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Purpose: The cyclin-dependent kinase 1 (Cdk1) and cyclin B complex performs important roles in the transition from the G2 to M
phase in the cell cycle through removal of inhibitory phosphates on Cdkl, and Cdc25B, which is a dual-specific phosphatase, me-
diates these dephosphorylation events. However, measuring Cdc25B activity by existing methods is hampered by inadequate
nonspecific substrates and the need to use a radiolabeled isotope. The present study aimed to develop an improved method with
which to properly measure Cdc25B activity using a novel nonradioisotopic assay and Cdc25B overexpression cell lines.

Materials and Methods: A nonradioisotopic Cdk1 kinase assay, based on Western blotting for retinoblastoma protein and his-
tone H1, was used to analyze Cdc25B activity. Also, stable Cdc25B2 and Cdc25B3 overexpression HeLa cell lines were constructed
using the tetracycline-regulated expression system and were applied as a tool for screening for inhibitors of Cdc25B.

Results: The present study developed and optimized a nonradioisotopic assay method to properly measure Cdc25B activity. Fur-
thermore, we constructed stable Cdc25B2 and Cdc25B3 overexpression HeLa cell lines for the establishment of a strong assay sys-
tem with which to evaluate the specificity of Cdc25B inhibitors under conditions similar to the intracellular environment. These
methods were confirmed as useful tools for measuring Cdc25B activity.

Conclusion: The nonradioisotopic Cdk1 kinase assay and Cdc25B overexpression cell lines developed in this study can be conve-

niently used as tools for screening inhibitors of Cdc25B phosphatase as anticancer drugs.
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INTRODUCTION

The cell division cycle 25 (Cdc25) family, which consists of

Received: May 10, 2018 Revised: August 3, 2018

Accepted: August 9, 2018

Co-corresponding authors: Gyong Sik Ha, MSc, Biopharmaceutical Research
Center, CJ Healthcare R&D Center, CJ HealthCare, 811 Deokpyeong-ro, Majang-
myeon, Icheon 17389, Korea.

Tel: 82-31-639-4355, Fax: 82-31-632-2784, E-mail: gyongsik.ha@cj.net and
Chan-wha Kim, PhD, Department of Biotechnology, College of Life Sciences and
Biotechnology, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul 02841, Korea.
Tel: 82-2-3290-3439, Fax: 82-2-3290-3957, E-mail: cwkim@korea.ac.kr

«The authors have no financial conflicts of interest.

© Copyright: Yonsei University College of Medicine 2018

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

www.eymj.org

Cdc25A, Cdc25B, and Cdc25C, is a highly conserved family of
dual specificity phosphatases that activate a few cyclin-de-
pendent kinase (CDK) complexes, which in turn regulate pro-
gression through cell cycle.! The cyclin-dependent kinase 1
(Cdk1 or Cdc2) and cyclin B protein complex, Cdk1 and cyclin
A complex, Cdk2 and cyclin A complex, and Cdk2 and cyclin E
complex play important roles in cell cycle regulation.” Of these,
the Cdkl1 and cyclin B complex is known to be a key regulator
in cell cycle transition from the G2 to M phase by dephosphory-
lation of the 14th threonine and 15th tyrosine residues of Cdkl,
which is mediated by Cdc25B.*° Cdc25B phosphatases are also
key components of checkpoint pathways that become activat-
ed in the event of DNA damage.' Recent studies have con-
firmed that cell cycle regulators are closely related to cancer.
Cdc25 overexpression has been reported in several types of
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human cancers on analysis of patient tissues and cells.® The
overexpression of Cdc25B in patient tissues has been reported
in esophageal cancer, colon cancer, blood cancer, and lung can-
cer. Cdc25B has been predicted to be a target of cancer drugs.”

However, methods for measuring Cdc25B activity and the
screening assays for drugs targeting Cdc25B are difficult to
use and have some problems. The most common method for
measuring the activity of the Cdc25B phosphatase uses p-ni-
trophenyl phosphate or o-methylfluorescein phosphate as a
substrate.*' Since these substrates are nonspecific, the activity
of Cdc25B is often interpreted incorrectly." Another method
using Y-**P-radiolabeling of histone H1 by Cdkl, which is the
most important physiological substrate of Cdc25B,"'* im-
proves substrate specificity, but is dangerous and inconvenient
to use because of the radiolabeled isotope. Therefore, an im-
proved method to analyze Cdc25B activity is needed that can
satisfy both higher substrate specificity and ease of use. In this
study, we developed a nonradioisotopic Cdk1 kinase assay meth-
od to properly measure Cdc25B activity. The method uses West-
ern blotting to assess physiological substrates of Cdkl, such as
retinoblastoma protein (Rb)'*'¢ and histone H1, to overcome
the inconvenience of use and limited accessibility of the exist-
ing experimental tools. We specifically used antibodies recog-
nizing phosphorylation of the Ser™ residue of Rb or the phos-
pho-Thr-Pro motif of histone H1.

Our general dephosphorylation method uses partial Cdc25B
or GST-fused Cdc25B produced in Escherichia coli,'” which
could lead to an inadequate or non-specific reaction in com-
parison to full-length Cdc25B (with post-translational modifi-
cations) produced in human cells. Thus, Cdc25B overexpres-
sion in human cells is required to produce full-length and fully
post-translationally modified Cdc25B, as Cdc25B has been re-
ported to be slightly expressed at the protein level. However,
HeLa cells, which are the most frequently used human cell
line for cancer research, exhibit a lethal phenotype if Cdc25B
is constitutively expressed.'® Therefore, in this study, Cdc25B
overexpression HeLa cell lines were constructed using an in-
ducible expression system of Cdc25B2 or Cdc25B3, the major
forms of the five splice forms, under the control of tetracycline
to avoid the lethal phenotype of Cdc25. In addition, we devel-
oped in vitro dephosphorylation assay as a specific and simple
tool for screening for Cdc25B inhibitors under conditions sim-
ilar to the intracellular environment using cell-free extracts of
the overexpression cell lines.

Consequently, we developed a new assay system that will
replace general methods in terms of specificity and ease of use
in screening for Cdc25B inhibitors as anti-cancer drugs. In ad-
dition, it is expected that Cdc25B2 or Cdc25B3 overexpression
cell lines can be utilized as a useful tool for screening subtype
selectivity of Cdc25B small interfering RNA (siRNA) candi-
dates and to better understand the function of Cdc25B in physi-
ological conditions.
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MATERIALS AND METHODS

Cdc25 inhibitor
Compound 5 (CPD5), a synthetic vitamin K analog [2-(2-mer-
captoethanol)-3-methyl-1,4-naphthoquinone], was used as a
Cdc25 inhibitor.*

Construction of stable Cdc25B2 or Cdc25B3
overexpression HeLa cell lines
To construct stable HeLa cell lines overexpressing Cdc25B2 or
Cdc25B3, the tetracycline-regulated expression system was
used to make a system with higher levels of induced expression
than those obtained with other regulated mammalian expres-
sion systems. To obtain CDC25B2 or CDC25B3 genes, the
PGEX-KG/Cdc25B2 and pGEX-KG/Cdc25B3 plasmids, which
are GST-fusion expression vectors, were digested with Hind III
and BamHI. The blunted Hind III/BamHI fragments contain-
ing CDC25B2 or CDC25B3 were inserted into pcDNA4/TO di-
gested with EcoRV/BamHI. Insert orientation and integrity were
confirmed by restriction mapping and sequencing.
pcDNA4/TO with either the CDC25B2 or CDC25B3 gene
was transfected into the T-REx™-HeLa cell line (Gibco-BRL,
Grand Island, NY, USA) by the Fugene transfection protocol
(Roche Molecular Biochemical, Mannheim, Germany). After
3 weeks, colonies resistant to zeocin (50 pg/mL) were selected
and confirmed to be HeLa cell line overexpressing Cdc25B2 or
Cdc25B3 through RT-PCR and Western blotting. The cells were
stimulated by adding tetracycline (1 pg/mL) for 24 hours to
induce Cdc25B2 or Cdc25B3 protein expression.
T-REx™-HeLa cells stably express the Tet repressor, and
these cells were cultured in MEM supplemented with blastici-
din (6 pg/mL), 10% tetracycline-reduced fetal bovine serum
(HyClone, Logan, UT, USA), 2 mM glutamine, 0.1 mM non-es-
sential amino acids, 1.0 mM sodium pyruvate, penicillin (100
U/mL), and streptomycin (100 pg/mL) in a 5% CO. humidified
atmosphere.

Cell culture and FACS analysis

HelLa cells were maintained in RPMI medium (Life Technolo-
gy, Gaithersburg, MD, USA) supplemented with 10% fetal bo-
vine serum and antibiotics at 37°C. For kinase assay experi-
ments and cell cycle analysis, HeLa cells were treated with 250
nM nocodazole (Sigma, St. Louis, MO, USA) to induce G2/M
cell cycle arrest, 10 pM CPD5 as a Cdc25B inhibitor, or 0.1%
DMSO as vehicle for 24 hours.

The Cdc25B overexpression HelLa cells were arrested in the
G2 phase by the addition of 800 nM etoposide for 20 to 24 hours
prior to induction. G2 phase-arrested cells were washed with
PBS and then incubated in fresh medium in the presence or
absence of tetracycline for 16 hours.

All cells, both attached and floating, were harvested and
washed with PBS. The cells were then fixed in 70% ethanol at
-20°C overnight and stained with propidium iodide (50 pg/mL)
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and RNase A (1 mg/mL) for cell cycle analysis using the FAC-
Scan system (Becton Dickinson, Mountain View, CA, USA).

Protein extraction

Total protein extracts were prepared with cell lysis buffer (Cell
Signaling Technology, Beverly, MA, USA) according to the man-
ufacturer’s instructions, and the concentrations were quanti-
fied using the BCA protein assay kit (Pierce, Rockford, IL, USA).

Western blotting

The general Western blot protocols used in this study were de-
scribed in Molecular Cloning: A Laboratory Manual, 2nd edi-
tion." The primary antibodies used included anti-Cdk1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-pTyr'® Cdk1l
(Sigma), anti-cyclin B (Santa Cruz Biotechnology), anti-pSer’
Rb (Cell Signaling Technology), and anti-pThr/Pro motif-recog-
nizing antibodies (Cell Signaling Technology). Antibody sig-
nals were detected using horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence (lu-
minol) according to the manufacturer’s instructions (Santa
Cruz Biotechnology).

RT-PCR

Total RNA was prepared with RNA extraction columns (Qiagen,
West Sussex, UK), and RNA concentrations in each sample
were determined spectrophotometrically. Using 2 pg of total
RNA as a template and oligo-dT primers (Invitrogen, San Diego,
CA, USA), RT-PCR was performed with Superscript I RNase
H reverse transcriptase (Invitrogen).

Cdk1 kinase assay

Total protein extracts (100 pg) prepared from HeLa cells treat-
ed with 250 nM nocodazole were immunoprecipitated using
an anti-cyclin B antibody to obtain Cdkl immunoprecipitates
(TP). The Cdk1 IP or five units of purified Cdkl (NEB, Beverly,
MA, USA) were incubated in 20 pL of kinase buffer containing
50 mM Tris-HCI pH 7.5, 10 mM MgCl,, 1 mM EGTA, 2 mM
DTT, 1 pg of Rb (Cell Signaling Technology) or 2 pg of histone
H1 (Roche, Meylan, France) as substrate, and 500 pM ATP at
30°C for 30 minutes. The reaction was terminated by adding
5x SDS sample loading buffer, boiled for 5 minutes, and sepa-
rated by SDS-PAGE. The proteins in the gel were transferred
to a nitrocellulose membrane and probed with anti-pSer’® Rb
antibody (Cell Signaling Technology) or anti-pThr/Pro motif-
recognizing antibody (Cell Signaling Technology). The signals
were detected by chemiluminescence and analyzed with a Flu-
orChem™ 8800 image analyzer (Alpha-Innotech, San Lean-
dro, CA, USA).

In vitro Cdk1 dephosphorylation assay

Phospho-Cdk1 IP was prepared by immunoprecipitation with
a monoclonal Cdkl antibody from HeLa cell extracts treated
with CPD5. Cdc25B2 or Cdc25B3 overexpression HeLa cell ly-
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sates were prepared using cell lysis buffer (Cell Signaling Tech-
nology) without phosphatase inhibitors and were cleared of
endogenous Cdk1 and cyclin B proteins by the immuno-de-
pletion method. The Cdkl- and cyclin B-depleted lysate was
incubated with high phospho-Cdkl IP in phosphatase buffer
with or without compounds for 60 minutes at 37°C. The de-
phosphorylation reaction was terminated by adding 5x SDS
sample loading buffer. Western blotting for the detection of
dephosphorylated Cdk1 was performed with anti-pTyr' Cdkl
and anti-Cdk1 antibodies.

MALDI-TOF mass spectrometry

In-gel digestion was performed according to Applied Biosys-
tems’ instructions. The Coomassie blue-stained bands were
cut out and washed with 50% acetonitrile/25 mM ammonium
bicarbonate (pH 8.0) solution three times. Gels were dehydrat-
ed by soaking in 100% acetonitrile and dried in a vacuum cen-
trifuge. The gel pieces were then incubated in 20 pL of digestion
buffer containing 25 mM ammonium bicarbonate (pH 8.0)
and 10 pg/mL of trypsin (Promega, Madison, W1, USA) in an
ice-cold bath. After 30 minutes, the supernatant was removed
and replaced with 10 pL of 25 mM ammonium bicarbonate
buffer. Thereafter, the gel was incubated at 37°C for 16 hours.
Peptides were extracted twice with 30 pL of 50% acetoni-
trile/5% TFA solution for 60 minutes and dried in a vacuum
centrifuge. Three microliters of the matrix (o-cyano-4 hydroxy-
cinnamic acid) dissolved in 100% acetonitrile/0.1% TFA solu-
tion was mixed with the extracted peptides. Then, the peptide
mixture (1 pL) was deposited on a MALDI plate and dried at
room temperature. The peptide spectra were detected with
MALDI-TOF Voyager DE-STR (Applied Biosystems, Framing-
ham, CA, USA). The general procedure related to MALDI-TOF
was carried out according to Applied Biosystems’ instructions,
and the peptide peaks were analyzed by searching the Pro-
teinProspector MS-FIT database.

siRNA preparation and transfection
Four siRNAs were chemically synthesized by Invitrogen. HeLa
cells and Cdc25B overexpression HelLa cells were cultured at
37°C. The cells were plated at approximately 70% confluence
for 16 hours before transfection. Lipofectamine (Invitrogen)-
mediated transient co-transfection of siRNAs was performed
as described by the manufacturer for adherent cell lines. Cells
were incubated in the transfection mixture for 6 hours with
100 nM siRINA1, 100 nM siRNA2, 50 nM siRINA3, or 50 nM siR-
NA4. After transfection, the cells were further cultured in anti-
biotic-free media for 30 hours, and total protein extracts were
prepared as previously described. Specifically, Cdc25B over-
expression HeLa cells were stimulated by adding tetracycline
(1 pg/mL) to induce Cdc25B2 or Cdc25B3 protein production
after transfection.

The inhibition of cell proliferation was measured by MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
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assay. MTT was added to the cells that were transfected with
siRNA for 4 hours, and absorbance was measured at 540 nm.

RESULTS

Development of the Cdk1 kinase assay

In this study, we aimed to develop a nonradioisotopic Cdkl
kinase assay method with which to properly measure Cdc25B
activity using a Western blotting method targeting substrates
of Cdkl, such as Rb and histone H1.%-*2 Two kinds of Cdk1 were
prepared: one was commercially available, purified Cdk1
made by NEB, and the other was Cdkl immunoprecipitated
from HelLa cell extracts using anti-cyclin B antibody. The puri-
fied Cdk1 kinase or Cdk1 IP was incubated with Rb or histone
H1 substrates. After the reaction was terminated, phosphory-
lation levels were detected by Western blot. The Rb and his-
tone H1 substrates were phosphorylated by Cdk1 (Fig. 1A and
B, lanes 1 and 5). In the presence of the Cdk1 kinase inhibitor
olomoucine, the phosphorylation rate was dramatically de-
creased, as predicted (lanes 2 and 6). Unlike histone H1, Rb
has never been used as a Cdk1 substrate before this study; there-
fore, we confirmed that the phospho-Ser™ site of Rb was phos-
phorylated by Cdkl using MALDI-TOF with in-gel digestion
(data not shown). These results indicated that Cdk1 kinase ac-
tivity can be measured by this nonradioisotopic method using
Cdkl immunoprecipitated from cell extracts, as well as com-
mercially available Cdk1.

To optimize the nonradioisotopic Cdk1 kinase assay, several
factors that may influence results were examined. The amount
of total protein from HeLa cell extracts to obtain Cdkl IP, the
amount of Rb or histone H1 substrate, and the duration of the
reaction time were shown to be positively correlated with
phosphorylation levels (Fig. 2). Exceeding a certain ATP con-
centration, however, did not affect the reaction. These results
suggested that the nonradioisotopic method is applicable as
an assay to measure Cdk1 activity.

A Rb
Purified-Cdk1 ~ + + . _ _ _
P - - B + + + +
Rb  + + - + + _ +
ATP  + + + + + + _
Olomoucine  — + - - n _ _
p-Serss Rb (M. = - J
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Cdk1 kinase assay as a tool for the measurement of
Cdc25B activity

To confirm if the Cdk1 kinase assay can measure Cdc25B ac-
tivity, HeLa cells treated with DMSO as a negative control;
with CPD5, a synthetic vitamin K analog [2-(2-mercaptoe-
thanol)-3-methyl-1,4-naphthoquinone], as a Cdc25B inhibi-
tor;** or with nocodazole to induce G2/M cell cycle arrest by
blocking tubulin polymerization were used. The cell-cycle state
of each condition was confirmed by FACS analysis (Fig. 3A).
The expression levels of Cdkl and phosphorylated Cdkl were
detected by Western blot analysis of Cdkl IP (Fig. 3B). As ex-
pected, nocodazole induced the dephosphorylation of Cdkl
during G2/M arrest, and CPD5 increased dramatically Cdk1
phosphorylation by inhibiting Cdc25B, compared to the neg-
ative control DMSO. Furthermore, with Cdk1 IP, we also con-
ducted Cdk1 kinase assay to measure Cdc25B activity as de-
scribed previously (Fig. 3C), and we found that Cdk1 kinase
activity was inversely proportional to the phosphorylation level
of Cdkl protein, as predicted. In addition, we found similar
results when the same test was carried out with in-house Cd-
¢25B inhibitor candidates (data not shown). Therefore, these
results suggested that this assay can be effectively used not only
in screening for Cdkl inhibitors, but also for developing Cd-
¢25B inhibitors by treating cells directly therewith.

Construction and characterization of Cdc25B2 and
Cdc25B3 overexpression cell lines

It has been reported that Cdc25B has oncogenic properties
and is overexpressed in head and neck, colorectal, and breast
cancer.® However, among five splicing variants of Cdc25B, only
Cdc25B2 and Cdc25B3 are slightly expressed at the protein
level, whereas the other spliced forms have only been detected
at the transcript level. In this study, because Cdc25B2 and Cd-
c25B3 are the major splice forms and have oncogenic proper-
ties, we constructed stable Cdc25B2 or Cdc25B3 overexpres-
sion HeLa cell lines under the control of tetracycline (to avoid
the lethal phenotype caused by constitutive expression of Cd-
c25B protein) to establish a strong assay system with which to
evaluate the specificity of Cdc25B inhibitors, such as small mol-
ecule inhibitors or siRNA. The inducible cell lines were selected,

B Histone H1
Purified-Cdk1  + + + + _ _ _ _
P - - - -t + + +
Rb  + + - + + _ +
ATP  + + - ¥ + _
Olomoucine  — + - - n _ _

pThpronistoneH1 [P +«  GERew ) 4

Fig. 1. A nonradioisotopic assay method to measure Cdk1 kinase activity. We used two kinds of Cdk1 kinases, one was Cdk1 IP and the other was com-
mercially available Cdk1. The Cdk1 IP was prepared from Hela cell extracts treated with 250 nM nocodazole, and the commercial Cdk1 kinase was pur-
chased. These two kinds of Cdk1 were used to measure Cdk1 kinase activity in the presence (lanes 2, 6) or absence (lanes 1,3, 4,5, 7, 8) of 1 mM olomou-
cine (a Cdk1 kinase inhibitor) using Western blotting with 1 pg of Rb (A) or 2 g of histone H1 (B) as a substrate. The Cdk1 kinase activity was determined
by phosphorylation levels of each substrate using the anti-pSer™ Rb antibody or anti-pThr/Pro motif-recognizing antibody, respectively. Cdk1, cyclin-de-

pendent kinase 1; Rb, retinoblastoma protein; IP,immunoprecipitates.
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Rb Histone H1
Amount of protein (ug) 5 10 20 50 100 150 Amount of protein(ug) 10 20 50 100 150
p-Ser=Rb [ e BB = .. p-Thr/Pro histone HT | S s S o -
Amountof Rb (ug) 0.1 025 05 1 2 Amount of Rb (ug) 0.5 1 2 4 8
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Fig. 2. Optimization of several conditions for the Cdk1 kinase assay. Several key factors were examined to optimize the conditions of the Cdk1 kinase as-
say. The basic procedure of the reaction was described in the Materials and Methods section with the exception of the indicated protein amounts from
Hela cell extracts to obtain Cdk1 IP, substrate amounts, ATP concentrations, and reaction times using Rb or histone H1 as a substrate. All examined pa-
rameters were positively correlated with Cdk1 kinase activity, except for the excess concentration of ATP. Cdk1, cyclin-dependent kinase 1; Rb, retino-
blastoma protein; IP, immunoprecipitates.
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DMSO CPD5 (10 pM) Nocodazole (250 nM)
B Western blot analysis C Cdk1 kinase assay
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Cyclin B =—2»
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Fig. 3. Cdk1 kinase assay as a tool for assessing Cdc25B activity. To determine if the Cdk1 kinase assay can measure Cdc25B activity by treating cells di-
rectly with Cdc25B inhibitors, we performed the following tests: (A) FACS analysis results for HeLa cells treated with 0.1% DMSO as a negative control, 10
pM CPD5 as a Cdc25B inhibitor, or 250 nM nocodazole are shown in (A). Cdk1 IPs derived from Hela cells treated with DMSO (lane 1), CPD5 (lane 2), or
nocodazole (lane 3) were used to conduct Western blot analysis (B) and Cdk1 kinase assay (C). Total protein extractions, Western blotting, and Cdk1 ki-
nase reactions were performed as described in the Materials and Methods. Cdk1, cyclin-dependent kinase 1; Rb, retinoblastoma protein; IP, immunopre-
cipitates; CPD5, compound 5.
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and mRNA and protein levels were confirmed by RT-PCR and
Western blot, respectively (Fig. 4A and B). Biological activities
were also confirmed through two assays: the release of cells
arrested in G2 phase into G1 phase and increase of Cdkl kinase
activity (Fig. 4C and D). Cdc25B2 protein induced by tetracy-
cline pushed G2/M-arrested cells into G1 phase, and the ac-
tivity of Cdk1, which is the physiological substrate of Cdc25B,
was higher than that induced in the absence of tetracycline.
However, the biological activities were lower than expected,
and we considered that the activity of overexpressed Cdc25B
might be regulated by cellular feedback.

To better understand the function of Cdc25B2 and Cdc25B3
in physiological conditions, we performed two-dimensional
gel electrophoresis and MALDI-TOF mass spectrometry ex-
periments to identify differentially expressed or post-transla-

A M 1 2 3 4
Fp —— — L e — 5B
39 — -— - «— Cde25B2
344
B 12 3 4
— Cdo2583
Cdc25B2
T — — — Actin
C Not-induced Induced
G1: 1266 G1:20.07
$:1421 5:18.18
200 41 Go/M: 59.46 200 4| Go/M: 25,81
160 6o,
3 2
(&5) (&)
0 200 400 600
FL2-A FL2-A
D Kinase activity
1.2

p-Ser’Rh —> . —

Ckl — — —

Fig. 4. Construction and characterization of Cdc25B2 and Cdc25B3 over-
expression cell lines. We constructed stable Cdc25B2 or Cdc25B3 over-
expression Hela cell lines under the control of tetracycline to establish a
strong assay system, and the cell lines were characterized by transcript
levels (A), protein levels (B), and biological activity levels (C and D). (A) RT-
PCR, (B) Western blotting. M: Size Marker, Lane 1: Cdc25B2 not induced
cell line, Lane 2: Cdc25B2-induced cell ling, Lane 3: Cdc25B3 not induced
cell line, Lane 4: Cdc25B3-induced cell line. (C) Biological activity of the
Cdc25B2 overexpression cell line was confirmed by FACS analysis. The
cell line was arrested at G2 phase after 24 hours of treatment with 800 nVl
V/P-16 (etoposide). After 16 hours of treatment with tetracycline, the cell
cycle was analyzed by FACS. (D) Biological activity in the Cdc25B2 over-
expression cell line was confirmed by the Cdk1 activity assay using Cdk1
IP. Lane 1: Cdc25B2-induced cell line, Lane 2: Cdc25B2 not induced cell
line. Cdk1, cyclin-dependent kinase 1; Rb, retinoblastoma protein; IP, im-
munoprecipitates.
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tionally modified (PTM) proteins in the stable cell lines. We
found four differentially upregulated and four PTM spots
(data not shown). Each protein spot was identified by peptide
mass fingerprinting of MALDI-TOF and searching the Pro-
teinProspector MS-Fit database. The four upregulated proteins
were identified as vimentin, hnRNP K [transformation upreg-
ulated nuclear protein (TUNP)], heat shock cognate 71 kDa pro-
tein, and annexin II. Three out of the four hits for PTM pro-
teins were all for alpha enolase, and one of the PTM proteins
was identified as Transgelin 2 (Table 1). It is especially notable
that vimentin and heat shock cognate 71 kDa protein were up-
regulated specifically in the Cdc25B3-induced cell line. These
results may help to reveal the function of Cdc25B2 and Cd-
¢25B3 in physiological conditions.

Application of Cdc25B overexpression cell lines:

in vitro dephosphorylation assay

To directly screen for inhibitors of Cdc25B at the in vitro level,
a dephosphorylation assay using Cdc25B overexpression cell
lines was developed. This method can be used as a specific and
simple screening tool for Cdc25B inhibitors under conditions
similar to the intracellular environment by using cell-free ex-
tracts depleted of Cdk1 and cyclin B without purification of ac-
tivated Cdc25B. The in vitro dephosphorylation reaction was
performed as described in the Materials and Methods. As shown
in Fig. 5, the dephosphorylation assay using phosphatase in-
hibitors (lane 4 in Fig. 5A and B) showed similar phosphoryla-
tion of Cdkl compared to that of the control (lane 2 in Fig. 5A
and B), suggesting that the inhibitors blocked Cdc25B activity.
In addition, CPD5, a known inhibitor of Cdc25B, showed sim-
ilar results (lane 6 in Fig. 5A), although the phosphorylation
level was lower than that observed for the phosphatase inhibi-
tors, suggesting that the results were obtained via the same
pathway. Interestingly, CPD5 was ineffective at inhibiting Cd-
€25B3 activity (lane 6 in Fig. 5B) and specifically inhibited Cd-
c25B2. Taken together, these results demonstrated that the
dephosphorylation assay developed in this study can be used
not only as a useful tool for measuring Cdc25B activity but also
as a tool for confirming the activity of specific splice variants
of Cdc25B.

Application of Cdc25B overexpression cell lines:
screening tool for Cdc25B siRNA candidates

In previous studies, we have confirmed that it is not possible
to evaluate the inhibitory activity of siRNA using the HeLa cell
line because it was difficult to detect Cdc25B2 or Cdc25B3 at
the protein level (data not shown). Therefore, herein, we stud-
ied whether Cdc25B overexpression cell lines could be used
as a siRNA screening tool. As shown in Fig. 6A, four siRNAs were
designed and constructed to mediate specific gene silencing
through an interaction with the RNA-induced silencing com-
plex. It has been reported that exon 4 of CDC25B2 consists of
only a portion of the sequence of exon 4 of CDC25B3, and the

https://doi.org/10.3349/ym|.2018.59.8.995
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Table 1. Differentially Expressed or PTM Proteins in Cdc25B Overexpression Cell Lines

Ymj

Accession MW (Da)/

Protein identified Change Induced by Physiological function of the protein Ref
number pl
. . Involved in communication and transportation
Vimentin P08670  53686/5.1 Upregulated Cdc25B3 25,26
between the cell surface and nucleus
hnRNP K/transformation upregulated Involved in chromatin remodeling, transcription,
7244 77/5.4 lat 25B2 27
nuclear protein (TUNP) a0 50977/54 Upregulated Cdcz582/3 pre-mRNA splicing, mRNA transport and translation
Heat shock cognate 71 kDa protein P11142  70899/5.4 Upregulated Cdc25B3  Facilitates proper protein folding 28,29
An autoanti i tive ti i
Alpha enolase POG733  47169/70 PTM CdozsBz/3 1" autoantioen in connective tissue disease or 30,31
renal disease
Alpha enolase P06733  47169/7.0 PTM Cdc25B2/3
Alpha enolase P06733  47169/7.0 PTM Cdc25B2/3
Annexin Il (Lipocortin Il) P07355  38604/7.6 Upregulated Cdc25B2/3 quolved in cell mot|!|ty, endocytosis, f|b.r|no|y3|s., 32
ion channel formation, and cell matrix interaction
Transgelin 2 (SM22-alpha homolog) P37802  22392/8.4 PTM Cdc25B3  An early marker of differentiated smooth muscle 33
PTM, post-translational modification; MW, molecular weight.
A Cdc25B2 B Cdc25B3
1 2 3 4 5 6 1
pCO — - - e p-Cak1 —p
Cak1 — . — —— — Cdk1 — —— e p— — ——
— —— — — v — |G light Chain 7] T S— — ——— —

Fig. 5. In vitro Cdk1 dephosphorylation assay using Cdc25B overexpression cell lines. To develop a simple screening tool for Cdc25B inhibitors under con-
ditions similar to an intracellular environment at the in vitro level, we used cell-free extracts depleted of Cdk1 and cyclin B from Cdc25B2 or Cdc25B3
overexpression Hela cells. (A and B) Phospho-Cdk1 as a substrate was prepared by immunoprecipitation with a monoclonal Cdk1 antibody from Hela
cell extracts treated with CPD5. The dephosphorylation reaction was performed as described in the Materials and Methods section. Cdk1 IPs were incu-
bated with buffer only (lane 2), cell-free extract depleted of Cdk1 and cyclin B (lane 3) in the presence of 0.1% DMSO as a negative control (lane 5), phos-
phatase inhibitors (5 mM B-glycerophosphate and 0.1 mM NasV0,) as a positive control (lane 4), or 10 uM CPD5 in the presence of 0.1% DMSO (lane 6).
Lane Tincludes cell-free extract alone. Cdk1, cyclin-dependent kinase 1; IP,immunoprecipitates; CPD5, compound 5.

remaining exon and intron sequences are the same." In the
present study, the siRNA1 construct targeted a portion of the
sequence in exon 4 of CDC25B; the siRNA2 construct targeted
the intron between exons 4 and 5; and the siRNA3 and siRNA4
constructs targeted the intron between exons 5 and 6. Cdc25B
mRNAs were prepared and measured by RT-PCR after 24 hours
of transfection of each siRNA (data not shown), and Cdc25B
protein was also extracted and measured by Western blot (Fig.
6B). Each siRNA selectively down-regulated both the mRNA
and protein expression levels of Cdc25B. Among the con-
structs, siRNAL1 selectively down-regulated Cdc25B3, rather
than Cdc25B2. The other siRNA constructs down-regulated
both Cdc25B2 and Cdc25B3 to different degrees. In addition,
we performed MTT assays to analyze the effects of the siRNAs
on the proliferation of Cdc25B overexpression cell lines. In re-
sult, we confirmed that all siRNAs inhibited cell proliferation,
although to different degrees (data not shown).

In summary, we confirmed that the Cdc25B overexpression
cell lines constructed in this study can be conveniently used as
a powerful tool for screening inhibitors of Cdc25B phospha-
tase and subtype selectivity of Cdc25B siRNA candidates.

https://doi.org/10.3349/ymj}.2018.59.8.995

DISCUSSION

Cdc25B phosphatase plays an important role in cell cycle reg-
ulation by dephosphorylating its physiological substrate,
Cdkl (Cdc2)/cyclin B.! Because Cdc25B is overexpressed in
many human cancers,® which leads to excessive activation of
its physiological substrate, aberrant cell cycle progression, and
poor clinical outcomes, Cdc25B has been actively pursued as
an attractive target of cancer drugs for a long time. Thus, valid
assay methods for evaluating the activity of Cdc25B are essen-
tial to avoid false positive or false negative results when screen-
ing anti-cancer drug candidates. However, measuring Cdc25B
activity with existing methods is hampered by the use of inad-
equate substrates of Cdc25B, such as p-nitrophenyl phosphate
and 3-O-methylfluorescein phosphate, and the use of non-
native forms of Cdc25B, such as recombinant C-terminal Cd-
c25B or GST-fused Cdc25B produced in E. coli, thereby yield-
ingless than optimal results.*" Other methods have also been
reported to be inconvenient and have limited accessibility as
an experimental tool due to Y-**P labeling of histone H1 by Cdk1,
a physiological substrate of Cdc25B. Therefore, in this study,
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siRNA1 5'-ggaggatgatggatttgtc-3' (650-668nt)

siRNA2 5'-aaggacctcgtcatgtacage-3' (993-1103nt)

siRNA3 5'-ccttattgacgggcaagttcagcaa-3' (1339-1363nt)

siRNA4 5’-gcaagticagcaacatcgtggataa-3’ (1351-1375nt)
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Fig. 6. siRNA screening assay using Cdc25B overexpression cell lines. To
examine whether Cdc25B overexpression Hela cell lines could be used as
a siRNA screening tool, we performed the following: (A) The CDC25B2 and
CDC25B3 genes are identical, except that exon 4 of CDC25B2 consists of
only a portion of the sequence of exon 4 of CDC25B3. Four siRNAs were
designed to inhibit Cdc25B2 or Cdc25B3 expression selectively, and each
sequence is presented. (B) The inhibition effects of the siRNAs were mea-
sured by Western blotting. After siRNA transfection of Cdc25B2 or Cdc25B3
overexpression cell lines, the expression level of each protein was ana-
lyzed with anti-Cdc25B and anti-p actin antibodies. Lane 1: notinduced cell
line, Lane 2: induced cell ling, Lane 3: induced cell line transfected with
siRNAT, Lane 4: siRNA2, Lane 5: scrambled siRNA, Lane 6: siRNA3, Lane
7: siRNA4, Lane 8: scrambled siRNA. siRNA, small interfering RNA.

we developed a nonradioisotopic assay method based on
Western blotting to properly measure Cdc25B activity using
Cdk1. This Western blotting method is easily accessible and
avoids the issues with existing methods. This assay is relatively
easy and does not require purification of the native form of
Cdc25B from human cells. Cdc25B activity can be measured
after treating HeLa cells directly with Cdc25B inhibitors, per-
forming immunoprecipitation of cell lysates and Western blot-
ting of immunoprecipitated proteins. As shown in Fig. 2, we
optimized the Cdk1 kinase assay by altering various factors,
such as the amount of substrate, amount of enzyme, concentra-
tion of ATP, and reaction time.

Meanwhile, because Cdc25B can be slightly detected at only
the protein level, in this study, we constructed Cdc25B2 and
Cdc25B3 overexpression HeLa cell lines to establish a strong
assay system for the evaluation of specific Cdc25B inhibitors.
Cdc25B2 and Cdc25B3 have oncogenic properties and are the
major components of the 5 splice forms of Cdc25B. We con-
firmed the overexpression of Cdc25B2 and Cdc25B3 through
RT-PCR, Western blotting, and two assays for biological activi-
ty (Fig. 4). However, we found that the biological activities were
lower than expected, considering the levels of RNA and pro-
tein expression. These results may be due to the complexity of
various negative feedback systems for Cdc25B within cells.
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For example, MEK1 destabilizes Cdc25B by phosphorylating
Ser249, leading to proteasomal degradation of Cdc25B. Acti-
vation of Jun N-terminal kinase (JNK) and p38 leads to phos-
phorylation of Ser101 of Cdc25B, thereby resulting in the rapid
degradation of Cdc25B and cell cycle arrest. Centrosome-as-
sociated Chkl negatively regulates Cdc25B through phos-
phorylation at Ser230 and Ser563. Additionally, 14-3-3 pro-
teins bind with high affinity to the Ser323 residue located near
the catalytic site of Cdc25B, disrupting Cdkl1 substrate access
to the catalytic site.

As shown in Table 1, vimentin and heat shock cognate 71
kDa protein were only upregulated in the Cdc25B3-induced
cell line. This result suggests that Cdc25B2 and Cdc25B3 are
regulated by slightly different signaling pathways within the
induced cells. Thus, these overexpressed cell lines may not only
help to understand the mechanism of action of Cdc25B inhibi-
tors, but also provide useful information for understanding
differences in the signaling of Cdc25B variants. Recent studies
have reported that the expression patterns of Cdc25B variants
differ by cancer type. For example, Cdc25B3, rather than Cd-
c25B1 or Cdc25B2, was found to be overexpressed in most
pancreatic cancer cases and to be associated with poor cancer
prognosis.'® Meanwhile, however, overexpression of the Cd-
c25B2 variant was correlated with tumor grade in colorectal
cancer® and increased tumor progression in non-Hodgkin
lymphoma cases.* This information suggests that a Cdc25B in-
hibitor as an anticancer agent for a specific cancer type should
target a specific Cdc25B variant that is overexpressed therein.
In this study, we developed an in vitro dephosphorylation as-
say using cell-free extracts of Cdc25B overexpression cell lines
and showed that the assay can be used to screen for Cdc25B
inhibitors under conditions similar to the intracellular envi-
ronment. The in vitro dephosphorylation assay shown in Fig.
5 indicated that CPD5 specifically inhibited Cdc25B2 but not
Cdc25B3. In addition, we found that siRNA1 specifically inhib-
ited Cdc25B3, as shown in Fig. 6B. Therefore, the assays devel-
oped herein can be used to discover inhibitors against certain
Cdc25B variants.

To summarize the data presented herein, our results show
proof of concept that these assay methods can be applied to
screen for Cdc25B inhibitors as anticancer drugs. The newly
developed system uses Western blotting and Cdc25B overex-
pression cell lines, with improved specificity and ease of use
in comparison with older methods. We expect that this system
can be utilized as a screening tool for subtype selectivity of
Cdc25B inhibitors, such as small molecule inhibitors and siR-
NA. In near future, we will further optimize assay conditions
that are applicable to high-throughput screening and conduct
bioanalytical method validation studies for the development
of new pharmaceuticals.

https://doi.org/10.3349/ym|.2018.59.8.995
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