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ABSTRACT Cytochromes P-450 represent a superfamily
of enzymes with a central role in the metabolism of drugs,
chemical toxins, and carcinogens. We have used genetic anal-
ysis to establish the complexity and catalytic function of a
recently identified constitutively expressed murine hepatic
cytochrome P-450 encoded by P450-2C. Southern blotting
analysis shows that there are at least seven or eight genes
within this family in the mouse and rat and that DNA
restriction fragment length variants between different mouse
inbred strains are observed. Analysis of recombinant inbred
strains derived from these parent strains shows (i) these genes
are clustered within 1 centimorgan, (it) this gene family does
not correspond to any of the known cytochrome P-450 loci or
map near any well-characterized genomic markers, and (iii)
this gene family segregates to within 1-2 centimorgans of a
locus controlling constitutive aryl hydrocarbon hydroxylase
activity in mice. With use of Chinese hamster/mouse somatic
cell hybrids, the P450-2C locus was assigned to a region of
mouse chromosome 19 that appears to be syntenic with the
previously mapped human P450C2C locus on human chromo-
some 10. By in situ hybridization to mitotic mouse chromo-
somes, we have localized this region to the tip of chromosome
19. These results are discussed in relation to the physiological
roles of this P-450 family in foreign compound metabolism and
steroid oxidations.

The mammalian P-450-dependent monooxygenases have a
variety of roles ranging from the biosynthesis of steroid
hormones, bile acids, and 1,25-dihydroxyvitamin D3 to the
metabolism of foreign compounds (1). Those enzymes in-
volved in the synthesis of hormones and bile acids are
specific in their function (2). The enzymes involved in
foreign compound metabolism have broad substrate speci-
ficities and will also catalyze the metabolism of hormones
and fatty acids. Several gene families belonging to the latter
group of proteins have been identified (3, 4), and many of
these contain a large number of genes. The duplication and
expansion of this enzyme system appears to have provided
an important selective advantage based on an increased
ability to metabolize and excrete potentially harmful chem-
icals within our environment. The cytochrome P-450 system
is complex both because of its multiplicity and also because
of the mechanism of regulation of forms within a particular
tissue (5).

This system is polymorphic in humans, and a variety of
genetically determined differences in cytochrome P-450-
mediated metabolism have been implicated in a number of
pharmacogenetic responses (6-8). By inference these meta-
bolic differences may also serve as markers for altered
susceptibility to environmental toxins and carcinogens
(9-12). In epidemiology studies polymorphic P-450 expres-
sion has been related to chemical-induced lung and liver
cancer (9, 13) and steroid hormone-related cancer(s), which
include breast, cervix, and endometrium (14).
One of the outstanding questions is to establish the roles of

constitutively expressed cytochromes P-450 relative to those
that are expressed only after exposure to chemical-inducing
agents in these diseases. Cytochrome P-450 PB-1 is consti-
tutively expressed at high levels in rodent liver and is
marginally induced by the xenobiotic phenobarbital (15, 16).
An equivalent P-450 that is polymorphic in humans (17) is
involved in the metabolism of mephenytoin, an anticonvul-
sant (18). PB-1 is encoded by a member of the P450-2C gene
family (4). In this report we have used a genetic approach to
establish some of the functions and the chromosomal orga-
nization of the P450-2C gene family in mice.

MATERIALS AND METHODS
Animals and Cell Lines. Outbred Wistar and DA rats were

used in this study. 020, STS, GRS, and AKR/Fu strains
were from The Netherlands Cancer Institute (Amsterdam).
Except for the CBA/Ca strain from the Western General
Animal Unit (Edinburgh), the remaining strains were from
both the Western General Animal Unit and The Jackson
Laboratory. No subline differences were observed. CD mice
were a gift of S. D. M. Brown (St. Mary's Medical School,
London). Chinese hamster/mouse somatic cell hybrids were
isolated and characterized as described by Hilkens et al.
(19).

Isolation of DNA and Restriction Endonuclease Analysis.
DNA was isolated from progenitor strains as described by
Hill et al. (20). Chinese hamster/mouse somatic cell hybrid
DNA was isolated as described by Hilkens et al. (19).
Recombinant inbred (RI) mice DNAs from the BXD,
AKXL, and BXH series were purchased from The Jackson
Laboratory, RI mouse DNAs from the OXA and BXC series
were obtained from The Netherlands Cancer Institute. Re-

Abbreviations: AHOHase, aryl hydrocarbon hydroxylase; RI,
recombinant inbred; cM, centimorgan.
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striction digests were carried out as recommended by the
commercial supplier. Digested DNA was fractionated elec-
trophoretically on 0.8-1.0% agarose gels, and the DNA was
transferred to nitrocellulose or Hybond-N (Amersham) filter
as described by Southern (21).

Preparation of Probes and Hybridization Analysis. The
P-450f rat liver cDNA clone pTF-1, coding for a member of
the PB-1 family, has been described previously (22). The
mouse cDNA clones were isolated by screening a DBA/2J
male liver cDNA library (Clontech, Palo Alto, CA) with
32P-labeled pTF-1 insert (23). Three clones were used in the
present analysis: pM8-1 encoding the 3' end of the mouse
PB-1 cDNA, as demonstrated by restriction mapping and by
probing a set of reference plasmids with the pM8-1 insert,
pPB5-21, and pPB3-15. Clones pPB5-21 and pPB3-15 are
nearly full-length PB-1 cDNAs. Probes were labeled by
random priming (24) and hybridized to Southern blots as
described by Hill et al. (20). Blots were washed at 68°C in
0.30 M NaCl/0.03 M sodium citrate. In the case of somatic
cell hybrid DNA blots, these were washed at 68°C in 0.015 M
NaCI/0.0015 M sodium citrate.
Chromosome Preparation. Somatic chromosome prepara-

tions from the bone marrow of male and female CD mice
were made by a modification of the procedure of Ford and
Hamerton (25). G-banded karyotypes were constructed after
the trypsin-banding of Gallimore and Richardson (26).

In Situ Hybridization. The preparation and analysis of
tritiated pPB3-15 cDNA clones hybridized to mouse meta-
phase spreads was as described (27).

Aryl Hydrocarbon Hydroxylase (AHOHase) Assays. AHO-
Hase activity was determined fluorimetrically on mouse
liver homogenates using benzo[a]pyrene as a substrate (28).
Six to 10 animals were used per determination.

RESULTS

Genomic Complexity of P-450 PB-i-Related Sequences and
Identification of Restriction Fragment Length Variants.
Southern blots of mouse and rat genomic DNAs probed with
a rat P-450 PB-1 clone, pTF-1, revealed a complex pattern of
hybridization with up to 25-30 bands representing 150-200
kilobases (kb) ofDNA (Fig. 1). The pattern of hybridization
between the rat and mouse DNA was very similar, indicating
the presence of several related genes in both species (Fig. 1,
lanes A and B versus lanes D-G). Gene counts with 5' and 3'
PB-1 cDNA probes identified a minimum of seven or eight
genes for the PB-1 gene family in rodents (data not shown).
Most of the inbred strains examined could be classified as

possessing one of three DNA haplotypes designated P450-
2Ca, P450-2Cb, and P450-2CC (Table 1, Fig. 1). Using the
pTF-1 probe Sst I gave the largest number of variant
fragments between the three haplotypes, the most common
haplotype being P450-2C. The four strains of haplotype
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FIG. 1. Southern blot analysis of
Sst I digests of genomic DNA (5 ,g)
from inbred mouse strains. The blot
was probed with 32P-labeled rat PB-1
cDNA (pTF-1 plasmid DNA). Lanes:
M, sizes in kb of marker fragments (A
phage HindIII fragments); A, DA rat;
B, Wistar rat; C, 129 mouse; D,
C3H/He mouse; E, AKR mouse; F,
C57/L mouse; and G, DBA/2 mouse.

Table 1. Distribution of P450-2C haplotypes in inbred
mouse strains

Haplotype Inbred strains

a C57BL/6J, C57BL/10, C57L
b DBA/2J, C3H/HeJ, 020, CBA/Ca
c AKR, AKR/Fu, BALB/c, 129, STS, GRS

P450-2Cb differed from strains of haplotype P450-2CC in two
variant fragments (Fig. 1, lane D versus lane C). P450-2Ca
haplotype differed from P450-2CC and P450-2Cb haplotypes
with respect to a minimum of nine different fragments (Fig.
1, lane F versus lanes G and E). Additional restriction
fragment length variants were detected between the hap-
lotypes when shorter 3' mouse and rat 5' PB-i P-450 cDNA
clones were used as probes to BamHI, HindIII, and Msp I
digests of mouse strain DNAs (data not shown). None of the
P450-2CC variants were shared by P450-2Ca or P450-2Cb,
suggesting that these haplotypes are not recombinants. No
substrain differences were observed for mouse strains from
the different mouse facilities.
Genomic Organization of P450-2C. RI mouse strains were

used to determine the relative chromosomal location and
organization of the members of the PB-1 gene family. The
BXD series of mouse strains was initially used, as it has been
extensively characterized with chromosomal markers and
contains the largest number of independent strains. The 26
strains analyzed showed the inheritance of either the
C57BL/6J (P450-2Ca) or DBA/2J (P450-2Cb) progenitor
haplotype. No intermediate patterns were observed (Table
2), which demonstrates that the PB-1 genes map to a single
chromosome and are present as a large cluster, the outer-
most variant fragments of which are within 4.1 centimorgans
(cM) of each other (95% confidence limit). This genetic locus
was designated P450-2C in accordance with the new cyto-
chrome P-450 nomenclature (4). Comparison of the strain
distribution pattern obtained with those markers previously
mapped showed that P450-2C was not tightly linked to any of
the known genomic loci including the Pcn and Coh P-450
loci. Loose linkage (20 of 26 strains) was however observed
to the Xmmv-25 locus on chromosome 12 (29).

Table 2. RI strains inheritance of P450-2C restriction
fragment variants

Progenitor DNA
RI strain Series no. pattern

AKXL 5, 9, 12, 21, 24, 29, 37, 38 A
6, 7, 8, 13, 14, 16, 17, 19, 25, 28 L

BXD 2, 5, 9, 12, 13, 14, 15, 16, 18, 22, B
24, 25, 27, 28, 29, 30, 31
1, 6, 8, 11, 19, 20, 21, 23, 32 D

BXH 3, 4, 6, 9,12, 14 B
2, 7, 8, 10, 11, 19 H

CXB D, J, K, N, 0, P C
E,G,I,L,Q,R B

OXA A, B, F, G, I, M, N 0
C, D, E, J, K, L A

Determined with pM8-1 only. DNAs from five sets of RI strains
were digested with restriction enzymes, Southern blotted, and
probed with pTF-1 and pM8-1. The progenitor of the various sets are
as follows. AKXL (AKR x C57L), BXD (C57BL/6J x DBA/2J),
BXH (C57BL/6J x C3H/HeJ), CXB (BALB/c x C57BL/6J), and
OXA (020 x AKR/Fu). Italic letters A, B, C, D, H, L, and 0
denote the inherited progenitor DNA pattern from AKR, C57BL/6J,
BALB/c, DBA/21, C3H/HeJ, C57L, and 020/A, respectively. The
restriction enzymes used to type the various RI strains were as
follows. Sst I (AKXL, BXD, BXH, CXB, and OXA), HindIII
(AKXL, BXD, BXH, CXB, and OXA), BamHI (BXH), Msp I
(BXH), and Taq I (BXD).
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Possible linkage for the P450-2C locus was further inves-
tigated by using the RI series of strains AKXL, BXH, CXB,
and OXA. In the AKXL RI strains (Fig. 2), as well as the
BXH, OXA, and CXB series, no intermediate haplotype
pattern was observed. This provides further evidence that
P450-2C exists as a clustered array. Again no tight linkage
was found with any known genomic markers including the
P450-1 locus on chromosome 9 (30).

Linkage Between P450-2C and Constitutive AHOHase Ac-
tivity. The AKR/J progenitor strain has a higher constitutive
hepatic AHOHase activity than those of the C57L and
C57BL/6 strains (28). This difference in AHOHase activity
is heritable, and a strain distribution pattern was obtained for
the AKXL series (Table 3). This segregation pattern showed
tight linkage (17 of 18) with the P450-2C locus, the only
discordance being in the AKXL38 strain. In spite of the use
of a number of restriction enzymes as well as different PB-1
cDNA clones, no recombination within the P450-2C locus in
the AKXL38 strain was observed. The genetic distance be-
tween the P450-2C and the constitutive AHOHase activity is
1.5 cM, and the 95% confidence limits are 0.04 to 11.6 cM
(31).
Nonlinkage Between P450-2C and Candidate Functions.

The oxidative metabolism of estradiol is mediated by cyto-
chrome P-450 (1). A correlation between high circulating
16a-hydroxyestradiol levels in vivo and the incidence of
breast tumors has been reported in humans (14) and mice
(10). In C3H/HeJ mice the extent of estrogen 16a-hydroxy-
lation is increased relative to C57BL/6J mice. This differ-
ence has been shown to be heritable, and a segregation
difference pattern was established for the BXH series of RI
strains (10). No linkage was observed between the P450-2C
locus and the reported segregation difference pattern for this
activity. The P450-2C locus is not linked with either the
epoxidation of the hepatocarcinogen aflatoxin B1 (32) or the
induction of liver tumors by N-ethyl-N-nitrosourea (33).
Chromosomal Localization of P450-2C Locus. Somatic cell

hybrid DNAs from Chinese hamster mouse fusions were
used to determine the chromosomal location of P450-2C. To
facilitate these studies, two mouse PB-1 cDNA clones were
isolated from a male DBA/2J liver library to improve detec-
tion of mouse sequences on a Chinese hamster background.
Partial sequencing and mapping to a set of PB-1 cDNA
plasmids showed that the first probe, pM8-1, contains 650
base pairs corresponding to the 3' end of the PB-1 mRNA.
This clone was shown to be part of the P450-2C locus by
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FIG. 2. Southern blot analysis of Sst I digests of genomic DNA
(5 ,ug) from AKXL mouse strains and their progenitors. The blot
was probed as in Fig. 1.

Table 3. Inbred strains distribution of constitutive liver
AHOHase activities and P450-2C in AKXL RI series
AKXL
RI

series
no.

5
6
7
8
9

12
13
14
16
17
19
21
24
25
28
29
37
38

AHOHase activity,*
nmol/g of tissue

per min

42.5 ± 3.9
21.1 ± 1.8
24.4 ± 1.6
21.8 ± 2.0
30.4 ± 1.9
32.0 ± 2.9
24.4 ± 1.5
22.7 ± 0.9
19.0 ± 1.1
23.0 ± 1.3
21.6 ± 1.0
28.0 ± 2.6
34.8 ± 4.4
22.2 ± 1.7
19.9 ± 1.6
29.8 ± 2.4
34.4 ± 2.1
30.4 ± 1.4

Genotypest
A
L
L
L
A
A
L
L
L
L
L
A
A
L
L
A
A
A

Progenitor P450-2C
DNA pattern

A
L
L
L
A
A
L
L
L
L
L
A
A
L
L
A
A

X L
*Mean + SEM.
tDetermined by concentration of AHOHase. A and L refer to the
pattern observed for the parental AKR/J and C57L/J strains,
respectively. The "X" represents an apparent recombination event
that occurred between the two loci.

mapping it in the RI strains. This analysis gave 100%6
concordance with P450-2C. A comparison of the segregation
of P450-2C in the mouse-Chinese hamster hybrids (n = 24)
with a set of chromosomal markers shows concordance with
Got-i on chromosome 19 (Table 4). Further studies with the

Table 4. Segregation of P450-2C with Got-i in
mouse-hamster hybrids

Hybrid

EGR2/1
EGR7F/1
EGR13/1
EGR17BL/1
EGR23F/1
EGR25K/1
EGR30K/1
EMT3C/2
EMT3F/1
EMT6Cl/1
EMT12C/0
EMT13Dl/0
EMT18BlA/1
EMT31F/1
EMT32C2/1
EMT33D3A/1
EMT36F/1
EMT37Al/0
EMT37A4/0
EMT40F/1
EMT4OF2/1
EMT25ElB/1
EMT6E4C/1
EMT6E6B/1

P450-2C Got-i

+
+

+

+
+
+

+
+
+
+

+
+

+

+
+

+

+
+
+

+
+
+
+

+
+

+

Chromosomal markers were available for all of the mouse auto-
somes; only Got-i on mouse chromosome 19 showed 100%6 concor-
dance. Backcross analysis of Mus spretus and Mus musculus
domesticus ruled out X and Y chromosomes for the location of
P450-2C.
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more complex P450-2C probe pPB5-21 mapped extra frag-
ments that also showed concordance with Got-i (Fig. 3).

In situ hybridization was used as an additional approach to
map the P450-2C locus. To identify unequivocally the mouse
19 chromosome, we used a wild strain of mouse (Mus
musculus), CD (34), in which all of the chromosomes apart
from the 19,X, and Y chromosomes are fused as metacent-
rics. The 19,X, and Y chromosomes are readily distinguish-
able as acrocentrics. In female CD mice, chromosome 19 is
smaller and therefore distinguishable from the X chromo-
some (35). The cDNA probe, pPB3-15, was tritium-labeled
by random priming, prehybridized with total mouse DNA to
eliminate hybridization of a repeat sequence, and used as a
probe to metaphase spreads of CD mouse bone marrow
cells. Ten cells were analyzed with a total of 88 grains. Of
these, 21 (23.9%) were located on mouse chromosome 19
and of these 21, 19 (91.5% of total) were localized to within
the 19D1/D2 region (Fig. 4).

DISCUSSION
The power of mouse genetics for analysis of a multiple gene
family as complex as cytochrome P-450 is evidenced by its
dual ability to determine chromosomal organization and
gene function. Genetics can provide the best evidence for
the in vivo function of specific P-450 gene families (36-38).
We have shown that in mice P450-2C is a multigene family
that, by RI strain mapping, is clustered; it is not linked to any
other known P-450 loci and is associated with constitutive
AHOHase metabolism.
P450-2C was mapped to the tip of chromosome 19 by

mapping in somatic cell hybrids and by in situ hybridization to
mouse metaphase chromosomes. This mapping data suggests
that P450-2C in mice and its equivalent P45OC2C in man map
to regions of homology. Got-i, Pgam, Lip-i, and Tdt all map
to chromosome 19 in mice, with the corresponding human
genes mapping to chromosome 10 in man (39, 40). P45OC2C,
GOTi, PGAM, and TDT have been localized to the region
10q23-10q25 in humans (27, 39, 40). The in situ hybridization
cannot distinguish the relative order of markers; in man GOT]
is more distal than P45OC2C (27). No recombination between
any P450-2C haplotypes could be observed in 81 RI strains,
corresponding to a genetic locus of <0.96 cM (95% confi-
dence limits), equivalent to "1920 kb of mouse DNA.
The apparent recombination between P450-2C and consti-

tutive AHOHase might suggest that these are different but
closely linked loci. However, we think it is likely that

Mt8 42 63 101 57

FIG. 3. Southern blot anal-
ysis of Bgl II digests of Chinese

&4+ 9 ,hamster-mouse somatic cell
hybrid DNA (5 ,ug) and their
parental cell lines. The blot was
probed with 32P-labeled mouse
PB-1 cDNA (pPB5-21 plasmid

4 -I DNA). A hybrid positive for
mouse DNA in that particular

.4I.-somatic cell hybrid is indicated
by "+"0 "-"is negative. Hy-

2... brids 42(EMT3F/1), 63(EMT-
40F2/1), and 57(EMT36F/1)

2.9 were all positive for Got-i,
whereas hybrid 101(EMT18-
B1A/1) was negative (see Table
4).

TOTAL NO. OF GRAINS IN 10 CELLS = 88
TOTAL NO. OF GRAINS ON 19 = 21 (24%)
NO. OF GRAINS WITHIN D1/2 REGION = 19
% OF GRAINS WITHIN D1/2 REGION = 91.5%
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FIG. 4. Autoradiographic grain distribution of pPB3-15 on

mouse chromosome 19. Hybridization was carried out in situ with
pPB3-15 to a mouse chromosome from CD female mice. Chromo-
some 19 is easily identifiable as a small acrocentric chromosome in
metaphase preparations from cells of these mice (see refs. 33 and 34
for the karyotype).

constitutive AHOHase activity is encoded by P450-2C, as
purified PB-1 (P450-2C) proteins from rat, rabbit, and human
have this activity (15, 18, 41). The constitutive AHOHase
activity was determined several years ago; given the modest
difference between AKR/J and C57L/J progenitors, a single
discordant RI strain might be due to statistical variation.
Antibodies to PB-1 will inhibit this function in certain
microsomal preparations (42). A third possibility is that
P450-2C has a closely linked regulator of constitutive AHO-
Hase metabolism. Therefore, proteins within the PB-1 fam-
ily have the potential to play a role in the deactivation or
activation of polycyclic hydrocarbons. Their role in carcino-
genesis remains to be established.
PB-1 proteins also have activity towards steroids at the 2,

15,, and 16a positions and in the 25-hydroxylation of
vitamin D (1). A male-specific form of PB-1 has estrogen
16a-hydroxylation activity in rats (1) and probably in mice
(43). This sexual dimorphism is not seen in mice in vivo (10);
taken together with our BXH RI data, this would suggest
that circulating levels of 16a-hydroxyestrogen are not deter-
mined by P450-2C.

In rat six distinct forms of PB-1 isoenzymes have been
isolated, termed P450-PBla, -PBlb, -f, -g, -h, and -i (44, 45).
Sequence analysis of P450-PBla, -f, and -h (M) cDNA clones
show them to have 75% amino acid identity (22, 46, 47). The
estimate of divergence time between these forms is 65-130
million years ago (ref. 46 and unpublished data), which is
prior to the mouse/rat divergence time of 25 million years
ago (48). The locus we have defined has the potential to code
for all of these PB-1 isoenzyme forms, so orthologous forms
might be expected in both species. In contrast, man contains
fewer members of the PB-1 family (27). Sequence compari-
son and estimates from substitution rates indicate that the
human PB-1 cDNA clones isolated are not orthologous to
any of the sequenced rat forms. This raises an important
question in relation to the rodent as a model for human P-450
function. Our genetic analysis opens new avenues with
which to pursue these questions.
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