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Sensitivity of CYP1IA1 mRNA Inducibility by Dioxin
Is the Same in CyplaZ(+/+) Wild-type and
CyplaZ2(—/—) Null Mutant Mice
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ABSTRACT. In mammals, the induction of experimental porphyria by halogenated aromatic hydrocarbons
(HAHs) seems to be influenced by the levels of hepatic CYP1A2. The pharmacokinetics and relative rates of
uptake and storage of HAHs in the liver are correlated with hepatic CYP1A2 concentrations. It is possible that
these rates of HAH uptake and storage might affect the expression of other HAH-inducible genes. The
differential inducibility of liver CYP1A1 mRNA by dioxin was therefore compared in Cypla2(+/+) wild-type
mice, Cypla2(+/—) heterozygotes, and Cypla2(—/—) homozygous null mutants. Using doses of dioxin over
eight orders of magnitude (from 1072 to 10* g/kg), we could detect no differences in the sensitivity of CYP1A1
mRNA inducibility. These data indicate that the complete absence of the microsomal CYP1A2 enzyme has no
measurable effect on hepatic expression of the Cyplal, gene, the only other known member of the mammalian
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Following an outbreak of porphyria cutanea tarda among
workers in a factory where 2,4,5-trichlorophenoxyacetic
acid was being synthesized, TCDD§ was shown to be an
extremely potent inducer of hepatic 8-aminolevulinic acid
synthase and was implicated as the likely causative agent
[1]. A structure-activity analysis of 15 halogenated dibenzo-
p-dioxins demonstrated a perfect correspondence between
whole-animal toxicity data and the capacity of these
dibenzo-p-dioxin congeners to induce both &-aminolevu-
linic acid synthase and CYP1Al activity in the liver [2].
These results suggested the involvement of the AHR,
known to be involved in the induction of more than a
dozen genes (reviewed in refs. [3—6]) including the cyto-
chromes P450 CYP1A1 and -1A2.

Experimental porphyria induced by HAHs in mammals
has been suspected to be associated with the induction of
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CYP1A1 and/or -1A2. The susceptibility to porphyria is
greater in C57BL/6 inbred mice having the high affinity
AHR than in DBA/2 mice having the low affinity AHR [7,
8]. Subsequently, however, no strict correlation between
experimental porphyria and mouse strain differences in
AHR affinity was found [9, 10], indicating that additional
factors might be important. For example, iron and lipid
peroxidation were shown to participate in HAH-induced
porphyria [11, 12].

In studies with congenic mouse lines [13], the sustained
induction of CYP1A1 and/or -1A2 was believed to play a
role in the development of porphyria. Using microsomes
from 3-methylcholanthrene-treated rat liver (containing
induced CYP1A1l and -1A2) and kidney (containing in-
duced CYP1AL1 only), Jacobs and co-workers [14] con-
cluded that the CYP1A2-mediated oxidation of uroporphy-
rinogen is pivotal in HAH-induced porphyria. Some prop-
erties by which HAHs might interact with CYP1A2 and
affect the course of porphyria seem to include stabilization
of the 1A2 enzyme (presumably by virtue of the HAH
being tightly bound to the enzyme) and inhibition of
certain catalytic activities of the 1A2 enzyme [15-18].

The effect of sequestration of HAHs in the liver might
provide an additional important factor in susceptibility to
hepatic porphyria correlated with affinity of the AHR. It
was shown that the high levels of constitutive CYP1A2 in
liver, and the fourfold to fivefold induced levels of 1A2
following exposure of animals to HAHs, seem to act as a

“sink” for these HAHs [19-24]. This had been proposed to
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explain why the concentration of dioxin and other HAHs
is much higher in the livers of mice having the high affinity
AHR than in mice having the low affinity AHR [21, 22],
but this does not explain the reports [11, 12] of the lack of
a strict correlation between experimental porphyria and
AHR affinity.

It is possible that differences in the sequestration of
HAHs, as well as differences in CYP1A2 levels, might
affect the course of porphyria by altering the expression of
other HAH-inducible genes. Will the concentration of
sequestered HAHs in the liver be proportional to the level
of “freely dissociable” HAH able to interact with the AHR
and induce AHR-regulated genes? Such questions can be
explored in the viable and fertile Cypla2(—/—) knockout
mouse line recently generated by this laboratory [25].

Compared with the Cypla2(—/—) mouse, in the
Cypla2(+/+) wild-type mouse, having high basal levels
and TCDD-inducible CYP1A2, HAHs such as TCDD are
stored at 10- to 50-fold higher concentrations in the liver.*
One possibility (see Fig. 1, top) is that if the TCDD is
bound to the 1A2 enzyme, this could lead to a lower pool
of free TCDD); therefore, less TCDD would be available to
interact with the AHR and induce such genes as Cyplal.
Cyplal gene expression would therefore be low. On the
other hand (Fig. 1, bottom), the complete absence of any
CYP1A2 protein in Cypla2(—/—) mice might lead to a
greater pool of free TCDD (or other HAH) in the liver,
perhaps resulting in more freely dissociable TCDD avail-
able for inducing the Cyplal gene at lower TCDD doses.
Cyplal gene expression would therefore be high. It is also
conceivable that the converse might be true, i.e. that the
Cypla2(+/+) mouse might have a larger pool of free
TCDD and the Cypla2(—/—) mouse might have a smaller
pool of free TCDD.

Between Cypla2(+/+) and CyplaZ2(—/—) mice, it is
thus possible that there would be observable differences in
the expression of a dioxin-inducible gene if the CYP1A2
protein serves as an HAH sink. We regard the Cyplal gene
as a very sensitive indictor of dioxin inducibility. The
purpose of this report is to compare the differential induc-
ibility of CYP1A1 mRNA by TCDD in Cypla2(+/+)
wild-type mice, Cypla2(+/—) heterozygotes, and
Cypla2(—/—) homozygous null mutants. We used doses of
TCDD over eight orders of magnitude (from 107!'? to
107 g/ke).

MATERIALS AND METHODS
Treatment of Animals

Four to six-week-old Cypla2(+/+), Cypla2(+/—), and
Cypla2(—/—) mice were used from this laboratory’s mouse
colony. Generation of the Cypla2(—/—) knockout mouse
line [25] resulted in offspring with mixed genetic back-
ground (129/Ola (agouti, having poor affinity AHR) and
C57BL/6 (nonagouti, having high-affinity AHR). The

* Linda S. Birnbaum, personal communication.
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FIG. 1. Illustration of the hypothesis for this study. The wild-
type Cypla2(+/+) mouse has normal high basal and HAH-
inducible levels of the hepatic microsomal CYP1A2 enzyme,
which binds and sequesters TCDD. The Cypla2(—/—) knock-
out mouse has no basal or inducible CYP1A2 enzyme, which
might free up more available freely dissociable TCDD (denoted
by the larger “TCDD” in rectangle) for the induction of genes
such as Cyplal. The ligand TCDD binds to the AHR and, with
the Ah receptor nuclear translocator and probably additional
transcription factors, binds to the DNA motif termed the
aromatic hydrocarbon response element (AhRE; also called
XRE, DRE), leading to up-regulation of the Cyplal gene. The
complete absence of the microsomal CYP1A2 enzyme (shown
by dashed rectangle, at bottom) thus might alter dioxin-inducible
gene expression, e.g. causing Cyplal induction to occur at lower
concentrations of TCDD (denoted by the larger arrow over
Cyplal, at bottom).

problem of the lack of genetic homogeneity in a freshly
generated knockout mouse line has been recently discussed
[26]. Our Cypla2(—/—) mice have therefore been bred
repeatedly into the C57BL/6 such that the line now
contains >95% C57BL/6 genetic background.

We used 10 groups of three each of the Cypla2(+/+),
Cypla2(+/—), and Cypla2(—/—) genotypes for a total
of 90 mice. Intraperitoneal doses of TCDD over eight
orders of magnitude were administered (from 1 pg/kg to
100 wg/kg) for 12 hr. The control group received vehicle
only (p-dioxane, 0.5 ml/kg). All mice were killed at 12 hr,
and total liver RNA was prepared. The three livers from
each group were pooled for a total of 30 samples.

Northern Hybridization Analysis

Total RNA was isolated by the acid guanidinium isothio-
cyanate extraction method [27]. The RNA (30 wg) was
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loaded onto 1% agarose-formaldehyde gels, transferred to
nylon membranes (Nytran Plus, Schleicher and Schuell),
and UV-crosslinked. Prehybridization and hybridization
were performed in 10% dextran sulfate, 1% SDS, and 6 X
SSC. Membranes were probed with the 1.2-kb 3’-specific
fragment of the mouse CYP1A1 cDNA [28]. The densities
of the 18 S and 28 S rRNA bands on ethidium bromide-
stained gels were used as an RNA-loading control. Hybrid-
ization was performed at 60°, and the blots were washed at
60° prior to autoradiography. The blots were then semi-
quantitated by scanning densitometry of the CYP1Al
mRNA to [18 S + 28 S] rRNA ratio [29]. The hybridization
analysis of the 30 RNA samples was repeated two addi-
tional times. Statistical analysis of the data was performed
by Student’s two-tailed ¢ test.

RESULTS AND DISCUSSION
No effect on CYP1A1 mRNA inducibility

Northern blot analysis of hepatic CYP1Al mRNA in
control and TCDD-treated mice of all three genotypes is
shown in Fig. 2. Following 12 hr of treatment over eight

FIG. 2. Northern hybridization analysis of hepatic
CYP1A1 mRNA from the three genotypes: the
Cypla2(+/+) wild-type, the Cypla2(+/—)het-
erozyate, and the Cypla2(—/—) homozygous null
mouse. TCDD treatment was administered over
eight orders of magnitude (from 107'* to 10~*
g/kg), and the leftmost lane of each set of ten
represents the untreated control (U).

orders of magnitude of TCDD dosage, there were no
detectable differences among the three groups. Because the
“TCDD sink” effect is maximal in the first several hours
following treatment [19-24], we believe that measurements
of CYP1A1 mRNA at the 12-hr time point should detect
the maximal effect.

A histogram summarizing the experimental data is shown
in Fig. 3. Statistically significant (p < 0.05) increases in
CYP1A1 mRNA, as compared with the untreated controls,
were not seen until the doses reached 0.1 wg of TCDD/kg
(1077 g/kg) and higher. Furthermore, we found no differ-
ences in the sensitivity of CYP1A1 mRNA inducibility by
dioxin among the CyplaZ2(+/+) wild-type mice, the
Cypla2(+/—) heterozygotes, and the Cypla2(—/—) ho-
mozygous null mutants. We conclude that the complete
absence of the CYP1A2 enzyme has no significant effect on
hepatic expression of the Cyplal gene, the only other
known member of the mammalian CYPIA subfamily.

Comparing our Cypla2(—/—) knockout with the wild-
type Cypla2(+/+) mouse, Birnbaum and co-workers have
determined that dioxin is sequestered 10-50 times less in
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FIG. 3. Histogram of all experimental data, summarized in the same order and labeled the same as in Fig. 2. The arbitrary units
represent the semiquantitative densitometry of the CYP1A1 mRNA to [18 S + 28 S] rRNA ratio. Bars and brackets denote means

+ S.D. (n = three experiments).
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the liver of animals having no CYP1A2.* Hence, if the
sequestration of TCDD or other HAHs in liver is propor-
tional to the levels of the microsomal CYP1A2 enzyme,
there is no evidence that this would cause marked alter-
ations in CYP1A1 mRNA differential inducibility, which
we regard as a very sensitive indicator of a TCDD pool
“available” for dioxin-inducible gene expression. It is worth
noting that the relative affinity of TCDD is about three
orders of magnitude higher for the AHR than for CYP1A2
and that the relative content of hepatocyte CYP1AZ2 is five
to six orders of magnitude greater than that of the AHR in
the liver cell. The amount of hepatic TCDD sequestration
(i.e. the presence or complete absence of CYP1A2 enzyme)
thus does not appear to alter the AHR-mediated Cyplal
up-regulation in the liver.

Another possible explanation as to why TCDD seques-
tration does not alter AHR-mediated up-regulation of
Cyplal has to do with the definition of “reversible” vs.
“relatively irreversible” binding of TCDD to CYP1A2. If
this binding is reversible, then the pool of “free TCDD” is
actually the same (area under the curve) in CyplaZ2+/+)
and CyplaZ2(—/—) mice, since this would be governed by
clearance. The actual shape of the “free TCDD” exposure
curve would be altered, however, during longer, more
sustained concentrations of free TCDD. On the other
hand, if CYP1A2 is involved in the irreversible clearance
(e.g. metabolism) of TCDD or other HAH, then the
binding becomes “irreversible” to an extent, and lower “free
TCDD” exposure will result.

Polymorphism of the Human CYP1A2 Gene

Human differences in hepatic CYP1A2 mRNA levels [30],
in hepatic CYP1A2 protein concentrations by Western
immunoblot [31], and in urinary metabolites of caffeine [32,
33] suggest that an important CYPIA2 gene polymorphism
likely exists. A trimodal distribution of the enzymatic
activity, as determined by urinary caffeine metabolites
(consistent with high/high, high/low, and low/low geno-
types), has been detected in four separate populations
(reviewed in ref. [34]). The genetic basis of this polymor-
phism has been extensively searched for (inside as well as in
the 5" and 3’ flanking regions of the human CYPIAZ2 gene),
but, to date, nothing has been found [35].

It is likely this human CYPIA2 polymorphism might
explain differences in risk of certain types of environmen-
tally induced cancer and toxicity. For example, it is possible
that, when exposed to identical levels of occupationally
hazardous HAHs, workers with genetically high hepatic
CYP1A2 levels might have a greater risk of HAH-induced
porphyria cutanea tarda than workers with genetically low
CYP1A2 levels. The data in this report, however, would
suggest that even striking differences in CYP1A2 enzyme
levels do not perturb the normal expression of the dioxin-
inducible Cyplal gene. These results are a necessary

* Linda S. Birnbaum, personal communication.

prelude to studies of experimental porphyria in these mouse
lines, which are currently underway.*
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