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CYP3A4 overexpression enhances apoptosis induced 
by anticancer agent imidazoacridinone C-1311, but 
does not change the metabolism of C-1311 in CHO 
cells

Monika PAWŁOWSKA, Ewa AUGUSTIN*, Zofia MAZERSKA

Department of Pharmaceutical Technology and Biochemistry, Gdańsk University of Technology, 80–233 Gdańsk, Poland

Aim: To examine whether CYP3A4 overexpression influences the metabolism of anticancer agent imidazoacridinone C-1311 in CHO 
cells and the responses of the cells to C-1311.
Methods: Wild type CHO cells (CHO-WT), CHO cells overexpressing cytochrome P450 reductase (CPR) [CHO-HR] and CHO cells 
coexpressing CPR and CYP3A4 (CHO-HR-3A4) were used.  Metabolic transformation of C-1311 and CYP3A4 activity were measured 
using RP-HPLC.  Flow cytometry analyses were used to examine cell cycle, caspase-3 activity and cell apoptosis.  The expression of pH 
6.0-dependent β-galactosidase (SA-β-gal) was studied to evaluate accelerated senescence.  ROS generation was analyzed with CM-H2 
DCFDA staining.
Results: CYP3A4 overexpression did not change the metabolism of C-1311 in CHO cells: the levels of all metabolites of C-1311 
increased with the exposure time to a similar extent, and the differences in the peak level of the main metabolite M3 were statistically 
insignificant among the three CHO cell lines.  In CHO-HR-3A4 cells, C-1311 effectively inhibited CYP3A4 activity without affecting 
CYP3A4 protein level.  In the presence of C-1311, CHO-WT cells underwent rather stable G2/M arrest, while the two types of transfected 
cells only transiently accumulated at this phase.  C-1311-induced apoptosis and necrosis in the two types of transfected cells occurred 
with a significantly faster speed and to a greater extent than in CHO-WT cells.  Additionally, C-1311 induced ROS generation in the two 
types of transfected cells, but not in CHO-WT cells.  Moreover, CHO-HR-3A4 cells that did not die underwent accelerated senescence.
Conclusion: CYP3A4 overexpression in CHO cells enhances apoptosis induced by C-1311, whereas the metabolism of C-1311 is 
minimal and does not depend on CYP3A4 expression.

Keywords: anticancer drug; C-1311; CHO cell; CYP3A4; cytochrome P450 reductase; drug metabolism; cell cycle; apoptosis; 
senescence
 
Acta Pharmacologica Sinica (2014) 35: 98–112; doi: 10.1038/aps.2013.132; published online 2 Dec 2013

Original Article

Introduction
The vital limitation of a drug’s effectiveness in a living organ-
ism is the individual’s level of enzymes, which catalyze drug 
metabolism.  Therefore, a unique response to drug treat-
ment can be expected for each patient.  Enzymes are also the 
molecular targets for drugs, which can lead to the modulation 
of their enzymatic activity.  In addition, the expression level 
of metabolic enzymes in tumor tissues (in vivo) or tumor cells 
(in vitro) might affect the final effect of the drug treatment[1].  
Therefore, the results of studies on drug metabolic pathways 
and drug-enzyme interactions are useful to investigate the 

molecular mechanism responsible for the biological effects of 
drugs.  In the present study, we examined whether the over-
expression of selected metabolic enzymes influenced drug 
metabolism and the impact of enzyme overexpression on the 
cellular response of tumor cells treated with an antitumor 
agent.

The major group of enzymes responsible for drug metabo-
lism is the cytochrome P450 system.  Five specific cytochrome 
P450 isozymes, CYP1A2 (9%), CYP2C9 (17%), CYP2C19 (10%), 
CYP2D6 (15%), and CYP3A4/3A5 (37%), are most frequently 
involved in the metabolism of antitumor agents (percentages 
in the brackets show the involvement of each CYP in drug 
transformation)[2].  Cytochrome P450 reductase (CPR) is neces-
sary for efficient catalysis[3].  

The antitumor agent 5-diethylaminoethylamino-8-hy-
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droxyimidazoacridinone (C-1311) was synthesized in our 
department[4–6].  It is the leading compound in a novel class of 
imidazoacridinones that are inhibitors of both topoisomerases 
and certain receptor kinases, including the FMS-like tyrosine 
kinase FLT3[7, 8].  C-1311 exhibited activity against advanced 
solid tumors in phase I and II clinical trials[9, 10], and it has also 
been evaluated for the treatment of autoimmune diseases[11].  

Limited mutagenic potential[12] and low potency to generate 
oxygen free radicals, suggesting a lack of cardiotoxic proper-
ties, are the outstanding features of C-1311 as an antitumor 
agent.  Drug accumulation in the nucleus is believed to enable 
its myeloperoxidase-mediated metabolism and rapid interac-
tion with DNA[13, 14].  It was postulated that intercalation and 
covalent binding to DNA, preceded by metabolic activation 
of C‑1311, are significant steps in its molecular mechanism of 
action.  

Studies on the mode of enzymatic oxidative activation of 
this drug with peroxidases[15] found products of N-dealkyl-
ation on the side chain and a metabolite with a dimer-like 
structure.  The formation of dimer-like metabolites under in 
vitro conditions reflects the potent reactivity of this molecule 
under cellular conditions in vivo.  This reactivity is likely to be 
responsible for the observed high potency of C-1311 in cova-
lent binding with intracellular nucleophiles such as proteins 
and nucleic acids.

Further studies of C-1311 showed that it was metabolized by 
rat and human liver metabolic enzymes but not by any tested 
human recombinant cytochrome P450.  Moreover, two of 
these, CYP1A2 and, to a lesser extent, CYP3A4, were inhibited 
by C-1311.  In contrast, C-1311 was shown to be a good sub-
strate for selected isoforms of the human recombinant flavin‑
containing monooxygenase (FMO), resulting in an Nω-oxide 
metabolite that was also found after microsomal metabo-
lism[16].  As a result of phase II metabolism, C-1311 was effec-
tively transformed by UDP-glucuronosyltransferase (UGT) as 
a highly selective substrate of the UGT1A10 isoform, but not 
UGT2B7; the latter was inhibited by C-1311.  UGT-mediated 
metabolism to 8-O-glucuronides occurred in the liver and 
intestinal microsomes with comparable efficiency[17].

Previous studies on the biological action of C-1311 showed 
that this drug induced the arrest of cell cycle progression in 
G2 and subsequent apoptosis of murine leukemia L1210 cells 
and human cervix carcinoma HeLa S3 cells[18, 19].  In ovarian 
and osteogenic sarcoma cells, G2 arrest resulted in a low level 
of apoptosis[20], while in the human colon carcinoma HT-29 
cell line, drug-treated cells progressed into mitosis after ini-
tial arrest in G2 but were unable to undergo cytokinesis and 
died in a process resembling mitotic catastrophe[21].  Likewise, 
the treatment of human leukemia MOLT4 cells with C-1311 
resulted in mitotic catastrophe, leading to a massive apoptotic 
response[22].

Taking these aspects of the mode of action of C-1311 into 
account, namely, metabolism and cell death, we examined the 
metabolism of this drug in an in vitro CHO cell model (previ-
ously, the metabolism of C-1311 was only investigated in cell-
free systems), and we focused on the role of cytochrome P450 

in the cellular response following drug treatment.  In more 
detail, we investigated the following: (i) whether CYP3A4 
overexpression influences the rate and pattern of drug metab-
olism, (ii) whether the drug modulates CYP3A4 activity in a 
cellular system and (iii) what the impact of CYP3A4 overex-
pression on cell cycle progression and the mode of cell death 
are.  

Materials and methods
Chemicals
Imidazoacridinone C-1311 (NSC 645809)[4, 5] was synthesized 
by Barbara HOROWSKA, PhD in our department.  C-1311 was 
prepared as a 10 mmol/L stock solution in 50% ethanol and 
kept at -20 ºC until use.  Methanol (gradient grade for liquid 
chromatography) was obtained from Merck (Darmstadt, Ger-
many).  The antibody to the cytochrome P450 3A4 isoenzyme 
was obtained from Sigma-Aldrich (St Louis, MO, USA).  The 
secondary antibody to the goat primary antibody was from 
Cell Signaling Technology (Beverly, MA, USA).  An Annexin-
V-FLUOS Staining Kit was purchased from Roche (Mannheim, 
Germany).  The Active Caspase-3 Staining Kit was ordered 
from BD Pharmingen (San Diego, CA, USA).  CM-H2DCFDA 
(General Oxidative Stress Indicator) was obtained from Molec-
ular Probes, Life Technologies (Carlsbad, CA, USA).  Unless 
otherwise stated, all other chemicals were obtained from 
Sigma-Aldrich (St Louis, MO, USA).  

Cell culture
Chinese hamster ovary cells (CHO)—wild type (CHO-WT), 
stably transfected CHO-HR and CHO-HR-3A4 cell lines— 
were kindly provided by Thomas FRIEDBERG and C Roland 
WOLF from the Biomedical Research Centre at the University 
of Dundee, Scotland, UK[23].  

The CHO-WT and CHO-HR cell lines were maintained 
in monolayer culture at 37 ºC in a humidified 5% CO2 atmo-
sphere in high‑glucose Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 
100 units/mL penicillin, 100 µg/mL streptomycin and HAT 
Supplement (100 μmol/L hypoxanthine, 0.4 μmol/L aminop-
terin and 16 μmol/L thymidine).  The CHO‑HR‑3A4 cell line 
was maintained in monolayer culture at 37 ºC in a humidified 
5% CO2 atmosphere in Minimum Essential Medium (MEM) 
Alpha modifications supplemented with 10% fetal bovine 
serum (FBS), 100 units/mL penicillin and 100 µg/mL strepto-
mycin.  To maintain the stable overexpression of cytochrome 
P450 reductase and the CYP3A4 isoenzyme, geneticin (G418) 
and methotrexate, respectively, were added to the media one 
day after each passage.  All media, supplements and antibiot-
ics were obtained from Gibco Life Technologies (Paisley, Scot-
land).

Growth inhibition assay
Cell growth inhibition was assessed through cell counting 
using a Coulter Counter, model ZBI (Beckman, Fullerton, CA, 
USA).  Briefly, cells were seeded in 24-well plates (4×104/
well for 48 h, 2×104/well for 72 h, 1×104/well for 96 h) and 
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treated with C-1311 (concentrations ranging from 0.0001 to 
10 µmol/L).  A dose-response curve was plotted and used to 
calculate the drug concentration that yielded 50% and 80% 
inhibition of cell growth (IC50 and IC80).  The growth inhibition 
assay was performed at least three times.

Metabolic transformation of C-1311 in CHO cells
To determine the metabolic transformation of C-1311, CHO 
cells (2x106) were plated in 60-mm dishes and treated the next 
day with 25 μmol/L C‑1311 for 0 (1 min), 24, 48, or 72 h.  Cells 
were then collected with the media by gentle scraping, washed 
with ice-cold PBS, suspended in ice-cold 60% methanol and 
lysed in an ultrasound bath for 15 min.  The cell extract was 
incubated on ice for 1 h.  Insoluble material was removed by 
centrifugation at 16 000×g at 4 ºC for 15 min, and the superna-
tant (200 μL) was directly analyzed by RP‑HPLC with UV/VIS 
detection at 420 nm.  The metabolic transformation experiment 
was performed four times.

Preparation of cell extracts and immunoblotting for CYP3A4
To prepare cell extracts for CYP3A4 immunoblotting, CHO-
WT, CHO-HR (as controls) and CHO-HR-3A4 cells were 
plated in 100-mm dishes and, on the next day, treated with 
C-1311 for up to 120 h.  After the treatment, cells were har-
vested by trypsin and resuspended in 0.2 mL of 10 mmol/L 
sodium phosphate buffer (pH 8.0) containing 2 mmol/L 
MgCl2, 2 mmol/L  dithiothreitol and 1 mmol/L  EDTA[23].  
Cells were lysed by homogenization on ice for 3 min.  The pro-
tein concentration was determined using the Bio-Rad protein 
assay (Bio-Rad Laboratories, Hercules, CA, USA).  Samples 
were mixed with Laemmli buffer and denatured at 100 ºC 
for 5 min, and then 40 µg of total protein was subjected to 
SDS-PAGE, transferred onto a nitrocellulose membrane and 
blocked with 5% non-fat milk in TBS-T buffer [150 mmol/L  
NaCl, 10 mmol/L  Tris (pH 7.4) and 0.05% Tween-20] at room 
temperature for 2 h.  The membrane was incubated with rab-
bit polyclonal anti-CYP3A4 antibody (Sigma-Aldrich, St Louis, 
MO, USA) diluted at 1:400 in TBS-T buffer containing 0.5% 
bovine albumin (BSA) at 4 ºC overnight with rocking.  After 
washing with TBS-T three times for 15 min each, the mem-
brane was incubated with anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Sigma-Aldrich, St Louis, MO, 
USA) diluted at 1:5000 in TBS-T buffer containing 1% non-fat 
milk for 1 h at room temperature.  The antigen was detected 
using the Enhanced Chemiluminescence Western blotting 
detection system (Pierce Biotechnology, Rockford, IL, USA) 
according to the manufacturer’s protocol.  Equal protein load-
ing was confirmed by rehybridization of membrane and rep-
robing with the mouse anti‑β‑actin primary antibody diluted 
at 1:1000 (Sigma-Aldrich, St Louis, MO, USA) in TBS-T buffer 
containing 1% non-fat milk and anti-mouse horseradish per-
oxidase-conjugated secondary antibody diluted at 1:5000 (Cell 
Signaling, Danvers, MA, USA) in TBS-T buffer containing 1% 
non-fat milk.  The CYP3A4 protein level was analyzed three 
times.

Measurement of CYP3A4 activity
The activity of CYP3A4 was evaluated by measuring the 
α‑hydroxylation of testosterone to 6‑β‑hydroxytestosterone.  
CHO-HR-3A4 cells (1×106) were plated in 60-mm dishes and, 
on the next day, treated for up to 120 h with a single concen-
tration of C-1311 (equal to IC80 value or 1 μmol/L) or with 
increasing concentrations of C‑1311 (from 0.01 to 50 μmol/L).  
After the treatment, the culture medium was replaced, and the 
testosterone solution was added at a 50 μmol/L  final concen-
tration for 24 h.  Media from the dishes was taken, mixed with 
acetonitrile at a 1:1 ratio and shaken for 5 min.  After extrac-
tion, samples were incubated on ice for 30 min, and the upper 
phase was directly analyzed by RP-HPLC with UV/VIS detec-
tion at 254 nm.  The rates of substrate metabolism were calcu-
lated as a ratio of the surface area under the substrate HPLC 
peak compared to the untreated control.  The number of cells 
from each dish was counted to determine the relative ratio of 
testosterone conversion.  CYP3A4 activity assays were carried 
out three times.

HPLC analysis 
Samples obtained according to the procedures described above 
were analyzed by HPLC with a reversed‑phase 5 μm Suplex 
pKb-100 analytical column (0.46 cm×25 cm, C18, Supelco, 
Bellefonte, PA, USA) with a Waters Breeze System (Milford, 
MA, USA).  The HPLC analyses were carried out at a flow rate 
of 1 mL×min–1 with the following eluent system: a linear gra-
dient from 15% to 80% methanol in ammonium formate (0.05 
mol/L, pH 3.4) for 25 min, followed by a linear gradient from 
80% to 100% methanol in ammonium formate for 3 min.  

Cell cycle analysis
Analysis of the DNA content was performed according to 
the method described by Augustin et al[24].  Briefly, CHO-
WT, CHO-HR, and CHO-HR-3A4 cells (1×106) were plated in 
100-mm dishes and, on the next day, treated with C-1311 at a 
concentration corresponding to the IC80 value for up to 120 h.  
Cells were collected by trypsinization, washed twice with PBS 
and fixed in ice‑cold 70% ethanol overnight at ‑20 ºC.  On the 
day of the analysis, cells were washed twice in PBS, resus-
pended in 1 mL buffer of DNA staining solution containing 
20 μg/mL propidium iodide (PI) and 100 μg/mL RNase A in 
PBS, incubated for 30 min in the dark at room temperature 
and analyzed by flow cytometry using a FACScan (Becton 
Dickinson, San Jose, CA, USA).  The data were analyzed using 
WinMDI software (The Scripps Research Institute, La Jolla, 
CA, USA).  Cell cycle analysis was performed at least three 
times.

Phosphatidylserine externalization
An annexin V-FITC binding assay (using Annexin-V-Fluos 
Staining Kit, Roche, Mannheim, Germany) was carried out 
according to the manufacturer’s instructions using coun-
terstaining with PI and bivariate flow cytometry analysis.  
Briefly, following treatment with C‑1311 for up to 120 h, cells 
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(1.5×106) were harvested by low speed centrifugation, washed 
twice with ice-cold PBS, pelleted and resuspended in 50 µL of 
Annexin V–FITC diluted in binding buffer containing prop-
idium iodide.  FITC-conjugated Annexin V and PI were added 
at the manufacturer’s recommended concentrations.  Cells 
were incubated for 15 min at room temperature in the dark.  
After incubation, cell suspensions were diluted with 0.35 mL 
of binding buffer and analyzed by flow cytometry within 1 h.  
The phosphatidylserine externalization assay was performed 
twice and three times for CHO-HR-3A4 cells.  

Caspase-3 activity measurement
Caspase-3 activity was determined using the Active Caspase-3 
Apoptosis kit (BD Pharmingen, San Diego, CA, USA) accord-
ing to the manufacturer’s instructions.  Briefly, untreated and 
C-1311-treated cells (1.5×106) were washed twice with cold 
PBS, then fixed and permeabilized using Cytofix/CytopermTM 
for 20 min on ice, pelleted and washed with Perm/WashTM 
Buffer.  Cells were then stained with anti-active caspase-3 
mAb using 20 μL per sample for 30 min at room temperature 
in the dark.  Following incubation with the antibody, cells 
were washed with Perm/WashTM buffer, resuspended in 
Perm/WashTM Buffer and analyzed by flow cytometry.  Cas-
pase-3 activity measurement was conducted twice.  

Morphological examination
The nuclear morphology of cells was examined under a fluo-
rescence microscope (Olympus BX60, Tokyo, Japan) after 
staining with 4’,6-diamidino-2-phenylindole (DAPI).  Fol-
lowing treatment with C-1311 for up to 120 h, cells (approxi-
mately 2×105) were spun onto microscopic slides, fixed in 
methanol:acetic acid (3:1) for 15 min and stained with 1 μg/mL 
DAPI for 5 min.  Twenty random fields containing at least 50 
cells were examined at 200×magnification for the presence of 
apoptotic and multinucleated cells.  For each experiment, at 
least 500 cells were counted.  Cells were scored as apoptosis 
based on the presence of condensed, fragmented chromatin.  
Enlarged cells containing multiple (≥3), small, evenly stained 
interphase nuclei were considered to have undergone mul-
tinucleation typical for mitotic catastrophe[25, 26].  Photos of 
stained cells for presentation were made at 400×magnification.  
Morphological examination was performed twice.

Membrane integrity assay 
The number of dead and live cells was evaluated by double 
staining with fluorescein diacetate (FDA) and propidium 
iodide (PI).  Cells were exposed to C-1311 for up to 120 h.  
After the treatment, cells were harvested by trypsinization, 
washed twice with PBS, suspended in 100 μL of PBS con-
taining FDA (1 μg/mL) and incubated for 10 min at 37 ºC 
in the dark.  Then, cells were stained with PI by adding 1 
μL of 2 mg/mL PI solution (final concentration 10 μg/mL) 
and immediately analyzed under a fluorescence microscope 
(magnification, ×200).  For each experiment, at least 500 cells 
were counted.  Green cells stained with hydrolyzed FDA were 
scored as alive, and red cells stained with PI were scored as 

dead.  The membrane integrity assay was performed twice 
and produced similar results.

ROS generation
Reactive oxygen species (ROS) generation in CHO cells was 
examined under a fluorescence microscope (Olympus BX60, 
Tokyo, Japan) after staining with 5-(and-6)-chloromethyl-
2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA, Molecular Probes) and Hoechst 33342.  Following 
treatment with C-1311 for up to 120 h, cells (approximately 
106) were washed twice with PBS and stained with 10 μmol/L 
CM-H2DCFDA and 2 μg/mL Hoechst 33342 for 30 min in 
37 °C in the dark.  Then, cells were washed with PBS and spun 
onto microscopic slides.  Photos of stained cells for presenta-
tion were made at 400×magnification using light and fluo-
rescence microscopy with a UV spectrum for Hoechst 33342 
staining and a blue spectrum for CM-H2DCFDA staining.  
Analysis of ROS generation was performed twice.  

Accelerated senescence examination 
The accelerated senescence examination was based on the 
analysis of pH 6.0‑dependent β‑galactosidase (SA‑β‑gal) 
expression together with senescence-related morphology such 
as enlarged and flattened cells.  Cells were plated in 60-mm 
plates containing microscope cover slides and treated with 
C-1311 for up to 120 h.  After the treatment, cover slides with 
attached cells were moved to 35-mm dishes, washed twice 
with PBS and fixed with 2% glutaraldehyde and 0.2% form-
aldehyde for 5 min.  The cells were then washed twice with 
PBS and incubated at pH 6.0 with X-gal (5-bromo-4-chloro-
3‑indolyl‑β‑D‑galactosidase, substrate for SA‑β‑gal) staining 
solution (1 mg/mL X-gal, 40 mmol/L citric acid/sodium phos-
phate, pH 6.0, 5 mmol/L potassium ferrocyanide, 5 mmol/L 
potassium ferricyanide, 150 mmol/L NaCl, 2 mmol/L MgCl2), 
which produced blue coloration in SA‑β‑gal‑positive cells.  
Following overnight incubation at 37 ºC, the cells were washed 
twice with PBS and inspected under light microscopy (magni-
fication, ×200).  The accelerated senescence examination was 
conducted twice and produced similar results.

Colony forming assay
The ability of cells to return to proliferation after C-1311 
treatment was measured by a colony forming assay.  After 
exposure time, 300 cells were harvested and seeded in a new 
60-mm dish containing fresh media without the drug and 
incubated for two weeks.  Non-treated cells were used as 
controls.  After two weeks, colonies were stained with crystal 
violet and counted, and photos were taken.  The colony assay 
was performed twice and produced similar results.

Statistical analysis
All of the data reported represented as mean±SD.  Pairs of 
values were compared with Student’s unpaired t test, and the 
difference was considered significant if P<0.05.  Analysis of 
variance (one-way ANOVA) with a post hoc Dunnett’s test was 
used for CYP3A4 activity measurement and colony forming 
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analysis and carried out using GraphPad Prism (GraphPad 
Software Inc, La Jolla, CA, USA).

Results
Effects of C-1311 on cell proliferation 
Cell growth inhibition was monitored using a Coulter Coun-
ter.  CHO-WT, CHO-HR, and CHO-HR-3A4 cells were treated 
with C‑1311 for 48, 72, and 96 h.  A significant concentration‑
dependent inhibition of cell proliferation was observed in 
all three CHO cell lines.  The estimated drug concentrations 
required to inhibit cell growth by 50% and 80% are shown 
in Table 1.  CHO-HR cells overexpressing cytochrome P450 
reductase (CPR) were the most sensitive to 72-h C-1311 treat-
ment, whereas the wild-type CHO cells were the most resis-
tant.  However, after 96 h of incubation, CHO-HR-3A4 cells 
were the most sensitive to C-1311.  In further experiments 
pertaining to the cell cycle and cellular response, the C-1311 
concentration corresponding to the estimated IC80 value after 
72 h of incubation was used.  

Metabolic transformation of C-1311 in CHO model cells
Intracellular biotransformation of C-1311 was monitored by 
HPLC analysis of cell extracts.  CHO cells were treated with 
the drug at 25 μmol/L for various time intervals (0, 24, 48, 
and 72 h).  Figure 1 shows that a peak of the native compound 

C-1311 was observed on the chromatograms at a retention 
time of approximately 16 min, and its metabolism in the three 
CHO cell lines proceeded in a very limited range.  The levels 
of all metabolites increased with the exposure time to a similar 
extent in all three CHO cell lines.  The differences in the peak 
height of the main M3 metabolite among CHO-WT, CHO-HR, 
and CHO‑HR‑3A4 were statistically insignificant.  In addition, 
the general conversion of C-1311 to M3 was very low, less than 
0.2%.

Table 1.  Cytotoxic activity of C-1311 in wild type (CHO-WT) and transfected 
CHO cells overexpressing cytochrome P450 reductase (CHO-HR) or 
cytochrome P450 reductase and CYP3A4 (CHO-HR-3A4). 

 Incubation              CHO-WT               CHO-HR          CHO-HR-3A4
     time         (µmol/L)    ±SD        (µmol/L)   ±SD          (µmol/L)   ±SD 
 
48 h IC50 0.024 0.003 0.009 0.002c 0.012 0.004c

 IC80 0.085 0.003 0.060 0.007c 0.060 0.011b

72 h IC50 0.019 0.005 0.009 0.003   0.015 0.005
 IC80 0.078 0.006 0.032 0.002c 0.057 0.012be

96 h IC50 0.008 0.001 0.004 0.001c 0.003 0.001c

 IC80 0.031 0.003 0.017 0.002c 0.011 0.002cf

Each value represented the mean±SD of at least three independent 
experiments.  bP<0.05, cP<0.01 vs CHO-WT.  eP<0.05, fP<0.01 vs CHO-HR.

Figure 1.  Metabolism of imidazoacridinone C-1311 in CHO cells.  Representative RP-HPLC profiles of methanol extracts from untreated (control) CHO 
cells and cells treated with 25 µmol/L C-1311 for 0 (1 min), 24, 48, and 72 h.  Peaks: S=substrate (C-1311), M1, M2, M3, M4, M5=metabolite No 1, 2, 3, 4, 
5, respectively.  Chromatographic conditions are described in the Materials and methods section.  The statistical analysis was performed on the basis 
of the M3 peak area.  aP>0.05 vs CHO-WT cells.  dP>0.05 vs CHO-HR, indicating that the amount of M3 metabolite was not significantly different, n=3, 
Student’s t-test.
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Effects of C-1311 on CYP3A4 level and activity
Preliminary results demonstrated that CYP3A4 was expressed 
in untreated CHO-HR-3A4 cells, and the CYP3A4 protein 
level and enzymatic activity were very high in these cells (data 
not shown).  Next, the time-dependent influence of C-1311 
on the level of CYP3A4 was investigated.  CHO-HR-3A4 cells 
were treated with C-1311 from 1 to 120 h at the concentra-
tion corresponding to the IC80 value.  CYP3A4 immunostain-
ing results (Figure 2A) showed that the protein level did not 
change with the duration of exposure to C-1311.  To evaluate 

whether C‑1311 modifies CYP3A4 enzymatic activity, the rate 
of the metabolic transformation of testosterone (a standard 
CYP3A4 substrate)[27] was determined in CHO-HR-3A4 cells 
and calculated in relation to live cells.  The dependence on 
the incubation time, which was tested from 24 to 120 h at 0.06 
μmol/L (IC80) and 1 μmol/L (50×IC50) C-1311, and on the drug 
concentration, which was tested from 0.01, 0.1, 1, 5, 10, 25, and 
50 μmol/L following 24 h of drug treatment, is presented in 
Figures 2B and 2C.  A C-1311-mediated decrease in CYP3A4 
activity occurred in a time-dependent manner, reaching an 
inhibition of 35% after a 120 h incubation at 0.06 μmol/L 
(IC80).  At a higher concentration, 1.0 μmol/L, CYP3A4 activity 
dropped to 40% after a 48 h incubation and to 19% after 120 h 
incubation (Figure 2B).  The dependence of enzymatic activ-
ity on the drug concentration indicated that CYP3A4 activity 
started to decrease at 5 μmol/L and reached the lowest level 
at 50 μmol/L at 22% activity.  Thus, CYP3A4 activity was 
inhibited in CHO-HR-3A4 cells in a time- and concentration-
dependent manner.  

Cell cycle distribution following C-1311 treatment 
CHO cells were cultured for various periods of time (6, 12, 
24, 48, 72, 96, and 120 h) in the presence of C-1311 at the IC80 
concentration, and DNA content was analyzed by flow cytom-
etry.  As shown in Figure 3, C-1311 caused different changes 
in cell cycle progression in the three investigated CHO cell 
lines.  Starting at 6 h of C-1311 treatment, wild-type CHO 
cells underwent transient arrest in G2/M (not shown), and at 
24 h, the number of cells in G2/M reached the highest level, 
80% (Figure 3D).  Prolonged drug incubation resulted in a 
decreasing population of cells in this phase concomitant with 
significant accumulation of the cell population in the sub-G1 
compartment (<2n DNA content), which is indicative of apop-
tosis.  After 120 h of C-1311 exposure, 61% of CHO-WT cells 
were in sub-G1 phase (Figure 3C).  C-1311 treatment of CHO-
HR cells overexpressing P450 reductase resulted in a higher 
level of apoptotic population than that observed in CHO wild-
type cells.  After 120 h of C-1311 exposure, the sub-G1 fraction 
reached 84% (Figure 3C).  Moreover, starting at 12 h, the pop-
ulation of cells containing 4n DNA (G2/M phase) and more 
than 4n DNA (polyploid cells) began to increase and reached 
maximum levels of 38% and 47%, respectively, after 24 h.  
Both populations started to decrease in number following 48 h 
of C-1311 incubation in association with the increase of the 
sub-G1 fraction (Figure 3B).  In CHO-HR-3A4 cells, transient 
accumulation of cells in G2/M was also observed at 24 h (35%).  
After that time, the number of cells in this compartment 
decreased to 9% (120 h treatment) (Figure 3D).  Compared to 
the control (untreated cells), the population of polyploid cells 
slightly increased to 26% after 24 h of C-1311 treatment and 
then remained essentially unchanged for up to 120 h (Figure 
3B).  Additionally, the population of CHO-HR-3A4 cells with 
<2N DNA content (sub-G1) started to increase from 12 h of drug 
treatment and reached 71% after 120 h (Figure 3C).  In com-
parison to the other two CHO cell lines, C-1311 induced DNA 
damage earlier and to a greater extent in CHO-HR-3A4 cells.  

Figure 2.  The effect of C-1311 on the CYP3A4 level and enzymatic 
activity in CHO-HR-3A4 cells.  (A) Representative immunoblots of the 
level of cytochrome P450 3A4 in CHO-HR-3A4 cells exposed to C-1311 
for the indicated time.  CHO-HR-3A4 cells were exposed to C-1311 at the 
concentration corresponding to the IC80 (0.06 µmol/L).  After the indicated 
time, cells were lysed, and total protein was extracted, separated by SDS-
PAGE, electrotransferred to a nitrocellulose membrane, and subjected to 
immunoblotting with anti-CYP3A4 antibody.  n=3.  (B) The time course 
of C-1311 influence on CYP3A4 activity in CHO-HR-3A4 cells.  Cells 
were treated with two different concentrations of C-1311, 0.06 µmol/L 
(corresponding to the IC80) and 1.0 µmol/L (corresponding to 50×IC50), for 
the times indicated.  (C) The concentration-dependent influence of C-1311 
on CYP3A4 enzymatic activity in CHO-HR-3A4 cells.  Cells were treated with 
0.01, 0.1, 1.0, 5, 10, 25, and 50 µmol/L for 24 h.  After the treatment, 
the media was changed, and 50 µmol/L testosterone solution was added 
for 24 h.  The conversion of testosterone to 6-β-hydroxytestosterone was 
measured using RT-HPLC and calculated as the activity of CYP3A4 versus 
control (untreated cells).  Values are the mean±SD.  cP<0.01 vs control 
non-treated cells, n=3, one-way ANOVA test with Dunnett’s post hoc test.



104

www.nature.com/aps
Pawłowska M et al

Acta Pharmacologica Sinica

npg

Induction of apoptosis by C-1311
Following C-1311 treatment, analysis of the cell cycle distribu-
tion of CHO cells showed a time-dependent increase in the 
number of hypodiploid cells (sub-G1 cells), which represent 
the apoptotic cell population.  The apoptotic mode of cell 
death induced by C‑1311 was further confirmed by Annexin 
V/PI dual staining and active caspase-3 analysis.  In the early 
stage of apoptosis, phosphatidylserine is translocated from the 
inner leaflet of the plasma membrane to the cell surface, and 
the polarity and asymmetry of the plasma membrane are dis-
turbed.  Positive staining with fluorescence-labeled Annexin 
V correlates with a loss of plasma membrane polarity and 
precedes the complete loss of membrane integrity that accom-
panies later stages of cell death resulting from either apoptosis 
or necrosis.  In contrast, PI can only enter cells after the loss 

of membrane integrity.  Thus, dual staining with Annexin V 
and PI allows the clear discrimination among unaffected cells 
(Annexin V–/PI–), early apoptotic cells (Annexin V+/PI–), late 
apoptotic and secondary necrotic cells (Annexin V+/PI+) and 
primary necrotic cells (Annexin V–/PI+).  In the following 
experiment, flow cytometry analyses were performed with the 
three CHO cell lines exposed to C-1311 at the IC80 concentra-
tion from 24 to 120 h.

As shown in Figure 4, CHO-WT cells remained largely 
unaffected for the first 24 h of C‑1311 treatment.  After 48 h, 
the population of early (Annexin V+/PI–) and late (Annexin 
V+/PI+) apoptotic cells together amounted to 9% and increased 
to 26% following prolonged drug incubation up to 120 h 
(Figure 4B).  Induction of apoptosis was also confirmed by 
measuring the activity of caspase-3, which is crucial to the 

Figure 3.  Analysis of DNA content in CHO cells following treatment with C-1311 at the IC80 concentration for the time indicated.  CHO-WT, CHO-HR, CHO-
HR-3A4 cells were fixed in ethanol and stained with PI, and their DNA content was analyzed by FACScan.  (A) Representative histograms of the selected 
incubation time.  (B) Quantification of cells in specific cell cycle compartments.  n=3.  (C) Cell population in the sub-G1 fraction and G2/M compartment (D).  
Values are the mean±SD.  bP<0.05, cP<0.01 vs CHO-WT cells.  eP<0.05, fP<0.01 vs CHO-HR cells, n=3, Student’s t-test.
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execution stage of apoptosis[28].  After 72 h of treatment with 
C-1311, a small amount of cells with active caspase-3 were 
observed (Figure 4C).  Prolonged incubation with C-1311 
resulted in a significant increase in the number of cells with 
active caspase-3 (32% after 120 h).  

CHO-HR cells with cytochrome P450 reductase overexpres-
sion were more prone to undergo apoptosis than CHO wild-
type cells.  The proportion of early and late apoptotic cells 
progressively increased with the duration of C-1311 expo-
sure, and after 120 h, these populations together reached 50% 

(Figure 4B).  The percentage of CHO-HR cells expressing cas-
pase-3 after C-1311 treatment reached 46% after 120 h of drug 
treatment (Figure 4C).

Treatment of CHO-HR-3A4 cells overexpressing both CPR 
and CYP3A4 with C-1311 resulted in a significantly higher 
level of apoptosis compared to wild-type CHO and CHO-HR 
cells.  The number of early and late apoptotic (Annexin V+/PI– 
and Annexin V+/PI+) cells increased to 68% after 120 h (Figure 
4B).  Activation of caspase-3 was observed simultaneously 
with phosphatidylserine translocation from the inner leaflet to 

Figure 4.  Flow cytometry analysis of the membrane alteration and caspase-3 activity and quantification of dead cells in CHO cells treated with C-1311 
at the IC80 concentration for the time indicated.  (A) Representative bivariate flow cytometry histograms of the Annexin V signal versus the PI signal.  
The bottom left quadrant represents live unaffected cells (Annexin V–, PI–); the bottom right quadrant represents early apoptotic cells (Annexin V+, PI–); 
the top right quadrant represents late apoptotic and secondary necrotic cells (Annexin V+, PI+); and the top left quadrant represents primary necrotic 
cells (Annexin V–, PI+).  (B) Percentages of early and late apoptotic and primary necrotic cells based on flow cytometry analysis.  (C) Number of cells 
with active caspase-3 based on flow cytometry analysis.  Values are the mean±SD.  n=2 for CHO-WT and CHO-HR cells, n=3 for CHO-HR-3A4 cells.  (D) 
Population of dead cells quantified under fluorescence microscope after double staining with fluorescein diacetate (FDA) and propidium iodide (PI).  
Cells that hydrolyzed FDA to its green fluorescent derivative were counted as live cells, whereas red cells stained only with PI were considered dead.  
Values are the mean±SD.  n=2.  bP<0.05, cP<0.01 vs CHO-WT cells.  eP<0.05, fP<0.01 vs CHO-HR cells, Student’s t-test.
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the plasma surface.  After 120 h of C-1311 exposure, 63% of the 
cells expressed active caspase-3 (Figure 4C).  

Morphological changes in nuclei triggered by C-1311 
The induction of apoptosis was confirmed by morphological 
observation of cell nuclei stained with DAPI.  Compared to 
the control, untreated CHO cells, C-1311 exposure resulted 
in the time-dependent appearance of cells exhibiting nuclear 
morphological changes typical of apoptosis, such as the con-
densation of chromatin and fragmentation into discrete bodies 
(Figure 5A).  Quantitative analysis revealed that approxi-
mately 40% of CHO-HR-3A4 cells showed features of apop-
tosis after 120 h of C-1311 exposure (Figure 5B), whereas the 
number of apoptotic CHO-WT and CHO-HR cells was 22% 
and 34%, respectively.  Additionally, C-1311 treatment of 
wild-type and transfected CHO cells resulted in the appear-
ance of multinucleated cells, which is the hallmark of mitotic 
catastrophe[25, 26].  Interestingly, after prolonged drug incuba-
tion (120 h), the multinucleated cell population decreased, 
accompanied by an increase in the fraction of apoptotic cells 
(Figure 5B).  It is worth noting that the population of cells with 
unchanged nuclei was 56% for CHO-WT cells, 50% for CHO-

HR cells and only 23% for CHO-HR-3A4 cells after 120 h of 
C-1311 exposure.  

Necrosis and overall death caused by C-1311
Dual staining with Annexin V and PI (Figure 4A and 4B) 
showed not only cells that underwent apoptosis (early and 
late) but also those that underwent secondary (Annexin 
V+/PI+) and primary necrosis (Annexin V–/PI+), which is 
defined as necrosis that is not the consequence of apoptosis‑
triggered cellular damage.  To estimate the overall number of 
cells in which the integrity of the plasma membrane was lost, 
dual staining with fluorescein diacetate and propidium iodide 
was applied.  FDA is a non-polar agent that can enter all cells, 
but it is only hydrolyzed to its green fluorescent derivative 
in live, metabolically active cells.  PI can only be taken up 
through the damaged cell membrane of dead and dying cells, 
and thus, it intercalates into the DNA and forms red fluores-
cence only in dead cells[29].  As shown in Figure 4D, compared 
to the control (untreated cells), a time-dependent increase of 
dead cells (stained with PI) was observed in all three CHO 
cell lines following C-1311 treatment.  After 120 h of drug 
treatment, the fraction of cells that produced red fluorescence 

Figure 5.  Changes in the nuclear morphology of CHO cells following exposure to imidazoacridinone C-1311 at the IC80 concentration.  (A) Representative 
pictures of cells stained with DAPI and examined under a fluorescence microscope (magnification 400×).  Cells with condensed, intensely stained 
fragmented chromatin are typical of apoptosis (arrows); enlarged cells containing multiple evenly stained nuclei (multinucleated cells) are characteristic 
of mitotic catastrophe (arrow heads).  (B) Quan ti fica tion of the percentage of apoptotic and multinucleated cells based on fluorescence microscopy 
analysis.  Values are the mean±SD.  n=2.  bP<0.05, cP<0.01 vs CHO-WT cells.  eP<0.05, fP<0.01 vs CHO-HR cells, Student’s t-test.
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reached 35% in wild-type CHO cells, 47% in CHO-HR cells 
and 67% in CHO-HR-3A4 cells.  These data are consistent with 
the Annexin V/PI analysis (Figure 4B), which showed that 
after a 120 h incubation with C-1311, the number of CHO-WT 
necrotic cells (primary and secondary) was 37%.  In CHO-HR 
cells, this population amounted to 50%.  In CHO-HR-3A4 cells, 
the population of necrotic cells was 53%.  

Generation of ROS by C-1311 
There is some evidence indicating that overexpression of 
cytochrome P450 reductase itself induces a higher level of 
reactive oxygen species (ROS)[30].  Stimulation of the forma-
tion of ROS can lead to oxidative stress, which is involved in 
the induction of apoptosis[31].  Therefore, we determined the 
ability of C-1311 to induce ROS to establish the relevance of 
this effect to the induction of apoptosis and cytotoxic activity 
of this drug.  CHO cells were incubated with C-1311 and with 
H2O2 as a positive control for up to 120 h and then immedi-
ately analyzed under a fluorescence microscope after staining 
with 5‑(and‑6)‑chloromethyl‑2’,7’‑dichlorodihydrofluorescein 
diacetate, acetyl ester (CM-H2DCFDA) and Hoechst 33342.  
As shown in Figure 6, C-1311 did not induce ROS generation 
in wild-type CHO cells.  Few cells exhibited CM-H2DCFDA 
fluorescence.  For comparison, in the positive control (cells 
treated with H2O2), high CM-H2DCFDA fluorescence, which 
demonstrated ROS generation, was observed in all studied 
CHO cell lines.  In CHO-HR cells, a time-dependent and very 
strong increase in CM-H2DCFDA fluorescence was detected 
following C-1311 treatment.  In contrast, a lower level of CM-
H2DCFDA fluorescence was observed in CHO-HR-3A4 cells 
from 72 h to 120 h of incubation with C-1311.  Interestingly, in 
CHO-HR-3A4 cells, CM-H2DCFDA fluorescence was observed 
only in cells that presented typical features of apoptosis, while 
in CHO‑HR cells, this fluorescence was visible in every type of 
cell.

Induction of accelerated senescence by C-1311
The above results revealed that C-1311 did not induce cell 
death in the entire population of the investigated cell lines.  A 
fraction of the cells remained alive even after 120 h of drug 
treatment.  Therefore, we investigated whether these cells 
underwent accelerated senescence following C-1311 exposure.  
Expression of SA‑β‑galactosidase (SA‑β‑gal) and morpho-
logical features, such as an enlarged and flattened cell shape, 
were used as markers of senescence.  The characteristic blue 
color resulting from the metabolism of the SA‑β‑gal substrate 
was observed in CHO-HR and CHO-HR-3A4 cells starting at 
72 h of incubation (Figure 7A).  The number of senescent cells 
increased with the duration of exposure to C-1311 in both cell 
lines.  In addition to increased SA‑β‑gal staining, these cells 
had an enlarged and flattened morphology typical of senes-
cent cells.  Moreover, the population of senescent cells was 
larger in CHO-HR-3A4 cells than in CHO-HR cells.  Interest-
ingly, C-1311 did not induce accelerated senescence in wild-
type CHO cells.

The ability of CHO cells to return to proliferation after C-1311 
treat ment 
A colony-forming assay was performed to investigate whether 
CHO cells were able to return to proliferation following 
C-1311 exposure.  After the treatment (from 24 to 120 h), 
approximately 300 cells were incubated for 2 weeks in fresh 
media, and their ability to form colonies was observed (Figure 
7B).  The study revealed that only half of wild-type CHO cells 
treated with C-1311 for 48 h were able to proliferate.  After 
72 h of drug exposure, only 2 cells were able to undergo mito-
sis and divide.  At 96 h, the proliferation of CHO-WT cells was 
completely inhibited.  In CHO-HR and CHO-HR-3A4 cells, 
cell division was fully blocked, and colonies failed to form 
after only 24 h of treatment.

Discussion
The present work investigated a current topic in the field of 
drug metabolism related to the role of cytochrome P450 isoen-
zymes in the final cellular response induced by drugs in tumor 
cells.  We raised the question of whether metabolites of C-1311 
are responsible for its action in CHO cells.  We hypothesized 
that overexpression of CYP3A4 might mediate the cellular 
response independent of drug metabolite formation.

The results presented here indicated that the concentrations 
of all metabolites were very low (up to 0.3% of the transfor-
mation rate) and similar in the three CHO cell lines.  Further-
more, the metabolic profiles of the C-1311 antitumor agent 
did not differ significantly between wild‑type CHO cells and 
CPR-overexpressing or CPR- and CYP3A4-overexpressing 
transductants.  These results clearly indicated that CYP3A4 
supported by CPR did not participate in C-1311 metabolism 
in CHO cells.  This finding confirms previous results testing 
C-1311 under non-cellular conditions[16].  Namely, this com-
pound was not metabolized by CYP3A4, which is the P450 
isoenzyme with the highest abundance in the human liver and 
which contributes to the oxidative metabolism of more than 
60% of all clinically used drugs, including antitumor agents 
such as cyclophosphamide[32], ifosfamide[33], paclitaxel[34], 
tamoxifen[35, 36] and doxorubicin[37].  The resistance of C-1311 to 
the action of other cytochrome P450 enzymes was shown pre-
viously with human recombinant enzymes from the CYP1A, 
CYP2C and CYP2D families[16].  

The lack of transformation products does not exclude drug-
enzyme interactions between C-1311 and enzyme proteins in 
tumor cells.  Therefore, in this study, the influence of C‑1311 
on the CYP3A4 level and enzymatic activity was investigated.  
We demonstrated that the level of P450 protein was indepen-
dent of the presence of this agent.  However, the enzymatic 
activity of this isoenzyme dropped significantly in CHO cells 
overexpressing CYP3A4 in a dose- and time-dependent man-
ner, demonstrating the potency of C-1311 in inhibiting the 
activity of the CYP3A4 isoform of cytochrome P450.  It should 
also be mentioned that C-1311 was identified by molecular 
modeling to be an inhibitor of the enzyme NQO2, NAD(P)H: 
quinone oxidoreductase 1 (DT-diaphorase)[38].



108

www.nature.com/aps
Pawłowska M et al

Acta Pharmacologica Sinica

npg

Fi
gu

re
 6

.  
G

en
er

at
io

n 
of

 re
ac

tiv
e 

ox
yg

en
 s

pe
ci

es
 (R

OS
) i

n 
CH

O 
ce

lls
 fo

llo
w

in
g 

tre
at

m
en

t w
ith

 C
-1

31
1 

at
 th

e 
IC

80
 c

on
ce

nt
ra

tio
n 

fo
r t

he
 ti

m
e 

in
di

ca
te

d.
  A

fte
r e

xp
os

ur
e 

to
 th

e 
dr

ug
, C

H
O-

W
T,

 C
H

O-
H

R,
 a

nd
 

CH
O-

HR
-3

A4
 c

el
ls

 w
er

e 
do

ub
le

 s
ta

in
ed

 w
ith

 C
M

-H
2D

CF
DA

 a
nd

 H
oe

ch
st

 3
33

42
 a

nd
 im

m
ed

ia
te

ly 
an

al
yz

ed
 w

ith
 a

 fl
uo

re
sc

en
ce

 m
ic

ro
sc

op
e.

  C
–,

 n
eg

at
iv

e 
co

nt
ro

l (
un

tre
at

ed
 c

el
ls

); 
C+

, p
os

iti
ve

 c
on

tro
l (

ce
lls

 
tre

at
ed

 w
ith

 H
2O

2)
.  

Le
ft 

pa
ne

l, 
ce

lls
 v

ie
w

ed
 u

nd
er

 a
 li

gh
t m

ic
ro

sc
op

e;
 m

id
dl

e 
pa

ne
l, 

ce
lls

 s
ta

in
ed

 w
ith

 H
oe

ch
st

 3
33

42
 (U

V 
sp

ec
tru

m
); 

an
d 

rig
ht

 p
an

el
, c

el
ls

 s
ta

in
ed

 w
ith

 C
M

-H
2D

CF
DA

 (b
lu

e 
sp

ec
tru

m
).  

Pa
ne

ls
 w

er
e 

ta
ke

n 
fro

m
 th

e 
sa

m
e 

m
ic

ro
sc

op
ic

 fi
el

d.
  T

he
 p

os
iti

ve
 c

on
tro

l i
s 

CH
O 

ce
lls

 tr
ea

te
d 

w
ith

 H
2O

2. 
 n

=2
.



109

www.chinaphar.com
Pawłowska M et al

Acta Pharmacologica Sinica

npg

The inhibition of CYP3A4, an enzyme responsible for the 
transformation of many clinically used drugs, might have 
crucial consequences on the final effects of multidrug therapy, 
which is usually applied in tumor-based diseases.  C-1311-me-
diated inhibition of CYP3A4 might modulate the metabolism 
of other therapeutics that are sensitive to the action of this 
enzyme.  Many reports have demonstrated the modulation 
of CYP3A4 activity by drugs such as carbamazepine[39, 40] or 
17α‑ethynylestradiol[41].  The latter strongly inhibited CYP3A4 
while also being metabolized by it.  However, there are few 
reports about the inhibition of specific P450 isoenzymes by 
antitumor agents, eg, by thiotepa[42, 43], tamoxifen[44, 45] and the 
less well-known sorafenib[46].  

Our results showed that cytochrome P450 CYP3A4 did 
not metabolize C-1311 in cells, confirming our hypothesis 
that overexpression of this enzyme might modulate the cel-

lular response of CHO cells following C-1311 treatment, even 
though CYP3A4 does not participate in metabolic transfor-
mations.  Cell cycle analysis revealed that wild-type CHO 
cells underwent G2/M arrest, whereas the populations of two 
transfected cell lines, CHO-HR and CHO-HR-3A4, only tran-
siently accumulated in this compartment following C-1311 
treatment (24 h).  Prolonged incubation with C-1311 caused 
the degradation of DNA in all three CHO cell lines, but it was 
most effective in the two transfected ones (Figure 3C).  Sub-
G1 DNA content, representing the apoptotic fraction of cells, 
reached 71% in CHO-HR-3A4 cells and was slightly higher in 
CHO-HR cells (84% after 120 h of treatment).  However, in the 
case of CHO‑HR‑3A4 cells, it was very difficult to determine 
the cell cycle compartment starting at 72 h because of the mas-
sive disruption of nuclei compared to CHO-HR cells (Figure 
3A).  The sub-G1 population was smaller in wild-type CHO 

Figure 7.  Accelerated senescence induction and colony-forming ability of live CHO cells treated with C-1311 (IC80).  (A) Representative pictures of 
the time course of senescence associated with β-galactosidase (SA-β-gal) expression in C-1311-treated CHO cells.  The expression of SA-β-gal and 
morphological alterations such as enlarged and flattened cell shape were used as a marker of a senescence-like phenotype (magnification ×200).  
n=2.  (B) The ability of CHO cells to return to proliferation after C-1311 exposure at the IC80 concentration.  After the indicated times of drug treat ment, 
approximately 300 CHO-WT, CHO-HR, and CHO-HR-3A4 cells were cultured for two weeks in fresh media, and the number of colonies was calculated.  
Values are the mean±SD.  bP<0.05, cP<0.01 vs control non-treated cells, n=3, one-way ANOVA with Dunnett’s post hoc test.
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cells and amounted to 61% after 120 h of C-1311 treatment.
Further studies, including morphological examination of cell 

nuclei, phosphatidylserine externalization, caspase-3 activa-
tion, cell membrane integrity and apoptotic DNA breaks (data 
for the later not shown), confirmed the induction of apoptosis 
and necrosis by C-1311 in CHO cells.  Moreover, cell death 
was induced to the greatest extent in CHO-HR-3A4 cells coex-
pressing CPR and the CYP3A4 isoenzyme compared to CHO-
HR cells overexpressing P450 reductase or wild-type CHO 
cells.  

The higher sensitivity to C-1311 and increased susceptibility 
to apoptosis observed in CHO-HR cells compared to CHO-
WT cells following drug treatment could be explained by 
the fact that overexpression of cytochrome P450 reductase 
itself increased the level of free radicals (ROS) in the cell[30].  
We showed here that C-1311 induced ROS in CHO-HR cells 
but not in wild-type CHO cells.  Generation of ROS was also 
observed in C-1311-treated CHO-HR-3A4 cells, but the level of 
ROS was lower than that in CHO-HR cells and was associated 
with apoptosis induced by C-1311 in the majority of CHO-
HR-3A4 cells (Figure 6).  A similar explanation of the higher 
cytotoxicity of 5‑fluorouracil in CPR‑overexpressing cells com-
pared to wild-type cells has also been reported[47].  

In further studies of the C-1311-induced cellular response, 
we demonstrated that transfected CHO cells that did not die 
through apoptosis or necrosis following C-1311 exposure were 
in a state of accelerated senescence based on their altered cell 
morphology and the appearance of senescence-associated 
β‑galactosidase (SA‑β‑gal) activity compared to untreated 
cells (Figure 7A).  Interestingly, senescence was not induced 
by C-1311 in wild-type CHO cells.  Additionally, the colony-
forming assay revealed that after a short period of drug treat-
ment (48 h), half of the population of wild-type CHO cells was 
able to return to proliferation, but by 96 h of drug treatment, 
proliferation, ie, colony formation of CHO-WT cells, was com-
pletely inhibited.  In transfected CHO-HR and CHO-HR-3A4 
cells, cell division was completely blocked after only 24 h of 
C-1311 treatment.

 There are some data in the literature suggesting that the 
CYP3A4 expression level plays an important role in cellular 
response, including tumor progression, and that this role is 
independent of the activation of carcinogens or the metabo-
lism of anticancer drugs.  For instance, CYP3A4 promoted the 
progression of the cell cycle from G1 to S phase and induced 
a hypoxic response in Hep3B cells[48].  Other reports indicated 
that CYP3A4 promotes Stat3-mediated breast cancer cell 
growth[49] and that its strong expression may be a key feature 
in an unfavorable prognosis in breast cancer[50].  There are also 
findings that the pregnane X receptor (PXR), which controls 
the expression of CYP3A4[51], plays an anti-apoptotic role in 
cancer cells, and this role is independent of the PXR-regulated 
expression of other cytochrome P450 enzymes[52, 53].  Our previ-
ous studies also demonstrated that cytotoxic activity and cellu-
lar effects such as apoptosis, necrosis and senescence induced 
by the anticancer triazoloacridinone derivative C-1305 in CHO 
cells were affected by CYP3A4 expression[54].

Conclusion
Collectively, our findings showed that C-1311-induced apop-
tosis, necrosis and senescence in CHO cells were modulated 
by CYP3A4 overexpression, whereas the metabolic transfor-
mation of this drug was independent of CYP3A4 expression.  
In conclusion, the alteration of the cellular response induced 
by C-1311 in CYP3A4-overexpressing cells was not dependent 
on the concentration of CYP3A4-mediated metabolites of this 
compound.  Further studies should elucidate the mechanism 
of action and the role of CYP3A4 in C-1311-induced pathol-
ogy.
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