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Abstract
Background/Aims: Natural compounds are a promising resource for anti-tumor drugs. 

promising anti-tumor functions in various cancers. Methods: The cytotoxic, pro-apoptotic, 
and anti-metastatic effects of myricetin on prostate cancer cells were investigated in both 
in vitro and in vivo studies. Short-hairpin RNA knockdown of the proviral integration site for 
Moloney murine leukemia virus-1 (PIM1), pull-down and co-immunoprecipitation assays, and 
an intracellular Ca2+

of myricetin. ONCOMINE database data mining and immunohistochemical analysis of 
prostate cancer tissues were used to evaluate the expression of PIM1 and CXCR4, as well as 
the correlation between PIM1 and CXCR4 expression and the clinicopathologic characteristics 
and prognoses of prostate cancer patients. Results: Myricetin exerted selective cytotoxic, 
pro-apoptotic, and anti-metastatic effects on prostate cancer cells by inhibiting PIM1 and 
disrupting the PIM1/CXCR4 interaction. Moreover, PIM1 and CXCR4 were coexpressed and 
associated with aggressive clinicopathologic traits and poor prognosis in prostate cancer 
patients. Conclusion: These results offer preclinical evidence for myricetin as a potential 
chemopreventive and therapeutic agent for precision medicine tailored to prostate cancer 
patients characterized by concomitant elevated expression of PIM1 and CXCR4.
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Introduction

leading cause of cancer-related death among males worldwide [1]. Although androgen 
deprivation therapy can control the progression of advanced PCa during the initial phase, 
nearly all patients eventually develop lethal metastatic castration-resistant prostate cancer. 
Therefore, the development of novel agents with an explicit mechanism for advanced PCa is 
vital and urgently needed.

various fruits and vegetables, are effective in cancer chemoprevention and chemotherapy 

and epidemiological research has shown that myricetin consumption is associated with a 

studies have further indicated that myricetin exerts multiple promising anti-tumor functions 
in various cancers, including anti-proliferative, pro-apoptotic, and anti-metastatic activities 

unclear.

proliferation and metastasis [18, 21]. Cell-free crystallographic and comparative molecular 

50

in vitro and in vivo experiments, we found that myricetin exerted 

insights into the role of myricetin as a potential chemopreventive and therapeutic agent 

CXCR4 expression levels.

Materials and Methods

Clinical tissue samples and cell lines

consent. The project was approved and supervised by the Clinical Research Ethics Committee of Changhai 

Hospital. Prostate cancer cell lines (PC3, DU145) and the normal prostate epithelial cell line RWPE-1 were 

obtained from the American Type Culture Collection (Manassas, VA). The C4-2 [23] cell line was obtained 

supplemented with epidermal growth factor and bovine pituitary extract (Gibco). All cells were maintained 

2
.
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Reagents and antibodies

The following primary antibodies were used: alpha-tubulin (HRP-66031; western blot [WB]: 1:5000; 

Cell Counting Kit-8 and colony formation assays

added to the wells for treatment. After a 48-h incubation, the cell viability was measured by a Cell Counting 

50

for 24 h prior to treatment. Medium containing myricetin was replaced every 3 days. After the cells were 

 

Cell apoptosis and membrane protein expression analyses

WB analysis

Wound-healing and Transwell assays
5

tip. The cells were then incubated with serum-free medium containing myricetin. Wound closure was 

the Transwell assay (with or without a Matrigel-coated membrane), cells that had been serum starved for 
4

insert) and cultured in serum-free medium containing myricetin. The lower chamber contained complete 

medium. After 48 h, the cells on the upper surface of the membranes were removed with cotton swabs. The 

http://dx.doi.org/10.1159%2F000492009


Cell Physiol Biochem 2018;48:1230-1244
DOI: 10.1159/000492009
Published online: July 25, 2018 1233

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Ye et al.: Myricetin Represses Prostate Cancer Progression by Inhibiting PIM1 and PIM1/
CXCR4 Interaction

China) was tested using the Transwell assay (without the Matrigel-coated membrane).

RNA extraction and quantitative real-time PCR

3’; reverse, 5’-AGT TTG GAA GAG GCA GAGA-3’); E-cadherin (forward, 5’-GCC CCA TCA GGC CTC CGT TT-3’; 

TTA AG-3’; reverse, 5’-TGT GTT GGC GTA CAG GTC TTTG-3’).

IHC analysis

and eosin were used according to the manufacturers’ protocols. After the stained sections were mounted 

and the estimated percentage (0–100%) of tumor cells at each intensity grade was recorded. The H-score is 

the sum of the products of each intensity grade (0–3) and the corresponding percentage score (0–100) and 

IF analysis
5

then mounted with anti-fade mounting medium, and all samples were observed and imaged under a Leica 

In vivo assays of tumor growth and metastasis

All experimental animal procedures were approved by the Animal Care and Use Committee of the 

of myricetin on tumor growth in vivo
6

inoculation, tumor-bearing mice were randomly divided into myricetin and vehicle control groups (n = 

2

To explore the effects of myricetin on tumor metastasis in vivo, we established tail vein injection and 
6 cells 

5
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At the end of the experiments, we collected whole-blood samples from the tail vein injection model 

GAT CCG TCC ATTA-3’). Whole blood from mice without tumors was used as a negative control.

Pull-down and co-immunoprecipitation assays

PAGE followed by WB.

Intracellular Ca2+

5

following the manufacturer’s protocol. Then, the intracellular Ca2+ concentrations of the treated cells were 

Statistical analysis

Results

Myricetin exerts cytotoxic and apoptosis-promoting effects in PCa cells
We examined the cytotoxic and apoptosis-promoting effects of myricetin in PC3, 

50
 values of myricetin in PC3, DU145, C4-2, and 

1C). Meanwhile, lower apoptosis rates were observed in RWPE-1 cells, in accordance with 
the cytotoxicity assays. Consistently, WB analysis showed that the expression levels of the 
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demonstrate that myricetin has selective cytotoxic and apoptosis-promoting effects in PCa 
cells.

Myricetin inhibits migration, invasion, and the epithelial-mesenchymal transition in PCa 
cells
Myricetin suppresses metastasis in many cancers [12, 13]. To determine the effects 

of myricetin on migration and invasion in PCa cells, we performed wound-healing and 
Transwell (with or without a Matrigel-coated membrane) assays in PC3 and DU145 cells 

the migration and invasion of PCa cells.

progression and metastasis [25]. To determine the effect of myricetin on the EMT in PCa 

myricetin treatment. These results revealed a dose-dependent effect of myricetin treatment 
and demonstrate that myricetin inhibits migration, invasion, and the EMT in PCa cells.

Fig. 1. Myricetin shows cytotoxic and apoptosis-promoting effects in PCa cells. (A) Cell viability was 

examined using the CCK-8 assay in PC3, DU145, C4-2, and RWPE-1 cells treated with the indicated 

based on four duplicates per concentration. (B) Colony formation assay of PC3, DU145, C4-2, and RWPE-1 
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Myricetin inhibits PCa growth and the EMT in mouse models
Considering the anti-tumor effects of myricetin on PCa cells in vitro, we further 

investigated the inhibitory effects of myricetin on growth and the EMT in vivo by establishing 
a PC3 subcutaneous xenograft model in nude mice. The photographs and growth curves of 

models.

Myricetin inhibits PCa lung and bone metastasis in mouse models
To further investigate the anti-metastasis effects of myricetin on PCa cells in vivo, we 

inoculated PC3-luc-mCfp cells into the tail vein and tibial medullary cavity of nude mice to 

Fig. 2.

http://dx.doi.org/10.1159%2F000492009
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4B). The number of CTCs was much lower in the myricetin group than in the vehicle group. 
We also used qRT-PCR to investigate the levels of human long interspersed nuclear element 

inhibits PCa metastasis in mouse models.

Fig. 3. Myricetin inhibits tumor growth and 

the EMT in PC3 xenograft mouse models. 

(A) Excised PC3 xenograft tumors of vehicle 

(n = 6) and myricetin (n = 6) groups. (B) 

PC3 xenograft tumor growth curves of 

vehicle and myricetin groups. (C) Analysis 

of cleaved caspase-3 and Ki-

in PC3 xenograft tumors of vehicle and 

representative of all xenograft tumors. 

Fig. 4. Myricetin inhibits metastasis 

in PC3 tail vein and tibial medullary 

cavity injection mouse models. (A) 

Representative images (obtained 

lung metastases in PC3 tail vein 

injection models of vehicle (n = 6) 

and 42 days after cell inoculation. 

Luciferase signal intensity curves of 

lung metastases are presented in the 

cytometry analyses of whole-blood 

mCherry-labeled CTCs of all PC3 tail 

vein injection models. Blood samples 

were harvested from mice at the end 

analysis is presented in the right panel. 

in PC3 tibial medullary cavity injection models of vehicle (n = 3) and myricetin (n = 3) groups 14, 28, and 42 

days after cell inoculation. Luciferase signal intensity curves of bone metastases are presented in the lower 

panel. (E) Representative images of tibial metastases by micro-CT scanning at the end of the experiment. 
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Myricetin represses tumor progression by directly inhibiting PIM1 in PCa cells
After observing the inhibitory effect of myricetin on tumor progression in PCa, we 

investigated the potential mechanism underlying this effect. Myricetin can bind to the ATP-

highest in PC3 cells, second highest in DU145, third highest in C4-2, and fourth highest 

on the sensitivity of myricetin in PCa cells. qRT-PCR and WB analyses both showed that 

50

myricetin, suggesting that its anti-tumor effects are at least partly dependent on its ability 

Fig. 5.

myricetin for 48 h.
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Myricetin disrupts the interaction between PIM1 and CXCR4 in PCa cells

domain and thereby facilitates CXCR4 cell surface expression and interaction with CXCL12 

Fig. 6.

representative of at least three independent experiments. (E) Analysis of the CXCL12–CXCR4 axis-mediated 

Ca2+

(G) Analysis of CXCR4 and pCXCR4 expression in PC3 xenograft tumors of vehicle and myricetin groups by 
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6D). Moreover, an intracellular Ca2+

Ca2+

interaction and inhibits the CXCL12–CXCR4 axis in PCa cells. Then, to further determine 

induced chemotactic migration was tested by Transwell assay (without a Matrigel-coated 

had inhibited CXCL12-induced migration, which is consistent with a previous study [21], 

subcutaneous xenograft tumor samples of the myricetin group than in those of the vehicle 

important anti-cancer mechanism of myricetin in PCa.

Coexpression of PIM1 and 
CXCR4 is correlated with the 
poor prognosis of human 
PCa
Based on the interaction 

CXCR4 expression are correlated 

analysis of data mined from the 

correlated with CXCR4 in 
PCa tissues from the Wallace 

Prostate dataset (r = 0.5634; 

analysis in PCa specimens from 

revealed a positive correlation 

protein expression (r = 0.5108; 

and C). We further investigated 
the correlation between 

and the clinicopathologic 
characteristics and prognosis 

tissue specimens of PCa patients 

Fig. 7.

method was used for the analysis. (D) Kaplan–Meier curves for 

biochemical recurrence-free survival and overall survival of 
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seminal vesicle invasion, lymph node metastasis, biochemical recurrence) and could predict 

Discussion

Despite recent improvements in hormonotherapy and chemotherapy [30], there is 

avenues [31, 32], but there are no effective target inhibitors for advanced PCa. Many types 
of natural compounds found in foods and herbs have been shown to possess anti-cancer 
effects. Thus, natural compounds are also a promising resource for the development of anti-
tumor small-molecule inhibitors for PCa [3].

has been found in many cancers, including hematopoietic malignancies and PCa, and is 

Previous studies have shown that myricetin exhibits potent anti-cancer properties. 
Myricetin inhibits proliferation and promotes apoptosis in many types of cancer, such as 

also found that myricetin showed selective cytotoxic and apoptosis-promoting effects in 
PCa cells (PC3, DU145, and C4-2) in vitro
results further showed that apoptosis-associated proteins were upregulated, whereas the 

in vivo 
results consistently showed that myricetin effectively suppressed the growth of subcutaneous 

Table 1.

 

Characteristics PIM1/CXCR4 expression p value* 

 Both low (n=22) 
PIM1 high 

CXCR4 low (n=14) 

PIM1 low 

CXCR4 high (n=9) 
Both high (n=31)  

Age     0.546 

 <70 14 8 4 14  

  8 6 5 17  

Preoperative PSA      

 <10 ng/mL 5 4 2 8 0.983 

 10-20 ng/mL 7 6 3 11  

 >20 ng/mL 10 4 4 12  

Gleason score     0.903 

 <7 10 6 3 15  

  12 8 6 16  

Clinical stage     0.001 

 T1 17 7 3 7  

 T2/T3 5 7 6 24  

Seminal vesicle invasion     0.012 

 Yes 7 5 4 22  

 No 15 9 5 8  

Lymph node metastasis     0.03 

 Yes 6 6 5 21  

 No 16 8 4 10  

Biochemical recurrence      

 Yes  6 7 3 24 0.02 

 No 16 7 6 7  
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invasion, and metastasis of PCa in vitro and in vivo, which is consistent with research into 
glioblastoma and lung cancer [12, 13]. Micro-CT scanning analysis further showed that PC3 

osteolysis [42, 43], which might explain our outcomes from another aspect. Additionally, we 
also found that the EMT was inhibited by myricetin in vitro and in vivo. Collectively, the above 
results comprehensively demonstrate that myricetin effectively represses PCa malignant 
progression.

50

tumor-related genes, such as CXCR4 [18]. CXCR4 plays an important role in directing 
metastatic tumor cells to organs expressing CXCL12 and promotes the survival and growth 

21], we further assessed whether myricetin could functionally repress the CXCL12–CXCR4 

our data show that myricetin has a slight inhibitory effect on CXCL12-induced migration 

patients. Therefore, these results further demonstrate that myricetin might be more suitable 

treatment of PCa. Meanwhile, we also need to further pharmacologically modify myricetin to 
improve its clinical availability and selectivity in future studies.
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