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Abstract
The human CYP3A subfamily is of inter-
est due to its multiplicity, activity toward
known carcinogens, and extrahepatic
expression. In situ hybridisation analysis
of formalin fixed, routinely processed
biopsy specimens was used to localise
CYP3A mRNA in human gastrointestinal
tissues from several individuals. CYP3A
mRNA is abundant in human liver and in
mucosal epithelial cells of all segments of
the human small intestine. RNA blot
analyses showed that the mRNA species
observed in most livers and in human
small intestine represent CYP3A3I3A4
transcripts. This was confirmed at the
protein level by immunoblot comparison
of small intestine microsomes to in vitro
expressed CYP3A4 and CYP3A5 proteins.
In liver and small intestine, CYP3A
mRNA is not uniformly distributed,
with grain density highest in cells within
the respective non-proliferative compart-
ments. CYP3AmRNA was also observed in
human oesophagus and colon. RNA blot
analysis of multiple colons showed hetero-
geneity in the CYP3A mRNAs present.
Two CYP3A mRNAs (CYP3A3I3A4 and
CYP3A5) were detected in colon samples
from several individuals. In addition to
those localisation studies, the capacity of
expressed CYP3A4 and CYP3AS to activate
the dietary heterocyclic amine MeIQ in the
presence of a-naphthoflavone was shown.
These results show that there is consider-
able heterogeneity in the expression of
the CYP3A subfamily in human gastro-
intestinal tissues.
(Gut 1995; 36: 259-267)

Keywords: cytochromes P450, mutagen activation, in
situ hybridisation.

Cytochromes P450 represent a superfamily of
microsomal heme-thiolate enzymes which
catalyse the oxidation of numerous endo-
genous and foreign compounds. -3 Individual
cytochrome P450 isoforms are characterised
by diversity in developmental regulation, sub-
strate specificity, and tissue distribution. While
most cytochrome P450 catalysed oxidations
result in reduced toxicity of the parent
compound, this process occasionally generates
a more toxic intermediate. Many such meta-
bolites have been implicated in carcinogenesis.
Enzymes encoded by the CYP3A subfamily
have been shown to play a pivotal role in the
activation of numerous carcinogens including

the polycyclic aromatic hydrocarbon,
benzo[a]pyrene,4 and the hepatocarcinogen
aflatoxin B1.5- Recently, we have also
shown that in the presence of dietary
flavonoids, members of the CYP3A subfamily
are able to activate the heterocyclic amine,
2-amino-3, 4-dimethylimidazo [4,5-f] quinoline
(MeIQ), to a mutagen as determined in
the Ames/Salmonella test.8 This compound
represents one of a group of heterocyclic amine
compounds formed during the cooking of
protein containing foods.9 10 Many of these
compounds are highly mutagenic in the Ames
test, and induce tumours in a number of
species at several sites.9 10 In the absence of
flavonoids, the activation of these compounds
is primarily attributed to members of the
CYPIA subfamily in both lower animals and
humans. 1 1-14

The gastrointestinal tract represents a major
portal of entry for many carcinogens. Indeed,
Ames et al have estimated that more than
90% of the chemicals to which humans are
exposed are dietary-derived and must therefore
traverse the gastrointestinal tract.'5 Thorough
characterisation of the CYP3A subfamily in
the human gastrointestinal tract and an
accurate assessment of the ability of individual
CYP3A enzymes to activate dietary mutagens
is therefore essential for a clearer understand-
ing of chemical carcinogenesis in these tissues.
To date, four cDNAs encoding members

of the human CYP3A subfamily have been
isolated and termed CYP3A3, CYP3A4,
CYP3A5, and CYP3A7 1621 While the
CYP3A3, CYP3A4, and CYP3A5 genes are
expressed at varying levels in adult human
livers,22-24 the CYP3A7 gene is expressed in
fetal liver.2' 25 Expression of the CYP3A
subfamily has also been demonstrated in
human extrahepatic tissues, including the
gastrointestinal tract.2629 While these studies
show CYP3A expression in the human
gastrointestinal tract, they include only a small
number of individuals and provide conflicting
results regarding expression in human colon.
In addition, they provide little information
regarding which member(s) of the complex
CYP3A subfamily are being expressed in
gastrointestinal tissues other than the small
intestine. We have therefore used a sensitive in
situ hybridisation technique complemented
with RNA blotting to characterise CYP3A
expression at the mRNA level in human
gastrointestinal tissues from several subjects.
In addition to these localisation studies, we
have also determined the ability oftwo CYP3A
subfamily members, CYP3A4 and CYP3A5,
to activate two dietary heterocyclic amines in
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the presence and absence of the modulating
agent e-naphthoflavone. These studies show
that the expression of individual CYP3A genes
varies considerably throughout the gastro-
intestinal tract. In addition, considerable
interindividual heterogeneity in gastrointestinal
CYP3A expression is observed in the colon.
Given the demonstration of a possible role
for CYP3A enzymes in the activation of
food derived heterocyclic amines in the
gastrointestinal tract, such heterogeneity may be
important in determining individual suscepti-
bility to chemical toxicity and carcinogenicity.

Methods

MATERIALS AND ENZYMES
All enzymes and reagents required for transcrip-
tion of RNA probes were obtained from
Stratagene (La Jolla, CA). Restriction enzymes
and nuclease free bovine serum albumin were
obtained from New England Biolabs (MA).
[35S]UTP (1000 Ci/mmol) and a-[32P]UTP
(3000 Ci/mmol) were obtained from Bresatec
(Adelaide, Australia). Guanidium thiocyanate,
proteinase K, dextran sulphate, diethylpyrocar-
bonate (DEPC), aminopropyltriethoxysilane
(APES), paraformaldehyde, ot-naphthoflavone,
and NADPH were obtained from Sigma
Chemical Co (St Louis, MO). All other
chemicals were of analytical reagent grade.

probes were labelled by incorporation of
[35S]UTP for in situ hybridisation studies or
o(X[32p]UTP for RNA blots.

BLOT ANALYSIS OF RNA
Total RNA was isolated from human liver by
the guanidium method of Chomczynski.30
Purification of mRNA was by repeated
oligo(dT)-cellulose chromatography.3' All RNA
preparations were assessed for integrity by elec-
trophoresis and staining with ethidium bromide
before use. RNA blot analyses were carried out
by electrophoresis of mRNA aliquots on 1%
agarose-2.2 M formaldehyde gels,32 blotting to
nylon membrane (Amersham, Australia) using a
Posiblot pressure blotter (Stratagene, La Jolla,
CA), cross linking ofmRNA to membrane using
a UV Stratalinker 1800 (Stratagene, La Jolla,
CA) and hybridisation with 32P-labelled
CYP3A4 RNA probes. Hybridisation was
performed at 50°C in 500/o formamide,
5XSSC (1 XSSC=0* 15 M sodium chloride and
15 mM sodium citrate), 1 XPE (1 XPE=50 mM
Tris-HCl pH 7 5, 0. 1O% sodium pyrophosphate,
1% SDS, 0.2% ficoll, 0.2% polyvinylpyrolli-
done, 5 mM EDTA) and 150 ,ug/ml denatured
salmon sperm DNA. Unbound probe was
removed by washing in 0.1 XSSC at 62.5°C.
Bound probe was visualised by autoradiography
using an intensifying screen (Cronex, DuPont).

HUMAN TISSUES
Human liver samples were obtained from renal
transplant donors maintained on life support
systems until the kidneys could be removed.
The livers were removed within 30 minutes
of death. Human oesophageal, duodenal,
jejunal, and colonic tissues were either surgical
specimens or needle biopsy sections which had
been reported as histologically normal.
The use of human tissues in these studies
had Flinders Medical Centre Committee of
Clinical Investigation approval. Tissues desig-
nated for preparation ofRNA were snap frozen
in liquid nitrogen and stored at -70°C.
Tissues for in situ hybridisation or immunohis-
tochemistry were fixed in 10% (v/v) formalin in
sodium phosphate buffer (pH 7.4), processed
routinely, and embedded in paraffin.

RNA PROBES (RIBOPROBES)
RNA probes were transcribed from a full
length CYP3A4 cDNA of 2059 bases'8 sub-
cloned into the Bluescript SK transcription
plasmid (Stratagene, CA). Due to the high
degree of sequence similarity within the
CYP3A subfamily, the CYP3A4 RNA probe
would be expected to detect transcripts encod-
ing all CYP3A subfamily members. The
recombinant plasmids were linearised and
subjected to proteinase K digestion before
RNA probe synthesis. RNA probes were
reduced in size by limited alkaline hydrolysis.
Both anti-sense and sense riboprobes were
transcribed from the CYP3A4 cDNA for use
as test and control probes respectively. RNA

IN SITU HYBRIDISATION
The in situ hybridisation procedure was per-
formed using 4 ,um formalin fixed, paraffin
embedded sections as described previously.33
Two serial sections were included on each slide
for probing with test (anti-sense) and control
(sense) probes respectively. A high stringency
wash was necessary to reduce background with
riboprobes and was performed in 01XSSC
containing 30% formamide at 62-50C. When
necessary, background was further reduced by
a 15 minute incubation with 2 ,ug/ml RNase A
(Promega, Sydney, Australia) in 2XSSC at
370C.

1 2 3 4 5 6 7

13.0 kb

12.2 kb

i1.9kb

Figure 1: RNA blot analysis ofhuman liver mRNA
samples. The alternative transcript CYP3A3/CYP3A4
mRNA sizes are 2-2 and 3 0 kb.20 The CYP3A5 mRNA
is approximately 1.9 kb. The CYP3A4 RNA probe is not
specific and recognises all CYP3A subfamily members.
Lanes 1-5 contain 5 ,ug ofhuman liver mRNA.
(Hybridisation at 50°C; wash at 650C in 0 1XSSC.)
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Figure 2: In situ hybridisation - liver. (A) Negative control section ofhuman liver (H35)
probed with 35S-labelled CYP3A4 sense riboprobe; (B) test section ofhuman liver
probed with the 35S-labelled CYP3A4 antisense probe showing increased numbers of
autoradiographic grains relative to the control section with grain density highest in
hepatocytes surrounding the terminal hepatic venule; and (C) alternative area of test
section shown in (B) under dark field illumination (haematoxylin and eosin, original
magnification X 100).

EXPRESSION OF CYP3A4 AND CYP3A5
The human CYP3A4 and CYP3AS cDNAs
were isolated as previously described.18 19 The
cDNAs were subcloned into the COS cell
expression vector p91023(B). COS-7 cells were
grown in Dulbecco's modified Eagle's medium
supplemented with 10% Nu-serum. Transient
transfections were performed as described by
Zuber et al.34 Briefly, DNA (10 ,ug/ml) was
transfected onto COS-7 cells for one hour using
the DEAE-dextran method, followed by a five
hour incubation with chloroquine (40 ,ug/ml).
Cells were isolated 72 hours after transfection,
resuspended in 0.1 M potassium phosphate
buffer (pH 7A4) containing 20% glycerol, and
stored at -70°C until used. As a control, cells
were also transfected with the p91023(B) vector
lacking a CYP3A insert.

POLYACRYLAMIDE GEL ELECTROPHORESIS AND
IMMUNOBLOTTING
Polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulphate (0. 1%) was
performed essentially as described by
Laemmli.35 Immunoblotting was performed as
described previously. l 1 12 Blots were developed
with a polyclonal goat anti-human CYP3A3
IgG which has been previously characterised. "l
This antibody recognises purified human
CYP3A3 and also recognises COS cell
expressed CYP3A4 and CYP3A5. Transfer of
proteins from polyacrylamide gels to nitro-
cellulose paper was accomplished in 16 hours
at 30 mA in a 'Trans-blot Cell' (Bio-Rad,
Sydney, Australia).

AMES TEST
The mutagenicity of the heterocyclic amine
MeIQ was tested on Salmonella typhimurium
TA98 by the method of Maron and Ames,36
incorporating a 20 minute incubation step

before pouring the plates. A detailed account
of the methodology used in these experiments
has recently been published.37

Results

LOCALISATION OF CYP3A mRNA IN HUMAN
LIVER
As outlined in the methods section, RNA
probes for in situ hybridisation analysis of
CYP3A mRNA in human tissues were pre-
pared by limited alkaline hydrolysis of
transcripts from a full length CYP3A4 cDNA.
To assess the specificity of the hydrolysed
CYP3A4 RNA probe for CYP3A subfamily
members and its suitability for in situ hybrid-
isation analysis of CYP3A mRNA in human
tissues, a series ofblot hybridisation analyses of
human liver mRNA was performed. Equal
aliquots of hepatic mRNA (5 ,ug) from 18
human livers in total were analysed with the
CYP3A4 riboprobe. Probing of human liver
mRNA blots with the CYP3A4 RNA probe
demonstrated the existence of two distinct
CYP3A expression profiles. A representative
blot of several liver mRNA samples clearly
demonstrating these mRNA patterns are
shown in Figure 1. Most livers demonstrated

J

3.1 kb -l.

2.2 kb -

Figure 3: RNA blot analysis ofhuman small intestine
mRNA samples. CYP3A3/3A4 mRNA sizes are 2-2 and
3 0 kb. Lanes contain 10 jig mRNA from human (I)
ileum and (J) jejunum. (Hybridisation at 50°C; wash at
65'C in 0 1 XSSC.)
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Figure 4: RNA blot analysis ofhuman gastrointestinal mRNA samples. The alternative
transcript CYP3A3/CYP3A4 mRNA sizes are 2-2 and 3.0 kb. The CYP3AS mRNA is
approximately 1.9 kb. Lanes 1 to 3 contain 5 j,g ofhuman liver mRNA, lane 4 contains 5
,ugjejunum mRNA, lanes S to 15 contain 10 ,ug of colon mRNA. (Hybridisation at 50°C;
wash at 65°C in 0 1 XSSC.)

lysed CYP3A4 antisense RNA probe. All test
sections of liver were evaluated by direct
comparison with a control section probed
with a CYP3A4 sense RNA probe. A typical
negative control section of normal liver is
shown in Figure 2(A), Control sections
showed few autoradiographic grains which
were uniformly distributed. This signal
was interpreted as background. In contrast,
sections probed with the test CYP3A4
(antisense) RNA probe showed grain densities
appreciably greater than those seen in control
sections and this was interpreted as a positive
result. Representative sections of human liver
probed with the CYP3A4 antisense RNA
probe are shown under conventional and dark
field illumination in Figure 2, (B) and (C)
respectively. Autoradiographic grains were
distributed non-uniformly across the liver
acinus with grain density highest in perivenular
(zone 3) hepatocytes, extending into zone 2.
The demarcation between hepatocytes that
showed high levels of autoradiographic grains
and those with signal only marginally above
background was particularly sharp in sections
probed with the CYP3A4 probe. No increase
in autoradiographic grain levels was seen in
liver cells other than hepatocytes.

the existence of a two band (2.2 kb and 3.0 kb)
pattern. It has previously been shown that
these two mRNA species represent separate
transcripts encoding either CYP3A3 or
CYP3A4 and arise because of the use of two
distinct polyadenylation signals.20 As a result
of the close relationship between the CYP3A3
and CYP3A4 genes, their relative expression
has not been adequately characterised at
either the mRNA or protein level. In two of the
18 livers studied, a third mRNA species
(approximately 1-9 kb) was observed. The
lower molecular weight of this mRNA is
consistent with the 1708 bp CYP3AS cDNA as
compared with the larger CYP3A3 and
CYP3A4 cDNAs.19 This result is also consis-
tent with the expression of the CYP3A5
enzyme in addition to CYP3A3/3A4 in these
two livers as assessed by immunoblotting of
microsomes with anti-human CYP3A3 IgG
(R A McKinnon, W M Burgess, and M E
McManus, unpublished results).

In situ hybridisation analysis of CYP3A
mRNA in human liver was performed on
formalin fixed, paraffin embedded sections
prepared from several livers using the hydro-

TABLE I Expression ofCYP3A genes in human colon by
RNA blotting

Colon Sex Age (y) Region CYP3A3/4 CYP3A5

C5 F 73 Ascending - +
C7 F 56 Sigmoid - -
C9 F 44 Ascending - +
Clo M 63 Rectum + +
C1i M 55 Ascending
C14 M 73 Sigmoid + -
C15 M 72 Sigmoid + +
C16 F 85 Ascending -

C24 M 70 Descending -
C17 M 70 Ascending + +
CR M 64 Unknown + +

EXPRESSION OF THE CYP3A SUBFAMILY IN THE
HUMAN GASTROINTESTINAL TRACT
The CYP3A4 RNA probe was used to probe
RNA blots of mRNA samples prepared from
surgical specimens of human jejunum, ileum,
and colon. RNA blot analysis of jejunal and
ileal mRNA samples showed 2.2 kb and 3'0 kb
bands as observed in most human liver mRNA
samples (Fig 3). This result shows that the
expression of the CYP3A subfamily in human
small intestine mimics that observed in the
majority of human livers, with CYP3A3/3A4
representing the major form(s) of CYP3A
mRNA present. The 1.9 kb band observed in
two human livers was not observed in the small
intestine mRNA samples. RNA blot analysis of
mRNA samples from 11 human colons
showed considerable heterogeneity in CYP3A
mRNA with at least two genes expressed in
some colons and none in others (Fig 4). A 2.2
kb band representing the predominant
CYP3A3/3A4 transcript was observed in five
of the 11 samples. The level of this mRNA
species was considerably lower in all colon
specimens than in small intestine or liver. A 1.9
kb band similar in mobility to that observed in
two liver samples known to express CYP3A5
was observed in six of 11 individuals. This
heterogeneity in CYP3A expression did not
seem to correlate with sex or the region of
colon analysed (Table I). The 3.0 kb band
observed in liver was not observed in any
sample of colonic mRNA. Degradation of
mRNA samples is an unlikely explanation for
the observed differences as ethidium bromide
staining of gels before transfer showed minimal
RNA degradation. In addition, laser densi-
tometry of these blots before final washing at
high stringency demonstrated only a twofold
variation in the intensity of the 28S and 18S
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Hll H12 J 3A5 3A4

Figure 5: Immunoblot analysis of ileal andjejunal microsomes with anti-human CYP3A3
IgG. Electrophoresis was performed as described in the methods section. Migration of
proteins isfrom the top to the bottom of the gel. Lanes contain: Hl l and H12, human liver
microsomes (10 ,ug); I, human ileum microsomes (25 ,ig); J, humanjejunum microsomes
(25 ,ug); CYP3A4 and CYP3AS; 100 ,g cell lysate protein from transfected COS-7 cells
expressing CYP3A4 and CYP3AS respectively. (Anti-human CYP3A3 IgG 1:2000.)

ribosomal RNA bands. We are therefore
confident that the amounts ofRNA loaded per
lane are within twofold of one another.
Immunoblot analysis was also performed

on human gastrointestinal tissues using a

polyclonal anti-human CYP3A3 IgG to assess

CYP3A expression at the protein level. As
discussed, this antibody recognises up to two
bands in human liver corresponding to
CYP3A3/3A4 and CYP3A5. Immunoblotting
in our laboratory has shown the CYP3A3/3A4
band in all livers studied while the CYP3A5
band has been observed in five of 22 indivi-
duals (R A McKinnon, W M Burgess, and
M E McManus, unpublished results).
Immunoblotting was performed on micro-
somes prepared from human stomach,
jejunum, ileum, and colon. While a single
immunoreactive band was observed in human
ileum and jejunum, no immunoreactivity was

observed in stomach or colon microsomes.
To determine the identification of the
immunoreactive species in the small intestinal
microsomes, cell lysate preparations of COS-7
cells in which either CYP3A4 or CYP3A5

Figure 6: In situ hybridisation - oesophagus. (A) Negative control section of oesophageal
biopsy specimen probed with 35S-labeled CYP3A4 sense riboprobe; (B) test section of
oesophageal biopsy specimen probed with 35S-labelled CYP3A4 antisense probe; and
(C) section (B) shown under dark field illumination. (Haematoxylin and eosin,
original magnification X200.)

protein had been expressed were included on
these immunoblots as standards. A representa-
tive immunoblot is shown in Figure 5. The
single band observed in microsomes prepared
from human ileum and jejunum co-migrated
with both the CYP3A3/3A4 band routinely
observed in all human livers and the cDNA-
expressed CYP3A4 protein band. As CYP3A3
and CYP3A4 cannot be electrophoretically
separated using SDS-PAGE, these data show
that one or both of these enzymes, rather than
CYP3A5, represents a major constitutive
enzyme in the human small intestine.
The CYP3A4 RNA probe was used to

localise CYP3A mRNA in formalin fixed,
paraffin embedded sections from various
segments of the human gastrointestinal tract
using in situ hybridisation. All test sections
were evaluated by direct comparison with a
control section probed with a CYP3A4 sense
RNA probe. In situ hybridisation analyses were
also correlated with immunohistochemical
studies using an anti-CYP3A3 polyclonal IgG
for further verification. Autoradiographic
grains indicating the presence of CYP3A
mRNA were observed on sections of human
oesophagus, small intestine, and colon but not
on sections of human stomach. The level of
signal was highest in the small intestine.
Analysis of sections of oesophagus from four
individuals showed CYP3A mRNA in all
cases. The level of signal was variable but was
lower than observed in the small intestine.
Figure 6(A) shows a representative section of
human oesophagus probed with the CYP3A4
sense probe while a serial section probed with
the CYP3A4 antisense probe is shown under
conventional and dark field illumination in
Figure 6, (B) and (C) respectively. As expected
from the RNA blot results, appreciable levels
of autoradiographic grains were observed on
sections prepared from all segments of the
human small intestine. Autoradiographic
grains were localised to the surface columnar
absorptive cells throughout the human small
intestine with grain density highest at the tips
of the villi. In contrast, few grains were
observed in Goblet cells and the epithelial cells
of the crypts of Lieberkuhn. Brunner's glands
also showed grain levels not appreciably
higher than background. Some interindividual
variation was observed in the level of auto-
radiographic signal on sections, particularly in
the jejunum. A representative control section
of a duodenal biopsy probed with a CYP3A4
sense RNA probe is shown in Figure 7(A). A
test section probed with the antisense RNA
probe, clearly showing CYP3A mRNA, is
shown under both conventional illumination
and dark field illumination in Figure 7, (B) and
(C) respectively.
Whereas an abundance of autoradiographic

signal was observed on analysis of all human
small intestine sections, analysis of colon
sections from several individuals produced
more variable results. Autoradiographic signal
indicating the presence of CYP3A mRNA was
localised to mucosal epithelial cells on colonic
biopsy sections from eight of 10 individuals
studied. The level of autoradiographic signal
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Figure 7: In situ hybridisation - duodenum. (A) Negative control section ofduodenal
biopsy specimen probed with 35S-labelled CYP3A4 sense riboprobe; (B) test section of
duodenal biopsy specimen probed with 35S-labelled CYP3A4 antisense probe with
autoradiographic gains localised to the surface epithelial cells; and (C) section (B) shc
under dark field illumination. (Haematoxylin and eosin, original magnification X 104

observed on these sections was extrei
variable but was reduced relative to
routinely observed on sections of s
intestine. A representative control colon bi
section probed with the CYP3A4 sense l
probe is shown in Figure 8(A). A col
section probed with the CYP3A4 antis
RNA probe is shown under conventional
dark field illumination in Figure 8, (B) anc
respectively. The level of autoradiogra
signal was variable between colon sec

obtained from different individuals. Ana
of multiple segments of the colon
single individuals showed that when pre
CYP3A mRNA was expressed in all segn
of the colon (caecum, ascending, transv
descending, sigmoid) studied. A
radiographic signal was also observec
rectum but at levels lower than elsewhe:
the colon.

Figure 8: In situ hybridisation - colon. (A) Negative control section of colon biopsy pi
with 35S-labelled CYP3A4 sense riboprobe; (B) test section of colon biopsy tissue prob
with 35S-labeUed CYP3A4 antisense probe; and (C) section (B) shown under dark fi
illumination. (Haematoxylin and eosin, original magnification X 200.)

ACTIVATION OF DIETARY HETEROCYCLIC
AMINES BY EXPRESSED CYP3A4 AND CYP3A5
To pursue the possibility that CYP3A
enzymes, when expressed in gastrointestinal
tissues, may play a role in dietary promutagen
activation, human CYP3A4 and CYP3A5
were expressed in a COS cell expression
system as described in the methods section.
Immunodetection of the COS cell-expressed
CYP3A proteins by goat anti-human CYP3A3
IgG is evident from the immunoblot featured
in Figure 5. The activity of CYP3A4 and
CYP3A5 was then determined toward two
dietary heterocyclic amines, PhIP and MeIQ,
in the Ames Salmonella test. Neither CYP3A
enzyme exhibited activity toward PhIP in
the absence or presence of 100 ,uM a-naph-
thoflavone (data not shown). The capacity
of CYP3A4 and CYP3A5 to activate the
heterocyclic amine MeIQ is shown in Table II.
In the absence of ot-naphthoflavone, both
CYP3A4 and CYP3A5 possessed minimal

mwn activity toward MeIQ. This activity increased
9.) 16 fold (CYP3A4) and 10 fold (CYP3A5) with

the addition of 100 ,uM ox- naphthoflavone. No
mely activity towards PhIP or MeIQ was observed
that in cell lysates prepared from COS cells
;mall transfected with the expression vector
iopsy p91023(B) lacking a CYP3A insert.
RNA
Ionic
;ense Discussion
and We have used a variety of techniques to study

1 (C) the expression of the CYP3A subfamily in the
Lphic human gastrointestinal tract. Using the in situ
tions hybridisation technique, CYP3A expression
lyses was shown in human liver, oesophagus, duo-
from denum, jejunum, ileum, and all segments of
sent, the colon. The zonal pattern of CYP3A
lents mRNA localisation in human liver and all areas
rerse, of the small intestine correlated with the
tuto- immunohistochemical findings of Murray
d in et al 28 38 indicating that the previously
re in observed zonal distribution of CYP3A protein

in these tissues is secondary to differences in
mRNA levels. In all human liver sections,
autoradiographic grains were localised in a
noticeably non-uniform pattern, maximal in
perivenular hepatocytes. Several earlier studies
have also reported a predominantly perivenu-
lar distribution of individual cytochrome P450
enzymes, both in rats39-43 and humans.33 44 In
addition, a similar distribution has been

- reported for the human NADPH-cytochrome
P450 reductase, the requirement for which is
common to all forms of cytochrome P450
other than certain liver mitochondrial forms.45
A 'zonal' distribution of CYP3A mRNA was
also evident in the small intestine with the
CYP3A mRNA maximal at the villus tip. The
lack of uniformity in CYP3A mRNA in both
liver and small intestine is consistent, the
expression of CYP3A genes being minimal in
the proliferative compartment of the respective
tissues and maximal in cells residing in the
non-proliferative compartment. The exact
mechanism(s) underlying zonal heterogeneity

robed in P450 expression is presently unclear
ced although the results in this study clearly

indicate that zonal differences arise as a result
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TABLE II Mutagenic activation ofMeIQ (1 ,g) by
expressed CYP3A4 and CYP3A5 in the absence and
presence of 100 ,gM a-naphthoflavone (values, mean
(SD))

Mutagenicty (# revertants/mg protein)
Expressed
P450 Control a-naphthoflavone

CYP3A4 360 (311) 5913 (428)
CYP3A5 446 (544) 4780 (612)

n=3.

of altered transcription of genes or mRNA
stabilisation rather than translational or post-
translational mechanisms. A possible factor
governing heterogeneity in gene transcription
may be the varied circulatory microenviron-
ment of cells within different zones and there-
fore varied exposure to circulating agents such
as hormones or xenobiotic inducers. While
such a mechanism may partly explain the zonal
regulation of some P450s, the abrupt acinar
demarcation in the hepatic expression of
CYP3A genes shown in the present studies
suggests that other mechanisms must also be
involved. While the mechanism underlying
such zonal specificity in the liver remains
unclear, the increased levels of cytochrome
P450 expression and subsequent raised rates of
toxic metabolite formation in perivenular
hepatocytes may be a significant contributing
factor to the zonal nature of chemical induced
liver injury.46
The present studies show that there is

considerable variation in CYP3A gene expres-
sion in the gastrointestinal tract, with the small
intestine and colon demonstrating distinct
CYP3A complements. From both RNA and
immunoblot studies it seems that the expres-
sion of CYP3A genes in the small intestine is
limited to CYP3A3/3A4 expression, although
it is possible that screening of a larger number
of individuals may demonstrate some CYP3A5
expression. The present findings in the small
intestine are consistent with the recent demon-
stration of CYP3A4 expression in the small
intestine using form-specific oligonucleotide
probes.29 The expression of CYP3A genes in
the human colon was distinct from that in the
small intestine and showed considerable
interindividual heterogeneity. The finding of
an mRNA apparently corresponding in size to
CYP3A5 in a greater number of individuals
than CYP3A3/3A4 mRNA was of particular
interest given the contrary findings in liver.
While no CYP3A mRNA was observed in a
number of individuals using either in situ
hybridisation or RNA blotting, this finding was
not unexpected given that in a previous
study we were unable to detect CYP3A
protein in human colon using the immunoblot
technique.8 In addition, Murray et al were
unable to show CYP3A immunoreactivity in
the human colon,28 although other groups
have demonstrated CYP3A immunoreactive
protein in microsomes prepared from human
colon.27 47 48 The identification of colonic
CYP3A expression in a large number of
subjects in this study probably reflects the
excellent sensitivity of both the in situ hybridi-
sation and RNA blotting techniques employing

RNA probes. The demonstration of CYP3A
expression by both techniques required long
autoradiographic exposures indicating the
relatively low level of expression in this tissue.
The interindividual heterogeneity in CYP3A
expression observed in the colon did not corre-
late with gender or the anatomical location
within the colon. Indeed, in individuals in
whom CYP3A mRNA was observed in colon
by RNA blotting, in situ hybridisation analysis
of segments of caecum, ascending colon, trans-
verse colon, descending colon, and sigmoid
colon confirmed expression along the whole
length of the colon. While the heterogeneity
in colonic CYP3A mRNA may reflect genetic
variations in CYP3A expression, these differ-
ences may be a result of differential induction
of the various CYP3A enzymes. While drug
histories obtained for these individuals were
incomplete, there was no evidence that any
subject was undergoing therapy with known
inducers of the CYP3A subfamily.

In a previous study we showed that a
potential interaction involving CYP3A
enzymes may exist between the dietary
heterocyclic amines and flavonoids consumed
in the diet.8 This earlier study demonstrated
the capacity of microsomes prepared from
rabbit and human small intestine to activate
the heterocyclic amine MeIQ in the presence
of flavonoids. We postulated that such an
interaction may be due to activation of MeIQ
by CYP3A enzymes. Confirmation of this
hypothesis and its potential importance in
humans required both the further characterisa-
tion of gastrointestinal CYP3A expression,
as described in the present report, and a
demonstration that members of the CYP3A
subfamily were capable of carrying out this
process. To explore this latter possibility
we expressed two members of the CYP3A sub-
family from their respective cDNAs and deter-
mined their activity toward two dietary
heterocylic amines, PhIP and MeIQ, in the
presence and absence of the flavonoid ao-naph-
thoflavone. These two compounds were
selected as PhIP represents the most abundant
of the heterocyclic amine compounds found in
cooked meat while MeIQ exhibits far greater
mutagenicity.9 10 In the present study we have
shown that the capacity of both CYP3A4 and
CYP3A5 to activate MeIQ to a mutagen is
increased significantly in the presence of cx-
naphthoflavone. In contrast, no activity was
observed for either CYP3A4 or CYP3A5
towards PhIP. The demonstration that
expressed CYP3A4 and CYP3A5 proteins are
indeed able to activate MeIQ to a mutagen in
the presence of ao-naphthoflavone supports
the hypothesis that CYP3A proteins are
responsible for the flavonoid inducible MeIQ
activation observed with small intestine
microsomes.8 The significance of such an
interaction in the aetiology of human cancer is
unclear, however, given that most human
gastrointestinal cancers occur in the colorectal
region yet CYP3A expression is greater in the
small intestine.

This study again shows the utility of the in
situ hybridisation technique for investigating
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cytochrome P450 expression in human tissues.
The analysis of cytochrome P450 expression in
human tissues is often difficult because of the
multiplicity of cytochromes P450 and limited
availability of human tissues. In situ hybridi-
sation, when complemented with RNA
blotting studies, obviates many of these
difficulties and is therefore particularly suited
to analysis of cytochrome P450 expression.
The technique provides precise spatial
information not possible with conventional
blotting techniques and also offers excellent
sensitivity. We have previously shown the
suitability of the in situ hybridisation technique
for localising cytochrome P450 mRNA in
routinely processed formalin fixed, paraffin
embedded tissue sections.33 This enables
retrospective studies of P450 expression in a
range of both normal and pathological tissues.
The ability to use routine biopsy specimens
is particularly useful for studies of gastro-
intestinal expression given the frequency of
biopsy procedures in these tissues. The present
study shows many of the advantages of in situ
hybridisation enabling a broader study of
gastrointestinal CYP3A expression. This has
allowed the detection of low level CYP3A
expression in colonic tissue and demonstration
of the heterogeneity in such expression within
tissues and between individuals. While the
present study clearly shows the application
of in situ hybridisation for the precise and
sensitive localisation of CYP3A expression in
human tissues, complete characterisation of
the CYP3A subfamily requires further analysis
with probes able to differentiate the highly
related CYP3A3 and CYP3A4 sequences. The
high sequence similarity of these two P450s
will necessitate the use of oligonucleotides
probes for differentiation. Oligonucleotide
probes have been successfully employed for in
situ hybridisation analysis of cytochrome P450
mRNA in rat tissues39 and extension of such
studies to human tissues will enable definitive
characterisation of intestinal P450 expression
and a clearer insight into possible mechanisms
of chemical carcinogenesis.
This work was supported by grants from the Australian
National Health and Medical Research Council and the Anti-
Cancer Foundation of the Universities of South Australia.

1 Nelson DR, Kamataki T, Waxman DJ, Guengerich FP,
Estabrook RW, Feyereisen R, et al. The P450 superfamily:
update on new sequences, gene mapping, accession
numbers, early trivial names of enzymes, and nomen-
clature. DNA CeUBiol 1993; 12: 1-51.

2 Gonzalez FJ. The molecular biology of cytochrome P450s.
Pharmacol Rev 1989; 40: 243-87.

3 Gonzalez FJ. Molecular genetics of the P-450 superfamily.
Pharmac Ther 1990; 45: 1-38.

4 Shimada T, Martin MV, Pruess-Schwartz D, Mamett U,
Guengerich FP. Roles of individual cytochrome
P450 enzymes in the bioactivation of benzo[a]pyrene,
7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene, and other
dihydrodiol derivatives of polycyclic aromatic hydro-
carbons. Cancer Res 1989; 49: 6304-12.

5 Shimada T, Guengerich FP. Evidence for cytochrome
P-450NF, the nifedipine oxidase, being the principal
enzyme involved in the bioactivation of aflatoxins in
human liver. Proc Nadl Acad Sci USA 1989; 86: 462-5.

6 Shimada T, Iwasaki M, Martin MV, Guengerich FP.
Human liver microsomal cytochrome P-450 enzymes
involved in the bioactivation of procarcinogens detected
by umu gene response in Salmonella typhimurium TA
1535/pSK1002. Cancer Res 1989; 49: 3218-28.

7 Aoyama T, Yamano 5, Guzelian PS, Gelboin HV, Gonzalez
FJ. Five of 12 forms of vaccinia virus-expressed human
hepatic cytochrome P450 metabolically activate aflatoxin
B1. Proc NatlAcad Sci USA 1990; 87: 4790-3.

8 McKinnon RA, Burgess WM, Hall P de la M, Abdul-Aziz
Z, McManus ME. Metabolism of food-derived hetero-
cyclic amines in human and rabbit tissues by P4503A
proteins in the presence of flavonoids. Cancer Res 1992;
52: 2108s-13s.

9 Sugimura T, Sato, S Wakabayashi M. Mutagens/carcino-
gens in pyrolysates of amino acids and proteins in cooked
foods: heterocyclic aromatic amines. In: Woo YT, Lai
DY, Arcos JC, Argus MF, eds. Chemical induction
of cancer, structural bases and biological mechanisms. New
York: Academic Press, 1988:681-710.

10 Felton JS, Knize MG. Heterocyclic-amine mutagens/
carcinogens in foods. In: Cooper CS, Grover PL, eds.
Chemical carcinogenesis and mutagenesis I, Handbook of
Experimental Pharmacology. Vol 94/1. Berlin: Springer-
Verlag, 1990: 471-502.

11 McManus ME, Burgess WM, Veronese ME, Huggett A,
Quattrochi LC, Tukey RH. Metabolism of 2-acetyl-
aminofluorene and benzopyrene and activation of food-
derived heterocyclic amine mutagens by human
cytochromes P450. Cancer Res 1990; 50: 3367-76.

12 McManus ME, Burgess W, Snyderwine E, Stupans I.
Specificity of rabbit cytochrome P450 isozymes involved
in the metabolic activation of the food derived mutagen
2-amino-3-methylimidazo [4,5-flquinoline. Cancer Res
1988; 48: 4513-9.

13 McManus ME, Felton JS, Knize MG, Burgess WM,
Roberts-Thomson S, Pond SM, et al. Activation of the
food-derived mutagen 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine by rabbit and human liver micro-
somes and purified forms of cytochrome P450.
Carcinogenesis 1989; 10: 357-63.

14 Aoyama T, Gelboin HV, Gonzalez FJ. Mutagenic activation
of 2-amino-3-methylimidazo[4,5-fJquinoline by comple-
mentary DNA-expressed human liver P450. Cancer Res
1990; 50: 6060-3.

15 Ames BN. Mutagenesis and carcinogenesis: endogenous
and exogenous factors. Environ Mol Mutagen 1989; 16:
S66-7.

16 Molowa DT, Schuetz EG, Wrighton SA, Watkins PB,
Kremers P, Mendez-Picon G, et al. Complete cDNA
sequence of a cytochrome P-450 inducible by glucocorti-
coids in human liver. Proc Nail Acad Sci USA 1986; 83:
8064-8.

17 Beaune PH, Umbenhauer DR, Bork RW, Lloyd RS,
Guengerich FP. Isolation and sequence determination of
a cDNA clone related to human cytochrome P-450
nifedipine oxidase. Proc Natl Acad Sci USA 1986; 83:
5311-5.

18 Gonzalez FJ, Schmid BJ, Umeno M, McBride OW,
Hardwick JP, Meyer UA, et al. Human P450PCN1:
Sequence, chromosome localization, and direct evidence
through cDNA expression that P450PCN1 is nifedipine
oxidase. DNA 1988; 7: 79-86.

19 Aoyama T, Yamano S, Waxman DJ, Lapenson DP, Meyer
UA, Fisher V, et al. Cytochrome P-450 hPCN3, a novel
cytochrome P-450 IIIA gene product that is differentially
expressed in adult human liver. Jf Biol Chem 1989; 264:
10 388-95.

20 Schuetz JD, Molowa DT, Guzelian PS. Characterization of
a cDNA encoding a new member of the glucocorticoid-
responsive cytochromes P450 in human liver. Arch
Biochem Biophys 1989; 274: 355-65.

21 Komori M, Nishio K, Ohi H, Kitada M, Kamataki T.
Molecular cloning and sequence analysis of cDNA con-
taining the entire coding region for human fetal liver
cytochrome P450. J Biochem 1989; 105: 161-3.

22 Bork RW, Muto T, Beaune P, Srivastava PK, Lloyd RS,
Guengerich FP. Characterization of mRNA species
related to human liver cytochrome P-450 nifedipine
oxidase and the regulation of catalytic activity. J Biol Chem
1989; 264: 910-9.

23 Wrighton SA, Brian WR, Sari M-A, Iwasaki M, Guengerich
FP, Raucy JL, et al. Studies on the expression and meta-
bolic capabilities of human liver cytochrome P450IIIA5
(HLp3). Mol Pharmacol 1990; 38: 207-13.

24 Wrighton SA, Ring BJ, Watkins PB, Vandenbranden M.
Identification of a polymorphically expressed member of
the human cytochrome P-450III family. Mol Pharmacol
1989; 36: 97-105.

25 Komori M, Nishio M, Fujitani T, Ohi H, Kitada M, Mima
S, et al. Isolation of a new human fetal liver cDNA clone:
Evidence for a limited number of forms of cytochrome
P450 in human fetal livers. Arch Biochem Biophys 1989;
272: 219-25.

26 Watkins PB, Wrighton SA, Schuetz EG, Molowa DT,
Guzelian PS. Identification of Glucocorticoid-inducible
Cytochromes P-450 in the intestinal mucosa of rats and
man. J Clin Invest 1987; 80: 1029-36.

27 De Waziers I, Cugnenc PH, Yang CS, Leroux JP, Beaune
PH. Cytochrome P 450 isoenzymes, epoxide hydrolase
and glutathione transferases in rat and human hepatic and
extrahepatic tissues. 7 Pharmacol Exp Therap 1990; 253:
387-94.

28 Murray GI, Barnes TS, Sewell HF, Ewen SWB, Melvin
WT, Burke MD. The immunocytochemical localisation
and distribution of cytochrome P-450 in normal human
hepatic and extrahepatic tissues with a monoclonal
antibody to human cytochrome P-450. BrJ Clin Phanmac
1988; 25: 465-75.

29 Kolars JC, Schmiedlin-Ren P, Schuetz JD, Fang C, Watkins
PB. Identification of Rifampicin-inducible P450IIIA4
(CYP3A4) in human small bowel enterocytes. Jf Clin
Invest 1992; 90: 187 1-8.

30 Chomczynski P, Saachi N. Single-step method of

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.36.2.259 on 1 F

ebruary 1995. D
ow

nloaded from
 

http://gut.bmj.com/


Characterisation ofCYP3A gene subfamily expression in human gastrointestinal tissues 267

RNA isolation by acid guandinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 1987; 162:
156-9.

31 Aviv H, Leder P. Purification of biological active globin
messenger RNA by chromatography on oligothymidylic
acid cellulose. Proc NatlAcad Sci USA 1972; 69: 1408-12.

32 Lehrach M, Diamond D, Wozney JM, Boedtker H. RNA
molecular weight determinations by gel electrophoresis
under denaturing conditions: a critical reexamination.
Biochemistry 1977; 16: 4743-51.

33 McKinnon RA, Hall P de la M, Quattrochi LC, Tukey RH,
McManus ME. Localization of CYPlAl and CYP1A2
messenger RNA in normal human liver and in hepato-
cellular carcinoma by in situ hybridization. Hepatology
1991; 14: 848-56.

34 Zuber MX, Simpson ER, Waterman MR. Expression of
bovine 17 alpha-hydroxylase cytochrome P-450 cDNA in
nonsteroidogenic (COS1) cells. Science 1986; 234:
1258-61.

35 Laemmli UK. Cleavage of structural proteins during
the assembly of a bacteriophage T4. Nature 1970; 227:
680-5.

36 Maron DM, Ames BN. Revised methods for the Salmonella
mutagenicity test. Mutat Res 1983; 113: 173-215.

37 McManus ME, McKinnon RA. Measurement of
cytochrome P450 activation of xenobiotics using the
Ames/Salmonella test. Methods Enzymol 1991; 206:
501-9.

38 Murray GI, Barnes TS, Sewell HF, Ewen SWB, Melvin
WT, Shaw PM, Fowler J, Burke MD. Cytochrome P-450
localization in normal human adult and fetal liver by
immunocytochemistry using a monoclonal antibody
against human cytochrome P-450. Histochem Jf 1987; 19:
537-45.

39 Hassett C, Luchtel DL, Omiecinski CJ. Hepatic expression
of rat P450 mRNA assessed by in situ hybridization to
oligomer probes. DNA 1989; 8: 29-37.

40 Baron J, Redick JA, Guengerich FP. An immunohistochem-
ical study on the localizations and distributions of
phenobarbital- and 3-methylcholanthrene-inducible
cytochrome P450 within livers of untreated rats. Y Biol
Chem 1981; 256: 5931-7.

41 Baron J, Redick JA, Guengerich FP. Effects of 3-methyl-
cholanthrene, 1-naphthoflavone, and phenobarbital
on the 3-methylcholanthrene-inducible isozyme of
cytochrome P450 within centrilobular, midzonal
and periportal hepatocytes. J Biol Chem 1982; 257:
953-7.

42 Ohnishi K, Mishima A, Okuda K. Immunofluorescence of
phenobarbital inducible cytochrome P-450 in the hepatic
lobule of normal and phenobarbital-treated rats.
HepatologSy 1982; 2: 849-55.

43 Ingelman-Sundberg M, Johansson I, Penttila KE,
Glaumann H, Lindros KO. Centrilobular expression of
ethanol-inducible cytochrome P450 (IIE1) in rat liver.
Biochem Biophys Res Commun 1988; 157: 55-60.

44 Tsutsumi M, Lasker JM, Shimizu M, Rosman AS, Lieber
CS. The intralobular distribution of ethanol-inducible
P450IIE1 in rat and human liver. Hepatology 1989; 10:
437-46.

45 McManus ME, Hall PM, Stupans I, Brennan J, Burgess W,
Robson R, et al. Immunohistochemical localization and
quantitation of NADPH-cytochrome P450 reductase in
human liver. Mol Pharmacol 1987; 32: 189-94.

46 Stricker BHC, Spoelstra P. Drug-induced hepatic injury.
Amsterdam: Elsevier, 1985.

47 Peters WHM, Boon CEW, Roelofs HMJ, Wobbes T,
Nagengast FM, Kremers PG. Expression of drug-metab-
olizing enzymes and P-170 glycoprotein in colorectal
carcinoma and normal mucosa. Gastroenterology 1992;
103: 448-55.

48 Peters WHM, Kremers PG. Cytochromes P-450 in the
intestinal mucosa of man. Biochem Pharmacol 1989; 38:
1535-8.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.36.2.259 on 1 F

ebruary 1995. D
ow

nloaded from
 

http://gut.bmj.com/

