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Despite high response rates and clinical benefits, androgen abla-
tion often fails to cure advanced or relapsed prostate cancer
because castration-resistant prostate cancer (CRPC) cells inevitably
emerge. CRPC cells not only grow under castration, but also
behave more aggressively, indicating that a number of malignant
signaling pathways are activated in CRPC cells as well as androgen
receptor signaling. Based on information from the gene expression
profiles of clinical CRPC cells, we here identified one overexpres-
sed gene, serine/threonine/tyrosine kinase 1 (STYK1), encoding a
potential kinase, as a molecular target for CRPC. RNA and immuno-
histochemical analyses validated the overexpression of STYK1 in
prostate cancer cells, and its expression was distinct in CRPC cells.
Knockdown of STYK1 by siRNA resulted in drastic suppression of
prostate cancer cell growth and, concordantly, enforced expres-
sion of STYK1 promoted cell proliferation, whereas ectopic expres-
sion of a kinase-dead mutant STYK1 did not. An in vitro kinase
assay using recombinant STYK1 demonstrated that STYK1 could
have some potential as a kinase, although its specific substrates
are unknown. These findings suggest that STYK1 could be a possi-
ble molecular target for CRPC, and small molecules specifically
inhibiting STYK1 kinase could be a possible approach for the
development of novel CRPC therapies. (Cancer Sci 2009; 100: 2109–
2114)

P rostate cancer (PC) is the most common malignancy in
men and the second leading cause of cancer-related death

in the USA and Europe.(1) Detection of PC at an early stage by
serum test for prostate-specific antigen and subsequent surgery
and radiation therapy can cure most of the localized disease, but
nearly 30% of patients suffer relapse.(2–4) Despite high response
rates and clinical benefits, androgen ablation therapy (castration)
does not cure advanced or relapsed PC because castration-resis-
tant prostate cancer (CRPC) cells inevitably emerge, leading PC
patients to death. These CRPC cells not only grow under castra-
tion conditions (low serum level of androgen), but also behave
more aggressively as cancer cells, which indicates that a number
of growth-promoting or malignant signaling pathways that
bypass the androgen receptor (AR) pathway are activated in
CRPC as well as the AR signaling pathway.(5–9) At present there
are very limited treatments available for these CRPC. Hence,
development of new therapies for CRPC on the basis of the
molecular mechanisms of prostate carcinogenesis and castra-
tion-resistant progression is eagerly required.

There is a growing body of evidence supporting the idea that
AR signaling pathways are still active in CRPC cells, and the
mechanism of CRPC progression could be divided into two
pathways: one still involving AR and the other independent of
AR. The CRPC phenotype where PC cells can survive under
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castration is mainly dependent on AR reactivation,(9) but activa-
tion of multiple AR-independent pathways in CRPC cells is
likely to contribute to their more malignant or aggressive pheno-
type. These two mechanisms are not mutually exclusive and
often coexist in CRPC cells. One of the possible hypotheses
about AR activation under castration is AR phosphorylation
by protein kinases.(8,9) For example, HER2 is overexpressed in
some CRPC cells and HER2 could increase AR activity
through the activation of mitogen-activated protein kinase
and Akt.(9–11) On the other hand, the PTEN–phosphatidylinosi-
tol 3-kinase (PI3K)–Akt pathway is likely to be one of the most
critical pathways that can explain the malignant or aggressive
phenotype of CRPC and these phosphorylations and kinases can
promote PC cell growth by enhanced AR activation and other
signaling pathways.

It is apparent that protein phosphorylation and kinases play
important roles in a variety of cancer cell activities including
transformation, proliferation, survival, and metastasis. Among
the human kinase genome (kinome) including approximately
518 kinases,(12) mutations and deregulation of more than 100
kinases were observed in cancer and some of them can play cau-
sal roles in oncogenesis and modify the phenotype of cancer.(13)

These enzymes have become one of the most intensively pur-
sued classes of drug target with more than 30 distinct kinase tar-
gets being developed to the level of a phase I clinical trial for
cancer treatment,(14) and activated or deregulated kinases in
CRPC are the most attractive molecular targets for developing
novel therapies for PC. To identify novel molecular targets for
CRPC, we previously carried out genome-wide expression pro-
file analysis of CRPC using cDNA microarray in combination
with microdissection.(15) Among dozens of genes that were com-
monly transactivated in clinical CRPC cells, we here focused on
serine ⁄ threonine ⁄ tyrosine kinase 1 (STYK1), which was overex-
pressed in CRPC cells. STYK1, a human putative protein
kinase, is approximately 30% similar to the mouse fibroblast
growth factor (FGF) and platelet-derived growth factor (PDGF)
receptor superfamily,(16,17) and is predicted to have a transmem-
brane domain and protein kinase domain, belonging to a recep-
tor protein tyrosine kinase family. A recent study suggested that
it could be involved in oncogenesis and metastasis,(17) and
STYK1 mRNA was also upregulated in breast cancer and lung
cancer.(18,19) However, the details of its functions in cancer and
its potential as a kinase are still unclear and should be clarified.

In the present study, we validated STYK1 overexpression in
CRPC and some proportions of castration-naı̈ve prostate cancer
(CNPC). We also demonstrated its positive involvement in the
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proliferation of PC cells, and STYK1 is likely to have some
kinase activity that could involve PC cell growth. Our data could
provide new insights into the molecular mechanisms of PC pro-
gression and some clues to develop new therapeutic strategies
targeting STYK1 kinase for PC.

Materials and Methods

Cell lines and clinical samples. COS7 cells and the human PC
cell lines LNCaP, 22Rv1, PC-3, and DU145 were obtained from
the American Type Culture Collection (Rockville, MD, USA).
C4-2B, a castration-resistant derivative from LNCaP, was pur-
chased from ViroMed Laboratories (Minnetonka, MN, USA).
All of the cell lines were cultured as monolayers in appropriate
medium supplemented with 10% FBS. Cells were maintained at
37�C in an atmosphere of humidified air with 5% CO2. Non-
treated PC tissues, that is, CNPC tissues, were obtained from the
patients who underwent prostatectomy at Kochi University
Medical School, and CRPC tissues were obtained by autopsy
and transurethral prostatectomy at Kochi University Medical
School, Iwate Medical Collage, Okayama University Medical
School, and Kyoto Prefectural University of Medicine, under
the appropriate informed consents. Clinical CRPC was defined
by elevation of serum prostate-specific antigen levels at three
consecutive times and ⁄ or enlargement of tumor in spite of
androgen ablation therapy.

Semi-quantitative RT-PCR. Microdissection of CRPC cells,
CNPC cells, and normal prostate epithelium, and RNA purifica-
tion and T7-based amplification were described previously.(20)

The primer sequences for RT-PCR were 5¢-TTGGCTTGACTC
AGGATTTA-3¢ and 5¢-ATGCTATCACCTCCCCTGTG-3¢ for
b-actin (ACTB), and 5¢-GGACATGGATTCTTGATCTTCCT-3¢
and 5¢-ATGTGGTTCCAGAGGAAACTAGC-3¢ for STYK1.
The RT-PCR exponential phase was determined to allow semi-
quantitative comparisons among cDNA developed from identi-
cal reactions. Each PCR regime involved a 95�C, 5-min initial
denaturation step followed by 20 cycles (for ACTB) or 30 cycles
(for STYK1) at 95�C for 30 s, 55�C for 30 s, and 72�C for 30 s,
on a Gene Amp PCR system 9600 (PE Applied Biosystems,
Foster, CA, USA).

Northern blot analysis. Total RNA was extracted from PC cell
lines as described above. After treatment with DNaseI (Qiagen,
Crawley, UK), mRNA was purified with mRNA Purification Kit
(GE Healthcare, Piscataway, NJ, USA), according to the manu-
facturer’s protocols. A 1-lg aliquot of each mRNA from the PC
cell lines, as well as those isolated from normal human adult
heart, lung, liver, kidney, brain, and prostate (BD Biosciences,
Palo Alto, CA, USA), were separated on 1% denaturing agarose
gels and transferred onto nylon membranes. The 247-bp probe
specific to STYK1 was prepared by PCR using the primers
described above. Hybridization with a random-primed, 32P-
dCTP-labeled probe was carried out according to the instruc-
tions for the Megaprime DNA labeling system (GE Healthcare).
Prehybridization, hybridization, and washing were carried out
according to the supplier’s recommendations. The blots were
autoradiographed with intensifying screens at )80�C for 7 days.

Western blot analysis. To detect exogenous STYK1 protein,
cells were lysed with RIPA buffer (50 mM Tris-HCl [pH 8.0],
150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate Na, 0.1%
SDS) containing Protease Inhibitor Cocktail Set III (Calbio-
chem, La Jolla, CA, USA). Protein samples were separated by
SDS-PAGE and electroblotted onto Hybond-ECL nitrocellulose
membranes (GE Healthcare). Blots were incubated with a mouse
monoclonal anti-Myc antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or a mouse monoclonal b-actin (ACTB)
antibody (Sigma-Aldrich, St Louis, MO, USA). Protein bands
were visualized by enhanced chemiluminescence western blot-
ting detection reagents (GE Healthcare).
2110
Generation of anti-STYK1 polyclonal antibody. The cDNA
fragment encoding the partial-length STYK1 protein (codons
50–150, Genbank Accession no. NP_060893) was generated
using PrimeSTAR polymerase (Takara, Kyoto, Japan) using
the primers 5¢-AGAGAACAAAGAACTCAACAGC-3¢ and
5¢-TCATAAAGCCTTGAGAATAACAC-3¢, and cloned into
pGEX-6P-1 (GE Healthcare). The recombinant STYK1 protein
fused with GST was expressed in Escherichia coli BL21 codon
plus (Stratagene, La Jolla, CA, USA), and purified with GST
beads under native conditions according to the supplier’s proto-
col. The purified GST-fused STYK1 was cleaved by PreScission
Protease (GE Healthcare), and the recombinant STYK1 protein
was purified. The purified recombinant STYK1 protein was
immunized into rabbits, and the immune sera was purified on
affinity columns packed with Affi-Gel 10 activated affinity
media (Bio-Rad, Hercules, CA, USA) conjugated to recombi-
nant STYK1 protein. Western blot analysis using lysates from
STYK1-transfected cells confirmed that this antibody could
recognize STYK1 specifically.

Cell fractionation. Cells were suspended in homogenate buffer
(10 mM Tris-HCl [pH 7.4], 250 mM sucrose, 1 mM EDTA)
containing Protease Inhibitor Cocktail Set III. After suspension,
cell homogenates were ultracentrifuged (Optima TL Ultracentri-
fuge; Beckman Instruments, Fullerton, CA, USA) at 600g for
10 min (for the nuclear fraction) and 130 000g for 30 min (pel-
let for the microsomal fraction, supernatant for the cytoplasmic
fraction) at 4�C, and collected as the pellet of each step. The pel-
lets were suspended in lysis buffer (50 mM Tris-HCl [pH7.4],
1 mM EDTA, 20% glycerol, protease inhibitor cocktail) for
western blot analysis.

Immunofluorescence analysis. COS7 cells transfected with
plasmids expressing Myc-tagged STYK1 (pcDNA3.1 ⁄ STYK1-
Myc-His) were seeded on a glass coverslip. The cells were fixed
with ice-cold methanol : acetone (1:1) for 20 min at )20�C and
subsequently washed with PBS. After blocking with PBS con-
taining 3% BSA, the cells were incubated with rabbit polyclonal
anti-STYK1 and mouse monoclonal anti-Myc (Santa Cruz
Biotechnology) diluted in PBS containing 3% BSA for 1 h at
room temperature. After being washed with PBS, the cells were
stained with FITC-conjugated antimouse secondary antibody
(Santa Cruz Biotechnology) and antirabbit secondary antibody
conjugated to Alexa Fluor 594 (Molecular Probes, Eugene, OR,
USA) for 1 h at room temperature. After another wash with
PBS, each specimen was mounted with Vectashield (Vector
Laboratories, Burlingame, CA, USA) containing 4¢,6¢-diami-
dine-2¢-phenylindolendihydrochrolide (DAPI) and visualized
with Spectral Confocal Scanning Systems (Leica, Bensheim,
Germany).

Immunohistochemical staining. Paraffin-embedded tissue sec-
tions were deparaffinized, subjected to microwave treatment at
360 W for 1 min four times in antigen-retrieval solution, high
pH (Dako, Carpinteria, CA, USA), and then treated with peroxi-
dase blocking reagent (Dako) followed by protein block reagent
(Dako). Immunohistochemical study was carried out using the
Ventana automated IHC systems (Discovery, Ventana Medical
Systems, Tucson, AZ, USA). Sections were incubated with a
1 : 10 diluted solution of the rabbit polyclonal anti-STYK1
antibody overnight at 4�C. The protocol is based on an indirect
biotin–avidin system using a biotinylated universal secondary
antibody and diaminobenzidine substrate with hematoxylin
counterstaining.

shRNA-expressing vectors and transfection. To knockdown
endogenous STYK1 expression in PC cells, we used psiU6BX3.0
vector for expression of shRNA against a target gene as
described previously.(21) The target sequences of the shRNA to
STYK1 (Genebank Accession no. NM_018423) were as follows:
si1, 5¢-GGTGGTACCTGAACTGTAT-3¢; si2, 5¢-CAGAGAAT
GGTCTTTCCCA-3¢; si3, 5¢-GGTGGAGGAGTCATTTCAT-3¢;
doi: 10.1111/j.1349-7006.2009.01277.x
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and scramble-si (SCR), 5¢-GCGCGCTTTGTAGGATTCG-3¢ as
a negative control. Two PC cell lines, 22Rv1 and LNCaP, both
of which expressed STYK1, were seeded onto six-well plates,
and transfected with 8 lg of each of the shRNA-expressing
vectors to STYK1 by using FuGENE6 (Roche, Indianapolis, IN,
USA) according to the manufacturer’s instructions. The cells
were selected using 0.4 mg ⁄ mL (for 22Rv1) or 0.8 mg ⁄ mL (for
LNCaP) geneticin (Sigma-Aldrich) for 9 days, and then har-
vested to analyze the knockdown effect on STYK1 expression.
For colony formation assay, transfectants expressing shRNA
were grown for 24 days in media containing geneticin. After fix-
ation with methanol, the transfected cells were stained with
crystal violet solution to assess colony formation. Cell viability
was quantified using Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan). After 24 days incubation in the geneticin-containing
medium, the solution was added at a final concentration of 10%.
Following incubation at 37�C for 2 h, absorbance at 450 nm
was measured with Microplate Reader 550 (Bio-Rad).

In vitro kinase assay. Partial length of STYK1 cDNA (codons
146–1268) was prepared by PCR amplification, and the PCR
product was inserted into pGEX-6P-1 vector for expressing
GST-tagged protein (GE Healthcare). Recombinant STYK1 was
purified with glutathione sepharose-4B and PreScission protease
(GE Healthcare), according to the manufacturer’s protocols.
Five lg of recombinant STYK1 protein was incubated in 30 lL
kinase assay buffer (25 mM Tris-HCl [pH 8.0], 5 mM MgCl2,
0.2 mM EDTA, 4 mM DTT, and 100 lM ATP) and then sup-
plemented with 1.85 MBq c32P-ATP (GE Healthcare). As the
candidate substrates of the in vitro kinase assay, 2 lg histone
H1 (Roche), histone H3 (Roche), myelin basic protein (MBP:
upstate, Lake Placid, NY, USA), or 22Rv1 cell lysate were
prepared in the reaction solutions. After 30 min incubation at
30�C, the reactions were terminated by addition of SDS sample
buffer. After boiling, the protein samples were electrophoresed
on 5–20% gradient gel (Bio-Rad), and then autoradiographed.

Expression vectors and cell growth assay. The full-length
cDNA of STYK1 was cloned into pIRES ⁄ myc-his (Takara) for
wild-type STYK1 (pIRES ⁄ STYK1-myc-his). We also carried
out site-directed mutagenesis PCR to generate a kinase-dead
(KD) mutant in which Lys147 was substituted to arginine
(K147R). The primer set used for K147R was 5¢-GAGTGTTA
TTCTCAGGGCTTTAAAAGAAC-3¢ and 5¢-GTTCTTTTAAA
GCCCTGAGAATAACACTC-3¢ (underlining indicates nucleo-
tides that were replaced from the wild-type). For in vitro growth
assay, 1 · 105 cells of 22Rv1 were seeded into each of the wells
of a six-well culture plate and incubated in DMEM containing
5% FBS. The cells were transfected with pIRES for mock, pIR-
ES ⁄ STYK1 wild-type, or pIRES ⁄ STYK1 KD mutant (K147R).
After 48 h incubation, the cell numbers were measured using
Cell-counting Kit-8.

Results

STYK1 was overexpressed in CRPC cells. Among the dozens of
up-regulated genes in CRPC cells identified through our expres-
sion profile analysis of clinical CRPC cells,(15) we here focused
on STYK1 for further expression and functional analysis. Semi-
quantitative RT-PCR analysis using RNA from microdissected
CRPC cells, CNPC cells, and normal prostate epithelial cells
(NP mix) demonstrated that STYK1 expression was significantly
upregulated in CRPC cells compared with CNPC cells and nor-
mal prostate epithelial cells (Fig. 1a left), and RT-PCR showed
that all of the PC cell lines we examined also showed STYK1
expression more or less (Fig. 1a right). Further comparisons of
STYK1 expression patterns in PC cells and vital organs by north-
ern blot analysis and RT-PCR analysis clearly demonstrated
STYK1 expression in all of the PC cells as well as normal pros-
tate (Fig. 1b). Northern blot analysis on human normal adult
Chung et al.
organs showed STYK1 expression in the prostate, but hardly
detected expression in any other adult organs (Fig.1c).

Subcellular localization of STYK1 protein. STYK1 protein had
one putative transmembrane domain (PTLLVTIFLILLGVI) and
there was some possibility that STYK1 could be localized to the
plasma membrane as a receptor protein tyrosine kinase. To
investigate the subcellular localization of STYK1 protein, we
carried out immunofluorescence analysis using the STYK1-
transfected cells. In COS7 cells expressing Myc-tagged STYK1
(pcDNA3.1 ⁄ STYK1-Myc-His), exogenous STYK1 protein was
observed in the cytoplasm, not in the plasma membrane
(Fig. 2a). We also carried out western blot analysis using the
fractionated lysates of the STYK1-transfected cells. As a result,
STYK1 protein was detected mainly in the microsomal fraction
(Fig. 2b). STYK1 is likely to be localized to an organelle, such
as the endoplasmic reticulum.

Immunohistochemical analysis of clinical PC tissues. To further
investigate STYK1 protein expression in PC tissue sections, we
carried out immunohistochemical staining using 58 clinical PC
tissues with rabbit polyclonal anti-STYK1 antibody. To check
the specificity of our anti-STYK1 antibody, we made paraffin-
embedded blocks of four PC cell lines and confirmed that the
staining signals in immunohistochemistry were concordant with
RNA expression of STYK1 in these PC cell lines (Fig. S1).
Immunohistochemical analysis demonstrated strong positive
staining for STYK1 in six of the CRPC we examined, and 34 out
of 52 CNPC (65%) showed strong positive staining for STYK1
(Fig. 2c). The staining signals were observed in the cytoplasm of
PC cells. The remaining CNPC and normal prostate epithelial
cells showed very weak or no expression of STYK1. These stain-
ing patterns in CNPC were not correlated with Gleason score.

Knockdown of STYK1 by shRNA attenuated PC cell growth. To
investigate the biological significance of STYK1 overexpression
in PC cells and examine its potential as a molecular target for
PC treatment, we constructed several shRNA-expression vectors
specific to STYK1 (si1, si2, si3, and SCR) and transfected each
of them into two PC cell lines (22Rv1 and LNCaP) that endoge-
nously expressed STYK1. Semiquantitative RT-PCR showed that
si1 and si3 significantly knocked down endogenous STYK1
expression, whereas si2 and the control SCR did not (Fig. 3a,d).
After 24 days of selection in culture medium containing geneti-
cin, we carried out MTT assays (Fig. 3b,e) and colony formation
assays (Fig. 3c,f), and found that introduction of si1 and si3
shRNA in 22Rv1 and LNCaP cells drastically attenuated their
growth or viability, whereas that of other shRNA did not affect
STYK1 expression and PC cell growth. These findings indicated
that STYK1 expression could play some essential roles in PC
viability and STYK1 could have some potential as a molecular
target for PC.

Protein kinase activity and growth-promoting effect of
STYK1. In silico analysis of the STYK1 amino acid sequence
indicated the presence of a protein kinase domain in STYK1.
Generally, a kinase has three important motifs, VAIK, HRD,
and DFG motifs, within the catalytic domain, and they are
thought to be critical for the catalytic function of a kinase.(12,22)

STYK1 has well conserved VAIK and HRD motifs; however, it
lacks an activation loop (DFG motif), which is important in reg-
ulating kinase activity (Fig. 4a). Protein kinases without con-
served DFG motifs were almost inactive in phosphorylating
substrates. Hence, the kinase catalytic activity of STYK1 is
questionable, and to investigate its actual kinase activity, we
generated the recombinant protein of partial STYK1 (Fig. 4b)
and carried out an in vitro kinase assay using this recombinant
protein. As substrates of STYK1 have not been identified so far,
we used some common phosphorylated proteins (histones and
MBP) and the crude cell lysate of PC cell lines as substrates for
the in vitro kinase assay. As shown in Figure 4(c), the in vitro
kinase assay detected a faint 15-kDa phosphorylated band in the
Cancer Sci | November 2009 | vol. 100 | no. 11 | 2111
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Fig. 1. Overexpression of STYK1 in castration-
resistant prostate cancer (CRPC) cells. (a)
Semiquantitative RT-PCR validated that STYK1
expression was up-regulated in the microdissected
CRPC cells compared with castration-naı̈ve
prostate cancer (CNPC) cells, normal prostate
epithelial cells (NP mix) that were also
microdissected, and several vital organs (brain,
heart, kidney, liver, lung, and prostate). All five
prostate cancer (PC) cell lines we examined also
expressed STYK1 more or less. The expression of
b-actin (ACTB) served as a quantitative control.
(b) Northern blot analysis showed the strong
expression of STYK1, indicated by a 2.8-kb
band, in PC cell lines, whereas faint expression
was observed in adult normal prostate, and
there was no expression in vital organs
including heart, lung, liver, and kidney. (c)
Northern blot analysis of multiple tissues
showed faint expression of STYK1 only in
normal prostate among various normal human
adult organs. P.B. Leukocyte, peripheral blood
leukocyte.

Fig. 2. Subcellular localization of STYK1 and expression in prostate cancer (PC) tissues. (a) Immunocytochemical analysis showed that exogeneous
STYK1 protein was localized to the cytoplasm. Green, anti-Myc antibody; red, anti-STYK1 antibody; blue, DAPI staining. Exogenous STYK1
expression was validated by western blot analysis using anti-Myc antibody (left). (b) Western blot analysis with anti-Myc antibody on the cellular
fractions of STYK1-transfected cells revealed that exogenous STYK1 was localized mainly to the microsome. Micro, microsome fraction; Cyto,
cytoplasmic fraction. (c) Immunohistochemical study on clinical PC tissues using anti-STYK1 antibody. Intense staining was observed in castration-
resistant prostate cancer (CRPC) tissue (right), whereas castration-naı̈ve prostate cancer (CNPC) tissue (middle) and normal prostate tissue (left)
showed weak or no staining. In total, all six CRPC showed strong staining, whereas 34 out of 52 CNPC (65%) showed strong positive staining.
The remaining CNPC and normal prostate epithelial cells showed very weak or no expression of STYK1.
crude cell lysate from 22Rv1, but not in histones and MBP. This
15-kDa protein is likely to be a good candidate substrate of
STYK1 kinase in the PC cells, and this in vitro finding can
support some potential kinase activity of STYK1.

To further investigate whether the possible kinase activity of
STYK1 could involve PC cell proliferation, we carried out the
cell growth assay by transfecting STYK1-expression vectors
into PC cells. We also generated a KD mutant of STYK1
(STYK1 KD), in which its conserved lysine residue at codon
147 within the predicted ATP-binding site was replaced with
arginine (K147R; Fig. 4a boxed). Each of the STYK1 expression
vectors was transfected into 22Rv1 cells and western blotting
confirmed their expression in 22Rv1 cells (Fig. 4d). MTT assay
48 h after the transfection demonstrated that the overexpression
of wild-type STYK1 significantly promoted PC cell prolifera-
tion, compared with mock transfection. On the other hand, over-
2112
expression of STYK1 KD did not promote PC cell growth and
this KD STYK1 lost its growth-promoting effect on PC cells
(Fig.4d). These findings supported that STYK1 overexpression
could promote PC cell growth as a kinase.

Discussion

The emergence of CRPC is one of the most critical problems in
PC clinics, and effective therapeutics are not available for
advanced stages of CRPC after the failure of androgen ablation
therapy. Very recently, the combination therapy of docetaxel
and prednisone was established as the new standard protocol
for CRPC patients,(9,23,24) but its therapeutic effect on CRPC is
still limited, and hence, novel molecular targeting therapies for
CRPC are urgently required. In the present study we identified
overexpression of STYK1 encoding a possible kinase in CRPC
doi: 10.1111/j.1349-7006.2009.01277.x
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which did not show a knockdown effect on STYK1. ABS on the y-axis at MTT assay (b,e) means absorbance at 490 nm, and at 630 nm as
reference, measured with a microplate reader.
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Fig. 4. In vitro kinase assay of STYK1 and the growth-promoting effect of STYK1 overexpression. (a) The amino acid sequence of human STYK1
has VAIK and HRD motifs (underlined), but no DFG motif is found. Lys147 in the VAIK motif was substituted for Arg in the STYK1 kinase-dead
mutant (K147R; STYK1 KD), indicated by the box. (b) Recombinant protein of partial STYK1 (�37 kDa, without the transmembrane region) was
purified for the in vitro kinase assay. Purified STYK1 was subjected to SDS-PAGE and Coomassie Brilliant Blue (CBB) staining. (c) Histone H1,
histone H3, myelin basic protein (MBP), and 22Rv1 whole cell lysate were incubated with c32P-ATP with or without recombinant STYK1 protein.
A phosphorylated band of �15 kDa was detected in the autoradiography only in the incubation of 22Rv1 whole cell lysate with STYK1
recombinant protein (arrow). (d) Wild-type STYK1 (STYK1 wt) or STYK1 KD was overexpressed in 22Rv1 cells. Western blot analysis using Myc-tag
antibody confirmed their expression in 22Rv1 cells. MTT assay 48 h after the transfection demonstrated that the transfection of STYK1 wt
significantly promoted PC cell proliferation compared with mock transfection (Student’s t-test, P = 0.0002). On the other hand, the transfection
of STYK1 KD did not promote PC cell growth and STYK1 KD lost its growth-promoting effect on PC cells (Student’s t-test, P = 0.0002).
and, as shown in this study, due to its restrictive expression in
adult normal organs and its critical roles in PC cells, STYK1
kinase could be a promising target for a novel therapeutic
approach with a minimal risk of adverse effects.
Chung et al.
The in silico analysis on the primary structure of human
STYK1 indicated that STYK1 has a putative kinase domain
but its kinase activity was predicted to be very weak or
absent due to the lack of a DFG motif in subdomain VII in
Cancer Sci | November 2009 | vol. 100 | no. 11 | 2113
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the kinase domain, in which the aspartic acid binds the Mg2+

ions that coordinate the c-phosphate in the ATP-binding
cleft.(12,14,22) In fact, some atypical receptor protein kinases,
such as CCK-4, H-Ryk, VRK3, and DNT, with substitutions
in the DFG motif were reported to be defective in their
kinase activity, and they may interact with kinase-active part-
ners and activate other downstream signaling proteins.(22,25,26)

Nevertheless, our in vitro kinase assay using STYK1 recombi-
nant protein and the growth assay by STYK1 overexpression
suggested some possibility that STYK1 could function as a
kinase to promote PC cell growth, although its specific sub-
strates are still not identified. According to the human kinome
mapping (http://www.cellsignal.com/reference/kinase/kinome.
html), STYK1 does not belong to any major group of kinases(12)

and it is likely to be a unique kinase that possibly has novel
functions or might be involved in a novel signaling pathway
in cancer cells. The identification of its specific substrate in
cancer cells is the next important step to clarify the func-
2114
tional and biological significance of STYK1 overexpression in
CRPC and other cancers. Phosphorylation of protein is an
important signaling mechanism in eukaryotic cells, and onco-
genic activation of tyrosine kinases is a common feature in
many types of cancer and novel anticancer drugs, such as
imatinib and gefitinib, have been introduced to target these
kinases(12,27) and their great effects on cancer have been
established. The identification of the substrates of STYK1
kinase and a small molecule specifically inhibiting its kinase
activity should provide us with a novel therapeutic approach
against CRPC.
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Fig. S1. Immunohistochemical analysis by anti-STYK1 polyclonal antibody (·10) on paraffin-embedded blocks of four prostate cancer cell lines.
22Rv1 and C4-2B cells showed strong signals, whereas LNCaP and PC-3 cells showed very weak signals, which was concordant with their RNA
expression of STYK1, which was analyzed by RT-PCR.
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