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Abstract
Human/rodent CYP1A1 and CYP1A2 orthologs are well known to exhibit species-specific
differences in substrate preferences and rates of metabolism. This lab previously characterized a
BAC-transgenic mouse carrying the human CYP1A1_CYP1A2 locus; in this line, human dioxin-
inducible CYP1A1 and basal vs dioxin-inducible CYP1A2 have been shown to be expressed
normally (with regard to mRNAs, proteins and three enzyme activities) in every one of nine mouse
tissues studied. The mouse Cyp1a1 and Cyp1a2 genes are oriented head-to-head and share a
bidirectional promoter region of 13,954 bp. Using Cre recombinase and loxP sites inserted 3′ of the
stop codons of both genes, we show here a successful interchromosomal excision of 26,173 bp that
ablated both genes on the same allele. The Cyp1a1/1a2(−) double-knockout allele was bred with the
“humanized” line; the final product is the hCYP1A1_1A2_Cyp1a1/1a2(−/−) line on a theoretically
>99.8% C57BL/6J genetic background—having both human genes replacing the mouse orthologs.
This line will be valuable for human risk assessment studies involving any environmental toxicant
or drug that is a substrate for CYP1A1 or CYP1A2.
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The human and mouse cytochrome P450 (CYP) gene superfamilies contain 57 and 102 protein-
coding genes, respectively; one of the 18 mammalian CYP families is CYP1, having three
members in both human and mouse—CYP1A1, CYP1A2, and CYP1B1 [1–3]. The CYP1A
and CYP1B subfamily ancestors diverged from one another probably more than 500 million
years ago; CYP1A2 arose as a gene duplication event from CYP1A1 about 450 million years
ago. Thus, land animals (including fowl) carry both CYP1A1 and CYP1A2; sea animals do not
have the CYP1A2 gene [4]. Accordingly, the CYP1A1 and CYP1A2 genes are located at human
chromosome 15q24.1, in head-to-head orientation, 23,306 bases from one transcription
initiation start-site to the other [5]. Of three mammalian genomes studied, estimates are that
about 10% of gene duplication pairs share bidirectional promoters [6]. The latest data from the
UCSC browser assembled by NCBI and the Mouse Genome Sequencing Consortium puts the
Cyp1a1 and Cyp1a2 genes on mouse chromosome 9 at cM 31.0, also in a head-to-head
orientation, 13,954 bases from one transcription start-site to the other. In contrast, CYP1B1 is
located on human chromosome 2p22.2, and Cyp1b1 (syntenic with human CYP1B1) is located
on mouse chromosome 17.
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Cyp1a1(−/−) [7], Cyp1a2(−/−) [8], and Cyp1b1(−/−) [9] knockout mouse lines have previously
been generated. Because of location on different chromosomes for the Cyp1a1_Cyp1a2 locus
and the Cyp1b1 gene, the Cyp1a1/1b1(−/−) and Cyp1a2/1b1(−/−) double-knockout lines were
easy to produce, and have been used in toxicity studies [10]. This lab discovered a
recombination “hot spot” in the human CYP1A1_CYP1A2 spacer region [5]. Therefore, we felt
it likely that a “hot spot” would also exist in the mouse Cyp1a1_Cyp1a2 bidirectional promoter,
which should aid us in creating the Cyp1a1/1a2(−) allele. Despite breeding the Cyp1a1(+/−)
× Cyp1a2(+/−) cross and genotyping several hundred offspring, however, our laboratory was
unable to identify any Cyp1a1/1a2(−) allele. The present study describes how we were
successful in generating the Cyp1a1/1a2(−/−) double-knockout mouse.

Human/rodent CYP1A2 orthologs are well known to exhibit species-specific differences in
the rates by which various substrates are metabolized [11]. For example, human and mouse
CYP1A2 differ by 3- to 7-fold in catalyzing ethoxyresorufin O-deethylation [12] and
uroporphyrinogen oxidation [13].

Using bacterial artificial chromosomes (BACs), we and others have been able to generate
“humanized” hCYP1A1_1A2 BAC-transgenic lines [5,14]. Studies have been carried out with
the hCYP1A1_1A2_Cyp1a1(−/−) line vs the hCYP1A1_1A2_Cyp1a2(−/−) line; for example,
these lines were used both for theophylline [15] and for the food mutagen 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) [14]. In both cases, human CYP1A2 was shown to be
responsible for the “human metabolite profile” in the absence of mouse CYP1A2.

Examining drug or carcinogen metabolism in the rodent, and then extrapolating results to
human populations, is therefore prone to error. It would be very much preferred if human
metabolism gene(s) could be inserted in place of the mouse orthologous gene(s). Studying the
hCYP1A1_1A2_ Cyp1a1(−/−) and hCYP1A1_1A2_Cyp1a2(−/−) lines separately is
cumbersome. It would be much better to have a mouse line carrying the human CYP1A1 and
CYP1A2 genes in the absence of both mouse orthologs. The present study reports generation
of such a mouse line.

Materials and methods
Mice

C57BL/6J (B6) and DBA/2J (D2) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). Creation of conventional [7] and conditional [16] Cyp1a1(−/−) knockout lines
has been described. Production of the Cyp1a1(−/−) [7], Cyp1a2(−/−) [8], and Cyp1b1(−/−)
[9] knockout mouse lines have been reported. Development of two “humanized”
hCYP1A1_1A2 BAC-transgenic lines have been detailed [5,14]. All experiments involving
mice were conducted in accordance with the National Institutes of Health (NIH) standards for
the care and use of experimental animals and the University of Cincinnati Institutional Animal
Care and Use Committee.

Treatment of the mice
Benzo[a]pyrene (BaP), dissolved in corn oil, was given daily in normal rodent chow at a dose
calculated to be 125 mg/kg/day [10,17,18]. Mice of five genotypes were sacrificed after 18
days on this diet. In some cases, mice were treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) (15 μg/kg i.p. 48 h), vs corn oil for untreated. At least three groups (N = 3 each time)
were studied to ensure reproducibility.
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DNA preparations and polymerase-chain reaction (PCR) analysis
DNA for PCR analysis was isolated from embryonic stem (ES) cells, or from a 5-mm tail
biopsy taken from mice on or before postnatal day 21, using previously described
methodologies [7].

Cre recombinase/loxP technology
Cre recombinase is an enzyme and loxP is a DNA recognition site, present in bacteriophage
P1 [19]. A loxP site represents 34 bases: inverted repeats of 13 bp, plus an 8-bp spacer sequence
that imposes directionality to the recombination event: same orientation results in excision;
opposite orientation, inversion [20]. Two loxP sites as far apart as 200 kb on the same
chromosome have been recognized by Cre recombinase, which then excised all DNA between
[21]. Successes at Cre-mediated interchromosomal recombination have also been reported—
in which two genes in tandem spanning 40 kb were removed [22], 45 exons spanning 108 kb
were excised [23], and nonhomologous chromosomes were joined to make novel chimeric
chromosomes [24–28].

Generation of the Cyp1a1/1a2(−) allele
To eliminate both Cyp1a genes on a single chromosome, we relied on Cre recombinase-
mediated interchromosomal recombination between loxP sites placed 3′ of the stop codon in
both genes (Fig. 1A). Previously, we had deleted the “floxed” (flanked by loxP sites) Cyp1a1
(f) coding sequence using Cre-mediated recombination (lines 2 and 4 of Fig. 1A); this included
a floxed HPRT minigene in intron 1 and a loxP site 187 bp 3′ of the termination codon in exon
7 [16]. Cre-mediated excision gave us the resultant floxed null allele, Cyp1a1(−), containing
only exon 1, a portion of intron 1, and one remaining loxP site 5′ of the distal 760 bp of the
exon 7 untranslated region (UTR) (line 4 of Fig. 1A).

Next, we generated the targeted Cyp1a2(t) allele containing a floxed PGK-NEO gene [29],
placed 350 bp 3′ of the stop codon, using standard gene-targeting techniques; the loxP site is
located 48 bp 3′ beyond the end of exon 7 (line 3 of Fig. 1A). We prepared a targeting construct
with a long arm for recombination encompassing 4429 bp of Cyp1a2 genomic sequence plus
48 bp of 3′-flanking sequence. This was followed by a floxed PGK-NEO gene [22] and then
by 1452 bp of 3′-flanking sequence for the short arm. Outside the 3′ Cyp1a2 homology arm,
we placed the HSK-TK negative-selection cassette [30]. All targeting vector sequences were
assembled in Bluescript SK(−). The targeting vector was linearized by cutting 4 bp downstream
of the HSV-TK cassette. Following chloroform extraction and ethanol precipitation, this
construct was used to electroporate ES cells derived from 129S6/SvEvTac mice [31]. ES cells
were selected by using G418 and ganciclovir, and resistant colonies were harvested as
described [31]. DNA was prepared from individual colonies and screened by PCR, using two
primer sets. One set amplified a fragment of 1617 bp, using primer A in the PGK-NEO gene
and primer B immediately downstream of the 3′-most Cyp1a2 sequence that was present in the
targeting construct. These primer sequences are:

A: 5′-TCCTCTTGAAAACCACACTGCTCGAC-3′

B: 5′-GATTAGCTGATGGGTGTGTCTATGGG-3′

PCRs included 35 cycles, with initial denaturation at 94 °C for 3 min, followed by cycling at
94 °C for 30 s, 60 °C for 40 s, and then 72 °C for 3 min and 45 s. The second PCR amplified
a fragment of 5050 bp, using primer C in the PGK-NEO gene and primer D just upstream of
the 5′-most Cyp1a2 sequence that was present in the targeting construct. These primer
sequences are:

C: 5′-TGGCTACCCGTGATATTGCTGAAGAG-3′
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D: 5′-TAACCCACATCACCGCCAGAGAAATG-3′

PCR conditions were the same as above, except the annealing times were 60 s, and extension
times were 6 min.

ES colonies positive for both PCRs were considered “targeted”. Several colonies were
expanded and used for injecting into B6 blastocysts, as previously described [7,8,20,31]. Coat-
color chimeric mice were bred with B6 mice, and agouti offspring were screened by PCR for
the targeted Cyp1a2(t) allele.

Cyp1a2(+/t) heterozygotes were mated with Cyp1a1(+/−) heterozygotes that also carried the
universal deleting CAGGS-CRE gene [32,33]. CAGGS-Cre is a Cre recombinase-expressing
transgene driven by a globally expressed Actb (β-actin) promoter, which can function
developmentally as early as the fertilized ovum [32]. Mice with the genotype Cyp1a1(+/−)/
Cyp1a2(+/t)/CAGGS-CRE(+/−) were identified using PCR, and these mice were then bred
with B6 mice. To detect Cre recombinase-mediated interchromosomal recombination between
the loxP sites 3′ beyond the stop codons of the Cyp1a1 and Cyp1a2 genes (bottom line of Fig.
1A), we used PCR and a primer set in which each primer was 3′ of the loxP site of its respective
Cyp1a gene (Fig. 1A). The sequence of these primers, which also have been used subsequently
to genotype the Cyp1a1/1a2(−) double-knockout allele, are:

E: 5′-GACATAGGAGCTACCTACAC-3′ (3′ of loxP site of Cyp1a2)

F: 5′-GTCAAAGTAACCAGACACATCCTGC-3′ (3′ of loxP site of Cyp1a1)

The Cyp1a1/1a2(−) allele was backcrossed for 10 generations onto a B6 background, after
which the Cyp1a1/1a2(+/−) mice (now theoretically on a >99.8% B6 background), were
intercrossed to generate the homozygous Cyp1a1/1a2(−/−) mouse line. For Cyp1(+/+) wild-
type mice, the B6 inbred strain can therefore be used [10,18].

Production of the hCYP1A1_1A2_Cyp1a1/1a2(−/−) mouse line
We previously had isolated a 180-kb BAC containing the human CYP1A1_CYP1A2 locus—
including the 23.3-kb spacer region, ∼90 kb of CYP1A2 3′-flanking region and ∼53 kb of
CYP1A1 3′-flanking region [5]. By zygotic pronuclear microinjection, one copy of the BAC
was introduced into (B6D2)F1 oocytes, and the hCYP1A1_1A2 allele was then backcrossed
for 10 generations onto a B6 background. This “humanized” hCYP1A1_1A2 line, theoretically
on a >99.8% B6 background, had been bred separately with Cyp1a1(−/−) or Cyp1a2(−/−) mice.
By Northern hybridization, Western immunoblot analysis, and three enzyme assays, human
dioxin-inducible CYP1A1 and both human basal and dioxin-inducible CYP1A2 levels of
expression (mRNA, protein, and enzyme activity)—in every one of nine tissues examined—
paralleled very closely those seen with the mouse homologs [5]. The hCYP1A1_1A2(+/−)
mouse, containing one copy of the human BAC, was bred with the Cyp1a1/1a2(−/−) mouse
(described above), to produce the hCYP1A1_1A2_Cyp1a1/1a2(−/−) mouse line.

Real-time quantitative PCR (Q-PCR), Western immunoblot, and BaP toxicity studies
Daily treatment of mice with oral BaP for 18 days, TCDD or corn oil treatment for 48 h, total
RNA preparation, reverse transcription, Q-PCR analysis, microsomal protein immunoblots,
determinations of the alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
plasma enzymes, and histology of peripheral blood were performed—as described previously
[10,18].
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Results and discussion
Generation of the hCYP1A1_1A2_Cyp1a1/1a2(−/−) line

The Cyp1a1/1a2(−) double-knockout allele could perhaps have been generated by
conventional gene-targeting techniques, using a construct in which both alleles lack function;
however, the size of the Cyp1a1_1a2 locus is too bulky to be accommodated in a plasmid-
based cloning vector—without deleting a large portion of the two-gene locus, which might
negatively affect the targeting frequency. An alternative approach to ablating both genes
separately was to use Cre recombinase to effect an interchromosomal recombination.

Fig. 1A illustrates the successful generation of the Cyp1a1/1a2(−) allele. Fortunately, the
Cyp1a1(−) null allele [7] (including position and orientation of the one remaining loxP site)
was tailor-made for using in our interchromosomal deletion strategy (Fig. 1A, line 4). From
tail DNA of Cyp1a1(+/−)/Cyp1a2(+/t)/CAGGS-Cre(+/−) mice, we detected by PCR the
interchromosomal recombination of Cyp1a1(−) with the loxP-tagged Cyp1a2 allele to produce
the Cyp1a1/1a2(−) allele (Fig. 1B). We also detected the presence of the intact Cyp1a1(−)
allele and the Cyp1a2(t) in which the PGK-NEO had been deleted; this suggests that
interchromosomal recombination occurred late in development and perhaps was still occurring.
We next backcrossed Cyp1a1(+/−)/Cyp1a2(+/t)/CAGGS-Cre(+/−) mice into B6 mice and
identified the Cyp1a1/1a2(−) allele in offspring, using antisense primers (PCR product of 353
bp; Fig. 1B) in the 3′-UTR of Cyp1a1 and 3′-flanking region of Cyp1a2. The Cyp1a1/1a2
(−) allele was found in offspring, independent of inheritance of the CAGGS-CRE transgene
(not shown), suggesting germ line inheritance; this result was confirmed further by our
observing normal Mendelian transmission of the Cyp1a1/1a2(−) allele in F1 offspring (not
shown). Compared with expected frequencies, we found that the observed frequency of
interchromosomal recombination was statistically not significantly different from that of
intrachromosomal recombination (i.e., between 80% and 100%). To propagate the Cyp1a1/1a2
(−) allele, we used offspring that did not possess the CAGGS-CRE transgene. Taken together,
we conclude that Cre-mediated interchromosomal excision of 26,173 bp was successful and
resulted in a Cyp1a1/1a2(−) double-knockout allele—lacking all of the Cyp1a2 gene plus 48
bp of its 3′-flanking region, the entire spacer region, and all but the last 760 bp of Cyp1a1 exon
7 (last line of Fig. 1A). It should be noted that, when the interchromosomal recombination
occurs, there is a reciprocal Cyp1a2 gene duplication on the chromosome other than that shown
(last line of Fig. 1A).

Levels of mRNA in liver and intestine
In all cases, basal vs TCDD-maximally induced levels of mRNA (or protein) were compared
with that in mice receiving oral BaP for 18 days. In liver, comparing oral BaP with TCDD
treatment (Fig. 2, upper left), mouse CYP1A1 mRNA was extremely low in Cyp1(+/+) and
Cyp1a2(−/−) and not detected in Cyp1a1(−/−), Cyp1a1/1a2(−/−) or
hCYP1A1_1A2_Cyp1a1/1a2(−/−) mice. Mouse CYP1A2 mRNA was also very low in oral
BaP-treated Cyp1(+/+), compared with that after TCDD treatment. The same trend was seen
for human CYP1A1 but not human CYP1A2 mRNA (Fig. 2, lower left) or mouse CYP1A2
mRNA in Cyp1a1(−/−) mice (Fig. 2, left, second panel).

In small intestine (Fig. 2, upper right), mouse CYP1A1 mRNA was induced to similar high
levels in either oral BaP- or TCDD-treated Cyp1(+/+) and Cyp1a2(−/−) but not detected in
Cyp1a1(−/−), Cyp1a1/1a2(−/−) or hCYP1A1_1A2_Cyp1a1/1a2(−/−) mice. Mouse CYP1A2
mRNA was not detected in Cyp1a2(−/−), Cyp1a1/1a2(−/−) or hCYP1A1_1A2_Cyp1a1/1a2
(−/−) mice. Curiously, mouse CYP1A2 mRNA levels in Cyp1(+/+) and Cyp1a2(−/−) mice
were about five times higher after oral BaP treatment than after TCDD treatment. The same
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magnitudes of change were also seen with the human CYP1A1 and CYP1A2 mRNAs,
respectively (Fig. 2, lower right) in the hCYP1A1_1A2_Cyp1a1/1a2(−/−) line.

Any precise comparison of mRNA levels between liver and small intestine cannot be made,
because the common denominator used was β-actin mRNA, whose levels might differ between
liver and small intestine; moreover, the efficiency of a PCR is dependent on primers used and
the mRNA being measured. Detailed kinetics of oral BaP-induced CYP1A1 and CYP1A2
levels will be addressed in a subsequent publication; briefly summarized, we have found that
both intestinal and hepatic CYP1A1 and CYP1A2 of Cyp1(+/+) mice become highly induced
within the first 12–48 h, after which hepatic CYP1A1 and CYP1A2 levels return towards that
seen in untreated wild-type mice, whereas CYP1A1 and CYP1A2 in the small intestine remain
highly induced—because of the daily intake of oral BaP. It seems clear that induced CYP1A1
(and CYP1B1; see below) levels in the small intestine are so efficient at BaP metabolism and
clearance, that substantial amounts of BaP no longer reach liver and therefore the inducing
effects are lost.

We found a small but significant increase of CYP1B1 mRNA levels in both the liver and small
intestine of untreated Cyp1a1(−/−) and Cyp1a1/1a2(−/−) mice (not shown). On the other hand,
the total level of CYP1B1 mRNA in liver and intestine was very low, i.e., never more than 5–
10% of CYP1A1 mRNA levels. These results suggest that the genetic absence of CYP1A1 in
mouse liver and intestine results in a compensatory increase in basal CYP1B1 expression.

Levels of protein in liver and intestine
In the liver and intestine of oral BaP- (Fig. 3A) vs TCDD-treated mice [5,15], mouse CYP1A1
and CYP1A2 protein levels in Cyp1(+/+), Cyp1a1(−/−), and Cyp1a2(−/−) mice––as well as
human CYP1A1 and CYP1A2 protein levels in hCYP1A1_1A2_Cyp1a1/1a2(−/−) mice––were
remarkably similar, in all instances, to the mRNA levels measured by Q-PCR (Fig. 2). These
data indicate that posttranslational stabilization is not a major contributory factor in
determining the ultimate level of enzyme activity, but rather that protein levels closely reflect
mRNA levels for the two mouse genes and the two human genes in these mice.

As we had previously found [5], it is difficult to resolve the human CYP1A1 and CYP1A2
proteins [5]; in fact, both of these bands run in the gap between mouse CYP1A1 and CYP1A2.
The antibody used here was raised against rat CYP1A1/1A2, and therefore is expected to react
better with mouse than with human CYP1A1/1A2 proteins. Consequently, no direct
quantifiable comparisons can be made between the mouse CYP1A and human CYP1A levels
in Fig. 3A.

CYP1B1 levels in liver and intestine
In the liver of all genotypes after 18 days of oral BaP (Fig. 3B, left), CYP1B1 protein was
virtually undetectable. In the proximal small intestine (Fig. 3B, right), however, CYP1B1
protein was detectable in Cyp1(+/+) and Cyp1a2(−/−) mice and highly induced in Cyp1a1(−/
−), Cyp1a1/1a2(−/−), and hCYP1A1_1A2_Cyp1a1/1a2(−/−) mice. These data suggest that the
absence of mouse CYP1A1 causes a striking BaP-mediated induction of CYP1B1 protein in
the small intestine. The presence of human CYP1A1 (Fig. 3B, last lane) does not completely
return CYP1B1 protein levels in the intestine to that seen in the presence of mouse CYP1A1.

Oral BaP toxicity studies
Cyp1(+/+) mice are able to survive more than a year on a diet of oral BaP at 125 mg/kg/day;
in fact, they live even slightly longer than Cyp1(+/+) mice receiving no BaP in their diet
[17]. In contrast, Cyp1a1(−/−) mice become sickly and die between 28 and 34 days––due to
severe immunosuppression as well as toxic chemical depression of the bone marrow [10,18].
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These findings strongly suggest that CYP1A1 (in intestine and/or liver) is more important in
detoxication than in metabolic activation of daily oral BaP. A large BaP body burden was found
in Cyp1a1(−/−) and Cyp1a1/1a2(−/−) animals (Table 1), but not in Cyp1(+/+), Cyp1a2(−/−)
or hCYP1A1_1A2_Cyp1a1/1a2(−/−) mice. Increased liver size (sign of chronic AHR
activation) was seen in Cyp1a1(−/−) but not in Cyp1(+/+), Cyp1a2(−/−) or Cyp1a1/1a2(−/−)
mice. Does the absence of CYP1A2 override the BaP effect when CYP1A1 is ablated?
Surprisingly, an increased liver size was also exhibited by hCYP1A1_1A2_Cyp1a1/1a2(−/−)
mice. Decreased spleen and thymus size, elevated ALT and AST levels, and leukocytopenia
(signs of immunosuppression) were found in Cyp1a1(−/−) and Cyp1a1/1a2(−/−) mice (Table
1), compared with that in Cyp1(+/+), Cyp1a2(−/−), and hCYP1A1_1A2_Cyp1a1/1a2(−/−)
mice. These findings indicate that substitution of the human CYP1A1 and CYP1A2 enzymes
in place of the mouse orthologs is able to return the phenotype of the Cyp1a1/1a2(−/−) double-
knockout line back to approximately that of the wild-type.

Conclusions
There are two major breakthroughs in this study. First, although the Cyp1a1 and Cyp1a2 genes
are in close proximity to one another (13,954 bp), we have succeeded in generating the
Cyp1a1/1a2(−) allele via a Cre recombinase-mediated interchromosomal excision; this
activity removed all of the Cyp1a2 gene and all but the last 760 bp in the UTR of exon 7 of
the Cyp1a1 gene. Second, by way of further breeding, we have generated the humanized
hCYP1A1_1A2_Cyp1a1/1a2(−/−) line, in which both mouse Cyp1a genes have been replaced
by both human CYP1A genes. Both the Cyp1a1/1a2(−/−) double-knockout and this humanized
line are viable, fertile, and show normal longevity. Herein we have demonstrated the presence
of human CYP1A1 and CYP1A2 mRNAs and proteins, and absence of mouse CYP1A1 and
CYP1A2 mRNAs and proteins; presence of human CYP1A1 and CYP1A2 mRNAs, proteins
and enzyme activities in the hCYP1A1_1A2 line were also shown previously [5,15].

Although the human CYP1A1 in place of mouse CYP1A1 only partially “rescues” the animal
from oral BaP-induced immunosuppression, it appears that human CYP1A1 does as well as
its mouse counterpart in eliminating BaP (Table 1). In liver oral BaP-induced human CYP1A1
is as high as mouse CYP1A1; this conclusion is counter to the toxicological data, showing
systemic effects of BaP in the humanized mice. The thymus is smaller, and the liver larger, in
the hCYP1A1_1A2_Cyp1a1/1a2(−/−) line, compared with the Cyp1(+/+) wild-type. Also,
plasma AST (perhaps a measure of peripheral toxicity) is significantly higher. The
aforementioned toxicity and induction of CYP1A1 are seemingly at odds with the low BaP
found in the bloodstream of the humanized mice. Is the human CYP1A1 as good as the mouse
CYP1A1 in detoxication? Perhaps the human relies on liver for detoxication more so than the
mouse, whereas the mouse might rely more on intestinal CYP1A1 than the human. Future
studies will address these questions.

The hCYP1A1_1A2(+) transgene, combined with the Cyp1a1/1a2(−) double-knockout allele,
has been backcrossed 10 times into the B6 genetic background, resulting in mice that
theoretically contain >99.8% B6 genes. We believe that this newly developed
hCYP1A1_1A2_Cyp1a1/1a2(−/−) line will be convenient to use, and invaluable to researchers
carrying out human risk assessment studies—involving any drug or environmental toxicant
that is a substrate for CYP1A1 or CYP1A2. Upon publication of this report, this line will be
made commercially available by The Jackson Laboratories as soon as reasonably possible.

We are also backcrossing the hCYP1A1_1A2_Cyp1a1/1a2(−/−) genotype 10 times into the D2
genetic background. Given the fact that the human poor-affinity AHR resembles more closely
the poor-affinity AHR of D2 mice (rather than the high-affinity AHR of B6 mice) [2,3], this
future line (expected to be completed within two more years) could provide the investigator
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with answers to questions that studies in the humanized line, characterized herein, might not
be able to answer. The line having the hCYP1A1_1A2_Cyp1a1/1a2(−/−) genotype in the
presence of theoretically >99.8% D2 genes will also be made commercially available by The
Jackson Laboratories as soon as possible.
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Fig. 1.
(A) Generation of the floxed Cyp1a1(f) allele, the targeted Cyp1a2(t) allele, and the Cre-
mediated interchromosomal excision (dotted red line) between the Cyp1a1(−/−) null allele and
the loxP-tagged Cyp1a2 allele. Cyp1a2 exons are shown in blue; Cyp1a1 exons are shown in
green. All exons and introns are drawn to scale (Cyp1a1 exon 2 is 851 bp). All loxP sites (and
their orientation) are shown as red arrowheads. HPRT, hypoxanthine-guanine
phosphoribosyltransferase minigene used as selection marker. NEO, phosphoglycerate kinase-
driven neomycin (PGK-NEO) minigene used as selection marker. For reason of clarity, most
of the 13,954 bp 5′-flanking spacer region shared by both genes is omitted. (B) Confirmation
of the Cyp1a1/1a2(−) allele: as expected, a 353-bp PCR fragment is generated (lane 1),
compared with no such fragment for the loxP-tagged Cyp1a2 allele, the Cyp1a1(−) null allele,
or the wild-type allele (lanes 2–4). The 100-bp ladder of markers is shown in far right lane.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this paper.)

Dragin et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 August 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Q-PCR analysis of mouse CYP1A1 and CYP1A2 (top two panels) and human CYP1A1 and
CYP1A2 (lower two panels) mRNA in liver (left) and proximal small intestine (right) from
the five genotypes under study. Untreated, TCDD-treated, and oral BaP-treated mice are
shown. The estimated mRNA levels are expressed as relative amounts after normalization to
β-actin mRNA; note these levels on the ordinates vary dramatically––from 0.003 to 80. N = 3
per group. *[with bracket], absolutely not detected at all, which is to be expected due to the
global genetic ablation of that particular gene.
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Fig. 3.
Western immunoblot analysis. (A) Mouse or human CYP1A1 and CYP1A2 proteins in the
liver (top row) and proximal small intestine (lower row) from the five genotypes under study.
The human CYP1A1 and CYP1A2 proteins migrate between that of the mouse CYP1A1 and
CYP1A2 proteins [5]. The same regimen (oral BaP-treated) was employed. The rabbit
polyclonal anti-rat CYP1A1/1A2 antibody (Daiichi Pharmaceuticals Co. Ltd., Tokyo) was
used; this antibody recognizes both mouse and human CYP1A proteins. (B) Mouse CYP1B1
protein in liver (left) and intestine (right) of the oral BaP-treated mice. Liver and intestine
CYP1B1 levels in Cyp1a2(−/−) mice (not shown) exhibited levels similar to that in Cyp1(+/
+) mice. A rabbit polyclonal anti-mouse CYP1B1 antibody was developed in our laboratory,
in collaboration with Alpha Diagnostic International (San Antonio, TX); this antibody
recognizes both mouse and human CYP1B1 protein. Each lane was loaded with 0.25 and 10
μg microsomal proteins for liver and small intestine, respectively. The reason for the faster-
moving band in this doublet is not known, but might represent mitochondrial CYP1B1 protein
contamination [34] of the small intestine microsomes.
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