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ABSTRACT. Members of the human cytochrome P450 2A (CYP2A) subfamily are known to metabolize
several promutagens, procarcinogens, and pharmaceuticals. In this study, the expression of the three genes found
in the human CYP2A gene cluster was investigated in the liver and several extrahepatic tissues by gene-specific
reverse transcriptase-polymerase chain reaction (RT-PCR). All three transcripts (CYP2A6, CYP2A7, and
CYP2A13) were found to be present in liver. Quantitative RT-PCR analysis showed that CYP2A6 and CYP2A7
mRNAs were present at roughly equal levels in the liver, while CYP2A 13 was expressed at very low levels. Two
putative splicing variants of CYP2A7 were found in the liver. Nasal mucosa contained a low level of CYP2A6
and a relatively high level of CYP2A13 transcripts. Kidney, duodenum, lung, alveolar macrophages, peripheral
lymphocytes, placenta, and uterine endometrium were negative for all transcripts. This survey gives a
comprehensive picture of the expression pattern of CYP2A genes in liver and extrahepatic tissues and constitutes
a basis for a search for functional CYP2A forms and their roles in chemical toxicity in liver and nasal mucosa.
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metabolism

CYPT enzymes mediate the oxidative metabolism of nu-
merous exogenous and endogenous compounds [1]. CYP2A
is one of the six CYP2 subfamilies known to be present in
humans [2]. CYP2A6 is the best-characterized enzyme in
this subfamily [3, 4]. It has been shown to catalyze the
metabolic activation of several procarcinogens, including
several nitrosamines [5-8], aflatoxin B, [9-11], and 1,3-
butadiene [12]. Clinically used drugs metabolized by
CYP2A6 include coumarin [10, 11, 13, 14], methoxyflurane
[15], and the novel platelet-activating factor antagonist
SM-12502 [16]. CYP2AG is also a major catalyst in the
oxidative metabolism of nicotine [17] and cotinine [18].

Very little is known about the tissue-specific expression
of CYP2A genes in humans. CYP2AG is expressed in the
liver at relatively high levels [4, 19]. Indirect evidence
suggests that CYP2A protein, participating in nitrosamine
metabolism, may be present in lung [20, 21] and kidney
[15]. Two recent studies [22, 23] have demonstrated the
presence of CYP2AG transcripts in nasal mucosa.

The organization and structure of the entire human
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CYP2A gene cluster was recently characterized [24, 25].
The cluster consists of three genes [CYP2A6, CYP2A7, and
CYP2A13] and two CYP2A7 pseudogenes localized within
a 350-kb region in the long arm of chromosome 19 [24].
The elucidation of the CYP2A gene structures made it
possible to accurately assess the expression pattern of each
of the genes in human tissues. In this study, we have
determined, using gene-specific RT-PCR analysis, the lev-
els of expression of each of the CYP2A transcripts in liver
and several extrahepatic tissues.

MATERIALS AND METHODS
Tissue Samples

Surplus liver tissue was obtained from elective liver surgery
at the Department of Surgery, University Hospital of Oulu,
Finland. Nasal mucosa samples were obtained during sur-
gery for diseases of nasal cavity or sinuses at the Department
of Otolaryngology, University Hospital of Oulu. The nasal
mucosa samples were taken from respiratory areas of the
nasal cavity. Placental samples were from the repository
kept at the Department of Pharmacology and Toxicology,
University of Oulu. Uterine endometrial samples were from
abrasions done at the Department of Obstetrics and Gyne-
cology, University Hospital of Turku, Finland, and were
provided by M. Mintylid (Department of Anticancer Re-
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TABLE 1. Primers for gene-specific CYP2A amplification

S. Koskela et al.

Gene Sense primer Antisense primer PCR product [bp]
CYP2A6 TCAAAGGCTATGGCGTGGTA GCTGACGGTCTCGGTGCCCC 589
CYP2A7 GAACACAGAGCACATATGTG GCTGACGGTCTCCGTGCCTG 714
CYP2AI3 ACAAAGAGTTCCTGTCACTG CCGCAAAGAAGAGGTTCAGG 320

All primers are shown in 53’ orientation.

search, Orion Corporation, Turku, Finland). Lung samples
were from pulmonectomy or lobectomy of individuals
operated on for tumorous lung lesions at the Department of
Thoracic and Cardiovascular Surgery, University Hospital
of Helsinki, Finland. Samples for mRNA extraction were
prepared from macroscopically normal peripheral lung tis-
sue. Bronchoalveolar lavage samples consisting mainly of
macrophages were obtained from 5 individuals by standard
bronchoalveolar lavation. Kidney tissue samples were ob-
tained during surgery to remove kidney tumors. Normal
kidney tissue and some kidney tumors were used for
analysis. Duodenal tissue was from patients undergoing
surgery due to various gastrointestinal diseases. Lympho-
cytes were isolated from blood samples taken from healthy
volunteers. The use of surplus tissue was approved by the
Ethics Committees of the participating institutions.

Primers Used for RT-PCR

The primers were designed to distinguish between the
highly similar CYP2A sequences. To rule out amplification
of any transcripts from the two CYP2A pseudogenes, all
antisense primers were located 3’ to the pseudogene trun-
cation point in exon 5. All primer pairs amplify a region
including at least one intron, making it possible to monitor
for amplification of genomic DNA. The primers used are
shown in Table 1. B-Actin primers were purchased from
Stratagene.

Preparation of mRNA and cDNA Synthesis

Messenger RNA was extracted from about 20 to 100 mg of
tissue with the QuickPrep Micro mRNA Purification and
complementary DNA was synthesized with the First-Strand
cDNA Synthesis Kit (both from Pharmacia P-L Biochemi-
cals). The cDNA was stored at —20° until the PCR

reaction was performed.

TABLE 2. Primers for competitive RT-PCR controls

Qualitative RT-PCR

PCR reactions contained 1 pL of cDNA (out of 15 pL
total), 2.5 U DynaZyme DNA polymerase (Finnzymes), 5
pL 10x DynaZyme reaction buffer, dNTP reaction mix
(Finnzymes) at a final concentration of 400 wM, 50 pmol of
each primer, and water in a final volume of 50 pL. For
extrahepatic tissues 35 PCR cycles were performed using
the following conditions: 1 min at 94°, 1 min at 59-62°,
and 1 min at 72°. We used 25 cycles to amplify hepatic
CYP2A6 and 30 cycles for hepatic CYP2AT7. In every series
of PCR reactions, there were two negative controls which
contained all other reagents except the mRNA samples.
After amplification, 8 pL of the reaction mixture was
electrophoresed in agarose gel and stained with ethidium
bromide. To control for reproducibility, all amplifications
were repeated at least twice. The electrophoresed PCR
products were transferred to nylon filters and hydridized
with the full-length CYP2A6 cDNA [11] labeled with
32P.dCTP (Amersham). After overnight hybridization, the
filters were washed three times for 20 min in 0.1X SSC
(sodium sodium chloride citrate), 0.1% SDS at 65°. Auto-
radiography films were exposed to the filters for 16 to 72 hr
at room temperature. Amplified products representing
CYP2A6, CYP2A7, and CYP2A13 were sequenced to
verify their exact identity. Briefly, the amplified DNA was
purified with QIAquick PCR Purification columns (Qia-
gen), boiled at 100° for 3 min, cooled to 42°, and labeled
and extended using *>S-dATP (Amersham) and the Phar-
macia T7 Sequencing Kit.

Quantitative RT-PCR

Competitive PCR controls for CYP2A6, CYP2A7, and
CYP2A13 were prepared as described [26]. In this method,
a part of the target sequence is first amplified with the same
3'primer and a recombinant 5’ primer (Table 2) to produce

PCR

product
Gene Recombinant 5’ primer 3’ primer [bp]
CYP2A6  TCAAAGGCTATGGCGTGGTAGACGCCCTCCGGGGCACTGG  GCTGACGGTCTCGGTGCCCC 469
CYP2A7  GAACACAGAGCACATATGTGTCAAAGGCTATGGCGTGGCG GCTGACGGTCTCCGTGCCTG 609
CYP2A13 ACAAAGAGTTCCTGTCACTGCAGCAACAGGCCTTTAAGGA CCGCAAAGAAGAGGTTCAGG 225

All primers are shown in 53" orientation.
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a shortened template that can be amplified with the
original primer pair (Table 1). The obtained PCR products,
otherwise identical to the original target templates but
containing a 100150 bp deletion in sequence, were then
cloned into the pCRII vector (Invitrogen BV). A serial
dilution of this plasmid was then used as a control for the
RT-PCR reactions carried out from independent mRNA
and cDNA preparations as described above. Every series
contained negative controls in which template cDNA was
replaced with water. To minimize any differences in effi-
ciency of the reverse transcriptase reaction, all amplifica-
tions were repeated from a second independent cDNA
synthesis reaction. The same number of cycles was used as
in the qualitative RT-PCR. An aliquot of the reaction
mixture was electrophoresed in an agarose gel and stained
with ethidium bromide. The point where the amount of
control molecules is equal to the target molecules deter-
mines the amount of the mRNA studied.

RESULTS
Screening of CYP2A Transcripts in Liver and
Extrahepatic Tissues

To ensure the quality and integrity of cDNA preparations,
tissue samples were first analyzed for the presence of B-actin
transcripts, and, where possible, for the presence of mRNA
corresponding to CYP forms known to be expressed in each
tissue. Only samples with detectable B-actin transcripts and
positive CYP controls were subjected to assay with CYP2A-
specific primers.

All three CYP2ZA mRNAs were detected in the liver by
qualitative RT-PCR. Analysis of the PCR products in
ethidium bromide-stained agarose gels showed bands corre-
sponding to the expected sizes. Additional bands were also
visible in the PCR reactions for the CYP2A7 gene product.
CYP2A6 mRNA was readily amplified in 25 cycles,
CYP2A7 in 30 cycles, and CYP2A13 in 35 cycles. Se-
quencing of the PCR products confirmed their identity.
The results from 6 to 8 livers after Southern blotting and
hybridization are shown in Fig. 1. Single bands representing
CYP2A6 product (590 bp) and CYP2A13 product (320 bp)
are shown in the top and bottom panels of Fig. 1, respec-
tively. CYP2A7 primers amplified, in addition to the
expected 774-bp product, two shorter products of about 600
bp and 450 bp in length (Fig. 1, middle panel).

Nasal mucosa samples were found to contain CYP2A13
mRNA (Fig. 2). The differences in band intensities in Fig.
2 reflect the recovery of mRNA and cDNA from the
mucosa samples, since the intensities correlate well with
B-actin amplification (data not shown). In some nasal
mucosa samples, an amplification product of CYP2A6 was
detected, but its abundance was substantially below the
level in liver (data not shown). No correct-size products
were generated by the CYP2AT7 primers in nasal mucosa.

Several other tissues were also examined for the presence
of CYP2A gene expression. All PCR reactions with the
CYP2A primers were done in 35 cycles. All kidney samples,
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FIG. 1. Amplification of CYP2A6, CYP2A7, and CYP2A13 in
liver. mRNA was extracted from human liver samples (HL) and
reverse transcribed to cDNA, which was subjected to amplifi-
cation with CYP2A gene-specific primers for 25 cycles
(CYP2A6), 30 cycles (CYP2A7), and 35 cycles (CYP2A13).
An aliquot of the amplification product from 6—8 samples was
electrophoresed in an agarose gel, transferred to nylon mem-

brane and hybridized with >?P-labeled full-length CYP2A6
probe. Autoradiography films were exposed for 16 (CYP2A6)
and 72 hr (CYP2A7 and CYP2A13) at room temperature.
NC = negative control.

duodenum, lung, alveolar macrophages, peripheral lympho-
cytes, uterine endometrium, and placental tissue were
repeatedly negative even after long-term exposure of the
CYP2A6-hybridized filters. In contrast, each tissue exam-
ined contained readily detectable levels of various other
CYP forms or B-actin transcripts (summarized in Table 3).
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FIG. 2. Amplification of CYP2A13 in nasal mucosa. Eight
human nasal mucosal samples (HNM) were treated as the liver
samples in Fig. 1. The film was exposed for 72 hr. NC =
negative control.
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TABLE 3. Summary of detection of CYP2A transcripts indifferent tissues

Tissue CYP2A6 CYP2A7 CYP2A13 cDNA control*
Liver (N = 8) +++ ++ + CYP3A4
Nasal mucosa (N = 11) (+) — + NA

Kidney (N = 10) — — — CYP3A5
Lung (n =9) - - - CYP2F1
Alveolar macrophages (N = 5) - - - NA
Lymphocytes (N = 8) - — — NA
Endometrium (N = 4) — - - CYP11A1
Duodenum (N = 12) — — — CYP3A4
Placenta (N = 10) — - - CYP19

*CYP mRNAs that were present in the cDNA preparations. NA = not applicable; all these cDNA preparations contained B-actin transcripts.

These results suggest that physiologically significant
amounts of CYP2ZA mRNAs do not exist in those tissues.

Quantitative RT-PCR

To find out how the expression levels of CYP2AG,
CYP2A7, and CYP2A13 compare with each other, quan-
titative competitive RT-PCR analysis was done in five
individual liver samples. There was an approximately 40-
fold variation in the content of CYP2ZA6 mRNA in these
livers, while CYP2A7 levels varied only 3-fold (data not
shown). The CYP2A6/CYP2AT ratios ranged from 0.1 to
10.1 (Table 4). Under these assay conditions, the amount
of hepatic CYP2A13 was below the limit of detection.
Thus, CYP2A13 mRNA constitutes a very minor fraction
of total CYP2A expression in the liver. The nasal mucosa
samples were too small to yield amounts of mRNA that
could be determined spectrophotometrically, hence direct
comparison of CYP2A6 and CYP2A13 mRNA contents

between nasal mucosa and liver samples was not feasible.

Search for CYP2A Sequences in dbEST DataBank

Since the qualitative RT-PCR results suggested that
CYP2A genes are expressed almost exclusively in the liver,
we searched if sequences related to CYP2A cDNAs are
found in the expressed sequence tags (dbEST) database of
the National Center for Biotechnology Information (Be-
thesda, MD). The dbEST release number 052998 (May
1998) was searched using CYP2A as a keyword. Only liver
sequences were found among the 1,026,012 entries in the

TABLE 4. Relative levels of CYP2A6 and CYP2A7 in five

individual liver samples

Ratio CYP2A6/CYP2A7

Liver sample

HL 1 10.1
HL 2 1.0
HL 4 2.0
HL 6 0.1
HL 7 1.3

The ratio CYP2A6/CYP2A7 was calculated from the amounts of the respective PCR
products.

human dbEST database, indicating that extrahepatic ex-
pression of CYP2A genes in humans indeed occurs rarely.

DISCUSSION

This study shows that all three CYP2A genes are tran-
scribed in human liver, and that out of several extrahepatic
tissues and organs studied, only nasal mucosa appears to
contain detectable levels of CYP2A13 and CYP2A6
mRNA. It is well established that the RT-PCR technique
can detect extremely small amounts of mRNA, often
present at levels that may not be physiologically meaning-
ful. On the other hand, a clear merit of this methodology is
its high level of specificity, ensuring that only correct
transcripts are being measured. Since the levels of hepatic
CYP2A6 mRNAs and proteins are well characterized [4,
19], we used PCR conditions that amplify liver CYP2A
cDNAs to clearly visible bands in gel electrophoresis, and
applied exactly the same conditions to the other tissues.
This allows for a rough comparison of the amount of
mRNA expressed between liver and other tissues. Thus, the
lack of amplification in the particular tissue being studied
was considered to parallel the paucity of significant
amounts of mRNA in it.

The present data show that all three CYP2A genes are
transcribed in human liver. Ding et al. used [27] an RT-PCR
and diagnostic restriction enzyme-cutting strategy which
gave an approximate 1:1 ratio of CYP2A6 and CYP2A7
mRNAs in human liver samples. The present results on the
relative amounts of hepatic CYP2ZA6 and CYP2A7 accord
well with those of Ding et al. [27]. CYP2A13 mRNA proved
to be present at negligible levels in the liver. While
CYP2AG6 protein efficiently catalyzes coumarin 7-hydroxy-
lation [3, 4], the catalytic activities mediated by CYP2A7
are obscure [13, 27]. Nothing is currently known about
CYP2A13 protein properties. A CYP2A7 splicing variant
lacking exon 2 has been found [27]. This variant was shown
to be present in the liver and to be a major transcript in a
human fibroblast cell line [27]. Under our PCR conditions
with CYP2A7-specific primers, three amplification prod-
ucts were detected. In addition to the product of the
expected size, a fragment of 620 bp that matches in size the
splice variant CYP2AT7AS [27] was detected in all livers



Expression of CYP2A Genes in Humans

tested. A strong hybridizing product of about 450 bp was
also present in all the livers. These results suggest that
several splicing variants of CYP2ZA7 mRNA exist in the
human liver.

Members of the CYP2A subfamily are also expressed in
nasal tissue of several animal species. Two cDNAs,
CYP2A10 and CYP2A11, have been isolated from a rabbit
nasal mucosa cDNA library [28]. These encode a CYP
protein [NMa] which is abundantly present in rabbit nasal
microsomes [28]. There is also evidence for the presence of
protein[s] of the CYP2A subfamily in rat [29-31], mouse
[22, 32], and bovine [33, 34] nasal mucosa. Immunohisto-
chemical studies with anti-NMa antibody suggest that
CYP2A protein[s] exist in several nasal cell types in
humans [35]. Two recent studies [22, 23] show that
CYP2A6 mRNA is detectable in human nasal respiratory
mucosa by sensitive RT-PCR. Under our PCR conditions,
which readily detect CYP2ZA6 mRNA in the liver, only
very faint amplification products were obtained in nasal
mucosal samples, while the amount of CYP2A13 mRNA
appeared to be higher in the nasal mucosa than in the liver.

The present study demonstrates that CYP2ZA6 mRNA is
present at a very low level in nasal mucosa and that
CYP2A13 predominates CYP2AG in this tissue. This sug-
gests that CYP2AG, if translated to a functional protein,
may make a very minor contribution to total P450 content
in nasal mucosa. In this study, we did not analyze olfactory
epithelia, where CYP2A concentration is highest [29, 30].
On the other hand, CYP2A immunoreactivity also appears
to be present in respiratory areas in humans [35], which is
in agreement with the data presented here. It is presently
unknown whether the CYP2A13 gene encodes a functional
mRNA and protein product. Nevertheless, cross-reactivity
of protein(s) in human nasal mucosa with anti-Nma anti-
body [35] does suggest that a protein belonging to the
CYP2A subfamily is present in that organ. This putative
protein could mediate the observed relatively high N-
diethylnitrosamine metabolism in human nasal mucosa
[36].

Three CYP2A genes also exist in the mouse. In the
kidney, CYP2A5 (coumarin 7-hydroxylase) is present at a
high level in male mice and cyp2A4 (testosterone 15a-
hydroxylase) is predominant in female mice [2]. Both males
and females have a similar amount of CYP2A4 and
CYP2AD5 in the liver. Clear species differences exist, since
a CYP2AS5 orthologue is not expressed in rat liver or kidney
[37]. A recent study shows that heterologously expressed
CYP2A6 mediates oxidative defluorination of methoxyflu-
rane, and that coumarin inhibits this reaction in kidney
microsomes [15]. In the present study, no transcripts were
found of any of the three CYP2A genes in human kidney.
Tumorous kidney tissue was also negative. It is thus highly
unlikely that a CYP2A protein exists in human kidney.

CYP2A is expressed in the lung tissue of rat [37] and
mouse [38]. Information concerning the expression of
CYP2A genes in human lung is important, since CYP2A6
has been shown to be a high-affinity activator of tobacco-
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specific nitrosamines [5-7]. Recent data obtained with
indirect methods suggest that CYP2ZA6 may catalyze the
oxidation of tobacco-specific nitrosamines in human lung
microsomes [20]. The results presented here indicate that
CYP2A6, CYP2A7, and CYP2A13 mRNAs are not present
in whole lung tissue at significant levels. We have also
analyzed lung samples with another set of primers detecting
CYP2A6 and CYP2A7 simultaneously, with the same
result [39]. It is therefore unlikely that CYP2A proteins are
present in human lung, and that procarcinogens present in
tobacco smoke are metabolized in situ in lung cells by
CYP2A forms. In agreement with this, a recent study
demonstrated that CYP2A6 mRNA can be detected in
human bronchial mucosa by RT-PCR, but the correspond-
ing protein was not found [40]. In our own studies, we have
found that the CYP2A6 marker activity, coumarin 7-hy-
droxylation, is absent in human lung microsomes (Raunio
et al., unpublished data). In contrast, there is clear evidence
for the presence of other CYP proteins in the lung,
including members of the CYP1A, CYP2B, and CYP3A
subfamilies [41], and these forms may well contribute to
metabolic activation of toxic chemicals directly in the lung.

No indications for CYP2A transcripts were found in
duodenum, peripheral blood lymphocytes, pulmonary mac-
rophages, uterine endometrium, and placenta. All these
tissues contain variable levels of other CYP forms, but in
agreement with this study, no evidence exists for the
presence of CYP2ZA members in these tissues in animals
[41].

In conclusion, this study shows that CYP2A gene tran-
scription occurs in human liver and nasal mucosa and that
the transcripts are lacking in a variety of other major organs
and tissues. This notion was supported by the lack of
extrahepatic ESTs corresponding to CYP2A sequences.
These findings establish a basis for further studies on the
presence and role of CYP2A proteins in the liver and nasal
mucosa.
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