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Approximately 90% of all cancer deaths arise from themetastatic dissemination of primary tumors. Metastasis is
the most lethal attribute of colorectal cancer. New data regarding the molecules contributing to the metastatic
phenotype, the pathways they control and the genes they regulate are very important for understanding the pro-
cesses ofmetastasis prognosis and prevention in the clinic. The purpose of this studywas to investigate the role of
T-LAK cell-originated protein kinase (TOPK) in the promotion of colorectal cancer metastasis. TOPK is highly
expressed in human metastatic colorectal cancer tissue compared with malignant adenocarcinoma. We identi-
fied p53-related protein kinase (PRPK) as a new substrate of TOPK. TOPK binds with and phosphorylates PRPK
at Ser250 in vitro and ex vivo. This site plays a critical role in the function of PRPK. Cell lines stably expressingmu-
tant PRPK (S250A), knockdown TOPK, knockdown PRPK or knockdown of both TOPK and PRPK significantly
inhibited liver metastasis of human HCT116 colon cancer cells in a xenograft mouse model. Therefore, we con-
clude that TOPK directly promotes metastasis of colorectal cancer by modulating PRPK. Thus, these findings
may assist in the prediction of prognosis or development of new therapeutic strategies against colon cancer.
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1. Introduction

Metastasis is defined as the formation of secondary tumor foci in one
or more organs at a distance from the primary lesion (Nguyen and
Massague, 2007). Although the precise molecular events leading to
the acquisition of the metastatic phenotype remain largely unclear,
the coordination and cooperation of several signal transduction path-
ways in metastasis has been suggested. Examples of these pathways in-
clude the mitogen-activated protein kinase (MAPK) pathway (Krueger
et al., 2001), focal adhesion kinase (FAK) pathway (Sieg et al., 2000),
Src pathway (Yeatman, 2004) and the Akt pathway (Irie et al., 2005).
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The T-LAK-cell-originated protein kinase (TOPK) is a serine-threonine
kinase member of the MAPKK family. We have studied TOPK function
over the last few years and have shown that TOPK is involved in many
cellular processes, including tumor development, cell growth, apoptosis
and inflammation (Zykova et al., 2006; Oh et al., 2007; Zhu et al., 2007;
Zykova et al., 2010; Li et al., 2011).We first discovered that TOPK serves
as an oncogenic MEK that exerts positive feedback on ERK2 to promote
colorectal cancer formation in vitro and in vivo (Zhu et al., 2007). Inter-
est in the function of TOPK as an oncogene and in the development of
new inhibitors of TOPK has dramatically increased (Vishchuk et al.,
2016; Xiao et al., 2016; Zeng et al., 2016). However, a clear mechanism
explaining how TOPK regulates the process of colon cancer metastasis
to the liver has not yet been elucidated. In this study, we investigated
the role of TOPK in colon cancer metastasis to the liver and identified
the p53-related protein kinase (PRPK) as a novel substrate of TOPK.

PRPK was first cloned from an interleukin-2-activated cytotoxic T-
cell subtraction library andwas shown to up-regulate the transcription-
al activity of p53 when transfected into COS-7 cells. Thus the protein
was named “p53-related protein kinase” and the authors suggested
that PRPK might play an important role in cell cycle or apoptosis (Abe
et al., 2001). Later these same authors concluded that they could not
rule out the possibility that PRPK did not directly phosphorylate p53
due to the fact that binding and phosphorylation p53 at Ser15 was
shown in the presence of an activating COS-7 cell lysate, suggesting
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that the phosphorylation status of p53 is regulated not only by PRPK,
but also by other kinases (Abe et al., 2006). The p53 protein also remains
phosphorylated on Ser15 even after depletion of PRPK, suggesting that
this is not the major role of PRPK in proliferating cells (Peterson et al.,
2010). Human PRPK is a homolog to the yeast kinase piD261/Bud32
(Bud32) and PRPK can partially complement Bud32 deficiency
(Facchin et al., 2003). PRPK can be activated and provides a functional
link between this kinase and the Akt signaling pathway (Facchin et al.,
2007). However, the biological function of PRPK remains elusive. Herein
we showed that TOPK is involved in colorectal cancer metastasis to the
liver through its phosphorylation of PRPK at Ser250.

2. Materials and Methods

2.1. Cell Culture

Human HCT116, HT29, HCT15, DLD1, WiDr colon cancer cells or
CCD-18Co normal colon cells were from America Type Culture Collec-
tion (ATCC, Manassas, VA). The Lim1215 human colorectal cancer cell
line was a gift from Dr. Robert H. Whitehead (Vanderbilt University,
Nashville, TN) (Whitehead et al., 1985). Сells were purchased from
ATCC between years 2009 and 2015. ATCC tests these cells by isoen-
zyme analysis to confirm human origin, DNA fingerprinting analysis
of cell line-specific polymorphic markers, growth curve analysis to
check doubling times, microscope-based morphology check and myco-
plasma detection. All cell lines were matched with their identities and
mycoplasma-free. Cells were maintained according to the ATCC in-
structions before being frozen. Each vial of frozen cells was thawed
and maintained for a maximum of 8 weeks. HCT116 cells were cul-
tured in McCoy's 5A medium. HT29 and HCT15 cells were cultured in
DMEM/high glucose and DLD1 cells were cultured in RPMII-1649 me-
dium. WiDr and CCD-18Co cells were cultured in MEM. All media were
from Thermo Scientific Hyclone Laboratories, Inc. (Logan, UT) with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, and 25 μM/ml gentami-
cin. The medium for culturing Lim1215 cells contained HEPES
(25 mM), insulin (0.6 μg/ml), hydrocortisone (1 μg/ml) and 1-
thioglycerol (10 μM). Cells were grown in monolayers at 37 °C in a
5% CO2 incubator.

2.2. Antibodies and Reagents

The PBK/TOPK (Cat: 4942) and phosphor-PBK/TOPK (Thr9) (Cat#
4941) antibodies were from Cell Signaling Technology, Inc. (Beverly,
MA). Antibodies to detect PRPK (F-9) (Cat# sc-100350), HA (F7)
(Cat# sc-7392) and β-actin (C4) (Cat# sc-47778) were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-V5 (Cat# R960-25) was
from Invitrogen (Carlsbad, CA) and the GST-PRPK full-length recombi-
nant protein (Cat# H00112858-P01) was from Novus Biologicals (Lit-
tleton, CO). Anti-Flag (Cat# F3165) was from Sigma (St Louis, MO).
The Ki67 antibody (Clone SP-6) (Cat# RM-9106) and Mitomycin C
(Cat# 32-581-0) were from Thermo Fisher Scientific (Waltham, MA)
and the synthesized PRPK peptides were from Peptide 2.0 (Chantilly,
VA). The active kinases ERK1 (Cat# 14-439), ERK2 (Cat# 14-550),
RSK2 (Cat# 14-480), MEK1 (Cat# 14-429), JNK1 (Cat# 14-327), JNK2
(Cat# 14-329), MSK1 (Cat# 14-548), Akt1 (Cat# 14-276) or Akt2
(Cat# 14-339), and the H2B recombinant protein (Cat# 14-491) were
from Millipore (Billerica, MA, USA) and active TOPK (Cat# T14-10G)
was from SignalChem (Richmond, BC, Canada). The pQE-81L-PRPK
plasmid for purification of the His-PRPK protein was a gift from
Lorenzo A. Pinna (Facchin et al., 2003) and the TOPKT9A plasmid
for purification of His-TOPK mutant was a gift from Dr. Y. Abe
(Matsumoto et al., 2004). The epidermal growth factor (EGF) (Cat#
354001) was from BD Biosciences (Bedford, MA). The protein A/G
plus-agarose immunoprecipitation reagent was from Santa Cruz Bio-
technology, Inc. (Cat# sc-2003) and the JetPEI transfection reagent
(Cat# GDSP10110) was from (Qbiogene, Inc., Montreal, Quebec,
Canada).
2.3. Construction of Plasmids

To construct the PRPK overexpressing plasmids, the PRPK cod-
ing region was amplified by PCR using two primers (5′-
GACGACGACAAGATGGCGGCGGCCAGAGCTACTACG-3′ as the sense
primer and 5′-GAGGAGAAGCCCCCCAACCATGGACCTCTTTCTTCC-3′
as the anti-sense primer) for the pCMV-Sport6-PRPK plasmid (Ther-
mo Scientific, Inc., Huntsville, AL) followed by their introduction
into the pET46Ek/LIC and pcDNA3/V5-HisA vectors, respectively.
The topk-T9A gene (a gift from Dr. Y. Abe, Department of Pathology,
and Division of Molecular Pathology, Ehime University School
of Medicine, Ehime, Japan) was amplified by PCR and then cloned
into pET-46 using a pET-46 Ek/LIC kit (Novagen, USA). The
PRPKS250A or TOPKT9A mutant was generated using the
QuikChange Lightning Site-directed Mutagenesis kit (Stratagene,
La Jolla, CA). All recombinant plasmids that were constructed
were confirmed by restriction mapping and DNA sequencing.
2.4. Lentiviral Infection

Two pLKO.1-shTOPK vectors from Addgene Inc. (Cambridge, MA)
were used for preparing HCT116 cells stably expressing knockdown
TOPK (shTOPK/HCT116) as previously reported (Kim et al., 2012).
Cells were examined for TOPK expression. To prepare viral particles,
the pLKO.1 viral vector (for shMock cells) or pLKO.1-shTOPK viral vectors
(for shTOPK cells) or pLKO.1-shPRPK (for shPRPK cells) with packaging
vectors pMD2.0G and psPAX from Addgene Inc. (Cambridge, MA) were
transfected intoHEK293T cells (7× 105/60-mmdish) using JetPEI trans-
fection reagent following the manufacturer's suggested protocols. The
transfection mix in 10% FBS/DMEM without antibiotics was incubated
with cells for 12 h. Then the medium was replaced with 5 ml of fresh
10% FBS/DMEM with antibiotics (penicillin/streptomycin). The viral
particles from cells were harvested after 24 or 48 h (10 ml total volume
each) and were kept at−80 °C. Viral particles (1ml) and normal medi-
um (9 ml) with 8 μg/ml of polybrane (Millipore, Billerica, MA) were
mixed and infected into 60% confluent HCT116 cells overnight. The
cell culture mediumwas replaced with fresh complete growthmedium
and incubated 24h and then cellswere selectedwith 1.5 μg/ml puromy-
cin (A. G. Scientific, Inc., San Diego, CA) for 36 h. The selected cells were
used for examination of PRPK expression. To prepare TOPK and PRPK
double knockdown stable HCT116 cells (shPRPK/shTOPK/HCT116),
PRPK-viral particles for pLKO.1-shPRPKwere infected into 60% confluent
shTOPK/HCT116 cells overnight. The cell culture medium was replaced
with fresh complete growth medium and cells were used for experi-
ments without selection with puromycin.
2.5. Bacterial Expression and Purification of Fusion Proteins

His-tagged proteins, including pQE81L-PRPK, pET46-WtPRPK,
pET46-MutPRPK (S250A), were expressed in BL21 (DE3) bacteria
(Novagen, USA) and purified as described for purification of
peroxiredoxin 1 (Prx1) (Zykova et al., 2010). The His-TOPKT9A
(pET46-TOPKT9A) fusion protein was expressed in BL21 (DE3) bacteria
(Novagen, USA). Bacteria were grown at 37 °C to an absorbance of 0.9–
1.0 at 600 nmand inducedwith 0.5mMIPTGovernight at 15 °C andhar-
vested by centrifugation. Cell pellets were suspended in 50 mM Tris
(pH 8.0) lysis buffer containing 200 mM NaCl and 10 mM imidazole.
After sonication and centrifugation, the supernatant fraction was incu-
bated with Ni-NTA-agarose beads (Qiagen, Germany) overnight at 4
°C. Beadswerewashedwith lysis buffer and PBS andHis-proteins eluted
with 100 mM imidazole.
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2.6. In Vitro Kinase Assay

A purified fusion pQE81L-PRPK (His) proteinwas used as a substrate
for in vitro kinase assays with active kinases (ERK1, ERK2, RSK2, MEK1,
MSK1, JNK1, JNK2, TOPK, Akt1 or Akt2) or with the pET46TOPKT9A
(His) protein as the inactive TOPK. The synthesized PRPK peptides,
pET46-WtPRPK, and pET46-MutPRPKwere used as substrates for active
TOPK. After SDS-PAGE, samples with or without [γ-32P] ATP were visu-
alized by autoradiography orWestern blotting with a specific antibody,
respectively.

2.7. Phosphorylated PRPK (Ser250) Antibody Preparation

The phosphor-PRPK (Ser250) antibody (anti-rabbit) was prepared
by BioSynthesis, Inc. (Lewisville, TX). The antiserum was made using a
synthesized 16-mer phosphopeptide consisting of an N-terminal cyste-
ine (for coupling) and the sequence CLDEVRLRGRKR[pS]MVG.

2.8. Western Blotting and Immunoprecipitation

Western blotting and immunoprecipitation methods with HEK293
cells or HCT116 cells were conducted as reported previously (Zhu et
al., 2012).

2.9. IHC Analyses for Tissue Array and Samples of Livers FromAthymic Nude
Mice

The colon cancer tissue array (C0702)withmalignant adenocarcino-
ma (30 cases, 43%), metastatic adenocarcinoma (30 cases, 43%) and ad-
jacent normal tissues (10 cases, 14%) including TNM and pathology
grade, were from US Biomax Inc. (Rockville, MD). Livers from mice
were extracted and fixed for 24 h in 10% (v/v) neutral-buffered formalin
and then transferred into 70% ethanol for H&E and IHC staining. The
fixed tissues were dehydrated in ascending grades of ethanol and xy-
lene, and then embedded in paraffin wax. Sections (4 μm) were cut
with a microtome andmounted on Superfrost®/plusmicroscope slides.

IHC was performed on the tissue array using antibodies to detect
TOPK (1:100) and samples of livers from athymic nude mice for H&E
staining and stained with a Ki67 antibody (1:150) as a proliferation
marker. The biotinylated secondary antibody was rabbit anti-mouse
IgG (1:200, in 10% normal rabbit serum; Vector Laboratories). The slides
were developed in diaminobenzidine (DAB) and counter stained with
hematoxylin. The stained slides were dehydrated and mounted in
permount. Images were captured and analyzed using the Image-Pro-
Plus 6.2 software program.

2.10. Migration Assay and Cell Invasion

For the wound closure assay, cells were plated in 35-mm culture
dishes and grown to 80% confluence and treated with mitomycin C
(10 μg/ml) for 2 h to inhibit proliferation (Rahman-Roblick et al.,
2007) and then used for a wound-healing assay in normal medium. A
single scratch was made by pulling a plastic tip across the cells. Photo-
graphs were taken immediately after scratching and 18 h later for
WtPRPK and MutPRPK or 4 days later for knockdown cells using a mi-
croscope and a Casio Digital Camera (EX-Z1000 with 10.1 megapixels).
For theMatrigel invasion assay, aMatrigelTM Invasion Chamber (6-well
plate) with an 8-micron pore sizemembranewas used (BD Biosciences,
Bedford, MA) following the manufacturer's suggested protocol. Cells
that migrated through themembrane were fixed with 100% cold meth-
anol. The membrane was mounted on a glass slide using Fluoro-Gel II
with DAPI (Electron Microscopy Sciences, Hatfield, PA) (Mehrotra et
al., 2010) and visualized by confocal microscope (NIKON C1si Confocal
Spectral Imaging System; magnification 60×). Invading cells were
counted from five random fields in two membranes.
2.11. Liver Metastasis Model

All animal experiments were performed using a protocol approved
by the University of Minnesota Institutional Animal Care and Use
Committee (IACUC). Athymic nude mice (5–6 weeks old; female
and male) for a xenograft mouse model were from Harlan TekLAD
(Madison, WI). Mice were anesthetized using an i.p. injection of a ke-
tamine hydrochloride and xylazine hydrochloride solution (Sigma).
Under aseptic conditions, a small longitudinal incision was made in
the left upper flank to visualize the spleen, and cells (0.5 × 106

each) expressing shMock, shTOPK, shPRPK, shPRPK/shTOPK, WtPRPK
or MutPRPK in 25 μl of PBS were injected under the spleen capsule
using a 27-gauge needle. Animals injected with shMock, shTOPK,
shPRPK and shPRPK/shTOPK cells were sacrificed at 10 days or at
7 days for mice injected with Mock, WtPRPK and MutPRPK cells. Livers
were isolated at that time. After photographs were taken, livers were
fixed in 10% buffered formalin and paraffin-embedded. Tumors were
enumerated by visual inspection and liver sections were stained
with H&E. Livers were also subjected to IHC using an antibody to
detect Ki67, a proliferation marker.

2.12. Statistical Analysis

All quantitative results are expressed as mean values ± S.D. Statisti-
cally significant differences were obtained using the Student's t-test or
one-way ANOVA. A p value of b0.05 was considered to be statistically
significant.

3. Results

3.1. TOPK Binds With and Phosphorylates PRPK at Ser250 In Vitro

We used His-tagged PRPK as a substrate and screened several com-
mon kinases to identify a kinase that could phosphorylate PRPK. The
phosphorylation was visualized by autoradiography in the presence of
[γ-32P] ATP and results indicated that TOPK phosphorylates PRPK (Fig.
1a, left). TOPK is phosphorylated at Thr9 by Cdk1/cyclin B (Abe et al.,
2007; Matsumoto et al., 2004) and phosphorylation is required for its
kinase activity (Gaudet et al., 2000). We purified a TOPKT9A fusion pro-
tein and an in vitro kinase assay indicated that PRPK was phosphorylat-
ed by active TOPK (Fig. 1a, right). Akt has been reported to
phosphorylate PRPK at Ser250 (Facchin et al., 2007). We examined the
phosphorylation of PRPK by TOPK or Akt (Fig. 1b). Unexpectedly, the
in vitro kinase assay results indicated that neither Akt1 nor Akt2 could
phosphorylate PRPK in vitro. Phosphorylation of histone H2B was used
as a positive control for Akt1 and Akt2. Next, we co-transfected the
pcDNA3-HA-TOPK and pcDNA3.1-V5-PRPK plasmids into HEK293 cells
and immunoprecipitated the tagged proteins with anti-V5 and then
probed with anti-HA. The results indicated that TOPK co-
immunoprecipitated with PRPK after overexpression in HEK293 cells
(Fig. 1c). Conversely, endogenous TOPK was immunoprecipitated from
HCT116 cells and PRPKwas detected byWestern blotwith a specific an-
tibody. This result also indicated that TOPK could co-immunoprecipitate
with PRPK in HCT116 cells (Fig. 1d).

Because TOPK is a serine/threonine kinase, we examined the poten-
tial phosphorylation of serine and threonine residues in PRPK using
NetPhos 2.0 (Diella et al., 2004) and then synthesized 5 peptides (Fig.
1e, bottom) with the highest predicted phosphorylation scores (Supple-
mentary Table 1). The results of the in vitro kinase assays using P1-P5
peptides with active TOPK and [γ-32P] ATP showed that Ser250 was
consistently and strongly phosphorylated by TOPK (Fig. 1e, P3). To con-
firm the results of the peptidemapping, we conducted an in vitro kinase
assay using wildtype His-PRPK (Wt) and a His-PRPK-S250A mutant
(S250A) in the presence of active TOPK and [γ-32P] ATP. The results in-
dicated that mutation of Ser250 to alanine abrogated the phosphoryla-
tion of PRPK by TOPK (Fig. 1f, upper). This result confirmed that TOPK
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phosphorylates PRPK at Ser250 only. The antibody to detect phosphor-
ylated PRPK (Ser250) was prepared as described in Materials and
Methods. Western blot analysis with this antibody confirmed that
TOPK phosphorylated PRPK at Ser250 (Fig. 1e, bottom). Overall, these
results indicated that TOPK binds with PRPK and phosphorylates PRPK
at Ser250.



77T.A. Zykova et al. / EBioMedicine 18 (2017) 73–82
3.2. TOPK is Overexpressed in Metastatic Colorectal Tissue and Promotes
Migration and Invasion of Cancer Cells

Our earlier study showed that TOPK is highly expressed in human
colorectal cancer tissues and colon cancer cells and plays an important
role in neoplastic transformation (Zhu et al., 2007). TOPK is highly
expressed in human patient metastatic colorectal cancer tissues
(Zlobec et al., 2010) and in stage I lung adenocarcinomawithmetastatic
capability (Wei et al., 2012). Using tissue array analysis, we compared
the abundance of TOPK in metastatic colon adenocarcinoma tissues,
malignant colon adenocarcinoma tissues and normal colorectal tissue.
Results indicated that the abundance of TOPK (Fig. 2a) was significantly
higher in metastatic colon adenocarcinoma tissue compared to malig-
nant colon adenocarcinoma tissues (p b 0.02). In contrast, neither pro-
tein was highly expressed in normal colorectal tissue.

We examined the abundance of TOPK or p-PRPK in different human
colon cancer cell lines and the CCD-18C0 normal colon cell line (Fig. 2b).
Results indicated that colon cancer cells with high expression of TOPK
show increased PRPK phosphorylation. Based on this result, we chose
the HCT116 colon cancer cell line to study the function and relationship
of TOPK and PRPK.

To continue investigating the role of TOPK in tumor metastasis, we
silenced the expression of TOPK (Fig. 2c) in HCT116 colon cancer cells.
We used a migration or wound closure assay to compare cells express-
ing shTOPK, sequence 1 or 2 (shTOPK#1 or shTOPK#2)with cells express-
ing shMock. Results of this assay indicated that shTOPK (Fig. 2d)
dramatically inhibited migration compared with cells expressing
shMock. Cells were also stained with DAPI in a Matrigel invasion assay
system and examined after 4 days. These results also showed that
cells expressing shTOPK (Fig. 2e) exhibited attenuated invasion through
Matrigel inserts compared with shMock cells. Overall, these findings in-
dicated that TOPK is highly expressed in human patientmetastatic colo-
rectal cancer tissues and promotes the migration and invasion of
HCT116 cancer cells.

3.3. The Phosphorylation of PRPK at Ser250 is Important for the Function of
PRPK In Vivo

To investigate the function of the phosphorylation of PRPK at Ser250,
we generated HCT116 cells stably overexpressing vector (Mock),
wildtype PRPK (WtPRPK) or mutant PRPK-S250A (MutPRPK; Fig. 3a,
upper panels). Phosphorylation of PRPK in MutPRPK stable cells was
substantially lower than that observed in WtPRPK cells after treatment
with EGF (Fig. 3a, upper, right). The findings obtained from awound clo-
sure assay indicated that WtPRPK, but not the MutPRPK, promotes mi-
gration of cells after 18 h (Fig. 3a, bottom panels). A Matrigel invasion
assay with DAPI staining confirmed that MutPRPK cells exhibited less
invasion through the Matrigel inserts compared with WtPRPK cells
(Fig. 3b). Overall, these results indicated that overexpression of PRPK
promotes migration and invasion of HCT116 colon cancer cells.

The liver is the primary site for colorectal carcinoma metastasis and
therefore we chose a liver metastasis model to further study the role of
PRPK phosphorylation at Ser250 in promoting metastasis. We conduct-
ed two sets of experiments for comparison of metastasis from the
spleen to the liver. In the first experimental set, we injected Mock (as
a negative control) or WtPRPK-transfected HCT116 colorectal cancer
cells into the spleen to examine metastasis (Fig. 3c). In the second ex-
perimental set, we injectedWtPRPK (as a positive control) or MutPRPK
Fig. 1. TOPK binds with and phosphorylates PRPK at Ser250 in vitro. (a) The pQE-81L-PRPK (H
kinases as shown (left panel) and for His-TOPKT9A fusion protein as inactive compare with T
using in vitro kinase assays and histone H2B was used as positive control for Akt1/2. (c) TOPK
pcDNA3-V5-PRPK plasmids were co-transfected into HEK 293 cells, immunoprecipitated wi
cancer cells. Endogenous TOPK was immunoprecipitated from HCT116 cells and then probed
active TOPK. (f) For in vitro kinase assays, a wildtype His-PRPK (Wt) or His-PRPK-S250A mut
panel), reactive products were resolved by SDS-PAGE and visualized by autoradiography. Reac
blot with specific antibodies.
HCT116 colorectal cancer cells into the spleen to investigate metastasis
(Fig. 3d). After 7 days, livers were isolated and metastasis was evaluat-
ed. Livers from mice injected with WtPRPK cells showed a significant
amount of metastatic tumor growth compared with livers from mice
injected with Mock cells (Fig. 3c). Livers from mice injected with
MutPRPK cells showed significantly reduced metastasis compared
with livers frommice injected withWtPRPK cells (Fig. 3d). Liver metas-
tases (arrows/circles) are shown (one representativemouse per group).
H&E staining was conducted in non-metastatic and metastatic liver tis-
sue (Fig. 3e, f). Overall, these findings further indicate that the Ser250
residue of PRPK plays a critical role in promoting liver metastasis of
HCT116 colon cancer cells (see Supplementary Fig. 1).

3.4. TOPK is Required for EGF-induced PRPK Phosphorylation

The phosphorylation of TOPK induced by epidermal growth factor
(EGF) facilitates the function of TOPK (Zhu et al., 2007). Therefore the
next series of experiments were designed to examine a potential corre-
lation between TOPK and PRPK corresponding with increased TOPK ac-
tivity. HCT116 colon cancer cells expressing shMock or shTOPK were
treated with EGF and phosphorylation of PRPK was detected. The data
show that PRPK phosphorylation was induced in a time-dependent
manner following EGF treatment and the phosphorylation of PRPK
was decreased in shTOPK knockdown cells (Fig. 4a). These data further
supported the idea that TOPK is required for EGF-induced PRPK
phosphorylation.

The pcDNA3-HA-TOPK plasmid was co-transfected with the
pcDNA3.1-V5-PRPK plasmid into HEK293 cells and cells were then stim-
ulatedwith EGF. Phosphorylation of PRPKwas detected byWestern blot
(Fig. 4b). In addition, when increasing amounts of pcDNA3-HA-TOPK
were transfected into HEK293 cells, phosphorylation of PRPK increased
dose-dependently (Fig. 4c). All these results demonstratedpositive rela-
tionships between TOPK and PRPK in cells after EGF treatment.

3.5. Knocking Down TOPK, PRPK or Both Proteins Inhibits Metastasis of Hu-
man Colon Cancer In Vivo

We examined the effect of knocking down expression of TOPK, PRPK
or both proteins on metastasis of HCT116 cells in a xenograft mouse
model. HCT116 colon cancer cells stably expressing shMock, shTOPK,
shPRPK or both shTOPK/shPRPK were established by lentiviral infection
(Fig. 5a, insert). All 4 cell types were used to further examine the role
of TOPK and PRPK in colon cancer cell metastasis in vivo. HCT116
colon cancer cells expressing shMock, shTOPK, shPRPK or shPRPK/shTOPK
were injected into the spleen of athymic nudemice. After 10 days, mice
were euthanized and livers extracted for evaluation of metastasis. The
area of livermetastasis found inmice expressing shTOPK, shPRPK and es-
pecially shPRPK/shTOPKwas significantly decreased compared to livers
from mice expressing shMock (Fig. 5a, top panel). Representative liver
metastases (arrows/circles; bottom panel Fig. 5a) are shown (see Sup-
plementary Fig. 2). Liver sections were also stained with H&E (Fig. 5b)
and IHC was performed to detect Ki67, a proliferation maker (Fig. 5c).
These data confirmed that blocking TOPK or PRPK protein expression
significantly reduces liver metastasis of HCT116 colon cancer cells in
vivo. Overall, our results clearly demonstrate that the TOPK/PRPK path-
way is important for the promotion of metastasis of HCT116 colon can-
cer cells to the liver.
is) fusion protein was used as a substrate for an in vitro kinase assay with active protein
OPK, active (right panel). (b) Phosphorylation of PRPK by TOPK or Akt1/2 was compared
binds with PRPK in HEK293 cells after transient transfection. The pcDNA3-HA-TOPK and
th anti-V5 and then probed with anti-HA. (d) TOPK binds with PRPK in HCT116 colon
with anti-PRPK. (e) Five PRPK peptides were designed for an in vitro kinase assay with

ant (S250A) protein was used as a substrate for active TOPK. For (a), (b), (e) or (f, upper
tive products for (f, lower panel) were resolved by SDS-PAGE and visualized by Western



Fig. 2.TOPK is overexpressed inmetastatic colorectal cancer tissue andhuman colon cancer cells and promotesmigration and invasion of HCT116 colon cancer cells. (a) IHC examination of
the expression of TOPK inmalignant human colorectal cancer tissue (30 cases, 43%) ormetastatic adenocarcinoma tissues (30 cases, 43%) andmatching normal colorectal tissue (10 cases,
14%). Photos from one representative case are shown. Data are shown as means ± S.D. The asterisk (*, p b 0.04) indicates a significant increase in TOPK protein expression in malignant
colon cancer tissues compared with normal tissues. The asterisks (***, p b 0.02) indicate a significant increase in TOPK protein expression in metastatic cancer tissues compared with
malignant cancer tissues. (b) Expression of TOPK, p-TOPK and p-PRPK in different colon cancer cell lines and the CCD-18Co normal colon cell line. (c) Efficiency of TOPK knockdown
(shTOPK) in HCT116 colon cancer cells compared with shMock. (d) ShMock/HCT116 cells are compared with shTOPK/HCT116 cells in a wound closure assay. A single scratch was
made with a plastic tip across the cells. Photographs were taken immediately after the scratch and 4 days later using a microscope and a Casio Digital Camera (EX-Z1000 with 10.1
megapixels). Experiments were repeated twice. (e) Cell migration was compared in shMock/HCT116 cells or shTOPK/HCT116 cells (1.5 × 105) using a Matrigel invasion chamber. Cells
that migrated through the membrane were stained with DAPI and visualized by the NIKON C1si Confocal Spectral Imaging System (magnification 60×). Invading cells were counted
from five random fields in two membranes. Experiments were repeated at least twice. Asterisks (**) indicate a significant (p b 0.001) decreased migration of shTOPK expressing cells
compared with shMock cells.
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Fig. 3.Mutant PRPK (Ser250Ala) decreases cell migration and invasion of HCT116 colon cancer cells and the Ser250 site of PRPK are important for the function of PRPK in a human colon
cancerHCT116 cell xenograftmetastasismodel. (a, upper left panel) HCT116 cells were transfectedwith pcDNA3-V5-vector (Mock), pcDNA3-V5-PRPK (WtPRPK) or pcDNA3-V5-PRPK-S250A
mutant (MutPRPK) and selected with G418 (200 μM/ml) for 5 days. Expression of PRPK inMock, WtPRPK, or MutPRPK stable cell lines was detected with an antibody against the V5 tag
andβ-actinwas used to verify equal protein loading. (a, upper right panel) Phosphorylation of PRPKwas detected inWtPRPK orMutPRPK stable cell lines after treatment by EGF (20 μg/ml,
15min). (a, lower panel) Cells stably expressingMock,Wt-PRPKorMut-PRPKwere subjected to awound closure assay. Photographswere taken immediately after scratching and 18h later
using a microscope and a Casio Digital Camera (EX-Z1000 with 10.1 megapixels). Experiments were repeated twice. (b) Migration of cells stably expressingMock, WtPRPK or MutPRPK after
18 h was determined by staining with DAPI and visualized by confocal microscope (NIKON C1si Confocal Spectral Imaging System;magnification 60×). Invading cells were counted from five
random fields in two membranes and experiments were repeated twice. Asterisks (**) indicate a significant (p b 0.002) decreased migration of MutPRPK cells compared withWtPRPK cells.
(c) Quantification of the area of liver metastasis using the ImagePro Plus 6.2 software program. The area of metastasis in livers of mice (6 mice/group) injected withWtPRPK HCT116 cells is
significantly increased (***, p=0.036) compared to livers frommice injected with Mock HCT116 cells. The metastasis (arrows) in the liver and tumor in the spleen (circles) are shown (one
representativemouse per group) at 7 days after injection of cells. (d) The area of metastasis in livers frommice injectedwithMutPRPK HCT116 cells is significantly decreased (***, p=0.011)
compared with the area of metastasis in livers of mice injected with WtPRPK HCT116 cells. Metastasis (arrows) in the liver is shown (one representative mouse per group) at 7 days after
injection of cells. (e and f) H&E staining of non-metastatic and metastatic liver tissue (4 μm sections) is shown (100× magnification).
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Fig. 4. TOPK is required for EGF-induced PRPK phosphorylation. (a) EGF induces a time-
dependent phosphorylation of PRPK and phosphorylation of PRPK decreases with
depletion of TOPK in HCT116 cells. Total TOPK was used as an internal control for
confirmation of TOPK deficiency (shTOPK). β-Actin was used to verify equal protein
loading. (b and c) TOPK promotes phosphorylation of PRPK in HEK293 cells after
treatment with EGF. The same amount of pcDNA3-HA-TOPK and pcDNA-V5-PRPK (b) and
increasing amounts of pcDNA3-HA-TOPK (c) were transiently transfected into HEK293
cells and phosphorylation of PRPK was detected by Western blot analysis with specific
antibodies after EGF (20 ng/ml) treatment for 30 min.
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4. Discussion

The metastatic process comprises a complex cascade in whichmany
growth factors are involved. In order to metastasize, a cancer cell must
first escape from its contacts with neighboring cells and the extracellu-
lar matrix (ECM) (Frisch and Screaton, 2001). They thenmust enter the
circulation, arrest in the microcirculation, invade a different tissue
Fig. 5. Knockdown of TOPK, PRPK or both inhibits metastasis of human colon cancer HCT116 ce
(shPRPK) or both (shPRPK/shTOPK) in HCT116 colon cancer cells before intrasplenic inoculatio
the ImagePro Plus 6.2 software program. The area of liver metastasis in mice (5 mice/group) i
compared to mice injected with cells expressing vector (shMock). Tumors in the spleen (cir
group) at 10 days after injection of cells. Asterisks (***) indicate a significant (p b 0.002) dec
with shMock. The asterisks (****) indicate a significant (p b 0.0005) decreased area of liver me
staining and (c) Ki67 staining as a proliferation maker of non-metastatic and metastatic liver t
compartment and finally form a new colony (Weigelt and Peterse,
2005). Many growth factors, including EGF (Kim andMuller, 1999), he-
patocyte growth factor (Gao and Vande Woude, 2005), and
transforming growth factor beta (Bierie and Moses, 2006), are derived
frommesenchymal, stromal, and tumor cells. These growth factors acti-
vate theMAPK, FAK, Src and Akt signaling pathways, and are implicated
in triggering tumor cell migration or invasion (Irie et al., 2005; Long et
al., 2010). Activation of theMAPK pathway is a frequent event in tumor-
igenesis and MAPKs have been implicated in cell adhesion, migration
and invasion (Reddy et al., 2003). Among the MAPKs, MAPK kinase
(MEK) and extracellular signal-regulated kinases (ERKs) are unique be-
cause no substrates for MEK1/2 have been identified other than the
ERKs. We identified the T-cell-originated protein kinase (TOPK) as an-
other ERK1/2 kinase (Zhu et al., 2007). MEK1/2 is considered to be ex-
cellent targets for the development of inhibitors against the MAPK
pathway (Sebolt-Leopold and Herrera, 2004). However, current MEK
inhibitors have only been moderately effective (Sebolt-Leopold and
Herrera, 2004), possibly because of the existence of a negative feedback
loop between ERK2 andMEK1/2 (Eblen et al., 2004) and ERK2with Ras
and SOS, which hinders the inhibitory process (Langlois et al., 1995).
Earlier, we reported that TOPK functions as an active form of MEK in
cancer tissues and a positive feedback loop existing between TOPK
and ERK2 promotes cell transformation (Zhu et al., 2007). Based on
the ubiquitous expression of MEK1/2 in normal and tumor tissues and
the existing negative feedback between ERK2 and MEK, we propose
that TOPK might be a key kinase that regulates metastasis in the
MAPK pathway. TOPK promotes cell migration and corresponds with
poor prognosis in lung cancer (Shih et al., 2011). Previously reported
data revealed that TOPK expression was correlated with clinical out-
come in human CRC. The prognostic and predictive value of TOPK in
CRC has been reported (Zlobec et al., 2010). TOPK was overexpressed
in tumors with a median of 90% positive cell staining compared with
5% staining in normal tissue (p b 0.001). Moreover, TOPK seems to be
a valuable prognostic factor because patients with diffuse TOPK expres-
sion treated with cetuximab or panitumumab exhibited poor outcome.
However, a detailed mechanism explaining how TOPK regulates colon
metastasis liver has not been elucidated.

Our gene expression analysis revealed a higher expression of TOPK
in metastatic colon adenocarcinomas compared with malignant adeno-
carcinomas. In this study, we provide evidence showing that TOPK pro-
motesmetastasis of colorectal carcinoma,which ismediated through its
phosphorylation of PRPK at Ser250. PRPK is also reported to be phos-
phorylated by Akt at Ser250 (Facchin et al., 2007). Our in vitro kinase
assay results clearly showed that PRPK can be phosphorylated by
TOPK at Ser250 but not by Akt1 or Akt2. Our results suggest that phos-
phorylation of PRPK might occur independently of Akt through TOPK.
This is the first report to show that PRPK is a substrate of TOPK that
has an important role in colon cancer metastasis. TOPK and PRPK pro-
moted liver metastasis of HCT116 human colon cancer cells in a xeno-
graft mouse model. Blocking expression of TOPK, PRPK or both in
HCT116 colon cancer cells dramatically reduced themigration and inva-
sion of these cancer cells and metastatic properties in vitro and in vivo.
Phosphorylation of PRPK at Ser250 plays an essential role in promoting
metastasis. The mutation of Ser250 of PRPK to alanine attenuated
PRPK's promotion of metastasis of HCT116 human colon cancer cells
to the liver in a xenograft mouse model.

Overall, our results indicated that the TOPK/PRPK pathwaypromotes
metastasis of HCT116 colon cancer cells to the liver of mice. Therefore,
TOPK and PRPK are directly involved in metastasis and their inhibition
lls in a xenograft mouse model. (a, insert) Knockdown efficiency of TOPK (shTOPK), PRPK
n. (a) Quantification and standardization of the area of liver metastasis was analyzed using
njected with shTOPK, shPRPK, or shPRPK/shTOPK HCT116 cells is significantly decreased
cles) and liver metastasis (arrows or circles) are shown (one representative mouse per
reased area of liver metastasis in mice injected with shTOPK or shPRPK cells compared
tastasis in mice injected with shPRPK/shTOPK cells compared with shMock cells. (b) H&E
issue (4 μm section; 100× magnification).
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could provide effective anti-metastatic therapies in patients with colon
cancer.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2017.04.003.
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