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Abstract

Curcumin, a phenolic compound from the plant Curcuma longa L., has shown a wide-spectrum of 

chemopreventive, anti-oxidant and anti-tumor properties. Although its promising chemotherapeutic 

activity, preclinical and clinical studies highlight Curcumin limited therapeutic application due to its 

instability in physiological conditions. To improve its stability and activity, many derivatives have 

been synthesized and studied, among which bis-DemethoxyCurcumin (bDMC) and 

diAcetylCurcumin (DAC). In this report, we show that both bDMC and DAC are more stable than 

Curcumin in physiological medium. To explore the mechanism of their chemotherapeutic effect, we 

studied their role in proliferation in the HCT116 human colon cancer cells. We correlated kinetic 

stability and cellular uptake data to their biological effects. Both bDMC and DAC impair correct 

spindles formation and induce a p53- and p21CIP1/WAF1- independent mitotic arrest, which is more 

stable and long-lasting for bDMC. A subsequent p53/p21CIP1/WAF1- dependent inhibition of G1 to S 

transition is triggered by Curcumin and DAC as a consequence of the mitotic slippage, preventing 

postmitotic cells from re-entering the cell cycle. Conversely, the G1/S arrest induced by bDMC is a 

direct effect of the drug and concomitant to the mitotic block. Finally, we demonstrate that bDMC 

induces rapid DNA double-strand breaks, moving for its possible development in anti-cancer 

clinical applications.

Keywords: Natural compounds; Curcumin analogs; cell cycle regulation; p53; DNA damaging 

agents.
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1. Introduction

The rapid dynamics of spindle microtubules are essential to proper spindle function. Microtubules

are favorite target of naturally occurring toxic molecules, most of which are produced by a large 

number of plants (reviewed in [1]). In fact, many microtubule-targeting agents (MITs) have been 

discovered by screening natural products and are currently in clinical trials. Curcumin, a common 

flavoring agent in the spice turmeric, perturbs microtubule assembly dynamics through tubulin 

binding, which results in its conformational changes [2]. Significant depolymerization of interphase 

microtubules and mitotic spindle microtubules have been observed after Curcumin incubation of 

HeLa, MCF-7, HT-29 and HCT-15 cells, thus leading to a mitotic arrest [2-4].

Curcumin exhibits cancer growth inhibition both in vitro and in vivo [5, 6]: it suppresses cell 

proliferation in a variety of cancer cell lines and it inhibits tumorigenesis [7-17]. Multiple 

mechanisms of action are likely responsible for Curcumin various effects on cancer cells: G1/S 

arrest and apoptosis induction have been observed other than the mitotic block in different tumor 

cell lines [18-20]. Experimental evidence reveals a multitude of molecular targets, including 

transcription factors, cell cycle proteins, enzymes, cell surface adhesion protein and cytokines [21, 

22]. 

Although Curcumin has an evident anti-cancer activity, relative poor stability has been highlighted 

as one of the major problems in therapeutic applications. Stability in cell culture medium containing 

10% FBS or in human blood is greater than in phosphate buffer, but 50% of the molecule has still 

decomposed after 8 hours [23, 24].

To enhance metabolic stability and antiproliferative activity against human cancer cells, various 

Curcumin analogs have been synthesized, among which bis-DemethoxyCurcumin (bDMC) and 

diAcetylCurcumin (DAC) (Fig.1) (reviewed in [25]). Although bDMC differs from its lead-compound 

in the chemical structure only with regard to methoxy substitution, it exhibits significantly different 

antioxidant, antitumor, and anti-inflammatory activities. bDMC shows higher cytotoxicity against 

human ovarian cancer cell line, increased antimutagenic, anticarcinogenic and antioxidant activity 

(reviewed in [25]). The inhibition of cancer cell invasion by bDMC highlights its enhanced 
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antimetastasis potency [26]. The synthetic derivative DAC shows higher antibacterial activity 

against multiresistant bacteria [27] and a stronger nitric oxide (NO) and O2
•- anion scavenging 

activity [28, 29], although it has slightly lower apoptotic activity on AK-5 rat histiocytoma cells [30]. 

Whether bDMC and DAC analogues have the same Curcumin molecular targets is also not clear at 

present. 

The aim of our study is to shed light on the potential anti-cancer effects of bDMC and DAC against 

human colon cancer cells, unraveling the molecular basis of their biological activity. Understanding 

molecular events that lead these molecules to arrest cell proliferation is an important prerequisite 

for their development as chemotherapeutic agents. We show here that both bDMC and DAC have 

increased stability in physiological medium and improved nuclear cellular uptake compared to 

Curcumin. Cellular and molecular analyses of the effects of bDMC and DAC in HCT116 cells have 

been performed to define their activity in cell cycle modulation. We demonstrate that bDMC causes 

a concomitant G1/S and mitotic block, triggering rapid DNA double-strand breaks. Finally, we 

investigate the role of the two main inhibitors of the cell cycle, p53 and p21CIP1/WAF1, in mediating 

the cell cycle impairment induced by bDMC and DAC. 
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2. Materials and methods

2.1 General Procedures. Spectrophotometric measurements were performed using Jasco V-570 

spectrophotometer at 25 ± 0.1°C in the 200-600 nm spectral range employing 1 mm quartz cells. 

NMR Spectra were recorded on a Bruker Avance AMX-400 spectrometer with a Broad Band 5mm 

probe (inverse detection). Nominal frequencies are 100.13 MHz for 13C and 400.13 MHz for 1H. 

The typical acquisition parameters for 1H were as follows: 20 ppm spectral bandwidth (SW), 6.1 s 

pulse width (90° pulse hard pulse on 1H), 0.5-1s pulse delay, 216-512 number of scans. For 2D 

H,H-Homonuclear Correlated Spettroscopy (COSY) typical parameters were used. For 2D H,X-

Hetero Correlated Spettroscopy, HMBC and HMQC opportune parameters were used (50-90° 

pulses; 32k data points; 1 s relaxation delay; 8-64k transients; 1JH-C 125-145 Hz; 3JH-C 5-15 Hz). 

Methanol-d4 (CD3OD) and DMSO-d6 (DMSO) were used as NMR solvent. All reported chemical 

shifts are referred to TMS. 

2.2 Preparation of Curcuminoids. A suspension of B2O3 (1 mmol)  and acetylacetone (1 mmol) in 

DMF (1.5 ml) was stirred for 30 minutes at 80°C, then tributylborate (4 mmol) was added. After 30 

minutes, the appropriate benzaldehyde (1.8 mmol) was added and followed by slow addition of n-

butylamine (0.4 mmol in 0.5 ml of DMF). After stirring at 80°C for 4 hours, the solution was acidified 

with 0.5 M HCl (8 ml) and cooled down to room temperature. The yellow-orange solid was re-

suspended in water, filtered and dried under vacuum. Purity of all synthesized compounds was 

>98%, and it was determined by means of NMR techniques and combustion analysis.

Curcumin -1,7-bis[3-methoxy-4-hydroxyphenyl]hepta-1,6-diene-3,5-dione

1H NMR (CD3OD):  5.95 (s, 1H; H-1), 6.61 (d, J=15.8 Hz, 2H; H-3), 7.56 (d, J=15.8 Hz, 2H; H-4), 

7.20 (d, J=2 Hz, 2H; H-6), 6.82 (dd, J=8.0, 1Hz, 2H; H-9), 7.09 (dd, J=8.0, 2 Hz, 2H; H-10). 13C 

NMR (CD3OD):   100.2 (C-1), 183.7 (C-2), 120.6 (C-3), 140.4 (C-4), 127.3 (C-5), 110.1 (C-6), 

147.8 (C-7), 149.0 (C-8), 115.0 (C-9), 122.6 (C-10). Anal. Calc. (found) for C21H20O6: C 68.47 

(68.41), H 5.47 (5.52); yield 60%. m.p. 180 °C.

DiacetylCurcumin (DAC) - 1,7-bis[3-methoxy-4-acetylphenyl]hepta-1,6-diene-3,5-dione
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1H NMR (CD3OD):  5.94 (s, 1H; H-1), 6.59 (d, J=15.9 Hz, 2H; H-3), 7.57(d, J=15.9 Hz, 2H; H-4), 

7.49 (d, J=2 Hz, 2H; H-6), 6.82 (dd, J=7.5, 1Hz, 2H; H-9), 7.49 (dd, J=7.5, 2 Hz, 2H; H-10). 13C 

NMR (CD3OD):  100.3 (C-1), 183.6 (C-2), 120.4 (C-3), 140.2 (C-4), 126.5 (C-5), 129.3 (C-6), 

115.3 (C-7), 160.1 (C-8), 115.3 (C-9), 129.3 (C-10). Anal. Calc. (Found) for C25H24O8: C 66.36 

(65.91), H 5.35 (5.73); yield 87%. m.p. 171 °C.

BisDemethoxyCurcumin (bDMC) - 1,7-bis[4-hydroxyphenyl]hepta-1,6-diene-3,5-dione

1H NMR (DMSO-d6):  6.13 (S, 1H; H-1), H-3 6.79, H-4 7.63, H-6 7.66, H-7  6.92, H-9 6.92, H-10 

7.66; C-1 100.8, C-2 183.4, C-3 120.8, C-4 140.3, C-5 125.8, C-6 130.2, C-7 115.9, C-8 159.8, C-9 

115.9, C-10 130.2. Anal. Calc. (Found) for C19H16O4: C 74.01 (73.95), H 5.23 (5.31), yield 75%.

m.p. 217°C.

2.3 Cell lines and drugs. HCT116, derived from a human colorectal carcinoma, HCT116/E6 and 

HCT116 p21 -/- were generously provided by Bert Vogelstein (Johns Hopkins University School of 

Medicine, Baltimore, MD). The HCT116 and HCT116 p21 -/- cell lines were cultured in IMDM 

medium supplemented with 10% FCS. HCT116/E6 were grown with G418 (500 ng/ml). Drugs were 

added to cell medium at the concentration described in the text for 4, 8, 16 or 24 hours. IC50

concentrations after 24 hours treatments were estimated in 10 M and 30 M for Curcumin/DAC 

and bDMC respectively. Cells were treated with Nocodazole (0,5 M) for 16 hours and with 

Adriamycin (1.3 M) for 24 hours.

2.4 Uptake measurements. Culture medium (3 ml) was acidified with 6N HCl (1:1 (v/v)) and 

vortexed for 30 s. Following addition of 3 ml of extracting buffer (ethyl acetate and isopropanol 9:1 

(v/v)), samples were vortexed and shaken in the Orbital shaker (at 100 rpm) for 15 min. After 

centrifugation at 18000 rpm for 20 min, the upper organic layer was filtered through a membrane 

filter (0.22 μm) and directed to UV-vis analysis.

The cell pellets were resuspended in RIPA buffer (20 mM Tris/HCl at pH 8.0, 137 mM NaCl, 10 % 

of glycerol, 5 mM EDTA, 1 mM phenylmethyl-sulfonyl fluoride and protease inhibitor cocktail) and 

the cell-liquid extraction was carried out. The cell extracts were cleared by centrifugation at 18000 
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rpm for 15 min and acidified by 6N HCl (1:1 v/v) and vortexed for 30 s. Then the same extracting 

procedure as for culture medium was performed.

2.5 Flow cytometric cell cycle analysis. 500 000 cells were harvested after drug treatments and 

DNA distribution analysis of PI and BrdU stained cells was performed by an Epics cytofluorimeter 

(Beckman Coulter) [31, 32]. Anti-BrdU antibody was provided by BioLegend (#317902) and mouse 

anti-FITC by Dako (#F0313). 

2.6 Cellular extracts and immunoblotting. Total extracts were prepared by resuspending the cell 

pellet (300 000 cells) in 200 l of lysis buffer (50m mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5% NP-

40, 1 mM EDTA, protease and phosphatase inhibitors). Immunoblot analysis of histones was 

performed using HCT116 acid extracts. Briefly, the cell pellet was suspended in lysis buffer (10 

mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl), added of hydrocloric acid 0.2 N, incubated on ice 

for 30 minutes and cleared by high-speed centrifugation for 10 minutes at 4°C. 

For immunoblotting equivalent amounts of total extracts (50 g) were resolved by SDS-PAGE, 

electrotransferred to nitrocellulose membrane, and immunoblotted with the following primary 

antibodies diluted 1:1000 in TBS 1X/BSA 1mg/ml: anti-CycB1 (Active Motif #39504), anti-p53 DO-1 

(Santa Cruz #sc-126), anti-phospo-H2AX (Cell-Signaling #2577), anti-H2A acid-patch (Active 

Motif), anti-phosphoATM Ser1981 (Cell-Signaling #4526), anti-p21 (Upstate) and anti-actin (Santa-

Cruz). 

2.7 Immunofluorescence. 300 000 cells were seeded on coverslips the day before treatments. 

After drugs incubation, cells were washed twice in PBS 1X at room temperature, fixed in cold 

methanol/acetone for 2 minutes and permeabilized with 0.05% TritonX 100 in PBS 1X for 5 

minutes. Samples were preincubated with PBS 1X/BSA 1% for 15 minutes and then incubated 

overnight at 4°C with the following primary antibodies diluted 1:100 in PBS 1X/BSA 1%: anti-

phospho-Histone H2AX (Ser139) (Upstate #05-636; Active Motif #39117) and anti-tubulin (Sigma-

Aldrich). Cells were then washed twice with PBS 1X and incubated 15 minutes at room 

temperature in PBS 1X/BSA 1% before a further incubation for 60 minutes at room temperature in 

the dark, with Hoechst and the relative secondary antibodies sheep anti-rabbit FITC-conjugate 
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1:200 (Sigma, F7512) and goat anti-mouse TRITC-conjugate 1:150 (Sigma, T5393). After three 

washes with PBS 1X monolayers were mounted with Vectashield and examined with Zeiss 

AxioSkop 40 fluorescence microscope (Carl Zeiss, Jena, Germany), images collected with a 

AxioCam HRc camera  and AxioVision version 3.1 software package. The same samples were 

analyzed by confocal microscopy (Leica DM IRE2).

2.8 RT-PCR analysis. RNA was extracted from cells untreated or treated with the described drugs 

by using RNeasy kit (Qiagen, Hilden, Germany), according to the manufactorer’s protocol. For 

cDNA synthesis, 5 g of RNA were retrotrascribed with a Moloney murine leukemia virus reverse 

transcriptase (RT) (Promega). Semiquantitative PCRs were performed with oligonucleotides 

previously described [31, 32]. 

2.9 Chromatin immunoprecipitation assay. Chromatin immunoprecipitations were essentially 

performed as described previously [31, 32]. Chromatin was prepared upon 24h drugs treatment

and immunoprecipitated with anti-p53 (DO-1, Santa-Cruz) and anti-Flag (Sigma-Aldrich) 

antibodies. PCRs were performed with the following oligonucletides: 

p21_for:GTAAATCCTTGCCTGCCAGAGTG; p21_rev: GCTGCCCAGCGCCGAGCCAG

2.10 Statistical analysis. Results are shown as means ± SD. Statistical analysis for the results of 

western blot of Fig. 4B was done using one-way ANOVA, followed by Bonferroni's t-test to 

determine whether there were differences between specific groups (DMSO vs each curcuminoid).
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3 Results

3.1 Uptake of Curcumin and its derivatives in HCT116 cells. 

Although Curcumin has been extensively investigated as it concerns its anti-cancer activity in a 

variety of cell types, only few studies provide uptake data [33, 34] and none correlates kinetic 

stability of natural and synthetic Curcuminoids to their cellular uptake. A preliminary kinetic study 

was performed for bDMC and DAC (Fig. 1), in order to evaluate their stability in culture medium

compared to Curcumin. A representative fluorescence spectrum of Curcumin maintained in culture 

medium for 4 and 24 hours is given in Figure 2A (left panel). Absorbance of Curcumin dramatically 

decreased in the first 4 hours (~ 50%), and then smoothly diminished up to 24 hours (~ 10%), 

suggesting a pseudo-first order kinetic process (Fig. 2A, right panel). Differently, bDMC and DAC 

maintained almost the same absorbance values in the first 24 hours, hinting their greater stability 

with respect to Curcumin. 

Cellular uptake and intracellular localization of the drugs were evaluated by confocal microscopy 

analysis of HCT116 cells treated with the estimated IC50 concentrations for 24 hours. All the 

molecules showed mainly a cytoplasmic fluorescence, although nuclear staining appeared to be 

more intense in cells treated with bDMC and DAC than Curcumin (Fig. 2B, arrows). 

The kinetic of cellular uptake was determined by UV-vis analysis. Figure 2C shows the histogram 

of the percentages of Curcumin, bDMC and DAC (20 M and 30 M) extracted from HCT116 cells 

and their relative culture media as a function of time incubation; all data have been normalized 

taking into account the absorbance decreases observed after 4 and 24 hours due to the relative 

stability of each drug (Fig. 2A). The percentages determined both inside the cell and in culture 

medium were almost independent of drugs concentration. During 4 hours-treatment, the drug 

percentage in culture medium was around an averaged value of 70% for all Curcuminoids, even if 

data (30 M) suggested the following order of uptake: bDMC > DAC > Curcumin. Although the 

sum of cell and culture medium percentages should represent 100%, after 4 hours-treatment only 

Curcumin followed this prediction. For both bDMC and DAC the sum of the two percentages was 

75% and 80% respectively, hinting that the missing quantity should have followed different 
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metabolic and/or degradation processes inside the cell. The strong decrease in culture medium 

percentage observed for Curcumin and bDMC after 24h treatment suggested their incremented 

uptake. No changes in drug distribution were observed comparing 4 and 24 hours incubations with 

DAC, indicating that longer time exposition didn’t increase its cell absorption. 

Figure 2D reports the absolute percentages referred to time zero concentration inside the cell for 

each drug (20 M and 30 M) at 4 and 24 hours. A dose-dependent uptake was observed for 

Curcumin and bDMC (same percentage independently on drug treatment concentration), while for 

DAC an increased value was detected as concentration was risen up. After 24 hours the amount of 

Curcumin and bDMC inside the cell was respectively < 2% and < 0.5 %, while DAC showed higher 

percentages (>3% for 20 M and >7% for 30  M). 

These data indicate that, although DAC and bDMC have similar stability in culture medium, they 

follow different metabolism inside the cell: DAC exhibited a limited decomposition up to 24 hours 

while bDMC was fastly uptaken and metabolized already during the first 4 hours of treatment.

3.2 Treatment of HCT116 cells with Curcumin derivatives delays mitotic exit.

The effects of Curcumin on cell cycle arrest are associated with structural changes of tubulin, 

followed by abnormal chromosome segregration [2, 3]. To determine whether bDMC and DAC 

exert an effect on mitotic spindle organization, HCT116 cells treated for 24 hours with IC50 doses 

were fixed and processed for immunofluorescence microscopy using anti-tubulin antibody and 

HOECHST to detect nuclear morphology. Compared with DMSO treated cells, incubation with 

Curcumin, bDMC and DAC resulted in aberrant mitotic figures with monopolar microtubule 

spindles, indicative of alterations on microtubule polymerization (Fig. 3A, arrows). 

Microtubule spindle impairment generally hampers the chromosome alignment, thus blocking cells 

in mitosis, specifically at the onset of the anaphase, until spindle formation is completed [1, 35]. To 

assess whether the observed monopolar spindles led to any effect on cell cycle progression, we 

evaluated the distribution of the cells throughout the cell cycle by PI/FACS analysis.
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We determined the IC50 values and a preliminary dose-response experiment was run with each 

curcuminoid for 24 hours (Suppl. Fig.1). We decided to perform our next experiments treating cells 

with IC50 estimated concentrations (Curcumin 10 M, bDMC 30 M and DAC 10 M).

The average of ten independent experiments indicated that 24 hours-treatment induced a more 

evident G2/M arrest for Curcumin (63%) and DAC (62%) compared to bDMC (51%) (Fig. 3B). 

Unlike the well known microtubule active drug nocodazole, G1 cells were not completely lost but a 

clear decrease was observed with respect to control/DMSO. DNA replication was investigated by 

BrdU/PI FACScan analysis: a robust decrease was observed for Curcumin (11%), bDMC (16%) 

and DAC (10%) relative to DMSO treated cells (40%), associated to a G2/M arrest (from 20% in 

DMSO to about 57% in Curcumin and DAC and only 49% in bDMC treated cells) (Fig. 3C). No 

polyploid cells (DNA content > 4C) were detected after 24 hours treatments in HCT116 cells. The 

analysis of equal amounts of cell lysates by western blot highlighted an increase of phosphorylated 

histone H3 at serine 10 (H3Ser10), which has been recognized as cell cycle marker to evaluate the 

late-G2/M status of cells. The comparison between H3Ser10 versus total H2A protein expression

was consistent with the lower percentage of mitotic cells after bDMC treatment (Fig. 3D). 

3.3 Bis-DemethoxyCurcumin triggers a concurrent G1/S and mitotic arrest.

Prolonged mitotic arrest can lead cells (i) to apoptosis or (ii) to escape mitosis via mitotic slippage 

through the ubiquitination and proteolysis of Cyclin B [36]. Mitotic slippage leads to the 

accumulation of postmitotic G1 cells, which are subsequently arrested in their cell cycle 

progression by activating a p53-dependent G1 checkpoint [37, 38, 39]. 

To determine whether G1 cells resulted from escaped progression through mitosis and cytokinesis 

rather than a direct G1 arrest, we pulsed HCT116 with BrdU for 1 hour before drug treatments (Fig. 

4A). After Curcumin and DAC incubation about 45% of the total G1 cells was found to be BrdU 

labeled, hinting that about one-half of G1 cells were originated by cells that failed to arrest in G2/M. 

Conversely, by treating cells with bDMC, G1 cells were almost found to be BrdU unlabeled (77%), 

suggesting that the this population has originated from cells that were already in G1 before the 

incubation with BrdU. These data pointed out a more stable mitotic block after bDMC with respect 
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to Curcumin and DAC (only the 23% of BrdU labeled cells escaped from the G2/M block compared 

to 55-60% after Curcumin and DAC incubation). To further confirm that Curcumin and DAC treated 

cells exit mitosis via mitotic slippage, we evaluated Cyclin B1 expression levels. Western blot 

analysis demonstrated that Cyclin B1 levels decreased upon Curcumin, bDMC and DAC 

incubation compared to DMSO (Fig. 4B, upper panel). Differently from bDMC treated cells, in 

which protein reduction was associated to its transcriptional inhibition, the decreased Cyclin B1 

staining after Curcumin and DAC exposure could be ascribed to its proteolysis, as RT-PCR 

analysis didn’t show changes in gene transcription (Fig. 4B, lower panel).

We next determined whether bDMC could induce a long lasting block in cell cycle progression by 

drug-release experiments. The release from the mitotic block induced by bDMC was slowed down 

up to 12 hours and was associated to a modest increase in G0/G1 events compared to Curcumin 

and DAC (Fig. 4C). 

To characterize the G1/S arrest induced by bDMC, we performed synchronization–release 

experiments and we analyzed S-phase entry. The experimental design is outlined schematically in 

Figure 4D. Serum depletion for 24 h (0.5% FCS) resulted in G0/G1 arrest of HCT116 (between 80 

and 85%); S phase fractions were determined by quantifying BrdU incorporation after release into 

10% FCS fresh media added with each drug. Upon 10 up to 14 hours from the release in DMSO, 

Curcumin and DAC, about 18%-30% of cells clearly shifted to early S phase. A delay from S to 

G2/M was then observed for Curcumin and DAC compared to control cells: DMSO-release shifted 

about 35% of cells to G2/M after 18 hours, while the same percentage was reached after 22 hours 

with Curcumin (31%) and DAC (30%), explaining the lack of the G2/M block usually observed after 

24 hours-treatment. With regards to bDMC, the kinetic of the release from G0/G1 to early S was 

comparable to Curcumin and DAC; conversely, BrdU positive cells were clearly inhibited from early 

to late S. After 22 hours, about 60% of cells were still retained in synthesis. The release in 

nocodazole-medium demonstrated that cells took 14 hours to accumulate in synthesis (36%), 

similarly to DMSO (35%), and after 22 hours were completely shifted in G2/M (96.9%).

3.4 Bis-DemethoxyCurcumin induces DNA damage concomitantly to the cell cycle block.
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Many human cells exposed to MITs acquire DNA damage causing a significant delay in mitotic exit 

upon removal of the block [40, 41]. 

Compared to Curcumin and DAC, bDMC showed a slower kinetic in re-entering the cell cycle after 

the release, hinting the possibility that it might induce DNA damage during the cell cycle block.

To explore this possibility, we examined by western blot the activation of-H2AX, which is known 

to be phosphorylated rapidly at Ser 139 in response to DNA DSBs. All the Curcuminoids induced -

H2AX after 24 hours-treatment (Fig. 5A). The normalization with respect to the total amount of H2A 

indicated that the strongest H2AX phosphorylation was triggered by bDMC, similarly to the effects 

of Adriamycin, a potent antitumor drug that induces DNA DSBs. 

To investigate the possible interaction between the cell cycle impairment and DNA damage we 

performed a time course experiment. PI cell cycle analysis and -H2AX immunofluorescence were 

carried out on 8, 16 and 24 hours-treated cells. 16 hours incubation accumulated cells in G2/M as 

efficiently as 24 hours (Fig. 5B, right panel). Interestingly, only bDMC induced -H2AX already 

upon 16 hours treatment (Fig. 5B, left panel). These data suggest that bDMC-induced DNA 

damage is concurrent to the cell cycle arrest, while DSBs observed after Curcumin and DAC

incubation can be the effect of a prolonged mitotic block. 

DSBs are most closely associated to H2AX phosphorylation by ATM activation, which acts as a 

regulator of cell cycle checkpoint and DNA repair [42]. The ATM/ATR- dependent pathway triggers 

cell cycle arrest until DNA integrity is restored by repair processes [43, 44]. ATM activation after 

Curcuminoids treatment was explored by the analysis of Ser1981 phosphorylation. Phospho-ATM 

was detected after Curcumin, bDMC and DAC incubation, but not after DMSO addition (Fig. 5C). 

Co-incubation of cells with a non toxic dose of caffeine (1mM), which inhibits ATM/ATR, didn’t 

result in the release of cells from the G2/M arrest, suggesting that ATM activation didn’t participate 

in maintaining the mitotic block induced by Curcuminoids (Fig. 5D). 

3.5 Inactivation of p53 and p21 abrogates the post-mitotic G1 arrest.

As cellular insults (e.g. DNA damage and microtubule disruption) induce signaling pathways which 

mediate p53 activation, we investigated p53 expression levels after Curcuminoids treatment. 
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Western blot shown in Figure 5C clearly detected an increase of p53, particularly after bDMC 

exposure. 

Which is the role of p53 in cell cycle arrest induced by Curcumin and its derivatives has not been 

yet elucidated. We therefore analyzed cell cycle progression in HCT116/E6 cells, in which p53 is 

inhibited by the overexpression of the viral protein E6. Cell cycle phase distributions showed that 

p53 didn’t participate to the G2/M block induced by Curcumin, bDMC and DAC (Fig. 6A). The 

comparison between HCT116 (Fig. 3B) and HCT116/E6 (Fig. 6A) clearly highlighted that p53 

inhibition even induces a more robust G2/M arrest. Compared to HCT116, G0/G1 cells were 

reduced of about 50%, while S cells increased of about 50-60% upon Curcumin and DAC 

treatments. No effect on DNA replication (S phase) was even observed after bDMC incubation

compared to DMSO. Nocodazole treatment of HCT116/E6 didn’t show any difference in cell cycle 

phase distribution compared to HCT116. These data suggest that one of the main determinant in 

the subsequent fate after prolonged mitotic arrest is whether the cells can functionally activate p53 

and its pathway. Cells entering mitosis in the presence of microtubule drugs can escape mitosis 

and subsequently arrest in the next G1 by p53 activation. Differently, cells lacking p53 survive and 

reproduce, as suggested by the increase of S phase. The role of p53 in controlling G1 to S 

passage is more evident for bDMC, as the G1/S block is a direct effect of the drug.

The CDK-inhibitor p21CIP1/WAF1 is induced after DNA damage and plays a role in the G1 arrest, but 

not in preventing G2 progression [37]. p21 was overexpressed after Curcuminoids treatment 

compared to control cells (Fig. 6B, upper panel). Nocodazole treatment, which accumulated a 

higher percentage of mitotic cells, didn’t show higher p21 levels, suggesting that its activation is not 

triggered by the inability to exit mitosis. p21 transcriptional activation has been shown to be both 

p53-dependent and –independent. To elucidate the role of p53 in mediating p21 overexpression 

we performed RT-PCR and western blot analysis in HCT116 cells compared to HCT116/E6 cells. 

Figure 6B (lower panel) shows that p21 was activated also in the absence of p53, and a higher 

expression was still detected upon bDMC treatment. There is evidence suggesting that Curcumin 

antiproliferative effect is mediated by p21-induced cell cycle arrest, even if it has been recently 
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demonstrated that in HCT116 cells Curcumin induces apoptosis in a p21-independent manner [45]. 

To understand whether p21 was necessary to inhibit cell cycle progression after Curcuminoids 

treatments, we performed PI cell cycle analysis of HCT116 p21-/- treated cells (Fig. 6C). With 

respect to HCT116/E6 cells, a further decrease of G0/G1 and an increase of G2/M events were 

detected, while no differences in S phase were observed following Curcumin and DAC incubation. 

bDMC showed even an increase of replicative events with respect to DMSO (28% versus 19%). 

To elucidate whether transcriptional activation of p21 was mediated by p53, we performed a ChIP 

analysis with chromatin from HCT116 treated cells immunoprecipitated with anti-p53 and anti-Flag 

as unrelated antibody. Figure 6D shows that after Curcumin and DAC treatment p53 was recruited 

to the p21 promoter. On the other hand, only a weak binding of p53 was observed upon bDMC 

incubation, thus suggesting that bDMC induces a p53-independent activation of the p21 gene. 

Thus, we concluded that both p53 and p21 are not involved in mediating the G2 arrest induced by 

Curcuminoids, but they are likely required to maintain G1 arrested cells, which originate as a 

consequence of mitotic slippage for Curcumin and DAC, rather than a direct G1/S block for bDMC. 
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4. Discussion

Although phase I clinical trials demonstrated that Curcumin is well-tolerated orally and no dose-

limiting toxicity was observed [5, 46], it has poor bioavailability and may undergo intestinal 

metabolism, which can be to a great extent the consequence of its deficient pharmaceutical profile 

[21, 47, 48]. Currently, Curcumin derivatives represent a well-established strategy to enhance 

metabolic stability and therefore anti-proliferative activity against human cancer cells. In this report, 

we have investigated the analogs bDMC and DAC through biochemical and molecular studies with 

the aim to identify the connections between structure and mode of action. 

It has been recently demonstrated that the deletion of -diketone moiety enhances in vitro the 

stability of Curcumin in pH 7.4 condition [49]. We show that bDMC and DAC, although preserving 

the -diketone, are more stable than Curcumin in culture medium, hinting that the degradation 

mechanisms of Curcuminoids are probably connected to the presence of a strong intra-molecular 

hydrogen bond between the vicinal hydroxy and methoxy groups. DAC exhibits a limited 

decomposition both in culture medium and inside the cell. Differently, increased stability of bDMC 

in culture medium is coupled with lower cellular concentration, suggesting that it is easily 

metabolized or conjugated to other molecules into the cells, leading to a quick biological response

(Fig. 1).

Even if both DAC and bDMC show the same effect on microtubule spindle organization (Fig. 3A), 

the analysis of cell cycle progression in HCT116 cells corroborates the hypothesis that the two 

analogs may have different properties and activities. While DAC treatment induces a delayed 

mitotic exit comparable to Curcumin, bDMC exposure results in a concomitant mitotic and G1/S 

block. Additionally, the BrdU pulse/chase experiment (Fig. 4A) indicates that, although less robust, 

the mitotic arrest induced by bDMC is more stable with respect to Curcumin and DAC. A higher 

percentage of BrdU labeled G1 cells can be detected upon Curcumin and DAC prolonged 

treatments compared to bDMC, hinting that cells exiting mitosis subsequently accumulate in G1 

and are prevented from S phase entry. bDMC long-lasting block is further supported by drug-

release experiments.
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We demonstrate that p53 is not required for the mitotic arrest induced by microtubule poisons, but 

the experiments performed on HCT116/E6 and HCT116 p21 -/- cells clearly indicate that p53 and 

p21CIP1/WAF1 are necessary for both Curcumin and DAC post-mitotic G1 arrest and for the direct 

G1/S block activated by bDMC (Fig. 6). We believe that a concurrent p53-dependent and -

independent p21 transactivation occurs following Curcuminoids treatment. As in HCT116 p21 -/-

compared to HCT116/E6 cells, only bDMC shows an increase of the replicative events, it is 

possible that a p53-independent activation of p21CIP1/WAF1 is required to maintain active the primary 

G1/S checkpoint. Conversely, the G1 post-mitotic arrest triggered via mitotic slippage by Curcumin, 

DAC and, to a lesser extent, by bDMC, induces the p21CIP1/WAF1 gene through the transcription 

factor p53 (Graphical abstract). This hypothesis is supported by ChIP analysis shown in Figure 6D: 

Curcumin and DAC exposure induces the binding of p53 on the p21CIP1/WAF1 promoter, whereas 

upon bDMC treatment only a faint recruitment is observed.

Western blot and immunofluorescence assays detect the activation of a DNA damage response 

elicited upon mitotic impairment for Curcumin and DAC (Figure 5). It is tempting to speculate that 

DNA damage is activated as an effect of a severe mitotic block induced by Curcumin and DAC, but 

it is not clear if DNA damage occurs in mitotic or post-mitotic G1 arrested cells. Compared with the 

DNA damage responses during G1 and G2, considerably less is known about the DNA damage 

activation during mitosis. As bDMC is concerned, DNA damage is observed concurrently to the cell 

cycle impairment, thus pointing this molecule as a both spindle-disrupting and DNA-damaging 

drug. There is strong evidence highlighting that DNA damage occurred in mitotic cells inhibits 

mitotic exit after the block is removed and that this delay is not an ATM-dependent mechanism [50, 

51]. This is coherent with our data showing that bDMC induces a long-lasting G2/M block, which is 

not reverted by caffeine pretreatment. We can’t rule out that DNA damage is triggered in G1 

arrested cells (Graphical abtract). This hypothesis need further investigation to elucidate the events 

and regulatory mechanisms of bDMC effects on cell cycle progression, which ensure its possible 

development in anti-cancer clinical applications.
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Figure legends

Fig. 1. Structures of Curcumin, bDMC and DAC.

Fig. 2. UV-vis spectroscopic study on stability and uptake of Curcuminoids in HCT116 cells. (A) 

Left panel. UV-vis absorption spectra of Curcumin extracted from control medium at time zero (a), 

4 hours (b) and 24 hours (c) and (right panel) linear relationships between the absorbance values 

(420 nm) and concentration at time zero (), 4 hours (○) and 24 hours (▼). (B) Confocal 

microscopy analysis of Curcumin, bDMC and DAC cellular uptake. (C) Percentages of Curcumin, 

bDMC and DAC extracted from culture medium and HCT116 cells at 20 M and 30 M 

concentrations; all data are the mean of three independent experiments and are normalized to the 

control. (D) Curcuminoids extracted from HCT116 cells at different time courses and 

concentrations; percentages are referred to time zero extracts for each drug.

Fig. 3. Biological effects of Curcumin (10 M), bDMC (30 M) and DAC (10 M) in HCT116 cells. 

(A) Microscopic analysis of the nuclear morphology and microtubule spindles formation of 

HOECHST/-tubulin stained cells after drugs incubation (magnification 100X). Bar, 15.80 m. 

Monopolar spindles are indicated by the arrows. (B) Flow cytometric analysis of cell cycle 

progression following Curcumin, bDMC and DAC treatments for 24 hours. Data represent means ± 

SD of ten independent experiments. (C) DNA distribution analysis of PI/BrdU stained cells after 24 

hours drugs exposure. (D) Western blot analysis of Phospho-Ser10 H3 and H2A expression levels 

upon drugs incubation. The value under each band indicates the relative expression level of 

Phospho-Ser10 H3 normalized by the intensity of H2A in each lane. The normalized intensity in the 

first lane was set as relative expression level of 1.

Fig. 4. bDMC induces a concomitant G2/M and G1/S arrest. (A) Distribution of BrdU positive and 

negative cells in G1 phase after drugs treatment. Results are mean ± SD of three independent 

experiments. (B) Western blot and RT-PCR analysis of Cyclin B1 expression after drugs treatment. 

The intensity of immunoreactive and RT-PCR bands have been quantitated to actin and GAPDH 

respectively. The normalized intensity in the first lane was set as relative expression level of 1.

Values, mean of four independent experiments, * P<0.05, ** P<0.01 vs DMSO. (C) Distribution of 
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cells in G0/G1 (left panel) and G2/M (right panel) phases after the release (4-8-10-12 hours) from 

24 hours drugs exposure. (D) DNA distribution analysis of PI/BrdU stained cells after G0/G1 

synchronization and release in drugs-added media.

Fig. 5. bDMC induces rapid DNA double-strand breaks. (A) -H2AX and total H2A protein 

expression analysis of acid extracts following 24 hours drugs exposure. (B) Left panel: 

immunofluorescence analysis of -H2AX and HOECHST staining after 8, 16 and 24 hours 

treatments with Curcumin, bDMC and DAC (magnification 40X). Bar, 100 m. Right panel: cell 

cycle distribution of PI stained cells after the indicated time-course drugs incubation. (C) Western 

blot analysis of control and treated HCT116 total extracts with anti-phospho-ATM, anti-p53 and 

anti-actin antibodies. (D) Distribution of cells in G2/M phase after Curcuminoids and 

caffeine/Curcuminoids co-treatment for 24 hours.

Fig. 6. Role of p53 and p21CIP1/WAF1 in the anti-proliferative effects of Curcumin and its derivatives. 

(A) Flow cytometric analysis of HCT116/E6 cell cycle progression following Curcumin, bDMC, DAC 

and nocodazole treatments. Data represent means ± SD of three independent experiments. (B) 

p21 expression analysis of protein and mRNA levels of HCT116 and HCT116/E6 by western blot 

(left panel) and RT-PCR (right panel). The actin protein and GAPDH mRNA were used as internal 

controls. (C) Cell cycle distribution of PI stained HCT116 p21 -/- cells after 24 hours drugs 

exposure. (D) ChIP analysis of p53 binding to p21CIP1/WAF1 promoter after DMSO, Curcumin, bDMC 

and DAC exposure.

Graphical abstract. Model of the molecular mechanism through which Curcumin, DAC and bDMC 

induce cell cycle arrest in human colon cancer cells. Bold lines indicate the direct effects of the 

molecules, dotted lines represent the consequences of the induced mitotic delay. 

Supplementary Fig.1. Curcuminoids dose-response flow cytometric analysis. Cell cycle 

distribution analysis upon dose-response treatments for 24 hours with DMSO, Curcumin (5-10-20 

M), bDMC 20-30-40 M) and DAC (5-10-20 M). Data represent means ± SD of three 

independent experiments.
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http://ees.elsevier.com/bcp/download.aspx?id=145353&guid=0272046d-9cab-48aa-ac31-141610502f4e&scheme=1
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Figure 3
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Figure 4
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Figure 5
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Figure 6

http://ees.elsevier.com/bcp/download.aspx?id=145359&guid=7458f5fd-d22c-4934-b32d-9a23bba4b459&scheme=1


Page 33 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

Suppl. Figure
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