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1i, R = CH3(CH2)16

1j, R = CH3(CH2)7CH=CH(CH2)7
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C21H14O5S

MM: 378.056 g/mol

[M+H]+= 379.0635 �
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a b s t r a c t

The cell division cycle 25 phosphatases (CDC25s) are key regulators of the physiological cell cycle pro-

gression. Their overexpression has been reported in a significant number of cancers, and their inhibition

appears to be an interesting strategy for treatments. We propose here a rapid screening test allowing the

detection of reversible and irreversible CDC25A and -C inhibitors. The test is based on the incubation of

the candidate molecules with the human CDC25 proteins followed by an ultrafiltration step. The reten-

tate is then directly analyzed by matrix-assisted laser desorption/ionization–time-of-flight mass spec-

trometry (MALDI–TOFMS) to detect reversible inhibitors or submitted to peptide mass fingerprint

(PMF) analysis to reveal irreversible inhibitors covalently bound to the protein active site. After its vali-

dation, the protocol is applied to the detection of a novel candidate inhibitor of CDC25s named SV37. The

screening procedure, as well as the preliminary biological results, demonstrates that this compound

behaves as a reversible inhibitor.

Ó 2012 Elsevier Inc. All rights reserved.

Discovered by Russell and Nurse during the 1980s, the cell divi-

sion cycle 25 phosphatases (CDC25s)1 are key regulators of the cell

division cycle. In mammalians, three CDC25 isoforms labeled A, B,

and C were identified [1,2]. Each isoform is encoded by a specific

gene that can generate several splice variants. The CDC25 proteins

comprise a regulatory domain and a catalytic one containing the ac-

tive site HCX5R [3]. CDC25s activate their substrates (cyclin-depen-

dent kinases, CDKs) by dephosphorylation and, consequently, allow

the progression of the cell cycle [4]. Thus, CDC25s are regulators of

the cell division [5], and their overexpression has been observed in

several cancers [6,7] (e.g., lung, breast, ovarian [8–10]). Therefore

CDC25s became attractive targets for anticancerous therapy by

inhibiting their activity.

A limited number of potent inhibitors have been discovered so

far. They can be classified into two categories depending on their

behavior: reversible and irreversible inhibitors. Few of the revers-

ible inhibitors have been evidenced. Most of them belong to the

family of indolyl-1,4-hydroxyquinones [11], but some 1,2-

hydroxyquinones may also be active. For example, 10 to 30 lM
of the 1,2-hydroxyquinone named 5169131 inhibits CDC25B, caus-

ing G1/S and G2/M arrest [12].

Irreversible inhibitors inhibit the CDC25s’ active site through a

covalent modification of the active site or an oxydation of the cat-

alytic cystein [11,13,14]. Consequently the target proteins are def-

initely inactivated and the cell proliferation is efficiently slowed

down. In this way, menadione (vitamin K3), NSC663284, caulibu-

gulones, and BN82002 were found to irreversibly inhibit CDC25s

[13,15–17].

Evidencing new drugs that may be potential inhibitors of a gi-

ven target is very often laborious and time-consuming. It is indeed

necessary to verify whether the in vitro observed inhibition of a

purified protein is confirmed by assays in cellular systems

[18,19] and by in vivo experimentations [20]. Thus, there is a real

need for a rapid screening procedure allowing a fast identification

of potential inhibitors. Previous studies led by Hannewald and

coworkers come to the development of a screening test that evi-

dences active compounds against two cancerous targets: tubulin

and dihydrofolate reductase (DHFR) [21,22]. In the first mentioned

article, potential inhibitors of microtubule assembly (e.g., vinblas-

tine, vincristine) are discriminated from other compounds thanks

0003-2697/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
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to their high affinity for tubulin. The ligand–target protein complex

is then submitted to matrix-assisted laser desorption/ionization–

time-of-flight mass spectrometry (MALDI–TOFMS). Reversible

inhibitors are weakly bonded to the target, and the laser energy

is sufficient to break the complex during the ionization process.

Then, the ligand is detected in positive ion mode as a protonated

molecular ion. However, this screening procedure is able to reveal

only noncovalent inhibitors. Covalent inhibitors remain bonded to

the target protein and are not detected.

As already mentioned, most CDC25 active inhibitors are de-

scribed as irreversible inhibitors. Therefore, the protocol previously

described needs to be extended to the detection of this type of

inhibitors. In 2002, Pu and coworkers published an interesting

work proving in two steps that NSC663284 is covalently bound

to the CDC25A catalytic domain [23]. First, they identified the

covalent complex by MALDI–TOFMS thanks to an unresolved

shoulder mass peak emerging from the [M+H]+ signal of the

CDC25A catalytic domain. However, the mass accuracy of such

an experiment is very low (mean errors �30–50 Da). Then, to iden-

tify the accurate mass of the reaction adduct, the authors pro-

ceeded with a 50-min microcapillary liquid chromatography

(LC)–electrospray ionization (ESI)–MS run after an in-gel digestion

(trypsin) of the CDC25A catalytic domain. After additional tandem

MS (MS/MS) experiments, they finally determined the exact nature

of the chemical reaction between NSC663284 and the CDC25A ac-

tive site. Moreover, they showed that NSC663284 is covalently

bound to the Ser114 of the CDC25A catalytic domain. Nevertheless,

this procedure appears to be time-consuming and complex in the

framework of a screening test. MALDI–TOFMS remains a technique

of choice for the development of a rapid screening test even for

covalent complexes. For example, Kato and coworkers used MALDI

and post-source decay–MALDI–TOFMS to assess peptide binding to

predict skin sensitization [24]. In their study, they used glutathione

as a probe for the detection of conjugates with chemicals. Simi-

larly, Soares and coworkers evidenced the covalent binding of

15-deoxy-D12,14-prostaglandin J2 to PPARc receptors by compar-

ing MALDI–TOF mass spectra with and without the presence of li-

gand [25]. Lately, Brisson and coworkers used MALDI–TOF and

tandem TOF (TOF/TOF)–MS experiments to show the ability of

some quinoleinediones to irreversibly oxidize the catalytic cystein

of CDC25B. Their results are supported by the detection of the frag-

ment corresponding to the sulfonic acid form (Cys-SOÿ

3 ) of the cat-

alytic site [14].

In this article, we present the development of a screening test

evidencing the potential activity of reversible, as well as irrevers-

ible, inhibitors of CDC25A and -C phosphatases starting from a sole

incubation protocol. This screening test combining the two MAL-

DI–MS approaches mentioned above is also evaluated for a rapid

highlight of a new candidate molecule for CDC25 inhibition.

Materials and methods

Chemicals and reagents

High-performance liquid chromatography (HPLC)-grade aceto-

nitrile, ethanol, and methanol were purchased from Sigma Chemi-

cals (St. Louis, MO, USA). Ultrapure water was obtained from a

Simplicity Personal Ultrapure water system (Millipore, Molsheim,

France). BN82002, amiodarone, and NSC663284 were purchased

from Sigma–Aldrich (Saint Quentin Fallavier, France), and their

purities were P97%, 99%, and P98%, respectively. The 2,5-dihy-

droxy-3-(indol-3-yl)benzoquinone was synthesized according to

Pirrung et al. [26]. CDC25A and -C were produced and purified at

a laboratory according to the protocol published by Brault and Ba-

grel in 2008 [18]. a-Cyano-4-hydroxycinnamic acid (CHCA) and

2,5-dihydroxybenzoic acid (DHB) were obtained from Sigma–

Aldrich.

MALDI–TOFMS and MALDI–FTICRMS analyses

MALDI–TOFMS analyses were carried out on a Bruker Reflex IV

TOF mass spectrometer (Bruker Daltonic, Bremen, Germany)

equipped with the SCOUT 384 probe ion source fitted with a nitro-

gen pulsed laser (337 nm, model VSD-337ND, Laser Science, Bos-

ton, MA, USA). The laser output energy was 400 lJ/pulse. Two

different modes of analysis were used. The linear mode was used

for high-mass analyses (m/z 1–20 kDa). Positive ions were acceler-

ated without any extraction delay at a 20-kV acceleration voltage.

The reflectron mode was used for lowmasses (m/z 0–5000 Da). The

reflector voltage was 23 kV. Positives ions were accelerated with a

200-ns extraction delay. Mass spectra were manually acquired

using FlexControl software (Bruker Daltonic) by accumulating four

series of 100 laser shots.

MALDI–Fourier transform ion cyclotron resonance (FTICR)–MS

analyses were carried out on an IonSpec mass spectrometer

(Varian, Palo Alto, CA, USA) fitted with a 9.4 T shielded magnet.

The external ProMALDI source was equipped with an Nd:YAG laser

at 355 nm (third frequency, New Wave Research, Fremont, CA,

USA). After ionization, positives ions were stored in a hexapole,

transferred in the FTICR cell through the ion guide, and then ana-

lyzed. All mass spectra were manually acquired with Omega soft-

ware in Wizard mode (Varian). Approximately 35 laser shots

were averaged with laser energy at 17% of the laser output

maximum.

Two matrices were used for MALDI analyses: (i) a 1-M DHB

solution (Sigma–Aldrich) in 50% acetonitrile and 0.1% of trifluoro-

acetic acid (TFA) (Merck, Darmstadt, Germany) and (ii) a saturated

sinapinic acid (SA) solution (Sigma–Aldrich) in 50% acetonitrile and

10% formic acid (VWR International, Fontenay-sous-Bois, France).

All of the depositions were performed using the dried droplet

method. After the screening step, the protein–inhibitor complex

was concentrated and desalted using C18 resin pipet tips (ZipTip,

Molsheim, France). The ZipTip was first equilibrated with 10 ll of
acetonitrile and then washed three times with 10 ll of a mixture

composed of acetonitrile/water/TFA (50:50:0.1, v/v/v) and four

times with 10 ll of an aqueous solution acidified with 0.1% TFA.

Next, 5 ll of the sample was adsorbed on the ZipTip (five aspirate

dispense cycles) and then washed four times with 10 ll of 0.1%

TFA. The sample was eluted using 4 ll of acetonitrile/water/TFA

(50:50:0.1, v/v/v).

External calibration was done using DHB matrix peaks and a

mixture of standard peptides (Bruker Daltonic). The following

monoisotopic peaks were used: m/z 155.034 ([DHB + H]+), m/z

757.400 (bradykinin), m/z 1046.542 (human angiotensin II), and

m/z 1533.860 (P14R). The calibration was successful if the root

mean square (RMS) error was in the range of ±1 to 2 ppm and

±10 to 15 ppm for FTICRMS and TOFMS, respectively. Digest mass

spectra were internally calibrated with two trypsin autolytic

peaks: m/z 842.510 (VATVSLPR) and m/z 2211.104

(LGEHNIDVLEGNEQFINAAK).

Tryptic digestion and protein identification by PMF analysis

A solution of 0.2 lg/ll commercial trypsin (V5111, Promega,

Madison, WI, USA) was prepared in the trypsin buffer. The solution

was then diluted to obtain a final enzyme/protein ratio of 1:10, and

CDC25s were digested overnight at 37 °C. The digests were then

analyzed by MALDI–FTICRMS using DHB matrix. Peaks in the 400

to 4000 m/z range with a signal/noise (S/N) ratio greater than 3

were considered and reduced to files containing peak lists (FTDOC

version 4.1.54, Varian) and used for the database search. The
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MASCOT search engine was used for interpretation of peptide mass

fingerprint (PMF) data with the SwissProt database (2012_02,

534,695 sequences, 189,667,883 residues) without any taxonomy,

pI, or molecular weight (MW) restrictions. One possible missed

cleavage for trypsin digestion was allowed. Identifications were

validated when at least six peptides were matched with an error

lower than 10 ppm, as recommended for FTICRMS [27]. A score

greater than 70 was considered as significant (P < 0.05).

Screening protocol

The screening of CDC25 inhibitors is presented in Fig. 1. The first

step (1) of the protocol consisted in incubating the target protein

(CDC25A or C) with the evaluated compound. This compound

was dissolved in ethanol at a concentration of 10ÿ2 M and then di-

luted in ultrapure water (18 MX to a final concentration of

2 � 10ÿ3 M). CDC25 phosphatases were solubilized in Tris A buffer

(50 mM Tris, 50 mM NaCl, 1 mM ethylenediaminetetraacetic acid

[EDTA], and 1 mM dithiothreitol [DTT], pH 8.0) at a concentration

of approximately 8 � 10ÿ5 M for isoform A and 2 � 10ÿ5 M for iso-

form C. Then, 30 ll of CDC25A or 50 ll of CDC25C was incubated

with 10 ll of the evaluated compound for 1 h.

The second step (2) was designed to separate unbound species

from bound species through a centrifugation step. The incubating

solution was introduced into the reservoir of a Microcon centrifu-

gal filter unit with a mass cutoff of 30 kDa (Millipore). The filter

was centrifuged for 8 min at 12,000 rpm and then washed by add-

ing 100 ll of ultrapure water. Three washings are sufficient to re-

move all unbound species [21]. CDC25s and potential protein–

ligand complexes were retained by the membrane (retentate).

The retentate is dissolved with 20 ll of ultrapure water and de-

salted using ZipTip C18. Depending on the nature of the tested

molecules, the analytical step was divided into two parts. During

the third step (3), 1 ll of this solution (desalted retentate) was di-

rectly analyzed in MALDI–TOFMS with DHB matrix in low mass

(0 <m/z < 4000) to evidence potential noncovalent ligands and

with SA matrix in higher mass (m/z > 10,000 Da) in order to check

the presence of the protein. The last step (4) consisted in the diges-

tion of CDC25 or the CDC25–ligand covalent complex by trypsin.

The digestion was performed as described by Da Silva et al. [28].

The digest was analyzed in MALDI–FTICRMS as described above.

Biological evaluation

These evaluations were performed on recombinant human

CDC25s [18]. CDC25 phosphatase activity was evaluated in vitro

by thefluorimetricmethoddescribedpreviously [29]. Briefly, the as-

say was performed in 96-well plates in buffer (50 mM Tris–HCl,

50 mM NaCl, 1 mM EDTA, and 0.1% Bovine Serum Albumine,

pH 8.1) containing 3-O-methylfluorescein phosphate as substrate.

After 2 h at 30 °C, 3-O-methylfluorescein fluorescent emission was

measured with CytoFluor 4000 (Perseptive Biosystems, Framing-

ham,MA, USA). Inhibition tests were performed in triplicate by pre-

liminary incubation of inhibitors with the enzyme (20 min) before

assessing activity. Results are expressed as the percentage of resid-

ual activity of CDC25 phosphatase. The compound concentrations

inhibiting 50% of enzyme activity (IC50) were evaluated by using a

nonlinear approximationmodel based on the least squaresmethod.

To assess the reversible/irreversible fixation mode of a com-

pound in vitro, a previously described dilution method [11] was

applied. Briefly, the recombinant enzymes were incubated with a

strong inhibitory concentration of compound for different times

and then diluted to obtain a final weak inhibitory concentration.

Activity was then measured by fluorimetry.

Results and discussion

Regarding the potential inhibition of CDC25 phosphatases, the

candidate molecules can be divided into three categories: (i) the

inactive compounds, (ii) the reversible inhibitors, and (iii) the irre-

versible inhibitors. Obviously, the forthcoming screening protocol

must deal with each category. Moreover, the inactive compounds

must behave specifically toward the analytical procedure and must

not interfere with the two categories of inhibitors. Thus, to validate

the screening test, it is necessary to evaluate a negative control

(i.e., a molecule that has no interaction with the target protein).

Like Hannewald and coworkers [21,22], the chosen compound is

amiodarone (Fig. 2A), an antiarrhythmic agent.

Screening of reversible inhibitors

As mentioned previously, there are only a few described revers-

ible inhibitors for CDC25 phosphatases. Moreover, they are not

Fig.1. Principle of the screening protocol.
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commercially available. Among them, 2,5-dihydroxy-3-(indol-3-

yl)benzoquinone (C14H8O4N; see Fig. 2B) was synthesized to devel-

op and validate the screening procedure.

Targeted proteins are put in contact with an excess of 2,5-dihy-

droxy-3-(indol-3-yl)benzoquinone. The incubation medium is

ultrafiltered using a 30-kDa cutoff Microcon unit. For reversible

inhibitors, it is expected that the sample reservoir is retaining

the noncovalent complex formed by the target protein and the li-

gand [19]. Then, 1 ll of the retentate is analyzed by MALDI–TOFMS

with DHB. Because the ligand–target protein is a weak complex in

this case, the laser energy is sufficient to break the complex during

the ionization step. Consequently, the reversible inhibitor is de-

tected by its protonated molecular ion ([M+H]+) in the mass spec-

trum in positive mode or as its deprotonated molecular ([MÿH]ÿ)

in negative mode.

2,5-Dihydroxy-3-(indol-3-yl)benzoquinone can be detected

either in positive ion mode at m/z 256.1 (Fig. 3B) or in negative

mode at m/z 254.1 (data not shown). However, negative ion mode

is approximately 10 times less sensitive than positive mode and,

thus, is not compatible with the concentration of the inhibitor that

remains bound to CDC25s after the ultrafiltration step. Conse-

quently, positive ion mode is selected for the detection. The results

obtained after the screening procedure with CDC25A and -C are

displayed in Fig. 3C and D, respectively. As expected for a reversible

inhibitor, the signal corresponding to its protonated molecular ion

(m/z 256.1) is observed with an S/N ratio of 20. Its isotopic pattern

does not look good because the peak at m/z 257.1 is much too in-

tense. This is due only to an interference (Fig. 3A) observed with

the matrix DHB. This hypothesis has been checked in FTICRMS of

which resolution is able to distinguish both ions at m/z 257.0638

for 2,5-dihydroxy-3-(indol-3-yl)benzoquinone containing one 13C

and at m/z 257.0683 observed for the interference (see Fig. S1 of

the supplementary material). To avoid the interference at m/z

257, the matrix CHCA is evaluated but the ionization of the 2,5-

dihydroxy-3-(indol-3-yl)benzoquinone is unsuccessful. The daily

recrystallization of a matrix is a somewhat burdensome, but it

can be an efficient way in which to remove some impurities. With

freshly recrystallized DHB, there are still some impurities but the

isotopic pattern of the 2,5-dihydroxy-3-(indol-3-yl)benzoquinone

is correct even if the baseline remains a little bit disturbed (see

Fig. S2 of the supplementary material). This last result confirms

the hypothesis of an impurity for ion at m/z 257.1.

Amiodarone, BN82002, and NSC663284 (Fig. 2) are never ob-

served in such conditions, raising three hypotheses: (i) the ultrafil-

trate device has been damaged during the protocol, (ii) the

molecule is not a natural ligand of the target protein (e.g., amioda-

rone), and (iii) the candidate molecule is covalently bound to the

target (e.g., BN820002, NSC663284).

The first hypothesis can easily be checked. When the retentate

is analyzed by MALDI–TOFMS with SA as a matrix in linear mode,

the [M+H]+, [M+2H]2+, and [M+3H]3+ ions can be observed for

CDC25A and -C. The dimer ion [2 M+H]+ is also present for CDC25C.

This kind of result confirms that the proteins are well retained on

the membrane.

From this point, we can conclude that the test is able to screen

reversible inhibitors. However, to resolve the two other hypothe-

ses, the protocol needs to be completed.

Screening of irreversible inhibitors

BN82002 and NSC663284 (Fig. 2C and D) are described in the

literature as irreversible inhibitors of CDC25 proteins [23,30].

NSC663284 binds the CDC25A catalytic site thanks to Ser434 (cor-

responding to Ser114 for Pu and coworkers, who studied only the

catalytic site). Although BN82002 is given as an irreversible inhib-

itor (with an IC50 in the micromolar range), the exact way in which

this compound inhibits the CDC25 proteins remains unclear. Both

compounds have been used as a reference for the development

of this part of the test.

When the CDC25A and -C phosphatases are incubated with

BN82002, direct mass spectra of the retentate (Fig. 4A and B) do

not exhibit the protonated molecular ion of the inhibitor. Similar

results were obtained for NSC663284 (data not shown). However,

the detection of small molecules in complex samples often under-

goes signal suppression. To discard this hypothesis, the same

amount of BN82002 is spiked with some denatured CDC25A and

directly analyzed (without ultrafiltration) by MALDI–TOFMS. As

shown in Fig. 4C, the [M+H]+ ion corresponding to BN82002 effec-

tively appears on the mass spectra, discarding the hypothesis of

signal suppression. Furthermore, this experiment shows that

BN82002 is not able to bind CDC25A when this protein is dena-

tured. Finally, CDC25A and -C have been incubated with increasing

amounts of BN82002. After the ultrafiltration step, the filtrate is

analyzed by MALDI–TOFMS. Results are presented in Fig. 5. As long

Fig.2. Structures and molecular weights of the tested compounds: (A) amiodarone; (B) 2,5-dihydroxy-3-(indol-3-yl)benzoquinone; (C) BN82002; and (D) NSC663284.
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as the ratio of target protein versus inhibitor does not reach 1:1, no

BN82002 is evidenced in the filtrate. For a higher ratio, the excess

is detected and the higher the concentration of BN82002, the high-

er the MS signal. Thus, the excess of inhibitor is well eliminated

from the retentate during the washing procedure.

All of these experiments are in a good agreement with the for-

mation of a covalent bond between the target protein and the two

inhibitors, but they are not sufficient to demonstrate this hypoth-

esis. Indeed, no amiodarone is detected in the retentate because it

is eliminated during the washing step and, finally, this negative

control compound behaves as BN82002 and NSC663284 in excess.

To determine whether a given compound is covalently linked to

the target protein or not, a digestion of the retentate is performed

with trypsin. Then, the digest is analyzed by PMF using MALDI–

FTICRMS. The high mass accuracy measurement of FTICRMS is used

here to improve the confidence of the submitted data. Indeed, by

measuring m/z ratio with accuracy in the ppm range, FTICRMS sig-

nificantly increases the reliability of PMF analyses [31,32].

When the PMF analysis is performed on the native protein,

CDC25A is identified with sequence coverage of 73% (Fig. 6A) and

the protonated ion corresponding to the active site (m/z

1551.7624, VIVVFHCEFSSER) is detected 9 of 10 times with a signal

ratio equal to 5.5. For CDC25C, 61% of the protein sequence is cov-

ered (Fig. 6B) and the active site (m/z 1579.794, IIIVFHCERFSSER) is

detected 8 of 10 times by MALDI–FTICRMS with a signal ratio equal

to 8.0. Thus, the PMF analysis of the native proteins constitutes a

reference that can be compared with further PMF analysis obtained

from incubated samples.

Fig. 6C and D display the results of the PMF analyses obtained

with BN82002 incubated with CDC25A and -C, respectively. Com-

Fig.3. (A and B) MALDI–TOF mass spectra (reflectron mode) of DHB matrix (A) and 2,5-dihydroxy-3-(indol-3-yl)benzoquinone (DHB matrix, C = 5 � 10ÿ4 M) (B). (C) Direct

analysis of CDC25A screened with 2,5-dihydroxy-3-(indol-3-yl)benzoquinone. (D) Direct analysis of CDC25C screened with 2,5-dihydroxy-3-(indol-3-yl)benzoquinone.
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parison of these analyses with those obtained with their respective

control samples (Fig. 6A and B) clearly shows that the active site of

both CDC25A and -C is never identified when the proteins are

screened with the irreversible inhibitor. The same trend is ob-

served with NSC663284, which is known to covalently bind the

second serine of the CDC25A active site [23]. When the PMF is per-

formed from incubation sample containing amiodarone (negative

control compound) or the 2,5-dihydroxy-3-(indol-3-yl)benzoqui-

none (reversible inhibitor), the active site is always detected in

PMF.

Our results confirm the covalent binding between the active site

of the target protein and the two evaluated irreversible ligands. In

addition, they show that inactive compounds and reversible inhib-

itors do not interfere with the PMF analysis. Notwithstanding the

disappearing of the active site of the mass spectrum, no mass peak

corresponding to the active site linked to the ligand appears on the

PMF spectra. For example, the protonated adduct ion correspond-

ing to [VIVVFHCEFSSER + NSC663284-Cl]+ is not detected at m/z

1837.7 in MALDI–FTICRMS, contrary to LC–ESI–MS [23]. It seems

that the adduct peptide become silenced in MALDI–FTICRMS. Nev-

ertheless, the systematic disappearing of the active site in PMF

coupled to the absence of the protonated molecular ion in direct

MALDI–TOFMS analysis constitutes a proof of irreversibility. Our

screening test confirms that BN82002 is an irreversible inhibitor.

Furthermore, the presented study shows that it covalently binds

the active site of CDC25A and -C. Obviously, further experiments

(e.g., LC–ESI–MS/MS) would assess the determination of the exact

position of the covalent bond.

Conclusion on developed screening procedure

Table 1 summarizes the expected results associated with the

developed screening procedure. Each category of molecule has its

own behavior toward the test:

Fig.4. MALDI–TOF mass spectra (reflectron mode) of CDC25A incubated with BN82002 (A), CDC25C incubated with BN82002 (B), and BN82002 incubated with denatured

CDC25A (C). Mass peak indexed with D corresponds to the [M+H]+ of BN82002 (the spectrum also exhibits the M�+ at m/z 359.2 and a hydrogen loss by fragmentation at

358.2).

Fig.5. MS signal intensity of BN82002 in the wash filtrates as a function of its

concentration during the incubation with CDC25A (white columns, C = 5 � 10ÿ5 M)

and CDC25C (gray columns, C = 2 � 10ÿ5 M). Error bars represent the standard

deviations obtained from 10 experiments.
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Fig.6. Peptide sequence obtained after PMF study of CDC25A native protein (A), CDC25C native protein (B), CDC25A incubated with BN82002 (C), and CDC25C incubated with

BN82002 (D). Bold letters highlighted with a gray background are identified peptides, and the active site of the protein is underlined.

Table 1

Overview of expected results from developed screening test on CDC25 phosphatases.

Control samples Evaluated compounds

Native CDC25s Negative controls Inactive compounds Reversible inhibitors Irreversible inhibitors

Direct analysis by MALDI–MS (step 3) U
⁄ 0 0 U

⁄⁄ 0

Presence of active site of CDC25 by PMF analysis (step 4) U U U U 0

Note: Step numbers corresponding to Fig. 1 are in parentheses.U, positive detection; 0, absence of detection; ⁄, high mass spectrumwith SA; ⁄⁄, lowmass spectrum with DHB.

Fig.7. MALDI–TOF mass spectra (reflectron mode) of SV37 (DHB matrix, C = 2 � 10ÿ4 M) and CDC25C incubated with SV37 (B). The ionm/z 378.1 corresponding to M�+ andm/

z 377.1 is due to a hydrogen loss. The difference between the two ion patterns is due to the difference of laser energy between the standard and incubated samples. The

standard is obtained with 20% of the laser energy, whereas 40% is required for the incubated sample. At higher laser energy, the fragmentation of the [M+H]+ increases.

Consequently, the relative abundance of m/z 379 is decreasing, whereas m/z 377 is increasing. Meanwhile, the intensity of m/z 378 ([M�+]) is also increasing at higher energy.
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� Inactive compounds do not present any ions corresponding to

their molecular structure in direct MS analysis, but the catalytic

site of CDC25s is observed by PMF analysis.

� Reversible compounds can already be evidenced by the direct

MS analysis of the retentate, but PMF analysis can also be per-

formed as control. In this case, the catalytic site of the CDC25s

is observed and the sequence corresponding to the active site

appears in the MASCOT report after PMF analysis.

� Irreversible inhibitors covalently bound to the active site are

deduced from both direct and PMF analysis by the absence of

detection of the molecule and the absence of the catalytic site

in the MASCOT report. The absence of the catalytic site is also

expected if its cysteine is definitely oxidized.

Application

The aim of a screening test is to rapidly discriminate potentially

active compounds from the others. Such a procedure is particularly

interesting because the evaluation of inactive compounds by

expensive and time-consuming procedures can be avoided. The

developed procedure is applied to some synthesized compounds

from which a molecule named SV37 (C21H14O5S1) emerges as a

candidate.

SV37 is incubated with CDC25C as described previously and

submitted to the developed testing procedure. Results of direct

MALDI–TOFMS analysis (step 3) are presented in Fig. 7. In positive

MALDI–TOFMS, the signal corresponding to the molecular ion (M�+)

can be observed at m/z 378.1 and 379.1 for the [M+H]+ ion. As for

indolylquinone, the isotopic pattern looks complicated, but the

reason is completely different. Such a complicated pattern was al-

ready observed by Calba and coworkers for electron-rich com-

pounds (spirooxazines), and the abundant M + 2 and M + 3 ions

were attributed to hydrogenated ions [M+H2]
�+ and [M+H2+H]

+

[33]. When the ionization process is performed in laser desorption

ionization (LDI) without any matrix addition, SV37 is detected as

M�+ with a correct isotopic pattern but LDI leads to a less sensitive

detection.

Direct MALDI–TOF mass spectrum obtained after the screening

with CDC25C presents the typical ion profile of SV37 obtained with

matrix (the M�+ is a little bit more abundant). Such results charac-

terize potential reversible inhibitors. This behavior is confirmed

when step 4 is performed (Fig. 8). Indeed, the active site is still de-

tected in PMF.

To check the reliability of the screening test, two in vitro exper-

iments are performed. First, the IC50 (concentration inhibiting 50%

of the enzymatic activity) of SV37 on recombinant CDC25 is evalu-

ated. Fig. 9A shows that the IC50 value is approximately 1 lM with

CDC25C. This IC50 curve allowed us to define a strong inhibitory

concentration (22 lM, corresponding to P70% of inhibition) and

a weak inhibitory concentration (0.12 lM, corresponding to <30%

of inhibition) for the evaluation of reversibility.

Second, the dilution test is performed to check the reversibility

of SV37 against CDC25C. The enzymes are preincubated with the

strongly inhibitory concentration of SV37 for 0, 15, 30, 60, and

90 min and then diluted 180-fold to obtain the final weakly inhib-

itory concentration. Two controls are used to define positive and

negative inhibition controls of 22 and 0.12 lM final inhibitor con-

centration, respectively (no dilution was performed). For an

Fig.8. Peptide sequence obtained after PMF study of CDC25C screened with SV37. Bold letters highlighted with a gray background are identified peptides, and the active site

of the protein is underlined.

Fig.9. (A) IC50 curve for SV37. (B) Reversibility of SV37 against CDC25C. DMSO, dimethyl sulfoxide.
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irreversible inhibitor, the fixation to the enzyme is still effective

even after a strong dilution. Thus, the inhibition will be maintained

after dilution, and the residual activity of the enzyme is expected

to be in the same range as the positive inhibition control. On the

contrary, with a reversible inhibitor, the dilution will allow the

inhibitor to leave the enzyme, and the enzyme will recover the

whole or major part of its activity and is expected to be in the same

range as the negative inhibition control. SV37 was found to behave

like a reversible compound given that the major part of the activity

is recovered after dilution for the recombinant CDC25C (Fig. 9B).

According to these results, SV37 seems to be a promising CDC25

inhibitor. This compound, highlighted by the developed procedure,

is actually still undergoing complementary biological tests. This

study will be published soon.

Conclusion

In this article, we have proposed a rapid screening test allowing

the detection of reversible and irreversible CDC25A and -C inhibi-

tors starting from a very simple sample preparation. The sample

preparation consists in an incubation of the candidate molecule

with the entire target protein, followed by an ultrafiltration step.

The retentate is then directly analyzed by MALDI–TOFMS to bring

to light reversible inhibitors or is submitted to PMF analysis to re-

veal irreversible inhibitors.

Such a procedure can be applied to highlight new synthetic

inhibitors. In the future, it could also be easily automated in order

to increase the analytical throughput and be applied to more com-

plex mixtures. For example, it could be a convenient way in which

to screen plant or marine samples for a rapid discrimination of ac-

tive extracts from inactive extracts before starting a long and heavy

complementary biological study.
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A Novel Coumarin-Quinone Derivative SV37 Inhibits
CDC25 Phosphatases, Impairs Proliferation, and
Induces Cell Death
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Cell division cycle (CDC) 25 proteins are key phosphatases regulating cell cycle transition and proliferation by regulating
CDK/cyclin complexes. Overexpression of these enzymes is frequently observed in cancer and is related to aggressiveness,
high-grade tumors and poor prognosis. Thus, targeting CDC25 by compounds, able to inhibit their activity, appears a good
therapeutic approach. Here, we describe the synthesis of a new inhibitor (SV37) whose structure is based on both coumarin
and quinonemoieties. An analytical in vitro approach shows that this compound efficiently inhibits all three purified human
CDC25 isoforms (IC50 1–9mM) in a mixed-type mode. Moreover, SV37 inhibits growth of breast cancer cell lines. In MDA-
MB-231 cells, reactive oxygen species generation is followed by pCDK accumulation, a mark of CDC25 dysfunction.
Eventually, SV37 treatment leads to activation of apoptosis and DNA cleavage, underlining the potential of this new type of
coumarin–quinone structure. © 2013 Wiley Periodicals, Inc.

Key words: breast cancer; CDC25 inhibitor; quinone; coumarin; apoptosis; reactive oxygen species

INTRODUCTION

Cell division cycle 25 (CDC25) proteins are double
specificity phosphatases [1,2]. In eukaryotes, they are
known to play an essential role in G1/S and G2/M cell
cycle transition, as well as in mitosis via dephosphor-
ylation of phospho-threonine 14 residue (Thr14) and
phospho-tyrosine 15 residue (Tyr15) residues of
cyclin dependent kinase (CDK)/cyclin complexes.
Activity of CDC25s is tightly regulated throughout
the cell cycle by various mechanisms involving
subcellular relocalization or variations of the expres-
sion level of all three CDC25 isoforms in different
phases of the cell cycle [3–5].
CDC25 A, B, and C isoforms play various roles in

cell cycle progression. CDC25A essentially interacts
with CDK2-CyclinE and CDK2-CyclinA complexes,
which control G1/S transition and progression
through S phase. This isoform also interacts with
the CDK1-CyclinB complex involved in G2/M transi-
tion [6–8]. CDC25Bmainly targets the CDK1-CyclinB
complex located in centrosomes implicated in pro-
phase microtubule dynamics. It is also able to
dephosphorylate and activate CDK2-CyclinA and
CDK2-CyclinE complexes [2,9]. CDC25C is present
in each cell cycle phase and regulates G2/M transition
by targeting CDK1-CyclinB complex [10,11]. In
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addition, CDC25 isoforms present a level of function-
al redundancy.

Over-expression of CDC25 activities was frequent-
ly observed in cancer [12] as CDC25A and B were
found overexpressed in breast, thyroid, laryngeal,
esophageal, gastric, hepatocellular, ovarian, endo-
metrial, prostate, and colorectal as well as in non-
Hodgkin lymphomas [13]. In breast cancer, CDC25A
and B are over-expressed in 70% and 57% of cases,
respectively. Over-expression is most often accom-
panied by over-activation of CDK2 and correlates
with aggressiveness, bad prognosis and high-grade
tumors [14,15]. Thus, CDC25s constitute a promis-
ing target for the development of anti-cancer
drugs [16].

There is an apparent functional redundancy
between CDC25A, B, and C. Whereas Ferguson
et al. [17] showed that CDC25B and C knock-out
mice develop normally, suggesting that CDC25A is
able to replace functions of CDC25B and C; other
show that CDC25B is essential for meiotic resump-
tion in female mice [18], thus suggesting limited
redundancy. Based on these results, it appears that
targeting a single CDC25 isoform might present
interest limited only to mechanistic studies whereas
only inhibition of all three CDC25 phosphatases
presents a therapeutic interest, enhancing the
chance of blocking cell cycle progression in tumor
cells.

About 100 compounds, including quinonoids,
phosphate surrogates, or electrophilic inhibitors,
were previously synthesized in order to inhibit
CDC25s [19]. Starting from the structure of vitamin
K published in 1993 as a potent CDC25 inhibi-
tor [20], numerous compounds were derived from a
para-quinonoid structure. This CDC25 inhibitor
family includes thiol-naphtoquinones such as the
2-[(2-hydroxyethyl)sulfanyl]-3-methylnaphtoqui-
none (NSC 672121) [21], indolyldihydroxyquinones
derivated from 2,5-dihydroxy-3-(1H-indol-3-yl)[1,4]
benzoquinone [22] or chloroquinones such as 6-
chloro-7-{[2-(4-morpholinyl)ethylamino]amino}-
5,8-quinolinedione (NSC 663284) [23], and many
other quinonoid derivatives able to affect CDC25
activity and tumor cell proliferation. The biological
activity of quinonoid compounds can be exerted
through the generation of reactive oxygen species
(ROS) through the redox cycle of quinones [24,25].
Electrophilic reduction of quinone can lead to
semiquinone radicals and superoxide anion able to
induce oxidative stress and to react with various
cellular molecules, causing DNA damage or inhibi-
tion of enzymes.

To date, there is no suitable inhibitor for further
drug development, and thus innovative com-
pounds are required. Here, we detail the in vitro
inhibitory potential and the effects in breast cancer
cell lines of a novel coumarin–quinone derivative,
SV37.

MATERIALS AND METHODS

Chemistry

Solvents usedwerepurchased fromCarlo Erba (Val de
Reuil, France) and chemical compounds were from
Acros Organics (Fisher Scientific, Illkirsh, France) or
Alfa Aesar (Shiltigheim, France). Melting points were
determined with a Stuart SMP3 (Bibby Scientific,
Staffordshire, UK) apparatus and are uncorrected. 1H
and 13C NMR spectra were recorded with a Bruker AC
250MHz spectrometer (Brucker Daltonics, Wissem-
bourg, France) inCDCl3orDMSO-d6.Mass spectrawere
recorded with a MicroTof-Q 98 (Brucker Daltonics).
Chemical shifts are reported in d (ppm) units relative to
the internal reference tetramethylsilane (Me4Si). All
reactions were routinely checked by thin layer chro-
matography (TLC). TLC was performed on aluminum-
backed silica gel plates (Alufolien Kieselgel 60 F254,
Merck DC, Fontenay Sous Bois, France) with spots
visualized by UV light. Column chromatography was
performed on silica gel LC 60A (70–200mm). Analytical
results are within  0.40% of the theoretical values.

Synthesis of 2{(7-Methoxy-2-oxo-2H-Chromen-yl)
Methylsulfanyl]}Naphtoquinone (SV37)

Naphthalene-1,4-dione (Figure 1B(b)) (1.26mmol,
0.2g) was slowly added to a solution of 4-(mercapto-
methyl)-7-methoxy-2H-chromen-2-one (Figure 1B(a))
(1.26mmol, 0.28g) in ethanol (10mL) and the resulting
mixture was stirred at room temperature overnight.
Then the yellow solid was filtered and recrystallized by
ethanol to afford pure SV37. Yield: 85%. 1H-NMR
(CDCl3) d3.56 (s, 2H, –CH2–), 3.85 (s, 3H,OCH3), 6.28 (s,
1H, –CHCOO–), 6.95–6.97 (m, 2H, coumarin protons),
7.34 (s, 1H, benzoquinone proton), 7.58–7.60 (d, 2H,
benzoquinone protons), 7.72–7.74 (d, 1H, coumarin
proton), 7.93–7.95 (d, 2H, coumarin protons) ppm; 13C-
NMR (CDCl3) d29.76, 55.96, 100.98, 111.40, 111.95,
112.21, 126.02, 126.30, 126.63, 128.16, 131.40, 131.59,
133.72, 134.71, 149.65, 152.29, 155.08, 159.79, 162.60,
181.12, 181.68ppm; HRMS (ESI) [MþNa]þC21H14-

NaO5S Calcd 401.0460, found 401.0468. Elemental
Analyses: Calcd C, 66.66; H, 3.73; O, 21.14; S, 8.47;
found C, 66.69; H, 3.77; O, 21.10; S, 8.45.

Production and Purification of Recombinant Human
CDC25 Phosphatases

Recombinant CDC25-GST proteins of the three
isoforms were obtained as previously described by
Brault et al. [26]. Briefly, E. coli strain BL21-DE3 pLys S
was transformed by a plasmidic vector (pGEX 2T,
Amersham,GEHealthcare, V�elizy, France) containing
the sequences encoding full length CDC25A, B, andC
or only the catalytic site of CDC25B. Recombinant
protein production was induced by addition of
Isopropyl-thio-b-galactoside (Sigma–Aldrich, Saint
Quentin Fallavier, France) in the medium. Cells
were lysed and centrifuged to recover the supernatant
which was purified on a glutathione (GSH)-agarose
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column (Sigma–Aldrich), and recombinant GST-
CDC25 proteins were eluted and collected in frac-
tions. Activity, purity, and protein concentration of
the fractions was evaluated.

In Vitro Enzymatic Assays

CDC25 phosphatase activity was quantified in vitro
by a fluorimetric assay as previously described [27].
Measurement of GST-CDC25 enzymatic activity was
performed in 96-well plates in (50mM Tris–HCl,
50mM NaCl, 1mM EDTA, and 0.1% SAB, pH 8.1)
buffer containing500mM3-O-methylfluoresceinphos-
phate (Sigma–Aldrich) as substrate. The GST-CDC25
proteins, diluted in assay buffer, were used at a final
concentration of 1mg/well. After 2h at 308C, fluores-
cent emission of 3-O-methylfluorescein was measured
with a CytoFluor system (Perspective Applied Biosys-
tems, Life Technologies, Villebon sur Yvette, France)
with excitation filter: 475nm and emission filter:
510nm. Tests were performed in triplicates, and the
experiment was performed three times independently
(nine values in total). Results are expressed as percent-
age of inhibition of CDC25 phosphatase activity in
presence of the tested compounds.

Measurement of Reversibility/Irreversibility of the Inhibition

To assess reversible/irreversible interactionmode of
a compound in vitro, a dilution method previously
described by Sohn et al. [22] was applied to the
fluorimetric method described above. Briefly, recom-
binant enzymes were incubated with a strong
inhibitory concentration of the compound for differ-
ent time points, and then, diluted to obtain a final
weakly inhibitory concentration (180-fold in this
experiment). Activity is thenmeasured by fluorimetry
and compared to DMSO control; the reversibility/
irreversibility feature is determined by recovering/

non-recovering of CDC25 activity after dilution. In
order to obtain a comparable enzyme amount during
measurement, the enzyme quantity in assays before
dilution was 180-fold higher than in undiluted
controls. After dilution, same volume (90mL) of
control and assay solutionswas used formeasurement
(rest of assay mix was discarded).

A second evaluation of the fixationmode wasmade
by a mass spectrometry method previously de-
scribed [28]. Briefly, CDC25A was incubated with
SV37 during 1h allowing the eventual fixation of the
compound to the enzyme. The unbound species were
then separated from the bound species by a centrifu-
gation and washing step. CDC25 and potential
protein–ligand complexes were dissolved with 20mL
of ultrapure water and analyzed in MALDI-TOFMS
with 2,5-dihydroxybenzoic acid (DHB) matrix (Sig-
ma–Aldrich) for the low mass (0<m/z<4000) and
with sinapinic acid (SA) matrix (Sigma–Aldrich) for
the higher mass (m/z>10000Da) in order to check
the presence of the protein. Finally, the last step
consisted in the digestion of the CDC25 or the
CDC25-compound complex by trypsin (lot V5111,
Promega Corporation, Madison, WI) as described by
da Silva et al. [29]. The digests were analyzed by
MALDI-FTICRMS and a peptide mass fingerprinting
(PMF) experiment was performed in order to compare
the twoprotein sequences (CDC25 free and incubated
with the compound) as described by Sibille et al. [28].

Cell Lines and Culture Conditions

The evaluation of the effects of the inhibitors on
cells was realized on various cell lines including two
breast cancer cell lines issued from pleural effusion of
invasive ductal carcinomas: MCF-7 and MDA-MB-
231 [30,31]; an immortalized mammary breast cell
line: hTERT-HME1 obtained from the HME1 cells

Figure 1. (A) Synthesis ofmethylthiol derivative (a). Condensation of chloromethyl derivative (1) with thioureawas
followed by basic hydrolysis. (B) Synthesis and structure of SV37 and its counterparts. Synthesis of 2-([7-methoxy-2-
oxo-2H-chromen-4-yl]methylthio)naphthalene-1,4-dione (SV37) by reaction of naphthalene-1,4-dione (b, quinone
counterpart) and 4-(mercaptomethyl)-7-methoxy-2H-chromen-2-one (a, coumarin counterpart).
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(Human Mammary Epithelial) which were immortal-
ized by infection with the retrovirus
pBabepuroþhTERT [32,33].

MCF-7 and MDA-MB-231 cell lines were cultivated
in Roswell Park Memorial Institute medium
(RPMI1640 medium) (Eurobio, Courtabœuf, France),
containing 10% (v/v) fetal calf serum, antibiotics, and
anti-mycotics (104UImL!1 penicillin G, 10mgmL!1

streptomycin, 25mgmL!1 amphotericin B) (Eurobio).
hTERT-HME1 cell line was cultivated in mixed
medium containing 90% of RPMI1640 medium plus
10% (v/v) fetal calf serum, antibiotics, and anti-
mycotics as listed above, plus 10% mammary epithe-
lial cell growth medium (MEGM) (Lonza, Levallois-
Perret, France) containing 0.5mgmL!1 of hydrocorti-
sone, 5mgmL!1 of insulin, 10ngmL!1!1 of human
epidermal growth factor, and 0.52mgmL!1 of bovine
pituitary extract, plus 10% (v/v) fetal calf serum. Cells
were cultivated at 378C in a 5% CO2 humidified
atmosphere.

Cellular Viability Assays

Cytotoxicity of compounds was evaluated by a
standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenpyl-
tetra-zolium bromide (MTT) test [34] based on the
reduction of the MTT by mitochondrial succinate
dehydrogenase into purple formazan in living cells.
Cells were plated at 1"104 cells per well in 96-well
plates and grown for 24h. Then, medium was
discarded and replaced by fresh medium containing
the compound or the solvent alone (DMSO 0.5% v/v).
Cells are grown until the experiment’s time point and
then incubated for 3h at 378C with MTT solution
(500mgmL!1 of substrate in additive-free medium).
Then formazan crystals were dissolved in DMSO and
colorimetric measurement was made on a spectro-
photometer at 550nm.

Cytotoxicity Assays

Cell viability was evaluated by trypan blue exclu-
sion assays. Cellswere plated at a density of 2"105per
well in 6-well plates and grown for 24h. Then,
medium was replaced by fresh medium containing
the compound or the solvent alone (DMSO 0.5% v/v).
Cells were exposed to the compounds until reaching
the different experimental time points. Floating cells
were harvested, combined to trypsinized adherent
cells and counted by microscopy in the presence of
trypan blue dye.

Real Time Imaging and Cell Growth Evaluation

Confluencyof growing cells andmicroscopy images
were obtained by the Incucyte real-time automated
microscope imaging system (Essen Biosciences, Wel-
wyn Garden City, UK).

Reactive Oxygen Species Detection

ROS production was measured by flow cytometry
after CM-20-70-dihydro-dichlorofluorescein diacetate

(H2DCFDA) staining (detects hydrogen peroxide,
H2O2; hydroxyl radicals, HO•; hypochlorous acid,
HOCl; and peroxyl radicals, ROO•) or Redox Sensor
Red staining (detects hydrogen peroxide, H2O2;
peroxyl radicals, ROO•; and superoxide anions,
•O2

!). Sensors were purchased from Invitrogen, Halle,
Belgium. Cells were plated at a density of 1"106 cells
per 100-mm dishes and grown for 24h. Then, the
medium was replaced for 20min by fresh medium
containing the permeable and oxidation sensitive
fluorescent probe (CM-H2DCFDA 10mM or Redox
Sensor Red 2.5mM). Cells were then treated by the
compound or the solvent alone (DMSO 0.5% v/v).
Data were analyzed on a FACSCalibur flow cytometer
(Becton-Dickinson, Franklin Lanes, NJ). Pretreatment
with N-acetylcysteine (NAC) (Sigma–Aldrich) was at
10mM for 4h and the superoxide scavenger Tiron
(Sigma–Aldrich) was at 10mM for 1h.

Mitochondrial Membrane Potential Loss

After 16h treatment with SV37, supernatants and
trypsinized cells were collected, centrifuged 5min at
1200 rpm and resuspended in PBS containing 50nM
MitoTracker$R Red for 25min at 378C. Doxorubicin
(Sigma–Aldrich) (100nM) was used as a control.

Cell Lysate Preparation and Immunoblotting

Cells were plated at a density of 1"106 in 100-mm
dishes and grown for 24h. Then, the medium was
replaced by fresh medium containing the compound
or the solvent alone (DMSO0.5%v/v). Cellswere then
scraped and lysed for 30min on ice in RIPA buffer
(NaCl 150mM, Tris–HCl 50mMpH8, Nonidet/NP-40
1% v/v, sodium deoxycholate 0.5% m/v, sodium
dodecyl sulfate 0.1% w/v) supplemented with prote-
ase/phosphatase inhibitors (Protease Inhibitor Cock-
tail [Sigma–Aldrich] 1%, PMSF 1mM,NaF 10mM, and
Na3VO4 1mM); then cells were centrifuged (12000g,
15min, 48C) and lysate supernatant was harvested.
For histone extraction, cells were incubated on TEB
buffer (PBS containing: 0.5% Triton X100 [v/v],
10mM sodium butyrate) supplemented with prote-
ase/phosphatase inhibitors described above. Then
cells were centrifuged (12000g, 15min, 48C) and
pellet was resuspended in 0.2M HCl solution and
incubated overnight at 48C for acidic extraction.
Finally, cells were centrifuged (12000g, 15min, 48C)
and lysate supernatant was harvested. After Bradford
protein dosage, protein lysatewas separated on a SDS–
PAGE gel and transferred to a polyvinylidene fluoride
(PVDF) membrane (GE Healthcare).
Washing, antibody dilutions, and blocking dilu-

tions were made in Tris buffer saline (TBS)-Tween
buffer. Blocking solution and solutions used for
dilution of antibodies were composed of TBS-Tween
buffer added with 5% non-fat milk (w/v), except for
anti-phopho-CDK1, anti-phospho-CDK2, and anti-
phospho-histone 2AX (H2AX) where non-fat milk
was replaced by 5% BSA (w/v).
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Antibodies

Immunoblotting of phospho-CDK proteins were
realized by using anti-phospho-CDK1 (pTpY14/15)
diluted 1:1000 (ref. 44686G, Invitrogen) and anti-
phospho-CDK2 (pT14) diluted 1:1000 (ref. CDK12351,
Epitomics, Bio-Connect, Huissen, The Netherlands).
Immunoblotting of apoptosismarkers were realized by
using anti-caspase 3 diluted 1:1000 (ref. 56053, Cell
Signaling, Biok�e, Leiden, the Netherlands), anti-
caspase 7 diluted 1:1000 (ref. 9494, Cell Signaling).
Anti-poly(ADP-ribose) polymerase (PARP) diluted
1:2000 (ref. 7150, Santa Cruz, Heidelberg, Germany)
was used for PARP cleavage detection. Immunoblot-
ting of human histone H2AX phosphorylated form
were realized by using anti-phospho-H2AX (Ser139)
diluted 1:4000 (ref. 05-636, Millipore, Overijse,
Belgium). Anti-b-actin diluted 1:10000 (ref. A5441,
Sigma–Aldrich) was used as loading control.
Primary antibodies were detected by using horse-

radish peroxidase-donkey anti-rabbit antibody 1:5000
(ref. 2313, Santa Cruz) or horseradish peroxidase-goat
anti-mouse antibody 1:5000 (ref. 2005, Santa Cruz)
Densitometric analysis was performed using Image-
Quant LAS 4000 (GE Healthcare) with ECL Prime
Western blotting reagent (Amersham,GEHealthcare).

Statistics and Analytical Models

IC50 determined by in vitro fluorimetric assays were
evaluated with sigmoid curves plotted by using a
nonlinear approximation model based on the least
squaremethod (GraphPadPrismsoftware, La Jolla,CA).
Data are presented as mean of at least three

independent experiments SD. The Student’s t-test
was used to determine statistically significant means.
The level of significance was defined as !!!P-value
<0.005; !!P-value<0.01; !P-value<0.05.
Quantification of Western blot signals was realized

by area measurement by using ImageJ image process-
ing software (U.S. National Institutes of Health,
Bethesda, MD).

RESULTS

Synthesis of a Hybrid Coumarin–Quinone Derivative, SV37

We recently synthesized various coumarin-based
derivatives and tested their activity against
CDC25 [35]. Best activities were obtained when
coumarin moiety was carrying a methoxy group or
a hydroxy group in position 7. Considering this
framework and considering quinonoid inhibitor
structures already described in the literature [36–
39], we decided to investigate whether condensation
of the corresponding methylthiol derivative (a)
(Figure 1A) to a quinone was able to generate novel
active compounds. Compound (a) was prepared from
the chloromethyl derivative (1) by condensationwith
thiourea and followed by basic hydrolysis (Figure 1A).
Thiol (a)was then condensedwithnaphtoquinone (b)

in ethanol at room temperature to generate com-
pound SV37 (Figure 1B). Thiol and naphtoquinone
were tested for their activity against CDC25 alone, in
order to exclude bioactivity deriving from only one or
the other part of the final molecule.

Evaluation of In Vitro CDC25 Inhibition

SV37 was found to inhibit recombinant full length
CDC25A, B, and C with IC50 between 1 and 9mM
(Table 1). Truncated CDC25B containing only the
active site of the catalytic domain displayed an IC50

value three to four times higher compared to the other
CDC25s, suggesting that the interaction of the
inhibitor with the enzyme may occur not only at
the active site but also required the regulatory
domain. As a control, inhibition by SV37 was
compared to the effect of its coumarinic (a) and
quinonoid (b) subparts (Table 1). Results showed no
or weak effect of the coumarinic part alone (IC50

>100mM), whereas the quinone moiety alone as well
as SV37 showed comparable IC50. Results suggest that
the quinonoid moiety is mainly responsible for the
inhibition of CDC25 isoforms by SV37.

Characterization of Interaction Between SV37 and

CDC25A

The reversible/irreversible fixation mode of the
compound in vitro was evaluated by a previously
described dilution method [22]. CDC25A recombi-
nant proteins were pre-incubated for different times
with a strongly inhibitory concentration of SV37
(22mM). Then themixwas diluted in order to obtain a
weakly inhibitory concentration (0.12mM). Positive
(assay treated at 22mMwithout dilution) and negative
(assay treated at 0.12mM without dilution) controls
serve as reference. It is expected that an irreversible
inhibitor may not liberate the enzyme after dilution
whereas a reversible inhibitor may be able to free the
enzyme that will recover its activity. Results suggest
that SV37 acts as a reversible inhibitor as the activity
was almost totally recovered after dilution (Figure 2A).

Similar results were found by direct MALDI-TOFMS
screening (Figure 2B). In positive MALDI-TOFMS, the
signal corresponding to the molecular ion (M•þ) of

Table 1. In Vitro IC50 Values of SV37 and Its Moieties for
CDC25 Isoforms

IC50 (mM)

SV37
Quinone
moiety

Coumarin
moiety

CDC25A full form 4.3 0.4 0.96 0.04 >100
CDC25B full form 9.1 0.7! 1.8 0.44 >100
CDC25B truncated
form

45.5 8! ND ND

CDC25C 0.9 0 0.17 0.02 >100

ND, not determined.
!P-value<0.05.
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SV37 can be observed at m/z 378.1 and m/z 379.1 for
the [MþH]þ ion. This isotopic complex corresponds
to the pattern observed by Calba et al. [40] for
electron-rich compounds (spirooxazines) and the
abundant Mþ2 and Mþ3 ions were attributed to

hydrogenated ions [MþH2]
•þ and [MþH2þH]þ.

Direct MALDI-TOFMS spectrum obtained after the
screening with CDC25A presents the typical ion
profile of SV37 obtained with matrix (the M•þ is
more abundant). Such results characterize potential

Figure 2. (A) Reversibility of SV37 against CDC25A. CDC25A
was incubated with DMSO or SV37 for various times, and then diluted
180-fold, residual phosphatase activity was evaluated by fluorimetric
assay. Negative and positive controls were used to define two areas of
minimal and maximal inhibition. Results suggest a reversible fixation of
SV37 on CDC25A. (B) MALDI-TOF mass spectra (reflectron mode)
of SV37 (DHB matrix, C¼ 2.10-4M) on upper panel, and CDC25A
incubated with SV37 on lower panel. The ion m/z 378.1 is
corresponding to M•þ and m/z 377.1 is due to a hydrogen loss. The
difference between the two ion patterns is due to the difference of laser

energy between the standard and the incubated sample. The standard
is obtained with 20% of the laser energy whereas 40% is required for
the incubated sample. At higher laser energy, fragmentation of the
[MþH]þ increases. Consequently, the relative abundance ofm/z 379 is
decreasing whereas m/z 377 is increasing. Meanwhile, the intensity of
the m/z 378 ([M•þ]) is also increasing at higher energy. (C) Peptide
sequence obtained after PMF study of CDC25A (left panel) and
CDC25A screenedwith SV37 (right panel). Bold letters highlighted with
a gray background correspond to identified peptides; the active site of
the protein is underlined.
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reversible inhibitors. This behavior is confirmed by
the PMF study (Figure 2C)which shows that the active
site is still detected in PMF for free CDC25A and for
CDC25A incubated with SV37. This means that there
is no compound bound to the active site, and that
SV37 was reversibly linked to the protein.
The kinetics study (Figure 3) of CDC25A inhibition

by SV37 showed that KM of CDC25 for its substrate
increases and Vmax decreases when the SV37 concen-
tration increases (Table 2). Results are consistent with
amixed inhibition. Moreover, Ki (formation constant
of the enzyme/inhibitor complex) is different fromK

0

i

(formation constant of the enzyme/substrate/inhibi-
tor complex) for the different concentrations of SV37.
Comparison of inhibition constants suggests that the
inhibitor preferentially binds to the free form of the
enzyme, rather than to the enzyme-substrate
complex.

Cytotoxic/Cytostatic Effect on Cells

Cell growth of MCF-7, MDA-MB-231 breast cancer
cell lines compared to hTERT-HME1 breast cell line
was evaluated after treatment by SV37 and its
coumarin and naphtoquinone counterparts. Results
showed moderate differential inhibition of cell
growth for cancer cells (IC50 MCF-7: 9mM and IC50

MDA-MB-231: 11mM) versus the immortalized cell
line (IC50 hTERT-HME1: 18mM) (Table 3). Treatment
with naphtoquinone shows lower IC50 values than
with SV37, whereas coumarin does not strongly

inhibit growth of MCF-7 and MDA-MB-231 cells
(IC50 up to 100mM for MCF-7 and around 70mM for
MDA-MB-231).

Trypan blue tests were then performed on MCF-7
and MDA-MB-231 cells in order to determine if
decreased cell growth is due to cytotoxic or cytostatic
effects of the compounds (Figure 4A and B). Cells were
treated with DMSO alone, with SV37 at 10 or 25mM
for 0, 12, 24, 36, and 48h. Results showed a cytostatic
effect around the IC50 value (10mM), starting after
12h of treatment without noticeable cell death in
MCF7. This cytostatic effect was accompanied by
increased cell death in MDA-MB-231 at 24h. A strong
cytotoxic effect appears at higher concentrations
(around IC70: 25mM) from 12h in the two cell lines.
Considering these results, it appears that the observed
cell growth arrest is mainly due to a cytostatic effect
exerted at low concentrations in MCF-7, whereas it is
mainly due to cytotoxicity in MDA-MB-231. Cyto-
toxicity appears for higher concentrations in both cell
lines.

SV37 Induces Apoptotic Cell Death

In order to investigate the underlying cell death
mechanisms, we used triple negative MDA-MB-231
cells representing a form of the disease without
existing efficient treatments like hormonal targeted
therapies or antibody-based therapies. Therefore,
inhibition of CDC25 phosphatases may constitute
an interesting therapeutic approach. Morphological

Figure 3. Kinetic analysis of CDC25 A inhibition by SV37. Lineweaver-Burk representation of four different
inhibitor concentrations for different substrate values illustrates a mixed inhibition.

THE COUMARIN-QUINONE SV37 AS CDC25 INHIBITOR 7

Molecular Carcinogenesis



changes of MDA-MB-231 cells during the treatment
were followed by Incucyte video microscopy. Micro-
scopic observations (Figure 5A) showed cell-death
specific cellular alterations after 5h, culminatingwith
a disruption of cells observed after 21h. Observations
are in agreementwith cytotoxicity results obtained by
trypanblue assays. In order to ascertain the type of cell
death induced by SV37, specific apoptotic markers
were assessed in MDA-MB-231 cells (Figure 5B).
Caspase-3 and -7 cleavage occurred in cells treated
with 10mM SV37 after 16h suggesting apoptotic cell
death consistent with the results obtained in trypan
blue assays.

SV37 Induces Early Generation of Reactive Oxygen Species

Considering the quinonoid-like structure of the
compound, we suspected that SV37 undergoes redox
cycling of quinones and could generate ROS that may
account for the cytotoxic effect observed inMDA-MB-
231 cells. We therefore evaluated ROS generation by
flow cytometry. H2DCFDA quantification showed
that maximum ROS generation appeared 15min after
treatment (Supplementary Data). Then, we evaluated
the effect of a pretreatmentwithNACat 10mMfor 4h
or the superoxide scavenger Tiron (10mM, 1h) on the
ROS-eliciting ability of SV37 for 15min at IC50 by
using Redox Sensor Red able to detect superoxide
anions (Figure 6A). Both pretreatments prevented
increase of ROS. Moreover, the inhibitory effect of
SV37 on MDA-MB-231 cells was prevented by
pretreatment with NAC has showed by Incucyte
videomicroscopy (Figure 6B); similarly, NAC pre-
vented mitochondrial membrane potential loss,
which occurs during intrinsic apoptosis (Figure 6C).

These findings suggest that ROS generation directly
affects cell growth and apoptosis induction in this cell
line. Nevertheless, observed ROS production cannot
be directly linked to DNA damage induction. Indeed,
cleaved PARP-1 and phosphorylated H2AX were only
detected between 16 and 28h of treatment
(Figure 6D), concomitant with caspase activation
(Figure 5B) and with the appearance of cell death as
observed by video microscopy (Figure 5A). This
correlation strongly suggests that DNA damage is an
event downstream to caspase activation and that the
observed early ROS peak is not initially responsible for
cellular damage.

SV37 Leads to Accumulation of pCDK

Ability of SV37 to inhibit CDC25 in cells was
assessed by measuring variations in CDK phosphory-
lation status (Figure 7A) at time points prior to caspase
activation (2, 4, and 8h). Comparison of pCDK1/b-
actin and pCDK2/b-actin ratios (Figure 7B) of treated
and untreated cells showed accumulation of pCDK in
cells after 4 and 8h of treatment by SV37 at 10mM.
These results suggest an inhibition of CDC25 activity
that is no longer able to dephosphorylate its CDK
substrate. Measurement of CDK phosphorylation in
cells pretreatedwithNAC showedno accumulation of
pCDK (Figure 7C and D). Our results suggest a link
between ROS generation by SV37 in MDA-MB-231
cells and the accumulation of pCDK. Cell death and
cytostatic effect, respectively, observed in MDA-MB-
231 and in MCF-7 cell lines could therefore be related
to CDC25 inhibition by SV37.

DISCUSSION

CDC25 are considered promising targets for anti-
cancer therapies since they are key enzymes for cell
cycle regulation and overexpressed in cancer. Devel-
opment of new CDC25 inhibitors is still needed since
are no therapeutically successful pharmacophores to
date [41]. Here, we describe a novel inhibitor, SV37,
whose structure is based on both coumarin and
quinone moieties. On one hand, quinone inhibitory
capacities are no longer to demonstrate [41], and on
the other hand, we recently published that specific
coumarin compounds are able to inhibit CDC25

Table 2. Experimental Values of KM, Vmax, Ki, and K
0

i for
CDC25A Inhibition by SV37

[SV37]
(mM)

KM
(mM)

Vmax
(UF/min)

Ki

(mM)
K

0

i

(mM)

0 45.06 200 — —

5 197.96 192.31 8.77 125
10 270.32 158.73 1.53 38.46
25 460.59 128.21 1.67 44.64

Table 3. IC50 Values for 24 h Treatment With SV37 on Cell Lines. MCF-7, MDA-MB-231 and HTERT-HME1 Cell Lines
Treated With SV37, Quinone-, or Coumarin Moieties

Cell line

IC50 value (24 h)

SV37 (mM) Quinone moiety (mM) Coumarin moiety (mM)

MCF-7 11.2!0.7""" 6.1! 0.3 >100
MDA-MB-231 9.5!1.0" 6.8! 0.4 69.8! 4.6
hTERT-HME1 18.1!1.3""" 5.8! 0.5 ND

ND, not determined.
"p-value<0.05; """p-value<0.005.
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phosphatases [35]. Two chalcone–coumarin hybrids
showed IC50 values in a low micromolar range for
CDC25A and CDC25C. Here, we designed a new
coumarin–quinone hybrid, SV37, with the aim to
improve the inhibitory potency against CDC25s.
In vitro, 4-mercaptomethylcoumarin failed to

efficiently inhibit purified human CDC25 A, B, and
C (IC50>100mM), whereas SV37 inhibits efficiently
the three isoforms (IC50 1–9mM, Table 1). The
significant difference observed between the IC50

values obtained for full-length CDC25B and truncat-
ed CDC25B (active site only) strongly suggests that
the binding of this quinone–coumarin structure may
occur at the catalytic site but also needs the presence
of the regulatory domain of CDC25 to develop its full
inhibitory potential. Moreover, lack of the regulatory
domain in the truncated protein may alter the 3D
structure of the active site, preventing the substrate to
easily access the catalytic pocket.

Moreover, these in vitro IC50 values are comparable
between naphtoquinone part of SV37 and SV37 itself,
in contrast to the coumarin part, which displays very
weak inhibitory potential. This suggests that the
active part of the compound is the quinonoidmoiety.
However, quinonoid compounds are known to
exhibit toxicity against several tissues. It is therefore
expected that the additionof the coumarinic partmay
decrease the cytotoxicity of the obtained derivative.
In order to confirm this hypothesis, we measured
growth inhibitory potential of this structure, on four
different cell lines (Table 3). Evaluation of viability
showed that the coumarin part does not affect cell
growth. Increased viability of the immortalized non-
cancerous cell line hTERT-HME1 treated by SV37
suggests an interesting differential toxicity.

As SV37 leads to a decreased viability of MCF-7 and
MDA-MB-231 cells, it was important to differentiate
cytotoxic and cytostatic effects. Our results reveal a

Figure 4. Evaluation of cell viability of MCF-7 (A) and MDA-MB-231 (B) cells treated with SV37 10 or 25mM or
DMSO for different times. Living cells (left) and dead cells (right) were counted by microscopy after trypan blue
staining. Staining showed cytostatic effect on MCF-7 cells and cytotoxic effect on MDA-MB-231 cells treated at
10mM. Significance was calculated for each assay versus corresponding DMSO control.
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differential behavior towards SV37 as we observe a
cytostatic effect in MCF-7 and a cytotoxic effect in
MDA-MB-231 for concentrations around the IC50.
This dissimilarity can be explained by cell-type-

specific molecular mechanisms as MCF-7 is well
known to be deficient in caspase 3 [42] in opposition
to MDA-MB-231. Absence of caspase 3 may clearly
contribute to drug resistance. Even if its presence is

Figure 5. (A) Microscopic observation of MDA-MB-231 treated by SV37 10mM showed morphological changes
after 5 h of treatment. (B) Analysis of caspase-3 and-7 apoptosis markers in MDA-MB-231 cells treated with SV37 at
10mM or untreated, for various treatment times underline caspase-3 and -7 cleavage after 16 h of treatment.

Figure 6. (A) Evaluation of ROS generation in cells pretreated with
NAC at 10mM for 4 h or Tiron at 10mM for 1 h and treated by SV37 at
10mM for 15min. NAC pretreatment prevents increase of ROS signal.
Significance was calculated for each assay versus corresponding DMSO
control. (B) Monitoring of cell growth, by Incucyte video microscopy of
MDA-MB-231 cells pretreated with NAC at 10mM, treated with SV37

or untreated. (C) Analysis of mitochondrial membrane potential loss
under indicated conditions (MTR: MitoTracker1® Red). (D) Analysis of
PARP and g-H2AX markers in MDA-MB-231 cells treated with SV37 at
10mM or untreated, for various treatment times. PARP cleavage and
H2A phosphorylation indicates DNA damage.
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not always essential, absence of functional caspase 3
significantly alters the execution phase of the
apoptotic response [42,43]. Secondly, both cell lines
differ in their estrogen receptor (ER)/progesterone
receptor (PR)/HER status as MCF-7 is ERþ/PRþ/
human epidermal growth factor receptor-2!

(HER2!) while MDA-MB-231 is a triple negative
ER!/PR!/HER2! [44,45]. Again this difference was
described to influence sensitivity of cells against
chemical agents. Moreover, results of clinical trials
revealed that ER negative breast cancers are more
sensitive to chemotherapeutic agents thanERpositive

Figure 7. (A) Analysis of pCDK1 and pCDK2 levels in MDA-MB-231
cells treated with SV37 at 10mM or untreated, for different treatment
times, with (B) corresponding ratios of pCDK1/b-actin and pCDK2/b-
actin. Significance was calculated for each assay versus corresponding
DMSO control (values were calculated from quantification of Western

blot signal). Results show an increase of CDK1 and CDK2 phosphoryla-
tion after 4 h of treatment with SV37 10mM. (C) Analysis of pCDK1 and
pCDK2 levels in MDA-MB-231 cells pretreated with NAC at 10mM and
treated by SV37 at 10mM or untreated, for different treatment times
with (D) corresponding ratios of pCDK1/b-actin and pCDK2/b-actin.
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breast cancers [46–49]. The response of MDA-MB-231
is interesting since this cell line represents triple
negative basal type cancers [50] that cannot benefit of
targeted therapies with hormonal treatments (suc-
cessfully applied to ERþ/PRþ tumors) or antibody-
based therapies such as trastazumab for HER2þ
tumors.

The signaling cascade triggered by SV37 is initiated
by ROS generation, whichmay be one of the causes of
CDC25 inhibition, as the compound most likely
undergoes redox cycle through its quinonoid struc-
ture [25]. ROSmay directly affect CDC25 structure, as
the thiolate groups of catalytic cysteines of CDC25
phosphatases are highly reactive to oxidation [51,52].
This reaction step is well known and allows the
formation of a disulfide bond to a backdoor cysteine,
preventing the binding of substrate to the active
site [52,53]. Subsequently, we observed pCDK accu-
mulation, which is amark of CDC25dysfunction. The
observation of ROS decrease in cells pretreated with
both decreased ROS and lack of pCDK accumulation
suggesting that the ROS generated by SV37 inhibit
CDC25, which in turn, is no longer able to dephos-
phorylate CDK.

Accumulation of ROS and pCDK are followed by
activation of apoptosis markers (caspases 3 and 7) and
DNAcleavage (PARP and gH2AX signals). The absence
of H2AX phosphorylation and PARP cleavage before
the activation of caspases suggests that cell deathmay
result from a cell cycle blockage consecutive to pCDK
accumulation, rather than being the consequence of
direct DNA damage induced by ROS. These events
underline the potential of SV37 to inhibit CDC25
phosphatases and to induce cell death in this triple
negative breast cancer cell line.

In conclusion, we describe here a coumarin–
quinone structure as a potent CDC25 inhibitor. The
newly designed compound showed improved differ-
ential toxicity compared to its natural counterparts.
SV37 triggers cell growth inhibition in breast cancer
cell lines, accompanied by generation of ROS,
accumulation of pCDK and apoptosis in the triple
negative MDA-MB-231 cells. Accordingly, this cou-
marin–quinone structuremay serve as a starting point
for further optimization and development of deriva-
tives with yet improved inhibitory activity against
CDC25.
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