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ABSTRACT 

 

Etoposide is an extensively prescribed anticancer drug that, unfortunately, causes therapy-related 

leukemia. The mechanisms by which etoposide induces secondary hematopoietic malignancies are 

poorly documented. However, etoposide-related leukemogenesis is known to depend on oxidative 

metabolites of etoposide, notably etoposide quinone, that can react with protein cysteine 

residues such as in topoisomerases II. CREBBP is a major histone acetyltransferase that functions 

mainly as a transcriptional co-activator. This epigenetic enzyme is considered as a tumor 

suppressor that plays a major role in hematopoiesis. Genetic alterations affecting CREBBP activity 

are highly common in hematopoietic malignancies. We report here that CREBBP is impaired by 

etoposide quinone. Molecular and kinetic analyses show that this inhibition occurs through the 

rapid and covalent (kinhib=16.102 M-1. s-1) adduction of etoposide quinone with redox sensitive 

cysteine residues within the RING and PHD Zn2+-fingers of CREBBP catalytic core leading to 

subsequent release of Zn2+. In agreement with these findings, experiments conducted in cells and 

in mice treated with etoposide showed irreversible inhibition of endogenous CREBBP activity and 

decreased H3K18 and H3K27 acetylation. As shown for topoisomerases II, our work thus suggests 

that the leukemogenic metabolite etoposide quinone can impair the epigenetic CREBBP 

acetyltransferase through reaction with redox sensitive cysteine residues.  
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INTRODUCTION 

 

Lysine acetyltransferase (KAT) enzymes acetylate histone and non-histone proteins 

through the transfer of an acetyl group from acetyl-coenzyme A (AcCoA) to specific lysine 

residues (1,2). CREB binding protein (CREBBP, also known as CBP or KAT3A) is a major 

mammalian KAT enzyme that functions as a transcriptional co-activator notably through 

acetylation of histones (in particular H3K18 and H3K27) and transcription factors (such as p53) 

(3-5). CREBBP is a tumor suppressor that is important in normal development. Germline loss-of-

function mutations in CREBBP cause Rubinstein-Taybi syndrome, a developmental disorder that 

includes predisposition for leukemia (6). CREBBP is a critical regulator of normal hematopoiesis 

and alteration of the acetyltransferase activity of the enzyme contributes to lymphomagenesis 

and leukemogenesis (7-11). Moreover, loss of function mutations in CREBBP are indeed 

common in lymphoma and leukemia and are associated with aberrant acetylation of histone H3 

(and non-histone proteins (9,10,12-14). Multiple chromosomal translocations associated with 

hematological malignancies involve the KAT domain of CREBBP resulting in fusion proteins that 

contribute to leukemogenesis through abnormal histone acetylation (7,15,16). The crucial role 

of CREBBP in normal and malignant hematopoiesis is further underlined by different mouse 

models that show that lack of functional CREBBP leads to serious hematological defects (17-19).  

 Etoposide is a semi-synthetic podophyllotoxin derivative widely used for the treatment 

of many types of cancer. This chemotherapeutic drug acts as a topoisomerase II poison that 

inhibits the enzyme's ability to ligate DNA, resulting in an accumulation of double-strand breaks 

and subsequent apoptosis (20). Although etoposide is commonly prescribed as a front-line 

treatment of a variety of human malignancies, this chemotherapeutic drug is also known to 

cause secondary leukemia (21-23). However, the molecular basis underlying etoposide-induced 

leukemogenesis is not well-defined. In humans, etoposide is readily metabolized by CYP3A4 

into etoposide catechol which is further oxidized by cellular oxidases/peroxidases into the 

reactive metabolite etoposide quinone (24-26). Several studies have implicated oxidative 

etoposide metabolites, in particular etoposide quinone, as the primary contributors to the 

leukemogenic process (27-31). Notably, etoposide quinone has been shown to react with redox 

sensitive cysteine residues of topoisomerase II enzymes (28-30). In addition, efficacy of 

etoposide quinone against type II topoisomerases was found to be considerably higher than 

that of etoposide thus emphasizing the key role of this oxidative metabolite in the biological 
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effects of etoposide and putting forward impairment of topoisomerase II functions by 

etoposide quinone as a major mechanism in etoposide-induced leukemia (28-30). Nevertheless, 

reaction of etoposide quinone with additional cellular proteins besides topoisomerase II 

inhibition have been suggested (32-36). In particular, recent studies indicate that exposure to 

etoposide may have epigenetic effects unrelated to topoisomerases II (37-40). In line with 

these observations, we report herein molecular and kinetic evidence showing that the histone 

acetyltransferase CREBBP is irreversibly impaired by etoposide quinone, the major oxidative 

metabolite of etoposide. We found that this inhibition occurs through the rapid adduction by 

etoposide quinone of redox-sensitive cysteine residues located in the PHD/RING Zn2+-fingers of 

CREBBP and known to be crucial for its acetyltransferase activity (41-43). Experiments in 

hematopoietic cells and in mice further confirm that exposure to etoposide irreversibly impairs 

CREBBP acetyltransferase activity with concomitant decrease in cellular histone H3 acetylation. 

Overall, our data indicate that, in addition to the alteration of topoisomerase II functions, 

etoposide quinone can impair CREBBP acetyltransferase by reacting with key cysteine residues 

within the catalytic core of the enzyme. Inhibition of a key epigenetic enzyme such as CREBBP 

by etoposide quinone may be an additional mechanism contributing to etoposide-dependent 

leukemogenesis. 
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MATERIALS AND METHODS 

 

Chemicals and reagents 

Etoposide and etoposide quinone were from Toronto Research Chemicals (Canada). 

Recombinant human H3.1 histone was from Actif Motif (Belgium). Antibodies used in this paper 

are: H3K18Ac (9675S, Cell Signaling), H3K27Ac (ab4729, Abcam, UK), H3 (3638S, Cell Signaling, 

France), CREBBP (A22, Santa Cruz, Germany), 6xHis (H1029, Sigma-Aldrich, France), secondary 

anti-rabbit (A1949, Sigma-Aldrich, France) and secondary anti-mouse (31430, ThermoFisher, 

France). All other chemicals, reagents and cells were from Sigma-Aldrich (France) otherwise 

noted.  

 

Protein expression and purification 

cDNA sequences from human CREBBP encoding residues 1096-1751 (CREBBP catalytic 

core), 1205-1279 (CREBBP RING domain) and 1280-1321 (CREBBP PHD domain) were cloned 

into pET28a expression vector and transformed into competent E.coli C41 (DE3). Bacteria were 

grown in Luria-Broth (LB) medium containing 30 μg/ml kanamycin and 20 μg/ml 

chloramphenicol. Recombinant protein expressions were induced by 0.5 mM of IPTG and the 

cultures were shaken overnight at 16 °C. Bacteria pellets were resuspended in buffer A (20 mM 

Tris-HCl, 300 mM NaCl, 1% Triton X-100, 0.2 mM β-mercaptoethanol (β-ME), 1 mg/ml 

lysozyme, protease inhibitors, pH 8.0) and lysed for 30 min at 4°C under agitation. The lysate 

was then sonicated for 10 min (10 sec ON, 20 sec OFF, 20% power) and the soluble fraction was 

clarified by centrifugation (15000g, 4°C, 30 min). The supernatant was incubated with His-Select 

Nickel Affinity Gel beads for 2h on ice under agitation in presence of 10 mM imidazole. The 

proteins were eluted with buffer B (20 mM Tris-HCl, 300 mM NaCl, pH 8.0) containing 300 mM 

imidazole and buffer exchanged with a desalting column (PD-10) to buffer C (Tris-HCl 20 mM, 

NaCl 150 mM, 10% glycerol pH 8.0). Protein purity was assessed by SDS PAGE followed by 

Coomassie staining. Proteins were stored at -80 °C. 

 

CREBBP acetyltransferase activity assay 

CREBBP acetyltransferase activity was assayed as previously described (44). CREBBP 

catalytic core was incubated with 100 µM AcCoA, 30 µM H3K18 or H3K27 peptide, 1 mM DTT in 

100 µl of assay buffer (25 mM Tris-HCl pH 8.0) for 20 minutes at room temperature. The 
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reaction was stopped with 100 µl of HClO4 (15% v/v in water) and 20 μl aliquots of the mixture 

were injected in a reverse phase ultra-fast liquid chromatography system (RP-UFLC, Shimadzu, 

France). Peptides were separated under isocratic conditions (80% acetonitrile, 20% water, 

0.12% TFA, flow rate of 0.6 ml/min) on a Shim-pack XR-ODS column at 40 °C. H3K18 and H3K27 

substrate peptides and their acetylated product were detected by fluorescence (excitation: 485 

nm, emission: 530 nm) and quantified by integration of the peak fluorescence areas. 

 

Effects of etoposide quinone on CREBBP acetyltransferase activity 

CREBBP catalytic core (500 nM) was incubated for 10 min at room temperature in the 

presence of different concentrations (0, 5, 10, 20, 40 μM) of etoposide quinone (EQ) or the 

parent drug (ET) in 20 μl assay buffer. Then, 80 µl of assay buffer (100 µM AcCoA, 30 µM H3K18 

or H3K27 peptide, final concentrations) were added to the treated enzyme mixture and CREBBP 

acetyltransferase activity was assayed for 20 minutes at room temperature as described above. 

 

Effects of reducing agents and buffer exchange on etoposide quinone-inhibited CREBBP 

CREBBP catalytic core (500 nM) was first incubated with etoposide quinone (40 μM) or 

etoposide (ET) for 10 minutes at room temperature. Samples were either buffer exchanged 

using a desalting column (PD SpinTrap G-25, GE Healthcare, France) to remove free etoposide 

quinone in solution or further incubated with 10 mM DTT. Protein concentration was assessed 

after buffer exchange using Bradford assay (Bio-Rad, France). Residual acetyltransferase activity 

of CREBBP was assayed as described above. 

 

Kinetic analysis of CREBBP inhibition by etoposide quinone 

CREBBP catalytic core (500 nM) was incubated in the presence of different 

concentrations of etoposide quinone (0, 1, 2.5, 5, 7.5, 10 μM) in assay buffer. Every 30 seconds, 

an aliquot of the solution was taken and diluted 10 times in assay buffer to stop the reaction. 

Residual activity of CREBBP was then measured by UFLC as described above. The data were 

analyzed as described previously for irreversible inhibitors under pseudo first order conditions 

using Prism Graphpad and Excel softwares (45). The rate of inhibition of CREBBP by etoposide 

quinone can be described as follows: 

Ln (% residual CREBBP activity)=-kobs x t, where kobs is apparent first-order inhibition rate 

constant, and t is time). For each etoposide concentration, the kobs values can be extracted 
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from the slopes of the natural logarithm of the percentage of CREBBP activity as a function of 

time. The second order rate constant (kinhib) was obtained from the slope of kobs values plotted 

as a function of etoposide concentration (kinhib=kobs/[etoposide quinone]). 

 

Fluorescein-conjugated iodoacetamide (IAF) labeling and nitro blue tetrazolium (NBT) 

staining  

CREBBP catalytic core (10 μg), CREBBP RING (10 μg) or CREBBP PHD (10 μg) domains 

were incubated in the presence of increasing concentrations (0, 5, 10, 20, 40 μM) of etoposide 

quinone for 10 min at room temperature in assay buffer. For IAF labelling of free CREBBP 

protein cysteines, aliquots were incubated in the presence of 50 μM fluorescein-conjugated 

iodoacetamide (IAF) for 10 min at 37 °C. The labelling reaction was stopped by the addition of 

10 μl sample buffer containing 200 mM β-mercaptoethanol prior to SDS-PAGE and transfer 

onto a nitrocellulose membrane. IAF fluorescence was detected using a Fujifilm LAS 4000 

detection system (λexc=485 nm, λem=530 nm). For detection of etoposide quinone adducts on 

CREBBP proteins, NBT staining was carried out as reported by (46). Briefly, aliquots of proteins 

were first separated by SDS-PAGE and transferred onto a nitrocellulose membrane prior to 

incubation with 2 M potassium glycinate, 0.6 mg/ml NBT, pH 10.0 at room temperature for 30 

min in the dark.  

 

Zn2+ release analysis 

CREBBP RING (5 μM) or CREBBP PHD (5 μM) domains were incubated in the presence or 

absence of etoposide quinone (40 μM) in assay buffer containing 100 μM 4-(2-pyridylazo) 

resorcinol (PAR). PAR reacts with free Zn2+ in solution according to the scheme: 

2PAR＋Zn2+ � PAR(2)-Zn2+ 

The PAR(2)-Zn2+ complex has an absorption peak around 490 nm. The reaction was initiated by 

addition of etoposide quinone and monitored by reading the absorbance of the solution at 490 

nm using a microplate reader (Biotek Instruments, France). 

 

Mass spectrometry analysis 

CREBBP catalytic core (10 µM) was incubated with 40 µM EQ for 20 min at room 

temperature in assay buffer. The reaction was stopped with 10 mM DTT and diluted 20 times in 

assay buffer. Samples were then incubated overnight at 37 °C with trypsin (Promega, France) at 
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12.5 ng/μl in 25 mM ammonium bicarbonate pH 8.0. The supernatant containing peptides was 

acidified with formic acid (FA), desalted on C18 tips (Pierce C18 tips, Thermo Scientific, France), 

and eluted in 10 µl 70% ACN, 0.1% FA. Desalted samples were evaporated using a SpeedVac 

then taken up in 10 µl of buffer A (water, 0.1% FA) and 5 µl were injected on a nanoLC HPLC 

system (Thermo Scientific, France) coupled to a hybrid quadrupole-Orbitrap mass spectrometer 

(Thermo Scientific, France). Peptides were loaded on a reverse phase C18 µ-precolumn (C18 

PepMap100, 5µm, 100A, 300 µm i.d.x5 mm) and separated on a C18 column (EASY-spray C18 

column, 75 µm i.d.x50 cm) at a constant flow rate of 300 nl/min, with a 120 min gradient of 2 to 

40% buffer B (buffer B: 20% water, 80% ACN, 0.1% FA). MS analyses were performed by the 

Orbitrap cell with a resolution of 120.000 (at m/z 200). MS/MS fragments were obtained by 

HCD activation (collisional energy of 28%) and acquired in the ion trap in top-speed mode with 

a total cycle of 3 seconds. The database search was performed against the Swissprot database 

and the Homo sapiens taxonomy with Mascot v2.5.1 software with the following parameters: 

tryptic peptides only with up to 2 missed cleavages, variable modifications: cysteine etoposide 

quinone and methionine oxidation. MS and MS/MS error tolerances were set respectively to 7 

ppm and 0.5 Da. Peptide identifications were validated using a 1% False Discovery Rate (FDR) 

threshold obtained by Proteome Discoverer (version 2.2, Thermo Scientific, France) and the 

percolator algorithm. The candidate sequences modified by etoposide quinone were manually 

inspected for de novo sequencing. 

 

Bioactivation of etoposide into etoposide quinone by a myeloperoxidase (MPO)/H2O2 system 

Etoposide was bioactivated into etoposide quinone in vitro using a 

myeloperoxidase/H2O2 system as described previously (31). Briefly, etoposide (100 μM), H2O2 

(200 μM) and myeloperoxidase (MPO) (5 units/ml) were co-incubated in 1 ml of 100 mM 

sodium acetate (pH 6.5) for 30 min at 37°C. Etoposide quinone formation was detected by 

spectrophotometry (UV-1650PC, Shimadzu, France). Inactive MPO (heated for 30 min at 95 °C) 

was used as a negative control. 20 μl of bioactivated etoposide were mixed with 30 μl CREBBP 

(0.5 µM final) in assay buffer and incubated 20 minutes at room temperature. Then, 50 μl of 

assay buffer containing 30 μM H3K18 peptide, 100 μM AcCoA and 1 mM DTT (final 

concentrations) were added to the solution and CREBBP activity was assessed by UFLC as 

described above. 

 



 9

Detection of H3 acetylation by Dot blot 

CREBBP (500 nM) was first incubated with etoposide quinone or etoposide (40 µM) in 

20 µl assay buffer for 10 minutes at room temperature. Then, 80 µl of assay mix (100 µM 

AcCoA, 300 ng recombinant human H3) were added and further incubated for 20 minutes at 

room temperature. Samples (corresponding to 200 and 100 ng H3) were dot-blotted using a 

Dot-Blot apparatus (Bio-Rad, France) onto nitrocellulose membranes (0.1 µm). Detection of 

H3K18 and H3K27 acetylation was carried out by western blotting using specific antibodies. The 

membranes were then stripped and reprobed with anti-H3 antibody.  

 

Western blot 

 Samples were separated by SDS-PAGE prior to transfer onto a nitrocellulose membrane 

(0.45 µm, GE Healthcare, France) for 2 h 30 min at 4°C. Membranes were blocked in 5% non-fat 

milk in PBS 0.05% Tween-20 (PBST) for 2h and incubated overnight with primary antibody in 1% 

non-fat milk PBST at 4 °C. The next day, membranes were washed 5 times with PBST and 

incubated with secondary antibody for 2 h at room temperature. Membranes were then 

washed 5 more times and the signal was detected by chemiluminescence using ECL Prime on an 

Amersham Imager 600 detection system (GE Healthcare, France).  

 

Cellular culture and treatment with etoposide 

K562 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (FBS) and 1 mM L-glutamine at 37 °C, 5% CO2. K562 cells (10.106 cells) were washed 3 

times with RPMI 1640 medium and then treated with 40 µM etoposide in RPMI 1640 medium 

containing 1 mM L-glutamine for 24 hours at 37 °C, 5% CO2. Cells were then washed with PBS 

before use. 

 

Acid extraction of histones 

K562 cells in 100 mm petri dishes or bone marrow from mice hind limb long bones were 

lysed for 30 minutes at 4 °C with 400 µl lysis buffer (PBS pH 7.5, 0.5% Triton X-100, 3.3 µM 

trichostatin A (TSA) and protease inhibitors) and then centrifuged (15000 g) for 10 minutes at 

4°C. The pellet (nucleus enriched fraction) was incubated overnight at 4 °C in 400 μl 0.2 M HCl. 

The next day, the acid extract was centrifuged (10 minutes at 6500 g, 4°C) and the supernatant 

(histone enriched fraction) was taken. Protein concentration was determined using Bradford 
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reagent (Bio-Rad, France). 10 µg of histone extract were separated by SDS-PAGE (18%), 

transferred onto a nitrocellulose membrane and detected by western-blot using H3K18Ac, 

H3K27Ac or H3 antibodies. Grayscale quantitative analysis of Western blots was performed 

using ImageJ software. 

 

Immunoprecipitation of endogenous CREBBP 

K562 cells (10.106 cells) or mice bone marrow from hind limb long bones were lysed 

with lysis buffer (PBS pH 7.5, 1% Triton X-100, 3.3 µM trichostatin A, 100 μM DTT and protease 

inhibitors) for 30 min on ice and then centrifuged for 15 minutes (15000 g) at 4°C. The 

supernatant was taken and the concentration of proteins in the extracts was determined by the 

Bradford reagent (Bio Rad, France). CREBBP was immunoprecipitated from 2.5 mg total protein 

extracts by an overnight incubation (under rocking conditions) with 1 μg of anti-CREBBP 

antibody (Santa Cruz, Germany) at 4°C. The following day, samples were rocked for 2 hours at 

4°C with 25 μl protein A agarose beads (Santa Cruz, Germany). The beads were washed 3 times 

with assay buffer and then incubated at room temperature with 60 μl of assay buffer 

containing 30 µM H3K18 fluorescent peptide, 100 µM AcCoA and 1 mM DTT. After 1 hour of 

incubation, beads were sedimented by centrifugation and 50 µl of the supernatant were taken 

and mixed with 50 µl of HClO4 (15% v/v in water) to determine CREBBP activity by UFLC. Beads 

were then washed with PBS and incubated with sample buffer containing 200 mM β-ME for 5 

min at 100 °C prior to SDS-PAGE and Western-blot analysis. Grayscale quantitative analysis of 

Western blots was performed using ImageJ software. 

 

Treatment of mice with etoposide 

C57BL/6 mice (12 weeks old female) were obtained from Janvier (Le Genest, France) 

and bred in pathogen-free conditions in the animal facility of the Institut de Recherche Saint-

Louis IRSL (Hôpital Saint-Louis, Université de Paris). Mice (n=6) were treated overnight by 

intraperitoneal injection of 100 mg/Kg etoposide in DMSO. Controls (n=6) were carried out with 

vehicle only. The following day, the hind limb long bones were taken and washed 3 times with 

cold PBS. Bone marrow was flushed from the bones with PBS and the bone marrow cells (5.107 

cells/mice) were lysed with lysis buffer (PBS pH 7.5, 1% Triton X-100, 3.3 µM TSA, 1 mM DTT 

and protease inhibitors) for 30 min on ice under agitation. The supernatant was then used for 

immunoprecipitation of CREBBP and the pellet for histone extraction as described above. ChIP 
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qPCR experiments were carried out as described below. All the animal procedures performed 

were approved by the local Committee on the use and care of Animal.  

 

 

Chromatin immunoprecipitation (ChIP) 

K562 cells (10.106 cells) or bone marrow cells (5.107 cells/mice) were fixed with 1% 

formaldehyde for 10 min at 37 °C. The reaction was stopped with the addition of 0.125 M 

glycine for 5 min at room temperature. Cells were then proceeded for ChIP using ChIP-IT® 

Express Chromatin Immunoprecipitation Kit (Active Motif, USA) according to manufacturer 

instructions. Anti-H3K18Ac, anti-H3K27Ac, and anti-H3 were used. Rabbit IgG were used as a 

control. Immunocomplexes were isolated with protein-A-agarose beads (Santa Cruz, Germany). 

DNA was isolated by phenol/chloroform extraction followed by ethanol precipitation. The 

primers used for qPCR were: 

Human IL6_F : CAGCAGCCAACCTCCTCTAA 

Human IL6_R : CTGTGAGCGGCTGTTGTAGA 

Human MDM2_F : CGGAAAGATGGAGCAAGAAG 

Human MDM2_R : CCCTCAAGACTCCCCAGTTT 

Mouse MDM2_F : AGATCTGACGCCCTCTTCTG 

Mouse MDM2_R : GCAGCTTCAGTCCCGATTTA 

Mouse COPS2_F : CATCGCACATGAAATCATCC 

Mouse COPS2_R : CACAAACTGTCGCTCAGGAA 

 

Statistical analysis  

Values are presented as mean ± standard deviation (SD) and analyzed by either t-test or 

one-way analysis of variance (ANOVA) using Prism GraphPad 5 followed by two-tailed Tukey 

test. A threshold of p<0.05 was used to consider differences as statistically significant.  
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RESULTS  

 

Etoposide quinone impairs the acetylation of H3K18 and H3K27 by CREBBP in vitro 

The leukemogenic properties of etoposide resides, at least in part, on its metabolic 

bioactivation in hematopoietic cells into oxidative quinone metabolites, most notably 

etoposide quinone which is known to react with cysteine residues and be a strong inhibitor of 

nuclear topoisomerases II (24,28,29,47). We asked whether etoposide quinone could affect 

other nuclear enzymes whose alteration could contribute to leukemogenesis. Interestingly, the 

histone acetyltransferase CREBBP is known to be a major regulator of hematopoiesis and 

impairment of its activity is linked to the development of hematological malignancies (7). In 

addition, CREBBP activity is known to rely on redox-sensitive cysteine zinc finger within the 

catalytic core of the enzyme (41-43). To test the effects of etoposide quinone on human 

CREBBP HAT activity, the purified recombinant catalytic core domain of the enzyme (residues 

1096 to 1700) (48) (Supplementary Figure 1) was incubated with increasing concentrations of 

the metabolite or the parent drug prior to measurement of the HAT activity of CREBBP using 

fluorescent histone H3 peptides as substrates (44). We found that contrary to etoposide, 

etoposide quinone was able to inhibit CREBBP HAT activity in a dose-dependent manner with 

IC50 values in the low micromolar ranges (below 10 µM) for both H3K18 and H3K27 peptides 

(Figure 1A and Supplementary Figure 2). Consistently, assays carried out with recombinant 

histone H3 confirmed that etoposide quinone but not etoposide inhibits CREBBP HAT activity 

(Figure 1B). No significant effects of etoposide on CREBBP activity were observed (even at 

concentrations of etoposide >200 µM (data not shown) further confirming that CREBBP HAT 

activity is more sensitive to etoposide quinone than to the parent drug etoposide. 

 

Inhibition of CREBBP by etoposide quinone is fast and irreversible  

Etoposide quinone has been shown to be an irreversible and fast inhibitor of human 

topoisomerases II at micromolar concentrations (29,30). To further analyze the inhibition 

mechanism of CREBBP by etoposide quinone, the enzyme was incubated with etoposide 

quinone and subsequently subjected to buffer exchange prior to measurement of residual HAT 

activity. As shown in Figure 2A, the activity of CREBBP could not be recovered by buffer 

exchange after inhibition by etoposide quinone. Neither could the activity be restored by 

addition of the reducing agent DTT (Figure 2B). To further analyze the inhibition mechanism of 
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CREBBP by etoposide quinone, we performed kinetic experiments under pseudo-first order 

conditions (Figure 2C and 2D) (45). As shown in Figure 2C, the semilogarithmic plots of 

percentage of residual activity against time for various concentrations of etoposide quinone 

indicated that the enzyme was inhibited in a time- and dose-dependent manner thus 

confirming the irreversible nature of the inhibition. The second-order rate constant of 

inhibition (kinhib) was determined by plotting the kobs values obtained from the semilogarithmic 

plots against etoposide quinone concentration and was found to be equal to 16.102 M-1. s-1 

(Figure 2D). Overall, these data show that etoposide quinone inhibits CREBBP rapidly and 

irreversibly similar to etoposide quinone-dependent inhibition of human topoisomerases II 

(29,30).  

 

Etoposide quinone forms covalent adducts with PHD/RING Zn2+-finger cysteines of the 

catalytic core of CREBBP  

Etoposide quinone has been previously shown to covalently inhibit human 

topoisomerases II by reaction with cysteine residues (30). Moreover, quinone species, such as 

etoposide quinone, are known to be electrophilic chemicals that can readily react covalently 

with nucleophilic amino acids in proteins, most notably redox-sensitive cysteine residues 

(36,49-51). The formation of these covalent quinone-protein adducts is considered as a major 

mechanism for the biological and toxicological effects of quinone species (51-54). We carried 

out mass spectrometry analyses to investigate whether amino acids found within the catalytic 

core of human CREBBP could react with etoposide quinone and form such covalent adducts. LC-

MS/MS analysis of tryptic digests of etoposide quinone-inhibited CREBBP allowed the 

identification of two peptides derived from the RING and PHD Zn2+-finger domains with mass 

increases of 572.15 Da (corresponding to the mass of an etoposide quinone molecule) at 

cysteine residues 1220 and 1284, respectively (Figure 3, upper and lower panel for RING and 

PHD sequences, respectively). To further confirm that etoposide quinone can react covalently 

with cysteine residues within the RING and PHD domains of the enzyme, we incubated purified 

recombinant RING and PHD proteins (aa 1205-1279 and 1280-1321, respectively; 

Supplementary Figure 1) with etoposide quinone prior to quinone-specific nitro blue 

tetrazolium (NBT) staining and protein cysteine labeling by fluorescein-iodoacetamide (IAF) 

(34,46,55). As shown in Figure 4A, etoposide-quinone was able to form covalent adducts with 

both RING and PHD domains as evidenced by NBT staining of RING and PHD proteins treated 
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with etoposide quinone. Covalent adduction of etoposide quinone on the two protein domains 

was accompanied with the concomitant loss of cysteine labeling by IAF thus supporting that 

quinone adducts occurred on reactive cysteine residues in these two domains. Zn2+-bound 

cysteines found in Zn2+-fingers are known to be redox sensitive and to readily react with 

electrophilic agents such as quinone species leading to covalent modification of these residues 

and to subsequent ejection of Zn2+ (56,57). We thus used the metallochromic indicator 4-(2-

pyridylazo)resorcinol (PAR) to monitor the release of Zn2+ from RING and PHD Zn2+-fingers upon 

exposure to etoposide quinone (58). As shown in Figure 4B, exposure to etoposide quinone led 

to the rapid ejection of Zn2+ from both RING and PHD domains. Altogether, the data reported 

above indicate that etoposide quinone covalently reacts with CREBBP catalytic core forming 

adducts with cysteine residues found within the RING and PHD Zn2+-fingers, leading to the 

subsequent release of Zn2+. 

 

CREBBP activity is irreversibly inhibited in human hematopoietic cells and in mice exposed to 

etoposide 

Upon administration, etoposide is readily metabolized into reactive oxidative 

compounds in cells, most notably etoposide quinone, that covalently binds to redox sensitive 

cysteine residues of proteins (25,59-62). The biotransformation of etoposide into etoposide 

quinone is mainly due to cellular oxidative enzymes such as CYP3A4 or peroxidases (24,63). To 

confirm that etoposide quinone generated from biotransformation of etoposide can indeed 

inhibit CREBBP, we took advantage of the previously described in vitro peroxidase/H2O2 system, 

that mimics the cellular oxidative bioactivation of etoposide into etoposide quinone (31,47). As 

shown in Supplementary Figure 3, etoposide oxidized by a functional peroxidase/H2O2 system 

was able to irreversibly inhibit CREBBP activity and lead to the formation of protein-quinone 

adducts (NBT staining) as well as loss of cysteine thiol labeling by IAF. In contrast, when a non-

functional peroxidase/H2O2 system was used to metabolize etoposide, we did not observe 

inhibition nor formation of quinone adducts on cysteine residues were observed 

(Supplementary Figure 3). These findings are in agreement with our results described above 

and confirm that, contrary to etoposide, its quinone metabolite can readily impair CREBBP HAT 

activity through formation of irreversible covalent adducts on redox sensitive cysteine residues.  

As we mentioned above, metabolization of etoposide into oxidative metabolites, such 

as etoposide quinone, is prominent in hematopoietic cells treated with this chemotherapeutic 
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drug and has been implicated in the leukemogenic processes (24,59,63). We thus tested 

whether the inhibition of CREBBP HAT activity could occur in a cellular context. To this end, 

K562 cells were exposed to etoposide at concentrations that do not significantly impact cell 

viability (Supplementary Figure 4) (64). The endogenous CREBBP enzyme was then 

immunoprecipitated and assayed for HAT activity. As shown in Figure 5A, endogenous CREBBP 

HAT activity was irreversibly inhibited in cells exposed to etoposide (∼60% residual activity). 

Remarkably, we also found that the acetylation of histone H3 (H3K18Ac and H3K27Ac) in cells 

was also reduced upon etoposide treatment (Figure 5B). Consistent with the loss of acetylation 

mark on histone H3, ChIP-qPCR experiments revealed decreased levels of H3K18Ac and 

H3K27Ac on the promoters of IL6 and MDM2 genes (known to be acetylated and regulated by 

CREBBP, (10,65-67) (Figure 5C). Further investigations carried out on mice (C57BL/6J, n=6) 

treated with a clinically-relevant dose of etoposide via intraperitoneal injection (100 mg/kg) 

(68) revealed a decrease in H3K18 and H3K27 acetylation levels in histones isolated from the 

bone marrow cells of treated mice (Figure 6A). In line with these data, the intrinsic HAT activity 

of immunoprecipitated CREBBP was significantly reduced in etoposide-treated mice (Figure 6A 

and 6B). Furthermore, ChIP-qPCR experiments performed on chromatin extracted from mice 

bone marrow cells were in agreement with the previous results showing that H3K18 and H3K27 

acetylation was decreased on the promoters of COPS2 and MDM2 genes of etoposide-treated 

mice (Figure 6C). Taken together, these results are consistent with the data obtained with 

recombinant CREBBP and support the notion that metabolic activation of etoposide into 

oxidative reactive metabolites, notably etoposide quinone, leads to impairment of CREBBP HAT 

activity with subsequent aberrant histone acetylation. 
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DISCUSSION 

 

Despite its strong potential as a chemotherapeutic drug, etoposide is well-known to be 

associated with the development of treatment-related hematopoietic malignancies (22). The 

molecular events underlying etoposide-dependent leukemogenesis remain poorly understood, 

recent studies suggest nonetheless that etoposide quinone, a reactive oxidative metabolite of 

etoposide, could be a major player in the leukemogenic process, notably through interactions 

with topoisomerase II enzymes (28-30). However, as a reactive electrophilic species etoposide 

quinone likely exerts its toxic effects through alteration of other cellular protein targets 

(24,32,34,35,50,51). In addition, recent studies suggest that exposure to etoposide could lead 

to epigenetic alterations, notably affecting histones, that may contribute to the deleterious 

effects of the drug (37,38). In this work, we show that the leukemogenic oxidative metabolite 

of etoposide, etoposide quinone, is able to impair the activity of the histone acetyltransferase 

CREBBP. Remarkably, this histone acetyltransferase is recognized as a tumor suppressor that 

plays a crucial role in the homeostasis of the hematopoietic system (7,11,17,19,69). Moreover, 

mutations and other molecular genetic abnormalities of CREBBP that alter its acetyltransferase 

activity are commonly observed in leukemia and lymphoma (7,9,10,14). Interestingly, it has 

been shown that the histone acetyltransferase p300, the close homologue of CREBBP, is 

irreversibly inhibited by quinone species such as hydroxynaphthoquinones (70,71). Our in 

depth enzymatic analyses indicate that the inhibition of CREBBP by etoposide quinone is 

irreversible and takes places rapidly with a second-order inhibition rate constant of 16.102 M-1. 

s-1 consistent with the value found for the irreversible inhibition of topoisomerase IIα by 

etoposide quinone (28.102 M-1.s-1) (29). Interestingly, topoisomerases II are known biological 

targets of etoposide quinone and impairment of these nuclear enzymes by etoposide quinone 

have been suggested to contribute to etoposide-related leukemogenesis (28-30). The biological 

and toxicological effects of numerous quinone species, such as etoposide quinone, are known 

to depend on their capacity to react rapidly and covalently with protein cysteine residues, to 

form irreversible adducts that impact protein structure and/or functions (50,51). Consistently, 

the irreversible inhibition of topoisomerase IIα by etoposide quinone has been suggested to 

rely on quinone adduction of several reactive cysteine residues of the enzyme (29,72). In a 

similar manner, our mass spectrometry and labeling experiments showed that etoposide 

quinone was indeed able to form covalent adducts with two cysteine residues within the RING 
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and PHD domains of the CREBBP catalytic core (Figures 3 and 4). The RING and PHD domains 

are each constituted of a redox sensitive C4 Zn2+-fingers (4 cysteines coordinating the Zn2+ 

atom) that are known to be an integral part of the CREBBP catalytic core and to be essential for 

its acetyltransferase activity (41,42,48). Of importance, the two cysteines we identified 

(Cys1220 and Cys1284) belong, to the RING and PHD Zn2+-fingers, respectively where they 

coordinate the Zn2+ atom. Importantly, it was previously shown that mutation of Cys1284 to Ala 

results in CREBBP inactivation, thus supporting our findings (41). Moreover, comparatively to 

our findings, it has been shown that Zn2+-bound cysteines in Zn2+-fingers readily react with 

quinone species to form covalent adducts that can lead to Zn2+ ejection and subsequent 

alteration of protein function (56,57). More generally, release of Zn2+ from C4 Zn2+-fingers (such 

as those in the RING and PHD domains of CREBBP) and their subsequent structural alterations 

are commonly observed when Zn2+-finger cysteines are adducted by electrophilic chemicals 

(56,57). We indeed observed that reaction of etoposide-quinone with RING and PHD Zn2+-finger 

cysteines of CREBBP led to Zn2+ ejection (Figure 4). Interestingly, it has been reported recently 

that certain quinones species, were able to react with a Zn2+-finger in the catalytic domain of 

the histone demethylase KDM4A and to induce similar Zn2+ ejection (73). In line with these 

observations, our results strongly suggest that impairment of CREBBP activity is likely due to 

the adduction of the bulky etoposide quinone molecule on these critical RING and PHD Zn2+-

finger cysteine residues, resulting in subsequent release of Zn2+ and alteration of the RING/PHD 

structures.  

 As shown for other well-known chemical leukemogens such as benzene, the 

leukemogenic effects of etoposide are increasingly recognized as relying on the metabolic 

activation of etoposide into reactive oxidative metabolites in the bone marrow, in particular 

etoposide quinone (24-26,30,31). Recent studies indicate that etoposide quinone is more 

potent at impairing topoisomerase II functions than the parent drug etoposide, thus supporting 

a major role for this quinone metabolite on the topoisomerase II-dependent leukemogenic 

process of etoposide (28,30). In accordance with these observations, we were unable to find 

any significant effect of etoposide on purified recombinant CREBBP activity in vitro in contrast 

to etoposide quinone. This is in agreement with the electrophilic properties of the quinone 

metabolite which prompt this species to react covalently with redox sensitive Zn2+-finger 

cysteines (50,51,56). As stated above, etoposide is readily oxidized in hematopoietic cells into 

etoposide quinone by cellular cytochromes P450 and peroxidases (24,25,63). In line with the 
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data obtained with recombinant purified CREBBP, exposure of hematopoietic cells to etoposide 

led to the inhibition of the endogenous enzyme with concomitant decrease in histone H3K18 

and H3K27 acetylation (Figure 5). Further experiments with mice exposed to etoposide 

confirmed inhibition of CREBBP acetyltransferase activity and decreased H3K18 and H3K27 

acetylation (Figure 6). Interestingly, a similar decrease in histone H3 acetylation was recently 

reported in a human neuroblastoma cell line exposed to etoposide (39).  

 Overall, our study shows that, in addition to the alteration of topoisomerase II functions, 

etoposide quinone, a leukemogenic oxidative metabolite of etoposide can impair CREBBP 

acetyltransferase by reacting with key cysteine residues within the catalytic core of the enzyme.  
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FIGURE LEGENDS 

 

Figure 1. Etoposide quinone inhibits CREBBP acetyltransferase activity  

(A) Purified CREBBP catalytic core (aa 1096-1700) was incubated with increasing concentrations 

of etoposide quinone (EQ), etoposide (ET) or vehicle (Ctrl) for 20 min at room temperature. 

Residual CREBBP acetyltransferase activity was then measured by UFLC using H3K18 and H3K27 

fluorescent peptides. Results are means of three independent experiments. Error bars indicate 

S.D. values. ** p<0.05 or *** p<0.001 compared with control (Ctrl). 

(B) CREBBP catalytic core was first pre-incubated with 40 µM etoposide quinone (EQ) or 

etoposide (ET) for 20 min at room temperature prior to further incubation with recombinant 

histone H3 and acetyl-Coenzyme A (AcCoA) for another 20 min at room temperature. Samples 

were dot-blotted and H3K18 (left panel) and H3K27 (right panel) acetylation was detected using 

specific antibodies. Dot-blots were quantified using ImageJ software. Results are means of 

three independent experiments. Error bars indicate S.D. values. *** p<0.001 compared with 

control (no EQ or ET). 

 

Figure 2. Inhibition of CREBBP acetyltransferase activity by etoposide quinone is irreversible 

and fast 

(A) CREBBP catalytic core was incubated with 40 µM etoposide quinone (EQ) or vehicle (Ctrl) 

for 20 min at room temperature. Samples were then buffer exchanged using PD-10 columns 

and CREBBP residual activity assayed by UFLC using H3K18 fluorescent peptide. Results are 

means of three independent experiments. Error bars indicate S.D. values. *** p<0.001 

compared with control. 

(B) CREBBP catalytic core was pre-incubated with 40 µM etoposide quinone (EQ) for 20 min at 

room temperature followed by incubation with 10 mM DTT for 20 min at room temperature. 

Samples were then assayed for CREBBP activity by UFLC using H3K18 fluorescent peptide. 

Results are means of three independent experiments. Error bars indicate S.D. values. *** 

p<0.001 compared with control. 

(C) CREBBP catalytic core was incubated with different concentrations of etoposide quinone (0-

10 µM). Aliquots were taken every 30s and residual acetyltransferase activity was measured by 

UFLC using H3K18 fluorescent peptide. For each etoposide quinone concentration the natural 

logarithm (ln) of the percentage (%) of CREBBP residual activity was plotted as a function of 

time. The apparent first order inhibition constants (kobs) were calculated from the linear 

regressions (slopes). Results are means of three independent experiments. Error bars indicate 

S.D. values. 

(D) The kobs values were plotted against etoposide quinone (EQ) concentrations and the second 

order inhibition constant (kinhib) was extracted from the slope. Results are means of three 

independent experiments. Error bars indicate S.D. values. 

 

Figure 3. Mass spectrometry analyses of etoposide quinone adducts on CREBBP catalytic core 

CREBBP catalytic core was incubated with etoposide quinone (40 µM) for 20 min at room 

temperature. The samples were reduced with DTT and alkylated with NEM prior to trypsin 

digestion and liquid chromatography-MS/MS analysis. A control without etoposide quinone 

was done in the same conditions. Mass spectra showing presence of an etoposide quinone 
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adduct on cysteine 1220 of the RING Zn2+-finger (Upper panels) and on cysteine 1284 of the 

PHD Zn2+-finger (Lower panels) are shown. The sequences of the peptides are displayed on 

each panel in addition to the etoposide quinone adducts (EQ) on the cysteine residues. 

 

Figure 4. Modification of cysteine residues of the RING and PHD domains of CREBBP by 

etoposide quinone and subsequent Zn2+ release 

(A) Purified RING (aa 1205-1279) (top panel) and PHD (aa 1280-1321) (bottom panel) domains 

were incubated with increasing concentrations of etoposide quinone (EQ, 0-40 µM) or 40 µM 

etoposide (ET) for 20 min at room temperature. For the quinone-specific nitro blue tetrazolium 

(NBT) staining, samples were separated by SDS-PAGE and transferred onto nitrocellulose 

membranes. Etoposide quinone adducts on the RING and PHD proteins were then detected 

using NBT as described in Materials and Methods. Ponceau red staining is shown as a loading 

control. For the iodoacetamide-fluorescein (IAF) labelling, samples were incubated with 10 µM 

IAF for 10 min at room temperature, separated by SDS-PAGE and transferred onto 

nitrocellulose membranes. Cysteine residues labelled by IAF were detected by fluorescence 

(λexc=485 nm, λem=530 nm). Ponceau red staining is showed as a loading control.  

(B) Purified RING and PHD domains were incubated with or without etoposide quinone (40 µM) 

in the presence of 100 µM PAR. The absorbance of PAR-Zn2-complexes (490 nm) was followed 

as a function of time at room temperature using a plate reader. Etoposide quinone had no 

effect on PAR absorbance (data not shown). 

 

Figure 5. Exposure of K562 cells to etoposide leads to inhibition of CREBBP and to the loss of 

H3K18 and H3K27 acetylation  

(A) K562 cells were exposed to 40 µM etoposide (ET) or vehicle (Ctrl) for 24h, cells were lysed 

and cellular CREBBP was isolated by immunoprecipitation. Immunoprecipitated CREBBP activity 

was measured by UFLC. In parallel, CREBBP protein content in immunoprecipitates was 

determined by Western-blot (Right panel). Results are means of three independent 

experiments. Western blot is representative of three independent experiments. Error bars 

indicate S.D. values. **p<0.01 compared with control (Ctrl).  

(B) Histones were extracted from the cell lysates and H3K18 and H3K27 acetylation was 

detected by Western blot. Quantification of H3 acetylation in Western blots was carried out 

using ImageJ software. Results are means of three independent experiments. Western blot is 

representative of three independent experiments. Error bars indicate S.D. values.*p<0.05 

compared with control (Ctrl), ***p<0.001. 

(C) Chromatin immunoprecipitation (ChIP) was conducted on cells chromatin using anti-

H3K18ac and H3K27ac histone marks as described in Materials and Methods. RT-qPCR 

experiments were subsequently carried out on IL6 and MDM2 genes using primers specific for 

their promotors. Results are means of three independent experiments. Error bars indicate S.D. 

values.***p<0.001 compared with control (Ctrl). 

 

Figure 6. Exposure of mice to etoposide inhibits CREBBP activity and H3K18 and H3K27 

acetylation in bone marrow cells. 

(A) C57BL/6J mice (n=6) were treated with 100 mg/kg etoposide (Tn) or vehicle (Cn) for 24h. 

Bone marrow was isolated from hind limb long bone. Histones were extracted from cell lysates 

and H3K18 and H3K27 acetylation was detected by Western blot (Left panels). Quantification of 

H3 acetylation in Western blots was carried out using ImageJ software (Right panel). Results are 
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means of the six treated (Tn) and non-treated (Cn) mice. Error bars indicate S.D. **p<0.01 

compared with control (Ctrl), ***p<0.001 compared with Ctrl. 

(B) CREBBP was first immunoprecipitated from the bone marrow cell lysates and its 

acetyltransferase activity of the immunoprecipates was measured by UFLC. In parallel, CREBBP 

protein content in the immunoprecipitates was determined by Western-blot (Figure 6A, Left 

panel). Results are means of the six treated (Tn) and non-treated (Cn) mice. Error bars indicate 

S.D. ***p<0.01 compared with control (Ctrl).  

(C) Chromatin immunoprecipitation (ChIP) was carried on bone marrow cells chromatin using 

antibodies against the H3K18Ac and H3K27Ac histone marks as described in Materials and 

Methods. RT-qPCR experiments were subsequently carried out on murine COPS2 and MDM2 

genes using primers specific for their promotors. Results are means of the six treated (Tn) and 

non-treated (Cn) mice. Error bars indicate S.D. values. **p<0.01 compared with control (Ctrl), 

***p<0.001 compared with Ctrl. 
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