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ABSTRACT

Danshen (Salvia miltiorrhiza Bunge) is widely used in traditional Chinese 
medicine. In our study, the in vivo protective effect of danshen in prostate cancer 
patients was validated through data from the National Health Insurance Research 
Database in Taiwan. In vitro, we discovered that dihydroisotanshinone I (DT), a 
bioactive compound present in danshen, can inhibit the migration of both androgen-
dependent and androgen-independent prostate cancer cells. In addition, we noted 
that DT substantially inhibited the migratory ability of prostate cancer cells in both a 
macrophage-conditioned medium and macrophage/prostate cancer coculture medium. 
Mechanistically, DT both diminished the ability of prostate cancer cells to recruit 
macrophages and reduced the secretion of chemokine (C-C motif) ligand 2 (CCL2) from 
both macrophages and prostate cancer cells in a dose-dependent manner. Moreover, 
DT inhibited the protein expression of p-STAT3 and decreased the translocation of 
STAT3 into nuclear chromatin. DT also suppressed the expression of tumor epithelial–
mesenchymal transition genes, including RhoA and SNAI1. In conclusion, danshen 
can prolong the survival rate of prostate cancer patients in Taiwan. Furthermore, 
DT can inhibit the migration of prostate cancer cells by interrupting the crosstalk 
between prostate cancer cells and macrophages via the inhibition of the CCL2/STAT3 
axis. These results may provide the basis for a new therapeutic approach toward the 
treatment of prostate cancer progression.
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INTRODUCTION

Prostate cancer is the most common malignant 
disease and the second leading cause of death among 
male cancer patients in the United States. The primary 
treatment for prostate cancer is surgical castration 
through androgen ablation therapy (ADT) or radiation 
therapy. However, as many as 50% of prostate cancer 
patients undergoing radiation therapy experience tumor 
recurrence and progression within 5 years of treatment 
completion [1, 2]. These therapies result in castrated 
levels of testosterone and are temporarily effective in most 
patients with advanced prostate cancer. Prostate cancer 
WKDW� SURJUHVVHV� GHVSLWH�$'7� WUHDWPHQW� LV� FODVVL¿HG� DV�
castration-resistant prostate cancer (CRPC) [3–6]. Several 
drugs, including sipuleucel-T, abiraterone acetate, and 
enzalutamide [7], have been approved for treating CRPC, 
but the effectiveness of these medications is limited, and 
none of them are curative. Therefore, developing treatment 
regimens with superior effectiveness and minimal adverse 
effects for CRPC remain a priority in prostate cancer 
research.

Tumor-associated macrophages (TAMs) are derived 
from peripheral blood monocytes that are recruited into 
the tumor. The tumor-promoting functions of macrophages 
at the primary site include supporting tumor-associated 
angiogenesis and promoting tumor cell invasion, 
migration, and intravasation. Macrophages also potentiate 
the seeding and establishment of metastatic cells [8]. In a 
recent study, the number of TAMs was higher in cancer 
cores than in prostatic intraepithelial neoplasia and benign 
tissue, and was higher in high-grade prostate cancer, 
suggesting that TAMs have a role in prostate cancer 
development [9].

CC chemokine ligand 2 (CCL2), also known as 
PRQRF\WH�FKHPRDWWUDFWDQW�SURWHLQ����ZDV�¿UVW�LGHQWL¿HG�
by its ability to attract monocytes, and it is primarily 
secreted by monocytes, macrophages, and dendritic 
cells [10, 11]. CCL2 recruits prostate cancer cells to the 
bone microenvironment and activates their proliferation 
rate [12, 13]. Additionally, increased CCL2 expression 
in prostate cancer cells encourages metastasis through 
macrophage recruitment [14–17]. S-phase kinase-
associated protein 2 (Skp2) belongs to the F-box protein 
family and is one of the components of the SCF E3 
ubiquitin ligase complex. One recent study demonstrated 
that Skp2 can activate RhoA transcription to stimulate cell 
migration and invasion [18]. Skp2 is overexpressed in 
human prostate cancers, which exerts critical downstream 
effects on STAT3 in human prostate cancer [19, 20]. In 
addition, CCL2/STAT3 has been shown to stimulate 
prostate cancer progression [21–23]. Together, emerging 
evidence suggests that targeting the CCL2/STAT3–Skp2 
SDWKZD\�PD\�RIIHU�WKHUDSHXWLF�EHQH¿WV�WR�SDWLHQWV�ZLWK�
prostate cancer.

Traditional Chinese medicine (TCM), including 
acupuncture, traumatology manipulative therapies, and 
decoction, is a crucial aspect of in health care in Taiwan, 
as well as other Asian and Western countries. In Taiwan, 
the National Health Insurance (NHI) program reimburses 
FODLPV� IRU� ¿QLVKHG� KHUEDO� SURGXFWV� �)+3V��� LQFOXGLQJ�
single herbs and herbal formulae of TCM. Because the 
National Health Insurance Research Database (NHIRD) 
in Taiwan contains the clinical drug and TCM-related 
information of patients, it is a suitable research database 
IRU�LQYHVWLJDWLQJ�WKH�HI¿FDF\�RI�FOLQLFDO�GUXJV�DQG�7&0�
[24–26]. Danshen, the dried root of Salvia miltiorrhiza 
Bunge, has been used to treat numerous cardiovascular 
and endocrine diseases, including coronary artery disease, 
angina pectoris, hepatitis, and menstrual disorders [27]. 
Cryptotanshinone (CT), dihydroisotanshinone I (DT), 
tanshinone IIA (T2A), and tanshinone I (T1) are four 
major diterpene compounds of tanshinones in danshen 
[28]. In addition to their functions in the cardiovascular 
system, these tanshinones have recently been shown 
to possess some activity against human cancer cells. 
6SHFL¿FDOO\�� 7�� KDV� LQKLELWHG� WKH� JURZWK� RI� OHXNHPLD�
and lung and colorectal cancer cells in vitro [29–31], 
T2A has inhibited the growth of breast cancer, glioma, 
leukemia, and hepatocellular carcinoma cells in vitro 
[32–35], and CT inhibited the growth of hepatocarcinoma 
cells in vitro [36]. Moreover, DT, which contains an 
abietane-type diterpene quinone (Supplementary Figure 
1A), has a protective effect against menadione-induced 
hepatotoxicity because of its antioxidant properties and 
its ability to inhibit lipid peroxidation [37]. However, the 
clinical effects of danshen and the underlying mechanisms 
of DT on prostate cancer remain unclear.

In this study, we examined the protective effects 
of danshen and its compounds against prostate cancer. 
First, to investigate these effects in vivo, we analyzed 
the survival rate of prostate cancer patients by using data 
obtained from the NHIRD. In vitro, we observed the 
effects of DT on the interaction between macrophages and 
prostate cancer cells by interrupting the CCL2 pathway. 
We determined that DT inhibited the protein expression 
of p-STAT3 and blocked the translocation of STAT3 into 
the chromatin, as well as suppressed tumor epithelial–
mesenchymal transition (EMT) gene expression.

RESULTS

Protective effect of danshen in prostate cancer 
patients from taiwan

We examined 40,692 patients diagnosed with 
prostate cancer during the study period. First, patients 
were categorized into three groups according to drug 
dosage: those who had never used danshen and those 
ZKR�KDG�XVHG�HLWKHU�!����RU������J�RI�GDQVKHQ�DIWHU�WKHLU�
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prostate cancer diagnosis, as per medical records. Patients 
were also categorized into three groups according to the 
duration of their drug use: those who had never used 
danshen and those who had used danshen for either > 28 
RU������GD\V�DIWHU�WKHLU�SURVWDWH�FDQFHU�GLDJQRVLV��DV�SHU�
medical records. After 15 years of follow-up, the survival 
rate analyses demonstrated a strong dose-dependent and 
time-dependent association between the use of danshen 
and survival (Figure 1). Notably, danshen users exhibited 
an increase of 5%–10% in the survival rate compared 
with danshen nonusers. Thus, these data demonstrated the 
protective effects for danshen for prostate cancer patients 
in Taiwan.

Inhibition of cell motility in various human 
prostate cancer cells by DT treatment

In one previous study, more than 50 compounds 
were isolated from danshen [28]. In general, these 
compounds can be divided into two groups according to 
WKHLU�VWUXFWXUH�DQG�SURSHUWLHV��7KH�¿UVW�JURXS�FRPSULVHV�
phenolic acids, such as salvianolic acid B, whose structures 
contain caffeic acid monomers and oligomers. The second 
group comprises tanshinones, such as T1, T2A, and 
DT, whose structures contain abietane diterpenes with a 
common ortho- or para-naphthoquinone chromophore 
(Supplementary Figure 1A). To study the effect of these 
compounds on the migration ability of prostate cancer 
cells, we examined androgen receptor (AR)-negative (PC-
3 and DU145 cells, with a considerably higher invasive 
capacity) and AR-positive (22Rv1 cells) prostate cancer 
cells in migration and healing assays and the healing assay 
(Figure 2). After treatment with the indicated compounds 
IRU�D�VSHFL¿HG�QXPEHU�RI�KRXUV��RXU�UHVXOWV�UHYHDOHG�WKDW�
7�$�����ȝ0��KDG�OLWWOH�LQKLELWRU\�HIIHFW�RQ�'8����FHOOV��
DQG� �±��� ȝ0�'7� VLJQL¿FDQWO\� LQKLELWHG� WKH�PLJUDWRU\�
ability of three types of prostate cancer cells in a dose-
dependent manner (Figure 2A–2F and Supplementary 
)LJXUH��%±�*���0RUHRYHU��ZH�GLVFRYHUHG�WKDW���ȝ0�'7�
can block the invasion of DU145 cells (Figure 2G).

Next, we used the two current clinically used 
antiandrogens, bicalutamide and MDV3100, to compare 
the effects of DT on migration. Our results indicated 
WKDW��±���ȝ0�RI�HLWKHU�ELFDOXWDPLGH�RU�0'9�����ZDV�
unable to inhibit the migratory ability of androgen-
independent prostate cancer (DU145 and PC-3) cells, 
ZKHUHDV� ��� ȝ0�'7�ZDV� HIIHFWLYHO\� LQKLELWRU\� �)LJXUH�
2H and 2I). Regarding androgen-dependent prostate 
cancer cells, the 22Rv1 cells were cultured in RPMI 
1640 Medium containing 10% charcoal-dextran-treated 
fetal bovine serum for at least 72 h before the transwell 
migratory assay. Our results suggested that 10 nM 
GLK\GURWHVWRVWHURQH� �'+7�� VLJQL¿FDQWO\� LQFUHDVHG� WKH�
PLJUDWRU\� DELOLW\� RI� ��5Y�� FHOOV�� ,Q� DGGLWLRQ�� ��� ȝ0�
of either bicalutamide or MDV3100 could inhibit the 
migratory ability of these cells, even with the cotreatment 

RI����Q0�'+7��0RUHRYHU�����ȝ0�'7�KDG�DQ�HQKDQFHG�
inhibitory effect on the migratory ability of 22Rv1 cells, 
especially with the cotreatment of 10 nM DHT (Figure 2J).

Effects of DT on prostate cancer cell migration 
in the macrophage medium and the coculture of 
prostate cancer cells and macrophages in vitro

Previous studies have demonstrated that macro- 
phages can promote tumor invasion and metastasis [38], 
and have revealed that the motility of human prostate 
cancer cells is inhibited by DT. Therefore, we investigated 
the effect of DT on the ability of macrophages to promote 
tumor migration. THP-1 and RAW 264.7 cells have 
been extensively used to study monocyte–macrophage 
functions, mechanisms, signaling pathways, and drug 
activities [39–41]. Herein, after THP-1 cells or RAW 
264.7 cells were treated with the control (dimethyl 
VXOIR[LGH��'062��RU�ZLWK�HLWKHU���RU����ȝ0�'7�IRU����K��
the conditioned medium was collected and placed in the 
lower chambers of the transwell plates (Figure 3A, 3C). 
Subsequently, the prostate cancer cells were positioned 
in the upper chambers of the transwell plates with inserts 
in a serum-free medium for the migration assay. Our 
UHVXOWV�VKRZHG�WKDW��±���ȝ0�'7�VLJQL¿FDQWO\�LQKLELWHG�
the migration of prostate cancer cells in a dose-dependent 
manner in the macrophage medium (Figure 3A, 3C).

Compared with the use of indirect-separate coculture 
systems in transwell chamber dishes, direct-mixed 
coculture systems involving macrophages and tumor cells 
(in which cells communicate with each other through 
direct contact and which more closely approximate 
the physiological situation) led to stronger activation 
signaling by transcription factors, such as STAT3 [42, 43]. 
Therefore, we examined the ability of prostate cancer cells 
to migrate under DT treatment in a direct-mixed coculture 
of prostate cancer and THP-1 cells or RAW 264.7 cells in 
vitro (Figure 3B and 3D). After directly coculturing the 
macrophages and prostate cancers cells under treatment 
with DMSO or DT for 24 h, the conditioned medium was 
collected and placed in the lower chambers of transwell 
plates (Figure 3B, 3D). Subsequently, the prostate cancer 
cells were positioned in the upper chambers of the 
transwell plates with inserts in a serum-free medium for 
WKH�PLJUDWLRQ�DVVD\��2XU�UHVXOWV�VKRZHG�WKDW��±���ȝ0�'7�
VLJQL¿FDQWO\�LQKLELWHG�WKH�DELOLW\�RI�SURVWDWH�FDQFHU�FHOOV�
to migrate in a dose-dependent manner in the direct-mixed 
coculture medium (Figure 3B, 3D).

Effects of DT on RAW 264.7 cell recruitment in 
vitro

We also examined the effects of DT on macrophage 
recruitment by prostate cancer cells. DU145 cells were 
treated with or without the indicated drugs and with or 
without the DMSO for 24 h. The conditioned medium was 
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collected and then placed in the lower chambers of the 
transwell plates. Subsequently, the RAW 264.7 cells were 
positioned in the upper chambers of the transwell plates in 
a serum-free medium for the migration assay (Figure 3E). 
These tests indicated that DU145 cells can activate RAW 
264.7 cell migration with or without DMSO treatment. 
In addition, we found that DT inhibited the migration 
of RAW 264.7 cells activated by DU145 cells in a dose-
dependent manner (Figure 3E).

Inhibition of CCL2 protein secretion from both 
prostate cancer cells and macrophages by DT

Substantial evidence indicates that macrophages 
promote cancer progression and metastasis. Notably, 
macrophages are cultured by the tumor microenvironment 
to stimulate the metastatic process and produce several 
compounds, including cytokines, that contribute to 
cancer initiation and promotion [44]. In addition, tumor 

Figure 1: The effect of danshen on the survival rate of Taiwan prostate cancer patients. A total of 40,692 prostate cancer 
patients were included in the study cohort. These patients accrued follow-up time for 15 years. Crude overall Kaplan-Meier survival curves 
for the prostate cancer patients was investigated. A. The patients were categorized into 3 groups: never used danshen, had used danshen 
more than 84 grams after prostate cancer diagnosed, and those with less than 84 grams danshen used in records. (log-rank: P<0.001). B. The 
patients were categorized into 3 groups: never used danshen, had used danshen more than 28 days after prostate cancer diagnosed, and those 
with less than 28 days with treatment of danshen in records (log-rank: P<0.001).
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Figure 2: DT block the human prostate cancer cells migration on in vitro wound healing assay, transwell migration 
assay and invasion assay. The migration ability of DU145 cells, 22Rv1 cells and PC-3 cells were measured by the transwell migration 
assay. After treated with indicated drugs for 24 hours, the photographs (× 100) were taken and the migratory cells were measured using 
AlphaEase®FC StandAlone Software. Numbers of the migratory DU145 cells A, H. 22Rv1 cells C, J. and PC-3 cells E, I. in each 
group were normalized to the control. The mobility of prostate cancer cells were measured by wound-healing assay. After treatment with 
indicated drugs, photographs (× 100) were taken. The wound closure of DU145 cells B. 22Rv1 cells D. and PC-3 cells F.�ZHUH�TXDQWL¿HG�
by measuring the remaining unmigrated area using AlphaEase®FC StandAlone Software. The invasion ability of DU145 cells, were 
measured by the transwell invasion assay. After treated without or with DMSO or DT for 24 hours, the photographs (× 100) were taken 
and the invasive cells were measured using AlphaEase®FC StandAlone Software. Numbers of the invasive DU145 cells G. in each group 
were normalized to the control. The results were from three independent experiments. (Error bar=mean±S.E.M. Asterisks (*) mark samples 
VLJQL¿FDQWO\�GLIIHUHQW�IURP�EODQN�JURXS�ZLWK�p<0.05).
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Figure 3: Effects of DT on prostate cancer cells migration in macrophages medium or the prostate cancer/macrophages 
co-culture in vitro model and on RAW 264.7 cells recruitment in vitro model. The migration ability of human prostate cancers 
in the macrophages medium or the prostate cancer/macrophages co-culture in vitro model were measured by the transwell migration assay. 
THP-1 cells A. or RAW 264.7 cells C. were treated with indicated drugs for 24 hours. Then the conditioned medium was collected and 
placed in the lower chamber. The prostate cancer cells were then placed on the upper chamber for the migration assay. After incubation 
for 16 hours, the photographs (× 100) were taken and the migratory cells were measured using AlphaEase®FC StandAlone Software. The 
TXDQWL¿FDWLRQ�RI�WKH�LQGLFDWHG�PLJUDWRU\�SURVWDWH�FDQFHU�FHOOV�QXPEHUV�LQ�HDFK�JURXS�ZHUH�QRUPDOL]HG�WR�WKH�FRQWURO��,Q�WKH�FR�FXOWXUH�in 
vitro model, THP-1 cells B. or RAW 264.7 cells D. and the indicated human prostate cancers were directly mix co-cultured and treated 
with indicated drugs for 24 hours. Then the conditioned medium were collected and placed in the lower chamber. The indicated prostate 
cancer cells were then placed on the upper chamber for the migration assay. After incubation for 16 hours, the photographs (× 100) were 
WDNHQ�DQG�WKH�PLJUDWRU\�FHOOV�ZHUH�PHDVXUHG�XVLQJ�$OSKD(DVH�)&�6WDQG$ORQH�6RIWZDUH��7KH�TXDQWL¿FDWLRQ�RI�WKH�PLJUDWRU\�LQGLFDWHG�
prostate cancer cells numbers in each group were normalized to the control. For the macrophages’ recruitment ability of human prostate 
cancer cells, the DU145 cells were treated with indicated drugs for 24 hours. Then the conditioned medium were collected and placed in 
the lower chamber. The RAW 264.7 cells were then placed on the upper chamber for the migration assay. After incubation for 24 hours, 
WKH�SKRWRJUDSKV��î������ZHUH�WDNHQ�DQG�WKH�PLJUDWRU\�FHOOV�ZHUH�PHDVXUHG�XVLQJ�$OSKD(DVH�)&�6WDQG$ORQH�6RIWZDUH��7KH�TXDQWL¿FDWLRQ�
of the migratory RAW264.7 cells numbers in each group were normalized to the control E. The results were from three independent 
H[SHULPHQWV���(UURU�EDU PHDQ�6�(�0��$VWHULVNV����PDUN�VDPSOHV�VLJQL¿FDQWO\�GLIIHUHQW�IURP�EODQN�JURXS�ZLWK�p<0.05).



Oncotarget40252www.impactjournals.com/oncotarget

cells release some molecules, such as chemokines and 
their receptors, for invasion and migration. Our results 
indicated that DT has inhibitory effects on the motility 
of prostate cancer cells and can decrease the ability of 
prostate cancer cells to recruit macrophages. Moreover, 
a human cytokine array was performed to identify the 
differentially expressed cytokines secreted from DU145 
FHOOV��$IWHU� WUHDWPHQW� ZLWK� '062� RU� ��� ȝ0� '7�� ZH�
determined that DT treatment attenuated the expression 
of CCL2, CCL5, interleukin-1 receptor antagonist (IL-
1 Ra), and intercellular adhesion molecule 1 (ICAM-1; 
Figure 4A).

Notably, CCL2 promotes the metastasis of several 
cancers, including nasopharyngeal carcinoma, bladder 
cancer, thyroid carcinoma, and colon cancer [45–48]. 
Additionally, increased CCL2 expression in prostate 
cancer cells has been demonstrated to encourage 
metastasis through macrophage recruitment [14–17]. 
CCL2 also serves as a novel biomarker for prostate 
cancer [49]. Similarly, one study found that IL-8 is an 
essential molecule for androgen-independent prostate 
cancer growth and progression [50]. Thus, we explored 
the effect of DT on the secretion of IL-8 or CCL2 from 
prostate cancer cells and macrophages using an enzyme-
OLQNHG�LPPXQRVRUEHQW�DVVD\��(/,6$��WR�FRQ¿UP�WKH�GDWD�
from the cytokine array. After treatment with the indicated 
drugs or DMSO for 24 h, we found that the IL-8 secretion 
level had not changed in the medium under DT treatment 
(Supplementary Figure 2A, 2B).

We also discovered that DT treatment inhibited the 
protein expression of CCL2 in the medium obtained from 
the prostate cancer cells and macrophage coculture in vitro 
system (Figure 4B–4D). Moreover, we determined that DT 
inhibited the secretion of CCL2 from the cultured medium 
of DU145 cells (Figure 4E), THP-1 cells (Figure 4F), and 
RAW 264.7 cells (Figure 4G).

([SUHVVLRQ�RI�WKH�ZKROH�JHQRPLF�P51$�SUR¿OH�
under DT treatment

To evaluate the pathway maps and molecular and 
cellular functions of the genes correlated with DT in 
prostate cancer cells, we analyzed the whole genomic 
P51$� H[SUHVVLRQ� SUR¿OH� RI�'8���� FHOOV� WUHDWHG�ZLWK�
'062�RU����ȝ0�'7�IRU����K�WKURXJK�DQ�P51$�DUUD\�
(Figure 5A). Following gene ontology (GO) enrichment 
analysis based on biological processes, 24 pathways 
ZHUH� LGHQWL¿HG� �6XSSOHPHQWDU\� 7DEOH� ��� p < 0.005). 
These pathways included the negative regulation of cell 
communication (GO: 0010648; Q-value: 6.47169E-
01) (Figure 5B), positive regulation of apoptosis (GO: 
0043065; Q-value: 7.39806E-01) (Figure 5C), cellular 
amino acid biosynthetic process (GO: 0008652; Q-value: 
1.80621E-03), amine biosynthetic process (GO: 0009309; 
Q-value: 8.88332E-03), neutral amino acid transport (GO: 
0015804; Q-value: 3.02479E-01), serine family amino 

acid metabolic process (GO: 0009069; Q-value: 3.4819E-
01), and amino acid transport (GO: 0006865; Q-value: 
3.81235E-01) (Supplementary Table 1). Thus, our data 
indicate that the mechanism of DT treatment in prostate 
cancer may involve cell–cell communication, apoptosis, 
amino acid biosynthesis, and amino acid transport.

To further analyze the effect of DT on the apoptosis 
of prostate cancer cells, the DU145 and PC-3 cells were 
treated with DT or DMSO for 24 h and analyzed for 
DSRSWRVLV�WKURXJK�ÀRZ�F\WRPHWU\�ZLWK�DQQH[LQ�9�3,�GXDO�
VWDLQLQJ��$V�LOOXVWUDWHG�LQ�)LJXUH��$�����ȝ0�'7�WUHDWPHQWV�
only induce the partial apoptosis of DU145 and PC-3 cells 
from 0% to 2% and from 0% to 7.3%, respectively, in 24 h. 
These results suggest that apoptosis may not be the major 
pathway in prostate cancer cells under DT treatment.

7KH�H[SUHVVLRQ�SUR¿OHV�RI�WKH�67$7��VLJQDOLQJ�
pathway were inhibited in prostate cancer cells 
with DT treatment

Skp2 is a transcriptional target of STAT3 [43], 
which, along with downstream genes (including RhoA), 
can stimulate prostate cancer metastasis and proliferation 
[16, 18, 44, 45]. Previous studies have reported that a 
combination of STAT3, CCL2, and EMT activates 
prostate cancer progression and may provide a novel 
therapeutic target for the prevention of prostate cancer 
metastasis [21–23]. Moreover, STAT3 is a valuable 
biomarker for prognosis prediction and a therapeutic 
target in human solid tumors, including prostate cancer 
[51]. Although cytokine receptors are activated through 
cytokines at the molecular level, the signaling effectors 
and kinases can phosphorylate STAT3 at Tyr705, which 
results in the translocation of activated p-STAT3 to 
the nucleus. Subsequently, p-STAT3 can induce the 
downstream target genes, such as CCL2, CCL5, ICAM-
1, SNAI1, chitinase-3-like 1 (CHI3L1), FBJ murine 
osteosarcoma viral oncogene homolog (FOS), and 
Skp2, that promote various cellular processes for cancer 
progression [52–54].

Our results demonstrated that DT could reduce 
the secretion of chemokines, including CCL2, CCL5, 
and ICAM-1, in prostate cancer cells, and inhibit 
prostate cancer cell migration under the macrophages’ 
cultured medium (Figure 3A). The mRNA array data 
also indicated that DT treatment can inhibit the mRNA 
expression of CHI3L1, FOS, Skp2, and CCL2, the 
downstream genes of p-STAT3 (Figure 5D). Next, we 
investigated the effect of DT on the protein expression of 
STAT3. Because the conditioned medium of THP-1 cells 
can activate the migration of prostate cancer cells (Figure 
3A) and contain CCL2 (Figure 4F), we used this medium 
as our model. After the THP-1 cells were treated with 
'062�RU����ȝ0�'7�IRU����K��WKH�FRQGLWLRQHG�PHGLXP�
was collected. Subsequently, the medium of DU145 cells 
was replaced with the conditioned medium or regular 
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medium and then cultured for 24 h. As depicted in Figure 
6B, compared with the regular medium, the conditioned 
medium of the THP-1 cells induced p-STAT3 protein 
expression and activated the translocation of p-STAT3 
into the chromatin fraction in DU145 cells. Moreover, 
compared with the conditioned medium treated with 

���ȝ0�'7��WKH�WUDQVORFDWLRQ�RI�67$7��DQG�WKH�SURWHLQ�
expression of p-STAT3 and Skp2 were inhibited. 
However, the protein expression of STAT3 was not 
changed in the whole cell extract under DT treatment 
(Figure 6B). In PC-3 cells, the protein expression of 
p-STAT3 and Skp2 in the whole cell extract were also 

Figure 4: Effects of DT on the proteins secretion from prostate cancer cells and macrophages co-culture in vitro. For 
F\WRNLQHV�DUUD\��'8�����FHOOV�ZHUH�WUHDWHG�ZLWK�'062�RU�'7����ȝ0�IRU����KRXUV��7KH�FXOWXUHG�PHGLXP�ZDV�FROOHFWHG�DQG�DQDO\]HG�E\�
cytokines microarray A.�$UUD\�LPDJHV�ZHUH�FDSWXUHG�IROORZLQJ���PLQ�H[SRVXUH�WR�;�UD\�¿OP��)RU�(/,6$��WKH�FRQGLWLRQHG�PHGLXP�RI�'8�
145 cells E. or THP-1 cells F. or RAW264.7 cells G. or coculture with THP-1 cells/DU 145 cell B. or THP-1 cells/22Rv1 cell C. or THP-1 
cells/PC-3 cells D. were collected from untreated cells and cells treated with DMSO or indicated drugs for 24 hours. The secretion of human 
or mouse CCL2 were measured by ELISA kits (B-G). All the results are representative of at least three independent experiments. (Error 
EDUV PHDQ�6�(�0��$VWHULVNV����PDUN�VDPSOHV�VLJQL¿FDQWO\�GLIIHUHQW�IURP�EODQN�JURXS�ZLWK�p<0.05).
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inhibited by DT in a dose-dependent manner (Figure 
�&���7R�FRQ¿UP�WKH�:HVWHUQ�EORW�UHVXOWV��ZH�DOVR�IRXQG�
the protein expression of Skp2 was decreased through 
DQ�LPPXQRÀXRUHVFHQFH�DVVD\�LQ�'8����DQG�3&���FHOOV�
WUHDWHG�ZLWK�'062�RU����ȝ0�'7��6XSSOHPHQWDU\�)LJXUH�
3A, 3B).

We also used a quantitative polymerase chain 
reaction (q-PCR) to validate the mRNA expression of the 
downstream genes. As illustrated in Figure 6D and E, our 
results revealed that DT inhibited the mRNA expression of 
CCL2, Skp2, RhoA, and SNAI1 in DU145 cells (Figure 
6D) and PC-3 cells (Figure 6E).

Figure 5: Effects of DT on the whole genomic mRNA expression of DU 145 cells. A. Hierarchical clustering analysis 
GHPRQVWUDWHG�WKH�P51$�H[SUHVVLRQ�SDWWHUQV�RI�'8�����FHOOV�XQGHU�WKH�WUHDWPHQW�RI�'062�RU�'7����ȝ0�IRU����KRXUV��$IWHU�JHQH�RQWRORJ\�
(GO) enrichment analysis based on biological process, the genes related negative regulation of cell communication (GO:0010648) B. and 
positive regulation of apoptosis (GO:0043065) C. D. The RNA expression of CHI3L1, FOS, CCL2 and skp2 were showed through mRNA 
array. (Log2 ratio/fold change: the differential expressed level between the DU 145 cells treated with DMSO or DT.)
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Figure 6: DT induces partial apoptosis and inhibits the protein expression of p-STAT3 and Skp2 protein expression 
through blocking the migration of STAT3 into chromatin fraction in prostate cancer cells. A. DU 145 cells or PC-3 
FHOOV�ZHUH�WUHDWHG�ZLWKRXW�RU�ZLWK����ȝ0�RI�'7�IRU���K��&HOO�DSRSWRVLV�ZDV�GHWHFWHG�E\�ÀRZ�F\WRPHWU\�ZLWK�DQQH[LQ�9�),7&�3,�GXDO�
VWDLQLQJ��7KH�UHSUHVHQWDWLYH�KLVWRJUDPV�RI�ÀRZ�F\WRPHWULF�DQDO\VLV�XVLQJ�GRXEOH�VWDLQLQJ�ZLWK�DQQH[LQ�9�),7&��),7&�$��DQG�3,��3,�$���
4���DQQH[LQ�9í�3,���VKRZ�QHFURVLV�FHOOV��4���DQQH[LQ�9��3,���VKRZ�WKH�ODWH�DSRSWRVLV�FHOOV��4���DQQH[LQ�9í�3,í��VKRZ�QRUPDO�FHOOV��4��
�DQQH[LQ�9��3,í��VKRZ�WKH�HDUO\�DSRSWRVLV�FHOOV��B. DU 145 cells were treated with or without DT or THP-1 conditioned medium. After 
incubation for 24 hours, the chromatin fraction and total cell extracts were collected for IB analysis. C. Total cell extracts of PC-3 cell were 
KDUYHVWHG�IURP�XQWUHDWHG�FHOOV�DQG�FHOOV�WUHDWHG�ZLWK�'7�IRU����KRXUV��7KH�SURWHLQ�ZDV�LPPXQREORWWHG�ZLWK�SRO\FORQDO�DQWLERGLHV�VSHFL¿F�
for p�67$7���67$7��RU�VNS���ȕ�DFWLQ�RU�+LVWRQH��+���RU�Į�WXEXOLQ�ZDV�XVHG�DV�DQ�LQWHUQDO�ORDGLQJ�FRQWURO��7RWDO�P51$�ZDV�H[WUDFWHG�IURP�
the DU145 cells D. or PC-3 cells E. after treat with indicated drugs for 24 hours. The coding regions of human skp2, RhoA and SNAI1 were 
used as probes for real time polymerase chain reaction analysis. All the results are representative of at least three independent experiments.  
�(UURU�EDUV PHDQ�6�(�0��$VWHULVNV����PDUN�VDPSOHV�VLJQL¿FDQWO\�GLIIHUHQW�IURP�'062�JURXS�ZLWK�p<0.05).
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DISCUSSION

7R� WKH� EHVW� RI� RXU� NQRZOHGJH�� WKLV� LV� WKH� ¿UVW�
matched-cohort population study that analyzed the 
clinical effects of danshen on the survival rate of prostate 
FDQFHU�SDWLHQWV��6SHFL¿FDOO\��ZH�H[DPLQHG�GDWD�IURP�WKH�
computerized insurance reimbursement claims database in 
Taiwan, and we used the NHIRD to discover that danshen 
can prolong the survival rate of prostate cancer patients in 
Taiwan. However, there were some limitations with this 
study that should be noted. First, the NHI program offered 
reimbursements only for FHPs that were prescribed by 
TCM physicians, and not for decoctions provided by 
pharmacies; this may have led to an underestimation of the 
TCM utilization dosage. However, this underestimation 
could be small because most FHPs were reimbursed and 
easily obtained from clinical TCM doctors in Taiwan. 
6HFRQG��ZH�FRXOG�QRW�FRQ¿UP�WKH�H[DFW�GRVDJH�LQJHVWHG�
by this study’s patients. We presumed that all medications 
were taken by patients as prescribed; however, this 
may have led to overestimation of the actual ingested 
dosage because some degree of noncompliance is always 
expected. Although we determined that the use of danshen 
could prolong the survival rate of prostate cancer patients 
in Taiwan, more rigorous, randomized, double-blind, and 
SODFHER�FRQWUROOHG� WULDOV� DUH� QHFHVVDU\� WR� FRQ¿UP� WKH�
protective effect of danshen in prostate cancer patients in 
the future.

Abietane diterpenes that have a common ortho- 
or para-naphthoquinone chromophore are the major 
components of tanshinones, and include T1, T2A, CT, 
DQG�'7�>��@��,Q�RXU�VWXG\��ZH�IRXQG�WKDW���DQG����ȝ0�
DT inhibited transwell migration and wound-healing 
migration of DU145, PC-3, and 22Rv1 cells (Figure 2). 
Furthermore, the wound-healing migration of DU145 and 
PC-3 cells without any treatment was not robust like the 
transwell migration. The duration of the wound-healing 
and transwell assays was approximately 7–8 h and 24 h for 
DU145 cells and PC-3 cells, respectively. In addition, the 
FHOO�PLJUDWLRQ�DQG�ZRXQG�KHDOLQJ�DI¿QLW\�ZHUH�DQDO\]HG�
in metastatic (DU145 and PC-3 cells) and castration-
resistant (22Rv1 cells) prostate cancer cell lines. DU145 
and PC-3 cells had a considerably higher invasive capacity 
than did 22Rv1 cells. After 7–8 h of incubation, the wound 
closure percentage could reach 40% and 60% in DU145 
and PC-3 cells, respectively (Figure 2B, 2F). In 22Rv1 
cells, the percentage of wound closure reached 30% in a 
48-h treatment (Figure 2D).

In one previous study, T1 was the most potent 
tanshinone for apoptosis induction in PC-3 cells, 
LQFUHDVLQJ�DSRSWRVLV�E\�����DW�D�FRQFHQWUDWLRQ�RI���ȝ0�
[55]. By contrast, CT and T2A (at a concentration of 10 
ȝ0��RQO\�LQGXFHG�DSRSWRVLV�LQ�DSSUR[LPDWHO\�����RI�3&���
cells. Additionally, T2A and DT possess an orthoquinone 
and an intact ring D. In the present study, we found that 
���ȝ0�'7� WUHDWPHQWV� FDQ� LQGXFH� WKH� SDUWLDO� DSRSWRVLV�

of 7.3% of PC-3 cells in 24 h, which is consistent with 
previous results [55]. Therefore, we suggest that apoptosis 
may not appreciably effect prostate cancer cells under 
tanshinones treatment in 24 hours.

Considerable evidence also indicates that 
macrophages are cultured by the tumor microenvironment 
to promote metastasis through the production of several 
compounds, including cytokines [44]. In the present study, 
we investigated the direct effect of DT on the migratory 
ability of prostate cancer (Figure 2). We also examined 
the effect of cytokines from the conditioned medium of 
THP-1 cells, treated with DMSO or DT, on the migratory 
ability of prostate cancer cells (Figure 3A). Notably, no 
cytokines from the THP-1 cells were observed in the 
medium depicted in Figure 2.

Previously, the importance of direct contact was the 
focus of investigations regarding cell–cell interactions; 
for example, STAT3 activation in several types of cancer 
FHOOV�KDV�EHHQ� LGHQWL¿HG� WR�EH� VLJQL¿FDQWO\� LQGXFHG�E\�
the direct coculture of macrophages and cancer cells 
[42, 56, 57]. To simulate the physiological interactions 
between macrophages and tumor cells herein, we used a 
direct-mixed cell–cell coculture system to investigate the 
mobility of prostate cancer cells and the signaling pathway 
(Figure 3B). We directly cocultured THP-1 cells and 
prostate cancer cells treated with DMSO or DT for 24 h, 
and then collected the conditioned medium to investigate 
the effect of cytokines from both THP-1 cells and prostate 
cancer cells on the migratory ability of prostate cancer 
cells. Overall, the cytokines from both THP-1 cells and 
prostate cancer cells were close to the real physiological 
microenvironment (Figures 2, 3A, and 3B).

RAW 264.7 cells are mouse leukemic monocyte–
macrophage cells that are frequently used to study 
paracrine communication between cancer cells and 
macrophages [58–60]. Because THP-1 cells are from 
Homo sapiens, we also used RAW 264.7 cell lines from 
0XV�PXVFXOXV�WR�UHSHDW�RXU�H[SHULPHQWV�DQG�FRQ¿UP�WKH�
HIIHFW�RI�'7�RQ�PDFURSKDJHV��6SHFL¿FDOO\��ZH�LQYHVWLJDWHG�
the effect of cytokines from the conditioned medium 
of RAW 264.7 cells treated with DMSO or DT on the 
migratory ability of DU145 cells (Figure 3C). We directly 
cocultured RAW 264.7 and DU145 cells treated with 
DMSO or DT for 24 h, and then collected the conditioned 
medium to investigate the effect of cytokines from both 
RAW 264.7 and DU145 cells on the migratory ability of 
prostate cancer. Overall, cytokines from both RAW 264.7 
and DU145 cells were close to the real physiological 
microenvironment (Figure 3C and 3D). Finally, we 
examined the effect of cytokines from the conditioned 
medium of DU145 cells treated with DMSO or DT on 
the migratory ability of RAW 264.7 cells (Figure 3E). In 
summary, this was a novel study that demonstrates how 
DT can inhibit the migrating ability of the prostate cancer 
cells, as well as the macrophage recruitment ability of the 
prostate cancer cells.
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As noted in a previous study, T2A exerts 
cardioprotective effects through the reduction of CCL2 
DQG�7*)�ȕ��VHFUHWLRQ�E\�FDUGLDF�¿EUREODVWV�>��@��KRZHYHU��
the effect of DT on cytokine secretion from prostate cancer 
cells and macrophages is unclear. Therefore, the human 
cytokine array for the conditioned media (secretome 
analysis) of DU145 cells was performed in the present 
study to identify the differentially expressed cytokines. 
In our results, DT treatment attenuated the expression of 
some cytokines, including CCL2, CCL5, IL-1 Ra, and 
ICAM-1 (Figure 4A). Moreover, through ELISA, we 
observed that DT inhibited the secretion of CCL2 from the 
cultured medium of DU145, THP-1, and RAW 264.7 cells.

Previous studies have also indicated that increased 
CCL2 expression in prostate cancer cells encouraged 
metastasis through macrophage recruitment [14-17, 49]. 
From the results of an mRNA array, we similarly observed 
that the mRNA expression of CCL2 was inhibited in 
DT-treated DU145 cells (Figure 5B). This suggests that 
DT may inhibit the migration of both macrophages and 
prostate cancer cells by blocking several cytokines, 
including CCL2, which is the principal cytokine during 
DT treatment.

Scholars have argued that the CCL2–p-STAT3 
pathway stimulates prostate cancer metastasis and 
progression, and may be critical in future efforts to 
develop new therapeutic approaches for treating prostate 
cancer [21, 22]. Additionally, EMT-inducing transcription 
factors, whose activity is activated by STAT3, promote 
the metastasis of cancer cells to distant organ sites [62–
65]. Other prior research has demonstrated that STAT3 
interacts with the Skp2 pathway to activate the motility 
and invasion of cancer cells [66, 67]. Moreover, RhoA 
GTPase is crucial in cancer metastasis, and Skp2 induces 
RhoA transcription and consequently promotes cell 
migration, invasion, and cancer metastasis [18].

According to the cytokine array data in the present 
study, the expression of CCL2, CCL5, and ICAM-1, 
which were all downstream target genes of p-STAT3 at 
Tyr705, decreased. Subsequently, we analyzed the gene 
expression levels in DT-treated DU145 cells through the 
whole genomic mRNA array. We also observed the mRNA 
expression of several STAT3 target genes [54], including 
&+,�/��>ORJ���5DWLR�� �í������@�DQG�)26�>ORJ���5DWLR��
 � í������@�� ZKLFK� KDG� DOVR� GHFUHDVHG� �)LJXUH� �'���
Furthermore, the mRNAs of Skp2, RhoA, and SNAI1 
ZHUH�LGHQWL¿HG�WKURXJK�T�3&5�WR�EH�GHFUHDVHG�LQ�WKH�'7�
treated prostate cancer cells (Figure 6D, 6E). These data 
suggest that the mRNA expression of the downstream 
target genes of STAT3 are inhibited by DT.

Notably, STAT3 can be phosphorylated at Tyr705 
by activated cytokine receptors and the signaling effectors 
and kinases, which can result in the translocation of 
activated p-STAT3 to the nucleus and thereby induce the 
downstream target genes that promote various cellular 
processes for cancer progression [52–54]. In a previous 

study, CT inhibited STAT3 Tyr705 phosphorylation 
in DU145 prostate cancer cells by binding to the SH2 
domain of STAT3 and blocking the formation of STAT3 
dimers [68]. In our results, the cultured medium of the 
THP-1 cells stimulated the migration of prostate cancer 
cells (Figure 2A), activated the migration of STAT3 into 
the chromatin fraction, and induced p-STAT3 protein 
expression in DU145 cells (Figure 6B). However, the 
migratory ability of STAT3 and protein expression of 
p-STAT3 and Skp2 were inhibited following DT treatment 
(Figure 6B). Moreover, the mRNA expression of Skp2 
and these downstream EMT genes, including RhoA and 
SNAI1, were also decreased under DT treatment (Figure 
6D, 6E). This suggests that DT may block the activation 
and migration of STAT3 into the chromatin fraction, and 
then inhibit the mRNA expression of these downstream 
genes.

2XU�P51$�DUUD\�GDWD�DOVR�LGHQWL¿HG����SDWKZD\V�LQ�
DT-treated DU145 cells through GO enrichment analysis 
based on biological processes (Supplementary Table 1, 
p < 0.005). Thus, our data suggest that DT treatment in 
prostate cancer may involve cell–cell communication, 
apoptosis, amino acid biosynthesis, and amino acid 
WUDQVSRUW�� 7KHVH� ¿QGLQJV� DUH� FRQVLVWHQW� ZLWK� SUHYLRXV�
results regarding apoptosis [55] and the inactivation 
of STAT3 [68], and extends our understanding of the 
underlying mechanisms of DT treatment.

In summary, this is a novel study that demonstrated 
how DT can inhibit the migratory ability of the prostate 
cancer cells and the macrophage recruitment ability of the 
prostate cancer cells. These results suggest that DT is a 
novel anticancer agent in the armamentarium of prostate 
cancer management.

MATERIALS AND METHODS

Data source

We conducted a nationwide cohort study by using 
population-based data from the Taiwan National Health 
Insurance Research Database (NHIRD). Because National 
Health Insurance (NHI) is a compulsory universal program 
for all residents in Taiwan, the NHIRD is a comprehensive 
health care database that covers nearly the entire 23.7 
million populations of this country. We used databases for 
admissions and outpatient visits, both of which included 
information on patient characteristics such as sex, date of 
birth, date of admission, date of discharge, dates of visits, 
DQG� XS� WR� ¿YH� GLVFKDUJH� GLDJQRVHV� RU� WKUHH� RXWSDWLHQW�
YLVLW�GLDJQRVHV��DFFRUGLQJ�WR�,QWHUQDWLRQDO�&ODVVL¿FDWLRQ�
of Diseases, Ninth Revision (ICD-9) codes). The data 
¿OHV�DOVR�FRQWDLQHG�LQIRUPDWLRQ�RQ�SDWLHQW�SUHVFULSWLRQV��
including the names of prescribed drugs, dosage, duration, 
DQG� WRWDO� H[SHQGLWXUH�� )ROORZLQJ� VWULFW� FRQ¿GHQWLDOLW\�
guidelines in accordance with personal electronic data 
protection regulations, the National Health Research 
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Institutes of Taiwan maintains an anonymous database 
of NHI reimbursement data that is suitable for research. 
Meanwhile, this study was approved by the Ethics Review 
Board of Chang Gung Memorial Hospital, Chia-Yi 
Branch, Taiwan.

Study subjects

This study cohort was obtained from the Taiwanese 
National Health Insurance (NHI) research database, 
which included all patients who received diagnosis of 
malignant neoplasm of prostate (ICD-9-CM codes:185) 
in catastrophic illness database between January 1, 1997, 
and December 31, 2012. Patients who apply for a cancer 
FDWDVWURSKLF� LOOQHVV� FHUWL¿FDWH� DUH� UHTXLUHG� WR� SURYLGH�
pathological reports or other supporting documents, such 
as laboratory and image studies. The date of the initial 
SURVWDWH�FDQFHU�GLDJQRVLV�ZDV�GH¿QHG�DV�WKH�LQGH[�GDWH�RI�
prostate cancer. Patient with other cancer diagnosed before 
prostate cancer or missing data were excluded. A total of 
40,692 patients were included in the study cohort. These 
patients accrued follow-up time beginning on January 1, 
1997 and ended on the date of death, or withdrawal from 
the registry or on December 31, 2013.

Danshen exposure and potential confounders 
and statistical analysis for NHIRD

Finished herbal products (FHP) are the modern 
form of Chinese herbal remedies, of which single herb 
and herbal formulae are concentrated into granulated 
compounds, which fully reimbursed under the current 
NHI system of Taiwan. The list of reimbursed FHP was 
downloaded from the website of the Bureau of NHI. The 
corresponding drug information for each FHP including 
the proportions of each constituent, date and period 
of approval as drug, code and name of manufacturer. 
By using this information, we determined the original 
amounts of danshen, in grams, for each mixture of FHPs. 
First, patients were categorized into 3 groups: never 
used danshen (the patients’ number were 36523), had 
used danshen more than 84 grams after prostate cancer 
diagnosed (the patients’ number were 1072), and those 
with less than 84 grams danshen used in records (the 
patients’ number were 3097). Moreover, patients also 
were categorized into 3 groups: never used danshen 
(the patients’ number were 36523), had used danshen 
more than 28 days after prostate cancer diagnosed (the 
patients’ number were 1668), and those with less than 28 
days with treatment of danshen in records (the patients’ 
number were 2501). We used the Kaplan-Meier method 
to estimate survival probabilities and the log-rank test 
was performed to examine differences in the risk of death 
in the cohort. All of these analyses were conducted using 
SAS statistical software (Version 9.4; SAS Institute, 
Cary, NC, USA).

Cell migration assay

Cell migration assays were performed as described 
previously [22]. For the migration of monoculture of 
human prostate cancer cells, the human prostate cancer 
cell lines (DU145 cells, PC-3 cells, or 22Rv1 cells) (1 
× 105 cells/well) were plated in the upper chambers of 
7UDQVZHOO�SODWHV�ZLWK���ȝP�SRUH�SRO\FDUERQDWH�PHPEUDQH�
inserts in a medium without FBS. A medium with FBS 
was plated in the lower chambers. After treatment with 
or without DMSO and with indicated concentrations of 
DT for 16–24 hours, the cells that have migrated into the 
ERWWRP�ZHUH�¿[HG�DQG�VWDLQHG�XVLQJ����WROXLGLQH�EOXH��
and the numbers of migratory cells were averaged after 
FRXQWLQJ� �� UDQGRPO\� VHOHFWHG� ¿HOGV�� )RU� WKH� SURVWDWH�
cancer recruitment assay, RAW264.7 cells or THP-1 cells 
(1 × 105 cells/well) were treated with or without DMSO 
and with an indicated concentration of DT for 24 hours. 
The conditioned medium or control medium was then 
collected and plated in the lower chambers. The indicated 
parental human prostate cancer cells (1 × 105 cells/well) 
were plated in the upper chambers in the medium without 
FBS. After incubation for 24 hours, the cells that have 
PLJUDWHG� LQWR� WKH� ERWWRP�ZHUH�¿[HG� DQG� VWDLQHG� XVLQJ�
1% toluidine blue, and the numbers of migratory cells 
ZHUH�DYHUDJHG�DIWHU�FRXQWLQJ���UDQGRPO\�VHOHFWHG�¿HOGV��
For a prostate cancer cell and macrophage direct mixed 
co-culture system, the indicated prostate cancer cell line 
(DU145 cells, PC-3 cells, or 22Rv1 cells) (1 × 105 cells/
dish) was plated in a 6-mm dish overnight. After becoming 
adherent, the indicated macrophages (RAW264.7 cells 
or THP-1 cells) (1 × 105 cells/dish) were plated in the 
same dish. After becoming adherent, the direct mixed 
co-culture system was treated with or without DMSO 
and with indicated concentrations of DT for 24 hours. 
Either the conditioned medium or the control medium 
was then plated in the lower chambers. The indicated 
parental human prostate cancer cells (1 × 105 cells/well) 
were plated in the upper chambers in the medium without 
FBS. After incubation for 24 hours, the cells that have 
PLJUDWHG�LQWR�WKH�ERWWRP�ZHUH�¿[HG�DQG�VWDLQHG�XVLQJ����
toluidine blue, and the numbers of migratory cells were 
DYHUDJHG�DIWHU�FRXQWLQJ���UDQGRPO\�VHOHFWHG�¿HOGV��(DFK�
sample was assayed in triplicate, and each experiment was 
repeated at least twice.

Wound-healing assay

Wound-healing assays were performed as described 
previously [69]. An IBIDI culture insert (IBIDI GmbH) 
consists of two reservoirs separated by a 500 µm thick 
wall. For the prostate cancer cells migration assay, an 
IBIDI culture insert was placed into one well of the 12 
well plate and slightly pressed on the top to ensure tight 
adhesion. An equal number of indicated human prostate 
cancer cells were added into the two reservoirs of the same 
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insert and incubated at 37°C/5% CO2 overnight. The insert 
was then gently removed creating a gap of 500 µm. After 
treated with or without DMSO or indicated concentration 
of DT for the indicated duration, the migration of human 
prostate cancer cells was observed using Nikon TE3000 
microscope. Photographs of the same area of the wound 
were taken after the indicated duration to measure the 
ZLGWK�RI�WKH�ZRXQG��7KH�ZRXQG�FORVXUH�ZDV�TXDQWL¿HG�DW�
indicated hours post-wound by measuring the remaining 
unmigrated area using AlphaEase®FC StandAlone 
Software. Each experiment was repeated at least twice.

Macrophage recruitment assay

Macrophage recruitment analyses were performed 
as described previously [22]. DU145 cells were treated 
with DT for 24 hours. The conditioned medium or control 
medium were collected and plated into the lower chamber 
RI� WUDQVZHOO� SODWHV� ZLWK� D� �� ȝP� SRUH� SRO\FDUERQDWH�
membrane insert. RAW264.7 (1 × 104) cells were plated 
onto the upper chamber for macrophage migration assay. 
After incubation for 16 hours, the cells that have migrated 
LQWR� WKH�ERWWRP�ZHUH�¿[HG�� VWDLQHG�XVLQJ���� WROXLGLQH�
blue, and the numbers of invasive cells were averaged 
DIWHU�FRXQWLQJ��� UDQGRPO\�VHOHFWHG�¿HOGV��(DFK�VDPSOH�
was assayed in triplicate. Each experiment was repeated 
at least twice.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA were performed as described previously 
[36]. Medium was collected from monoculture of prostate 
cancer cells or macrophages, or from co-cultures of 
prostate cancer cells and macrophages under the treatment 
with or without DMSO or indicated concentration of DT 
for 24 hours. Human or mouse CCL2 or human IL8 in 
medium were detected by human or mouse CCL2 ELISA 
kits (eBioscience, catalog number: 88-7399, 88-7391) or 
human IL8 ELISA kit (eBioscience, catalog number: 88-
8086) according to the manufacturer’s instructions.

Chromatin fractionation

Chromatin fractionation was performed as described 
[70]. In brief, THP-1 cells (1 × 105 cells/well) were 
WUHDWHG�ZLWK�WKH�YHKLFOH��'062��RU�ZLWK����ȝ0�'7�IRU�
24 hours, the conditioned medium was collected. Then, 
the medium of DU 145 cells was replaced with the 
conditioned medium or regular medium and subsequently 
cultured for 24 hours. After the DU145 cells were treated 
with indicated conditioned medium for 24 hours, the 
cells were washed twice by cold-PBS. Cell pellets were 
resuspended in buffer A (50 mM Hepes, pH 7.9, 10 mM 
potassium chloride (KCl), 1.5 mM MgCl2, 0.34M Sucrose, 
10% Glycerol (v/v), 1 mM dithiothreitol (DTT), protease 
inhibitor cocktail (Roche), 0.1% Triton X-100 (v/v) and 

phosphatase inhibitor cocktail I and II (Sigma) on ice. 
After centrifuge, pellets were lysed by buffer B (3 mM 
EDTA, 0.2 mM ethylene glycol tetraacetic acid (EGTA), 
1 mM DTT, protease inhibitor cocktail (Roche) and 
phosphatase inhibitor cocktail I and II (Sigma) After 
centrifuge, pellets were washed twice by washing buffer 
I (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 150 mM 
NaCl, protease inhibitor cocktail (Roche) and buffer 
II (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 250 mM 
NaCl, protease inhibitor cocktail (Roche). After washing, 
pellets were sonicated and lysed by E1A lysis buffer. Then 
proteins were analyzed by Western’s blot analysis.

,PPXQRÀXRUHVFHQFH�DVVD\��,)$�

For IFA, cells were grown on chamber slides. 
After treated with indicated drugs, DU145 cells or PC-3 
FHOOV� ZHUH� WKHQ� ¿[HG� ZLWK� ��� SDUDIRUPDOGHK\GH� DQG�
permeabilized in 0.2% Triton X-100 in PBS at room 
temperature. Cells were immunolabelled using anti-
Skp2 antibodies (IFA: 1:100, Cell Signaling) or DAPI 
(4’,6-diamidino-2-phenylindole) and observed on Leica 
TCS SP5 confocal microscopy.

Statistical analyses

All values were the means ± standard error of mean 
(SEM) of the replicate samples (n=3 to 6, depending 
on the experiment) and experiments were repeated by a 
minimum of three times. Differences between two groups 
were assessed using the unpaired two-tailed Student’s t-
test or by ANOVA if more than two groups were analyzed. 
The Tukey test was used as a post-hoc test in ANOVA for 
WHVWLQJ� WKH�VLJQL¿FDQFH�RI�SDLUZLVH�JURXS�FRPSDULVRQV��
P�YDOXHV�������ZHUH�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQL¿FDQW�LQ�
all comparisons. SPSS version 13.0 for windows (LEAD 
technologies, Inc.) was used for all calculations.
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