
Abstract. Background/Aim: Prostate cancer (PCa) is the
second-most commonly occurring cancer among men,
worldwide. Although the mechanisms associated with the
progression of castration-resistant prostate cancer (CRPC)
have been widely studied, the mechanism associated with
more distant metastases from the bone remains unknown. This
study aimed to characterize potential pathogenic kinases
associated with highly metastatic PCa, that may regulate
phosphorylation in extensively involved and diverse signaling
pathways that are associated with the development of various
cancers. Materials and Methods: A mass spectrometry (MS)-
based comparative phosphoproteome strategy was utilized to
identify differentially expressed kinases between the highly
aggressive PCa cell-lines PC-3 and PC-3M. Results: Among
2,968 phosphorylation sites in PCa cells, 151 differently
expressed phosphoproteins were identified. Seven motifs: -SP-
, -SxxE-, -PxS-, -PxSP-, -SxxK-, -SPxK-, and -SxxxxxP- were

found to be highly expressed in PC-3M cells. Based on these
motifs, the kinases p21-activated kinase (PAK)2, Ste20-like
kinase (SLK), mammalian Ste20-like kinase (MST)4, mitogen-
activated kinase kinase (MAP2K)2, and A-Raf proto-oncogene
serine/threonine kinase (ARAF) were up-regulated in PC-3M
cells. Conclusion: PAK2, SLK, MST4, MAP2K2, and ARAF
are kinases that are potentially associated with the
progression of increased migration in PC-3M cells and may
represent molecule regulators or drug targets for highly
metastatic PCa therapy. 

Prostate cancer (PCa) is the second-most commonly
occurring cancer among men, worldwide (1, 2). According
to the latest report by the American Cancer Society, in 2020,
191,930 new cases of PCa will be diagnosed and 33,330
individuals will die from PCa, in the United States (3).
Unlike other types of cancers, PCa grows very slowly and
may not cause symptoms for years, until the cancer cells
metastasize out of the prostate, developing to advanced PCa
(4, 5). This characteristic has limited  most cases of PCa
being recognized and treated during the early stages, and
prostate-specific antigen technology began to be applied to
the detection of primary-stage PCa in 1994 (6, 7). 

Because PCa is an androgen-dependent disease (8),
androgen deprivation therapy is the standard therapy for the
initial stages of advanced PCa; however, treatment can
eventually result in the development of castration-resistant
PCa (CRPC) (9). Androgen receptor (AR) inhibition remains
a key factor in CRPC therapies. Metastatic CRPC (mCRPC)
develops when PCa cells spread to other parts of the body,
where they can grow and spread, even under medical
treatment (10). According to the “seed and soil” theory,
proposed by Paget (11), PCa spreads in the bloodstream as
“seeds”, which settle in specific organs, which represent
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“soil” (12). Although organs, such as the liver, lungs, and
brain, are common targets of PCa colonization, PCa spreads
most predominantly to the bone (13). The transforming
growth factor (TGF)-β signaling pathway, bone
morphogenetic protein (BMP), and the receptor activator of
nuclear factor ĸB (NF-ĸB) (RANK)/RANK ligand
(RANKL)/osteoprotegerin (OPG) system are known to be
important factors in the formation of bone metastases (14-
16). However, the metastasis process to distant organ such
as liver or lung metastasis remains largely unknown (17, 18). 

Protein phosphorylation is the most common post-
translational modification observed in proteins (19, 20).
Dynamic protein phosphorylation plays a vital role in the
activation and deactivation of enzymes and receptors, which are
phosphorylated and dephosphorylated by kinases and
phosphatases, respectively (21). Protein kinases represent a
large category containing various enzymes that catalyze protein
phosphorylation (22). Kinase inhibitors have played
increasingly prominent roles in the treatment of cancer and
other diseases (23). The phosphoinositol-3 kinase (PI3K)/
protein kinase b (AKT)/NF-ĸB/BMP-2-Smad (24), phosphatase
and tensin homolog (PTEN)/PI3K/AKT (25), and
PI3K/AKT/mammalian target of rapamycin (mTOR) signaling
pathways regulate tumor cell metastasis and invasion in PCa
(26). However, the roles played by kinases in the progression
of highly metastatic PCa remains underexplored.

In this study, we performed a global, comparative
phosphorylation analysis on the PCa cell lines PC-3 and PC-
3M. The PC-3 cell line was established in 1979, from a bone
metastasis of a grade IV prostate cancer (27), whereas PC-
3M cells are a metastasis-derived variant of PC-3 cells,
which present an increased metastatic capacity and have
been found to metastasize to the liver (28). This study aimed
to characterize differences in kinase expression cancer during
PCa that are associated with the development of increased
metastatic capacity. This study is distinct from previous
investigations, due to the following aspects: (i) this study
represents the first study of global phosphorylation in PC-3
and PC-3M cells, using quantitative proteomics approaches,
and (ii) this study focused on the relationships between
kinase expression and the transformation into increasingly
metastatic PCa cells. Our results provide a phosphoproteome
database for the future study of PCa and suggested that
increased kinase expression in PC-3M may be used to
diagnose PCa or represent potential drug targets for the
prevention of PCa progression to a highly metastatic form.

Materials and Methods

Prostate cancer cell culture. The PCa cell lines PC-3 and PC-3M
were purchased from Korea Cell Line Bank (Seoul, Republic of
Korea). PC-3M cells were cultured in RPMI 1640 medium (K0R0)
(Thermo Fisher Scientific, Waltham, MA, USA), containing 10%

fetal bovine serum (HyClone Laboratories, Inc. Logan, UT, USA)
and 1% penicillin-streptomycin (Thermo Fisher Scientific). PC-3
cells were cultured in a stable isotope labeling with amino acids in
cell culture (SILAC) RPMI 1640 media containing “medium”
(K4R6) lysine and arginine isotopes (Cambridge Isotope Laboratory,
Andover, MA, USA). The cell culture incubator was maintained at
5% CO2 and 37˚C. Cells were subcultures at 70-80% confluence,
using 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA)
(Thermo Fisher Scientific) to detach the cells for subculture.

Protein extraction. PCa cells were washed in ice-cold phosphate-
buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
and 1.8 mM KH2PO4, pH 7.4). After PBS buffer was removed, cells
were lysed in ice-cold RIPA buffer (Thermos Fisher Scientific),
containing 1% protease inhibitor and 1% phosphatase inhibitor
(Thermo Fisher Scientific). Cells were lysed by sonication, and the
lysates were centrifuged at 16,000 × g, at 4˚C for 10 min, to remove
cellular debris. Clarified lysis supernatants were then transferred to
new sample tubes. The protein concentrations were determined using
a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific). Protein lysate was maintained at –80˚C until use.

Western blotting analysis. To denature proteins for western blotting
analysis, 100 μg PCa cell lysate was mixed with 4× sodium dodecyl
sulfate (SDS) sample buffer [200 mM Tris-Cl, pH 6.8, 400 mM
dithiothreitol (DTT), 8% SDS, 0.4% bromophenol blue, and 40%
glycerol]. Distilled water was used to dilute the mixture to 1× SDS.
Protein was denatured by heating at 95˚C, for 5 min. Denatured
protein was allowed to cool to room temperature (RT) and then
loaded at 10 μg per/well in a 10% SDS-polyacrylamide
electrophoresis (SDS-PAGE) gel. The SDS-PAGE gel was run at
120 V, at RT. The protein was then electro-transferred from the gel
to a polyvinylidene fluoride (PVDF) membrane (Roche, Basel,
Switzerland), by wet transfer. The transfer was performed at a
voltage of 90 V, for 120 min, in an ice-cold environment. After
transfer, the membrane was blocked with 5% (v/v) bovine serum
albumin (BSA, GenDEPOT, Barker, TX, USA), in 1× Tris-buffered
saline containing Tween-20 (TBST, 137 mM sodium chloride and
20 mM Tris, with 0.1% Tween-20), at RT for 2 h. 

The membrane was then incubated with the following primary
antibodies: anti-phosphoserine and anti-phosphohistidine (Abcam,
Cambridge, MA, USA) and anti-phosphothreonine and anti-
phosphotyrosine (Cell Signaling Technology, Beverly, MA, USA).
Antibodies were diluted at 1:1,000 (v/v), in 5% (v/v) BSA, and the
membrane was incubated with gentle shaking, at 4˚C overnight.
Membranes were then washed in TBST buffer for 10 min, 3 times,
followed by incubation with horseradish peroxidase (HRP)-
conjugated anti-mouse or anti-rabbit antibody (Cell Signaling
Technology, Danvers, MA, USA), at RT for 90 min. The membrane
was then washed in TBST for 10 min, 3 times. For visualization, the
membranes were dampened using 1 ml ECL reagent (GE Healthcare,
Chicago, IL, USA), and exposure was performed using the Image
Quant LAS 4000 mini (GE Healthcare, Chicago, IL, USA).

Protein in-solution digestion. Prior to in-solution digestion, protein
lysates from SILAC-labeled PC-3 (K4R6) and PC-3M (K0R0) cells
were mixed at equal protein amounts. A total of 5 mg mixed protein
lysate was utilized for the in-solution digestion (29). Protein lysate
was reduced in 5 mM DTT, at 56˚C for 30 min, and alkylated in 15
mM iodoacetamide (IAA), at RT for 45 min. The DTT and IAA
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solutions were dissolved in 25 mM ammonium bicarbonate (ABC)
buffer. To purify proteins, a 4-fold lysate volume of –20˚C cold
acetone was added to the lysate. Protein was precipitated at –20˚C
for 4 h. The protein lysate-acetone mixture was then centrifuged at
16,000 × g, at 4˚C for 15 min. The supernatant was discarded, and
the pellet was re-dissolved in 100 mM ABC buffer. To perform
trypsin digestion, sequencing-grade modified trypsin (Promega
Corporation, Madison, WI, USA) was added, at 1:50 (w/w), and
incubated at 37˚C, for 12 h. Trypsin digestion was quenched by
adding 10% (v/v) trifluoroacetic acid (TFA), at a final concentration
of 1% (v/v) TFA. To remove any undigested proteins, the protein
mixture was centrifuged, at 16,000 × g, at 4˚C for 10 min. After
centrifugation, the digested peptides were soluble in the supernatant,
whereas undigested proteins remained in the pellet. The supernatant
was then transferred to a new tube and the peptide concentration
was measured by a quantitative, colorimetric peptide assay kit
(Thermo Fisher Scientific). The peptide solution was then dried
using a speed vacuum, without heating. The dried peptides were
maintained at –80˚C until use.

Phosphorylated peptides, enriched by the TiO2 column.
Phosphorylated peptides were enriched using a TiO2 Phosphopeptide
Enrichment Kit (Thermo Fisher Scientific), following the
manufacturer’s instructions. One milligram of peptides was applied
to one TiO2 tip. Eluted peptides were fractionated, using a high-pH,
reversed-phase, peptide fractionation kit (Thermo Fisher Scientific)
and desalted using styrene-divinylbenzene (SDB) and graphite carbon
tips (GL Science, Tokyo, Japan). Eluted, desalted peptides were dried
in a speed vacuum, without heating. The dried peptides were
maintained at −80˚C until use.

LC-MS analysis. Prior to MS analysis, the peptides were desalted
using 5 μg Zip-tip (Millipore, Milford, MA, USA), according to the
manufacturer’s instructions. The desalted peptide sample was
dissolved in 2.5 μl solvent A (solvent A consisted of 2% acetonitrile
and 0.1% formic acid, and solvent B consisted of 98% acetonitrile
and 0.1% formic acid). The peptide sample was separated using a
nano-LC (Eksigent, Dublin, CA, USA), equipped with an auto-
sampler system. A C12 column (Proteo C12, 4 μm beads, 90-Å pore
size, Phenomenex, Torrance, CA, USA) was used to connect the LC
with the MS. The C12 column was packed with capillary tubing
(length: 10 cm, OD: 75 μm, ID: 150 μm, Polymicro Technologies,
Molex, Lisle, IL, USA). A 75-min gradient nano-LC was employed
to analyze phosphorylated peptides, and the flow rate was set to 300
nl/min. The procedure began with 6% solvent B and end with 21%
solvent B. For global proteomics analysis, a 3-23% solvent B
gradient was performed over 60 min, with a flow rate set to 300
nl/min. For the peptide analysis, the nano-LC was coupled with the
LTQ Orbitrap Velos MS (Thermo Fisher Scientific), in positive-ion
mode. MS data were acquired in the data-dependent mode. The
electrospray voltage was set to 1.8 kV. The precursor ion scans,
ranging from m/z 300-1,800, were acquired at a resolution of
60,000, and the automatic gain control (AGC) target value was
1.0×106 for the MS scan. Tandem MS was obtained using the
collision-induced dissociation mode. The data-dependent mode
results, which produced 20 of the most abundant ions from full
scans, were fragmented in high-energy collisional dissociation
mode, with 35% normalized collision energy. The maximum IT was
100 ms for a full scan and 60 ms for MS2. The mass data are
available via ProteomeXchange, with the identifier PXD016282.

Database search. MS raw files were searched in MaxQuant (version
1.5, http://www.maxquant.org/) against a Homo sapiens database
(30). For the global proteomic peptide search, the following
parameter settings were used: oxidation and acetyl (protein N-term)
were chosen as variable modifications, Trypsin/P was chosen as
digest enzymes, protein false discovery ratio (FDR) was set at 0.01,
and Lys4 and Arg6 were chosen as the isotope labels. For the
phosphorylated peptide analysis data search, phosphorylation
(SYTH) was added as an option in the variable modifications. A
Homo sapiens proteome database was downloaded from UniProt
(https://www.uniprot.org/proteomes/UP000005640) (31). For result
filtration, “contamination +” and “reverse +” were removed from
the results file, and proteins with “scores” below 40 and
phosphorylation “localization prob” below 70% were filtered from
the results.

Bioinformatics analysis. Gene functional annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway mapping
were performed using the database for annotation, visualization and
integrated discovery (DAVID, version 6.8, https://david.ncifcrf.gov/),
according to a previously published protocol (32). A –log10 value of
the p-value from Fisher’s exact test was used as an enrichment factor,
and the top five most enriched GO terms were used in the figure.
Gene ontology biological process (GOBP), gene ontology cell
component (GOCC), gene ontology molecular function (GOMF),
InterPro, and KEGG pathways were analyzed in this study. 

To characterize the phosphorylation patterns, motif analysis of
the phosphorylated peptides was performed, using Motif-All
algorithm (33). The pre-aligned sequences had 15-amino-acid
lengths, which were used for the foreground format. Phospho-
modified amino acids, including serine, threonine, tyrosine, and
histidine, were arranged as the central characters. The p-value
threshold was set to 10–6. The sequence logo was visualized through
web plogo (https://plogo.uconn.edu/), after inputting pre-aligned
sequences. The background was set to “human”, and a sequence
logo was generated, according to the detailed methods in a
previously published research article (34). Site-specific kinase-
substrate relationships were predicted using the software package
iGPS (Version 1.0) (35). Using a previously described analysis
procedure, the protein phosphorylation network (PPN) among these
activated kinases was visualization using PNC 1.0. 

The protein-protein interaction (PPI) network was retrieved from
the web resource STRING (Version 10.5 https://string-db.org/) (36).
During STRING analysis, the UniProt accession IDs were inputted
as the queries, Homo sapiens was chosen as the organism, and the
“minimum required interaction score” was set to 0.9, which
indicated the highest confidence. To simplify the display,
“disconnected nodes” were hidden from the network. 

Results

Proteomics screening of phosphorylation in PCa cells. To
eliminate protein expression level effects on the comparison
of phosphorylation abundance, protein expression levels in
PCa cells were profiled by SDS-PAGE analysis (Figure 1A),
which indicated similar protein expression levels between
whole-cell lysates derived from PC-3 and PC-3M cells.
Then, the phosphorylation levels in PCa cells were explored
by western blotting analysis (Figure 1B). Phosphorylation on
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the amino acids serine (Ser), threonine (Thr), tyrosine (Tyr),
and histidine (His) was detected using relevant antibodies.
Western blot results showed different phosphorylation
expression levels between PC-3 and PC-3M cells. The
expression levels of pSer and pThr in PC-3 cells were
relatively higher than in PC-3M cells, whereas pTyr
exhibited elevated levels in PC-3 cells for proteins larger
than 100 kDa, compared to PC-3M cells. Variations in pHis
levels between these two PCa cell lines were not obvious. 

The proteomics strategy applied to the global profiling of
phosphorylation in PCa cells is depicted in a flow chart
(Figure 2A). SILAC PC-3 (K4R6) and PC-3M (K0R0) cells
were lysed and mixed at equal protein amounts. After in-
solution digestion, phosphorylated peptides were enriched by
TiO2 bead-embedded tips. Eluted peptides were fractionated
by high-pH, reversed-phased chromatography, based on
hydrophobicity. The phosphorylated peptides were then
chromatographically separated by a nano-LC system and
analyzed using an LTQ-Orbitrap Velos. The generated MS
spectra were searched using MaxQuant against a Homo
sapiens database (version 1.5). A total number of 105,879
MS/MS spectra were generated from the MS raw data. MS
raw data are available via ProteomeXchange, with the
identifier PXD016282. Data were filtered using a FDR <1%,
score ≥40, and localization prob ≥70. As a result, 2,968 non-
redundant phosphorylation sites in 1,316 proteins were
identified (Figure 2B). Among them, 2,376 phosphorylation
sites in 1,066 phosphoproteins were quantified. Pearson’s
correlation coefficient analysis was used to evaluate the
coefficiency among technical duplicates was shown in
(Figure 2C). The R-values reached as high as 0.74, which
indicated that the replicates were highly correlated. Totally,
151 differently expressed phosphoproteins (DEPs) were

quantified between PC-3 and PC-3M cells, including 111 up-
regulated and 50 down-regulated phosphoproteins in PC-3M
cells compared with PC-3 cells (under 0.5: down-regulated,
over 2: up-regulated). 

Functional annotation of differently expressed phosphoproteins.
To investigate the functional differences in DEPs between PC-
3 and PC-3M cells, functional annotation of the DEPs was
performed using DAVID (Figure 3). The GOBP results showed
that, up-regulated proteins were predominantly enriched in the
process of “cell-cell adhesion”, followed by “regulation of
cellular response to heat”, whereas down-regulated proteins
were associated with “mRNA splicing, via spliceosome” and
“protein sumoylation” processes. The misregulation of cell-cell
adhesion in cancer cells has been shown to increase invasion
into surrounding stromal tissues, resulting in the formation of
advanced cancer (37). GOCC analysis indicated that the DEPs
localized to similar cellular components, including the
“nucleoplasm” and “cell-cell adherens junctions”. In the
GOMF analysis, the functions of “poly(A) RNA binding”,
“cadherin binding involved in cell-cell adhesion”, and “protein
binding” increased among DEPs. In the InterPro analysis,
nucleotide-binding was highly enriched among the DEPs, and
“calponin homology domain” and “SIDE domain” were
enriched among the up-regulated phosphoproteins, whereas
“mini-chromosome maintenance” and “RNA recognition motif
domain” were enriched among the down-regulated
phosphoproteins. In the KEGG pathway analysis, up-regulated
phosphoproteins were primarily associated with “RNA”
transport, “Spliceosome”, and “ribosome biogenesis in
eukaryotes”. These functional annotation results indicated that
transcripts associated with the mRNA process were highly
activated in highly metastatic PCa cells. 
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Figure 1. Screening of phosphorylation expression patterns in PCa cells by western blotting analysis. (A) Protein expression profiling in PC-3 and
PC-3M cells by western blotting analysis. Ten micrograms of protein were loaded into lanes 1-4. Lanes 1-2: duplicate loading of protein extracts
from PC-3 cells, lanes 3-4: duplication loading from PC-3M cells. (B) Phosphorylation validation in PC-3 and PC-3M cells, by western blotting
analysis. Phosphorylation patterns for the amino acids serine (Ser), threonine (Thr), tyrosine (Tyr), and histidine (His) were detected using
corresponding antibodies.



Phosphorylation motifs in highly metastatic PCa cells. The
motifs that surround phosphorylation sites are recognized to
be specific substrates for different kinases. To characterize the
motifs identified in PC-3 and PC-3M cells, for further kinase
prediction analyses, all phosphorylated peptides and DEPs
were analyzed using the Motif-All algorithm. The percentage
of foreground matches was used as a motif-enrichment index.
As a result, 24 motifs, including 18 pSer and 6 pThr motifs,
were significantly enriched among our identified phosphosites
(Figure 4A). Among the 24 extensively enriched motifs, 8
pSer motifs were differentially expressed between PC-3 and
PC-3M cells (Figure 4B). Seven motifs, -SxxE-, -PxS-, -PxSP-,
-SxxK-, -SPxK-, -SxxxxxP- and -SP-, were enriched among the
up-regulated phosphoproteins in PC-3M cells, whereas the
motifs -RxxS- and -SP- were enriched in down-regulated
phosphoproteins (The motif -SP- was enriched among both up-
and down-regulated phosphosites). In addition, -SxxxxxP- was
identified as a novel motif, in our study. Motif logos were
visualized by the sequence logo tool from plogo (Figure 4B). 

Kinases in highly metastatic PCa. To investigate the
potential regulatory role played by kinases in the highly
metastatic characteristics of PC-3M cell, site-specific kinase
and substrate prediction analyses were performed, using the
identified DEP phosphosites, through iGPS. As a result, 195
kinases were predicted to regulate the up-regulated
phosphosites. Furthermore, a PPN was used to interpret
connections between the kinase and specific substrates. A
protein network calculator (PNC) was utilized to build the
PPNs for the two kinase groups. As a result, 195 kinases
(predicted from up-regulated phosphosites) displayed
intensive interactions with various substrates (Figure 5A).

To verify our findings and obtain a more reliable result, we
co-analyzed the identified kinases using global
phosphoproteome and proteome strategies. The co-analysis
results revealed that 16 kinases predicted to interact with the
identified phosphosites originating from our global proteome
analysis (Figure 5B). The results suggested that the
CMGC/CDK and AGC kinase groups extensively interacted
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Figure 2. MS-based quantitative proteomic profiling of phosphorylation in PCa. (A) Experimental scheme for quantitative proteomic analysis. PC-
3 (K4R6) and PC-3M (K0R0) were lysed and mixed at equal protein amounts, and tryptic digestion was performed. Phosphorylated peptides were
affinity purified using a TiO2 column, and eluted peptides were injected into the nano-LC-MS/MS system. MS spectra were searched in MaxQuant
(version 1.5). (B) Overview of the frequency of differentially expressed phosphorylation from proteomics analysis. (C) Correlation of technically
replication of MS data.



with the DEPs. Five kinases, p21-activated kinase (PAK)2,
Ste20-like kinase (SLK), mammalian Ste20-like kinase (MST)4,
mitogen-activated kinase kinase (MAP2K)2, and A-Raf proto-
oncogene serine/threonine kinase (ARAF) were firstly found to

be up-regulated during the progression to PC-3M. PPI networks
for these overlapping kinases were visualized using STRING
(Figure 5C), which demonstrated that these kinases presented
extensive interactions with each other. 
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Figure 3. DAVID-generated GO enrichment and KEGG pathway analysis of DEPs. (A) Up-regulated phosphoproteins and (B) down-regulated
phosphoproteins. The –log of Fisher’s exact test was used to represent the enrichment index. GOBP: Gene Ontology Biological Process, CC: cellular
component, MF: molecular function, KEGG: Kyoto Encyclopedia of Genes and Genomes.



Discussion 

This study integrated two kinds of high-throughput MS-
based datasets: global proteome and phosphoproteome. The
results demonstrated that several known and novel kinases
are associated with the highly metastatic PCa cell line, PC-
3M (Figure 5B). First, we identified several kinases that are
known regulators of PCa. For example, the cyclin-dependent
kinases (CDKs), including CDK2, CDK5, CDK6, CDK7,
and CDK9, were found to be up-regulated in PC-3M cells.
CDKs are known to regulate cell-cycle phases and the

overexpression of CDKs can induce cell proliferation (38,
39). A previous study showed that inhibition of CDK2
suppressed PCa metastases by inactivating PI3K/Akt
signaling (40). CDK5, CDK6, CDK7, and CDK9 can
suppress CRPC through AR inactivation (41-44). In addition,
CDK inhibitors are currently being evaluated in clinical trials
(45). Second, serine/threonine-protein kinase N1 (PKN1) and
PKN2 have been reported to contribute to the motility of
PCa cells, and PKN1 overexpression was observed during
clinical CRPC progression (46-48). PKN1 and PKN2 have
been suggested to be potential PCa treatment targets. Our
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Figure 4. Differentially expressed motifs in PCa. (A) Twenty-four extensively enriched motifs were identified among the phosphosites, including 18
pSer and 6 pThr motifs. Percentage of foreground matches was used as the enrichment index. (B) Differentially expressed motifs between PC-3 and
PC-3M cells. Seven motifs -SxxE-, -PxS-, -PxSP-, -SxxK-, -SPxK-, -SxxxxxP- and -SP-, were up-regulated in PC-3M cells. The motifs -RxxS- and -
SP- were down-regulated. (Motif -SP- was enriched among both up- and down-regulated phosphosites).



results are consistent with previous reports, which suggested
that the present study’s strategy and results are reliable. 

In addition, we identified several novel kinase molecules
that were associated with the increased migration
mechanisms of PC-3M cells. For example, PAK2 was up-
regulated in PC-3M cells in our study, and the inhibition of
PAK2 was able to inhibit the growth of androgen-
independent PC3 xenografts (49). SLK is involved in cell-
cycle progression through the G2/M phase (50, 51) and is

also required for migration in fibroblasts (52, 53). SLK is
also essential for ErbB2-driven breast cancer cell motility
(54). According to these experiments, the elevation of SLK
in PC-3M cells suggested that this kinase may increase PCa
cell migration through an unknown pathway.

In addition, MST4 is another Ste20 kinase that is known
to play a role in PCa progression through signal transduction
pathways in the LNCaP, DU 145, and PC-3 cell lines (55).
MST4 is not expressed in all benign prostatic hyperplasia
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Figure 5. Protein–-protein network (PPN) of the upstream kinases in highly metastatic PCa cell. (A) A total of 195 kinase-substrate interactions
were predicted from the up-regulated phosphosites. (B) A total of 16 overlapping kinases between phosphosite-predicated and the global proteome
experiment were detected. Five kinases (*) are identified as novel kinases regulators during the progression to highly metastatic PCa. (C) PPN of
the 16 overlapping kinases. PPN was mapped through the STRING database, with a high confidence value of 0.9.



cases but is expressed in 38.7% of PCa (56). In our study,
MST4 was also found to be up-regulated in PC-3M cells
compared to PC-3 cells. These results suggest a positive
correlation between MST4 and PCa. 

The dual-specificity MAP2K2 can activate both
extracellular signal-related kinase (ERK)1 and ERK2
MAPKs (57, 58). MAPKs are also known to phosphorylate
substrates with the motif -PSP- (59). The increased
expression of the motif -PSP- was observed in PC-3M cells
(Figure 4B), which indirectly indicated that MAPKs might
be activated by MAP2K2. Therefore, MAP2K2 is expected
to represent a candidate regulator for cancer cell migration.
In addition, ARAF has also been reported to promote the
MAPK pathway activation and cell migration (60, 61). 

In this study, we characterized the global
phosphorylation pattern in PC-3M cells, that are highly
metastatic PCa cells, to explore the secondary metastatic
regulation of PCa from bone to more distant organs, such
as the liver and lung. We identified 2,968 phosphorylation
sites and 151 DEPs, and bioinformatics analysis was
conducted. We identified 5 novel kinases, PAK2, SLK,
MST4, MAP2K2, and ARAF, that are up-regulated in PC-
3M compared to PC-3 cells, which may represent
candidates for therapeutic targets against the secondary
metastasis of PCa. The present study was limited by a low
abundance of identified phosphoproteins, which may result
in some potential kinase regulators being overlooked. For
example, it was known that tyrosine phosphorylation acts
as a central regulator in cell signaling. Relative abundance
of pSer:pThr:pTyr (1800:200:1) has been estimated in
vertebrate cells. Therefore, characterization of tyrosine
phosphorylation is a more challenging task. More recently,
this deficiency could be improved by using multiple
phosphorylation enrichment kits, specific antibodies
affinity beads, or increasing the length of the LC column
to improve the peptide sequence coverage. 

Taken together, the current analysis indicated that the up-
regulated kinase: PAK2, SLK, MST4, MAP2K2, and ARAF
are concerns to the activation of PC-3M metastasis pathway.
Although the current study was investigated in the
proteomics field, our result could provide kinase information
relating to the prostate cancerization study.
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