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ABSTRACT The 4-hydroxy metabolite of 17p-estradiol
(E;) has been implicated in the carcinogenicity of this hor-
mone. Previous studies showed that aryl hydrocarbon-
receptor agonists induced a cytochrome P450 that catalyzed
the 4-hydroxylation of E,. This activity was associated with
human P450 1B1. To determine the relationship of the human
P450 1B1 gene product and E, 4-hydroxylation, the protein
was expressed in Saccharomyces cerevisiae. Microsomes from
the transformed yeast catalyzed the 4- and 2-hydroxylation of
E; with K, values of 0.71 and 0.78 uM and turnover numbers
of 1.39 and 0.27 nmol product min~'-nmol P450~1, respec-
tively. Treatment of MCF-7 human breast cancer cells with the
aryl hydrocarbon-receptor ligand indolo[3,2-b]carbazole re-
sulted in a concentration-dependent increase in P450 1B1 and
P450 1A1 mRNA levels, and caused increased rates of 2-, 4-,
6a-, and 15a-hydroxylation of E,. At an E, concentration of 10
nM, the increased rates of 2- and 4-hydroxylation were
approximately equal, emphasizing the significance of the low
K P450 1B1-component of E, metabolism. These studies
demonstrate that human P450 1B1 is a catalytically efficient
E; 4-hydroxylase that is likely to participate in endocrine
regulation and the toxicity of estrogens.

The importance of estrogens in the etiology of breast and
uterine cancer is widely recognized (1-3). The carcinogenicity
of estrogens has been primarily attributed to their action as
agonists of the estrogen receptor, through which concerted
gene regulation controls cellular growth and differentiation in
estrogen responsive tissues. Increasing evidence of another
mechanism of carcinogenicity has focused attention on the
catechol estrogen metabolites, which are less potent estrogens
than 17B-estradiol (E;). The 2- and 4-hydroxylated metabolites
of both E; and estrone (E;) can directly or indirectly damage
DNA, proteins, and lipids through the generation of reactive
free radicals by the reductive-oxidative cycling of these cate-
chol estrogens between their semiquinone and quinone forms
(4-6).

4-Hydroxylated metabolites represent only a small percent-
age of the total urinary catechol-estrogen content, and 4-hy-
droxylation was previously thought to be only a minor meta-
bolic route (7). However, tissue-specific 4-hydroxylation of E,
may be significant in the metabolic control of estrogen ho-
meostasis. In human (8) and mouse uteri (9), rat pituitary (10),
and hamster kidney (11) the rate of E, 4-hydroxylation ap-
proaches or exceeds that of 2-hydroxylation. Interestingly,
these organs are targets of estrogen-induced tumorigenesis (2,
12-14), and higher E, 4-hydroxylase activity has been mea-
sured in tumors of the human breast (15, 16) and uterus (8),
each compared with normal tissue. Furthermore, in the male
hamster kidney, the carcinogenic and DNA-damaging activity
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of 4-hydroxyestradiol (4-OHE,), and lack of activity of 2-hy-
droxyestradiol (2-OHEy), (17-19), implicate the 4-hydroxy-
lated metabolites in estrogen-induced carcinogenesis. Perti-
nent to elucidating the contribution of 4-OHE; to the devel-
opment of human cancer is the identification of the enzyme(s)
that produce this metabolite.

Previous studies demonstrated that treatment of MCF-7
breast cancer cells with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), an environmental pollutant and potent agonist of the
aryl hydrocarbon (Ah)-receptor, resulted in greater than 10-
fold increases in the rates of E, 4- and 2-hydroxylation (20).
Human cytochrome P450 1A1 was shown to catalyze 2-hy-
droxylation in these cells, but the 4-hydroxylase was not
identified (21). The recent cloning of the TCDD-inducible
human P450 1B1 cDNA (22, 23) led to the hypothesis that the
encoded enzyme catalyzed the observed E; 4-hydroxylation. In
MCF-7 cells, treatment with TCDD increased the amount of
the 5.1-kb P450 1B1 mRNA, and antibodies to mouse P450 1B1
significantly inhibited microsomal E; 4-hydroxylation (24).

To determine whether human P450 1B1 is an E, 4-hydrox-
ylase and to compare the kinetics of this reaction with other
known human E, hydroxylases, we expressed the P450 1B1
protein in Saccharomyces cerevisiae. We also investigated the
effects of treatment with indolo[3,2-b]carbazole (ICZ), a di-
etary-derived Ah-receptor ligand (25), on the expression of
P450 1A1 and P450 1B1 mRNAs and on the corresponding
metabolism of E; in MCF-7 cells.

MATERIALS AND METHODS

Protein Expression Plasmids. Five P450 1B1 expression
plasmids were constructed; the preparation of two of these is
described. One construct, AQ, was designed to express the
entire deduced amino acid sequence. Since the amino-terminal
sequence reported for rat P450 1B1 did not contain the first
four amino acids of the deduced amino acid sequence (26),
another expression construct, A3, was prepared that did not
encode three amino acids after the initial methionine. To
prepare the A0 and A3 expression plasmids, the HindIII
(nucleotide —133 relative to ATG at +1)-SspI (nucleotide
+1762) fragment of P450 1B1 cDNA clone p128 (23), con-
taining the complete coding sequence, was inserted into
HindIIl-Xhol-digested yeast expression vector, pYES2 (In-
vitrogen). The Xhol site was filled-in with Klenow DNA
polymerase, and the plasmid was closed by ligation. This plasmid
was digested with HindIII and Notl, which removed all of the 5’

Abbreviations: E;, estrone; E;, 17B-estradiol; 16a-OHE;, 16a-
hydroxyestrone; 2-OHE;, 2-hydroxyestrone; 2-OHE,, 2-hydroxyestra-
diol; 2-MeOE;, 2-methoxyestradiol; 4-OHE,, 4-hydroxyestradiol;
4-MeOE;, 4-methoxyestradiol; Ah, aryl hydrocarbon; ICZ, indolo[3,2-
b]carbazole; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; DMSO, di-
methyl sulfoxide.
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noncoding sequence of P450 1B1 and 384 nucleotides of the
coding sequence of the corresponding amino-terminal end.

Two DNA products, each to be inserted where the coding
sequence of P450 1B1 had been removed, were generated by
PCR. Primer 1 for the AO construct, 5'-CCCAAGCTTAA-
CAGATCATGGGCACCAGCCTC-3', did not alter the cod-
ing region of P450 1B1, but did alter the sequence 5’ of the
ATG. These alterations included (i) a HindIII site (the nucle-
otides AAGCTT), (i) a sequence found 5’ of the initiation site
of several abundantly expressed yeast genes (the nucleotides
AACA) (27), and (iii) a P450 1A1-specific sequence previously
shown to increase the expression of P450 1A2 in yeast (the
nucleotides GATC), (28). Primer 1 for the A3 product, 5'-
CCCAAGCTTAACAGATCATGCTCAGCCCG-
AACGAC-3', produced the same changes upstream of ATG
as the AO product, and also removed nine nucleotides imme-
diately 3’ of the ATG. Both products had the same reverse
complement primer 2, 5'-ACCTTCCAGTGCTCCGAG-
TAGT-3' (nucleotides +428 to +407), located 3’ of a NotI site.

For PCR, 5 ng of p128 cDNA was denatured at 99°C for 2
min and chilled on ice, then 50 pmol of each primer, 200 uM
of each dNTP, 3.75 mM MgCl,, 1X Taq Extender buffer
(Stratagene), and 5% formamide were added. Samples were
heated to 95°C for 2 min before 5 units of Tag polymerase and
Taq Extender were added. After denaturation at 95°C for 2
min, PCR was performed for 25 cycles (94°C for 30 s, 50°C for
30 s, 72°C for 1 min), followed by final extension for 10 min at
72°C. PCR products were digested with HindIII and Notl, and
ligated to the remainder of the coding sequence of P450 1B1
in the pYES2 plasmid. PCR-generated sequence was verified
by DNA sequence analysis.

Antipeptide Antibodies. A 20-mg aliquot of synthetic pep-
tide, (C)-TRQPRSRQVLE, P450 1B1 amino acids 158-168
(23), was conjugated to keyhole limpet hemocyanin by addi-
tion of an amino-terminal cysteine residue (Biosynthesis,
Lewisville, TX). Male New Zealand White rabbits were in-
jected subcutaneously with 1 mg of conjugated peptide sus-
pended in 1 ml of phosphate-buffered saline and emulsified in
1 ml of complete Freund’s adjuvant. Subsequent injections
consisted of conjugated peptide emulsified in 1 ml of incom-
plete Freund’s adjuvant (0.5 mg at 2 and 4 weeks and finally
1 mg at 12 weeks) (Spring Valley Laboratories, Sykesville,
MD). Antisera IgG (13 weeks) was purified by affinity chro-
matography with a bound-protein A-gel matrix (29).

Expression of Human P450 1B1 Constructs in Yeast. The S.
cerevisiae strain JL20, MATa leu2-3,112 his4-519 adel-100
ura3-52 (kindly provided by J. C. Loper, University of Cin-
cinnati), was transformed with plasmid DNA (30). To induce
P450 1B1 expression, yeast was grown in synthetic dextrose
medium without uracil (0.4% galactose, 0.02% glucose) to an
absorbance (Aego) of 1.7-1.9. Microsomes were prepared by a
described method (31) with minor modifications. Yeast were
washed twice in buffer A (0.65 M sorbitol/0.1 mM EDTA/0.1
mM dithiothreitol/10 mM TrisHCl, pH 7.5), collected by
centrifugation, and resuspended at 20 ml/g wet weight in
buffer B (2.0 M sorbitol/0.1 mM EDTA/0.1 mM dithiothrei-
tol/10 mM TrissHCl, pH 7.5/1.0 mM MgCl,). Cells were
incubated with Zymolyase 20T (ICN) at 9.6 mg/g wet weight
for 1 h at 30°C. Spheroplasts were washed twice with ice-cold
buffer A containing 0.1 mM a-toluenesulfonyl fluoride and
then lysed by nine 10-s bursts of sonication on ice. The
supernatant fraction from a 10-min centrifugation at 3000 X
g was centrifuged for 15 min at 12,000 X g. To obtain a
microsomal pellet, the 12,000 X g-supernatant fraction was
centrifuged at 105,000 X g for 1 h. Microsomes were resus-
pended in 10 mM TrissHCl (pH 7.5), 1.0 mM EDTA, and 20%
glycerol and either stored at —80°C or analyzed for P450
content.

Protein concentration (24), total P450 content, and yeast
NADPH cytochrome P450 reductase activity were measured
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as described (32). Microsomal proteins were separated by
SDS/PAGE, electroblotted, and incubated with anti-P450 1B1
antibody at 10 ug IgG per ml. Detection was by the Enhanced
Chemiluminescence system (Amersham) after incubation with
horseradish-peroxidase-conjugated goat anti-rabbit IgG sec-
ondary antibody (Promega) at 40 ng/ml. DNA and total RNA
were isolated and analyzed as previously described (22).
Northern and Southern blots were probed with a [a-32P]dCTP-
labeled 1.55-kb Eagl fragment of P450 1B1 cDNA from p128
(23), and a 1.0-kb BamHI-HindIII fragment of yeast genomic
actin from plasmid A10-AHX3 (33) (kindly provided by V.
Culotta, Johns Hopkins University). Hybridization signals
were normalized to actin and quantitated by laser densitom-
etry (22).

E; Metabolism. Metabolites of E, were analyzed by GC/MS
after preparation of the metabolite trimethylsilyl derivatives,
with quantitation by the stable isotope dilution technique as
described (20, 34). For the determination of microsomal E;
hydroxylase activity, incubation mixtures contained 50 or 75 ug
of microsomal protein, 0.1 M sodium phosphate (pH 7.4), 1.4
mM NADPH, 5 mM MgCl,, 2 mM ascorbic acid, and varying
amounts of E; as substrate. After 10 min at 37°C, the reaction
was stopped by extraction with ethyl acetate. In some assays,
where indicated, rabbit NADPH P450 reductase (kindly pro-
vided by F. P. Guengerich, Vanderbilt University, Nashville)
was included. Kinetic data were analyzed by the PENNZYME
computer program as previously described (21).

To analyze cellular E; metabolism, MCF-7 cells were grown
as described (20, 35) in 6-well plates (1.5 cm? per well) and
exposed for 72 h to medium containing 10 uM ICZ or the
solvent vehicle only [0.2% (vol/vol) dimethyl sulfoxide
(DMSQO)]. The medium was then replaced with medium
containing 1 uM or 10 nM E; for 6 h or 24 h, respectively. The
medium was recovered; metabolite conjugates were hydro-
lyzed by treatment with B-glucuronidase/sulfatase and the
metabolites were extracted and analyzed as described (20, 35).

RNA Expression. MCF-7 cells were exposed for 24 h either
to medium containing various concentrations of TCDD or ICZ
(kindly provided by L. F. Bjeldanes, University of California,
Berkeley) or to their corresponding solvent vehicle controls,
0.1% or 0.2% (vol/vol) DMSO, respectively. Total cellular
RNA was analyzed as described with successive hybridization
with [a-*?P]dCTP-labeled human P450 1B1, P450 1A1, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNAs (22, 23). Hybridization signals were quantitated by
laser densitometry or direct PhosphorImaging and normalized
to GAPDH.

RESULTS

Expression of Human P450 1B1. Levels of P450 1B1 protein
present in the microsomal fraction were quantitated spectro-
photometrically. The P450 level (pmol-mg~1) of AQ was 36 +
7 (mean * SE; n = 4) and of A3 was 340 * 65 (mean * SE;
n = 5) (Fig. 1). These results were verified by immunoblot
analysis of the P450 1B1 protein (Fig. 1D). Although the
reason for the differential expression of A0 and A3 was not
determined, it was not due to differences in plasmid copy
number, as demonstrated by Southern blot (Fig. 1B), or to
differences in mRNA levels, as demonstrated by Northern blot
(Fig. 1C).

Metabolism of E,. To determine whether P450 1B1 had E,
hydroxylase activity we analyzed extracts of microsomal incu-
bations by GC/MS, in both the scanning- and selected-ion-
monitoring modes, after preparation of trimethylsilyl deriva-
tives of the metabolites. These analyses revealed that micro-
somes from AQ and A3 both catalyzed NADPH-dependent 4-
and 2-hydroxylation of E, with a product ratio of approxi-
mately 5:1 (Fig. 2 and data not shown). Hydroxylation at the
C-6a, C-15a, and C-16a positions of E; was not detected,
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Fic. 1. Expression of human P450 1B1 in S. cerevisiae. (A)
Amino-terminal nucleotide and deduced amino acid sequences of
constructs A0 and A3. (B) Southern blot of DNA (5 ug per lane). (C)
Northern blot of total RNA (20 ug per lane). (D) Immunoblot of
microsomal protein (4 ug per lane) reacted with human anti-P450 1B1
antibody. The furthest right A3 lane is a shorter chemiluminescence
exposure, showing the specificity of the antibody. (B-D) V, plasmid
vector; A0 and A3, as depicted in. 4. Microsomal P450 levels were 36 *
7 (n = 4) and 340 * 65 (n = 5) (pmol'mg~!, mean + SE) for A0 and
A3, respectively.

(<0.5 pmol'min~!-mg~!). The velocities of the enzymes were
determined in triplicate at nine different concentrations of E,
(Fig. 3) and the resulting K, and V. values are presented in
Table 1.

The turnover numbers [nmol product-min~!(nmol P450)~1]
for P450 1B1 AO and A3 were determined for three separate
microsomal preparations of each expressed protein. The mi-
crosomal P450 content of each preparation was measured
spectrophotometrically, and E, hydroxylase activity was de-
termined in triplicate at saturating E, concentrations, with or
without the addition of fivefold molar excess of P450 reductase
over the amount of P450. The turnover numbers for A0 and A3
presented in Table 1 are the median determinations for three
separate microsomal preparations.

The turnover numbers of three microsomal preparations of
A0 without added P450 reductase for the formation of 2-OHE,
ranged from 0.24 to 1.14, and for the formation of 4-OHE,
ranged from 0.98 to 6.08. The addition of P450 reductase did
not increase the turnover numbers in any of the three micro-
somal preparations of A0 (Table 1 and data not shown). The
turnover numbers of three microsomal preparations of A3
without added P450 reductase for the formation of 2-OHE,
ranged from 0.03 to 0.08, and for the formation of 4-OHE,
ranged from 0.14 to 0.39. For each individual preparation of
A3, the addition of P450 reductase significantly increased (P <
0.05) the turnover numbers approximately two-fold in each of
the three preparations (Table 1 and data not shown). Endog-
enous P450 reductase activities (nmol cytochrome ¢ reduced-
min~!mg~') of the three preparations of A0 and A3 micro-
somes were 73 *+ 14 (mean * SE, n = 3) and 45 * 6 (mean *
SE, n = 3), respectively. These values were not significantly
different from each other.

P450 Induction and E, Metabolism in MCF-7 Cells. Treat-
ment of MCF-7 cells with TCDD or ICZ for 24 h resulted in
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F16.2. GC/MS analysis of hydroxylation of E; catalyzed by human
P450 1B1 expressed in S. cerevisiae. Incubation mixtures containing 75
g microsomal protein from yeast transformed with vector alone (4)
or A3 construct (B) and 10 uM E; were extracted and derivatized. The
trimethylsilyl derivatives were analyzed by capillary GC/MS with
selected-ion monitoring at m/z 504.3 (thick line) and m/z 414.2 (thin
line). (C) Analysis of equimolar mixture of E;-metabolite standards.

concentration-dependent increases in the amounts of P450
1A1 and P450 1B1 mRNAs (Fig. 4). The ECs for induction by
TCDD was 0.1 nM for P450 1B1 and 0.4 nM for P450 1A1.
While the increases in the amount of mRNAs did not appear
to reach a maximum over the ICZ concentration range tested,
ICZ was approximately 5000-fold less potent than TCDD,
consistent with the relative potency of these two compounds to
induce ethoxyresorufin O-deethylase activity in Hepa 1clc7
cells (25).

=
b

E, Hydroxylase Activity
pmol(min)*(mg)”
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E, Concentration, uM

Fic. 3. Dependence of P450 1B1 E; hydroxylase activities on Ex
concentration. Incubation mixtures contained 50 pg of microsomal
protein from AQ-expressing yeast and 0.0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0,
15.0, or 20.0 uM E; as substrate; metabolites were analyzed as in Fig.
2. The curves were obtained by fitting the data to the Michaelis—
Menten equation; values for the derived constants, K and Vpax, are
presented in Table 1. Each point represents an average of three
determinations and the error bars indicate SE. A, 4-Hydroxylation; W,
2-hydroxylation.
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Table 1. Kinetic parameters for E; 2- and 4-hydroxylation by human P450 1B1 proteins, A0 and A3

Kn*, uM Vmax*, pmol'min~!mg~! Turnover number?, nmol productmin~!-(nmol P450)~!
Yeast 2-OHE;» 4-OHE, 2-OHE, 4-OHE, 2-OHE, 4-OHE, 2-OHE# 4-OHE
A0 0.78 = 0.24 0.71 = 0.18 5.19 = 0.35 20.29 = 1.07 0.27 = 0.03 1.39 £ 0.18 0.28 *+ 0.00 1.33 £ 0.03
A3 1.19 = 0.17 0.89 = 0.13 14.08 + 0.50 56.64 = 1.85 0.05 = 0.00 0.25 = 0.02 0.14 + 0.028 0.69 = 0.108

*Mean * SE, determined from triplicate assays at nine concentrations of E; as described.

tMean + SE, determined from triplicate assays with 10 uM E,. The representative values shown are the median of analyses from three separate
preparations of microsomes in which the P450 content had been determined.

fCorresponding values measured after addition of NADPH P450 reductase [5 mol P450 reductase-(mol P450)~1].

$Significantly different from corresponding A3 value without added NADPH P450 reductase, P < 0.02.

Although the pools of 2- and 4-OHE; cannot be accurately
measured because they oxidize readily in the culture medium,
the methoxyestrogens, 2- and 4-methoxyestradiol (2- and
4-MeOE,), were detected in medium from ICZ-treated cul-
tures after hydrolysis of conjugates by treatment with g-gluc-
uronidase/sulfatase. Treatment of MCF-7 cells with 10 uM
ICZ (72 h), followed by replacement of medium containing 1
M E; for 6 h, resulted in a TCDD-like profile of E,
metabolites (20), with increased hydroxylation at C-2 and C-4,
as indicated by the production of 2- and 4-MeOE,, as well as
at C-6a and C-15a (Table 2). After similar treatment with 10
uM ICZ and 24-h exposure to 10 nM E,, 2- and 4-MeOE; were
present in ICZ-treated cultures at 2.33 * 0.09 and 1.75 + 0.05
nM (mean * SE, n = 3), respectively, whereas 2- and 4-MeOE,
in control culture could not be detected (<0.2 nM) (Fig. 5).

DISCUSSION

By kinetic analyses of the expressed protein, we-demonstrated
that human P450 1B1 catalyzes NADPH-dependent hydroxy-
lation of E; at C-4 and, to a lesser extent, at C-2. The increase
in turnover numbers of A3 after the addition of P450 reductase
established that endogenous P450 reductase can be limiting in
S. cerevisiae, as was previously observed in other studies of
cDNA-directed P450 expression (36). Turnover numbers of AQ
were not increased by addition of P450 reductase, indicating
that it was not limiting in those yeast that expressed lower
levels of P450 1B1. Thus, our results with AQ are likely to be
good estimates of the turnover numbers for human P450 1B1
E; hydroxylation.

The major circulating and excreted catechol estrogens are
the 2-hydroxylated metabolites. The liver is the primary site of
estrogen metabolism, where the rate of 2-hydroxylation, cat-
alyzed by P450 1A2, P450 3A3, and P450 3A4, greatly exceeds
that of 4-hydroxylation. The reported apparent K, values for
E; 2-hydroxylation catalyzed by these human enzymes ranged
from 32 to 156 uM (37), which are considerably higher than the
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Fic. 4. Concentration-dependent increases in P450 1A1 and P450
1B1 mRNAs in MCF-7 cells treated with TCDD or ICZ. RNA was
isolated after 24 h of treatment and analyzed as described. Relative
RNA is the value of the hybridization signal at the indicated treatment
concentration divided by the value determined for control vehicle
alone. Each point represents an average of three determinations and
the error bars indicate SE. (4) TCDD; control [0.1% (vol/vol)
DMSO]. (B) ICZ; control [0.2% (vol/vol) DMSO]. @, P450 1A1; O,
P450 1B1.

apparent Ky, values of 0.71 and 0.78 uM reported here for the
E; 4- and 2-hydroxylase activity of P450 1B1, respectively. The
K, value for 4-hydroxylation of E; determined in the present
study for P450 1B1 is consistent with a K, value of 0.88 uM,
previously reported from analyses with microsomes from
TCDD-treated MCF-7 cells (21).

The turnover number [nmol product:min~!(nmol P450)~1]
for the formation of 4-OHE; by P450 1B1 (1.39) was similar to
the turnover numbers for the formation of 2-OHE; by human
P450 1A2, P450 3A3, and P450 3A4, which ranged from 0.84
to 3.3 (37, 38), while the turnover number for the formation of
2-OHE; by P450 1B1 (0.27) was lower. The catalytic efficien-
cies (turnover/Kp,) of 4- and 2-hydroxylation of E, by P450 1B1
were 20- and 4-fold, respectively, higher than the catalytic
efficiency of 2-hydroxylation of E; by P450 1A2, and 99- and
18-fold, respectively, higher than the catalytic efficiencies of
2-hydroxylation by either P450 3A3 or P450 3A4 (37). In
addition to the hepatic enzymes, the E; 2-hydroxylase activity
of human placental aromatase has been determined, reporting
a Ki, value of 1.58 uM and a turnover number of 0.69 (39). The
catalytic efficiency of 4-hydroxylation of E, by P450 1B1 was
four-fold higher than that of aromatase, while the catalytic
efficiency of 2-hydroxylation of E, by P450 1B1 was approxi-
mately equal. Thus, E; 4-hydroxylase activity of P450 1B1 has
the highest catalytic efficiency of all the E; hydroxylases
reported, and the K values of E, 4- and 2-hydroxylase
activities are the lowest described values for E; hydroxylation.
These comparisons indicate that the hydroxylase activity of
P450 1B1 may be important for the homeostasis of estrogen,
especially in extrahepatic organs, which express much lower
levels of P450 1A2 and P450 3A4 than does the liver (40).

Strategies for breast cancer intervention that increase the
ratio of 2- to 16a-hydroxyestrogens are being investigated.
Elevated 16a-hydroxylation of E, has been associated with an
increased risk of developing breast cancer (41-43). A metab-
olite of this pathway, 16a-hydroxyestrone (16a-OHE,), was
shown to be uterotrophic in mice and to increase unscheduled
DNA synthesis and anchorage-independent growth of mam-
mary cells in culture. In contrast, 2-hydroxyestrone (2-OHE;)
was much less active than 16a-OHE; in the uterotrophic assay,
did not increase unscheduled DNA synthesis, and suppressed

Table 2. E; metabolism by MCF-7 cells treated with ICZ

Metabolism, pmol-h~1-
(mg cell protein)~1*

Metabolite Control ICZ
2-MeOE; 148 = 0.11 23.70 * 0.89
4-MeOE; ND¥ 8.12 = 0.49
6a-OHE; ND¥ 3.06 = 0.29
15a-OHE; ND* 5.68 = 0.37
16a-OHE; NDT NDt

MCF-7 cells were treated with 0.2% (vol/vol) DMSO or 10 uM ICZ
for 72 h before treatment with 1 uM E; for 6 h. Medium was collected
and E; metabolites were extracted, derivatized, and quantitated by
GC/MS.

*Values are the mean * SE of three plates of cells.
TNot detected [<0.04 pmol-h~!-(mg cell protein)~1].
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Fi1G. 5. Methoxyestradiol production by ICZ-treated MCF-7 cells.
After treatment for 72 h with 10 uM ICZ, 10 nM E; was added for 24 h.
The media were then recovered and analyzed for E; metabolites.
Shown are the GC/MS ion chromatograms at m/z 446.2 for the
analysis of the trimethylsilyl ether derivatives of 2- and 4-MeOEx. (A4)
DMSO-treated [0.2% (vol/vol)]. (B) ICZ-treated. (C) 4- and
2-MeOE; standards.

growth of breast cancer cells in culture (42, 43). It was
proposed that because these metabolic pathways compete for
estrogen, an increase in the rate of 2-hydroxylation would
decrease the formation of 16a-OHE; and protect against
breast cancer (43).

Because ligand-mediated activation of the Ah-receptor was
known to elevate the rate of E; 2-hydroxylation (44), these
chemoprotective strategies were developed using indole-3-
carbinol (43, 45), a compound derived from vegetables of the
Brassica genus, such as broccoli and brussel sprouts, and a
precursor of the potent Ah-receptor ligand, ICZ (25). In mice
and humans, treatment with indole-3-carbinol resulted in in-
creased rates of E; 2-hydroxylation; this treatment was protective
against spontaneous mammary tumors in mice (43, 45).

The use of indole-3-carbinol as a chemoprotective agent to
induce 2-hydroxylation of E; and E; is controversial because
catechol-estrogen production has been associated with breast
cancer (15, 16, 46, 47). Furthermore, the potential of indole-
3-carbinol to cause increased rates of E, 4-hydroxylation has
not been carefully considered. Results presented here dem-
onstrated parallel concentration-dependent increases in P450
1A1 and P450 1B1 mRNAs in response to treatment of MCF-7
cells with ICZ. Corresponding analysis of E, metabolite for-
mation in these treated cells resulted in a TCDD-like profile,
as rates of hydroxylation at C-2, C-4, C-6a, and C-15a were
highly elevated. Increased rates of metabolism at C-2 and C-4,
as evidenced by elevated levels of 2- and 4-MeOE,, were detected
when the concentration of E; was lowered to 10 nM, demon-
strating that the E; 4- and 2-hydroxylase activity of P450 1B1 are
significant at low, physiologically relevant concentrations of E;.
This indicates that exposure to indole-carbinol compounds may
elevate 4-hydroxylation in a number of human tissues where P450
1B1 is expressed (23, 48). Such tissue-specific increases would not
necessarily be reflected in the concentrations of estrogens or their
metabolites in urine or plasma. In contrast, the increase in
excreted 2-hydroxylated estrogen metabolites, measured after
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administration of indole-3-carbinol, probably reflects the eleva-
tion of hepatic P450 1A2.

Except for their importance in the excretion of E; and E,,
a physiological role for hydroxyestrogens remains unclear.
Catechol estrogens have been proposed to mediate physiolog-
ical processes such as blastocyst implantation (9) and regula-
tion of ovarian function (49), but biochemical mechanisms of
catechol estrogens not involving the estrogen receptor remain
elusive. In contrast, the importance of catechol estrogens in
toxicity and tumorigenesis has been described in several cell
types and tissues including hypothalamic B-endorphin neurons
(50) and hamster kidney (17). The mechanism of these toxic
effects appears to involve free radicals, generated from the
reductive-oxidative cycling of the catechol estrogens with their
corresponding semiquinone and quinone forms, which cause
cellular damage (4-6).

In the hamster kidney, where 4-OHE; is as carcinogenic as
E,, selective chemical inhibition of the E, 2-hydroxylase by
fadrozole hydrochloride indicated that 4-OHE, was formed by
an enzyme distinct from the enzyme responsible for the
majority of the 2-hydroxylation in this organ (11). Similarly, in
human uterine tissue, where 4-hydroxylation of E; is increased
in myomas compared with surrounding myometrium, the
4-hydroxylase activity was suggested to be independent of the
2-hydroxylase activity because of selective inhibition by ethy-
nylated hydrocarbons. Moreover, the 4- and 2-hydroxylase
activities of the myoma were inhibited 53% and 17%, respec-
tively, by an antimouse P450 1B1 antibody (8). This inhibition
of activity by antimouse P450 1Bl antibody resembled a
previous observation with microsomes from TCDD-treated
MCF-7 cells (24), which express P450 1B1, and suggests that
E, 4-hydroxylation in human uterine tissue is also catalyzed by
P450 1B1. Elevated catechol estrogen production has also been
associated with tumors of the breast (15, 16, 47, 51), and in a
recent study, P450 1B1 was detected by reverse transcriptase-
PCR in 73% of the human breast tumor samples analyzed (52).

In summary, the expression of P450 1B1 and formation of
catechol estrogens have been independently associated with
estrogen-related tumors in multiple tissues and species. The
identification here that human P450 1B1 is a low-K, E, 4- and
2-hydroxylase will undoubtedly aid our understanding of the
relative importance of specific hydroxylases in estrogen-
mediated biological processes and toxic effects, including
cancer. Given the specific pathological role that has emerged
for 4-OHE, and the widespread human tissue expression of
P450 1B1, we suggest that breast cancer chemoprotective
studies that are based on agents that activate the Ah-receptor
and induce estrogen metabolizing P450s, notably P450 1B1,
should be approached with caution.

We thank S. Eldridge, M. Govindaswami, and J. C. Loper for helpful
discussions, and Y. Li for excellent technical assistance. This work was
supported by National Institutes of Health Grants ES06071, ES07141,
ES03819, ES05655, CA70553, and ES04913, and by a grant from the
American Forest and Paper Association.

1. Huggins, C. (1966) Science 156, 1050-1054.

2. Henderson, B. E., Ross, R. K. & Pike, M. C. (1991) Science 254,
1131-1138.

3. Miller, W. R. (1990) J. Steroid Biochem. Mol. Biol. 37, 467-480.

4. Liehr, J. G. & Roy, D. (1990) Free Radical Biol. Med. 8, 415-423.

5. Dwivedy, I., Devanesan, P., Cremonesi, P., Rogan, E. & Cava-
lieri, E. (1992) Chem. Res. Toxicol. 5, 828-833.

6. Nutter, L. M., Wu, Y.-Y., Ngo, E. O,, Sierra, E. E., Gutierrez,
P.L. & Abul-Hajj, Y. J. (1994) Chem. Res. Toxicol. 7, 23-28.

7. Fishman, J. (1976) Neuroendocrinology 22, 363-374.

8. Liehr, J. G,, Ricci, M. J,, Jefcoate, C. R., Hannigan, E. V., Ho-
kanson, J. A. & Zhu, B. T. (1995) Proc. Natl. Acad. Sci. USA 92,
9220-9224.

9. Paria, B. C,, Chakraborty, C. & Dey, S.K. (1990) Mol. Cell.
Endocrinol. 69, 25-32.

10. Bui, Q. D. & Weisz, J. (1989) Endocrinology 124, 1085-1087.



11.
12.
13.

14.
15.

16.
17.
18.
19.
20.

21.

22
23.

24.

27.
28.
29.
30.
31.
32.
33.

Medical Sciences: Hayes et al.

Weisz, J., Bui, Q. D., Roy, D. & Liehr, J. G. (1992) Endocrinology
131, 655-661.

Newbold, R. R., Bullock, B. C. & McLachlan, J. A. (1990) Cancer
Res. 50, 7677-7681.

Furth, J., Clifton, K. H., Gadsden, E. L. & Buffett, R. F. (1956)
Cancer Res. 16, 608-616.

Kirkman, H. (1959) Natl. Cancer Inst. Monogr. 1, 1-57.
Abul-Hajj, Y. J., Thijssen, J. H. H. & Blankenstein, M. A. (1988)
Eur. J. Cancer Clin. Oncol. 24, 1171-1178.

Liehr, J. G. & Ricci, M. J. (1996) Proc. Natl. Acad. Sci. USA 93,
3294-3296.

Liehr, J. G., Fang, W.-F. Sirbasku, D. A. & Ari-Ulubelen, A.
(1986) J. Steroid Biochem. 24, 353-356.

Li, J.J. & Li, S. A. (1987) Fed. Proc. 46, 1858-1863.

Han, X. & Liehr, J. G. (1994) Carcinogenesis 15, 997-1000.
Spink, D. C,, Lincoln, D. W, II, Dickerman, H. W. & Gierthy,
J. F. (1990) Proc. Natl. Acad. Sci. USA 87, 6917-6921.

Spink, D. C., Eugster, H.-P., Lincoln, D. W., II, Schuetz, J. D.,
Schuetz, E. G., Johnson, J. A., Kaminsky, L. S. & Gierthy, J. F.
(1992) Arch. Biochem. Biophys. 293, 342-348.

Sutter, T. R., Guzman, K., Dold, K. M. & Greenlee, W. F. (1991)
Science 254, 415-418.

Sutter, T.R., Tang, Y. M., Hayes, C.L., Wo, Y.-Y. P., Jabs,
E. W, Li, X,, Yin, H,, Cody, C. W. & Greenlee, W.F. (1994)
J. Biol. Chem. 269, 13092-13099.

Spink, D. C., Hayes, C. L., Young, N. R., Christou, M., Sutter,
T. R, Jefcoate, C. R. & Gierthy, J. F. (1994) J. Steroid Biochem.
Mol. Biol. 51, 251-258.

Bjeldanes, L. F., Kim, J.-Y., Grose, K. R., Bartholomew, J. C. &
Bradfield, C. A. (1991) Proc. Natl. Acad. Sci. USA 88, 9543-9547.
Bhattacharyya, K. K., Brake, P. B,, Eltom, S. E., Otto, S. A. &
Jefcoate, C. R. (1995) J. Biol. Chem. 270, 11595-11602.
Dobson, M. J., Tuite, M. F., Roberts, N. A., Kingsman, A.J. &
Kingsman, S. M. (1982) Nucleic Acids Res. 10, 2625-2637.
Eugster, H.-P., Probst, M., Wiirgler, F. E. & Sengstag, C. (1993)
Drug Metab. Dispos. 21, 43-49.

Harlow, E. & Lane, D. (1988) Antibodies: A Laboratory Manual
(Cold Spring Harbor Lab. Press, Plainview, NY).

Rose, M. D., Winston, F. & Hieter, P. (1990) Methods in Yeast
Genetics: A Laboratory Course Manual (Cold Spring Harbor Lab.
Press, Plainview, NY), pp. 122-141.

Oeda, K., Sakaki, T. & Ohkawa, H. (1985) DNA 4, 203-210.
Guengerich, F. P. (1989) Principles and Methods of Toxicology
(Raven, NY), 2nd Ed., pp. 785-786.

Ng, R. & Abelson, J. (1980) Proc. Natl. Acad. Sci. USA 71,
3912-3916.

34.
3s.
36.
37.

38.

39.

41.

42.
43.

45.

47.
48.

49.
50.
5L
52.

Proc. Natl. Acad. Sci. USA 93 (1996) 9781

Dehennin, L., Blacker, C., Reiffsteck, A. & Scholler, R. (1984) J.
Steroid Biochem. 20, 465-471.

Spink, D. C., Johnson, J. A., Connor, S.P., Aldous, K. M. &
Gierthy, J. F. (1994) J. Toxicol. Environ. Health 41, 451-466.
Urban, P., Cullin, C. & Pompon, D. (1990) Biochimie 72,
463-472. .

Waxman, D.J., Lapenson, D. P., Aoyama, T., Gelboin, H. V.,
Gonzalez, F. J. & Korzekwa, K. (1991) Arch. Biochem. Biophys.
290, 160-166.

Aoyama, T., Korzekwa, K., Nagata, K., Gillette, J., Gelboin,
H. V. & Gonzalez, F.J. (1990) Endocrinology 126, 3101-3106.
Osawa, Y., Higashiyama, T., Shimizu, Y. & Yarborough, C.
(1993) J. Steroid Biochem. Mol. Biol. 44, 469-480.

de Waziers, 1., Cugnenc, P. H., Yang, C.S., Leroux, J.-P. &
Beaune, P. H. (1990) J. Pharmacol. Exp. Ther. 253, 387-394.
Schneider, J., Kinne, D., Fracchia, A., Pierce, V., Anderson,
K. E., Bradlow, H. L. & Fishman, J. (1982) Proc. Natl. Acad. Sci.
USA 79, 3047-3051. '

Fishman, J., Osborne, M. P. & Telang, N. T. (1995) Ann. N.Y.
Acad. Sci. 768, 91-100.

Bradlow, H. L., Sepkovic, D. W., Telang, N. T. & Osborne, M. P.
(1995) Ann. N.Y. Acad. Sci. 768, 180-200.

Gierthy, J. F., Lincoln, D. W., II, Kampcik, S.J., Dickerman,
H. W., Bradlow, H. L., Niwa, T. & Swanek, G. E. (1988) Biochem.
Biophys. Res. Commun. 157, 515-520.

Bradlow, H.L., Michnovicz, J.J., Halper, M., Miller, D. G,,
Wong, G.Y. C. & Osborne, M. P. (1994) Cancer Epidemiol.
Biomarkers Prev. 3, 591-595.

Adlercreutz, H., Gorbach, S. L., Goldin, B. R., Woods, M. N.,
Dwyer, J. T. & Hamaldinen, E. (1994) J. Natl. Cancer. Inst. 86,
1076-1082.

Hoffman, A. R., Paul, S. M. & Axelrod, J. (1979) Cancer Res. 39,
4584-4587. :

Shimada, T., Hayes, C. L., Yamazaki, H., Amin, S., Hecht, S. S,
Guengerich, F. P. & Sutter, T. R. (1996) Cancer Res. 56, 2979~
2984.

Spicer, L. J. & Hammond, J. M. (1989) J. Steroid Biochem. 33,
489-501.

Brawer, J. R., Beaudet, A., Desjardins, G. C. & Schipper, H. M.
(1993) Biol. Reprod. 49, 647-652.

Lemon, H. M., Heidel, J. W. & Rodriguez-Sierra, J. F. (1992)
Cancer 69, 457-465.

McKay, J. A., Melvin, W. T., Ah-See, A.K., Ewen, S. W. B,
Greenlee, W. F., Marcus, C. B., Burke, M. D. & Murray, G. L.
(1995) FEBS Lett. 374, 270-272.



