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Abstract

The biological functions of the p53-related protein kinase
(PRPK) remain unclear. We have previously demonstrated that
PRPK is phosphorylated by the T-LAK cell-originated protein
kinase (TOPK) and that phosphorylated PRPK (p-PRPK) pro-
motes colon cancer metastasis. Here, we analyzed colon ade-
nocarcinomas from 87 patients and found that higher expres-
sion levels of p-PRPK were associated with later stages of
metastatic dissemination (stage III and IV) as compared with
earlier stages (stages I and II). Indeed, levels of p-PRPK were
higher in metastatic versus malignant human colon adenocar-
cinomas. Knocking down PRPK expression attenuated colorec-
tal liver and lung metastasis of colon cancer cells in vivo. An in
vitro kinase assay indicated that active PRPK does not phos-
phorylate p53 directly. We found that PRPK phosphorylates

survivin, a regulator of colon cancer metastasis. PRPK phos-
phorylates survivin at Thr34, which is important for survivin
stability. Taken together, our data strongly suggest that the
PRPK signaling pathway promotes colon cancer metastasis by
modulating survivin stability, and that PRPK could be a new
prognostic marker for the survival of colon cancer patients. In
addition, we identified an FDA-approved bacteriostatic antibi-
otic, fusidic acid sodium salt (fusidic acid or FA) as an inhibitor
of PRPK, and show that FA combined with 5-fluorouracil
(5-FU) inhibited PRPK activity and colon cancer metastasis
to the lung in mice. We contend that the combination of FA
with 5-FU could be an alternative therapeutic strategy to tradi-
tional chemotherapy for colon cancer patients with poor prog-
nosis. Mol Cancer Ther; 17(5); 1101–13. �2018 AACR.

Introduction
New research on molecules that contribute to metastasis, the

pathways they control and the genes they regulate, is very
important for understanding the prognosis and prevention of
metastasis in the clinic. p53-related protein kinase (PRPK) was
first cloned from an interleukin-2-activated cytotoxic T-cell
subtraction library and reported to upregulate the transcription-
al activity of p53 (1). This is where its acronym, "p53-related
protein kinase," was derived. The same authors identified a

protein, CGI-121, as a binding partner of PRPK, which could
inhibit the binding of PRPK to p53 (2). They also reported that
the small Ras-like protein, GTPase protein Rab1c (Rab35), could
act as a p53-modulating molecule by binding to p53-activating
factors such as PRPK or other p53-related kinases (3). Human
PRPK is a homolog to the yeast kinase piD261/Bud32 (Bud32)
and could partially complement Bud32 deficiency (4). PRPK is
phosphorylated at Ser250 by Akt/PBK (5) and by the T-LAK
cell-originated protein kinase (TOPK) (6). The contribution of
PRPK to DNA damage is associated with the G1 checkpoint
response (7). Drosophila PRPK is required for PI3K/mTOR path-
way-dependent growth and crucial for stimulating the basal
protein biosynthetic machinery in response to insulin signaling
(8). The biological functions of PRPK remain elusive and are
mostly based on screening data (7–10). The data regarding
phosphorylation and regulation of p53 by PRPK are not clear
and need to be evaluated. The authors, who first reported PRPK
as a p53-related protein kinase (1), later concluded that PRPK
does not directly phosphorylate p53. Preincubation with a
COS-7 cell lysate was necessary for the in vitro kinase assay,
and they concluded that the phosphorylation status of p53
was likely regulated not only by PRPK, but also by other kinases
(3). For example, the p53 protein is also phosphorylated at
Ser15 by ATR and ATM (11). The p53 protein is absent in yeast;
however, the yeast PRPK homolog (piD261/BUD32) can phos-
phorylate p53 in vitro. Additionally, PRPK can partially com-
plement the phenotype of yeast lacking the piD261/Bud32
gene, suggesting that PRPK could phosphorylate or interact with
other Bud32 substrates/partners (4). Depletion of PRPK report-
edly causes a p53-dependent and -independent increase in
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paclitaxel-induced caspase activation and p53 remains phos-
phorylated on Ser15 even after depletion of PRPK, suggesting
that this is not a major role for PRPK in proliferating cells (10).

We have previously demonstrated that PRPK is a new sub-
strate for TOPK and that the TOPK/PRPK signaling pathway
promotes colorectal cancer metastasis (6). In this study, we
found that the expression levels of phosphorylated PRPK
(p-PRPK) are higher in human metastatic colorectal cancer
tissues, as compared with normal colon tissues. Elevated levels
of p-PRPK were correlated with more advanced pathological
stages in colon cancer patients. In vitro kinase assay results
indicated that active PRPK does not phosphorylate p53 directly.
We investigated the role of PRPK in metastasis, and surv-
ivin, which stimulates metastasis, was identified as a substrate
of PRPK. PRPK phosphorylates survivin at Thr 34, which is
important for survivin protein stability. Thus, the PRPK signal-
ing pathway promotes metastasis of colon cancer cells by
modulating survivin stability. PRPK could be a novel anticancer
target; indeed we found that the antibiotic FA, which inhibits
PRPK activity, could suppress colon cancer metastasis to the
lung, alone or in combination with 5-fluorouracil (5-FU).

Materials and Methods
Antibodies and reagents

Antibodies to detect PRPK (C-14), b-actin (C4), or survivin
(D-8) and the protein A/G plus-agarose immunoprecipitation
reagent were from Santa Cruz Biotechnology, Inc.. Anti-phos-
phor-survivin (Thr34; D2E11), phosphor-p53 (Ser15; 16G8)
antimouse antibody were from Cell Signaling Technology, Inc..
Anti-Mutant p53 [Y5] antibody was from AbCam. Alexa Fluor
488-goat antimouse IgG was from Life Technology. Anti-V5
was from Invitrogen. The GST-PRPK full-length recombinant
protein was from Novus Biologicals. Anti-Flag, the antibiotic
fusidic acid sodium salt (FA) and 5-fluorouracil (5-FU) were from
Sigma. The phosphor-PRPK (Ser250) antibody was prepared by
BioSynthesis, Inc. (details inMaterials andMethods). ActiveChk1
for in vitro kinase assays was from Millipore. The JetPEI transfec-
tion reagent was purchased from Qbiogen, Inc. and His-p53
recombinant protein was from ProSci. Inc.

Cell culture
Human HCT116, HT29, HCT15, DLD1, WiDr, and mouse

CT26 colon cancer cells or CCD-18Co and HCEC normal colon
cells were purchased from ATCC between 2009 and 2015. To
eliminate the possibility of misidentification or cross-contami-
nation of cells, ATCC performed several tests for authentication,
including isoenzyme analysis to confirm human origin, DNA-
fingerprinting analysis of cell line-specific polymorphic markers,
growth curve analysis to check doubling times, a microscope-
based morphology analysis, and detection of mycoplasma. All cell
lines were matched with their correct identity and were mycoplas-
ma free. Cells were maintained according to ATCC instructions
before being frozen. Each vial of frozen cells was thawed and
maintained for a maximum of 8 weeks.

The pSIN-Fluc vector expressing the firefly luciferase gene for
generation of CT26 stable colorectal cancer cells (CT26-Luc)was a
gift fromDr. Yasuhiro Ikeda (MayoClinic, Rochester,MN; ref. 12).
HCT116 cells were cultured in McCoy's 5A medium and HT29
and HCT15 cells were cultured in DMEM/high glucose. DLD1
and CT26 cells were cultured in RPMI-1640 medium and

WiDr, CCD-18Co andHCEC cells were cultured inMEM. Allmedia
were from Thermo Scientific Hyclone Laboratories, Inc. and con-
tained 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 25
mM gentamicin. Cells were grown in monolayers at 37�C in a 5%
CO2 incubator.

The phosphorylated PRPK antibody
The phosphor-PRPK (Ser250) antibody (p-PRPK, antirabbit)

was made by BioSynthesis, Inc.. The antiserum was prepared
using a synthesized 16-mer phosphopeptide consisting of
an N-terminal cysteine (for coupling) and the sequence
CLDEVRLRGRKR[pS250]MVG.

In vivo mouse models
All animal experiments were conducted in accordancewith and

approved by the University of Minnesota Institutional Animal
Care and Use Committee (IACUC). Liver and lung metastasis
mouse models were used (details about the animal experiments
have been provided in "Supplementary Materials and Methods"
under the headings "Pharmacokinetic studies" and "Detection of
efficacy in vivo").

Immunohistochemical analysis (IHC)
Commercially available patient tissue arrays from U.S. Biomax

Inc. were used for IHC. U.S. Biomax states, "All tissue is collected
under the highest ethical standards with the donor being
informed completely and with their consent. We make sure we
follow standard medical care and protect the donors' privacy. All
human tissues are collected under HIPPA-approved protocols.
All animal tissues are collected under IACUC protocol. All sam-
ples have been tested negative for HIV and Hepatitis B or their
counterparts in animals and approved for commercial product
development."

The colon cancer tissue array (C0702) was composed of malig-
nant or metastatic adenocarcinomas and normal adjacent tissues
(NAT; including TNM and pathology grade, 69 cases/69 cores).
The colon adenocarcinoma tissue arrays (HCol-Ade180Sur-03)
and (HCol-Ade180Sur-05) had survival data, including TNM and
pathology grade, 90 cases and NAT, 90 cases. Immunostaining
was performed on the tissue array using antibodies to detect p-
PRPK (1:100) or mutant p53 (1:50). The biotinylated secondary
antibody was rabbit antimouse IgG (1:200, 10% normal rabbit
serum; Vector Laboratories). The slides were developed in diami-
nobenzidine (DAB) and counterstained with hematoxylin, then
dehydrated andmounted in permount. Imageswere captured and
analyzed using the Image-Pro-Plus 6.2 software program.

Statistical analysis
All quantitative results are expressed as mean values � SD.

Statistically significant differences (P < 0.05) were obtained
using the Student t test or one-way ANOVA. Additional
detailed methods are described in Supplementary Materials
and Methods.

Results
p-PRPK is overexpressed in metastatic colorectal cancer and
induces colon cancer cell migration or invasion

Total and p-PRPK protein levels are highly expressed in colon
cancer cells, as compared with normal colon cells such as CCD-
18Co or HCEC (Fig. 1A). To specifically detect p-PRPK levels, a
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Figure 1.

The p-PRPK protein is overexpressed in metastatic colorectal tissues. A, Normal CCD-18Co or HCEC colon cells and 5 human colon cancer cell lines were
screened to examine the expression level of total and p-PRPK proteins. B, Determining the specificity of the p-PRPK (S250) antibody. For ICC (top;
scale bars, 25 mm), the green color indicates p-PRPK and DAPI is shown in blue; for IHC (bottom; scale bars, 25 mm), the brown color indicates p-PRPK
expression. C, Expression of p-PRPK in malignant human colorectal adenocarcinomas (30 cases), metastatic adenocarcinoma tissues (30 cases), and
matching normal colorectal tissue (10 cases). Representative photographs are shown (scale bars, 25 mm) and data are represented as mean values � SD. � ,
Compared with normal adjacent (P < 0.005), compared with malignant adenocarcinoma (P < 0.001). D, Matrigel invasion assay of normal colon cells or colon
cancer cells. E, Efficiency of shPRPK in HCT116 or HCT15 cells (top) is shown. Migration of shMock/HCT116 and shPRPK/HCT116 cells (left bottom) or shMock/
HCT15 cells and shPRPK/HCT15 cells (right bottom) with a wound-closure assay. F, Invasive ability of shMock/HCT116 and shPRPK/HCT116 cells (left)
or shMock/HCT15 and shPRPK/HCT115 cells (right) using a Matrigel invasion chamber. Invading cells were stained with DAPI (60�). �� , Compared with
cells expressing shMock (P < 0.001). For D and F, invading cells were counted on 2 membranes from 2 separate experiments.
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phosphor-PRPK (Ser250) antibody was prepared, and the spec-
ificity of antibody was verified by peptide competition (Fig. 1B;
Supplementary Fig. S1) using ICC staining of HCT116 colon
cancer cells, and IHC staining of mouse lung cancer tissues from
the control group of the xenograft model used in this study (see
Supplementary Materials and Methods). Antibody staining was
decreased by the specific peptide (LDEVRLRGRKR[pS250]MVG),
indicating that this antibody can specifically detect the phos-
phorylation of PRPK at Ser250. The p-PRPK protein expression
level (Fig. 1C) was significantly higher in metastatic colon ade-
nocarcinoma tissue as compared with malignant colon adeno-
carcinoma tissues (P < 0.001), whereas neither protein is highly
expressed in normal adjacent colon tissue. Matrigel assay results
indicated that the invasion abilities of colon cancer cells corre-
lated with the PRPK phosphorylation status in different colon
cancer cell lines (Fig. 1D). Normal colon cells and HT29 colon
cancer cells, which are not invasive, express low p-PRPK protein
levels, whereas invasive colon cancer cell lines like HCT116 and
HCT15, express high levels of p-PRPK. Next, we determined the
effect of knocking down PRPK levels with sh-RNA on the invasion
abilities of invasive cancer cell lines such as HCT116 and HCT15.
We found that HCT116 and HCT15 colon cancer cells expressing
shPRPK (Fig. 1E, top) exhibited less migration compared with
shMock cells (Fig. 1E, bottom). Cells expressing shPRPK exhibited
attenuated invasion through Matrigel inserts compared with
shMock cells (Fig. 1F). We also examined the growth of HCT116
and HCT15 cells expressing shPRPK or shMock (Supplementary
Fig. S2A and S2B) and observed no differences in the growth rates
of these cells in 10% serum. These results indicate that over-
expression of PRPK is associated with increased migration and
invasion, which is independent of cell proliferation.

Knocking down PRPK expression attenuates colorectal liver
or lung metastasis in vivo

Because gastrointestinal cancers, including colorectal and
pancreatic cancers, commonly metastasize to the liver, we
injected HCT116 or HCT15 colon cancer cells stably expressing
shMock or shPRPK#1 into the spleen of athymic nude mice, and
determined their abilities to metastasize to the liver. The area of
liver metastasis from mice expressing shPRPK#1/HCT116 was
significantly decreased compared with shMock (Fig. 2A; Sup-
plementary Fig. S2C). The metastatic nodules were completely
absent in livers from mice expressing shPRPK#1/HCT15 com-
pared with shMock (Fig. 2B, bottom, and Supplementary Fig.
S2D). Hematoxylin and Eosin (H&E) staining of livers is shown
(Fig. 2A and B, right). Migration and invasion were inhibited in
CT26 mouse colon cancer cells stably expressing shPRPK, as
compared with shMock (Supplementary Fig. S3A–S3C). Because
colorectal cancers can metastasize to the lung, HCT116 human
and CT26 mouse colon cancer cells stably expressing shMock or
shPRPK were injected into the tail of athymic nude mice (1 �
106/mouse) to evaluate metastasis to the lungs (Supplementary
Fig. S3D and S3E). The area of lung metastasis from mice
expressing shMock in HCT116 cells (28 days) was greater
compared with shPRPK#1 (Fig. 2C, top plots, circled areas).
Lungs from mice expressing sh-Mock CT26 cells had 95%
metastasis after 9 days, and lung metastasis from mice expres-
sing shPRPK#4 was significantly decreased compared with
shMock (Fig. 2D, left plots, circled areas). H&E staining of lungs
with cells expressing shMock showed greater tumor metastasis
compared with shPRPK (Fig. 2C, bottom; Fig. 2D, right). These

data confirmed that suppressing PRPK expression reduces liver
or lung metastasis of human or mouse colon cancer cells.
Kaplan–Meier survival analysis (Fig. 2E) demonstrated that
mice inoculated with shMock (n ¼ 9, red line) exhibit dramat-
ically decreased survival time compared with mice inoculated
with shPRPK#1 (P ¼ 0.0015).

Phosphorylation of survivin (Thr34) by PRPK is required for
stability of survivin

Survivin expression is upregulated in human cancers and is
associated with resistance to chemotherapy and radiation ther-
apy (13). Survivin is an activator of tumor cell motility and
metastatic genes and plays an important role in colorectal
tumorigenesis (14, 15). Using an in vitro kinase assay, we
determined that PRPK phosphorylates survivin (Fig. 3A). By
utilizing a specific p-survivin antibody, we determined that
PRPK phosphorylated survivin at Thr34 (Fig. 3B, right), which
is known to increase survivin's stability (16). Mutation of
survivin (Thr34Ala) can induce apoptosis and reduce angio-
genesis, metastasis, and cell-cycle progression (17). Wild-type
and mutant His-survivin (Thr34Ala) proteins were analyzed for
phosphorylation by PRPK. Audioradiography (Fig. 3B, left) and
Western blotting (Fig. 3B, right) results indicated that mutant
T34A abrogated phosphorylation of survivin, confirming that
PRPK phosphorylates survivin at Thr34. Because the only
reported physiologic substrate of PRPK is p53, we used an in
vitro kinase assay to compare the phosphorylation of p53 or
survivin by PRPK (Fig. 3C, top). Coomassie blue staining was
used as the loading control (Fig. 3C, bottom). Results indicate
that PRPK does not phosphorylate p53 directly.

We have previously shown that TOPK is required for EGF-
induced PRPK phosphorylation (6), and we wanted to determine
if phosphorylation of PRPK and survivinwas also EGFdependent.
We found that this was indeed the case, as phosphorylation of
PRPK (Ser250) and survivin (Thr34) was induced in a dose- and
time-dependent manner by EGF (Supplementary Fig. S4A and
S4B). HEK293 cells were cotransfected with pcDNA3-V5-PRPK
and pcDNA3-Flag-survivin plasmids, and we observed that EGF
increased the phosphorylation of survivin (Fig. 3D, left top plots).
Increasing the transfected amount of pcDNA3-V5-PRPK further
increased the phosphorylation of survivin (Fig. 3D, left bottom
plots). V5-PRPK and Flag-survivin were transfected alone or
together into HEK293 cells and the expression of each protein
was confirmed by anti-V5 or anti-Flag, respectively (Fig. 3D, right
top). First, V5-tagged PRPK was immunoprecipitated and the
Flag-tagged survivin protein was detected by Western blotting
analysis. Results confirmed that PRPK coimmunoprecipitated
with survivin (Fig. 3D, right top). Secondly, Flag-tagged survivin
was immunoprecipitated and V5-tagged PRPK was detected by
Western blotting. The results confirmed that survivin coimmu-
noprecipitated with PRPK (Fig. 3D, right middle). Finally,
HCT116 cell extracts were immunoprecipitated with antisurvivin
or control IgG. PRPK was detected in the immunoprecipitates
obtained with antisurvivin, but not with control IgG (Fig. 3E),
indicating that endogenous PRPK binds with survivin.

Survivin phosphorylation induced by EGF was decreased by
knockdown of PRPK (shPRPK#1) in HCT116 or HCT15 cells
(Fig. 3E, right; Supplementary Fig. S4C and S4D for shPRPK#2).
These data suggest that PRPK is required for EGF-induced
survivin phosphorylation. EGF regulates survivin stability (18)
and survivin is stabilized by Thr34 phosphorylation (16). shMock/
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Figure 2.

PRPK promotes liver or lung metastasis of human or mouse colon cancer cells. A, Mouse liver metastasis after intrasplenic injection of shPRPK/HCT116
cells (n ¼ 5 mice) or B, with shPRPK/HCT15 cells (n ¼ 6 mice) was compared with livers from mice injected with shMock cells. Representative liver
metastasis (arrows) is shown (1 representative liver/group). Compared with mice injected with shMock-expressing cells (P < 0.002). C, Lung metastasis
in mice (n ¼ 6) after tail vein injection of HCT116 cells expressing shMock or shPRPK (1 representative lung/group, circled areas). D, The area of lung
metastasis (n ¼ 5 mice) after tail injection of shPRPK/CT26 cells was decreased compared with metastasis in mice injected with shMock-expressing cells
(circled areas, 1 representative lung/group). For A–D, H&E staining of lung tissues is shown (scale bar, 4 mm; 25� and 200�). E, Kaplan–Meier survival
analysis with cells expressing shMock (n ¼ 9, red line) and cells expressing shPRPK (n ¼ 8, blue line; P ¼ 0.0015).
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Figure 3.

PRPK phosphorylates survivin and increases its stability. A, Survivin is phosphorylated by PRPK in vitro. B, Wild-type survivin (WT) or a survivin Thr34Ala mutant
(T34A) was used as a substrate for PRPK. Reactive products were visualized by autoradiography (left) or Western blotting (right). C, Phosphorylation of
survivin or p53 byPRPK in an in vitro kinase assay (top). Phosphorylation of p53 byChk1 is a positive control. Coomassie blue stainingwas used to verify equal loading
of proteins (bottom). D, left, PRPK phosphorylates survivin in cells treated with EGF. Equal amounts of pcDNA3-V5-PRPK and pcDNA-Flag-survivin (top) or
increasing amounts of pcDNA3-V5-PRPK (bottom) were transiently transfected into HEK293 cells and phosphorylation of survivin was detected by Western
blotting. D, right, PRPK binds with survivin in HEK293 cells. PcDNA3-V5-PRPK and pcDNA3-Flag-survivin were cotransfected into cells, immunoprecipitated
with anti-V5 (top) or anti-Flag (middle) to precipitate PRPK or survivin and probed with anti-Flag or anti-V5, respectively. Cell lysates were used to verify
transfection efficiency of V5-PRPK and Flag-survivin (bottom). E, left, survivin binds with PRPK in HCT116 cells. Endogenous survivin was immunoprecipitated
and probed with anti-PRPK. E, right, phosphorylation of survivin is decreased in shPRPK/ HCT116 (top) or shPRPK/HCT15 (bottom) cells. The total levels of PRPK
confirmed PRPK deficiency. F, Cells were treated with CHX followed by EGF and then survivin stability was detected (left). The p-survivin or total survivin
proteins were decreased in EGF-treated mutant (Mut) PRPK cells (right). b-Actin levels were used as loading controls.
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HCT116 or shPRPK#1/HCT116 cells were treated with cyclo-
heximide (CHX) to block protein synthesis and then treated
with EGF. Survivin stability in shPRPK#1 cells was decreased at
15 minutes following EGF treatment (Fig. 3F, left), suggesting
that phosphorylation of survivin by PRPK enhances its stability.
Phosphorylation of survivin was almost absent in MutPRPK
cells (Fig. 3F, right). These results demonstrate that mutation of
PRPK markedly attenuates its phosphorylation of survivin.
Despite a high rate of drug resistance, 5-FU remains a common
and widely used chemotherapeutic drug for the treatment of
colon cancer (19). Treatment of colon cancer cells with 5-FU
induces caspase-dependent apoptosis (20). Survivin is phosphor-
ylated at Thr34 by Cdc2 and loss of Thr34 phosphorylation
results in the dissociation of caspase-dependent apoptosis
(16, 21). The mutation of survivin (Thr34Ala) induces apoptosis;
thus, we compared the level of cleaved caspase-3, a marker of
apoptosis in cells expressing either mutant or wild-type PRPK
(Supplementary Fig. S4E). After 48 hours of treatment with 5-FU,
the level of cleaved caspase-3 was increased in cells expressing
mutant PRPK, compared with cells expressing WT PRPK. This
indicated that overexpression of the mutant PRPK induces apo-
ptosis and has a similar biological effect to the survivin T34A
mutation. Experiments were also performed with PRPK knock-
down in HCT116 cells (Supplementary Fig. S4F) and we did not
observe dramatic differences in the levels of cleaved caspase-3
in cells with or without PRPK; thus, apoptosis was not induced in
the absence of 5-FU, which is consistent with our previous cell
growth data. All these data confirm that PRPK interacts with
survivin, phosphorylates survivin in vitro and ex vivo, and regulates
survivin stability.

Fusidic acid inhibits PRPK activity and reduces HCT116
migration and invasion

Betulinic acid (BA) is an inhibitor of prostate cancer growth
that acts through the degradation of transcription factor spec-
ificity proteins (i.e., Sp1, Sp3, or Sp4), which regulate vascular
endothelial growth factor and survivin (22). We hypothesized
that BA might reduce expression levels of survivin by attenuat-
ing PRPK activity. BA is not FDA approved; therefore, we
performed a shape similarity search between BA and a list of
FDA-approved molecules (Supplementary Materials and Meth-
ods). We identified conformers that possessed a Tanimoto
similarity coefficient higher than 0.7 when matched against the
lowest energy conformation of BA. Schr€odinger's PHASE pro-
gram was used to perform a shape similarity search and we
found that the antibiotic FA and BA had a high Tanimoto score
of 0.8 (Supplementary Fig. S4G). Even though the steroid
portion differs by a 6-member ring, the molecules were similar
in the location of the substituent that protruded from their
rings. The location of the hydroxyl and the carboxylic acid
groups provides both with hydrophilic groups in similar places
at either end. Furthermore, the diene group on FA is also located
in a similar area as the alkene group on BA. FA, licensed for use
as sodium fusidate (Fig. 4A, inset), is effective primarily against
gram-positive bacteria (23). Computer modeling showed that
FA fits into the ATP-binding pocket of PRPK and formed
hydrogen bonds with Lys40, Ala45, or Lys60 and hydrophobic
interactions with Val47/Val58 or Ile179/Ile182 of PRPK
(Fig. 4A). FA binds with PRPK in vitro and ex vivo (Fig. 4B) and
inhibits PRPK activity in vitro (Fig. 4C, top and middle). PRPK is
phosphorylated by TOPK (6); therefore, we checked whether

TOPK activity was inhibited by FA. We found that FA did not
inhibit TOPK activity (Fig. 4C, bottom). FA use has not been
reported in cancer therapy and was nontoxic against HCT116
cells up to 100 mmol/L (Fig. 4D). FA reduced cell migration
(Fig. 4E, inset) and inhibited HCT116 colon cancer cell invasion
dose dependently (Fig. 4E). FA suppressed EGF-induced phos-
phorylation of survivin in HCT116 cells at a concentration
similar to 5-FU (Fig. 4F, left), but was most effective when
combined with 5-FU in CT26 cells (Fig. 4F, right). To evaluate
whether the combination of 5-FU and FA is more effective than
single-compound treatment, we first determined the IC50 value
for 5-FU and FA alone (Supplementary Fig. S4H). Based on
these values, the combination index (CI) was analyzed from 16
different groups using CompuSyn software (24) with various
concentrations of the two compounds (Supplementary Fig. S4I).
Inhibition of cell viability (%) and CI were used to show that
5-FU and FA act synergistically when used together (Supple-
mentary Fig. S4J).

FA alone or in combination with 5-FU suppresses colon
lung metastasis in vivo

To detect colon cancer to lung metastasis, CT26 colon cancer
cells expressing firefly luciferase (CT26-Luc) were used. The
expression level of p-PRPK and growth of CT26 and CT26-Luc
cells were similar (Supplementary Fig. S5A). CT26-Luc cells (1 �
106) exhibiting 3 � 106 luciferase activities (Supplementary
Fig. S5B) were injected into the tail vein of mice.

We have shown that FA inhibited activity of PRPK in vitro and
ex vivo. Mice were pretreated with FA to try and achieve better
experimental efficacy in terms of optimal PRPK inhibition.
Previous studies have reported that elimination of FA from
the blood is slow and accumulation of FA occurs (25–28). To
confirm FA accumulation in our mouse model, FA was admin-
istered at 16 mg/kg/mouse (n ¼ 6 mice) one time daily for
10 days and FA levels in the serum were determined (Supple-
mentary Fig. S5C). We found that FA-treated mice had FA
levels of �1 mg/mL in the serum, compared with untreated
controls. Based on these results, we decided to pretreat mice
with FA for 10 days before inoculation of CT26-Luc cells in
order to increase FA levels in the serum.

We conducted an in vivo experiment in which we evaluated
the effect of FA pretreatment on colon cancer metastasis. Mice
were either pretreated or not with different doses of FA and the
effect of combining 5-FU was also determined (Supplementary
Fig. S5D). Results of in vivo imaging, which measured the bio-
luminescence of CT26-Luc cells, showed a significantly lower
number of CT26-Luc cells detected in the lungs of treated groups
compared with untreated controls (day 14 after tumor implan-
tation; Fig. 5A). Results indicated that the area of lung metastasis
in FA-treated mice was significantly decreased, especially in mice
treated with a combination of FA and 5-FU (Fig. 5B and C)
without changes in body weight (Fig. 5D). Thus, even though
5-FUor FA alone suppressed colon lungmetastasis, combining FA
with 5-FU strongly suppressed colon lung metastasis (Fig. 5C).
Furthermore, the phosphorylated protein expression levels of
survivin (i.e., substrate of PRPK) were analyzed in tissue slides
of 3 lungs per group. Results showed that p-survivin was dramat-
ically decreased in lung tissues from groups treated with 5-FU or
FA, as compared with the untreated group (Fig. 5E).

We also conducted an in vivo experiment in which mice
were treated using a treatment schedule where there was no
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Figure 4.

FA inhibits PRPK activity and reduces migration or invasion of HCT116 cells. A, Docking model of FA (left) and the PRPK ATP-binding site. Chemical
structure of FA (upper right). Two-dimensional illustration of the hydrogen bonding (yellow dotted lines, bottom right) interactive network between FA
(green) and PRPK. B, PRPK binds with FA. Recombinant PRPK (top) or HCT116 cell lysate (bottom) was incubated with FA-conjugated Sepharose 4B
beads or Sepharose 4B beads-only. PRPK was detected by Western blotting. C, FA inhibits PRPK activity in vitro. D, FA is not cytotoxic to HCT116 cells
up to 100 mmol/L. E, FA inhibits migration (inset) and invasion (graph) of HCT116 cells. ���� , significant inhibition, as compared with the untreated controls
(P < 0.001). F, The effect on PRPK activity by 5-FU or FA (left) or combination of FA with 5-FU (right) was compared.
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Figure 5.

FA alone or combined with 5-FU suppresses colon lung metastasis in mice. A, CT26-Luc cells were injected into the tail vein (n ¼ 10 mice/group). Lung tumors
were observed by in vivo optical imaging with D-luciferin, which was injected intraperitoneally. Before inoculating CT26-Luc cells, groups 3–6 were
intraperitoneally injected with FA for 10 days. The imaging was performed using the Xtreme Image system and bioluminescence was quantified using
Bruker MI. ���� , significantly fewer metastases (P < 0.001) in CT26-Luc cells in treated mice. B, Lungs were fixed in Bouin's solution to visualize
metastatic nodules (yellow color) and data were analyzed using GraphPad Prism 5. The percentage of lung metastasis observed in treated groups was
significantly decreased (��� , P < 0.01; ���� , P < 0.001) compared with untreated controls. The treated groups of mice have the same nomenclature as A.
C, Representative mice (5 mice/group) with bioluminescence signal (circled) and metastatic lungs (yellow color) are shown. D, FA or its combination
with 5-FU does not affect mouse body weight; mln ¼ million. The treated groups of mice have the same nomenclature as A. E, The expression levels of
phosphorylated survivin were analyzed in lung tissues (3 mice/group) by Western blotting. F, Overall percent survival of animals (9 mice/group) with
experimental lung metastasis of CT26-Luc colon cancer cells after treatment with 5-FU, FA or the combinations 5-FU and FA.
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FA pretreatment (Supplementary Fig. S6A). Results of in vivo
imaging, without pretreatment with FA, also indicated a sig-
nificantly lower number of CT26-Luc cells detected in the lungs
of treated groups (except the group treated with a low dose of
FA-4 mg/kg, alone) as compared with the untreated control
group (Supplementary Fig. S6B and S6C). The levels of p-
survivin, the substrate of PRPK, were decreased in the lung
tissues of the mouse experimental groups that were treated with
5-FU and FA alone. The levels of p-survivin were decreased
dramatically when FA and 5-FU were used in combination
(Supplementary Fig. S6B, bottom). These results are similar to
those obtained in the in vivo experiments with pretreatment
of FA (Fig. 5E). We also examined the life span of mice in the
different treatment groups. The survival curves showed that
treatment by combination FA-16 mg/kg/mouse/day with
5-FU significantly increased life of mice compared with 5-FU
monotherapy (Fig. 5F).

The expression level of p-PRPK is associated with colon
cancer stage

The 2016 survival rates for colon cancer, by stages, have been
observed to decrease from 92% for patients with stage I to 11% in
patients with stage IV colon cancer (29). A colon cancer adeno-
carcinoma tissue array with 87 cases of tumors classified by
clinical stage, and survival data was examined for p-PRPK protein
levels. The 5-year survival after surgery was stage dependent and
correlated with the statistical data of the American Cancer Society
(Fig. 6A). Thep-PRPKprotein levels in tumor tissues frompatients
with early stage I or II were increased, as compared with normal
adjacent tissues (NAT). Levels of p-PRPK were dramatically
increased with metastatic dissemination at stage III or IV, as
compared with early stage I or II (Fig. 6B).

PRPK regulates colon cancer metastasis independently of p53
status

To determine if PRPK regulates p53 function directly, we
checked the status of p-p53 (Ser15) in HCT116 cells with
shPRPK-mediated knockdown. Results indicated that in PRPK-
depleted cells, there was no change in p-p53 (Ser15) levels
following EGF treatment (Supplementary Fig. S7A). Furthermore,
in p53þ/þ/HCT116 or p53�/�/HCT116 cancer cells, there was no
difference in the expression levels of p-PRPK and total PRPK
(Supplementary Fig. S7B). We also examined whether the p53
status of p53þ/þ/HCT116 or p53�/�/HCT116 cells had an effect
on migration using a wound-healing assay (Supplementary Fig.
S7C). No differences were observed in the migration of p53þ/

þ/HCT116 or p53�/�/HCT116 cells, suggesting that the p53
status had no effect on the PRPK regulated migration of HCT116
cells. Also, the depletion of PRPK had no effect on the expression
levels of p53 or p-p53 (Ser15) in liver or lung samples with
metastasis from the in vivo experiments (Supplementary Fig. S7D
and S7E). Next, we examined p-p53 or mutant p53 expression
levels in the same tissue array with different tumor grades that we
had used for the analysis of p-PRPK levels (Fig. 6B). Our results
showed that levels of mutated p53 levels in stages I, II, or III were
significantly higher, as compared with normal colon tissues
(Supplementary Fig. S7F). However, levels of mutated p53 were
decreased in stages III and IV, as compared with stage II. These
results suggest that levels of mutated p53 are associated with
colon cancer development in stages I to II, but are not associated
with colon metastasis (stages III or IV). Furthermore, phosphor-

ylated p53 levels were not significantly changed in each stage
compared with normal colon tissues (Supplementary Fig. S7G).
In contrast, our result showed that phosphorylated PRPK levels
were gradually increased in stages III or IV, compared with stages I
or II in colon cancer tissues (Fig. 6B). Overall, our results indicate
that phosphorylated PRPK protein levels are not directly associ-
ated with levels of either mutated or phosphorylated p53 in the
different stages of colon cancer. Together, these findings strongly
suggest that the role of PRPK in colon cancer metastasis is
independent of p53.

Discussion
The biological role of PRPK has not been well defined. We

observed that the protein expression level of PRPK in colon cancer
cell lines was high compared with normal colon cells. For PRPK,
only onephosphorylation site, Ser250,which is required for PRPK
activity, has been reported (5, 6). In human colon tissue array
results, the p-PRPK protein levels were higher in metastatic
adenocarcinoma tissues, as compared with malignant adenocar-
cinoma tissues. We found that PRPK was not directly associated
with p53 phosphorylation as previously reported (1, 4, 5). The
upregulation of p53 activity suppresses cancer malignancy (30);
however, mutant p53 proteins not only lose their tumor suppres-
sive activities, but often gain additional oncogenic functions (31).
We analyzed p-PRPK levels in several colon cancer cell lines with
different p53 status. The cell lines HCT116 and DLD-1 express
wild-type p53 andHCT15,HT-29 andWiDr cells express amutant
p53. All cell lines expressed similar levels of the total PRPK
protein, and only HT-29 exhibited low levels of p-PRPK. These
results suggest that PRPK and p-PRPK protein levels in different
colon cancer cell types are not associated with p53 status in these
cells. Using an in vitro kinase assay, we found that PRPK does not
phosphorylate p53 directly. Active Chk1, which phosphorylates
p53 (32), was used as a positive control.

Metastasis is the formation of secondary tumor foci in one or
more organs away from the primary lesion (33). Identifying
new mechanisms contributing to metastasis is important for
discovering novel chemotherapeutic targets. We explored the
biological function of PRPK in colon cancer metastasis. For
experiments, we used HCT116 cells, which express wild-type
p53, and HCT15 cells, which express a mutant p53. HCT116
and HCT15 cells expressing shPRPK exhibited less migration
and showed attenuated invasion through Matrigel inserts.
Knocking down PRPK expression prevented colorectal liver or
lung metastasis of HCT116 and HCT15 colon cancer cells in vivo
and dramatically increased survival of mice. Because the in vitro
kinase assay showed that PRPK does not phosphorylate p53, we
searched for other substrates for PRPK. Survivin is very impor-
tant for regulation of metastasis in many cancers, including
colon (13–15). Survivin is phosphorylated by Cdc2 at Thr34
(17), and this phosphorylation is important for survivin activ-
ity and stability (16, 17). We showed that PRPK binds with, and
phosphorylates survivin at Thr34, and that this phosphoryla-
tion increases survivin stability.

Many mitogen-activated protein kinases (MAPK) are involved
in cell adhesion, migration, and invasion (34). The PRPK/
survivin interaction represents a new signaling axis that pro-
motes colorectal cancer metastasis. PRPK promoted liver meta-
stasis of HCT116 or HCT15 human colon cancer cells, or lung
metastasis of CT26 mouse colon cancer cells, in a xenograft
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mouse model. PRPK is more highly expressed in metastatic
colon adenocarcinoma tissues compared with malignant ade-
nocarcinoma. Blocking expression of PRPK in human or mouse
colon cancer cells reduced their migration and invasion capa-
bility and metastatic properties. Survivin is upregulated in
human cancer and associated with poor prognosis (13, 15).
Survivin is overexpressed in colorectal cancer (14) and stimu-
lates liver metastasis of colon cancer (21). The phosphorylation
of survivin at Thr34 is important for its therapeutic potential
and its molecular mechanism of action (17). The loss of Thr34
phosphorylation results in inhibition of metastasis (35). We
found that PRPK phosphorylates survivin at Thr34 and increases
the stability of survivin. Phosphorylated PRPK expression was
significantly elevated in colon tumor tissues with higher path-
ologic stages III or IV compared with I or II. Thus, PRPK could

serve as a diagnostic marker and potential therapeutic target
for high-risk colon cancer. We found that FA inhibits PRPK
activity and is effective in reducing colon cancer metastasis in
lung similar to 5-FU, whereas a combination of FA and 5-FU
had additional antimetastatic efficacy in vivo. Combining both
agents reduced colon metastasis to the lung compared with
either agent alone. We believe that this combination is a prom-
ising therapeutic approach that could be applied to a wide range
of human colon cancer malignancies. PRPK is thus a driver of
colon cancer metastasis. The observation that FA targets PRPK,
not TOPK, and dramatically inhibits colon cancer metastasis
suggests that PRPK could be a more direct target for reducing
metastasis. Importantly, our study identified survivin, already
known to be important for metastasis, as a substrate for PRPK.
The association of p53 with PRPK was not supported by our

Figure 6.

The expression levels of
phosphorylated PRPK are associated
with different colon cancer stages.
A, The 5-year survival rate of
patients was examined by tissue array
(87 cases of colon adenocarcinoma)
categorized by stage. Survival rate
of patients with stage III or IV
was significantly decreased
(���� ,P <0.001) comparedwith stage I
patients. B, The same tissue array was
analyzed by IHC to determine
expression levels of phosphorylated
PRPK. Phosphorylated PRPK levels
were significantly increased
(��� , P < 0.001) in tissues at stages I
and II compared with normal adjacent
tissue (NAT) and at stages III and
IV compared with stages I and II
(���� , P < 0.001). Representative
staining of lung tissues is shown
(bottom; 200�).
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study; thus, the name "p53-related protein kinase" is likely a
misnomer. Finally, the translation of FDA-approved FA into the
clinic in combination with the standard treatment of colon
cancer with 5-FU could occur quite rapidly.
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