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a b s t r a c t

We previously synthesized several K-vitamin derivatives, which are potent growth inhi-

bitors of human tumor cells, including Hep3B human hepatoma cells. Among these, Cpd 5

was the most potent. However, being a quinone derivative, Cpd 5 has the potential for

generating toxic reactive oxygen species (ROS). We therefore synthesized a fluorinated

derivative of Cpd 5, F-Cpd 5. The calculated reduction potential of F-Cpd 5 was much higher

than that for Cpd 5 and it was not predicted to generate ROS. This was supported by our

observation that F-Cpd 5 generated significantly lower ROS than Cpd 5. F-Cpd 5 was three

times more potent than Cpd 5 in inhibiting Hep3B cell growth. Interestingly, under

identical culture conditions, F-Cpd 5 inhibited mitogen-induced DNA synthesis in normal

rat hepatocytes 12-fold less potently than Hep3B cells. F-Cpd 5 was found to induce

caspase-3 cleavage and nuclear DNA laddering, evidences for apoptosis. It preferentially

inhibited the activities of the cell cycle controlling phosphatases Cdc25A and Cdc25B, by

binding to their catalytic cysteines. Consequently, inhibitory tyrosine phosphorylation of

the Cdc25 substrate kinases Cdk2 and Cdk4 were induced. F-Cpd 5 also induced phosphor-

ylation of the MAPK proteins ERK1/2, JNK1/2 and p38 in Hep3B cells and the MAPK

inhibitors (U0126, JNKI-II, and SB 203580) antagonized its growth inhibition. F-Cpd 5

inhibited the action of cytosolic ERK phosphatase activity, which likely caused the ERK

phosphorylation. F-Cpd 5 thus differentially inhibited growth of normal and tumor cells by

preferentially inhibiting the actions of Cdc25A and Cdc25B phosphatases and inducing

MAPK phosphorylation.
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1. Introduction

One of the mechanisms of intracellular control of protein

function and signaling is protein phosphorylation and depho-

sphorylation catalyzed by protein kinases and phosphatases,

respectively [1]. Two classes of mammalian protein phospha-
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tases have been identified, which are serine/threonine (PS/TP)

and tyrosine specific (PTP). There is also a subclass of PTP (DSP

or dual specific protein phosphatase), which dephosphory-

lates both tyrosine and serine/threonine residues on the same

protein [2]. DSPs and PTPs have similar mechanisms of action

and share similar active site sequence motifs, although there
.
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is no sequence identity beyond the active site region [3]. DSPs

appear to have a marked preference for cyclin-dependent

kinases and MAP-kinases, which regulate cell cycle and

mitogenic signal transduction [4–6].

The cyclin-dependent kinases (Cdk) have important func-

tions in the progression of the eukaryotic cell cycle [7]. One of

the major mechanisms of cell cycle progression is the

regulation of the activities of Cdk1, Cdk2, and Cdk4 by

phosphorylation and dephosphorylation. The Cdc25 phos-

phatases dephosphorylate these Cdks and thereby activate

them. Mammalian cells express three Cdc25 proteins, Cdc25A,

Cdc25B and Cdc25C. Cdc25A mainly controls the G1/S

progression, whereas Cdc25B and Cd25C activate the G2/M

transition [8,9]. Mutation analysis has recently revealed that

Cdc25A by itself can control both the G1/S and G2/M phases

and is sufficient for executing a normal cell cycle [10–12].

Cdc25A and Cdc25B can also behave as oncogene [13].

Elevated Cdc25A and Cdc25B mRNA and protein have been

found in many human tumor types [14–16], which makes them

attractive targets for anticancer therapies.

Several quinoid compounds, including Cpd 5 [2-(2-mercap-

toethanol)-3-methyl-1,4-naphthoquinone], a growth inhibiting

K-vitamin analog, have been shown to be effective Cdc25

inhibitors [17–21]. One of these compounds (Cpd 5) has been

reported to inhibit Cdc25 actions by sulfhydryl arylation of the

catalytic cysteine [22]. Cpd 5 has been shown to inhibit

hepatoma cell growth both in vitro and in vivo [23]. However,

the redox properties of the quinones can also potentially

generate toxic oxygen species [24,25]. Redox cycling and

oxidative stress are initiated by the single electron reduction

of quinonesby NADH-cytochrome P450 oxidoreductase, NADH-

cytochrome b5 oxidoreductase, and NADH-ubitiquinone oxi-

doreductase [26]. This may cause toxicity to normal tissue and

thus reduce their therapeutic use. We have therefore synthe-

sized a fluorinated Cpd 5 derivative (F-Cpd 5), the reduction

potential of which was expected to be much greater than of Cpd

5, due to the inductive effects of the electronegative fluorine

atoms, preventing superoxide generation [27].

We found that F-Cpd 5 inhibited Hep3B hepatoma cell

growth in vitro with a three-fold higher potency than Cpd 5

and it was predicted, using the semi-empirical AM1 method, to

be a pure arylator of cysteine-containing proteins, without

generating reactive oxygen species [27]. We examine the

cellular growth inhibitory mechanisms of Hep3B cells by F-

Cpd 5, and found that it induced apoptosis, preferentially

inhibited Cdc25 family of phosphatases and induced MAPK

phosphorylation.
2. Materials and methods

2.1. Synthesis of F-Cpd 5 [5,6,7,8-tetrafluoro-2-(2-
hydroxy-ethylsulfanyl)-3-methyl-(1,4)naphthoquinone]

F-Cpd 5 was synthesized as previously described [27]. Briefly a

solution of 2,5,6,7,8-pentafluoro-3-methyl-(1,4)naphthoqui-

none (Chemical Diversity, San Diego, CA) in methanol was

treated with 1.2 equivalent of b-mercaptoethanol. The reac-

tion mixture was stirred under an atmospheric pressure of

argon for 30 min at room temperature. After evaporation of
solvent, the resulting crude product was chromatographed on

the silica gel with hexane:ethyl acetate (9:1) to give F-Cpd 5 in

80–90% isolation yields. Purity of the final product was

analyzed by mass-spectroscopy.

2.2. Cell culture and growth inhibition assays

Hep3B, PLC/PRF5, SKBR3, FemX, HR, and LS140 cells were

cultured in Minimum Essential Medium (MEM) (Invitrogen,

Carlsbad, CA) in a humidified atmosphere of 5% CO2 and 95%

air at 37 8C. The medium contained 10% fetal bovine serum

(Invitrogen, Carlsbad, CA). Cells were plated at 2 � 104 cells/

well in 24-well dishes (Corning Inc., Science Products Div.,

Corning, NY) for cell growth inhibition assays. After cell

attachment, the medium was replaced with growth medium

(MEM + 10% FBS) with or without test compounds. Cells were

also treated for 1 h with the MAPK inhibitors U0126, JNKI-I or

SB 203580 (Calbiochem, La Jolla, CA) before addition of F-Cpd 5.

After 3 days of culture, the medium was removed and the cells

were immediately washed with ice-cold phosphate-buffered

saline (PBS) to terminate growth. Cells were then harvested

and stored at �80 8C until used. Cell number was measured by

a DNA fluorometric assay with Hoechst 33258, as previously

described [28].

2.3. Hepatocyte preparation and DNA synthesis

Hepatocytes from the livers of 2–3-month-old male Fischer

F344 rats (weight 180–220 g) were isolated by a two-step in situ

collagenase perfusion technique [29]. Briefly, under isoflurane

anesthesia, the rat liver was cannulated via the portal vein.

The liver was perfused first with 150 ml of Hanks buffer

(Invitrogen, Carlsbad, CA) containing 20 mg/ml of EGTA for

3 min, then perfused with 300 ml of collagenase B solution

(40 mg/100 ml; Roche Applied Science, Indianapolis, IN) for

6 min (50 ml/min). Hepatocytes were dispersed and washed

three times with L15 medium (Invitrogen, Carlsbad, CA), and

resuspended in serum-free William’s E medium (Invitrogen,

Carlsbad, CA). Cell number was determined with a hemocyt-

ometer and viability was determined by the trypan blue

exclusion method. Hepatocytes were plated at a density of

2.5 � 105 cells per 35 mm diameter fibronectin-coated tissue-

culture dish. They were cultured at 37 8C in a 5% (v/v) CO2

atmosphere. After a 3-h serum-free attachment period, the

medium was changed to 1 ml of fresh William’s E medium.

EGF (Roche Applied Science, Indianapolis, IN), with or without

F-Cpd 5 was added to the culture medium. To determine in

vitro DNA synthesis, 5 mCi of 3H-thymidine (MP Biomedicals,

Solon, OH) was added to each plate and maintained there for a

24 h culture period from 48 to 72 h. After 72 h of culture,

hepatocytes were harvested, and 3H-thymidine incorporation

in DNA was measured using a liquid scintillation counter.

Total hepatocyte protein amounts were determined by the

Bradford method [30].

2.4. Cell lysate preparation, Western blots and
immunoprecipitation

Western blot and immunoprecipitation protocols were fol-

lowed as described previously [17,31]. Cells were plated at a
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density of 5 � 104 cells/well in six-well tissue culture plates.

After 24 h, the culture medium was replaced with fresh

medium, without or with F-Cpd 5 at various concentrations

and incubated for different times. Cells were then rinsed with

phosphate-buffered saline and lysed in 100 ml of RIPA buffer

(150 mM NaCl, 50 mM Tris–HCl pH 8.0, 0.1% SDS, 1% Triton X-

100, 1 mM orthovanadate, 1 mM phenylmethylsulfonyl fluor-

ide, 10 mg/ml leupeptin, 10 mg/ml aprotinin). The lysates were

cleared by centrifugation at 12,000 rpm for 5 min in a micro-

centrifuge. Protein concentration of the lysates was deter-

mined by the Bradford assay [30].

Lysate proteins (40 mg/lane) were separated on a 10% gel by

SDS-polyacrylamide gel electrophoresis. The proteins were

Western blotted onto a polyvinylidene difluoride membrane

(Amersham, Piscataway, NJ). The membrane was then incu-

bated for 1 h at room temperature in TBST buffer (10 mM Tris–

HCl, PH 8.0, 150 mM NaCl, 0.05% Tween 20), containing 1%

bovine serum albumin (Fraction V, Sigma, St. Louis, MO). The

same membrane was subsequently incubated for 1 h with

specific antibody, which was diluted in the same buffer. It was

then washed four times with TBST (without BSA) and then

incubated for another 1 h with horseradish peroxidase-con-

jugated secondary antibody (Amersham, Piscataway, NJ) which

was diluted in TBST–BSA. The membrane was again washed

four times with TBST. Enhanced chemiluminescence reagent

(Perkin-Elmer, Boston, MA) was used for detection.

For immunoprecipitation, 200 mg of cell lysate proteins was

incubated with antibody and protein A–agarose (Sigma, St.

Louis, MO) overnight at 4 8C. The immunoprecipitate then was

washed three times with RIPA buffer.

The antibodies used in these experiments (ERK2, JNK1, p38,

MKP1, Cdc25A, Cdc25B) were purchased from Santa Cruz

Biotechnology, Santa Cruz, CA, and all phospho-antibodies

were from Cell Signaling, Beverly, MA.

2.5. PTP activity assay

The activity of protein phosphatases was measured by using

the substrate 3-O-methyl fluorescein phosphate (OMFP)

(Molecular Probes, Eugene, Oregon), as previously described

[32]. The Cdc25 proteins were a gift from Dr. J. Rudoph (Duke

University, North Carolina) and PTP1B and MKP1 phospha-

tases were obtained commercially (Upstate, Lake Placid, NY).

The F-Cpd 5 analog was solubilized in DMSO, and all reactions

including controls were performed in 1% DMSO. The final

incubation mixture (150 ml) was optimized for enzyme activity

and comprised of 30 mM Tris (pH 8.5), 75 mM NaCl, 1 mM

EDTA, 0.33% BSA and 1 mM DTT. Reactions were initiated by

addition of enzyme. Fluorescence emission from the product

was measured over a 10–60 min time period at room

temperature in a multi-well plate reader. The reaction was

linear over the time period of the experiment and was directly

proportional to both enzyme and substrate concentration.

Half-maximal inhibition constants were calculated by curve fit

by Cricket Graph III program.

2.6. Phospho-Cdk4 dephosphorylation assay

Tyrosine-phosphorylated phospho-Cdk4 was prepared from

Hep3B cells, which were arrested in the G1 phase of cell cycle,
by treating the cells with 2 mM hydroxyurea for 18 h. Phospho-

Cdk4 protein was immunoprecipitated with anti-Cdk4 anti-

body and protein A–sepharose. The immunoprecipitated

phospho-Cdk4 protein was incubated for 1 h at 37 8C with

Hep3B cell lysate proteins, either in presence or in absence of

F-Cpd 5. After the phosphatase reaction, the protein A–

sepharose bound phospho-Cdk4 protein was precipitated

again and then run oh a Western blot, which was probed

with anti-phospho-tyrosine antibody.

2.7. Phospho-ERK dephosphorylation assay

Phospho-ERK2 was obtained New England Biolabs (Ipswich,

MA). Hep3B cell lysate was immunoprecipitated with anti-

ERK2 antibodies and cleared of endogenous ERK2 proteins by

centrifugation, as previously described [33]. Phospho-ERK2

was incubated with ERK2-cleared cell lysate proteins or the

ERK2 phosphatase MKP1, in phosphatase buffer (50 mM Tris–

HCl, pH 7.5, 1 mM EDTA, 10 mM dithiothreitol) for 30 min at

37 8C in the presence or absence of F-Cpd 5. The phosphatase

reaction was terminated by the addition of an equal volume of

2� sample buffer. The proteins were separated by 10% SDS-

PAGE and transferred to a Western blot that was probed with

phospho-ERK1/2 and ERK2 antibodies.

2.8. Competition of Cpd 5-Bt and F-Cpd 5 binding to
Cdc25A or Cdc25B

Cdc25A or Cdc25B (180 ng) was incubated in a 10 ml reaction

volume for 18 h at 4 8C, with 1 mM Cpd 5-Bt (a biotin-tagged

Cpd 5 derivative) and F-Cpd 5 at a concentration of 0, 1, 10 and

100 mM or MKP1 protein (10 mM). Cpd 5-Bt bound to Cdc25A

was immuoprecipitated with anti-biotin antibody (Sigma, St.

Louis, MO) and the immunoprecipitated proteins were probed

on Western blots with anti-Cdc25A or anti-Cdc25B anti-

bodies.

2.9. Hep3B cell apoptosis assay

Hep3B cells were treated with either Cpd 5 or F-Cpd 5 and

genomic DNA was extracted by standard procedure [34]. DNA

was electrophoresed on a 1% agarose gel and stained with

ethidium bromide. Cell lysate proteins were also extracted

from the treated cells and were analyzed on a Western blot,

which was probed with anti-caspase-3 antibody.

2.10. Measurement of cellular ROS generation

Hep3B cells were either untreated or treated for 2 h with

equivalent concentrations (2� IC50) of Cpd 5 (12 mM) and F-Cpd

5 (4 mM). The Image-it ROS detection kit from Molecular Probes

Inc. (Eugene, OR) was used to label cells with 5-(and-6)-

carboxy-20,70-dichlorodihydrofluorescein diacetate, a reliable

fluorogenic marker for ROS in live cells. Fluorescence was

measured by a fluoresent spectrophotometer.

A cell-permeable superoxide mimetic MnTBPAC (manga-

nese(III) tetrakis (4-benzoic acid) porphyrin chloride) (Axxora,

San Diego, CA), was added at concentrations of 1 or 10 mM to

inhibit superoxide production induced by Cpd 5 and F-Cpd 5.

ROS generation and cell numbers were measured.
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2.11. Statistical analysis

Data were analyzed statistically by ‘‘t-test’’ and significance

was determined by calculating the ‘‘p’’ value by Microsoft

Excel program.
3. Results

3.1. F-Cpd 5 synthesis

F-Cpd 5 was synthesized from b-mercaptoethanol and

pentafluoronaphthoquinone as described before [27] and

briefly in the methods section (Fig. 1A).

3.2. Growth inhibition of various tumor cell lines by F-Cpd 5

F-Cpd 5 was shown previously to inhibit the growth of the

hepatoma cell line Hep3B with IC50 of 2 mM, which was three-
Fig. 1 – Structure and inhibitory activity of F-Cpd 5 against tum

pentafluoronaphthoquinone. (B) Growth inhibitory IC50 was det

melanoma (FemX), mammary carcinoma (SKBR3), gastric carcin

enzyme activity was also determined for F-Cpd 5 and compare

Cdc25C, MKP1, and PTP1B.
fold lower than that of Cpd 5 [27]. We tested F-Cpd 5 effects on

growth of several other human tumor cell lines. Tumor cell

lines from mammary carcinoma (SKBR3), hepatocellular

carcinoma (PLC/PRF5 and Hep3B), melanoma (FemX), gastric

carcinoma (HR), and colon cacinoma (LS140) were plated in

tissue culture dishes. Increasing concentrations of F-Cpd 5,

ranging from 0.5 to 10 mM (dissolved in DMSO) were added to

the dishes. After 3 days of incubation, the number of cells that

remained on the dish was counted. An inhibition curve was

plotted for each cell line and the IC50 values were calculated,

which ranged from 1 to 15 mM (Fig. 1B). F-Cpd 5 was more

potent in inhibiting liver and skin tumor cell lines compared to

breast, stomach, and colon cancer cell lines.

3.3. Hep3B cells and normal hepatocytes are differentially
sensitive to growth inhibition

An anticancer compound will have potential clinical use if it

has relatively low cytotoxicity against normal cells. Therefore,
or cells and various PTP/DSP. (A) F-Cpd 5 was derived from

ermined for cell lines from hepatoma (Hep3B, PLC/PRF5),

oma (HR) and colon carcinoma (LS140). (C) Inhibitory IC50 of

d with Cpd 5 for the various PTP/DSP, Cdc25A, Cdc25B,
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Fig. 2 – Differential sensitivity of normal liver cells and liver

tumor cells. Normal hepatocytes were isolated from rat,

plated on fibronectin matrix, and cultured in serum-free

medium in the presence of EGF. Hep3B hepatoma cells

were also cultured under the same conditions. Increasing

concentrations of either Cpd 5 or F-Cpd 5 was added to the

hepatocyte and hepatoma cultures and DNA synthesis

was determined by incorporation of 3H-thymidine for a

24 h period after 2 days of culture.

Fig. 3 – F-Cpd 5-induced tyrosine phosphorylation of Cdk2

and Cdk4 and inhibited Cdc25 activity. (A) Hep3B cells

were treated with 2 mM of F-Cpd 5 for 8 or 24 h. Treated or

untreated lysates were immunoprecipitated using, either

Cdk2 or Cdk4 antibodies. The immunoprecipitates were

run on Western blots, which was probed with anti-

phospho-tyrosine antibody. Unphosphorylated Cdk2 and

Cdk4 were probed as controls. (B) Tyrosine-

phosphorylated Cdk4 was purified by

immunoprecipitation from cell lysates from Hep3B cells,

which were treated with 2 mM hydroxyurea for 18 h. The

phosho-Cdk4 protein was used in a dephosphorylation

reaction with Hep3B cell lysate proteins containing Cdc25,

which was either treated or untreated with F-Cpd 5. The

remaining phospho-Cdk4 protein from this phosphatase

reaction was assayed on a Western blot with anti-

phospho-tyrosine antibody. Cdk4 was also probed as a

control.
the inhibitory effects of F-Cpd 5 on DNA synthesis of mitogen

stimulated normal rat hepatocytes in primary culture were

determined. Rat hepatocytes were isolated and plated in

culture. Three hours after plating, EGF was added to stimulate

DNA synthesis, which was measured by the incorporation of
3H-thymidine 48 h after addition of EGF, in the presence or

absence of Cpd 5 or F-Cpd 5. The IC50 of F-Cpd 5 was found to be

about 15 mM for normal hepatocytes compared to 1.25 mM for

Hep3B cells under identical culture condition. Normal hepa-

tocytes were thus about 12-fold more resistant to the growth

inhibitory actions of F-Cpd 5 than Hep3B hepatoma cells. On

comparison, under similar culture conditions, Cpd 5 inhibited

Hep3B DNA synthesis with an IC50 of 5 mM, which was four-

fold less potent than F-Cpd 5 (Fig. 2).

3.4. Inactivation of Cdc25 phosphatases in vitro and in
Hep3B cells

We previously found that Cpd 5 preferentially inhibited the

activities of the Cdc25 phosphatases [32]. The structure of the F-

Cpd 5 suggested that it is also likely to be a Cdc25 inhibitor. We

therefore comparedthe inhibitoryactivityofF-Cpd 5 against the

dual specificity phosphatases Cdc25A, Cdc25B, Cdc25C, MKP1

and the protein tyrosine phosphatase PTP1B. The IC50 of F-Cpd 5

was found to be 0.8, 1, and 50 mM for Cdc25A, Cdc25B, and

Cdc25C, respectively. However, the IC50 was more than 100 mM

for MKP1 and PTP1B (Fig. 1C). Thus F-Cpd 5 was found to

preferentially inhibit the Cdc25A and Cdc25B phosphatases. On

comparison, Cpd 5 inhibited Cdc25A activity with an IC50 of

5 mM, which was six-fold more than F-Cpd 5 (IC50 = 0.8 mM)

(Fig. 1C). However, Cpd 5 inhibited Cdc25B (IC50 = 2 mM) activity
with similar potency as F-Cpd 5 (IC50 = 1 mM), but inhibited

Cdc25C (IC50 = 2 mM) activity 25-fold more potently than F-Cpd 5

(IC50 = 50 mM). Like F-Cpd 5, Cpd 5 did not inhibit (>100 mM) the

activities of MKP1 or PTP1B (Fig. 1C).

We also examined whether F-Cpd 5 could inhibit the Cdc25

phosphatases in Hep3B cells. Cdc25A and Cdc25B inactivation

result in induction of tyrosine phosphorylation of the Cdc25

substrate Cdk2 and Cdk4 [10]. Hep3B cells were treated in

culture with F-Cpd 5 and tyrosine phosphorylation of the

Cdc25A and Cdc25B substrates Cdk2 and Cdk4 was determined

after immunoprecipitation with either Cdk2 or Cdk4 antibody

and subsequent probing with phospho-tyrosine antibody.

Both Cdk2 and Cdk4 were found to be tyrosine phosphorylated

as a result of F-Cpd 5 action (Fig. 3A) suggesting that F-Cpd 5

likely inhibited Cdc25A and Cdc25B activities in Hep3B cells.

Inhibition of Cdc25 phosphatases in Hep3B cell lysates was

also measured directly. Immunoprecipitated tyrosine-phos-

phorylated Cdk4 was prepared from cells, which were growth

arrested in the G1 phase of the cell cycle by hydroxyurea. This

phospho-Cdk4 protein was then used in a dephosphorylation

assay with Hep3B cell lysate proteins, which was either treated
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Fig. 4 – Competition between F-Cpd 5 and Cpd 5-Bt for

binding to Cdc2A or Cdc25B. Cpd 5-Bt (1 mM) was

incubated at 4 8C for 18 h, with 180 ng of either Cdc25A or

Cdc25B, in the presence of 10 mM MKP1 or increasing

concentrations (0, 1, 10 and 100 mM) of F-Cpd 5. Enzyme

bound Cpd 5-Bt was immunoprecipitated with anti-biotin

antibody. The immunoprecipitated proteins were run on

Western blots, and the blots were probed with either

Cdc25A or Cdc25B antibody.
or untreated with F-Cpd 5. Hep3B cell lysate proteins was

found to contain phosphatase, which is likely to be Cdc25,

specific for the tyrosine-phosphorylated Cdk4 and this activity

was inhibited by F-Cpd 5 (Fig. 3B).

3.5. F-Cpd 5 binds to the catalytic cysteine of Cdc25A

We previously found that PD 49, a biotin-tagged derivative of

Cpd 5, bound to the catalytic cysteine of Cdc25B [22]. PD 49 had

the thioethanol side-chain of Cpd 5 substituted by Br. For this

study, we have synthesized a biotin-tagged Cpd 5 derivative
Fig. 5 – Induction of hepatoma cell apoptosis and ROS production

or treated with F-Cpd 5 or Cpd 5 and both the cell lysate protei

resolved on Western blots, which were probed with anti-caspas

resolved on a 1% agarose gel and stained with ethidium bromi

fluorogenic dye carboxy-H2DCFDA. (D) Cell-permeable superoxi

together with the compounds in cell culture and ROS generation

shown in this figure. Statistical significance, **p < 0.01 was calcu
(Cpd 5-Bt), which now had the thioethanol side-chain. We

assume that Cpd 5-Bt will have identical binding to the

catalytic cysteine as PD 49. We explored whether both Cpd 5-Bt

and F-Cpd 5 might bind to the catalytic cysteine in Cdc25A or

Cdc25B. Cpd 5-Bt was incubated with Cdc25A or Cdc25B in the

presence of increasing concentrations of F-Cpd 5. The Cpd 5-

Bt–Cdc25 complex was immunoprecipitated with anti-biotin

antibody and Cdc25 protein in the immunoprecipitate was

visualized on Western blots, using anti-Cdc25 antibody.

Increasing concentrations of F-Cpd 5 were found to decrease

the binding of Cpd 5-Bt to both Cdc25A and Cdc25B (Fig. 4). This

would suggest a competitive binding by F-Cpd 5 to the catalytic

cysteine of either Cdc25A or Cdc25B. MKP1, another dual

specificity phosphatase, even at 10 mM, did not compete with

Cpd 5-Bt for binding to Cdc25A or Cdc25B (Fig. 4).

3.6. Induction of apoptosis and ROS production

We investigated whether cell growth inhibition of the

hepatoma cells Hep3B and PLC/PRL5 by F-Cpd 5 was associated

with induction of apoptosis. Caspase-3 cleavage and nuclear

DNA laddering are two hallmark assays of apoptosis. We

treated the cells with F-Cpd 5 and assayed for caspase-3

cleavage and nuclear DNA laddering and found evidence for

both in the F-Cpd 5-treated compared to the untreated cells

(Fig. 5A and B).

F-Cpd 5 was designed from theoretical considerations to

have a lesser likelihood for ROS generation than its parent Cpd

5. Therefore, we measured ROS generation in Hep3B and PLC/
. Hep3B and PLC/PRF5 hepatoma cells were either untreated

ns and the nuclear DNA were extracted. (A) Proteins were

e-3 and b-actin (control) antibodies. (B) Nuclear DNAs were

de. (C) ROS generated was measured by the ROS-sensitive

de dismutase inhibitor MnTBPAC (1 or 10 mM) was added

and cell number were measured. Only cell numbers were

lated by ‘‘t-test’’.
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Fig. 6 – Induction of MAPK phosphorylation. Hep3B cells

were treated with 2.5 and 5 mM of F-Cpd 5 for 1 h. Western

blots of the cell lysate proteins were probed with pMEK1,

pERK1/2, pJNK and pp38 antibodies. The

unphosphorylated MEK1, ERK2, JNK1 and p38 proteins

were probed in the same blots for control.

Fig. 7 – F-Cpd 5 inhibited ERK2 phosphatase activity of

Hep3B lysates. The endogenous ERK2 protein was cleared

from Hp3B lysate proteins by immunoprecipitation with

anti-ERK2 antibody. The ERK2-cleared lysate proteins

were mixed with exogenous pERK2 protein, either in

presence of absence of F-Cpd 5 in a phosphatase assay (A).

Another ERK2 phosphotase protein, MKP1 was also used

in the ERK2 dephosphorylation assay. MKP1 protein was

incubated with exogenous pERK2 protein either in

presence or absence of F-Cpd 5 (B). The phosphorylation

status of ERK2 in both experiments was determined by

Western blots, which were probed with pERK2 and ERK2

(control) antibodies.
PRL5 cells, which were either untreated or treated with Cpd 5

or F-Cpd 5. ROS generated by F-Cpd 5 was found to be

significantly less than with Cpd 5 treatment in both cell

lines (Fig. 5C). ROS generation and growth inhibition induced

by Cpd 5 and F-Cpd 5 could be partially antagonized by

MnTBPAC (manganese(III) tetrakis (4-benzoic acid) porphyrin

chloride), a cell-permeable superoxide dismutase mimetic

(Fig. 5D).

3.7. Induction of phospho-ERK1/2 and ERK1/2 pathway

We previously found that the Cdc25 phosphatase inhibitor

Cpd 5 induced phosphorylation and activation of ERK1/2, and

subsequently showed that Cdc25A, which could act as a

phosphatase for pERK [35], was inhibited by Cpd 5 action.

Therefore, Western blots of Hep3B cell lysate proteins from F-

Cpd 5-treated cells were probed with phospho-ERK1/2 (pERK1/

2) antibody. pERK1/2 was found to be strongly induced in the F-

Cpd 5-treated, compared to untreated cells (Fig. 6). There was

no effect on the amount of ERK2 protein. Moreover, two other

MAP-kinases, JNK1/2 and to a small extent p38, as well as

MEK1 (the upstream kinase of ERK) were also phosphorylated

(Fig. 6) when Western blots were probed with antibodies to

either phospho-JNK1/2 or phospho-p38 or phospho-MEK1.

Amounts of non-phosphorylated JNK1, p38 or MEK1 did not

change on F-Cpd 5 treatment (Fig. 6).

3.8. Inhibition of ERK1/2 phosphatase(s) activity in
Hep3B cell lysates

The strong induction of ERK1/2 phosphorylation by F-Cpd 5

could be due either to induction of its upstream kinase MEK1/2

or to inhibition of its phosphatase(s), or both. We found that

the ERK1/2 kinase MEK1/2 was activated by F-Cpd 5 (Fig. 6). In
order to determine whether endogenous cellular ERK1/2

phosphatase(s) might also be inhibited, Hep3B cell lysates

were cleared of endogenous ERK2 protein by immunopreci-

pitation with ERK2 antibody. The cleared lysate proteins

(containing cellular phosphatases) were incubated with

commercially obtained exogenous pERK2 as target, in the

presence or absence of F-Cpd 5. The phosphorylation status of

ERK2 was determined on a Western blot after it was probed

with pERK2 or ERK2 antibodies. Hep3B cell lysates were found

to dephosphorylate exogenous pERK2 and this phosphatase

activity was inhibited by F-Cpd 5 action (Fig. 7A). In contrast,

the ERK2 phosphatase activity of the MAP-kinase phosphatase

MKP1 was not inhibited by F-Cpd 5 at similar concentrations

(Fig. 7B). This suggested the presence of ERK2 phosphatase(s)

other than MKP1 in Hep3B cell lysate proteins, which were

inhibited by F-Cpd 5 action, leading to ERK phosphorylation.

3.9. Expression of endogenous MKP1 and Cdc25A proteins
and induction of pERK by F-Cpd 5 in tumor cell lines

The results in the previous section (Fig. 7B) suggested that

Hep3B cells contained ERK2 phosphatases other than MKP1. We

therefore determined the endogenous expression of MKP1 and

Cdc25A in the F-Cpd 5-sensitive and F-Cpd 5-resistant tumor

cells. MKP1 was found to be expressed in the relatively resistant

cells (SKBR3, LS140 and HR) compared to the sensitive cells

(Hep3B, PLC/PRL5 and FemX) (Fig. 8). We have previously found

that Cdc25A might be a candidate phosphatase for ERK [35].

Therefore, we also examined the endogenous levels of Cdc25A

in the tumor cell lines and found that Cdc25A was expressed in

the F-Cpd 5-sensitive cells (Hep3B, PLC/PRL5, and FemX),but not

in the resistant cells (SKBR3, LS140 and HR) (Fig. 8).



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 1 2 1 7 – 1 2 2 71224

Fig. 8 – MKP1, Cdc25A and ERK2 protein expression and

induction of pERK by F-Cpd 5 in tumor cell lines.

Endogenous levels of MKP1, Cdc25A and ERK2 was

measured by Western blots in Hep3B, PLC/PRF5, FemX,

SKBR3, LS140 and HR cell lines. pERK induction was also

determined in these cells after treatment with 2 mM of

F-Cpd 5 for 1 h.
3.10. MAPK phosphorylation was involved in the growth
inhibitory mechanisms

We examined whether MAPK phosphorylation that was

induced by F-Cpd 5 action might be involved in its mechanism

of growth inhibition. The F-Cpd 5-sensitive and -resistant cell

lines were treated with F-Cpd 5 for 1 h and the levels of pERK

induced were determined by Western blots. pERK was found to

be induced in the sensitive (Hep3B, PLC/PRL5, and FemX) but

not in the resistant (SKBR3, LS140 and HR) cells (Fig. 8),

suggesting an association between pERK induction and

sensitivity to growth inhibition. Hep3B cells were also pre-

treated with the MEK1/2 inhibitor U0169, in order to

antagonize ERK1/2 phosphorylation induced by F-Cpd 5. We

found that growth inhibition induced by F-Cpd 5 was

antagonized (p < 0.001) by pre-treatment of the cells with

this MEK inhibitor (Fig. 9). This suggested that ERK1/2
Fig. 9 – MAPK inhibitors antagonize F-Cpd 5-induced

growth inhibition. Hep3B cells were treated with 2 mM of

F-Cpd 5, either without or with pre-treatment with the

MAPK inhibitors U0126 (ERKI), JNKI-II (JNKI) or SB 203580

(p38 inhibitor). Cell growths were determined after 3 days.

Statistical significance was calculated by Student’s t-test,
***p < 0.001.
phosphorylation probably was involved in the growth inhibi-

tion mediated by F-Cpd 5. In contrast to Cpd 5, F-Cpd 5 was also

found to induce phosphorylation of two other MAPKs, JNK and

p38. Hep3B cells were therefore also pre-treated with the JNK

and p38 inhibitors, JNKI-I and SB 203580 before F-Cpd 5

treatment. These MAPK inhibitors were also found to antag-

onize (p < 0.001) the growth inhibition induced by F-Cpd 5

(Fig. 9). Therefore, induction of all three MAPKs, ERK, JNK and

p38, probably contribute to F-Cpd 5-induced growth inhibition.
4. Discussion

We have previously synthesized several K-vitamin analogs,

which were growth inhibitors both in vitro and in vivo [17–22].

The prototype of these inhibitors, Cpd 5 was found to inhibit

phospho-ERK phosphatase activity and Cdc25 phosphatases

by binding to the catalytic cysteine of the Cdc25 enzyme [22].

The thiol-antioxidants glutathione or N-acetyl-L-cysteine, but

not the non-thiol-antioxidants catalase or superoxide dis-

mutase, antagonized Cpd 5-mediated growth inhibition of

Hep3B cells [17]. These results were considered to indicate that

Cpd 5 inhibited sulfhydryl-containing cellular enzymes by

arylation of cysteines and not by generation of reactive oxygen

species. As pointed out by Ham et al. [27], catalase and

superoxide dismutase cannot easily penetrate into cells. Thus

involvement of ROS in Cpd 5-induced cytotoxicity remains an

open question.

Therefore, we synthesized a new Cpd 5 derivative, F-Cpd 5,

which would theoretically be incapable of generating reactive

oxygen species. The structural features of Cpd 5 were

preserved in F-Cpd 5. The quinone ring of Cpd 5 seemed

necessary for reaction with the active site cysteine of Cdc25

[21]. The active Cdc25 inhibitors also appeared to be flat

molecules, perhaps to fit into the catalytic site of the enzyme.

The thioethanol side chain also seemed to be important.

Substitution at this site with other side groups was found to

greatly reduce reactivity [21]. If we preserved all these features

in the molecule, the one-electron reduction potential was

calculated to be 260 mV lower than that of 1,4-benzoquinone

(a pure arylator). Therefore, Ham et al. [27] synthesized a Cpd 5

derivative with four fluorine atoms on the benzene ring of Cpd

5 (Fig. 1A). The one-electron reduction potential of this new

compound (F-Cpd 5) was calculated to be�600 mV greater that

that of Cpd 5, due to the inductive effects of the electro-

negative fluorine atoms. The reduction potential of F-Cpd 5

was in fact more than 337 mV higher than that of 1,4-

benzoquinone. Hence F-Cpd 5 was predicted to be a pure

arylator that would not generate reactive oxygen species.

Indeed, when we measured ROS generation in Hep3B by F-Cpd

5, it was found that F-Cpd 5 generated significantly less ROS as

compared to Cpd 5 (Fig. 5C). This ROS generation and growth

inhibition could be antagonized with a cell-permeable super-

oxide dismutase mimetic, MnTBPAC [manganese(III) tetrakis

(4-benzoic acid) porphyrin chloride] (Fig. 5D). This suggests a

role of ROS generated by Cpd 5 in growth inhibition. Since F-

Cpd 5 generated much less ROS, this secondary mechanism of

cell killing is much less important than Cpd 5. The higher

inhibitory potency of F-Cpd 5 is therefore due to mechanisms

other that ROS production.
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F-Cpd 5 was found to preferentially inhibit the Cdc25A and

Cdc25B phosphatases (Fig. 1C). However, it was 50-fold less

potent in inhibiting Cdc25C. The structural features of the

catalytic domains of both Cdc25A and Cdc25B but not Cdc25C,

have been solved [36,37]. Cdc25s, like the other PTPs and DSPs,

contain the active site motif HCX5R. H is a highly conserved

histidine, C is the catalytic cysteine, the X5 motif forms a loop

with five amide nitrogen hydrogen bonds to the phosphate of

the protein substrate, and R is a conserved arginine that binds

to the phosphoamino acid of the substrate through two

additional hydrogen bonds. Cdc25s have no sequence simi-

larity with other PTPs outside the signature motif. The domain

structures of Cdc25 outside the signature motif are also

entirely different than the other PTPs and DSPs. The amino

termini of Cdc25A, Cdc25B and Cdc25C share little homology

and are thought likely to contribute to differences in the three

isoforms. Therefore, it is probably not surprising to find a 50-

fold difference in inhibition of Cdc25A or Cdc25B and Cdc25C

by F-Cpd 5, or a more than 100-fold difference with MKP1 and

PTP1B. However, inhibition profile of the Cdc25 isoenzymes by

Cpd 5 was different than F-Cpd 5. Cpd 5 was found to inhibit all

isoforms equally. This may suggest involvement of the

fluoride atoms on F-Cpd 5 with the amino acids at the enzyme

active site.

F-Cpd 5 was found to inhibit the growth of a spectrum of

tumor cell lines with different potency, which ranged from 1 to

15 mM (Fig. 1B). Thus F-Cpd 5-induced growth inhibition was

not specific only for Hep3B hepatoma cells. One other

hepatoma cell line (PLC/PRF5) and tumor cells from breast,

skin, stomach and colon were also inhibited.

An anti-cancer compound will have potential use only if it

can inhibit tumor cells but spare normal surrounding cells.

Since no normal hepatocyte derived cell lines are available, we

tested primary rat hepatocytes for mitogen-induced DNA

synthesis inhibition by F-Cpd 5. We found that normal rat

hepatocytes were 12-fold less sensitive to growth inhibition by

F-Cpd 5, when compared to the Hep3B hepatoma cells (Fig. 2).

Thus F-Cpd 5 might be expected to have a useful therapeutic

range. On comparison, mitogen-activated DNA synthesis of

hepatocytes was only three-fold less sensitive to growth

inhibition by Cpd 5 than Hep3B (Fig. 2). Thus difference in

sensitivities of normal and tumor cells was greater for F-Cpd 5

than Cpd 5. Cpd 5 was found to inhibit liver tumors in rats

without apparent toxicities [23] and both Cpd 5 and F-Cpd 5

inhibited hepatoma cells growth in vitro by similar mechan-

isms. Therefore, F-Cpd 5 is also predicted to be a potent tumor

growth inhibitor in vivo without toxicities. Many anti-cancer

compounds are known to have synergistic effect on tumors

[44]. It will be interesting to test F-Cpd 5 together with

doxorubicin or cisplatin, two commonly used drugs for

hepatocellular carcinoma.

The role of Cdc25C-mediated dephosphorylation of Cdk1 at

the G2/M transition has been clearly demonstrated [10]. The

role of Cdc25A and Cdc25B in the dephosphorylation of Cdks

during the cell cycle is less well defined. Cdc25A primarily acts

on Cdk2 in G1/S transition, although its persistent activation

during G2/M is consistent with it also acting on Cdk1. The main

substrate of Cdc25B is postulated to be Cdk2 [8,9]. Although

Cdc25C is the mitotic regulator at the G2/M transition, it has

not been directly implicated in tumor development. Only
Cdc25A and Cdc25B, but not Cdc25C, are over-expressed in

human tumors [14–16]. It was interesting to find that F-Cpd 5 is

50-fold more potent in inhibiting Cdc25A and Cdc25B, than

Cdc25C (Fig. 1C). It is therefore predicted to be effective against

tumors which over-express Cdc25A or Cdc25B. We also found

that the inhibitory tyrosine phosphorylation in Cdk2 and Cdk4

was induced in Hep3B cells treated with F-Cpd 5 (Fig. 3A).

Moreover, dephosphorylation of tyrosine-phosphorylated

Cdk4 by Hep3B cell lysate proteins were inhibited by F-Cpd

5 (Fig. 3B). These results were consistent with inhibition of

Cdc25A and Cdc25B by F-Cpd 5 in Hep3B cells.

Our previous studies showed that PD 49, a biotin-tagged

Cpd 5 derivative, bound to the catalytic cysteine of Cdc25B [22].

In PD 49, Br replaced the thioethanol side-chain of Cpd 5.

Therefore, we synthesized a new Cpd 5-Bt derivative for this

study, which now retained the thioethanol side-chain of Cpd

5. We assumed that both PD 49 and Cpd 5-Bt bind to the

catalytic cysteine of Cdc25. Cpd 5-Bt was found to bind to both

Cdc25A and Cdc25B. Increasing concentrations of F-Cpd 5

competed with this binding. We found a similar degree of

competition between F-Cpd 5 and Cpd 5-Bt for binding to

Cdc25A and Cdc25B (Fig. 4). This suggested that F-Cpd 5 most

likely binds to the catalytic cysteine of Cdc25A and Cdc25B

with similar binding efficiency. The binding of Cpd 5-Bt to

Cdc25A or Cdc25B was not inhibited by an excess of MKP1

protein, another dual specificity phosphatase involved in cell

signaling, suggesting that Cpd 5-Bt binds specifically to

Cdc25A or Cdc25B.

F-Cpd 5-induced cell growth inhibition of the hepatoma

cells Hep3B and PLC/PRF5 was found to be at least partly due to

apoptosis. It was found to induce caspase-3 cleavage (Fig. 5A)

and DNA laddering (Fig. 5B), two hallmarks of apoptosis, in

response to F-Cpd 5.

Cpd 5-induced growth inhibition of Hep3B cells was found

to be concomitant with a strong and prolonged phosphoryla-

tion of ERK1/2 [38,39]. Inhibition of this ERK phosphorylation

also antagonized Cpd 5-induced growth inhibition [14] and, at

least in some cells, was probably due to the inhibition of an

ERK phosphatase and not due to the activation of an upstream

kinase [40]. One of the candidate phosphatases of ERK was

shown to be Cdc25A [35]. Thus the effect of Cpd 5 as a Cdc25A

inhibitor was found to have a two-fold effect on the cells. It

inhibited the activity of the Cdc25A substrates Cdk2 and Cdk4

to induce cell cycle arrest. Secondly, it induced strong ERK

phosphorylation, which probably also induce cell death. F-Cpd

5 was also found to induce phosphorylation of the MAPKs

JNK1/2 and p38 (Fig. 6) in addition to ERK, and inhibition by

MAPK inhibitors antagonized F-Cpd 5-induced growth inhibi-

tion of Hep3B cells (Fig. 9). The data therefore support the

hypothesis that F-Cpd 5 inhibited Hep3B cell growth by

inhibiting Cdc25A and Cdc25B, which in turn caused cell cycle

arrest as a result of inhibiting Cdk2 and Cdk4 actions and

inducing MAPK phosphorylation. ERK is usually phosphory-

lated in response to a mitogenic signal. However, the cellular

response to ERK phosphorylation is dependent on the net

effects of the amplitude and duration of the activating signal

[38,41]. We have shown that in response to Cpd 5 the

transcription factor activities of Elk-1, Myc and CREB were

inhibited [38,42,43]. However, in the presence of Cpd 5,

persistent ERK phosphorylation occurs, and the same tran-
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scription factor activities were inhibited [38,42]. Thus the

phosphorylation of MAPKs by F-Cpd 5 are likely to be similarly

involved in its mechanism(s) of inhibition of cell growth, since

MAPK inhibitors antagonized its growth inhibitory effects.

The ability of F-Cpd 5 to inhibit ERK2 phosphatase(s) was

supported by our finding that cell lysates contained ERK

phosphatase activity, which was inhibited by F-Cpd 5 action

(Fig. 7A). We showed that the ERK-selective phosphatase MKP1

was effective in pERK2 dephosphorylation but this activity was

not inhibited by F-Cpd 5 (Fig. 7B). This suggested that the levels

of MPK1 are negligible in Hep3B cells, and we confirmed this by

our experiment (Fig. 8).

Fig. 1B shows the activity of F-Cpd 5 against several tumor

cell lines from various organs. While the hepatocellular

carcinoma line Hep3B was the most sensitive line, there

was a spectrum of activity in the other lines. Growth inhibitory

activity correlated with the induction of pERK (Fig. 8). The

expression of MKP1 was negligible and expression of Cdc25A

was high in the sensitive cells (Hep3B, PLC/PRL5, and FemX)

compared to the resistant cells (SKBR3, LS140, and HR) (Fig. 8).

F-Cpd 5 thus represents a more potent analog of parent Cpd

5 and also represents an advance on its parent, by having a

relatively selective effect on tumor cells compared with

normal cells and generating less ROS. It also specifically

inhibit Cdc25A and Cdc25B but much less of Cdc25C activities,

likely by binding to their enzyme active site cysteines. It also

induced MAPK phosphorylation and inhibited cell growth by

inducing apoptosis.
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