent risk factor 
affecting the survival of patients. Our study provides 
evidence for the role of Mortalin in the progression of 

prostate cancer and suggests its potential as a thera-
peutic target. Further research is needed to explore the 
feasibility and effectiveness of targeting Mortalin in the 
treatment of prostate cancer, particularly in the context 
of androgen-independent disease.

In conclusion, down-regulation of Mortalin has an 
inhibitory effect on the malignant progression of pros-
tate cancer and exerts a tumour-suppressive effect 
through the Wnt/β-catenin signaling pathway. In  vivo 
and in  vitro experiments demonstrated that Morta-
lin downregulation significantly affected prolifera-
tion, migration and epithelial-mesenchymal transition 
(EMT) in androgen-independent prostate cancer. These 
findings confirm that Mortalin may be a promising tar-
get in the treatment of androgen-dependent prostate 
cancer (Additional file 1D).
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