
The nuclear receptor constitutive active/androstane receptor
(CAR) arrests DNA-damaged human hepatocellular carcinoma
Huh7 cells at the G2/M phase

Hiroki Kamino and Masahiko Negishi
Laboratory of Reproductive and Developmental Toxicology, National Institute of Environmental
Health Sciences, National Institutes of Health, Research Triangle Park, North Carolina 27709,
USA

Abstract
Here we have demonstrated that xenobiotic activation of the nuclear receptor CAR (NR1I3) can
result in arresting DNA-damaged human hepatocellular carcinoma Huh7 cells at the G2/M phase.
Huh7 cells over-expressing CAR were either treated with DMSO, the CAR activator TCPOBOP,
or repressor androstenol; these treatments were then followed by adriamycin treatment to damage
DNA. FACS analysis revealed that CAR-activation by TCPOBOP increased the rate of arrested
Huh7 cells at the G2/M phase (4N DNA content) after DNA damage by adriamycin. This increase
correlated with the increase of cell viability in TCPOBOP-treated Huh7 cells, as determined by
MTT assays. Real-time PCR analysis determined that, as regulated by CAR, the growth arrest and
DNA damage-inducible γ (GADD45γ) and Cyclin G2 genes increased and decreased,
respectively, as TCPOBOP increased the number of Huh7 cells arrested at the G2/M phase. Thus,
the results suggest that CAR regulates cell cycle, increasing G2/M arrest and delaying the death of
DNA-damaged cells.
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INTRODUCTION
Nuclear receptor CAR was first characterized as the PB-activated transcriptional factor
which regulates cytochrome P4502B10 (CYP2B10) [1, 2]. Soon after, CAR was established
as the nuclear receptor, which plays the central role in regulating hepatic genes that encode
drug metabolizing enzymes and transporters, including various CYPs and multidrug
resistance-associated proteins (MRPs) [3, 4]. Additionally, recent work has extended the
functions of CAR to include the regulation of hepatic energy metabolism [5]. While CAR
regulates these normal liver functions, it has also been found to act as a key factor in the
development of various drug-induced liver injuries and diseases such steatohepatitis,
cholestasis and liver tumors [6]. Our previous study demonstrated that CAR is an essential
factor in promoting hepatocellular carcinoma (HCC) as demonstrated by the fact that Car−/−

mice did not develop HCC after chronic PB treatment for over 34 weeks, while Car+/+ mice
developed HCC [7]. In efforts to decipher the molecular mechanism of this tumor
promotion, we have demonstrated that CAR can regulate cell death; CAR directly binds to
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GADD45β to inhibit MKK7-mediated phosphorylation of JNK1 and TNFα-mediated cell
death in mouse primary hepatocytes [8]. In an extension of our investigations, here we
examine whether or not CAR regulates the cell cycle, utilizing adriamycin treatment of
Huh7 cells to damage DNA. Activation of ectopically expressed CAR by TCPOBOP was
found to increase G2/M arrest of Huh7 cells, with the concomitant increase and decrease of
the expression of GADD45γ and Cyclin G2 genes, respectively. We present experimental
considerations to support the hypothesis that CAR can arrest DNA-damaged cells at the G2/
M phase.

MATERIALS AND METHODS
Cell culture condition and treatments

Human hepatocellular carcinoma Huh7 cells were cultured in 10% MEM (minimal essential
medium supplement with 10% (v/v) fetal bovine serum, antibiotics (100 units/ml penicillin
and 100 µg/ml streptomycin) and 2 mM glutamine) in a 5% CO2 atmosphere at 37°C. For
flow cytometry analysis or western blot analysis, Huh7 cells were plated onto 60-mm dish
and infected with adenovirus-mCAR or adenovirus-β-Gal at 10 MOI (Multiplicity Of
Infection). After 24 h infection, the medium was changed to new medium containing
DMSO, 250 nM TCPOBOP purchased from Sigma-Aldrich (MO, USA) or 8 µM
androstenol purchased from Steraloids (RI, USA) and the cells were incubated for 24h.
Then, cells were treated with 0.5 µg/ml of adriamycin purchased from Sigma-Aldrich (MO,
USA) for the indicated number of hours (0~24 h).

Recombinant adenoviruses
Adenovirus-mCAR encoding mouse CAR was previously constructed in our laboratory
using the AdEasy Vector System kit (Q-BIO gene, Montreal, Canada) as described in the
manufacturer’s protocol. Adenovirus-β-Gal encoding β-galactosidase was also constructed
previously and used as control. Both adenovirus were propagated in HEK293 cells, and
virus titers were measured and calculated using the 50% tissue culture infectious dose assay
(TCID50 method) as described in the manufacturer’s application manual.

Flow cytometry
Treated Huh7 cells were trypsinized and harvested in PBS followed by two washes with
PBS. Then the cells were resuspended in 70% ethanol overnight at 4°C. The fixed cells were
collected by centrifugation, resuspended in RNaseA solution (0.2 mg/ml RNaseA in PBS)
and incubated at 37°C for 30 min. The cells were pelleted, incubated in Propidium Iodide
(PI) staining solution (20 µg/ml PI in PBS) overnight at 4°C Propidium Iodide was
purchased from Sigma-Aldrich. The cells were analyzed by flow cytometer (BD
FACSCalibur), and Cell Quest software (BD Biosciences) was used for data acquisition and
analysis.

MTT assay
Cell viability and proliferation were determined by the MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay. Huh7 cells were seeded on 96 well plates at
densities of 2.0 ×103 cells/well in 10% MEM medium, and then infected with adenovirus,
each drug treatment and adriamycin treatment (0.5 µg/ml) described as above. At selected
time intervals, 10 µl of MTT working solution (5 mg/ml in ddH2O) was added and
incubated at 37°C for 4 h. At the end of the incubation, the media was discarded and 100 µl
of DMSO was added to each well to dissolve the dye. After incubation at room temperature
for 1 h with gentle shaking, the absorbance of the converted dye was measured using a
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microplate spectrophotometer (SpectraMax Plus 384; Molecular Device Inc., CA, USA) at
495 nm.

Real-Time PCR
Total RNAs were extracted from treated cells using TRIzol reagent (Invitrogen, CA, USA),
and used to synthesize cDNAs using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems Inc. CA, USA). Real-Time PCR was performed with the 7900HT Fast
Real-Time PCR System (Applied Biosystems Inc.). Each primer set information follows:
Forward and reverse primes for human GADD45α cDNA were: 5’-
AGTCAGCGCACGATCACTGT-3’ and 5’-GCAGGCACAACACCACGTTA-3’, for
human GADD45β cDNA were: 5’-CGGTGGAGGAGCTTTTGGT-3’ and
GCTGTCTGGGTCCACATTCA-3’, for human GADD45γ cDNA were: 5’-
GAACGTGGACCCCGACAAT-3’ and 5’-ATGTCGTTCTCGCAGCAGAA-3’. Human
Cyclin G2 primer mixture was purchased from Real Time Primers, LLC (PA, USA). PCR
amplification was performed with Power SYBR Green Master Mix (Applied Biosystems
Inc.). Predesigned TaqMan gene expression assay probe of Human CYP2B6
(Hs00167937_g1), and human B-actin controls were purchased from Applied Biosystems
Inc. and PCR amplification was performed with TaqMan Universal PCR Master Mix
(Applied Biosystems Inc.). The expression level of each mRNA was normalized to that of
human B-actin mRNA.

Statistical analysis
The statistical significance between two groups of data sets was determined by using the
Student’s t test (two-tailed) with P<0.05 regarded as statistically significant.

RESULTS
G2/M arrest and cell viability

Mouse CAR (mCAR) was over-expressed using an adenovirus-based infection in Huh7
cells. After activating mCAR with TCPOBOP, these cells were treated with adriamycin to
damage DNA and were subjected to FACS analysis. TCPOBOP treatment was found to
increase the number of DNA-damaged Huh 7 cells at the G2/M phase, relative to what was
observed with DNA-damaged Huh7 cells infected with adenovirus-β-Gal, instead of
adenovirus-mCAR (Figure 1). Given this finding, we extended the FACS analysis to include
additional controls; non-infected Huh7 cells, treatments with DMSO and a mCAR repressor
androstenol. The results from these FACS analyses are summarized in Table 1. Adriamycin
treatment for 24 hr increased the number of adenovirus-mCAR infected and TCPOBOP
treated Huh7 cells at the G2/M phase by approximately 22% over corresponding levels prior
to adriamycin treatment. In comparison, DMSO and androstenol treatments increased this
number by only 14% and 8%. And a roughly 7% increase at the G2/M phase was also
observed in no-infected or adenovirus β-Gal-infected Huh7 cells. The observed
enhancement of G2/M arrest by activated CAR appeared to occur specifically when DNA
was damaged by adriamycin, since damaging DNA by H2O2 treatment and UV irradiation
did not show any changes of cell cycle status between any treatment in CAR dependent
manner (data not shown).

Since we found that CAR activation enhanced cell cycle arrest at the G2/M phase, next we
examined the effects on cell viability in DNA-damaged Huh7 cells. Only the adenovirus
mCAR-infected Huh7 cells exhibited a statistically significant difference in specific increase
of cell viability by TCPOBOP after from 48 to 96 hr of adriamycin treatment (Figure 2).
These results indicate that CAR can increase viability of DNA-damaged Huh7 cells as well
as arrest them at the G2/M phase.
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CAR regulates the GADD45γ and cyclin G2 genes
First, we determined the TCPOBOP-dependent changes of cell cycles in time-dependent
manner after adriamycin treatment (Figure 3A). The number of Huh 7 cells at the G2/M
phase began to increase 12 hrs after treatment and continued to do so until levels had
increased by approximately 50% after 24 hrs. Conversely, the corresponding number of cells
at the G0/G1 phase gradually decreased after adriamycin treatment and continued after
being overtaken by the reciprocal increase of cells at the G2/M phase after 12 hrs. With
adenovirus β-Gal-infected Huh7 cells, the degrees of these changes in cell cycle were less
significant and the levels of cells at the G2/M phase were lower than those at the G0/G1
phase. Real-time PCR was employed to screen various genes which are known to be
involved in cell cycle regulation during the increase of DNA-damaged cells at the G2/M
phase. As a result, two genes were identified as CAR-regulated genes, the expressions of
which correlated with increasing arrest at the G2/M phase: GADD45γ and cyclin G2.
GADD45γ mRNA was increased by TCPOBOP in adenovirus mCAR-infected Huh7 cells
without adriamycin treatment. This increase was greatly enhanced as the DNA of Huh7 cells
damaged (Figure 3B). Contrary to TCPOBOP, androstenol treatment did not increase the
GADD45γ mRNA levels prior to or after DNA damage. Moreover, TCPOBOP-dependent
increase of GADD45γ mRNA was not observed in adenovirus β-Gal-infected Huh7 cells
with or without DNA damage. However the other GADD45 members GADD45α and
GADD45β were not regulated by CAR (Figure 3C). Cyclin G2 mRNA, on the other hand,
was decreased in a CAR-dependent manner in only TCPOBOP treated Huh7 cells after
adriamycin treatment (Figure 3B). Thus, the increase of CAR-mediated G2/M arrest
correlated with the increase and decrease of GADD45γ and cyclin G2 mRNAs, respectively

DISCUSSION
Xenobiotic activation of CAR has now been demonstrated to arrest DNA-damaged Huh7
cells at the G2/M phase, with cell survival being increased. The two CAR-regulated genes
GADD45γ and cyclin G2 are found to correlate with this G2/M arrest. Thus, CAR may be
capable of regulating cell cycle when cells incur injuries such as DNA damage. We also
performed the same type of experiments with H2O2 treatment and UV irradiation instead of
adriamycin treatment, but we could not detect any CAR-dependent changes in cell cycles
(data not shown). Thus, the type of DNA damages may be critical in the CAR-dependent
arrest of Huh7 cell cycle at the G2/M phase.

GADD45 proteins are involved in the checkpoint of G2/M phase cell cycle [9–11].
GADD45γ, a member of the GADD45 protein family, is recently suggested to induce
HepG2 cells to arrest at the G2/M phase via p38 and JNK signaling pathways [12]. Given
the fact that CAR activation arrested DNA-damaged Huh7 cells at the G2/M phase, the
activation of the GADD45γ gene is consistent with these known roles of GADD45γ.
Various signal pathways have been reported to be involved in the arrest of G2/M phase,
including the p38-JNK pathway and the cyclin B1/cdc2-mediated strength of G2/M
checkpoint. However, clear CAR dependent changes of expression and phosphorylation
levels of these signal molecules after DNA damage treatment were not found during the
CAR-induced G2/M arrest (Supplemental Figure 1). Thus, CAR may utilize a yet unknown
mechanism to arrest DNA damaged Huh7 cells at the G2/M phase. Cyclin G2 is a
homologue of cyclin G1 [13]. Although a regulatory role of cyclin G2 in cell cycles has not
yet been confirmed, its role in cell growth arrest has been demonstrated. Cyclin G2 mRNA
was induced in B cells treated with growth inhibitors, such as transforming growth factor β1
(TGFβ1) or Dexamethasone [14]. Ectopic over-expression of cyclin G2 repressed the
proliferation of oral cancer cells [15]. The down-regulation of cyclin G2 may have been
involved in the increased cell viability which occurred during the CAR-induced G2/M
arrest.
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Ongoing studies have been undertaken in an effort to understand the molecular mechanisms
by which xenobiotic activation of CAR promotes HCC development. CAR-mediated DNA
methylation was reported to occur during promotion [16]. CAR was found to interact with
GADD45β and repress MKK7-mediated phosphorylation of JNK1, down-regulating cell
death in TNFα-treated mouse primary hepatocytes [8]. The CAR-mediated G2/M arrest has
now been demonstrated to occur in Huh7 cells after treatment with adriamycin. Neither
methylation nor apoptosis, nor G2/M arrest is directly connected to phenobarbital promotion
of HCC development at the present time. While G2/M arrest is considered to be a defense
mechanism against damaged cells, the unexpectedly prolonged arrest may cause negative
effects to this defense mechanism. Although methylation, cell death and arrest have not been
directly connected with CAR-induced promotion of HCC development, they provide the
experimental basis for future investigations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviation

CAR constitutive active/androstane receptor

GADD45γ growth arrest and DNA-damage-inducible 45 γ

PB phenobarbital

DMSO dimethyl sulfoxide

TCPOBOP 1, 4-bis[2-(3,5-dichloropyridyloxy)]benzene

androstenol 16,(5α)-Androsten-3α-OL

PCR polymerase chain reaction
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Figure 1.
CAR enhances cell cycle arrest at the G2/M phase after adriamycin treatment. Huh7 cells
were seeded, infected with adenovirus-β-Gal or adenovirus-mCAR at 10 MOI and following
treated with TCPOBOP (CAR activator). Cells were harvested before and after treatment of
adriamycin for 24 h, and the DNA content was analyzed by flow cytometry to determine the
cell cycle distribution. The bars and numbers in figure show the percentage of each fraction.
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Figure 2.
Cell proliferation analysis in CAR activated Huh7 cells. Huh7 cells were seeded, infected
with adenovirus-β-Gal or adenovirus-mCAR at 10 MOI. NI means No-Infection. After
following treatment with DMSO, TCPOBOP (CAR activator) or androstenol (CAR
repressor), MTT assay was carried out 0, 24, 48, 72 and 96 h after adriamycin treatment (0.5
µg/ml). Relative rate of living cells was expressed in each time group by taking those in NI
sample with TCPOBOP treatment as equal to one. The results are reported as mean ± SD of
six independent experiments. **, p<0.01 and ***, p*<0.001 for CAR activated group by
TCPOBOP versus CAR inactivated group by androstenol.
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Figure 3.
Transition of the cell cycle status and the candidate GADD45γ and Cyclin G2 mRNA
expression after adriamycin treatment. (A) Huh7 cells were infected with adenovirus-β-Gal
or adenovirus-mCAR at 10 MOI and following treated with TCPOBOP. Then, treated cells

Kamino and Negishi Page 9

Mol Carcinog. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were collected after indicated time course of adriamycin treatment and the DNA content was
analyzed by flow cytometry to determine the cell cycle distribution. The percentage of cells
at the G0/G1 and at the G2/M phase in each group was summarized. This experiment was
reproducibly repeated three times. (B) Treated Huh7 cells were cultured on duplicated
dishes and were harvested after indicated time course of adriamycin treatment. Total RNAs
were prepared from cells and were subjected to real-time PCR, and normalized to that of
human B-actin mRNA. The relative levels of GADD45β and Cyclin G2 mRNA were shown
relative to those of corresponding mRNAs in NI / DMSO / adriamycin 0 hr treatment sample
set at one. The data are reported as mean ± SD, n=2. (C) Treated Huh7 cells were cultured
on duplicated dishes and were harvested after indicated time course of adriamycin treatment.
Total RNAs were prepared from cells and were subjected to real-time PCR, and normalized
to that of human B-actin mRNA. The relative levels of GADD45α and GADD45β mRNA
were shown relative to those of corresponding mRNAs in NI / DMSO / adriamycin 0 hr
treatment sample set at one. The data are reported as mean ± SD, n=2.
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