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prostate cancer (CRPC). This type of PCa displays stron-
ger invasion and metastasis abilities, with no effective 
treatment option currently available. A substantial pro-
portion of CRPC patients may further progress to meta-
static CRPC, exhibiting a diverse spectrum of molecular 
tumor characteristics and varying degrees of progression 
risk, as indicated by recent studies [3]. This may rapidly 
develop into a phenotype similar to lethal neuroendo-
crine prostate cancer (NEPC) [4]. Therefore, it is of great 
significance to explore the molecular mechanisms under-
lying PCa metastasis and develop novel therapeutic strat-
egies to prevent the progression of PCa.

Several studies have focused on the relation-
ship between male-specific genes encoded on the Y 

Introduction
PCa is the second leading cause of cancer-related mor-
tality among men, highlighting its prevalence and global 
health impact [1]. While androgen deprivation therapy 
for advanced PCa initially exerts excellent anticancer 
effects [2], the majority of patients eventually progress 
to androgen-resistant PCa, termed castration-resistant 
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Abstract
Prostate cancer (PCa) is one of the most common and prevalent cancers in men worldwide. The majority of PCa-
related deaths result from metastasis rather than primary tumors. Several studies have focused on the relationship 
between male-specific genes encoded on the Y chromosome and PCa metastasis; however, the relationship 
between the male specific protein encoded on the Y chromosome and tumor suppression has not been fully 
clarified. Here, we report a male specific protein of this type, the histone H3 lysine 4 (H3K4) demethylase JARID1D, 
which has the ability to inhibit the gene expression program related to cell invasion, and can thus form a 
phenotype that inhibits the invasion of PCa cells. However, JARID1D exhibits low expression level in advanced PCa, 
and which is related to rapid invasion and metastasis in patients with PCa. Curcumin, as a multi-target drug, can 
enhance the expression and demethylation activity of JARID1D, affect the androgen receptor (AR) and epithelial-
mesenchymal transition (EMT) signaling cascade, and inhibit the metastatic potential of castration resistant cancer 
(CRPC). These findings suggest that using curcumin to increase the expression and demethylation activity of 
JARID1D may be a feasible strategy to inhibit PCa metastasis by regulating EMT and AR.
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chromosome and PCa [5]. A male-specific protein 
encoded on the Y chromosome, histone H3 lysine 4 
(H3K4) demethylase JARID1D (also called KDM5D and 
SMCY), has the ability to inhibit gene expression pro-
grams related to cell invasion. Li et al. [6] reported that 
the expression level of JARID1D in patients with meta-
static PCa is very low, occasionally being undetectable. 
Knockdown of JARID1D in NEPC cells with reduced or 
lost reliance on the androgen receptor (AR) can enhance 
their metastatic ability, and overexpression of JARID1D 
can inhibit their invasive ability [6]. JARID1D specifi-
cally represses invasion-associated genes. High het-
erogeneity is a pivotal clinical characteristic of PCa, 
wherein the role of AR as an initiating factor driving the 
high heterogeneity of PCa in JARID1D driven metasta-
sis is unclear. Taken together, these findings provide evi-
dence that JARID1D may be an anti-invasion target for 
suppressing PCa progression. However, it is still chal-
lenging to develop specific targeting agonists to activate 
JARID1D, which suggests that we may need to explore 
drugs with multi-target pharmacodynamic relationships, 

exemplified by the herbal compound curcumin. In view 
of the role of JARID1D in tumor development and the 
pleiotropic effect of curcumin, taking curcumin or its 
derivatives as potential candidates to regulate JARID1D 
activity may improve the expression of JARID1D and play 
an anti-tumor role.

Curcumin, fundamentally a polyphenolic compound, 
is derived as a powder from the rhizome of the peren-
nial herb, Curcuma longa [7]. Previous studies have 
shown that curcumin, as a multi-target drug, has anti-
inflammatory, antioxidant, anti-infective, anti-fibrotic, 
and anti-atherosclerotic properties, which could signifi-
cantly inhibit the occurrence and metastasis of various 
malignant tumors [8]. In addition, mounting evidence 
indicates that curcumin can act as an epigenetic regu-
lator to exert anti-tumor effects [9]. For example, it can 
improve the expression of histone deacetylases, DNA 
methyltransferases, and inhibit the invasion and migra-
tion of tumors [10, 11]. However, the epigenetic mecha-
nism of curcumin preventing PCa metastasis has not 
been fully clarified. Despite these advances, the precise 
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epigenetic mechanism through which curcumin forestalls 
PCa metastasis remain to be comprehensively elucidated.

In this study, CRPC cells were treated with curcumin, 
and the changes in cell morphology, proliferation, and 
gene methylation status were analyzed to determine the 
changes in JARID1D methylation. We further exam-
ined AR expression and EMT-related molecules. The 
results demonstrated that the invasion and metastasis of 
PCa induced by the knockdown of JARID1D were sig-
nificantly inhibited by curcumin. Curcumin inhibits the 
metastatic potential of CRPC cells by regulating AR and 
EMT-related genes through methylation of JARID1D. 
These results underscore the therapeutic potential of cur-
cumin in the treatment of invasive prostate cancer.

Materials and methods
Cell culture
The PCa cell lines LNCaP, C4-2, PC3, DU145, C42R 
(20  μm of Enzalutamide induced for 120 days) and 
22Rv1 were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in RPMI 
1640 medium with 10% fetal bovine serum (Gibco Cat# 
10099141  C) at 37  °C and 5% CO2. All the cell cultures 
contained 1% penicillin and 1% streptomycin (Gibco 
Cat# 1037801). When the cell density reached 80-90%, 
0.25% trypsin was used for sub-culturing.

Chronic virus transfection assays
The day before transfection, 22RV1 cells with good cell 
status were inoculated in the 6-well plate, and the con-
fluent degree reached 30-50% the next day. Transfection 
was performed with a special transfection reagent poly-
brene, followed by a system of 2 mL culture medium per 
well, 2.5 µL polybrene and 10 µL disease venom. Fresh 
culture medium was replaced 4–6  h after transfection. 
After 48 h, the transfection efficiency was verified by RT-
PCR and Western blot. When the mRNA and protein 
expression levels of JARID1D were significantly reduced, 
it was confirmed that the stable lentivirus strain was suc-
cessfully constructed.

RT-PCR assays
A total RNA extraction kit was used to extract the total 
RNA of each group of cell samples, and a reverse tran-
scription kit was used to reverse-transcribe RNA into 
cDNA. The reaction conditions were 37  °C for 15  min 
and 85  °C for 15 s. Then real-time fluorescent quantita-
tive PCR was conducted on the cDNA of each group of 
samples. With β-Actin is an internal reference gene, For-
mula 2−ΔΔCT calculates the relative expression levels of 
each group of genes. The reagents and instruments used 
were PrimeScript™ RT Reagent Kit, TB Green® Fast qPCR 
Mix (Takara, Beijing, China), Step One Plus real-time 
PCR Detection System (Applied Biosystems, Thermo 

Fisher, Waltham, MA, USA). PCR reaction conditions 
were set as follows: predenaturation at 95  °C for 30  s, 
PCR at 95  °C for 15 s, and PCR at 60  °C for 30 s for 40 
cycles. The primer sequences used for PCR are listed in 
Supplementary Table 1.

Western blot analysis
According to the experimental protocol reported in the 
literature [12], the protein was extracted from the cells 
with lysate, and the protein concentration was deter-
mined with BCA protein quantitative kit. Then, 10% 
SDS-PAGE gel was assembled, gel electrophoresis was 
performed, and proteins were separated according to 
molecular weight. Electrophoresis conditions: 90  V, 
400 mA, 120 min. The transfer box was assembled with 
the gel closest to the negative electrode and the film 
closest to the positive electrode. Transfer condition: 
90 V, 400 mA, time depends on the size of the molecu-
lar weight. After the transfer, the PVDF membrane was 
soaked in 5% skim milk powder for 2 h. The membrane 
was incubated with a primary antibody against the tar-
get protein, and shaken gently overnight at 4  °C, or 
incubated at room temperature for 1 h. Finally, an imag-
ing system was used to capture and analyze the images, 
and the protein antibodies used in the experiment were: 
JARID1D (Affinity Biosciences, DF2548, 1: 1000), AR 
(Abcam, ab108341, 1:1000), N-cadherin (United King-
dom, Abcam, ab76011, 1:1000), E-cadherin (Proteintech, 
20874-1-AP, 1:1000), MMP2 (United Kingdom, Abcam, 
ab92536, 1:1000), H3K4me3 (Affinity, DF6935, 1:1000), 
Vimentin (Proteintech 10366-1-AP, 1:1000) and β-actin 
(Engibody, AT0001, 1:2000).

Transwell assay
The 22RV1 sh-JARID1D cells were established via the 
transfection of chronic viruses to knock down JARID1D 
expression; 22RV1-NC cells were the corresponding con-
trols. These cells were added to the chamber and cultured 
for 48  h. The cells were then fixed with 4% paraformal-
dehyde and stained with crystal violet, and the micro-
scope was used to capture the images of the cells passing 
through the Transwell chamber.

Animal experiment
Male BALB/c nude mice, aged 6–7 weeks, were sourced 
from GemPharmatech Co. Ltd. (Chengdu, China) and 
housed in a pathogen-free environment at the Laboratory 
Animal Center of the Fourth Military Medical University 
(FMMU). Our animal study protocol was meticulously 
reviewed and approved by the Institutional Review Board 
of the Institutional Animal Care and Use Committee 
of FMMU (Protocol code: No. 20200417, approved on 
March 20, 2020), ensuring all procedures adhered to the 
highest ethical standards.
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In our study, 2 × 106 22RV1 sh-JARID1D and 2 × 106 
22RV1-NC cells were injected into the tail veins of the 
mice. To monitor metastasis in vivo, small-animal opti-
cal imaging was employed using the Caliper Lumina II 
system after a 4-week observation period. Lung tissue 
sections were subsequently harvested for histological 
examination via H&E staining upon detection of meta-
static signals.

For the curcumin intervention experiments, 2 × 106 
22RV1 sh-JARID1D cells labeled with luciferase were 
similarly injected. After a 4-week establishment period, 
mice were randomly assigned to two groups (n = 7 per 
group) in a blinded manner, ensuring equal distribu-
tion of baseline characteristics. The treatment group 
received intraperitoneal injections of curcumin (Sell-
eck, USA, S1848) at a dosage of 30 mg/kg body weight, 
administered biweekly, while the control group received 
equivalent volumes of the vehicle. Body weight was 
closely monitored throughout the study to assess general 
health. Bioluminescence imaging was conducted weekly 
for 3 weeks using the Xenogen IVIS50 imaging system, 
with the following parameters: field of view set to ‘D’, 
binning at ‘4’ for optimal signal-to-noise ratio, exposure 
time adjusted based on initial pilot scans to maximize 
the dynamic range without saturation, and f/stop at ‘1’ 
for maximum light collection. Signal quantification was 
performed using Living Image 4.7.3 software, applying a 
standardized protocol for region of interest (ROI) iden-
tification and quantification. We defined metastatic sig-
nals as any ROI with a total flux exceeding a threshold 
of 1 × 106 photons/second. Upon completion of the study, 
mice were humanely euthanized, and lung tissues were 
collected for paraformaldehyde fixation, ensuring rigor-
ous adherence to our predefined monitoring protocols 
and ethical considerations.

Methylation specific PCR (MSP)
Genomic DNA was extracted using proteinase K diges-
tion and phenol/chloroform extraction, which was quan-
tified using an ultraviolet spectrophotometer and stored 
at − 20  °C. DNA was purified using a Wizard clean-up 
system kit (Takara, Beijing, China), and the specific steps 
were carried out according to the manufacturer’s instruc-
tions. DNA bisulfite modification was performed using 
standard protocols [13]. The detailed procedure involved 
initial denaturation at 99 °C for 10 min, followed by incu-
bation at 50 °C for 60 min with intermittent mixing, and 
a final cooling step at room temperature for 10 min. After 
24 h of culture, the methylation status of the cells in each 
group was detected by the MSP method [14]. The MSP 
primer sequences, annealing temperatures, and fragment 
sizes of JARID1D are listed in Supplementary Table 2.

Cell viability analysis
According to the product manual provided by the man-
ufacturer, cell samples were collected and Cell Count 
Kit-8 (7 Sea Biotech, Shanghai, China) was used to deter-
mine their growth activity. Tumor cells were cultured 
in 96-well plates (3 × 103 cells/well), and curcumin was 
added at varying concentrations. Following a 72-hour 
incubation, 100 µL medium-CCK-8 mixture at a ratio 
of 9:1 was added and incubated for 2  h. Absorbance 
values were measured at 450  nm, and cell viability was 
calculated based on these values. Finally, use GraphPad 
software, select normalized Response Variable slope, per-
form curve fitting, and obtain its IC50 value. The relevant 
data are listed in Supplementary Table 3.

ChIP assay
ChIP assays were determined with the Simple ChIP Plus 
Enzymatic Chromatin IP Kit (Cell Signaling Technology, 
91820). A total of 7.5 × 106 cells were cross-linked at room 
temperature for 10  min using a 1% solution of parafor-
maldehyde. The cross-linking reaction was quenched by 
adding 1 mL of 1.25 M glycine and incubating for 5 min. 
The cross-linked chromatin was subsequently transferred 
to AFA fiber tubes (Covaris) and sonicated to achieve 
an average fragment size of 150–200 base pairs (bp) in a 
0.2% SDS shearing buffer using a Covaris sonicator. The 
sonicated chromatin was centrifuged at 13,000  rpm for 
5 min and diluted to a final concentration of 0.1% SDS. 
The chromatin was pre-cleared using Dynabeads Pro-
tein G (Life Technologies) for 1  h. Chromatin-protein 
complexes were then immunoprecipitated with 5 μm of 
specific antibodies at 4 °C overnight. On the subsequent 
day, Dynabeads Protein G were added again for a 2-hour 
incubation. The beads were thoroughly washed with a 
series of buffers: low-salt wash buffer, high-salt wash 
buffer, LiCl wash buffer, and finally with TE buffer. The 
precipitated chromatin was eluted from the beads using 
300 µL of elution buffer (1% SDS, 0.1  M NaHCO3) for 
1  h at room temperature, followed by de-cross-linking 
at 65  °C overnight. The ChIP and input DNA samples 
were treated with RNase A and proteinase K, and then 
extracted using phenol-chloroform extraction. The integ-
rity and size of the DNA fragments (150–200  bp) were 
assessed using a High Sensitivity DNA Kit on an Agilent 
2100 Bioanalyzer. The antibodies used in the experi-
ment were: anti-AR (Cell Signaling Technology, 5153), 
anti-JARID1D (Affinity Biosciences, DF2548), and anti-
H3K4me3 (Abcam, ab6002) antibodies. In addition, anti-
histone H3 antibodies (Cell Signaling Technology, 4620) 
and normal rabbit IgG antibodies (Cell Information 
Technology, 2729) were used as positive and negative 
control groups, respectively. Finally, to analyze the DNA 
derived from ChIP, quantitative RT-PCR was used. For 
the quantitative RT-PCR analysis, we used SYBR Green 
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Master Mix and specific primers designed to amplify 
ROIs. The PCR program included an initial denaturation 
step at 95  °C for 10 min, followed by 40 cycles of 95  °C 
for 15  s and 60  °C for 1  min. Data were normalized to 
input DNA and expressed as fold enrichment relative to a 
negative control region. The relevant primers are listed in 
Supplementary Table 1.

Co-immunoprecipitation (Co-IP)
For Co-IP, we prepared 8 × 106 cells and lysed them in 
lysis buffer containing 10 mM Hepes-NaOH (pH 8), 1.5 
mM MgCl2, 25% glycerol, 0.5% Nonidet P-40, 0.42  M 
NaCl, 0.2 mM EDTA, and 0.5 mM DTT. After cen-
trifugation at 13,200  rpm for 10  min, diluted in a dilu-
tion buffer (20 mM Tris-HCl, pH 8.0, 1.5 mM MgCl2, 
0.2 mM EDTA, 0.5% Nonidet P-40), and supplemented 
with 3 mM MgCl2 and 20 U/mL DNase (NEB). The mix-
ture was incubated at 37  °C for 30 min. To preclear the 
lysate, 30 µL of Dynabeads Protein G (Life Technologies) 
were added and incubated at 4 °C for 60 min with gentle 
rotation. Subsequently, 10% of the lysate was reserved 
as the input control, and the remainder was incubated 
with 5 µg of the following primary antibodies overnight 
at 4  °C: JARID1D (Affinity Biosciences, DF2548, 5  µg/
µL), AR (Cell Signaling Technology, 5153, 5 µg/µL), IgG 
(SC-2027, 2 µg/µL). On the following day, 50 µL of Dyna-
beads Protein G were added to the lysate and incubated 
for 2 h at 4 °C with gentle rotation. The precipitated pro-
teins were then washed twice with a low-salt Co-IP wash 
buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.5 mM 
MgCl2, 0.5% Nonidet P-40, 0.2 mM EDTA). Finally, 30 
µL of NuPAGE LDS sample buffer with DTT (Bio-Rad) 
was added to the beads, and the mixture was heated at 
95 °C for 5 min. The supernatants were then subjected to 
immunoblotting to detect the proteins of interest.

Immunohistochemistry (IHC)
The process began with tissue sectioning and prepara-
tion, followed by deparaffinization and antigen retrieval 
to expose antigenic sites. Endogenous peroxidase was 
blocked, and non-specific binding was prevented with 
serum blocking. The sections were then incubated with 
a primary antibody to target the protein of interest, fol-
lowed by an enzyme-conjugated secondary antibody. 
After washing, a chromogenic substrate was applied for 
signal development, typically resulting in a colored reac-
tion product at the antigen location. The sections were 
counterstained, dehydrated, and mounted for micro-
scopic analysis to assess protein presence and distri-
bution. IHC analysis was performed using antibodies 
against JARID1D (USA, Affinity Biosciences, DF2548, 
1:100), AR (United Kingdom, Abcam, ab108341, 1:200), 
E-cadherin (Proteintech, 20874-1-AP, 1:5000), N-cad-
herin (United Kingdom, Abcam, ab76011, 1:200), MMP2 

(United Kingdom, Abcam, ab92536, 1:100), Vimentin 
(Proteintech, 10366-1-AP, 1:3000) and CK8 (United 
Kingdom, Abcam, ab53280, 1:250).

H&E staining
H&E staining is a commonly used histological technique 
in pathology for evaluating the morphological charac-
teristics of tissue sections. In our study, tissue sections 
were first subjected to fixation, followed by hydration. 
They were then stained with hematoxylin to color the cell 
nuclei. After staining, the sections were rinsed with water 
and subsequently stained with eosin to color the cyto-
plasm and other tissue structures. Once the staining pro-
cess was complete, the sections were dehydrated through 
a series of gradually increasing concentrations of alcohol, 
ultimately clearing away excess dye and undergoing clari-
fication treatment. Finally, the sections were mounted in 
a resin medium to protect the staining and were observed 
and analyzed under a light microscope.

Statistical analysis
The data are presented as mean ± standard error (SE), 
and were analyzed using GraphPad Prism (GraphPad 
Software, San Diego, USA). Differences between experi-
mental groups were tested using the Student’s t-test and 
one-way and two-way analysis of variance (ANOVA) 
(P < 0.05).

Results
Knockdown of JARID1D enhances the invasive ability of 
PCa cells
To explore the relationship between JARID1D and the 
invasion of PCa cells, a cell line with JARID1D knock-
down was established. First, the expression of JARID1D 
in five PCa cell lines (22RV1, LNCaP, PC3, C4-2 and 
DU145) was detected using RT-PCR and western blot. 
The experiments of Western blot (Fig. 1A) and RT-PCR 
(Fig. 1B) confirmed that JARID1D was highly expressed 
in 22RV1 cells. Meanwhile, 22RV1 cells represented the 
most common cell types that underwent metastasis in 
clinic with the characteristics of CRPC. This cell line also 
displayed certain metastatic potential in transplanted 
tumor models. For these reasons, we chose 22RV1 cells 
for this study. Three siRNAs (si-1, si-2 and si-3) were 
designed to transfect 22RV1. Then, the results from 
both RT-PCR and Western blot analyses indicated that, 
compared to the control group (si-nc), the knockdown 
effect of si-1 was the most pronounced. (Supplemen-
tary Fig.  1). Therefore, the si-1 sequence packaging was 
selected for the synthesis of chronic viruses. Western 
blot and RT-PCR showed that compared to 22RV1-NC, 
the protein and mRNA expression levels of JARID1D 
were both reduced, suggesting that the stable cell line 
with low expression of JARID1D has been successfully 
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constructed. (Figure 1C and D). Furthermore, Transwell 
experiments showed that the invasion ability of 22RV1 
(P < 0.01) cells was significantly enhanced after knock-
down of JARID1D (Fig. 1E). This suggested that JARID1D 
could regulate PCa cell invasion and might be an epigen-
etic inhibitor of PCa cell invasion.

Knockdown of JARID1D promotes metastasis of PCa in a 
xenograft model
To evaluate the effect of JARID1D on the metastasis of 
PCa cells in vivo, we established a lung metastasis xeno-
graft model through tail vein injection of PCa cells into 
nude mice and dynamically monitored the metastasis of 

the tumor cells using small-animal optical imaging. Four 
weeks after tumor cell injection, the luciferase signals 
in 22RV1 sh-JARID1D (P < 0.01) mice were significantly 
higher than those in the 22RV1-NC mice (Fig. 2A), and 
the metastatic signal was mainly concentrated in the 
lungs (Fig.  2B). At the end of the experiment, the mice 
were euthanized and the lung tissues were dissected. 
After fixation and paraffin embedding, H&E staining 
confirmed that the number of tumor metastatic lesions 
in the 22RV1 sh-JARID1D group was significantly higher 
than that in the 22RV1-NC group (Fig. 2C). These results 
indicated that the knockdown of JARID1D could pro-
mote the metastatic ability of 22RV1 cells in vivo.

Fig. 1 Knocking down JARID1D can enhance the invasive ability of PCa cells. (A-B) The expression of JARID1D in PCa cell lines (22RV1, LNCaP, PC3, C4-2 
and DU145) was analyzed using quantitative RT-PCR (A) and Western blot (B) and quantitative analysis results. (C-D) The expression of JARID1D after 
22RV1 cells transfection into lentivirus was analyzed using Western blot and quantitative analysis results. (C) and quantitative RT-PCR (D). (E) Transwell 
(left) and its quantification (right) analyzed the changes in the invasion ability of the 22RV1 cells after knockdown of JARID1D when compared with the 
NC group, *P < 0.05, **P < 0.01, ***P < 0.001. PCa, prostate cancer; NC, normal control
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JARID1D promotes EMT by regulation of AR
Metastasis of clinical PCa cases is often caused by the 
deprivation of the AR signal, and the occurrence of CRPC 
is mainly related to the change in AR expression and the 
disorder of AR signal transmission [15–18]. Therefore, it 
is important to explore the interaction between JARID1D 
and AR in the invasion and metastasis of PCa. Thus, we 
first used the AR agonist R1881 to treat the CRPC cell 

22RV1 for 72 h; the AR level was significantly (P < 0.01) 
increased, whereas the change in JARID1D was not 
apparent (Fig. 3A). Similar results were observed in C4-2 
cells (Fig.  3B). This suggested that AR did not regulate 
JARID1D. Therefore, we knocked down JARID1D in PCa 
cell line 22RV1 using a small interfering RNA reagent. 
AR expression decreased significantly (P < 0.05) (Fig. 3C). 
The same experimental results were obtained from C4-2 

Fig. 2 Knocking down JARID1D promotes the metastasis of prostate tumor cells in vivo. Lung metastasis xenograft model was established through tail 
vein injection of 22RV1 cells into nude mice. (A-B) Bioluminescence image (left) and its quantification (right) of (A) whole mouse and (B) mouse lung tis-
sue after knockdown of JARID1D in the 22RV1 cells. (C) H&E staining results of the lung tissue of nude mice after knockdown of JARID1D in the 22RV1 cells
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Fig. 3 JARID1D promotes EMT by regulating AR expression. (A-B) mRNA expression levels of AR and JARID1D after treatment with R1881 at 22RV1 cell (A) 
and C4-2 cell (B) were analyzed by quantitative RT-PCR. (C-D) mRNA expression levels of AR and JARID1D after transfection with siRNA in 22RV1 cell (C) 
and C4-2 cell (D) by quantitative RT-PCR. (E) Western blot analysis of AR and JARID1D protein expression levels after transfection with siRNA in 22RV1cell 
and C4-2 cell and quantitative analysis results. (F) Before protein blotting with mutual antibodies, the anti-JARID1D, anti-AR, or control antibodies were 
used to perform Co-IP on 22RV1 cells grown in serum containing medium. (G) ChiP-PCR was used to analyze the effect of knocking down JARID1D in 
22RV1 cells on the H3K4me3 binding level of the AR promoter binding region. (H) KEGG enrichment analysis of the first 50 positive correlation genes of 
JARID1D. (I) Western blot (left) and its quantification (right) analysis of the protein expression levels of Vimentin, N-cadherin, E-cadherin, and MMP2 after 
knocking down JARID1D in 22RV1 cells was done. EMT, epithelial-mesenchymal transition; AR, androgen receptor
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cells (Fig. 3D). The results of the Western blot were also 
consistent with these findings (Fig.  3E), indicating that 
knocking down JARID1D reduces the level of AR. There-
fore, JARID1D is an upstream gene of AR, and protein 
interaction experiments demonstrated that JARID1D 
could produce immune coprecipitation with AR, indicat-
ing that JARID1D can directly regulate AR (Fig. 3F).

To explore the specific mechanism by which JARID1D 
regulates AR transcription, we used quantitative ChIP 
to detect the effect of JARID1D knockdown on the AR 
promoter in 22RV1 cells. The results showed that the 
abundance of H3K4me3 in the promoter binding region 
of AR increased significantly after JARID1D knockdown 
(Fig. 3G). These results suggested that the methylation of 
H3K4me3 catalyzed by JARID1D mediated the transcrip-
tional regulation of AR.

Further bioinformatics analysis was performed to 
explore the molecular mechanism of JARID1D promot-
ing PCa metastasis using the PCa database (TCGA, 
Firehose Legacy), The top 50 genes with multiple of dif-
ference greater than 1.5 were introduced into OmicShare 
to analyze the KEGG pathway. The PI3K-Akt signaling 
pathway was the most abundant. (Fig.  3H). It is a cru-
cial intracellular signaling pathway, playing a central role 
in processes such as cell survival, proliferation, and 
metabolism [19]. However, quantitative RT-PCR analysis 
showed that the knockdown of JARID1D had nearly no 
effect on PI3K expression (Supplementary Fig. 2). The lit-
erature reported that the Wnt signaling pathway played 
an important role in the development of PCa metasta-
sis [20]. So, we investigated the relationship between 
JARID1D and Wnt, and found that after knocking down 
JARID1D in 22RV1 cells, the change of Wnt was not sig-
nificant (Supplementary Fig.  3), which was consistent 
with the change of PI3K shown in Supplementary Fig. 2. 
These results indicated that both PI3K and Wnt signaling 
pathways did not play a dominant role in JARID1D medi-
ated invasion and metastasis of PCa. Further analysis 
of the KEGG enrichment data, we found that JARID1D 
expression was also closely related to cell adhesion, tight 
junctions, cell outer membrane receptor interaction, and 
other genes related to cell invasion. Some studies have 
reported that JARID1D is closely associated with EMT-
related molecules [6, 21]. Therefore, we further detected 
the expression of N-cadherin, E-cadherin, Vimentin 
and MMP2 after JARID1D knockdown and confirmed 
that the expression level of these EMT-related genes 
increased after JARID1D knockdown (Fig. 3I).

Curcumin improves the expression level of JARID1D and 
inhibits the growth and invasion of PCa
To explore the effect of curcumin on the growth of PCa 
cells with different phenotypes, LNCaP, 22RV1, C4-2 
and PC3 cells were treated with different concentrations 

of curcumin for 72  h. We found that curcumin could 
extensively inhibit the proliferation of these four differ-
ent phenotypes of PCa cells, wherein the IC50 values were 
10.58 µM, 12.65 µM, 14.49 µM and 32.64 µM, respec-
tively (Fig. 4A). To determine the effect of curcumin on 
the expression of JARID1D in PCa cells, we treated these 
four types of cells with curcumin at different concentra-
tions. The results exhibited that treatment with curcumin 
could increase the expression of JARID1D in different 
PCa cells in a dose-dependent manner (Fig.  4B and G). 
All these results suggested that curcumin increased the 
expression of JARID1D and suppressed the growth of 
PCa cells.

At the mechanism level, we found that the demethyl-
ation activity of JARID1D (Supplementary 4 Fig.A) and 
EMT (Supplementary 4 Fig.B) conversion were posi-
tively correlated with the concentration of curcumin. 
In order to further investigate the effect of curcumin-
induced demethylation of JARID1D on AR and EMT-
related molecules, we treated 22RV1 cells with 14 µM 
curcumin, which made JARID1D demethylation the 
most significant (Fig.  4H), and found that the expres-
sion of AR and AR promoter binding region H3K4me3 
increased significantly (Fig.  4I). Then, the changes of 
EMT-related markers were further verified. The results 
showed that the expressions of MMP2, N-cadherin and 
Vimentin increased with the up-regulation of JARID1D 
after curcumin treatment, but the expression of E-cad-
herin changed inversely. However, in the 22RV1-shJA-
RID1D group, after curcumin was added, JARID1D’s 
ability to inhibit the invasion of PCa cells was restored, 
and the expressions of MMP2, N-cadherin and Vimentin 
decreased, while the expression of E-cadherin increased 
(Fig. 4J). Finally, the effect of demethylation of JARID1D 
induced by 14 µM curcumin on the invasive ability of 
22RV1-JARID1D cells was studied, and it was found 
that the invasive ability of cells was significantly reduced 
(Fig.  4K). Finally, to confirm the long-lasting effect of 
curcumin, we induced C42 cells (CRPC) with 20  μm of 
enzalutamide, and after 120 d, the expression of NEPC 
markers (SYP, CGA) increased gradually (Supplemen-
tary 4 Fig.C). It was suggested that C42 cell induced by 
enzalutamide appeared NEPC phenotype, and we named 
this cell C42R (NEPC). Then, we treated C42 and C42R 
cells with 10  μm curcumin for 48  h, the results of RT-
PCR showed that the cascade signal of JARID1D/AR/
EMT was still present in C42R (Supplementary 4 Fig.D). 
These results suggested that curcumin could inhabit PCa 
metastasis in vitro for a long time. Therefore, we believed 
that curcumin could stimulate the JARID1D/AR/EMT 
signaling cascade through demethylation to inhibit the 
metastatic potential of CRPC.
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Curcumin inhibits PCa metastasis caused by JARID1D 
knockdown through EMT in AR-dependent cells
To evaluate whether curcumin can inhibit PCa metasta-
sis in vivo, 22RV1 sh-JARID1D cells were injected into 
nude mice through the tail vein. A lung metastasis model 
was successfully established. The animal experiment was 

divided into a control group (vector administration, i. p.) 
and curcumin treatment group (30 mg/kg, i. p., thrice a 
week). The results showed that curcumin treatment sig-
nificantly weakened the luciferase signal in the 22RV1 
sh-JARID1D (P < 0.001) cell groups (Fig.  5A), and the 
metastasis signal of tumors in the lungs of nude mice also 

Fig. 4 Curcumin improves the expression level of JARID1D and inhibits the growth and invasion of PCa. (A) The effects of curcumin on the growth of 
LNCaP, 22RV1, C4-2 and PC3 cells were analyzed. (B-D) Quantitative RT-PCR analysis of the effect of the different doses of curcumin on JARID1D mRNA 
expression in LNCaP, 22RV1, and PC3 cells. (E-G) Western blot and quantitative analysis of the effect of the different doses of curcumin on JARID1D protein 
expression in LNCaP, 22RV1, and PC3 cells. (H) The methylation status of JARID1D gene before and after curcumin treatment on 22RV1 cells. MK: DNA 
Marker; M: Methylation of 125 bp; U: Non methylated 125 bp; M: Positive control. (I) The mRNA expression of AR and H3K4me3 after 14 µM curcumin 
treatment. (J) The mRNA expression of EMT-related molecules after 14 µM curcumin treatment. (K) Transwell experiment (left) and its quantification 
(right) to analyze the changes in the invasion ability of 22RV1-JARID1D cells treated with curcumin (14 µM). Error bar represents standard deviation, n = 3 
independent repetitions
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displayed a consistent trend (Fig. 5B). H&E staining con-
firmed that the number of tumor metastases in the lung 
tissue of the curcumin group was significantly lower than 
that in the control group (Fig.  5C). The animal weight 
did not display apparent differences between the cur-
cumin and control groups (Fig. 5D), indicating that cur-
cumin does not have apparent side effects. These results 
revealed that curcumin inhibited the enhancement of 
metastasis induced by JARID1D knockdown.

In order to explore the underlying mechanism, we 
established the lung metastasis models of PCa success-
fully by injection of 22RV1 sh-JARID1D cells. After treat-
ment with curcumin, the expression of JARID1D, AR 
and E-cadherin in the lung metastatic tumor tissues was 
increased significantly, and the expression of N-cadherin, 
Vimentin and MMP2 was also decreased (Fig.  5E). In 
order to confirm the origin of cancer cells in the lung tis-
sue of mice, we further validated by staining for human 

Fig. 5 Curcumin inhibits PCa lung metastasis caused by JARID1D knockdown through EMT in AR-dependent cells in vivo. (A-B) Bioluminescence image 
(left) and its quantification (right) of (A) whole mouse and (B) mouse lung tissue after treatment with curcumin. (C) H&E staining results of the mouse lung 
metastasis tumor tissue after curcumin treatment. (D) The body weight of mice treated with curcumin was monitored every two days. (E) The expression 
level of JARID1D, AR, MMP2, E-cadherin, N-cadherin, Vimentin in the lung metastasis model induced by the injection of 22RV1-JARID1D cells after treat-
ment with curcumin. EMT, epithelial-mesenchymal transition; PCa, prostate cancer; AR, androgen receptor
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CK8 (Supplementary Fig.  5). Treatment with curcumin 
reduced the expression of CK8. According to the report 
of literature [22], the decrease in CK8 expression to some 
extent indicates a decrease in the invasion and metastasis 
ability of PCa cells. Therefore, this result supported the 
therapeutic effect of curcumin.

It was suggested that curcumin inhibited the metastatic 
potential of CRPC cells by suppressing the interaction of 
some EMT-relative genes with JARID1D in AR-depen-
dent cells.

Discussion
The Y chromosome plays an important role in prostate 
tumor development [23], wherein 52% of patients with 
PCa completely or partially lack the Y chromosome [24]. 
This deficiency may impair the function of Y-chromo-
some-encoded male-specific proteins, which are crucial 
for curbing tumor invasion and metastasis. Among these, 
JARID1D stands out as a key player [6]. Driven by these 
insights, our study probed the potential of JARID1D as 
a therapeutic target against PCa invasion and metasta-
sis. We discovered that JARID1D knockdown in CRPC 
cell line 22RV1 markedly boosted the invasiveness of 
PCa cells in vitro and promoted lung metastasis in vivo 
(Figs. 1 and 2). Several studies have confirmed that epi-
genetic regulators are closely associated with tumor 
invasion and metastasis. Cao et al. [25] reported that 
JARID1A (also called KDM5D and SMCY) promoted 
breast cancer progression and metastasis . Similarly, the 
epigenetic regulator KDM4C may promote breast tumor 
growth and metastasis [26]. The expression of SMYD3 
was upregulated in several cancer types, which could 
increase MMP9 expression [27]. Conversely, the knock-
down of epigenetic regulators that inhibit tumor metas-
tasis, such as JARID1D, could promote tumor growth 
and metastasis. As reported, JARID1D expression is 
either absent or downregulated in most metastatic pros-
tate tumors [28].

Metastases are the most common phenotype in the 
development of PCa and predict poor prognosis [29]. 
The underlying biological mechanisms of PCa metastasis 
remain largely elusive, but are suspected to involve the 
EMT signaling pathway [30]. In this study, bioinformat-
ics analysis showed that the signaling molecules related 
to JARID1D were mainly enriched in cell adhesion sig-
naling pathways (Fig. 3H). The expression levels of EMT-
related regulatory factors, such as N-cadherin, Vimentin 
and MMP2, were significantly increased when JARID1D 
was knocked down (Fig. 3I). Elevated levels of these pro-
teins were also observed in lung metastatic tumor tis-
sues, implicating the intensified EMT, due to JARID1D 
suppression, as a pivotal factor in PCa metastasis (Fig. 5). 
Advanced PCa frequently experiences AR signal loss, 
triggering the EMT and facilitating metastasis [31]. Our 

findings corroborate this link, showing that JARID1D 
knockdown in AR-dependent CRPC cells, specifically 
22RV1, downregulates AR expression, intensifies EMT, 
and propels metastatic progression (Figs.  2 and 3). This 
suggests the potential of JARID1D agonists in curbing 
PCa spread. Despite the absence of specific agonists for 
JARID1D, we have opted for multi-target agents, includ-
ing Chinese herbal medicine, to maximize therapeutic 
effectiveness.

Curcumin, a promising anti-cancer agent, has gar-
nered significant interest for its ability to modulate 
multiple signaling pathways, thereby inhibiting the pro-
liferation, migration, and invasion of PCa cells [32]. Our 
investigation revealed that curcumin effectively sup-
pressed the growth of 22RV1 cells at an IC50 of 12.65 
µM and enhanced both the expression and demethyl-
ation activity of JARID1D at a 14 µM dose (Fig. 4C and 
F). This suggests a capacity of curcumin to upregulate 
JARID1D expression through demethylation, concur-
rent with its growth inhibitory effect on PCa cells. Nota-
bly, while curcumin at 12 µM induced high JARID1D 
expression in PC3 cells, with an IC50 of 32.64 µM, this 
concentration did not impede their growth (Fig. 4D and 
G). These observations indicate that curcumin’s influ-
ence on JARID1D expression may not directly correlate 
with its growth inhibitory action in all PCa cell contexts. 
Curcumin can affect the progression of PCa through the 
PI3K and Wnt signaling pathways [33, 34], but it is more 
related to the growth and proliferation of PCa cells. In 
JARID1D mediated invasion and metastasis of PCa, the 
PI3K and Wnt signaling pathways do not play a dominant 
role. (Supplementary Fig. 2, Supplementary Fig. 3)

Both previous report and our study confirm that cur-
cumin may has a DNA demethylation effect on tumor 
cells [9]. Further experiments demonstrated that cur-
cumin could significantly inhibit the proliferation of PCa 
cells with different phenotypes (LNCaP, 22RV1, C4-2, 
and PC3). This action not only reverses the methylation 
state of these cells but also upregulates JARID1D expres-
sion, suggesting curcumin’s role as an epigenetic modu-
lator of AR and EMT markers, thereby inhibiting PCa 
metastasis (Fig.  4). In addition, we selected PCa cells at 
different stages and found that the JARID1D/AR/EMT 
cascade signal persisted after curcumin was adminis-
tered. In vitro evidence was provided for the possible 
persistence of curcumin (Supplementary Fig.  4C-D). 
We further selected AR-dependent PCa cells (22RV1) 
to develop a lung metastasis model of PCa and found 
that treatment with curcumin significantly inhibited 
PCa metastasis caused by JARID1D knockdown and 
decreased the expression of N-cadherin, Vimentin and 
MMP2, but stimulated the expression of JARID1D, AR 
and E-cadherin (Fig. 5). These results highlight curcum-
in’s potential to impede PCa invasion and metastasis, 
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particularly when JARID1D is compromised, through the 
regulation of AR/EMT pathways.

In summary, although curcumin has shown certain 
anti-cancer effects in vitro and animal models, further 
investigation is required to understand its long-term 
impact and bioavailability in humans [35, 36]. Future 
research needs to focus on improving the bioavailability 
of curcumin and exploring its long-term mechanisms 
of action in the human body. Furthermore, the exact 
molecular basis and complex signaling pathways involved 
still need to be elucidated. For instance, further research 
is warranted to understand how curcumin targets and 
potentially ameliorates the tumor microenvironment 
[37]. In addition, the dose of curcumin used in the study 
may be different in clinical application, so it is necessary 
to further study its efficacy and safety at different doses. 
Furthermore, the administration strategy of curcumin 
combined with JARID1D agonist may be more beneficial 
to inhibit PCa metastasis.

Conclusion
JARID1D expression is significantly diminished in 
advanced prostate cancer (PCa), contributing to tumor 
metastasis and migration. Our study revealed that the 
epigenetic modifier JARID1D could restrict the progres-
sion of PCa, and curcumin could stimulate the expres-
sion level of JARID1D and regulate the transcriptional 
regulation of AR through demethylation. Upregulation of 
JARID1D was observed to suppress EMT in addition to 
restraining tumor growth and metastasis. Taken together, 
these findings provide the evidence that curcumin has 
therapeutic potential for invasive PCa, and targeting 
JARID1D may be a viable therapeutic strategy, particu-
larly in metastatic prevention.
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