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Abstract Constitutive and benzo[a]pyrene (B[a]P) inducible expression of CYP1A1 andCYP1A2 in prostate cancer
and normal prostate epithelial cells were examined by immunoblotting. Androgen independent prostate cancer cell lines
DU145 and PC3 have constitutive expression of CYP1A and CYP1A1 and CYP1A2, respectively. Four micromolar B[a]P
did not appear to induce CYP1A1 or CYP1A2 expression inDU145 or PC3 cells. The androgen dependent prostate cancer
cell line, LnCap, also has constitutive expression of CYP1A1 and CYP1A2. However, both CYP1A1 and CYP1A2 are
induced by treatment of LnCap cells with 4 mMB[a]P. Untreated normal prostate and primary prostate tumor cells have no
detectable CYP1A1 expression. Treatment with 4 mM B[a]P induced CYP1A1 expression in both normal and primary
tumor prostate cells. Constitutive CYP1A2 expression was detected in normal prostate cells with little or no induction by
exposure to 4 mMB[a]P. Primary prostate tumor cells did not show constitutive expression of CYP1A2. However, CYP1A2
was induced by 4mMB[a]P in primary prostate tumor cells. These observations indicate that hormonal and cancer specific
factors affect the expression and induction of the phase Imetabolic enzymes, CYP1A1andCYP1A2 in prostate cells. These
observations may be related to the potential smoking-linked higher risk of prostate cancer development and morbidity of
prostate cancer patients who smoke. J. Cell. Biochem. 91: 423–429, 2004. � 2004 Wiley-Liss, Inc.
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The cytochrome P450-dependent monooxy-
genases represent a large family of isozymes
that catalyze the metabolic activation of proto-
xins, procarcinogens, and the detoxification
of a multitude of environmental substrates
[Conney, 1967, 1982; Nebert and Gonzalez,
1987]. The CYP1 subfamily includes CYP1A1,
CYP1A2, and CYP1B1 [Morville et al., 1983;
Thomas et al., 1983; Sutter et al., 1991].
Normally CYP1A1 expression is not constitu-
tive in adult human tissues, however, its ex-
pression is highly induced by exposure to
polyaromatic hydrocarbons (PAHs) and haloge-
nated aromatic hydrocarbons found in tobacco

smoke, environmental contaminants, and diet-
ary constituents [Whitlock, 1986]. Expression of
CYP1A1 is primarily under transcriptional
control and involves the interaction of both
positively and negatively acting transcription
factors [Whitlock, 1986; Hines et al., 1988;
Boucher et al., 1995; Sterling and Bresnick,
1996]. The level of induction of CYP1A1
also varies and a highly inducible phenotype
is present in about 10% of the population [Kouri
and Nebert, 1977; Fujino et al., 1984; Hayashi
andSugimura, 1994;Catteau et al., 1995]. Since
CYP1A1 is a phase I activating enzyme that
plays a major role in the conversion of pre-
carcinogens to carcinogens such as benzo[a]pyr-
ene (B[a]P) to B[a]P diol epoxide, it is believed
that genetic differences (polymorphisms) that
phenotypically show increased induction of
CYP1A1 correlate with a predisposition to
certain cancers [Kouri et al., 1982; Pelkonen
and Nebert, 1982; Murray et al., 1991; Pyykko
et al., 1991].
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CYP1A2 is also a phase I activating enzyme
and is responsible for the activation of a number
of aromatic amines, found in cooked foods, to
carcinogenic forms [Battula et al., 1990; McMa-
nus et al., 1990]. CYP1A2 is the major CYP1A
isozymeof the liver havinga constitutive level of
expression that is increased by exposure to
aromatic amines, PAHs and dioxins [Battula
et al., 1990;McManus et al., 1990;Murray et al.,
1993]. CYP1A2 mRNA is also expressed in
prostate tissue [Williams et al., 2000]. Based
on studies of caffeine metabolism there are also
inter-individual differences in the expression of
CYP1A2 [Kalow and Tang, 1991; Kadlubar
et al., 1992; Relling et al., 1992]. Higher levels
of CYP1A2 expression or induction may con-
tribute to individual susceptibility to cancer
development from exposure to environmental
and dietary precarcinogens. The underlying
mechanism of the inter-individual variation in
the level of CYP1A2 expression is not clear and
does not appear to be due to mutations or de-
letions [Schweikl et al., 1993; Nakajima et al.,
1994]. The inter-individual variation in the
expression of CYP1A2 may be due to a dif-
ferential response to various stimuli and/or
unidentified polymorphisms present in the
CYP1A2 gene that occur in the population. An
example of a differential response in the ex-
pression of CYP1A2 is its variable induction in
response to cigarette smoke [Wrighton et al.,
1986; Sesardic et al., 1990; Sherson et al., 1992;
Vistisen et al., 1992, Ilett et al., 1993; Schweikl
et al., 1993; Nakajima et al., 1994].

Prostate cancer is the second most frequent
cause ofmale cancer deaths in theUnitedStates
[Wingo et al., 1995]. Despite the prevalence of
prostate cancer in the United States, little is
known about its pathogenesis and the factors
that contribute to its progression [Carter and
Coffey, 1990]. There are significant differences
in the incidence of prostate cancer throughout
the world [Haenzel and Kurihara, 1968] and
between ethnic groups [Ries et al., 1994]. This
indicates genetic as well as environmental
factors having a major etiological role in pros-
tate cancer development. A potential target of
the carcinogenic metabolites generated by the
activity ofCYP1As is the prostate specific tumor
suppressor Nkx3.1 that plays a significant role
in prostate development and cancer [Bhatia-
Gaur et al., 1999; Abate-Shen et al., 2003].

An epidemiological report from a large pro-
spective study indicated higher death rates due

to prostate cancer for men who are cigarette
smokers [Rodriguez et al., 1997]. Also, several
other epidemiological studies have revealed a
correlation between smoking and an increased
risk of prostate cancer and mortality [Hsing
et al., 1990, 1991; Andersson et al., 1996;
Coughlin et al., 1996].

A potential role for CYP1A in the develop-
ment and/or progression of prostate cancer
is indicated by the significant amount of im-
munoreactive CYP1A observed in prostatic
carcinomas, while non-neoplastic prostatic epi-
thelium dislplayed weak immunoreactivity for
CYP1A [Murray et al., 1995]. CYP1Aswere also
shown to metabolize B[a]P with resultant
formation of B[a]P adducts in benign prostatic
hyperplasia organ cultures [Williams et al.,
2000]. A preexisting polymorphism in the
CYP1A genes, an aberrant level of expression
of a positively acting CYP1A transcription
factor or a cancer related switch to increased
constitutive or induced levels of CYP1A expres-
sion, have the potential to explain, at the
molecular level, the development and/or pro-
gression of prostate cancer from exposure
to environmental precarcinogens. Increased
morbidity of prostate cancer patients who
smoke and the observed increased incidence
of prostate cancer for smokers may be due to
increased production of metabolically activated
precarcinogens.

MATERIALS AND METHODS

Cell Culture

Two of the metastatic prostate carcinoma
cells lines, PC3 and DU145, are androgen
receptor negative while a third metastatic pros-
tate carcinoma cell line, LNCaP expresses high
levels of androgen receptor protein and mRNA
[Tilley et al., 1990]. These cells were obtained
from the American Type Culture Collection.We
obtained normal human prostate and patient
matched primary prostate tumor cell lines from
Dr. Suzanne L. Topalian (Surgery Branch,
National Cancer Institute). We have assessed
one of the sets of patient matched cell lines,
1542-NPTX and 1542-CP3TX [Bright et al.,
1997]. 1542-NPTX is derived from normal
prostate epithelium and 1542-CP3TX is derived
from primary prostate tumor [Bright et al.,
1997].

DU145, PC3, and LNCaP cell lines were
cultured inDulbecco’smodifiedEagle’smedium
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90% with 10% fetal bovine serum. 1542-NPTX
and 1542-CP3TX cells were grown in keratino-
cyte growth medium (GIBCO, Carlsbad, CA),
5%heat inactivated fetal calf serum. These cells
were grown to approximately 90% confluency
and thenadministeredB[a]P, 4mMfinal concen-
tration or vehicle, dimethylsulfoxide (DMSO).
The cells were cultured for a further 24 h. The
cells were washed with ice cold phosphate
buffered saline (PBS) and then scraped and
transferred to a 15 ml culture tube, washed in
PBS twice, and then placed in lysis buffer (0.5%
nonidet P40, 150mMNaCl, 50mMTris-HCl pH
7.5, and 0.5% sodium deoxycholate) plus pro-
tease inhibitors (1 mM EDTA, 20 mg/ml phenyl-
methylsulfonyl fluoride (PMFS), 20 mg/ml
aprotinin, 5 mg/ml pepstatin A, and 5 mg/ml
leupeptin) and sonicated on ice. A BCA protein
assay (Pierce, Rockford, IL) was performed on
each lysate.

Immunoblot Analysis

Total cell lysate (50 mg of total protein for
control and B[a]P-exposed cells) was combined
with an equal volume of 2� SDS-gel loading
buffer (5% SDS, 125 mM Tris-HCl, pH 6.8,
25% glycerol, 0.0025% bromophenol blue, plus
2-mercaptoethanol) and separated by sodium
dodecylsulfate, polyacrylamide gel electrophor-
esis (SDS–PAGE) [Laemmli, 1970]. The SDS–
PAGE separated proteins were transferred to a
polyvinylidene difluoride (PVDF)membrane for
20 min at 75 V in 10 mM CAPS, pH 11, 10%
methanol. The membrane with transferred
proteinwas blockedwith 5%milk, Tris-buffered
saline (TBS), followed by incubation with anti-
P450c (recognizes both CYP1A1 and CYP1A2),
CYP1A1 or CYP1A2 antibodies (gifts from Dr.
PaulThomas,RutgersUniversity) diluted in 5%
milk, TBS. After further washing, the mem-
brane was incubated with goat ant-rabbit IgG
antibody conjugated to horseradish peroxidase
(Pierce) for 1 h, washed and the protein signal
developed using the Pierce SuperSignal West
Pico Chemiluminescent Substrate kit (Pierce).
The blot was stripped of primary and secondary
antibodies with IgG elution buffer (Pierce). The
stripped membrane was reprobed with rabbit
polyclonal antibody to actin (Sigma, St. Louis,
MO). Quantification of the specific CYP1A1 and
CYP1A2 signals for constitutive and induced
LnCap cells was determined by the number of
pixels per unit area normalized with respect to
the signal for actin (43 kD). Signal intensity is

proportional to protein expression. The relative
amount of specific signals was expressed as a
ratio to that of actin. By including a determina-
tion of the amount of actin for each cell lysate
sample, we can account for gel loading errors
and possible differences in the amount of pro-
tein transferred to the PVDF membrane.

RESULTS

DU145 cells were probed with the rabbit
polyclonal antibody to P450C that reacts with
both CYP1A1 and CYP1A2. DU145 cells con-
stitutively express either CYP1A1 or CYP1A2
(MWapproximately 52 kDa) but apparently not
both since only one signal is observed (Fig. 1).
Administration of B[a]P apparently did not
further induce either CYP1A1 or CYP1A2 in
DU145 cells.

The PC3 cells constitutively express both
CYP1A1 and CYP1A2 and there is no apparent
induction of either isozyme after exposure to
B[a]P (Fig. 2).

The LNCaP cells also constitutively express
both CYP1A1 and CYP1A2 (Fig. 3). Unlike the
DU145 and PC3 cells, exposure to B[a]P caused
an increase in the amount of CYP1A1 and
CYP1A2 in LNCaP cells as indicated by the
intensity of the respective signals for each and
comparison to the signal intensities for actin
(Fig. 4).

Compared to the metastatic prostate carci-
noma cell lines, the normal and primary tumor
prostate cells, 1542-NPTX and 1542-CP3TX,
have very little or no constitutive expression of
CYP1A1 (Fig. 5). CYP1A1 expression was also
inducible in the normal and primary tumor
prostate cells (Fig. 5). CYP1A2 was expressed

Fig. 1. DU145, androgen-independent prostate cancer cells
were treated with vehicle (lane C) or 4 mM benzo[a]pyrene
(B[a]P) (lane B). Fifty micrograms of total cell lysate protein was
loaded in each lane. The transferred cellular protein was probed
with a rabbit anti-human, cytochrome P450c antibody that
recognizes both CYP1A1 and CYP1A2.
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constitutively andwasapparentlynot increased
by exposure to B[a]P in the normal prostate
cells, 1542-NPTX (Fig. 5). CYP1A2 was not de-
tected in the non-B[a]P-treated primary tumor
prostate cells, 1542-CP3TX but was induced
when the cells were exposed to 4 mM B[a]P.

DISCUSSION

Environmental precarcinogens, including
those in tobacco smoke and the diet are believed
to be responsible for most cancers. This report
demonstrates that normal and patient match-
ed primary tumor prostate cells did not
have detectable levels of CYP1A1 expression.
CYP1A2 expression was constitutive in normal
prostate epithelial cells and not increased by
B[a]P exposure. Primary prostate tumor cells
had no constitutive expression of CYP1A2, how-
ever, B[a]P exposure caused increased expres-

sion of CYP1A2. All the metastatic prostate
cancer cell lines, DU145, PC3, and LnCap
showed constitutive expression of CYP1A1 and
CYP1A2. CYP1A1 and CYP1A2 were not in-
duced by exposure to B[a]P in the androgen-
independent prostate cancer cell lines DU145
and PC3. However, CYP1A1 and CYP1B1
expression was induced only in high passage
PC3 and DU145 cells exposed to 2,3,7,8-
tetrchlorodibenzo-p-dioxin (TCDD) [Schaufler
et al., 2002]. B[a]P exposure to the androgen-
dependent prostate cancer cell line, LNCaP,
caused an induction of CYP1A1 and CYP1A2
expression. These observations indicate that
constitutive and induced expression of CYP1A
varies according to whether the prostate cells
are normal, primary, or metastatic and andro-
gen dependent. This observation is in agree-
ment with a previous report of TCDD induction
of CYP1A1 mRNA in LnCap cells [Jana et al.,
1999]. Both PAH’s (e.g., B[a]P) and TCDD are
ligands for the aromatic (aryl) hydrocarbon
receptor (AhR) [Whitlock, 1999]. TCDD and
testosterone signaling pathways apparently
interact in LNCaP cells [Jana et al., 1999].
Thus, TCDD and other carcinogenic AhR
ligands, e.g., B[a]P [Kizu et al., 2003], may
contribute to the development and progression
of prostate cancer via an endocrine pathway in
addition to the action of their ultimate carcino-
genic metabolites. These data provide the basis
for further investigation of themechanisms and
genetic alterations responsible for the observed
differences in CYP1A expression and induction
in the various prostate cancer and normal
prostate cells. Functional alterations in protein
products of genetic targets, e.g., the prostate-

Fig. 2. PC3, androgen-independent prostate cancer cells
were treated with vehicle (lane C) or 4 mM B[a]P (lane B). Fifty
micrograms of total cell lysate protein was loaded in each lane.
The transferred cellular protein was probed with either a rabbit
anti-human, cytochrome P4501A1 or anti-human cytochrome
P4501A2 (CYP1A1 and CYP1A2, respectively) antibody. Each
immunoblot was stripped and re-probed with rabbit anti-actin
antibody.

Fig. 3. LNCaP, androgen-dependent prostate cancer cells
were treated with vehicle (lane C) or 4 mM B[a]P (lane B). Fifty
micrograms of total cell lysate protein was loaded in each lane.
The transferred cellular protein was probed with either a rabbit
anti-human, cytochrome P4501A1 or anti-human cytochrome
P4501A2 (CYP1A1 and CYP1A2, respectively) antibody. Each
immunoblot was stripped and re-probed with rabbit anti-actin
antibody.

Fig. 4. Ratio of the CYP1A1 and CYP1A2 signal densities from
control and B[a]P-treated LNCaP cells to their respective actin
signal density from Figure 3.
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specific Nkx3.1 gene [Bhatia-Gaur et al., 1999;
Abate-Shen et al., 2003], may play a major role
in the development and progression of prostate
cancer due to exposure to environmental carci-
nogens including those in cigarette smoke and
the diet. To our knowledge, we have reported for
the first time, the basal expression and B[a]P-
induced expression of CYP1A1 and CYP1A2 in
normal and primary tumor prostate cells 1542-
NPTX and 1542-CP3TX, respectively. The
CYP1A expression pattern for these cells differs
from the metastatic cell lines DU145, PC3, and
LNCaP. These prostate cells provide a model
system for investigation of the molecular mec-
hanisms for understanding prostate cancer
development and progression from dietary and
cigarette smoke aryl amines and PAHs.
Further significance of CYP1A expression

levels in prostate cells is due to the likelihood
of dietary and cigarette smoke precarcinogens
and their CYP1A-mediated ultimate carcino-
genic metabolites having the potential to target
prostate specific tumor suppressor genes such
as Nkx3.1 that may be directly involved in
prostate cancer development. Also, CYP1A
precarcinogenic substrates can disrupt andro-
gen receptor function. In addition, increased
CYP1A activity can compromise the efficacy of
anti-androgenic and other prostate cancer ther-
apeutic drugs due to increased metabolism.
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