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ABSTRACT 23 
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DNA methyltransferase 1 (DNMT1) catalyzes DNA methylation and is overexpressed 24 

in various human diseases, including cancer. A rational approach to preventing 25 

tumorigenesis involves the use of pharmacologic inhibitors of DNA methylation; 26 

these inhibitors should reactivate tumor suppressor genes (TSGs) in tumor cells and 27 

restore tumor suppressor pathways. Antroquinonol D (3-demethoxyl antroquinonol), a 28 

new DNMT1 inhibitor, was isolated from Antrodia camphorata and identified using 29 

nuclear magnetic resonance. Antroquinonol D inhibited the growth of MCF7, T47D 30 

and MDA-MB-231 breast cancer cells without harming normal MCF10A and IMR-90 31 

cells. The SRB assay showed that the 50% growth inhibition (GI50) in MCF7, T47D 32 

and MDA-MB-231 breast cancer cells following treatment with antroquinonol D was 33 

8.01, 3.57 and 25.08 µM, respectively. D-antroquinonol also inhibited the migratory 34 

ability of MDA-MB-231 breast cancer cells in wound healing and Transwell assays. 35 

In addition, antroquinonol D inhibited DNMT1 activity, as assessed by the DNMT1 36 

methyltransferase activity assay. As the cofactor SAM level increased, the inhibitory 37 

effects of D-antroquinonol on DNMT1 gradually decreased. An enzyme activity assay 38 

and molecular modeling revealed that antroquinonol D is bound to the catalytic 39 

domain of DNMT1 and competes for the same binding pocket in the DNMT1 enzyme 40 

as the cofactor SAM, but does not compete for the binding pocket in the DNMT3B 41 

enzyme. An Illumina Methylation 450K array-based assay and real-time PCR assay 42 
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revealed that antroquinonol D decreased the methylation status and reactivated the 43 

expression of multiple TSGs in MDA-MB-231 breast cancer cells. In conclusion, we 44 

showed that antroquinonol D induces DNA demethylation and the recovery of 45 

multiple tumor suppressor genes, while inhibiting breast cancer growth and migration 46 

potential.  47 

 48 
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■ INTRODUCTION 54 

The wild natural fruiting body of Antrodia camphorata has long been used 55 

by aboriginal peoples to treat hepatitis, cirrhosis and liver cancer and has been 56 

used in Taiwan to cure diarrhea, abdominal pain, hypertension, itching of the 57 

skin and liver cancer.
1
 Due to its extremely slow growth rate and high host 58 

specificity for the endangered tree Cinnamomum kanehira Hay (Lauraceae), 59 

the fruiting body cannot be mass-produced for commercialization. Therefore, 60 

the mycelium of A. camphorata has recently been developed by industrial 61 

companies as a health food and has been reported to have anti-tumor effects.
2, 3

 62 

The process of tumorigenesis is initiated and promoted by molecular abnormalities, 63 

including oncogene activation and tumor suppressor gene (TSG) inactivation.
4
 64 

Down-regulation of tumor suppressor genes (TSGs) by 5’CpG island 65 

hypermethylation is an important event in tumor development.
5
 CpG island 66 

hypermethylation inactivates TSGs and is a major epigenetic modification of the 67 

mammalian genome that is not accompanied by changes in the DNA sequence.
6
 68 

Aberrant promoter hypermethylation of TSG-associated CpG islands can lead to 69 

transcriptional silencing and result in tumorigenesis.
7
 DNA methylation disorders 70 

give rise to several significant human diseases, including various cancers, 71 

neurological disorders, psychosis and cardiovascular diseases, many of which are 72 

mediated by altered DNA methyltransferase 1 (DNMT1) expression and activity.
8-12

 73 

Previous reports have indicated that DNMT1 is overexpressed in lung, hepatocellular, 74 

colorectal, gastric and breast tumors, as well as acute and chronic myelogenous 75 

leukemias.
13-18

 Abnormal expression of DNMT1 in vivo induces cellular alterations 76 

such as transformation, whereas inhibition of DNMT1 expression or activity 77 
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results in the reversal of fos transformation.
19

 The inhibition of DNA 78 

methyltransferase (DNMT), the enzyme that methylates the cytosine residues of CpG 79 

islands, may inhibit or reverse the process of epigenetic silencing.
10

 Therefore, the use 80 

of pharmacologic inhibitors of DNA methylation represents an attractive, rational 81 

approach to the reversal of epigenetic TSG silencing. These inhibitors will hopefully 82 

reactivate TSGs in tumors and restore activity in critical cellular pathways.  83 

Several DNMT inhibitors have exhibited potent anti-tumor activities in human 84 

xenograft models, indicating their potential usefulness as new cancer therapeutic 85 

agents. The first extensively studied DNMT inhibitors were 5-azacytidine (Vidaza) 86 

and 5-aza-2’-deoxycytidine (decitabine), which have been approved by the US Food 87 

and Drug Administration (FDA) for the treatment of myelodysplastic syndrome. 88 

However, these inhibitors induced hematopoietic toxicity and neutropenia in clinical 89 

trials.
20-22

 Some non-nucleoside drugs and natural compounds, such as 90 

epigallocatechin-3-gallate (EGCG), RG108, mithramycin A and procaine, have also 91 

been reported to inhibit DNMT activity.
23, 24

 However, 5-aza-2’-deoxycytidine and 92 

EGCG were found to be genotoxic,
25

 and mithramycin A has been observed to cause 93 

marked hemorrhagic toxicity in patients.
26

 Procaine and EGCG failed to induce 94 

significant genomic DNA demethylation in some of the tested cell lines.
25

 Therefore, 95 

other effective, minimally toxic DNMT inhibitors could potentially be developed to 96 

provide additional DNMT inhibitors for clinical use.  97 

 In the present study, we discovered that a ubiquinone derivative, 98 

antroquinonol D, may act as a DNMT1 inhibitor. Antroquinonol D, isolated from 99 

the mycelium of Antrodia camphorata (A. camphorata), can inhibit DNMT1 enzyme 100 

activity, induce the re-expression of multiple tumor suppressor genes, increase cancer 101 

cell death without harming normal cells, and inhibit the migratory ability of 102 



 6 

MDA-MB-231 breast cancer cells. 103 

■ MATERIALS AND METHODS 104 

Isolation of antroquinonol D  105 

The culture conditions of Antrodia camphorata and the extraction method of 106 

antroquinonol D were performed as previously reported.
2
 From 500 g dried 107 

powder of cultured A. camphorata mycelium, 9.6 mg of antroquinonol D was 108 

obtained. 
1
H- and 

13
C-NMR of antroquinonol D were acquired using a Bruker 109 

DMX-500 SB spectrometer (Ettlingen, Germany). Mass spectra were obtained 110 

using a Thermo Finnigan LCQ-Duo spectrometer (Waltham, USA). The 111 

following data were recorded for 3-demethoxyl antroquinonol (Figure 1): 112 

slight yellowish oil; [α]
23

D: +52.2 (c 0.5, MeOH); 
1
H-NMR data (CD3OD, 500 113 

MHz): δH 5.91 (1H, d, J = 5.6 Hz, H-3), 5.21 (1H, t, J = 7.3 Hz, H-8), 5.10 114 

(1H, t, J = 6.9 Hz, H-12), 5.09 (1H, t, J = 7.2 Hz, H-16), 4.48 (1H, dd, J = 5.6, 115 

3.7 Hz, H-4), 3.59 (3H, s, H3-23), 2.67 (1H, m, H-6), 2.26–1.95 (10H, H2-7, 116 

-10, -11, -14 and -15), 1.78 (1H, m, H-5), 1.65 (3H, s, H3-18), 1.62 (3H, s, 117 

H3-21), 1.60 (3H, s, H3-20), 1.57 (3H, s, H3-19), 1.16 (3H, d, J = 6.9 Hz, 118 

H3-22); 
13

C-NMR data (CD3OD, 125 MHz): δC 198.7 (C-1), 152.0 (C-2), 119 

138.1 (C-9), 136.0 (C-13), 132.1 (C-17), 125.5 (C-16), 125.3 (C-12), 123.3 120 

(C-8), 116.6 (C-3), 65.0 (C-2), 55.3 (C-23), 47.5 (C-5), 43.4 (C-6), 41.0 (C-10), 121 

40.9 (C-14), 28.2 (C-7), 27.8 (C-15), 27.4 (C-11), 25.9 (C-18), 17.8 (C-19), 122 

16.3 (C-21), 16.2 (C-20), 13.1 (C-22); ESI-MS: m/z = 383 [M + Na]
+
; 123 

HR-ESI-MS: m/z = 383.2560 [M + Na]
+
; calculated for C23H36O3 + Na

+
: 124 
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383.2562. 125 

Molecular modeling and docking  126 

For the molecular docking experiments, the amino acid sequence of the DNMT1 127 

catalytic domain was used as the query to perform a BLAST search against the RCSB 128 

Protein Data Bank. The crystal structure of DNMT1 in complex with sinefungin 129 

(PDB code 3SWR) was used to rebuild the model of the human DNMT1 catalytic 130 

domain. The DNMT3B catalytic domain was modeled using the crystal structure of 131 

DNMT3A (PDB code 2QRV) as a template. The structure was validated using 132 

Profile3D and PROCHECK. AutoDockTools 1.5.4 was used to prepare the pdbqt files 133 

for the ligands/protein and the control-parameter file for gridding and docking.
27

 134 

Autodock 4.2 was used to implement the docking process and calculate the binding 135 

energies.
28

 The Autodock program software uses Monte Carlo-simulated annealing 136 

and a Lamarckian genetic algorithm to create a set of possible conformations. All of 137 

the ligand bonds were set to be rotatable. A grid box with a dimension of 50 x 80 x 50 138 

points and default grid spacing of 0.375 Å was set around the active sites, covering 139 

the DNA-binding region and allowing ligands to move freely. Grid maps were 140 

generated using the Autogrid program. The best conformation was defined as the one 141 

with the lowest docked energy after the docking search had been completed. The 142 

interactions of the protein/ligand complex, including hydrogen bonds and bond 143 

lengths, were analyzed using Pymol. 144 

DNMT1 and DNMT3B methyltransferase activity assays  145 

The drug screening was performed using a DNA Methyltransferase 1 Activity/Inhibitor 146 

Screening Assay Kit (Abnova). One hundred nanograms of the DNMT1 enzyme and the 147 

indicated concentrations of the potential DNMT inhibitors were added into a 148 
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CpG-enriched DNA-coated 96-well plate and incubated for 2 h. The DNMT1 enzyme 149 

transfers a methyl group to cytosine from S-adenosyl methionine (SAM), thereby 150 

methylating the DNA substrate. The methylated DNA can be recognized using an 151 

anti-5-methylcytosine antibody. The ratio or amount of methylated DNA, which is 152 

proportional to the enzyme activity, can then be colorimetrically quantified using an 153 

ELISA-like reaction. Finally, we detected the colorimetric reaction (OD450 nm) using an 154 

ELISA reader. The inhibitory effects of all of the drugs were calculated as follows: The 155 

relative DNMT1 activity (%) = (the OD450 of the sample-the OD450 of the blank) / (the 156 

OD450 of the DMSO control-the OD450 of the blank) X 100. To further confirm the 157 

specificity and underlying mechanism of the antroquinonol D-mediated DNMT 158 

inhibition, we measured the DNMT1 (Active Motif) and DNMT3B (BPS Bioscience, 159 

San Diego, CA, USA) enzyme activity in the presence of 40, 80 or 160 μM of SAM 160 

following antroquinonol D, antroquinonol or EGCG (Sigma-Aldrich) treatment using 161 

an EpiQuik DNA Methyltransferase (DNMT) Activity/Inhibition Assay Kit 162 

(Epigentek, Farmingdale, NY, USA). The key principles, methodology and protocols 163 

are similar to the DNA Methyltransferase 1 Activity/Inhibitor Screening Assay Kit. 164 

Antroquinonol D and antroquinonol were provided by Golden Biotechnology 165 

Corporation.  166 

Cell lines and drug treatments 167 

The MCF7, T47D and MDA-MB-231 breast cancer cell lines were obtained from the 168 

Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). MCF10A, a 169 

normal mammary gland cell line, was obtained from the American Tissue Cell 170 

Culture collection. IMR-90, a normal fibroblast-like cell line that was established 171 

from the lung tissue of a female fetus, was obtained from the BCRC. The MCF7, 172 

MDA-MB-231 and IMR-90 cell lines were cultured in DMEM (Invitrogen) 173 
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supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The 174 

T47D cell line was cultured in RPMI1640 (Invitrogen) that had been supplemented 175 

with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells were treated 176 

with DMSO, antroquinonol D, or the DNMT inhibitors 5-azacytidine (AZA) and 177 

decitabine (DAC) for the indicated durations. Antroquinonol D was dissolved in 178 

DMSO. AZA (Sigma-Aldrich) and DAC (Sigma-Aldrich) were dissolved in acetic 179 

acid/water (1:1). 180 

Sulphorhodamine B (SRB) assays 181 

A sulphorhodamine B (SRB) assay was used to determine the cell growth rate. Based 182 

on the growth curves of the MCF7, T47D, MDA-MB-231, MCF10A and IMR-90 cell 183 

lines, the cells were seeded in 96-well plates at densities of 5000, 8000, 3000, 2000 184 

and 6000 cells/well, respectively, and incubated with the indicated drugs for 3 days. 185 

Additionally, MCF7, T47D, MDA-MB-231, MCF10A and IMR-90 cells were seeded 186 

in 96-well plates at densities of 3000, 5000, 750, 500 and 4000 cells/well, respectively, 187 

and incubated with the indicated drugs for 6 days. The growth curves of the MCF7, 188 

T47D, MDA-MB-231, MCF10A and IMR-90 cell lines over 6 days are shown in 189 

Figure S1. The cells were fixed with 10% trichloroacetic acid at the indicated times. 190 

Cell growth was assessed via OD determination at 515 nm using a microplate reader. 191 

The data for antroquinonol D were normalized to its solvent control (DMSO). The 192 

5-azacytidine (AZA) and decitabine (DAC) data were also normalized to their solvent 193 

controls (50% acetic acid). The solvent controls were added in the same amounts as 194 

those used for the treatment drugs at the indicated concentrations. The growth 195 

inhibition rates were calculated using the following equation: Cell growth inhibition 196 

rate (%) = 100 - [(Ti - Tz) / (C - Tz)] x 100 (Ti ≧ Tz). Cytotoxicity rate (%) = [ ( Tz – 197 
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Ti ) / Tz ]  100 (Tz  Ti). Ti = the OD of the inhibitor sample. Tz = the OD of the 198 

basal cells. C = the OD of the control. 199 

MTT assays 200 

 The cells were seeded in 96-well microtiter plates (100 μl/well) at densities of 201 

5000 cells/well and grown in culture medium. The next day, the culture medium was 202 

replaced with 100 μl of culture medium containing different concentrations of DMSO 203 

or a DNMT1 inhibitor, and cell viability was assayed using an MTT assay (3 204 

(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) after 72 h of incubation. 205 

Cell viability was assessed using OD determinations at 570 nm using a microplate 206 

reader. MTT powder (Sigma-Aldrich) was dissolved in phosphate-buffered 207 

saline at 3.3 mg/ml and filtered.
29

  208 

Wound healing assays for migration analyses.  209 

Treated and untreated cells were plated at densities of 2 x 10
5
 cells in 10 cm culture 210 

dishes in quadruplicate and incubated at 37°C. After the cells had been treated with 211 

15 μM antroquinonol D for 6 days, wound healing assays were performed using 212 

Culture-Inserts (Ibidi). Cell-free gaps of 500 μm were created after removing the 213 

Culture-Inserts. After seeding the cells overnight, the Culture-Inserts were removed, 214 

and images of the wounded areas were acquired using an inverted microscope (Nikon) 215 

at the indicated time points. The percentage of closure of the wounded area was 216 

measured and analyzed using Image J software, and the migratory ability was 217 

calculated. 218 

Transwell assays for migration analyses. The Transwell consists of upper and lower 219 

chambers that are separated by a layer of membrane that has a pore size of 8 μm 220 
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(Falcon). Approximately 2 × 10
4
 treated and untreated MDA-MB-231 cells were 221 

seeded onto the upper chambers with 300 μL of serum-free medium containing drugs, 222 

and 800 μL of DMEM containing 10% FBS was added to the lower chambers as a 223 

chemoattractant. The seeded cells were incubated for 16 h. The cells that did not 224 

invade were removed using a scraper and washed twice with PBS, then fixed and 225 

stained using 1% crystal violet/ddH2O for 60 mins at room temperature. Five random 226 

views were photographed under a microscope (Nikon) and then counted and 227 

quantified using Image J. 228 

Cell migration assays using the xCELLigence biosensor system 229 

Migration assays were performed using the RTCA DP instrument (Roche Diagnostics 230 

GmbH, Germany), which was placed in a humidified incubator and maintained at 5% 231 

CO2 and 37°C, as previously described.
30

 The cells were seeded into specifically 232 

designed 16-well plates (CIM-plate 16, Roche Diagnostics GmbH) that had 8 μm 233 

pores that were similar to conventional Transwells and contained microelectrodes on 234 

the undersides of the upper chamber’s membranes. The cells (20,000 cells/well) were 235 

seeded into the upper chambers in serum-free medium, and media containing 10% 236 

FBS was added to the lower chambers. Each sample was treated under the same 237 

conditions in four independent wells. The CIM-plate 16 was monitored every 10 s for 238 

40 min and once every hour thereafter. The greater the number of cells attached to the 239 

electrodes, the larger the increases in electrode impedance. The electrode impedance, 240 

which was displayed and recorded as the Cell Index (CI) value, reflected the 241 



 12 

biological statuses of the monitored cells, including the cell numbers, viabilities, 242 

morphologies and degrees of adhesion. The data analyses were performed using the 243 

RTCA software program v1.2, which was supplied with the instrument. The T-test was 244 

to analyze the data differences.  245 

DNA and RNA extractions 246 

Genomic DNA from the cell lines was prepared using the Blood & Tissue Genomic 247 

DNA Extraction Miniprep System (Viogene, Sunnyvale, CA, USA). Total mRNA was 248 

extracted from the cells using the TRIzol reagent (Invitrogen). The DNA and RNA 249 

were quantified, and the purities were verified by measuring the A260 and A260/A280 250 

ratios (which ranged from 1.8 to 2.0). 251 

DNA methylation assays 252 

 The DNA methylation statuses of the MDA-MB-231 cells were determined 253 

following treatment with 15 μM antroquinonol D for 6 days. Five hundred nanograms 254 

of genomic DNA were bisulfite-converted using an EZ Methylation Gold kit (Zymo 255 

Research, Irvine, CA) according to the manufacturer’s recommended protocol. The 256 

DNA methylation analyses were performed using Illumina Methylation 450K 257 

array-based assays (Illumina, San Diego). The array analyses were performed by 258 

Health GeneTech Corporation, Taiwan. Methylation scores for each CpG site were 259 

classified as “Beta” values that ranged from 0 (unmethylated) to 1 (fully methylated) 260 

by determining the ratios of the methylated signal intensities to the sums of the 261 

methylated and unmethylated signal outputs. Functional annotation clustering of 262 

differentially demethylated genes was performed using Functional DAVID 263 

Bioinformatics Resources 6.7.
31

 The figures S9 were generated using XMind 3.2.1. 264 
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The methylation patterns of the FANCC and CACNA1A genes were further confirmed 265 

and quantified using pyrosequencing. Because no primers were found that could be 266 

used for pyrosequencing that targeted the DNA regions of the FANCC and CACNA1A 267 

genes (which were detected using the Methylation 450K array-based assay), we 268 

designed primers that were targeted to the promoter regions of the FANCC and 269 

CACNA1A genes for use in the pyrosequencing assay. The primers were designed 270 

using the MethPrimer
32

 and Methyl Primer Express v1.0 (ABI) software programs. 271 

The PCR reactions were performed using biotinylated primers to convert the PCR 272 

products to single-stranded DNA templates. The pyrosequencing reactions and 273 

methylation quantification were performed using PyroMark Q24, which was provided 274 

by the Mission Biotech Corporation, Taiwan. The primers are described in Table S1. 275 

Real-time RT-PCR 276 

The mRNA expression levels were measured by performing real-time RT-PCR using 277 

a LightCycler 480 (Roche Applied Science, Mannheim, Germany). Real-time PCR 278 

was performed using the LightCycler 480 Probe Master kit (Roche Applied Science) 279 

with the specific primers and the corresponding Universal Probe Library probe 280 

(Roche Applied Science) according to the manufacturer's instructions. Normalized 281 

gene expression values, which were calibrated to the control group, were obtained 282 

using the LightCycler Relative Quantification software program (ver. 2.0, Roche 283 

Applied Science). GAPDH was used as a reference gene. The primers are described in 284 

Table S1. 285 

Cell lyses and Immunoblotting analyses 286 

For Western blotting assays, the cells were lysed on ice in 287 

radioimmunoprecipitation buffer (0.05 M Tris-HCl [pH 7.4], 0.15 M NaCl, 288 
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0.25% deoxycholic acid, 1% Igepal CA-630, and 1 mM 289 

ethylenediaminetetraacetic acid). The lysates were then centrifuged at 13,000 290 

r.p.m. at 4℃ for 10 min. The protein extracts were solubilized in sodium 291 

dodecyl sulfate (SDS) gel loading buffer (60 mmol/L Tris base, 2% SDS, 10% 292 

glycerol and 5% β-mercaptoethanol). Samples containing equal amounts of 293 

protein (40 μg) were separated on an 8% SDS-polyacrylamide gel using 294 

electrophoresis and electroblotted onto Immobilon-P membranes (Millipore, 295 

Bedford, Massachusetts, USA) in transfer buffer. Immunoblotting was 296 

performed using antibodies that had been raised against DNMT1 (1:1000, 297 

GeneTex, Texas, U.S.A.), DNMT3A (1:1000, Cell Signaling, Danvers, USA), 298 

DNMT3B (1:250, Abcam, Cambridge, UK), FANCC (1:500, GeneTex, 299 

Hsin-Chu, Taiwan), and CACNA1A (1:250, Abcam, Cambridge, UK), total 300 

AKT (1:1000, Cell Signaling, Danvers, USA), phosphor-AKT Ser473 (1:500, 301 

Cell Signaling, Danvers, USA). β-actin (1:5000, GeneTex, Texas, USA) was 302 

used as an internal control. For Immunofluorescence staining assays, cells were 303 

seeded in 4-well glass chamber slides (Nunc). After DNMT inhibitor treatment, 304 

cells were fixed in 4% formaldehyde and stained with anti-F-actin (1:200, 305 

Abcam, Cambridge, UK) cells. The image was detected by using the Olympus 306 

IX71 Inverted Microscope System. 307 

 308 

■ RESULTS AND DISCUSSION 309 

Identification of antroquinonol D  310 
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Antroquinonol D was obtained as a slight yellowish oil. Its molecular formula, 311 

C23H36O3, was deduced through analysis of the 
13

C NMR and HRESIMS data. The
 1
H 312 

NMR spectrum of antroquinonol D exhibited resonances compatible with those of 313 

antroquinonol except that a 3-methoxyl group at C-3 was substituted by an olefinic 314 

methine signal atδH 5.91 (d, J = 5.6 Hz, H-3) in antroquinonol D.
2
 The difference 315 

was also reflected in the 
13

C NMR of antroquinonol D, in which C-24 disappeared 316 

and a quaternary C-3 was replaced by a tertiary C-3 atδC 116.6. Thus, the gross 317 

structure of antroquinonol D was determined to be 3-demethoxyl antroquinonol. The 318 

relative configuration of cyclohexenone was consistent with that of antroquinonol. 319 

The configurations of △8
, △12

 and △16
 were E as corroborated by the chemical 320 

shifts of C-21, C-20 and C-19 at respectiveδC 16.3, 16.2 and 17.8. Accordingly, the 321 

structure of antroquinonol D is shown in Figure 1. We examined signals and noise in 322 

the 1H NMR spectrum of antroquinonol D, and the purity of antroquinonol D 323 

(LTH-0909-1) was determined to be greater than 95% (Figure S2). 324 

 325 

Antroquinonol D inhibits the growth of breast cancer cells, but not normal cells 326 

Clinical toxicity is a major concern for the clinical application of anticancer agents. 327 

Therefore, we treated normal cell lines, MCF10A and IMR-90, and three breast 328 

cancer cell lines, MCF7, T47D and MDA-MB-231, with the DNMT inhibitor for 3 or 329 

6 days. The drug treatment protocols are described in Figure S3. Antroquinonol D 330 

suppressed the growth of MCF7 and T47D cells as effectively as AZA and DAC 331 

treatment at 6 days (Figure 2a and Figure 2b). The SRB assay showed that the GI50 332 

in MCF7, T47D and MDA-MB-231 breast cancer cells following antroquinonol D 333 

treatment is 8.01, 3.57 and 25.08 µM, respectively. Antroquinonol D could lead to 334 
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cytotoxic effects in T47D and MCF7 cells (Figure S4a). In addition, 335 

antroquinonol D treatment displayed lower cytotoxicity to normal mammary gland 336 

cells (MCF10A) and human fibroblast cells (IMR-90) than AZA and DAC treatment 337 

for 3 days (Figure S4b) and 6 days (Figure 2d and Figure 2e), respectively. The 338 

antroquinonol D-mediated cell growth inhibition and cell death at 72 hr, assessed by 339 

the MTT assay, was also stronger than that demonstrated by another DNMT inhibitor, 340 

EGCG, in MCF7 and NDA-MB-231 cells (Figure S4c).  341 

 342 

Antroquinonol D inhibits the migration of MDA-MB-231 breast cancer cells  343 

Metastasis is the primary cause of mortality for most cancer patients. The mobility of 344 

tumor cells is a key step in the metastatic process. The MDA-MB-231 cells exhibit 345 

invasive tumor features with rapid migration ability. The MDA-MB-231 cells are 346 

good cell models for analyzing whether antroquinonol D could also inhibit cell 347 

migration ability. We observed morphological changes in MDA-MB-231 cells, 348 

including cell shrinkage and fragmentation, after antroquinonol D treatment for 6 349 

days (Figure S5 right panel) that were greater than those observed following DMSO 350 

treatment (Figure S5 left panel). Dynamic regulation of the filamentous actin 351 

(F-actin) cytoskeleton is critical to cell adhesion and migration.
33

 352 

Immunofluorescence imaging revealed that the network expansion of F-actin was not 353 

as extensive after antroquinonol D treatment as after DMSO control treatment 354 

(Figure 3a). Cell motility was further analyzed using wound healing and Transwell 355 

assays. The results of the wound healing assays indicated that the MDA-MB-231 cells 356 

migrated more slowly when treated with 15 µM antroquinonol D for 6 days compared 357 

to the DMSO control-treated cells (Figure 3b). The Transwell migration assays also 358 
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revealed that antroquinonol D decreased the migration ability of MDA-MB-231 cells 359 

by 56.9% (Figure 3c). Antroquinonol D and a positive control DNMT inhibitor, AZA, 360 

displayed similar suppression effects on the migratory ability of MDA-MB-231 breast 361 

cancer cells. To further confirm that the DNMT inhibitor antroquinonol D influenced 362 

the migratory ability of breast cancer cells, a migration assay was performed using the 363 

xCELLigence biosensor system, and the numbers of cells that migrated were reflected 364 

by the cell index. As shown in Figure 3c, the cell indices in the DMSO-treated 365 

control cells and antroquinonol D-treated cells were 2.2 and 1.3, respectively, after 30 366 

h. The migratory ability was reduced to approximately 41% in the antroquinonol 367 

D-treated cells compared to the DMSO-treated control cells (Figure 3d). These 368 

results indicate that this DNMT inhibitor can suppress the migratory ability of 369 

MDA-MB-231 breast cancer cells. 370 

 371 

Antroquinonol D can inhibit DNMT1 enzyme activity 372 

A previous study reported that antroquinonol induces anticancer activity in human 373 

pancreatic cancers through an inhibitory effect on PI3-kinase/Akt/mTOR pathways.
34

 374 

In our study, neither antroquinonol nor antroquinonol D can inhibit AKT 375 

phosphorylation in MDA-MB-231 cells (Figure S6), suggesting that the anti-cancer 376 

effect mediated by antroquinonol D is mediated through another pathway. 377 

Down-regulation of tumor suppressor genes (TSGs) by 5’CpG island 378 

hypermethylation is an important event in tumor growth and progression.
5
 Blocking 379 

DNA methyltransferase (DNMT) could potentially inhibit or reverse the process of 380 

epigenetic silencing. To develop a new DNMT inhibitor and further determine 381 

whether the D-antroquinonol-mediated inhibition of cancer cell growth and migration 382 

resulted from the suppression of DNMT1 activity, we analyzed DNMT1 activity 383 
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using the DNMT1 Activity/Inhibitor Screening Assay Kit. We collected natural 384 

compounds from the Graduate Institute of Pharmacognosy of Taipei Medical 385 

University, including phenolics, curcumin analogs, ubiquinone and sesquiterpene 386 

derivatives, and serially examined the DNMT1 activity. In addition to phenolics, 387 

curcumin analogs and sesquiterpene derivatives, we discovered that a ubiquinone 388 

derivative, antroquinonol D, may act as a DNMT1 inhibitor in vitro (Figures 1 and 389 

4a, P=0.0036). Its inhibitory effects were stronger than those of the positive control 390 

DNMT inhibitor, EGCG (Figure 4a, P=0.0027). The IC50 of antroquinonol D on 391 

DNMT1 activity was much lower than 5 M (Figure 4b). In addition, antroquinonol 392 

D inhibited DNMT1 activity in the presence of 40 μM SAM. After increasing the 393 

SAM concentration from 40 to 80 and 160 μM, the inhibitory effects of antroquinonol 394 

D on DNMT1 gradually decreased in a dose-dependent manner (Figure 4c). These 395 

results further indicate that antroquinonol D may be inserted into the putative cytosine 396 

pocket and compete with the cofactor SAM, resulting in decreased DNMT1 activity. 397 

One antroquinonol D analogue, antroquinonol, was isolated in 2007 and was reported 398 

to be toxic to cancer cells.
2
 Antroquinonol does not inhibit DNMT1 enzyme activity 399 

as well as antroquinonol D does (Figure 4c). For DNMT3B enzyme activity assay, 400 

antroquinonol D only slightly reduced DNMT3B enzyme activity (Figure 4d). These 401 

results may also indicate that antroquinonol D competes for the same binding pocket 402 

in the DNMT1 enzyme as SAM, but does not compete for the binding pocked in the 403 

DNMT3B enzyme (Figure 4c and Figure 4d). High levels of DNMT1 mRNA and 404 

protein expression were observed in three breast cancer cell lines (MCF7, T47D and 405 

MDA-MB-231) (Figure 2f and Figure 2 g) that were sensitive to antroquinonol D 406 

treatment compared to normal MCF10A cells (Figure 2d and Figure 2e). However, 407 

real-time RT-PCR and Western blotting analyses found that DNMT1, DNMT3A and 408 
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DNMT3B mRNA and protein levels were not significantly decreased after 409 

antroquinonol D treatment (Figure S7).  410 

 411 

Molecular Modeling of the Interaction between antroquinonol D and DNMT1  412 

To investigate the putative mechanisms involved in the antroquinonol D-mediated 413 

inhibition of DNMT1 activity, the crystal structure of DNMT1 in complex with 414 

sinefungin (PDB code 3SWR) was used to build the model of the human DNMT1 415 

catalytic domain (Figure 5a). Molecular docking of antroquinonol D onto the 416 

DNMT1 catalytic domain was performed. The hydrogen-bonding interactions of 417 

F1145, G1149, G1150, L1151 and V1580, and van der Waals interactions of P1225 418 

and W1170 were observed on the residues of DNMT1 that were bound to 419 

antroquinonol D (Figure 5b). Antroquinonol D was found to bind to the same pocket 420 

as SAH, which is the SAM cofactor product of DNMT1 catalytic reactions (Figure 5c 421 

and Figure 5d). DNMT3B catalytic domain was also modeled using the crystal 422 

structure of DNMT3A (PDB code 2QRV) as a template. Interestingly, when 423 

superimposing the structure of antroquinonol D bound DNMT1 with DNMT3B 424 

structure, antroquinonol D could fit into the binding pocket of DNMT3B (Figure 5e 425 

and Figure 5f). The steric effect of DNMT3B on the bulky antroquinonol D entry 426 

may be the reason for the lower inhibition ability of antroquinonol D to DNMT3B 427 

compared to DNMT1 (Figure 5e and Figure 5f). The enzyme activity assay and 428 

molecular modeling of the interaction between antroquinonol D and DNMTs support 429 

that antroquinonol D selectively inhibits the DNMT1 enzyme, but not DNMT3B. The 430 

structure–activity relationships between antroquinonol and antroquinonol D with the 431 

DNMT1 enzyme was also analyzed by molecular modeling. The data showed that 432 

antroquinonol, with an additional 3’-O-CH3 group, may interfere with the binding of 433 
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DNMT1 more than antroquinonol D does (Figure S8). 434 

 435 

Antroquinonol D induces tumor suppressor gene demethylation and 436 

re-expression in cancer cells 437 

Aberrant DNA hypermethylation of TSGs is an important mechanism underlying 438 

tumorigenesis.
21, 35

 Consequently, researchers are now searching for potential 439 

demethylating agents that can be used to reactivate TSGs in tumor cells, which may 440 

possibly lead to the suppression of cancer cell growth and invasion. To determine 441 

whether antroquinonol D can induce gene demethylation in cells, we analyzed 442 

changes in genomic methylation using the Illumina Methylation 450K array-based 443 

assay. We discovered that treatment with 15 μM antroquinonol D for 6 days decreased 444 

the methylation status of 159 CpG sites and 113 specific genes in MDA-MB-231 445 

breast cancer cells (Figure 6a and Table S2). Functional annotation clustering of 446 

differentially demethylated genes induced by following antroquinonol D treatment 447 

was performed using a Functional DAVID Bioinformatics Resources 6.7 analysis 448 

(Figure S9). The greatest decreases in methylation levels and increases in mRNA 449 

expression levels following antroquinonol D treatment were observed in five tumor 450 

suppressor genes: FANCC, CACNA1A, CDH15, ASB9 and COL4A2 (Figure 6a, 451 

Figure 6b and Table 1). FANCC gene expression has been reported to be lower in 452 

stage III samples compared to stage I samples from ovarian cancer patients.
36

 The 453 

CACNA1A gene encodes the α1A pore-forming subunit of Ca
2+

 voltage-gated Cav2.1 454 

channels. A recent report identified the CACNA1A gene as a novel tumor suppressor 455 

candidate that is methylated in lung cancer tumors.
37

 Frequent promoter methylation 456 

of CDH15 in hepatocellular carcinoma is associated with a poor prognosis.
38

 Low 457 

expression of ASB9 in colorectal cancer is associated with a poor prognosis.
39

 458 
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COL4A2 protein retards the growth of pancreatic cancer in a dose-dependent manner 459 

by inhibiting angiogenesis.
40

 Pyrosequencing was used to further confirm the 460 

decreases in the methylation statuses of two of the tumor suppressor genes, FANCC 461 

and CACNA1A. The CpG island methylation levels in the FANCC and CACNA1A 462 

genes were decreased by approximately 9 to 51% and 20 to 51%, respectively, 463 

following antroquinonol D treatment (Figure 6c). We also used Western blotting to 464 

determine whether FANCC and CACNA1A protein expression was induced 465 

following antroquinonol D treatment. The data indicated that the FANCC and 466 

CACNA1A protein expression levels had also increased by 1.7- and 2.3-fold, 467 

respectively, following antroquinonol D treatment (Figure 6c). Note that DNA 468 

demethylation of the ASB9 and RPS6KA2 genes was detected using a Methylation 469 

450K array-based assay. However, RPS6KA2 mRNA expression cannot be detected 470 

using real-time RT-PCR. The ASB9 mRNA expression levels only increased two-fold. 471 

A probable reason for these results may be that the DNA demethylation regions of 472 

RPS6KA2 and ASB9 were not close to the CpG islands (Table 1). Interestingly, the 473 

DNA demethylation regions of the CACNA1A, CDH15 and COL4A2 genes were 474 

located within their gene bodies (Table 1). Whether those regions are important for 475 

gene expression requires further investigation. Fewer genes were demethylated 476 

following antroquinonol D treatment than were previously reported to be 477 

demethylated following DAC treatment.
41

 We postulated that DAC incorporates into 478 

replicating DNA, inducing the chelation and degradation of the DNMT1 protein, 479 

thereby preventing DNA methylation. Therefore, the mechanism underlying 480 

antroquinonol D-mediated DNMT1 inhibition differs from that of DAC and AZA, and 481 

therefore, antroquinonol D may be used as an alternative DNMT inhibitor. 482 

Antroquinonol D may induce far fewer cytotoxic effects than DAC because only 483 
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certain genes are demethylated following antroquinonol D treatment. Therefore, 484 

antroquinonol D may still be worth optimizing to generate a more specific DNMT 485 

inhibitor.  486 

In conclusion, we identified a new DNMT1 inhibitor, antroquinonol D, which 487 

induced DNA demethylation and reversed the silencing of multiple tumor suppressor 488 

genes, induced cancer cell death and inhibited cell migration. Further investigation of 489 

antroquinonol D using molecular biochemistry assays, animal studies, 490 

pharmacokinetics assays and clinical studies is required to determine whether 491 

antroquinonol D can be used clinically. 492 
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FIGURE LEGENDS 661 

Figure 1 Structure of antroquinonol D. 662 

Antroquinonol D, a ubiquinone derivative, was isolated from the solid-state 663 

fermented mycelium of Antrodia camphorata (Polyporaceae, Aphyllophorales), a 664 

parasitic fungus that is indigenous to Taiwan. The structure of antroquinonol D is 665 

completely different from that of other non-nucleoside DNMT inhibitors, such as 666 

epigallocatechin-3-gallate (EGCG), RG108, mithramycin A and procaine. 667 

 668 

Figure 2 Growth of the breast cancer cell lines MCF7, T47D, MDA-MB-231 and 669 

the normal cell line MCF10A and IMR-90 following treatment with DNMT1 670 

inhibitors. 671 

The growth of the MCF7 (a), T47D (b) and MDA-MB-231 (c) cancer cell lines, the 672 

MCF10A normal mammary gland cells, and the IMR-90 normal lung cell line (d and 673 

e), was determined using the SRB assay after the cells had been treated with 674 

antroquinonol D or the DNMT inhibitors azacitidine (AZA) and decitabine (DAC) at 675 

the indicated concentrations for 6 days. Cell growth inhibition rate (%) = 676 

100-[(Ti-Tz)/(C-Tz)]x 100 (Ti ≧ Tz). Ti = the OD of the inhibitor sample; Tz = the 677 

OD of the basal cells; .C = the OD of the control. The cytotoxic effects of 678 

antroquinonol D in normal MCF10A and IMR-90 cells were lower than those of AZA 679 

and DAC after 6 days of treatment. (f) DNMT1, DNMT3A and DNMT3B mRNA 680 

expression levels were analyzed using real-time RT-PCR and were normalized to 681 

GAPDH. (g) DNMT1, DNMT3A and DNMT3B protein expression levels were 682 
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analyzed using Western blotting. The data are presented as the means ± s.d. All 683 

experiments were performed with at least two biological duplicates and three 684 

technical replicates. 685 

 686 

Figure 3 Antroquinonol D inhibits the migration of MDA-MB-231 breast cancer 687 

cells. 688 

(a) The distribution of F-actin (green) was detected by immunofluorescence staining 689 

and fluorescence microscopy using anti-F-actin antibody (original magnification 690 

200X). DAPI was used to label cell nuclei (blue). (b) Wound healing was determined 691 

using a Culture-Insert assay to analyze the migratory abilities of the cells. The cells 692 

were photographed at 0, 12, 14 and 18 hr. The images represent the untreated (upper 693 

panel) and treated (lower panel) cells (original magnification ×100). The data indicate 694 

that antroquinonol D decreased the migration of MDA-MB-231 cells compared to the 695 

DMSO control. The experiment was performed with at least two biological duplicates 696 

and three technical replicates. (c) A Transwell assay was used to further investigate 697 

the migratory abilities of the cells. The images represent treatment with DMSO, 698 

antroquinonol D, acetic acid (the solvent control for 5-azacytidine) or 5-azacytidine 699 

(original magnification ×100). The average number of migratory cells (those that 700 

passed through the membrane) was counted in five different fields. Antroquinonol D 701 

significantly decreased the migration of MDA-MB-231 cells. *** P≦ 0.001. The 702 

experiment was performed with three technical replicates. (d) Cell migration was also 703 

assessed using specifically designed 16-well plates (CIM-plate 16) that had 8 μm 704 

pores. The CIM-plate 16 was monitored every 10 s for 40 min and then once every 705 

hour. Data analyses were performed using the RTCA software v1.2 program that was 706 
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supplied with the instrument. The Cell Index (CI) value reflects the biological status 707 

of the monitored cells, including the cell number, cell viability, morphology and 708 

degree of adhesion. The experiments were performed in technical quadruplicate. The 709 

data are presented as the means ± s.d. ** P≦ 0.005, *** P≦ 0.001. The t-test was 710 

used to calculate group differences in all experiments. 711 

 712 

Figure 4 Antroquinonol D inhibits DNMT1 enzyme activity. 713 

(a) Antroquinonol D (22.5 μM) significantly suppressed DNMT1 activity. The 714 

experiments were performed with at least three biological and three technical 715 

replicates. (b) Antroquinonol D inhibited the methylation activity of DNMT1 716 

followed by increasing of Antroquinonol D. The DNMT1 activity assays were 717 

analyzed based on the methylation levels catalyzed by DNMT1 in the presence of 718 

either an inhibitor or the control (DMSO). EGCG was used as a positive control 719 

DNMT inhibitor. The inhibitory effects of antroquinonol D, antroquinonol or EGCG 720 

on the DNMT1 (c) or (d) DNMT3B enzymes were analyzed in the presence of 40 to 721 

80 and 160 μM of the cofactor SAM. * P≦ 0.05, ** P≦ 0.005, *** P≦ 0.001. The 722 

data are presented as the means ± s.d. All the experiments were performed with at 723 

least three technical replicates. The t-test was used to calculate group differences in 724 

all experiments. 725 

 726 

Figure 5 Molecular docking model of the DNMT1 catalytic domain binding to 727 

antroquinonol D or hemimethylated DNA. (a) Docking of antroquinonol D and 728 

hemimethylated DNA (brown line) in the catalytic pocket of DNMT1. (b) The 729 
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binding mode of antroquinonol D upon docking to DNMT1. The hydrogen-bonding 730 

interactions of F1145, G1149, G1150, L1151 and V1580, and the van der Waals 731 

interactions with P1225 and W1170, are shown. Antroquinonol D (c) bound to the 732 

same pocket as SAH, which is the product of DNMT1 catalytic reactions (d). The 733 

ligands and site residues are shown in stick representation and colored by atom type, 734 

with the exception of the carbon atoms, which are indicated in green, cyan and purple 735 

for antroquinonol D, SAH, and the site residues, respectively. (e) Superimposition of 736 

DNMT1 (pink) and DNMT3B (yellow) structures revealed that antroquinonol D was not 737 

suitable to fit into the binding pocket of DNMT3B. (f) Bulky antroquinonol D had a crash 738 

(arrow) with the binding pocket of DNMT3B when overlapping antroquinonol D bound 739 

DNMT1 with DNMT3B. 740 

 741 

Figure 6 Antroquinonol D induces tumor suppressor gene demethylation and 742 

re-expression in cancer cells. 743 

(a) Methylation levels (△ Avg_Beta > 0.25) at the differentially methylated loci 744 

were identified using an Illumina Methylation 450K array-based assay following 745 

treatment with DMSO or 15 μM antroquinonol D for 6 days in MDA-MB-231 cells 746 

and are represented on the heat map. The scale shows the relative methylation status 747 

(yellow indicates hypomethylation and blue indicates hypermethylation). (b) The 748 

mRNA levels of FANCC, CACNA1A, CDH15, ASB9 and COL4A2 were identified 749 

using real-time RT-PCR after the cells had been treated with 15 μM antroquinonol D 750 

for 6 days. The data are presented as the means ± s.d. Note that the DNA 751 
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demethylation status of RPS6KA2 was detected using the Methylation 450K 752 

array-based assay. However, RPS6KA2 mRNA expression cannot be detected using 753 

real-time RT-PCR. The experiments were performed with at least three technical 754 

replicates. (c) Pyrosequencing was used to confirm the DNA methylation status of the 755 

FANCC and CACNA1A genes following treatment with 15 μM antroquinonol D for 6 756 

days in MDA-MB-231 cells. (d) The protein expression levels of FANCC and 757 

CACNA1A were analyzed via Western blotting following treatment with 15 μM 758 

antroquinonol D for 6 days. The data are presented as the means ± s.d. * P≦ 0.001. 759 

The experiments were performed with at least three technical replicates. The t-test 760 

was used to calculate group differences in all experiments. 761 

762 
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Table 1. The demethylation of tumor suppressor genes 763 

Demethylation 

(△ Avg_Beta)a 

GENE 

NAME 

Coverage of 

gene regionsb 

Relation to 

CpG islandc 

Function Reference 

-0.881 FANCC 5'UTR Island Shore DNA repair Low expression of FANCC is 

observed in late stage of ovarian 

cancer.36 
       

-0.702 CACNA1A Gene Body Island Shore Calcium  

channels 

High methylation of CACNA1A is 

determined in lung tumors.37 
       

-0.323 CDH15 Gene Body Island Shelf Cell-Cell  

adhesion 

Frequent promoter methylation of 

CDH15 is associated with poor 

prognosis in liver cancer.38 
       

-0.277 ASB9 TSS200 No Inhibition of 

cytokine  

signaling 

Low expression of ASB9 in 

colorectal cancer is associated with 

poor prognosis.39 

-0.274 RPS6KA2 Gene Body No Inhibition of 

proliferation 

RPS6KA2 reduces proliferation, 

causes G1 arrest, increases 

apoptosis.42 
       

-0.253 COL4A2 Gene Body Within Island Inhibition of 

angiogenesis  

COL4A2 protein retards the growth 

of pancreatic cancer through 

inhibiting angiogenesis.40 
      

a
 Demethylation (△ Avg_Beta) indicates that the change level of DNA methylation in specific gene between DMSO control 764 

and antroquinonol D treatment.  765 

The data were calculated by: antroquinonol D. Avg_Beta – DMSO.Avg_Beta. “Beta” scores are based on the ratio of 766 

methylated signal intensity to the sum of both methylated and unmethylated signal outputs. 767 
b
 The relative position between DNA demethylation region and the specific tumor suppressor gene. 768 

c
 The relative position between DNA demethylation region and the CpG island. 769 

  770 
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