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Transcriptional Suppression of Cytochrome P450
2C11 Gene Expression by 3-Methylcholanthrene
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ABSTRACT. Aromatic hydrocarbon receptor-mediated transcriptional up-regulation of cytochrome P450
(CYP) enzymes of the CYP1A subfamily by polycyclic aromatic hydrocarbons (PAHs) such as 3-methylchol-
anthrene (MC) is accompanied by down-regulation of rat hepatic CYP2C11 expression at the catalytic activity,
protein, and mRNA levels. To gain insight into the molecular mechanism of this CYP2CI11 suppression
response, we have used a nuclear run-on assay to assess directly the effect of MC on the hepatic transcription
rate of the CYP2C11 gene following in vivo administration of MC to adult male rats. A single intraperitoneal
dose of MC (40 mg/kg) caused a 179-fold increase in the rate of CYPIA gene transcription at 6 hr, and the rate
of CYP2CI11 gene transcription was reduced by 51% at this time point, compared with vehicle controls. By 48
hr after MC treatment, the rates of CYPIA and CYP2CII gene transcription were no longer significantly
different from the corresponding vehicle controls. These results indicate for the first time that the suppression
of hepatic CYP2C11 caused by in vivo administration of PAHs to adult male rats is at least partially due to a
decrease in the rate of transcription of the CYP2CI1 gene. BIOCHEM PHARMACOL 59;11:1417-1423, 2000.
© 2000 Elsevier Science Inc.
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nuclear run-on

The AHRT mediates induction of CYP (EC 1.14.14.1)
enzymes of the CYP1A subfamily caused by halogenated
aromatic hydrocarbons such as TCDD and PAHs such as
MC [1-4]. This well-characterized induction response oc-
curs at the transcriptional level [5] as a result of the binding
of a heterodimer consisting of the liganded AHR and
ARNT [6] to AHREs [7-9] located in the 5'-flanking
regions of the CYPIA genes.

In addition to the well-characterized up-regulation of
CYPIA gene expression by aromatic hydrocarbons, these
compounds are also known to down-regulate expression of
several genes including the epidermal growth factor recep-
tor [10], estrogen receptor [11], transforming growth fac-
tor-B, [12], pS2 [13], and cathepsin D [14]. Since the
products of these genes play important roles in the control
of cell growth and differentiation, it is important to
understand the molecular mechanisms by which aromatic
hydrocarbons act to negatively regulate gene expression.

Aromatic hydrocarbons also down-regulate the expres-
sion of CYP2C11 [15-18], the predominant CYP enzyme
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expressed constitutively in the livers of adult male rats [19].
Although the CYP2C11 suppression response is known to
occur at a pre-translational level involving a decrease in the
level of CYP2C11 mRNA [16-18], and there is some
evidence for the involvement of the AHR in this process
[20-22], it is not known whether the decrease in mRNA is
due to alterations in mRNA stability and/or processing or a
decrease in the rate of transcription of the CYP2CI1 gene.
Since growth hormone, the major physiological regulator of
hepatic CYP2C11 expression, exerts its effect at the tran-
scriptional level [23, 24], and the rate of transcription of the
CYP2CI11 gene is decreased by inflammation [25], we
hypothesized that aromatic hydrocarbons down-regulate
hepatic CYP2C11 expression at the transcriptional level.
In the present investigation, we have performed nuclear
run-on analysis to assess directly the effect of in wivo
administration of MC on the rate of transcription of the
CYP2C11 gene in the livers of adult male rats. Transcrip-
tional up-regulation of CYP1A gene expression was moni-
tored as an AHR-mediated positive control response.

MATERIALS AND METHODS

Sources of Chemicals

MC (chemical purity, 98%), creatine phosphate, creatine
kinase, a-amanitin, Tri-reagent, yeast tRNA, salmon sperm
DNA, polyvinylpyrrolidone, and BSA were purchased from
the Sigma Chemical Co. ATP, GTP, CTP, UTP, Ficoll
400, a T7 QuickPrime kit, and EcoRI, Pstl, and BstEII
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restriction endonucleases were purchased from Pharmacia
Biotech. Sfil restriction endonuclease was purchased from
Life Technologies. RNase block was obtained from Strat-
agene. Solutions and columns for the isolation of RNA
transcripts generated in vitro and DNA gel purification kits
were purchased from Qiagen Inc. [a->*PldCTP (specific
activity, ~3000 Ci/mmol; radiochemical purity, >95%)
and [a-**PJUTP (specific activity, ~3000 Ci/mmol; radio-
chemical purity, >95%) were purchased from Amersham
Life Science Inc. Electrophoresis reagents and equipment
were obtained from Bio-Rad Laboratories. Plasmids con-
taining cDNA probes were obtained from the following
sources: pmP1450-3" containing an ~1.2-kb mouse
CYP1A1l cDNA in pUCIS8 from the American Type
Culture Collection [26]; an ~1.87-kb rat CYP2C11 cDNA
in pBR322 from Dr. Agneta Mode (Karolinska Institute)
[27]; pBS-GAPDH/rat containing an ~1.26-kb rat
GAPDH cDNA in a plasmid derived from pBluescript
KS(+) and pBR322 from Dr. Rebecca Prokipcak (Univer-
sity of Toronto) [28].

Animals and Treatment

Male Fischer 344 rats (9—10 weeks of age; 185-210 g) were
purchased from Harlan Sprague Dawley Inc. Rats were fed
Purina Rodent Laboratory chow (No. 5001) and water ad
lib., and were housed under controlled conditions (two
animals per cage; 22° 12-hr light/12-hr dark cycle, with
lights on at 7:00 a.m.) in the Division of Comparative
Medicine, University of Toronto. Animals were cared for in
accordance with the principles of the Canadian Council on
Animal Care, and all animal experimentation was ap-
proved by the University of Toronto Animal Care Com-
mittee. Rats received a single intraperitoneal injection of
either MC (40 mg/kg) or an equivalent volume of vehicle
(sterile Mazola corn oil). Rats were euthanized by decapi-
tation at 6 and 48 hr following injection.

Preparation of Nuclei

Each sample for nuclear run-on analysis consisted of nuclei
derived from 3.4 g of liver from an individual rat. Livers
were homogenized in TKM (50 mM Tris—HCI, pH 7.4; 20
mM KCI; 5 mM MgCl,) containing 0.5 M sucrose, and
nuclei were isolated by differential centrifugation as de-
scribed by Tukey and Okino [29]. The purified nuclei were
resuspended in 200 pL of storage buffer (20 mM Tris—HCI,
pH 8.0; 10 mM MgCl,; 1 mM MnCl,; 140 mM KCl; 20%
glycerol; 200 mM 2-mercaptoethanol), frozen in liquid
nitrogen, and stored at —70° until used.

Preparation of cDNA Inserts for Nuclear Run-on
Analysis

An ~1.87-kb CYP2C11 c¢DNA insert liberated from the
pBR322 plasmid by EcoRI digestion and an ~1.2-kb
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CYP1A1 cDNA insert liberated from the pUCI18 plasmid
by Pstl digestion were resolved by agarose gel electrophore-
sis and purified from the gel. Purified cDNA inserts (1 pg)
were denatured by treatment with 2 N NaOH, neutralized
with 2 N HClI, boiled for 5 min, cooled on ice, and diluted
with 6x SSC (1x SSC = 15 mM sodium citrate, pH 7.0;
150 mM NaCl). Then DNA was applied to a nylon
membrane (Genescreen, DuPont Co.) via a slot-blot man-
ifold (Bio-Rad), and the membrane was air-dried and baked
at 80° for 1-2 hr. For analysis of the GAPDH transcription
rate, the GAPDH plasmid was used directly without puri-
fication of the cDNA insert. For this purpose, 5 pg of the
Pstl-linearized GAPDH plasmid was denatured and loaded
onto the nylon membrane. Since the vector harboring the
GAPDH cDNA contained sections of pBR322 and pBlue-
script KS(+), 2 pg of EcoRI-linearized pBR322 and 5 g of
EcoRI-linearized pBluescript KS(+) were denatured and
loaded onto the nylon membrane as negative controls.
Nylon membranes were prehybridized for a minimum of 3
hr at 42° in a solution containing 5x SSC, 50% formamide,
100 pg/mL of denatured salmon sperm DNA, 100 pg/mL of
yeast tRNA, 50 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.1%
sodium pyrophosphate, 1% SDS, 0.2% polyvinylpyrroli-
done, 0.2% Ficoll 400, and 0.2% BSA [29].

Nuclear Run-on Analysis

Transcription rates were assessed according to the method
described by Tukey and Okino [29]. Briefly, the purified
nuclei (200 pL) were added to 200 pL of a solution
containing 7.5 mM Tris-HCI, pH 8.0, 3.75 mM MgCl,,
225 mM KCl, 1.5 mM ATP, 0.75 mM CTP, 0.75 mM GTP,
0.0375 mM UTP, 5 mM dithiothreitol, 10 pg/mL of
creatine phosphate, 10 wg/mL of creatine kinase, 500 U/mL
of RNase block, and 0.25 mCi of [a-*’PJUTP with or
without 5 pg/mL of a-amanitin. The reaction was incu-
bated at 30° for 30 min, and the radiolabeled RNA
transcripts were purified using an RNA isolation kit (Qia-
gen). The labeled RNA (~5 X 10° cpm) was resuspended
in 50 L of RNase-free H,O. The prehybridization solution
was removed and replaced with fresh hybridization solution
containing the labeled RNA (total volume = 500 uL).
Hybridizations were performed for a minimum of 48 hr at
42°. The membranes were washed as described previously
[29], subjected to autoradiography, and relative quantita-
tion was performed by Phosphorlmager analysis (Molecular
Dynamics) using IPLab Gel for the Power Macintosh v1.5e
(Signal Analytics). Following background subtraction, the
CYP2C11 and CYP1A signals were normalized by dividing
by the GAPDH signal obtained for each individual rat.
Although TCDD has been shown to increase the rate of
GAPDH transcription in cultured human keratinocytes
[30], we found that MC had no statistically significant
effect on the rate of GAPDH transcription in the present
study.
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TABLE 1. Effects of MC administration to male rats on body
weight, liver weight, and liver to body weight ratio

Final body Liver

Time weight weight Liver to body
(hr)  Treatment (g) (2) weight ratio
6 Vehicle 194 = 4 7.5+03 0.039 = 0.001
MC 196 = 4 7.6 0.2 0.039 = 0.001
48 Vehicle 206 8% 8.1 *0.5 0.040 = 0.001

MC 203 =4 9.5+ 0.8% 0.047 = 0.004*7

All data are expressed as means *= SD of determinations from three or four rats.
*Significantly different (P < 0.05) from corresponding 6-hr treatment, based on a
two-tailed, unpaired Student’s t-test.
1Significantly different (P < 0.05) from vehicle control at a given time point,
based on a two-tailed, unpaired Student’s t-test.

Northern Blot Analysis

The specificity of the cDNA probes used for nuclear run-on
analysis was confirmed by northern blot analysis. Total
RNA was isolated by the acid guanidinium thiocyanate—
phenol—chloroform extraction method [31] from livers of
rats receiving the following treatments: untreated male;
untreated female; and male euthanized 48 hr after a single
intraperitoneal injection of MC (50 mg/kg). RNA yield
and purity were assessed by determining the A,q0/Ass0
ratio. Total RNA (20 and 30 pg) was separated on agarose
gels containing 2.2 M formaldehyde [32]. RNA integrity
was assessed by comparing the relative intensities of the
28S and 18S rRNA bands as visualized on ethidium
bromide-stained gels. Following electrophoresis, RNA was
transferred by capillary action to a nylon membrane
(Genescreen). CYP1A1, CYP2C11, and GAPDH (~0.94
kb insert liberated from pBS-GAPDH/rat plasmid by Sfil/
BstEII digestion) cDNA inserts were resolved by agarose gel
electrophoresis and labeled with [a-**P]JdCTP using a T7
QuickPrime kit (Pharmacia Biotech). Prehybridization,
hybridization, washing, and autoradiography were carried
out exactly as described above for the nuclear run-on
analysis.

Statistical Analysis

Where appropriate, data are expressed as means *= SD of
determinations from three or four rats. For analysis of time-
and drug-dependent changes in final body weight, liver
weight, liver to body weight ratio, and time-dependent
changes in the CYPIA and CYP2CI1 transcription rates, a
two-tailed unpaired Student’s t-test was employed. To test
the strongly directional hypotheses that MC increases
CYPIA transcription rate and decreases CYP2CI1 tran-
scription rate, a one-tailed paired-difference t-test was
employed. A result was considered to be statistically signif-
icant if P < 0.05.

RESULTS

We have examined the effect of a single intraperitoneal
dose of MC (40 mg/kg) on the rate of transcription of the
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CYP2CI1 gene in the livers of male rats. This dose was
selected because it is known to effectively induce CYP1A1
[33, 34], and we [18] and others [17] have shown that
similar MC doses suppress hepatic CYP2C11 expression at
the mRNA level. This MC dose was not associated with
any observable signs of toxicity, and no significant effects of
MC on body weight were observed (Table 1). The liver
weight and liver weight to body weight ratio were increased
in MC-treated rats after 48 hr to 117% of vehicle control
levels (Table 1), effects that likely reflect the ability of MC
to cause proliferation of the hepatic smooth endoplasmic
reticulum [35] and/or mild hepatic inflammation.

The specificity of the cDNA probes to be used for
nuclear run-on experiments was confirmed by northern blot
analysis (Fig. 1). As shown previously by others [36], the
mouse CYP1A1 cDNA probe recognized both rat hepatic
CYP1A1 mRNA (~2.7 kb) and CYP1A2 mRNA (~2.0
kb), two transcripts that are elevated dramatically following
MC treatment. To reflect this fact, we have used this
cDNA probe in nuclear run-on analyses to assess the rate of
CYPIA gene transcription as a positive control response to
MC. The CYP2C11 cDNA probe recognized a male-
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FIG. 1. Specificity of the cDNA probes used for nuclear run-on
analysis. Northern blot analysis of total hepatic RNA (20 and
30 pg) using radiolabeled cDNA probes for mouse CYP1A1
(top), rat CYP2C11 (middle), and rat GAPDH (bottom). RNA
samples were isolated from an untreated male rat (male), an
untreated female rat (female), and a male rat that was euthanized
48 hr after receiving a single intraperitoneal injection of MC at
50 mg/kg (male MC). Numbers on the left indicate the sizes of
RNA markers in kb.
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FIG. 2. Nuclear run-on analysis. Radiolabeled nascent RNA
was prepared from liver nuclei isolated from male rats that were
euthanized 6 or 48 hr after receiving a single intraperitoneal
injection of MC at 40 mg/kg or the corresponding vehicle
control. As specified, a-amanitin was included in some nuclear
incubations to inactivate RNA polymerase II. Radiolabeled
RNA was hybridized to the indicated denatured cDNA inserts
or linearized plasmids, which were immobilized on nylon mem-
branes. A summary of the quantitative PhosphorImager data is
shown in Table 2.

specific transcript (~2.1 kb), confirming the well-charac-
terized sex specificity of hepatic CYP2C11 expression [27].
This CYP2C11 cDNA probe has been used previously in
nuclear run-on assays to assess the effects of growth hor-
mone [23] and inflammation [25] on the rate of transcrip-
tion of the CYP2CII1 gene. Figure 1 also shows that
CYP2C11 was down-regulated by MC at the mRNA level,
confirming our previous RNA slot-blot experiments per-
formed with a gene-specific CYP2C11 oligonucleotide
probe [18].

The results of a representative nuclear run-on experi-
ment are shown in Fig. 2, and a summary of the quantita-
tive data derived from all experiments is presented in Table
2. The intensity of the GAPDH signal was used to
normalize the rates of CYPIA and CYP2CI1 gene tran-
scription for each individual rat. Linearized pBR322 and
pBluescript KS(+) were used as negative controls, and no
detectable hybridization signal was detected with these
vectors. MC caused a 179-fold increase in the rate of
CYPIA gene transcription at 6 hr, and the rate of CYP2C1 1
gene transcription was reduced by 51% at this time point,
compared with vehicle controls. By 48 hr after MC treat-
ment, the rate of CYPIA gene transcription still showed a
3-fold elevation, and the rate of CYP2CI11 gene transcrip-
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tion was reduced by 31%, compared with vehicle controls;
however, these effects at 48 hr were not statistically
significant. Inclusion of a-amanitin in the nuclear incuba-
tion step resulted in a complete loss of the nuclear run-on
signal for CYP1A, CYP2Cl11, and GAPDH (Fig. 2), indi-
cating that the transcription of these genes was RNA
polymerase II dependent.

DISCUSSION

Much is known about the molecular mechanisms by which
TCDD and PAHs act via the AHR to increase the
expression of genes such as CYPIAI [37]; however, rela-
tively little is known about the mechanisms involved in the
down-regulation of gene expression caused by these com-
pounds. Since several of the genes that are down-regulated
by TCDD play important roles in cell growth and differen-
tiation [10—14], there is considerable interest in determin-
ing the molecular mechanisms involved and deciphering
the contributions of such gene dysregulation to the toxic
and carcinogenic effects of TCDD-like chemicals. In the
present study, we have examined the down-regulation of
CYP2C11, the predominant constitutive CYP enzyme in
the livers of adult male rats, by MC, a representative PAH.

Nuclear run-on analysis provides the most direct and
definitive answer to the question of whether a gene is
controlled by regulating its rate of transcription [29]. Our
results provide the first direct demonstration that MC
suppresses hepatic CYP2C11 expression at least partially at
the level of transcription. We showed previously that a
single intraperitoneal dose of MC (50 mg/kg) lowered rat
hepatic CYP2C11 mRNA levels to 40-50% of vehicle
control levels, and this suppressive response was maximal
3-5 days after MC treatment [18]. The decrease in steady-
state mRNA levels was closely paralleled by declines in
CYP2C11 immunoreactive protein and catalytic activity.
The present results show that MC decreased the rate of
transcription of the CYP2CI1 gene by approximately 50%
at 6 hr following treatment, and the rate of transcription
increased to a level that was not significantly different from
control at 48 hr. The pharmacokinetics of MC and the
kinetics of CYP2C11 mRNA turnover are likely to be
important determinants of the time course of these events.
The half-life of MC in rats has been reported to be 16 hr

TABLE 2. Effects of MC administration to male rats on
hepatic CYP1A and CYP2C11 transcription rates

Transcription rate (arbitrary units)

Time
(hr) Treatment CYP1A/GAPDH CYP2C11/GAPDH
6 Vehicle 0.014 += 0.027 1.88 = 1.14
MC 2.50 + 1.89* 0.93 = 0.71*
48 Vehicle 0.28 = 0.28 1.83 £ 0.67
MC 0.73 £ 0.36 1.26 £ 0.90

All data are expressed as means = SD of determinations from three or four rats.
*Significantly different (P < 0.05) from vehicle control at a given time point,
based on a one-tailed, paired-difference t-test.
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[38]; however, when MC is administered in corn oil via the
intraperitoneal route, it is much more persistent, and
substantial levels can be detected at least 7 days after
injection [34]. The in vivo half-life of the CYP2C11 protein
has been estimated to be 20 hr [39], and the half-life of the
CYP2C11 mRNA has been reported only very recently as
12-18 hr in primary rat hepatocytes [40]. Taken together
with these observations, our results suggest that MC causes
a partial suppression of the rate of transcription of the
CYP2C11 gene that occurs rapidly, within 6 hr of in vivo
administration. If the relatively long half-life determined
for CYP2C11 mRNA in hepatocytes also applies to the in
vivo situation, then a clear explanation would be provided
as to why it takes 72 hr to achieve a lowered steady-state
level of CYP2C11 mRNA following MC treatment. The
interpretation of the time course of these events is compli-
cated by the following factors: the blockage of transcription
by MC is incomplete, and MC is metabolized and elimi-
nated during the time course of the experiment so that the
transcriptional suppression is relieved progressively over the
initial 48 hr. It remains to be determined whether alter-
ations in mRNA stability and/or processing contribute to
the effects of MC on CYP2CI1 expression; however,
transcriptional suppression appears to be a major mecha-
nism by which MC down-regulates CYP2C11 expression in
the livers of male rats.

We monitored the increase in the rate of transcription of
the CYPIAI and CYPIA2 genes as a well-characterized
AHR-mediated positive control response to MC. Several
previous studies have established that CYPIAl and
CYP1A2 induction by TCDD and PAHs occurs primarily
via a transcriptional mechanism [5, 41, 42]. A time-course
study conducted in C57BL/6N mice showed that transcrip-
tional rates of the Cyplal and Cypla2 genes increased
dramatically as early as 3 hr after MC treatment, and this
inductive effect was maximal at 12 hr [41]. Our present
results are consistent with this earlier finding.

The cloning and sequencing of approximately 2.3 kb of
the 5’-flanking region of the CYP2CII gene [43, 44],
together with our demonstration that MC decreases the
rate of transcription of the CYP2C1 1 gene, set the stage for
detailed molecular investigations of the mechanisms by
which PAHs alter the transcription of this gene. Since most
of the biological effects of TCDD and PAHs are mediated
by the AHR [1], and we have some structure—activity
evidence to suggest that the AHR is involved in CYP2C11
down-regulation by PAHs [22], we are exploring the 5’-
flanking region of the CYP2CI1 gene for transcriptional
regulatory sites that may be modulated by the AHR or
other trans-acting factors. In addition, the main physiolog-
ical signal that regulates the male-specific hepatic
CYP2C11 expression is the pulsatile pattern of growth
hormone secretion [19], and this positive hormonal regula-
tion occurs at the transcriptional level [23, 24]. Recent
work has demonstrated that growth hormone signaling in
liver involves activation of the protein tyrosine kinase
Janus kinase 2 (Jak2) and the phosphorylation of transcrip-
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tion factors belonging to the family of signal transducers
and activators of transcription (Stat); in particular, Stat5b
appears to mediate the sexually dimorphic effects of male
growth hormone pulses on liver CYP expression [45-47].
We are examining whether PAHs down-regulate hepatic
CYP2C11 expression by interfering with growth hormone
signal transduction pathways at the cellular and molecular
levels.
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