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Abstract

Background/Aims: Natural compounds are a promising resource for anti-tumor drugs.
Myricetin, an abundant flavonoid found in the bark and leaves of bayberry, shows multiple
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 Ca?* flux assay were used to investigate the potential underlying mechanism
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 CXCRA4.
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Introduction

Prostate cancer (PCa) is the second most frequently diagnosed cancer and the fifth
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.

Laboratory and clinical studies have reported that flavonoid compounds, found in
various fruits and vegetables, are effective in cancer chemoprevention and chemotherapy
[2]. Moreover, recent studies have indicated that flavonoids play important roles in anti-
tumor activities [3-6]. Myricetin is an abundant flavonoid in the bark and leaves of bayberry,
and epidemiological research has shown that myricetin consumption is associated with a
lower risk of some cancers, such as breast, pancreatic, and prostate cancer [7-9]. Moreover,
studies have further indicated that myricetin exerts multiple promising anti-tumor functions
in various cancers, including anti-proliferative, pro-apoptotic, and anti-metastatic activities
[10-15]. However, its definitive anti-tumor effects and underlying mechanism in PCa are
unclear.

The proviral integration site for Moloney murine leukemia virus-1 (PIM1), a Ser/Thr
protein kinase in the PIM family, is a proto-oncogene protein that is overexpressed in PCa
[16, 17]. PIM1 plays important roles in tumorigenesis, castration resistance, and metastasis
in PCa [18-20]. Moreover, PIM1 facilitates the phosphorylation and surface expression of
CXCR4, further supporting the CXCL12-CXCR4 axis, which significantly promotes cancer
proliferation and metastasis [18, 21]. Cell-free crystallographic and comparative molecular
field analyses showed that myricetin binds to the ATP-binding pocket of PIM1 and further
inhibits its kinase activity (IC,: 780 nM) [22]. However, it is unknown whether myricetin
represses tumor progression by inhibiting PIM1 and further suppressing CXCR4 in PCa.

In our study, via in vitro and in vivo experiments, we found that myricetin exerted
selective cytotoxic, pro-apoptotic, and anti-metastatic effects by inhibiting PIM1 and further
disrupting the PIM1/CXCR4 interaction in PCa cells. Moreover, we found that coexpression
of PIM1 and CXCR4 was significantly correlated with aggressive clinicopathologic traits
and could predict poor prognosis for PCa patients. Therefore, our findings provide novel
insights into the role of myricetin as a potential chemopreventive and therapeutic agent
that represses the malignant progression of PCa, particularly in patients with high PIM1 and
CXCR4 expression levels.

Materials and Methods

Clinical tissue samples and cell lines

Human PCa tissues were obtained from the biobank of Shanghai Changhai Hospital with informed
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
from Prof. Leland W.K. Chung (Department of Medicine, Cedars-Sinai Medical Center). PC3 cells were
infected with a recombinant lentivirus containing luciferase and mCherry (OBIO TEC, Shanghai, China)
and selected with puromycin (Gibco, Grand Island, NY) to obtain luciferase- and mCherry-labeled PC3 cells
(PC3-luc-mCfp). Short-hairpin RNA targeting PIM1 (shPIM1) and a negative control (shNC) were purchased
from GeneChem (Shanghai, China). The access ID was GIEP1121099348. The shRNA plasmids were
transfected into PC3 cells following the manufacturer’s instructions. All cancer cells were grown in RPMI
1640 supplemented with 10% fetal bovine serum (Gibco). RWPE-1 cells were grown in Keratinocyte-SFM
supplemented with epidermal growth factor and bovine pituitary extract (Gibco). All cells were maintained
at 37 °C in a humidified incubator containing 5% CO.,.
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Reagents and antibodies

The following primary antibodies were used: alpha-tubulin (HRP-66031; western blot [WB]: 1:5000;
Proteintech, Wuhan, China), vimentin (10366-1; WB: 1:1000, immunohistochemistry [IHC]: 1:500,
immunofluorescence [IF]: 1:50; Proteintech), E-cadherin (20874-1; WB: 1:1000, IHC: 1:100, IF: 1:50;
Proteintech), N-cadherin (22018-1; WB: 1000, IHC: 1:50, IF: 1:50; Proteintech), Ki-67 (27309-1; IHC:
1:2000; Proteintech), AKT (10176-2; WB: 1:500; Proteintech), ERK1/2 (16443-1; WB: 1:1000; Proteintech),
pAKT (4060; WB: 1:1000; Cell Signaling Technology, Danvers, MA), pERK1/2 (4695, WB: 1:1000; Cell
Signaling Technology), cleaved caspase-3 (29034; WB: 1:1000, [HC: 1:50; Signalway Antibody, College Park,
MD), cleaved caspase-9 (40504; WB: 1:1000; Signalway Antibody), CXCR4 (ab124824; IHC: 1:500; Abcam,
Cambridge, MA), CXCR4 (11073-2; WB: 1:1000, IP: 4 ug; Proteintech), pCXCR4-S339 (74012; WB: 1:200;
Abcam), PIM1 (54523; WB: 1:1000, IP: 1:200; Cell Signaling Technology), PIM2 (4730; WB: 1:1000, IP:
1:100; Cell Signaling Technology), and PIM1 (ab224772; IHC: 1:100; Abcam). Anti-rabbit and anti-mouse
IgG antibodies conjugated to HRP, FITC, or PE were purchased from Proteintech.

Cell Counting Kit-8 and colony formation assays

Cells were plated in 96-well plates (4000 cells/well) and incubated overnight. Then, the myricetin
stock solution was further diluted with complete culture medium to the indicated final concentrations and
added to the wells for treatment. After a 48-h incubation, the cell viability was measured by a Cell Counting
Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) with an ELx800™ plate reader (BioTek, Winoosky, VT). The half-
maximal inhibitory concentration (IC ) of myricetin was estimated using SPSS 19.0 software (IBM, Armonk,
NY). For the colony formation assay, cells were plated in 6-well plates (2000 cells/well) and incubated
for 24 h prior to treatment. Medium containing myricetin was replaced every 3 days. After the cells were
treated for 9 days, they were fixed with 4% paraformaldehyde and stained with crystal violet stain (Sangon,
Shanghai, China). After being washed, the plates were photographed. The numbers of colonies were counted
using Image] software (National Institutes of Health, Bethesda, MD).

Cell apoptosis and membrane protein expression analyses

Cell apoptosis and CXRC4 surface expression were evaluated by flow cytometry analysis with
MACSQuant Analyzers (Miltenyi, Bergisch Gladbach, Germany). The apoptosis levels were determined using
an Annexin V-FITC/PI Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ). In addition, CXCR4 was
detected by staining with PE-conjugated anti-human CD184 antibody (BD Biosciences). Nonspecific binding
was assessed with PE-conjugated mouse IgG2a (BD Biosciences) as an isotype control.

WB analysis

Total protein was extracted with RIPA buffer containing a protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA). Total protein was separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes
(Merck Millipore, Burlington, MA), which were blocked in 5% bovine serum albumin and immunoblotted
with the appropriate primary and second antibodies according to standard procedures. Finally, the signals of
specific proteins were determined using an enhanced chemiluminescence detection substrate kit (BioTools,
Jupiter, FL) with an Amersham Imager 600 (GE Healthcare, Marlborough, MA). Quantification analysis was
performed by Image] software. Protein levels were normalized to alpha-tubulin.

Wound-healing and Transwell assays

For the wound-healing assay, cells were plated in 6-well plates (2 x 10° cells/well) with complete
medium and incubated for 24 h. Wounds were created by scratching the cell monolayer with a 10-pL pipette
tip. The cells were then incubated with serum-free medium containing myricetin. Wound closure was
observed and photographed at the indicated times under a microscope at 40x magnification and quantified
by measuring the wound width using Image] software. The wound width at 0 h was designated 100%. For
the Transwell assay (with or without a Matrigel-coated membrane), cells that had been serum starved for
24 h were seeded in the upper chamber of Transwell inserts (Corning Inc., Corning, NY) (5 x 10* cells/
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
membranes were fixed with 4% paraformaldehyde and stained with crystal violet. Five random fields of
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each membrane were photographed under a microscope at 100x magnification. The numbers of trespassed
cells were calculated with Image] software. Similarly, migration induced by CXCL12 (Sino Biological, Beijing,
China) was tested using the Transwell assay (without the Matrigel-coated membrane).

RNA extraction and quantitative real-time PCR

Total RNA was extracted by the RNAiso Plus reagent (Takara Bio, Kusatsu, Japan), and cDNA was
synthesized using the PrimeScript RT reagent kit (Takara). Quantitative real-time PCR (qRT-PCR) analyses
were performed using a SYBR qPCR Mix (TOYOBO, Japan) on a StepOne-plus Real-Time PCR system (ABI,
USA). The following primers were used for qRT-PCR: vimentin (forward, 5’-TAT GAA GGA GGA AAT GGCT-
3’; reverse, 5’-AGT TTG GAA GAG GCA GAGA-3’); E-cadherin (forward, 5’-GCC CCA TCA GGC CTC CGT TT-3’;
reverse, 5'-ACC TTG CCT TCT TTG TCT TTG TTG GA-3’); N-cadherin (forward, 5’-TGG ACC ATC ACT CGG
CTTA-3’; reverse, 5’-ACA CTG GCA AAC CTT CACG-3’); and B-actin (forward, 5’-GGG AAA TCG TGC GTG ACA
TTA AG-3’; reverse, 5’-TGT GTT GGC GTA CAG GTC TTTG-3).

[HC analysis

Formalin-fixed and paraffin-embedded tissues from xenografted mice and clinical prostate cancer
tissues were cut into 5-pum sections with an autostainer (Leica, Wetzlar, Germany). After antigen retrieval,
an [HC staining kit (UltraSensitive S-P & DAB, MaXim, Fuzhou, China) and specific antibodies or hematoxylin
and eosin were used according to the manufacturers’ protocols. After the stained sections were mounted
with neutral balsam mounting medium (Sangon), all of the images were observed and imaged at either 200x
or 400x magnification. The staining levels of target proteins in samples were independently examined by
two pathologists. The H-score method was used to semiquantitatively analyze the immunoreactivity [24].
The intensity grades of target proteins were defined as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong),
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
ranges from 0 to 300. For clinical PCa specimens, cases were classified into low- or high-expression groups
using the median H-score (180) as the threshold, based on the H-score of PIM1 and CXCRA4.

IF analysis

Cells were plated on round coverslips (NEST, Wuxi, China) in 6-well plates (1 x 10° cells/well). After
a 24-h incubation, the cells were treated with myricetin for a set duration. Then, the cells were fixed with
4% paraformaldehyde and permeabilized with 0.4% Triton X-100. After the samples were blocked with
goat serum, they were incubated with specific primary antibodies overnight at 4 °C and stained with the
corresponding FITC- or PE-labeled secondary antibodies for 3 h at room temperature. The sections were
then mounted with anti-fade mounting medium, and all samples were observed and imaged under a Leica
DMI4000B fluorescence microscope (magnification, 400x or 1000x) with the LAS X application (Leica).

In vivo assays of tumor growth and metastasis

All experimental animal procedures were approved by the Animal Care and Use Committee of the
Second Military Medical University, Shanghai, China. Athymic nude mice (male, 4-5 weeks old) were
purchased from the Shanghai Laboratory Animal Center (Shanghai, China) and housed under specific
pathogen-free conditions. Myricetin was dissolved in 4% DMSO and 30% PEG300 (Sigma-Aldrich, St. Louis,
MO) in phosphate-buffered saline (PBS) according to the manufacturer’s instructions. To explore the effects
of myricetin on tumor growth in vivo, 200 pL of a PC3 cell suspension in PBS and Matrigel solution (1:1
v/v) was subcutaneously injected into the right flank of each mouse (5 x 10°/mouse). Five days after the
inoculation, tumor-bearing mice were randomly divided into myricetin and vehicle control groups (n =
6/group). Either myricetin (25 mg/kg) or vehicle was administered once every 2 days by intraperitoneal
injection, and the tumor volume was measured every 5 days and calculated as (length x width?)/2. On day
45 after inoculation, the mice were euthanized to allow for the excision of the xenograft tumors for imaging,
followed by freezing and fixation for further analyses.

To explore the effects of myricetin on tumor metastasis in vivo, we established tail vein injection and
intratibial injection mouse models. PC3-luc-mCfp cells were injected into mouse tail veins (2 x 10° cells
in 100 puL, suspended in PBS) and tibial intramedullary cavities (1 x 10° in 20 pL, suspended in PBS and
Matrigel (1:1 v/v)). Three days after the inoculation, the mice were randomly divided into myricetin and
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vehicle control groups (tail vein: n = 6/group; tibia: n = 3/group), and the treatments were administered as
described above. After an intraperitoneal injection of 3 mg of luciferin (Gold Biotechnology, Inc., Olivette,
MO)in 100 pL of DPBS, the metastases were monitored on an IVIS Lumina Il system (PerkinElmer, Waltham,
MA). The destruction of the tibia was further monitored using a Quantum GX microCT system (PerkinElmer).

At the end of the experiments, we collected whole-blood samples from the tail vein injection model
mice. Flow cytometric analysis was performed as described above to count mCherry-positive circulating
tumor cells (CTCs). In addition, the human LINE1 DNA level was determined by performing qRT-PCR of
genomic DNA from whole blood and the results were normalized to mouse LINE1 DNA. The following
primers were used: human LINE1 (forward, 5’-AAA GCC GCT CAA CTA CAT GG-3’; reverse, 5’-TGC TTT GAA
TGC GTC CCA GAG-3’) and mouse LINE1 (forward, 5’-CAT CCA AAC GCT GAC ACC A-3’; reverse, 5’-CCC TGT
GAT CCG TCC ATTA-3"). Whole blood from mice without tumors was used as a negative control.

Pull-down and co-immunoprecipitation assays

In pull-down assays, myricetin was conjugated with epoxy-activated sepharose 6B (GE Healthcare)
following the manufacturer’s protocol. PC3 cells were lysed in RIPA buffer containing proteinase inhibitors
(Thermo Fisher Scientific). Then, the cell lysate was mixed with myricetin-conjugated or control sepharose
6B beads at 4 °C for 24 h. After three washes with TBST buffer, the bound proteins were resolved by SDS-
PAGE followed by WB.

In co-immunoprecipitation assays, after being treated with myricetin for 12 h, PC3 cells were further
lysed in RIPA buffer containing proteinase inhibitors (Thermo Fisher Scientific). After protein concentration
determination by bicinchoninic acid assay (Thermo Fisher Scientific), the cell lysates were separately mixed
with anti-CXCR4, anti-PIM1, or normal rabbit IgG (Cell Signaling Technology) at 4 °C for 2 h, followed by
the addition of Protein A/G Plus-Agarose (Santa Cruz Biotechnology, Santa Cruz, CA) at 4 °C overnight with
gentle rocking. After three washes with RIPA buffer, the bound proteins were further analyzed by WB.

Intracellular Ca* flux assay

Cells were plated in 6-well plates (1 x 10° cells/well) and incubated for 24 h. After being treated with
myricetin for 6 h, the cells were further incubated with the fluorescent calcium indicator Fluo-4 (Dojindo)
following the manufacturer’s protocol. Then, the intracellular Ca** concentrations of the treated cells were
monitored in real time under a Leica TCS SP5 confocal microscope with the LAS X application (Leica) before
and after stimulation of the cells with CXCL12 (400 ng/mL).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA) and
SPSS 19 (IBM). Numerical data are expressed as the means * standard deviation of three independent
experiments performed in triplicate. Differences between variables were assessed by a two-tailed Student’s
t-test, Mann-Whitney test, chi-square test, or Fisher’s exact test. Spearman’s correlation analysis was
performed to assess the relationship between PIM1 and CXCR4 in human PCa specimens. Survival was
assessed by Kaplan-Meier analysis and log-rank test analysis. A p value < 0.05 was considered statistically
significant (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Mpyricetin exerts cytotoxic and apoptosis-promoting effects in PCa cells

We examined the cytotoxic and apoptosis-promoting effects of myricetin in PC3,
DU145, C4-2, and RWPE-1 cells. First, myricetin cytotoxicity was examined using CCK-8
and colony formation assays. Our data showed that myricetin was significantly cytotoxic to
PCa cells (Fig. 1A and B). However, the normal prostate epithelial cell line RWPE-1 was less
sensitive to myricetin than tumor cells. The IC, values of myricetin in PC3, DU145, C4-2, and
RWPE-1 cells were 47.6 uM, 55.3 uM, 79.9 uM, and 362.1 uM, respectively. Flow cytometry
analysis further showed that myricetin significantly induced apoptosis in PCa cells (Fig.
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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apoptosis-related proteins cleaved caspase-3 and cleaved caspase-9 were both upregulated
in PC3 and DU145 cells after myricetin treatment (Fig. 1D). Moreover, myricetin inhibited
the phosphorylation of ERK1/2 and AKT in PC3 and DU145 cells (Fig. 1D). These results
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
(Fig. 2A and B). To avoid an excessive impact on cell viability, we reduced the concentration of
myricetin to 25 or 50 uM for the experiments. As expected, myricetin significantly inhibited
the migration and invasion of PCa cells.

The epithelial-mesenchymal transition (EMT) plays significant roles in cancer
progression and metastasis [25]. To determine the effect of myricetin on the EMT in PCa
cells, WB and IF analyses were used to assess the changes in the epithelial marker E-cadherin
and the mesenchymal markers N-cadherin and vimentin (Fig. 2C and D). We observed
that E-cadherin was upregulated but N-cadherin and vimentin were downregulated with
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.
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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
concentrations of myricetin for 48 h. Data from each cell line are shown as the mean + standard deviation
based on four duplicates per concentration. (B) Colony formation assay of PC3, DU145, C4-2, and RWPE-1
cells after treatment with 0, 25, or 50 pmol/L myricetin for 9 days. Images are representative of at least
three independent experiments. Quantification analysis is presented in the right panel. (C) Apoptosis was
examined by flow cytometry analysis using PI/Annexin V-FITC double-staining in PC3, DU145, C4-2, and
RWPE-1 cells. Cells were treated with 0, 50, or 100 pmol/L myricetin for 48 h. Images are representative of
at least three independent experiments. Quantification analysis is presented in the right panel. (D) Analysis
of cleaved caspase-3, cleaved caspase-9, pERK1/2, and pAKT levels in PC3 and DU145 cells by WB. Cells
were treated with 0, 50, or 100 pmol/L myricetin for 48 h.
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Mpyricetin 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
xenograft tumors showed that myricetin significantly repressed the growth of xenograft
tumors (Fig. 3A and B). Then, IHC analysis of the xenograft tumors showed that the myricetin
group had a higher cleaved caspase-3 level and a lower Ki-67 level than the vehicle group
(Fig. 3C). Moreover, IHC analysis of xenograft tumors showed that the myricetin group had
both higher E-cadherin and lower N-cadherin and vimentin levels than the vehicle group
(Fig. 3D). No obvious loss of body weight was observed in the myricetin group (Fig. 3E).
These results show that myricetin significantly inhibits PCa growth and the EMT in mouse
models.

Mpyricetin 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
establish lung and bone metastasis mouse models, respectively. The photon fluxes of the lung
metastasis model indicated that myricetin significantly reduced the metastatic burden in the
lung (Fig. 4A). The numbers of mCherry-positive CTCs from whole-blood samples of the lung
metastasis model mice were examined by flow cytometry at the end of the treatment (Fig.
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Fig. 2. Myricetin inhibits migration, invasion, and the EMT in PCa cells. (A) In a wound-healing assay, PC3
and DU145 cells were treated with 0, 25, or 50 pmol/L myricetin for 48 h. The wound width was measured
at the indicated times. Images are representative of at least three independent experiments. Quantification
analysis is presented in the lower panel. Scale bar, 100 um. (B) In Transwell assays (with or without a
Matrigel-coated membrane), PC3 and DU145 cells were treated with 0, 25, or 50 pmol/L myricetin for 48 h
in upper chambers. Migrated and invading cells were stained with crystal violet. Images are representative
of five random fields of each membrane in a single experiment. Quantification analysis is presented in the
lower panel. Scale bar, 100 um. (C and D) EMT marker levels were analyzed by WB and IF in PC3 and DU145
cells. Cells were treated with 0, 25, or 50 umol/L myricetin for 48 h. IF images are representative of at least
three independent experiments. Quantification analysis is presented in the right panel. Scale bar, 20 um.
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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-67 expression
in PC3 xenograft tumors of vehicle and
myricetin groups by IHC. IHC images are
representative of all xenograft tumors.
Quantification analysis is presented in the
right panel. Scale bar, 20 um. (D) Analysis
of EMT markers in PC3 xenograft tumors
of vehicle and myricetin groups by IHC.
[HC images are representative of all
xenograft tumors. Quantification analysis
is presented in the right panel. Scale bar, 20
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Fig. 4. Myricetin inhibits metastasis [ a

in PC3 tail vein and tibial medullary
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Representative images (obtained
with the IVIS Imaging System) of
lung metastases in PC3 tail vein
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and myricetin (n = 6) groups 0, 7, 21,
and 42 days after cell inoculation.
Luciferase signal intensity curves of
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left panel. (B) Representative flow
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(C) Analysis of whole-blood human LINE1 DNA levels by qRT-PCR. Expression levels were normalized to
mouse LINE1 DNA. (D) Representative images (obtained with the IVIS Imaging System) of bone metastases
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.
Quantification analysis of micro-CT scanning-based tibial bone volume is presented in the right panel.

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
1 (LINE1), another indicator of CTCs [26], from the same whole-blood samples. The qRT-
PCR data were consistent with the above flow cytometry analysis (Fig. 4C). In addition, the
photon fluxes of the bone metastasis model indicated that myricetin significantly reduced the
metastatic burden in the tibia (Fig. 4D). Subsequently, micro-computed tomography (micro-
CT) scanning and tibial bone volume analysis showed that myricetin significantly reduced
osteolysis in the mouse models (Fig. 4E). These results show that myricetin significantly
inhibits PCa metastasis in mouse models.
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Mpyricetin 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-
binding pocket of PIM1 and further inhibit its kinase activity [22]. Thus, we focused on
the interaction between PIM1 and myricetin in PCa. Pull-down assays showed that epoxy-
activated sepharose beads conjugated to myricetin could pull-down PIM1 (Fig. 5A, upper).
However, under the same conditions, myricetin was hardly able to pull-down PIM2 (Fig.
5A, upper). A schematic further shows the crystal structure of PIM1 with myricetin (from
the Protein Data Bank; ID: 2063) (Fig. 5A, lower), which displays the molecular interaction
between PIM1 and myricetin. In addition, using WB, we determined PIM1 expression was
highest in PC3 cells, second highest in DU145, third highest in C4-2, and fourth highest
in RWPE-1 (Fig. 5B). Combined with the results of Fig. 1, we thus found that myricetin
sensitivity was positively correlated with the PIM1 expression levels in different prostate
cell lines. Then, we further used RNA interference to study the impact of PIM1 knockdown
on the sensitivity of myricetin in PCa cells. qRT-PCR and WB analyses both showed that
PIM1 levels were significantly decreased in PC3 and DU145 cells transfected with shPIM1
(Fig. 5C). Furthermore, in PCa cells, the IC_, of myricetin increased in the PIM1 knockdown
counterparts (shPIM1) compared with their negative control-transfected (shNC) parental
cell lines (from 45.9 uM to 83.1 uM for PC3; from 55.6 uM to 89.01 uM for DU145) (Fig.
5D). These results demonstrate that PCa cells lacking PIM1 expression are less sensitive to
myricetin, suggesting that its anti-tumor effects are at least partly dependent on its ability
to bind to PIM1.
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Fig. 5. Myricetin represses tumor progression by directly inhibiting PIM1 in PCa cells. (A) Myricetin-PIM1
and -PIM2 interactions analyzed by pull-down assay. Schematic of molecular interactions between myricetin
and PIM1 are presented in the lower panel. (B) WB analysis of PIM1 protein expression in PC3, DU145,
C4-2 and RWPE-1 cells. (C) qRT-PCR and WB analyses of PIM1 mRNA and protein expression in shNC- and
shPIM1-transfected PC3 and DU145 cells. (D) CCK-8 assay of the effect of myricetin on the cell viability of
shNC-and shPIM1-transfected PC3 and DU145 cells. Cells were treated with the indicated concentrations of
myricetin for 48 h.
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Myricetin disrupts the interaction between PIM1 and CXCR4 in PCa cells

CXCL12 is the specific chemokine ligand of CXCR4, and the CXCL12-CXCR4 axis plays
important roles in the growth and metastasis of cancer [27, 28]. The function of CXCR4
is mainly based on ligand-dependent or -independent internalization and surface re-
expression, which depend on its intracellular C-terminal domain [29]. Other studies have
found that PIM1 assists CXCR4 phosphorylation at Ser339 of the intracellular C-terminal
domain and thereby facilitates CXCR4 cell surface expression and interaction with CXCL12
[18, 21]. In a co-IP assay, we confirmed that PIM1 could bind to CXCR4 (Fig. 6A). Significantly,
we further found that myricetin disrupted the PIM1/CXCR4 interaction (Fig. 6B). Accordingly,
short-term nontoxic myricetin treatment (0, 25, or 50 pM for 2 h) significantly decreased

£y S D S
A B 55’\?’ d’ot}} 0§§v0§§v
IP s ST ELTEFSSE
& ST T O st
R, Sy A Qb b b N AN R 2
il - 1P: PIM1
P [ s« o B:OXCRa| D - - |41 kD2
| c3 PC3
D IP: PIM1 24 KD
P
C D 2. - "
iy 0 25 25 50 g = e
cXCL12 - o/
s 400 0 400 400 s wl o =
PCXCRA| e s R — }45 KDa = || e
1.0 14 02 07 04 =. i b
CXCRQI — — — — mu kDa pc3'E S0 : ’
10 iz 13 10 e R a
myrlcetln
52 kDa
Tubulin | w— — — — —-] {umoliL) 25 50
E PC3 F 209,
2k g > g -
o o B
'E ; e Ve ..E_ -
£l myricetin 0 pmotiL | [ myricetin 50 pmol/L 5 ‘% =
i CXCL12 400 ng/mL | |s CXCL12 400 ng/mL _E L
3t : 5
= i i SR e b = myricetin ymol. 0 25 50 0 25 50
Time(seconds) Tlme(second ) ( pmoliL) o 25 50 CXCL12 ng/mL Anusmmn Aa:':;luu:aa
ERCLER 400 400 400

G CXCR4 pCXCR4 {ng/mL)
Vehicle

Myricet

*CXCR4 pCXCR4

Immunoreactivity Score

Fig. 6. Myricetin-mediated PIM1 inhibition represses CXCR4 function in PCa cells. (A) The PIM1/CXCR4
interaction analyzed by co-IP assay. (B) Effect of myricetin on the PIM1/CXCR4 interaction was analyzed by
co-IP assay. Cells were treated with 0, 10, 25, or 50 umol/L myricetin for 12 h. (C) WB analysis of CXCL12-
induced CXCR4 phosphorylation. Cells were pretreated with 0, 25, or 50 umol/L myricetin for 2 h. Then,
after being washed with PBS, cells were further treated with 0 or 400 ng/mL CXCL12 for 1 h. (D) Cell surface
expression of CXCR4 in PC3 cells examined by flow cytometry analysis. Cells were treated with 0, 25, or 50
pumol/L myricetin for 2 h. Then, after being washed with PBS, cells were stained with a PE-conjugated anti-
human CD184 antibody (open histogram) and an isotype control mouse IgG2a (gray histogram). Images are
representative of at least three independent experiments. (E) Analysis of the CXCL12-CXCR4 axis-mediated
Ca?* flux in PC3 cells by confocal microscope real-time monitoring. Cells were pretreated with 0 or 50
pumol/L myricetin for 4 h. After Fluo-4 incubation, cells were stimulated with 400 ng/mL CXCL12. Images
are representative of at least three independent experiments. (F) Analysis of CXCL12-induced cell migration
by Transwell assay (without Matrigel). ShNC- and shPIM1-treated PC3 cells were pretreated with 0, 25,
or 50 pmol/L myricetin for 4 h. Then, after being washed with PBS, cells were seeded and cultured in the
upper chamber with serum-free medium and allowed to migrate toward a 400 ng/mL CXCL12 gradient for
24 h. Migrated cells were stained with crystal violet. Images are representative of five random fields of each
membrane in a single experiment. Quantification analysis is presented in the right panel. Scale bar, 100 pm.
(G) Analysis of CXCR4 and pCXCR4 expression in PC3 xenograft tumors of vehicle and myricetin groups by
[HC. [HC images are representative of all xenograft tumors. Quantification analysis is presented in the right
panel. Scale bar, 20 um.
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CXCL12-induced phosphorylation at Ser339 by WB (Fig. 6C). Consistently, flow cytometry
analysis showed that myricetin also repressed CXCR4 surface expression in PC3 cells (Fig.
6D). Moreover, an intracellular Ca?* flux assay also showed that myricetin pretreatment (0
or 50 uM for 4 h) significantly decreased the ability of CXCL12 to instantaneously induce
Ca?* flux in PC3 cells (Fig. 6E). These results show that myricetin disrupts the PIM1/CXCR4
interaction and inhibits the CXCL12-CXCR4 axis in PCa cells. Then, to further determine
the essential role of PIM1 in myricetin-mediated CXCL12-CXCR4 inhibition, CXCL12-
induced chemotactic migration was tested by Transwell assay (without a Matrigel-coated
membrane) in shNC- and shPIM1-transfected PC3 cells. As expected, myricetin significantly
inhibited CXCL12-induced migration in shNC cells. However, although knockdown of PIM1
had inhibited CXCL12-induced migration, which is consistent with a previous study [21],
myricetin did not further strengthen the inhibitory effect in shPIM1 cells (Fig. 6F). Moreover,
[HC staining showed that the level of phosphorylated CXCR4 was significantly lower in PC3
subcutaneous xenograft tumor samples of the myricetin group than in those of the vehicle
group (Fig. 6G). These results confirm that repression of CXCR4 function is primarily based
on PIM1 inhibition and demonstrate that blockage of the PIM1/CXCR4 interaction is an
important anti-cancer mechanism of myricetin in PCa.
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76 patients. Semiquantitative
scoring of the IHC consistently
revealed a positive correlation
between PIM1 and CXCR4
protein expression (r = 0.5108;
p < 0.0001; n = 76) (Fig. 7B
and C). We further investigated
the correlation between
PIM1 and CXCR4 expression
and the clinicopathologic
characteristics and prognosis
of PCa patients. Using 76 tumor
tissue specimens of PCa patients
and based on PIM1 and CXCR4

Fig. 7. PIM1 and CXCR4 are coexpressed and associated with
poor prognosis in human PCa. (A) mRNA level correlation analysis
between PIM1 and CXCR4 in PCa tissues from the prostate
datasets of Wallace and Taylor. Spearman’s correlation method
was used for the analysis. (B) Representative IHC staining of PIM1
and CXCR4 in all PCa specimens is shown. Scale bar, 20 pm. (C)
Protein level correlation between PIM1 and CXCR4 analyzed based
on the IHC H-score of all PCa specimens. Spearman’s correlation
method was used for the analysis. (D) Kaplan-Meier curves for
biochemical recurrence-free survival and overall survival of
PCa patients. Survival analysis was performed according to the
combined expression levels of PIM1 and CXCR4 in PCa specimens.

expression levels, all patients were classified into four groups (both low; PIM1 high, CXCR4
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Table 1. Clinicopathologic characteristics of 76 PCa patients according to PIM1 and CXCR4 expression
levels. * Statistical significance was calculated by chi-square test or fisher’s exact test

Characteristics PIM1/CXCR4 expression p value®
PIM1 high PIM1 low .
i Loy (0=22)  eema Togy (i=14) CXCRA4 high (n=9) _ >oth high (n=31)
Age 0.546
<70 14 8 4 14
=70 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
=7 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

low; PIM1 low, CXCR4 high; both high). We found that double high expression of PIM1 and
CXCR4 was significantly correlated with aggressive clinicopathologic traits (clinical stage,
seminal vesicle invasion, lymph node metastasis, biochemical recurrence) and could predict
a poor prognosis for PCa patients (Table 1 and Fig. 7D).

Discussion

Despite recent improvements in hormonotherapy and chemotherapy [30], there is
still a scarcity of effective and personalized medicine for patients with advanced metastatic
PCa. Small-molecule inhibitors have been recognized as promising anti-tumor therapeutic
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].

PIM1, a member of the PIM kinase family, plays important roles in cellular signal
transduction pathways related to cell proliferation and survival [16]. PIM1 overexpression
has been found in many cancers, including hematopoietic malignancies and PCa, and is
associated with tumorigenesis and malignant progression [33]. Moreover, PIM1 knockout
is nonlethal without any obvious phenotypic changes [34]. Thus, PIM1 has become an
attractive target for cancer therapy. Thus far, several PIM1 inhibitors, such as SGI-1776, have
been tested in clinical trials. Unfortunately, the toxic side effects of SGI-1776 limit its clinical
application [35]. Cell-free experiments have shown that the flavonoid compound myricetin
binds to the ATP-binding pocket of PIM1 and inhibits its kinase activity [22]. Although some
reports have demonstrated that flavonoid compounds exhibit anti-cancer effects in many
cancers [2], there is still a lack of comprehensive studies of the anti-cancer effects and
mechanism of the myricetin/PIM1 interaction in PCa.

Previous studies have shown that myricetin exhibits potent anti-cancer properties.
Myricetin inhibits proliferation and promotes apoptosis in many types of cancer, such as
liver, pancreatic, and colon cancer [10, 36, 37]. Moreover, myricetin also suppresses UVB-
induced skin cancer and acts as an estrogen receptor agonist in breast cancer [7, 38]. We
also found that myricetin showed selective cytotoxic and apoptosis-promoting effects in
PCa cells (PC3, DU145, and C4-2) in vitro, which supports earlier findings [36, 39-41]. WB
results further showed that apoptosis-associated proteins were upregulated, whereas the
phosphorylation levels of ERK1/2 and AKT were downregulated. Furthermore, the in vivo
results consistently showed that myricetin effectively suppressed the growth of subcutaneous
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xenograft tumors. In addition, we found that myricetin significantly inhibited the migration,
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
cell-induced osteolysis of bone metastasis was significantly inhibited by myricetin in mouse
models. Other work has revealed that myricetin induces osteoblast maturation and inhibits
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.

Because previous cell-free assays have revealed that myricetin inhibits PIM1 kinase
activity [22], we considered PIM1 to be a potential specific and direct molecular target of
myricetin in PCa cells. In our results, as expected, pull-down assays showed that epoxy-
activated sepharose beads conjugated to myricetin could pull-down PIM1. Moreover, we
observed that the IC_, of myricetin increased in PCa cells after PIM1 knockdown, which
demonstrated that knockdown of PIM1 causes insensitivity to myricetin.

As a serine/threonine kinase, PIM1 usually cooperates and synergizes with some
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
of tumor cells in distant metastases [27, 44]. Because PIM1 can functionally regulate CXCR4
by boosting CXCR4 phosphorylation and surface expression in leukemia and PCa cells [18,
21], we further assessed whether myricetin could functionally repress the CXCL12-CXCR4
axis in PCa cells by inhibiting PIM1. First, we confirmed that PIM1 could bind to CXCR4 by
co-IP assay. Then, as expected, we further observed that myricetin functionally disrupted the
PIM1/CXCR4 interaction and further inhibited the CXCL12-CXCR4 axis in PCa cells. However,
our data show that myricetin has a slight inhibitory effect on CXCL12-induced migration
in shPIM1 cells, which suggests that the inhibitory effect of myricetin on the CXCL12-
CXCR4 axis is dependent on inhibiting PIM1 in PCa cells. These results demonstrate that
blockage of the PIM1/CXCR4 functional interaction is an important anti-tumor mechanism
of myricetin. Given the prospect of clinical individualized medication, we continued to study
the clinical correlation of PIM1 and CXCR4 in PCa. Our data showed that PIM1 and CXCR4
are coexpressed in PCa and that the concomitant elevated expression of PIM1 and CXCR4 is
significantly correlated with aggressive clinicopathologic traits and poor prognosis in PCa
patients. Therefore, these results further demonstrate that myricetin might be more suitable
for PCa patients with higher levels of PIM1 and CXCR4.

In conclusion, our study shows that myricetin can play an important role in repressing
PCa progression by inhibiting PIM1 and disrupting the PIM1/CXCR4 interaction. These
actions make itanovel potential anti-growth and anti-metastasis agent for the comprehensive
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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