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Abstract
Aim: Cell division cycle 25 (CDC25) phosphatases have recently been consid-
ered as potential targets for the development of new cancer therapeutic agents.  
We aimed to discover novel CDC25B inhibitors in the present study.  Methods: 
A molecular level high-throughput screening (HTS) assay was set up to screen a 
set of 48000 pure compounds.  Results: HTS, whose average Z´ factor is 0.55, 
was finished and LGH00045, a mixed-type CDC25B inhibitor with a novel struc-
ture and relative selectivity for protein tyrosine phosphatases, was identified.  
Furthermore, LGH00045 impaired the proliferation of tumor cells and increased 
cyclin-dependent kinase 1 inhibitory tyrosine phosphorylation.  In synchronized 
HeLa cells, LGH00045 delayed cell cycle progression at the G2–M transition.  
Conclusion: LGH00045, a novel CDC25B inhibitor identified through HTS, 
showed good inhibition on the proliferation of tumor cells and affected the cell 
cycle progression, which makes it a good hit for further structure modification.
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Introduction
Cell division cycle 25 (CDC25), a subfamily of dual 

specificity protein-tyrosine phosphatase (DUSP), plays a 
pivotal role in the regulation of the cell cycle.  There are 
3 CDC25 homologues encoded by the human genome: 
CDC25A, CDC25B, and CDC25C[1].  CDC25A is involved 
in G1/S phase transition through dephosphorylating the 
cyclin-dependent kinase 2 (CDK2)/cyclin A complex[2].  
CDC25B functions as a mitotic starter by dephosphorylat-
ing and activating CDK2/cyclin A and CDK1/cyclin B[3], 
and CDC25C was thought to be involved in permitting 
cell entry into mitosis and controlling the initiation of the 
S-phase[4].  In addition, CDC25 phosphatases are involved 
in mitogenic and steroid receptor signal transduction path-
ways and apoptotic responses to stress[5].

CDC25 phosphatases, particularly the CDC25A and 
CDC25B isoforms, have been reported to be overexpressed 
in primary tissue samples from various human cancers[6–11].  
Several lines of evidence indicate that the overexpression 

of CDC25 contributes to cancer.  The co-expression of 
CDC25A or CDC25B cooperated with either oncogenic v-
Ha-ras Harvey rat sarcoma viral oncogene homolog (HRAS) 
or the loss of retinoblastoma (RB1) gene to transform 
mouse embryonic fibroblasts, which resulted in the capabil-
ity of forming high-grade tumors in vivo[12].  Furthermore, 
the targeting of CDC25B overexpression to the mammary 
glands of mice resulted in the increased proliferation of 
mammary epithelial cells and hyperplasia, which induced 
tumor growth with additional challenge with the 9,10-di-
methyl-1,2-benzanthracene carcinogen[13,14].  Conversely, 
downregulating the expression of CDC25B or CDC25C by 
microinjecting antibodies against CDC25B or CDC25C, or 
transfecting with inactive mutants, caused a G2 arrest[15–17], 
whereas those against CDC25A caused G1 arrest[18,19].  
These results in turn make them ideal targets for a new 
anticancer therapy.  Recent reports have shown that the 
most numerous and active inhibitors were paraquinonoid 
compounds derived from vitamin K, such as NSC663284, 
JUN1111, BN82685, and adociaquinone.  However, the 
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compounds of this family probably acted through the  
irreversible oxidation of the cysteine residue in the catalyt-
ic domain of CDC25 phosphatases into a sulfonic acid[20], 
which could cause many other off-target effects in vivo.  
Therefore, the discovery of other non-quinonoid com-
pounds may offer new inspiration in designing CDC25B 
inhibitors.  Some non-quinonoid CDC25 inhibitors have 
been published previously.  For example, H32, a sulfone 
derivative of vitamin K3, is not capable of undergoing re-
dox cycling and generating toxic oxygen species, compared 
with quinine derivatives[21].  KR61170, a 11-arylbenzo[b]
naphtha[2,3-d]furan derivative, previously reported to be 
a potent protein tyrosine phosphatase 1B (PTP1B) inhibi-
tor[22], was thought to interfere with the arginine residue 
within the catalytic domain of CDC25 proteins[23].

Due to the great potential of CDC25 as an antitumor 
target, a high-throughput screening (HTS) for CDC25B in-
hibitors based on the molecular level was developed.  After 
the screening of our compound library, LGH00045, as a 
novel non-quinonoid inhibitor of CDC25B, was identified.

Materials and methods

Materials and instruments The plasmid pGEX–KG 
was a kind gift from Dr Kun-liang GUAN of the Univer-
sity of Michigan (Ann Arbor, MI, USA).  The restriction 
enzymes and Ex Taq polymerase were purchased from 
TaKaRa (Dalian, China).  Escherichia coli strain BL21–
CodonPlus (DE3) was from Stratagene (La Jolla, CA, 
USA). Substrate p-nitrophenyl phosphate (pNPP) was from 
Calbiochem (San Diego, CA, USA), and 3-O-methylfluo-
rescein phosphate (OMFP) was from Sigma (St Louis, MO, 
USA).  High-glucose Dulbecco’s modified Eagle’s medium 
(HG-DMEM), McCoy’s 5A medium, and RPMI-1640 me-
dium were from Invitrogen (Carlsbad, CA, USA).  Fetal 
bovine serum (FBS) was purchased from Hyclone (Logan, 
UT, USA).  3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razoliom bromide (MTT) and propidium iodide were also 
from Sigma (USA).  Antibodies specific to CDK1, Y15-p 
CDK1 and cyclin B1, anti-b-actin, horseradish peroxidase 
(HRP)-linked antimouse immunoglobulin (IgG), and an-
tirabbit IgG antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA, USA).  The nitrocellulose 
membranes were from Amersham Biosciences (Piscataway, 
NJ, USA), and the enhanced chemiluminescence (ECL) re-
agents were from Calbiochem (USA).  Other solvents and 
reagents used in experiments were of analytical grade.

PCR was performed using the GeneAmp PCR Sys-
tem2400 from Perkin–Elmer (Norwalk, CT, USA).  

GSTrap FF and HiPrep 26/10 desalting columns were 
obtained from Amersham Pharmacia Biotech (Sweden).  
The continuous kinetic monitoring of enzyme activity was 
performed on a SPECTRAmax 340 or Flexstation2-384 
microplate reader (Molecular Devices, Sunnyvale, CA, 
USA) and controlled by Softmax software (Sunnyvale, CA, 
USA).  Liquid handling for random screening was carried 
out with a Biomek FX liquid handling workstation from 
Beckman Coulter (Fullerton, CA, USA) and HYTRA-
96 semi-automated 96-channel pipettors from Robbins 
(Sunnyvale, CA, USA).  A Becton Dickinson FACSCalibur 
CellSorting system (BD Bioscience, Franklin Lakes, NJ, 
USA) was also used for cell circle analysis.

Construction, expression, and purification of the 
CDC25B catalytic domain  The cDNA of the CDC25B 
catalytic domain (1354–1923 nt according to gi11641416) 
was cloned into the pGEX–KG expression vector.  The 
protein was expressed as a glutathione-S-transferase (GST) 
fusion protein in Escherichia coli BL21–CodonPlus (DE3) 
and purified with a glutathione sepharose column as previ-
ously described[24].

CDC25B enzymatic assay and HTS  The enzymatic 
activity of the CDC25B was determined at 30 °C by moni-
toring the dephosphorylation of OMFP, which was detected 
at a 485 nm excitation wavelength and 530 nm emission 
wavelength in the EnVision multilabel plate reader (Per-
kin–Elmer Life Sciences, Boston, MA, USA).  The typical 
inhibition assay was carried out in a 100 µL system con-
taining 50 mmol/L Tris-HCl, pH 8.0, 50 mmol/L NaCl, pH 
8.0, 10 µmol/L OMFP, 100 nmol/L recombinant CDC25B, 
1 mmol/L dithiothreitol (DTT), 1 mmol/L EDTA, 1% 
glycerin, and 2 mg/L individual compound.  The inhibition 
activity of the compound was continuously monitored, and 
the initial rate of the dephosphorylation was determined us-
ing the early linear region of the enzymatic reaction kinetic 
curve.  The HTS finished with 48 000 pure chemicals col-
lected from different sources with wide structural diversity 
according to previously described procedures[24].  Na3VO4 
and DMSO were used as positive and negative controls, 
respectively, to evaluate the HTS system.

For calculating the half maximal inhibitory concentra-
tion (IC50), inhibition assays were performed with 100 
nmol/L recombinant enzyme in a 100 µL system contain-
ing 50 mmol/L Tris-HCl, pH 8.0, 50 mmol/L NaCl, pH 8.0, 
10 µmol/L OMFP, 1 mmol/L DTT, 1 mmol/L EDTA, 1% 
glycerin, and the inhibitors diluted around the estimated 
IC50 values.  IC50 was calculated from the non-linear curve 
fitting of the percentage of inhibition (% inhibition) versus 
the inhibitor concentration [I] by using the following equa-
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tion % Inhibition=100/(1+[IC50/[I]]k), where k is the Hill 
coefficient.  

Characterization of LGH00045  To investigate the re-
versibility of the inhibition of LGH00045 against CDC25B, 
a dialysis assay was performed.  Briefly, LGH00045 (9 
µmol/L, approximately 10 times the IC50) was pre-incubat-
ed at 4 °C in assay buffer containing 200 nmol/L enzyme 
for 30 min.  The mixture (1 mL) was then dialyzed against 
5000-fold of the assay buffer.  CDC25B activity was deter-
mined after dialysis for 2 and 4 h.  The residual activities 
related to the control (DMSO) were used to evaluate the 
reversibility of the inhibition.  

To calculate the Michaelis constant Km and the catalytic 
rate constant kcat values of CDC25B at different concentra-
tion of LGH00045, the enzymatic assays with 2-fold dilut-
ed OMFP (from 160 µmol/L) in typical assay buffer were 
carried out.  The Lineweaver–Burk plot was also described 
to evaluate the inhibition pattern.

Selectivity of LGH00045 on other PTPase family 
members  CDC25A and some other PTPase family mem-
bers, including phosphatase of regenerating liver-3 (PRL-3), 
Jun amino-terminal kinase stimulatory phosphatase-1 
(JSP-1), leukocyte common antigen (CD45), protein ty-
rosine phosphatase 1B (PTP1B), and vaccinia virus H1-
related dual-specific protein phosphatase (VHR) were cho-
sen to evaluate the selectivity of LGH00045.  The cDNA of 
CDC25A (1373–1939 nt according to gi33873622), PRL-3 
(335–856 nt according to gi14589855), JSP-1 (443–991 
nt according to BC022847), CD45 (1698–3791 nt accord-
ing to gi115385976), PTP1B (91–1053 nt according to 
gi190741), and VHR (56–613 nt according to BC002682) 
were cloned, expressed, and purified as CDC25B The in-
dividual PTPase enzyme activity assay was performed at 
the optimal pH.  OMFP was used as a substrate for the CD-
C25A, CDC25B, JSP-1, VHR, and PRL-3 assays.  pNPP 
was used for PTP1B and CD45, which could generate 
p-nitrophenyl (pNP).  The level of pNP was monitored at 
an absorbance of 405 nm by the EnVision multilabel plate 
reader.  

Cell culture  HeLa, HCT116, and MDA-MB-435S 
cells, purchased from American Type Culture Collection 
(Rockville, MD, USA), were kept at logarithmic growth in 
5% CO2 at 37 °C with HG-DMEM, McCoy’s 5A medium, 
and RPMI-1640 medium, respectively, supplemented with 
10% FBS and 100 units/mL each of penicillin G and strep-
tomycin.

Cytotoxicity/proliferation assay  Tumor cells were 
seeded onto a 96-well plate at a concentration of 2000 
cells/well and incubated at 37 °C in 5% CO2 for 24 h.  A 

range of concentrations of the test compounds were added 
and the plate was incubated at 37 °C for 72 h before 40 µL 
MTT (5 mg/mL)/well was added. After 3 h incubation, the 
medium was removed and 100 µL DMSO was added to 
each well.  The absorbance was measured on the Spectra-
Max 340 microplate reader at a wavelength of 550 nm with 
a reference wavelength of 690 nm.  The optical density of 
the result in MTT assay was directly proportional to the 
number of viable cells.

Flow cytometric analysis  Cells were harvested by 
trypsin digestion, washed twice with cold phosphate-
buffered saline (PBS), suspended in cold 70% ethanol, and 
incubated at 4 °C overnight.  The cells were stained with a 
PBS solution containing 20 µg/mL propidium iodide and 
200 µg/mL RNase A and analyzed with a Becton Dickin-
son FACSCalibur CellSorting system.  The experiment was 
repeated at least 3 independent times.  Cells treated with 
the vehicle, 1% DMSO, served as negative controls.

Western blotting  Cells were rinsed twice with PBS 
and then lysed with 1×SDS loading buffer.  The samples 
were electrophoresed on 10% SDS–polyacrylamide gels 
and transferred to nitrocellular membranes.  The mem-
branes were blocked for 1 h with 5% (w/v) bovine serum 
albumin and incubated with the primary antibodies over-
night at 4 ºC and the secondary antibodies for 1 h at room 
temperature.  Antigen–antibody complexes were detected 
with the ECL kit.

Statistical analysis  Data are presented as mean±SEM.  
Statistical analysis of the data for multiple comparisons 
was performed by ANOVA.  For single comparisons, the 
significance of differences between means was determined 
by t-test.  A value of P<0.05 was considered statistically 
significant, and a value of  P<0.001 was considered statisti-
cally most significant.

Results

Discovery of a novel inhibitor of CDC25B through 
HTS  To find novel, small molecule inhibitors, a HTS 
with recombinant CDC25B was developed.  The screen-
ing assay, consisting of 100 nmol/L GST–fusion CDC25B 
protein and 10 µmol/L OMFP substrate, was optimized 
to obtain a good signal-to-noise ratio.  The intraplate and 
interplate coefficient of variation (CV) were both less than 
10%, suggesting that the liquid handling and compound 
transfer procedure was precise, whereas the Z´ factor, a 
standard statistical measure of assay quality, was 0.55, 
above the routine threshold of 0.5.  A total of 48 000 com-
pounds were screened in automated format in 1 d.  Fifteen 
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compounds with an inhibition rate higher than 50% at a 
final concentration of 2 µg/mL were identified.  

After the hit validation and dose–response curve de-
termination, compound LGH00045 with a novel structure 
(Figure 1A, chemical name: (E)3-(2-chlorophenyl)-6-(2-
(furan-2-yl)vinyl)-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole) 
was discovered to be a potent CDC25B inhibitor with an 
IC50 of 0.82 µmol/L (Figure 1B)

LGH00045 inhibited CDC25B in a mixed inhibi-
tion pattern  The inhibition modality of LGH00045 for 
CDC25B was further determined.  Whether the effect of 
LGH00045 was reversible was first investigated.  The 
reversibility of inhibition was determined by measuring 
the recovery of enzymatic activity after dialysis of the 
enzyme–inhibitor complex.  As shown in Figure 2A, after 
dialysis for 4 h, the relative activity of CDC25 was ap-
proximately 4-fold that of non-dialysis, which suggested 
that LGH00045 was a reversible inhibitor of CDC25B.  

However, when the inhibitor concentration increased, 
the Km values increased, while the kcat values decreased 
(Figure 2B), which indicated LGH00045 inhibited CD-
C25B in a mixed inhibition pattern.  The result of the 
Lineweaver–Burk plot also confirmed this (Figure 2C).  

Inhibitory effect of LGH00045 on other PTPase 
family members  To test the selectivity of the compound 

on other PTPase family members, we determined the IC50 

values of LGH00045 for CDC25A, PRL-3, JSP-1, CD45, 
PTP1B, and VHR.  The results are shown in Table 1.  
LGH00045 showed better inhibition on CDC25 than that 
on the other determined PTPase family members.  The IC50 
value of LGH00045 against CDC25A was 0.53±0.02 µmol/
L, which was close to that against CDC25B (0.82±0.08 
µmol/L).  However, it was less than that against PRL-
3 (2.49±0.30 µmol/L), VHR (5.21±0.66 µmol/L), JSP1 

Figure 2. Characterization of LGH00045 to CDC25B. (A) reversibility of 
compound LGH00045 inhibition to CDC25B. Enzyme–inhibitor complex, 
including 200 nmol/L CDC25B and excessive compound LGH00045, was 
dialyzed against 5000-fold of the assay buffer for the indicated period of 
time. At the end of each dialysis, CDC25B activity was determined in a 
functional assay. (B) Km and kcat values at various fixed concentrations of 
LGH00045. Km and kcat values were obtained by non-linear curve fitting of 
the Michaelis–Menten equation. (C) mixed-type inhibition of LGH00045 
shown by Lineweaver–Burk plot. 

Figure 1.  (A) structure of LGH00045.  (B) dose-dependent inhibition of 
CDC25B by LGH00045.
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(4.66±0.53 µmol/L), and PTP1B (5.00±0.24 µmol/L).  It 
shows much more selectivity for CDC25B when compared 
to CD45 (14.90±2.04 µmol/L).

LGH00045 inhibited cell proliferation and induced 
cell cycle arrest  To determine whether LGH00045 could 
exert the effect of CDC25B inhibitor at the cellular level, 
the effect of LGH00045 on tumor cell proliferation was 
detected.  Cells were seeded at 1000 cells/well on a 96-
well microplate.  After 24 h, cells were treated with the 
indicated concentrations of LGH00045 and 1% DMSO for 
72 h.  Then the viability of cells was evaluated by the MTT 
method.  As shown in Figure 3A, LGH00045 could re-
markably inhibit the proliferation of MDA-MB-435S (IC50: 
29.24±1.28 µmol/L), HeLa (IC50: 26.61±1.15 µmol/L), and 
HCT116 (IC50: 39.81±1.85 µmol/L).  

Due to the prominent role of CDC25B in controlling 
mitosis, the ability of LGH00045 on cell progression was 
examined.  HeLa cells were plated on a 6-well plate at 
1.5×104 cells/well.  After being cultured for 24 h, the cells 
were synchronized in the late G1 phase by double thymi-
dine block and released for 8 h.  The synchronized cells 
were treated with the indicated concentration of LHG00045 
and nocodazole or 1% DMSO for 10 h.  After double thy-
midine block and release for 8 h, HeLa cells were fully 
synchronized with approximately 88% of the population 
displaying G2/M phase DNA content.  Another 10 h after 
release, the cells treated with increasing concentrations of 
LGH00045 in the G2/M phase were blocked in the G2/M 

phase in a dose-dependent manner, whereas the DMSO-
treated control cells were able to complete mitosis within 
10 h and undergo the following cell cycle (Figure 3B).  

LGH00045 inhibited CDK1 dephosphorylation and 
delayed entry into mitosis  CDC25B is known to play 
an essential role in the control of CDK activity at mitosis.  

Therefore, the phosphorylation of CDK1 on tyrosine 15 
was examined by Western blotting.  As described earlier, 
HeLa cells were synchronized at the G2/M phase and treat-
ed with LGH00045 or 1% DMSO.  After 4 h, the cells were 
harvested for Western blotting.  As shown in Figure 4, the 
effect of LGH00045 on the phosphorylation of CDK1 was 
concentration dependent.  The expression level of cyclin 
B1 was also examined in the same experiment by Western 
blotting.  Cyclin B1 protein accumulated with the increase 
of LGH00045, which indicated that cells were prevented 
from entering mitosis by the inhibition of CDC25B.  To-
gether, these observations suggested that CDC25B was 
probably the key target of the novel compound LGH00045 
at the cellular level.  

Discussion
CDC25 phosphatases have recently been considered 

as potential targets for the development of new cancer 

Table 1.    IC50 values of LGH00045 against recombinant human CD-
C25B, CDC25A, PRL-3, JSP1, CD45, PTP1B and VHR. Mean±SEM. 
n=3.

 PTPases IC50 (µmol/L)

 CDC25B 0.82±0.08 
 CDC25A 0.53±0.02 
 PRL-3 2.49±0.30
 JSP1 4.66±0.53
 CD45 14.90±2.04
 PTP1B 5.00±0.24 
 VHR 5.21±0.66

Figure 3. Proliferation arrest caused by LGH00045. (A) viability of three 
cancer cell lines studied by MTT after being treated with the indicated 
concentrations of LGH00045 for 3 d. (B) LGH00045 causes G2/M phase 
arrest on HeLa cells. Asynchronous cells (Asyn) were synchronized at the 
G2/M phase (Syn) and then treated LGH00045 and 0.333 µmol/L nocoda-
zole. Cells treated with 1% DMSO were used as negative controls. Cells 
were then harvested and subjected to flow cytometry analysis of their 
DNA content after propidium iodide staining. Data were collected on a 
Becton Dickinson FACSCalibur and analyzed using Modfit software.
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therapeutic agents.  A number of recent reports have found 
that the collective drug discovery effort has been directed 
towards the identification of novel CDC25 inhibitors that 
work in vitro and in cultured cells, and are even active 
against human tumors in vivo[1,25,26].  In this report, a cred-
ible HTS assay for CDC25B was established to discover 
small molecule inhibitors, whose average Z´ factor is above 
the threshold of 0.5.  This assay provided us with a power-
ful tool to screen a total of 48 000 pure chemicals collected 
from different sources with wide structural diversity.  

Through large-scale screening, several hits with good 
activity and novel structures were discovered.  Here, com-
pound LGH00045 was reported for the first time as a novel 
CDC25B inhibitor.  Further analysis demonstrated that it 
was a mixed-type, reversible inhibitor of CDC25B, which 
may provide us with new inspiration in further identifying 
its binding site and designing novel CDC25B inhibitors.

Selectivity may be the greatest problem in the develop-
ment of PTPase inhibitors.  Therefore, the inhibitory effect 
of LGH00045 on different types of PTPase was measured.  
The IC50 value of LGH00045 against the other three DUSP, 
PRL-3, JSP-1, and VHR, and a classical non-receptor 
type PTPase, PTP1B, was 3-6 fold that of those against 
CDC25B.  A classical receptor type PTPase, CD45, was 
approximately 17-fold.  There was no evident difference 
between the ability of LGH00045 in inhibiting CDC25A 
and CDC25B.  Their effects on other PTPases should be 
studied further to allow further modification on this scaf-
fold to produce more potent and more selective inhibitors 
of individual PTPases.

It is widely known that CDC25B plays an important 
role in cell circle progression and cell proliferation control, 
and it has been regarded as a potential anticancer target.  

We first investigated the antigrowth effect of LGH00045 on 
3 cancer cell lines: MDA-MB-435S, HeLa, and HCT116.  
The results showed that LGH00045 had a similar IC50 on 
the 3 cell lines, which was approximately 30 µmol/L.  This 
proved that LHG00045 was able to inhibit cell growth as 
other CDC25B inhibitors did.  

Whether the proliferation inhibition of LGH00045 on 
tumor cell lines depended on CDC25B inhibition as it did 
at the molecular level was further investigated.  It was 
widely testified that CDC25B was involved in the G2/M 
transition by dephosphorylating tyrosine 14 and 15 phos-
phorylation of CDK1 and activating it.  Thus the inhibi-
tion of the cellular activity of CDC25B could cause G2/M 
phase arrest[20].  Cell cycle progression after the treatment 
with LGH00045 was analyzed.  The results showed that 
LGH00045 was able to arrest the cell cycle of HeLa cells 
in the G2/M phase in a dose-dependent manner and dra-
matically increase tyrosine 15 phosphorylation of CDK1 
in a dose-dependent manner.  Simultaneously, cyclin B1 
accumulated in a dose-dependent manner after LGH00045 
treatment.  The results suggested that LGH00045 could 
prevent cells from entering mitosis due to CDC25B inhibi-
tion.  

In summary, a novel inhibitor of CDC25B, LGH00045, 
was discovered through well-controlled HTS and it could 
inhibit CDC25B not only in vitro, but also in cultured can-
cer cells.  LGH00045 showed good inhibition to the prolif-
eration of tumor cells and affected cell cycle progression, 
which makes it a good hit for further structure modifica-
tion.
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