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Abstract—7The activities of estrogen-2,4- and 16a-hydroxylase as well as 17@-hydroxysteroid
dehydrogenase (17B8-OHSDHase) were determined in normal, benign and mammary tumor breast
tissues. All three hydroxylases were absent in both normal and benign tumor breast tissues. 173-
OHSDHase was absent from normal breast tissues but present in all benign tumor tissues.
Estrogen-2-hydroxylase was present in most breast carcinomas, was significantly higher in estrogen
receptor (ER)-positive than ER-negative tumors, did not correlate with progesterone receptor
(PR) and was significantly lower in the ER+PR— subgroup of breast cancers. 4-Hydroxylase
activity did not correlate with either ER or PR content but was significantly lower in the
ER+PR— subgroup of breast cancers. The activity of 16a-hydroxylase was present in only 18%
of all tumors investigated (9/50), did not correlate with the ER or PR content and was completely
absent in the ER+PR— and ER—PR+ subgroups. The activity of 173-OHSDHase was
significantly higher than the estrogen hyroxylase but did not correlate with either the ER or PR
content, and was not different among the ERPR tumor subgroups. The physiological role of these

enzymes in the metabolism of estradiol in relation to breast cancer is discussed.

INTRODUCTION

MALIGNANT mammary cancer tissue has the ability
to metabolize steroid hormones. Evidence for this is
mainly based on in vitre incubation studies, showing
that homogenates of breast carcinomas are able to
convert androgens to a wide variety of compounds
including inactivation products, as well as to other
biologically active compounds [1-6]. These find-
ings are further supported by in vivo studies in which
androgens can be metabolized to a wide variety of
conversion products [7, 8]. Of importance is the
synthesis of estrogenic compounds by breast cancer,
the significance of which is still controversial [9-11}.
While considerable work has been carried out on
androgen metabolism, little is known about estrogen
metabolism by human mammary tumor tissues.

One of the major pathways of estradiol metab-
olism involves hydroxylation at C-2 or C-4 and C-
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16 leading to the formation of catechol estrogens
and estriol, respectively. These alternate pathways
have attracted considerable interest over the past
decade, and Martucci and Fishman {12] suggested
that the direction of metabolism of estradiol may
have proposed that metabolism of estradiol favoring
estriol formation prolongs the activity of estradiol
while 2-hydroxylation terminates it. More recently,
Fishman’s group has presented evidence that
increased formation of 16a-hydroxyestrone, a
metabolite of estradiol, may play a significant role in
relation to cirrhosis, systemic lupus erythematosus
and breast cancer [13-15].

In view of the fact that little is known about in
vitro metabolism of estradiol in human breast cancer,
we carried out a systematic study to determine the
activity of 2,4- and 16a-hydroxylations of estradiol,
as well as assessing the activity of 178-hydroxy-
steroid dehydrogenase in human mammary tumor
tissues. Furthermore, the PR and ER content was
determined for all tissues and correlated with
enzyme activity.

MATERIALS AND METHODS

Mammary tumor tissues
All tissues were obtained from the Rotterdam
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Radiotherapeutic Institute tumor bank, Rotterdam,
The Netherlands, which were kept frozen at —70°C.

Radiolabelled steroids

[2-3H]Estradiol ([2-3H]E,) and [4-*H]estradiol
([4-*H]E,) were prepared from 2- and 4-bromo-
estradiols as described previously [16, 17]. Triti-
ation was performed by New England Nuclear, and
the subsequent purification was carried out in our
laboratory. [2-*H]E, was found to be 97% pure
and [4-*H]E, was 98% pure as determined by
reverse isotope dilution and bromination of [*H]E,.
[17B-*H]E, was obtained by [*H]NaBH, reduction
of estrone as described previously [18]. The syn-
thesis of [16a->H]E, was carried out as described
by Fishman e al. {19]. Catalytic reduction of A'6-
estradiol-3,17-diacetate was carried out by Amer-
sham to result in formation of [l6a,l17a-*H]-
estradiol-3,17-diacetate that, when treated with
KHCOgy in methanolic solution, gave [16a,17a-
3H]estradiol. Chromic acid oxidation gave [16a-
3H]estrone that, upon reduction with NaBH,,
yielded (16a-*H]E,. The distribution of the tritium
at the 16-position was carried out as described by
Fishman ef al. [19] and was found to be 82% 16a-
and 18% 16p. [6,7-*H]Estradiol (40-60 Ci/mmole)
was purchased from New England Nuclear.

Receptor determination

Receptor sites were measured as described earlier
[20]. Aliquots of cytosol were incubated overnight
at 4°C with increasing concentrations of [*H]E,
(0.3—2 x 107° M) or [*H]R5020 (0.3—2 X 107° M).
Values were corrected for non-specific binding by
carrying out control incubations containing a 1000-
fold molar excess of the anti-estrogen nafoxidine or
R5020. Bound and free steroids were separated by
dextran-coated charcoal. Results were calculated
from Scatchard plot analysis from the binding data
corrected for non-specific binding.

Tissue preparation and enzyme assay

(a) Radiomeltric procedure. All tumor tissues were
thawed, kept on ice and trimmed to remove all
adipose tissue. The tissues were homogenized in 4
volumes of ice-cold 10 mM Tris—=HCl buffer
(pH 7.4) and centrifuged at 2000 g for 15 min to
remove cell debris. The incubation mixture con-
sisted of tissue homogenate, 3.3 pmole of NADP
(or 15 pmole of NAD for 178-OHSDHase assay);
20 pmole glucose-6-phosphate, 5 units of glucose-
6-phosphate dehydrogenase, 25 pmole MgCl, and
8.3 pmole of [3H]E, (0.25 pCi) in a total of 1.0 ml
of buffer, and incubated for 1 h at 37°C in a
constant shaking bath and terminated by the
addition of 2 ml of 1 N HCI and left at 4°C over-
night. The precipitated proteins were centrifuged

at 3000 g for 20 min and the radioactivity in the
supernatant assayed using Amberlite XAD-2 to
separate *H,O from [*H]steroids as described by
Numazawa et al. [21]. The amount of radioactivity
in the *H,0O is a direct measure of the enzyme
activity. The radiometric technique employed in
this study provides a number of advantages, as
noted previously [19].

(b) Product isolation procedure. To detect radio-
labeled metabolic products, incubations were car-
ried out as described above except [6,7-*H Jestradiol
was used instead of the [2-3H]-, [4-3H]-, [16B8-*H]-
or [17a-*H]E,. Following precipitation of protein,
the supernatant was extracted three times with 2
volumes of ether. The catechol estrogens, estriol
and estrone were purified and isolated as described
previously [2, 22, 23]. The purified products were
diluted with unlabelled carriers and crystallized to
constant specific activity.

Expression and evaluation of results

The enzyme activities are calculated as pmoles of
product formed per mg protein per 30 min. Protein
concentrations were determined by the biuret test
[24].

In the statistical calculations, non-parametric
methods were used due to the skewed distribution
of the data. The results are reported as the means
+ S.E.M. and were analyzed for significance using
the Wilcox rank sum test.

RESULTS

The results in Table 1 showing a comparison
between the radiometric assay and the product
isolation assay for 2-OHase, 4-OHase, 16a-OHase
and 17B-OHSDHase clearly indicate that human
mammary tumor homogenates are capable of cata-
lyzing the release of radioactivity from specifically
SH-labeled estradiol. The congruency of product
formation by both assays for 16a-OHase and 178-
OHSDHase activities validates the radiometric
assay. Although the radiometric assay for 2-hydrox-
ylation using rat liver and kidney microsomes was
validated previously [21, 25], the results obtained
from this study show that for both 2-OHase and 4-
OHase activities, the radiometric assay seems to
consistently overestimate the levels of 2- and 4-
hydroxylation in breast cancer tissues by about
28-35%. While the exact reasons for these differ-
ences are not fully understood, it is quite possible
that these activities may be due to peroxidatic
metabolism as reported previously by Jellinck et al.
[26] for rat uterine tissues.

Table 2 shows the mean, range and median
values for 2-; 4- and 16a-hydroxylases, and 17(-
hydroxysteroid dehydrogenase activity in normal,
benign and carcinoma breast tissues. All four
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Table 1. Comparison of the amount of product using the radiometric assay (*Hy0) and direct isolation* in human
mammary tumor homogenates

Substrate Tumor 2-OHE,t 4-OHE,t 16a-OHE,t Et
{2-3H]Estradiol 1 632 = 48 — — —
2 572 + 36 — — —
[4-*H]Estradiol 1 — 299 + 29 — —
2 — 799 + 43 — —
[16a-3H]Estradiol 1 — —_— 163 * 18 —
2 — — 423 * 3] —
[17a-*H]Estradiol 1 — — — 3310 = 204
2 — — — 190 = 18
[6,7-3H]Estradiol* 1 429 * 33 204 * 12 148 17 3368 + 169
2 411 = 21 520 * 34 418 + 25 202 *+ 22

*Products from these incubations were obtained using TLC as described previously [2, 22, 23].
+Values are expressed as pmol/mg protein/30 min of product and presented as the mean + $.D., n=3.

Table 2. Activity of 2-, 4- and 16a-estrogen hydroxylase and 17-OHSDHase in normal and abnormal human breast tissues

Means = S.E.M. for enzymes

No.

Tissue samples 2-OHase 4-OHase 16a-OHase 178-OHSDH
Normal breast 6 nd* nd nd nd
Benign tumor 7 nd nd nd 384 + 86

(521; 425)

Carcinoma
ER+PR+ 18 334 = 111 373 125 128 % 61 1949 = 1362
(1941; 222)+ (1789; 149) (850; 0) (24,838; 266)
ER+PR- 11 134 = 71 99 * 94 nd 1907 = 1434
(760; 0) (1042; 0) (16,172; 424)
ER-PR+ 4 265 = 88 291 = 71 nd 271 £ 55

(535; 192) (270; 297) (257; 302)
ER-PR— 17 330 = 117 340 = 109 67 = 38 3359 * 2007
(959; 265) (867;97) (626; 0) (30,376; 339)

ER+ 29 258 = 76 269 = 88 80 = 39 1933 + 989
(1941; 99) (1789; 0) (850; 0) (24,895; 290)
ER- 21 317 £ 63 195 = 45 55 = 31 2770 * 1637
(959; 239) (867; 164) (626; 0) (30,367; 308)
PR+ 22 322 £ 93 360 = 103 105 = 51 1644 = 1118
(1941, 222) (1789; 198) (850; 0) (24,838; 266)
PR~— 28 253 = 55 142 = 48 41 =23 2789 * 1329
(959; 122) (1042, 41) (626; 0) (30,414; 367)

Results are expressed as pmol/mg protein/30 min of product formed. See details under Materials and Methods section,
*nd = not detectable.
tValues in parentheses represent range and median, respectively.

enzyme activities were carried out for each tissue differences were obtained between carcinoma and
investigated. No hydroxylase activity was detected benign (P < 0.0001) and between carcinoma and
in either normal or benign breast tumor tissues. normal tissues (P < 0.0001). However, no signifi-
On the other hand, 17B-OHSDHase activity was cant differences were obtained for 16a-OHase
detected in both benign and carcinoma breast activity between the carcinoma tissucs and either
tumors but not in normal breast tissues. For both 2- benign or normal breast tissues. It is worth noting

and 4-hydroxylase activities, statistically significant that even though the mean and median values for
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Table 3. Estrogen-metabolizing enzymes in ER+ PR+ human breast carcinoma

Tumor No. 2-OHase 4-OHase 16a-OHase 178-OHSDHase
1 1941 1534 590 247
2 nd 229 nd 2853
3 636 193 nd 104
4 240 483 nd 320
5 nd 712 nd 1684
6 204 nd nd 284
7 906 nd nd 2035
8 81 nd nd 89
9 353 1789 nd 889
10 342 97 nd 113
11 112 480 nd 290
12 nd nd nd 604
13 283 203 nd 136
14 572 799 423 190
15 99 94 437 57
16 nd nd nd 24,895
17 nd nd 850 81
18 253 105 nd 220

Results are expressed as pmol/mg protein/30 min of product formed. See details under

Materials and Methods section.
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Fig. 1. Relationship between 2-, 4- and 16a-hydroxylase activity and 17B-kydroxysteroid dehydrogenase activity with the estrogen

receptor content in human mammary tumors.

2- and 4-hydroxylase activities are not significantly
different, the results shown in Table 3 for the
ER+PR+ group indicate that there is significant
variation in enzyme activities within each tissue
investigated. Essentially similar results were

(Horizontal bars represent median.)

observed for the other ERPR subgroups (data not
presented).

Fifty malignant tumors were analyzed for a poss-
ible correlation between enzyme activity and ER
and PR binding capacity. The results are summa-
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Fig. 2. Relationship between 2-, 4- and 16a-hydroxylase activity and \7B-hvdroxysteroid dehydrogenase activity with the
progesterone receptor content in human mammary tumors. (Horizontal bars represent median.)

rized in Figs. 1, 2 and 3. As seen from Figs. 1 and
2, there was no correlation between all the enzyme
activities and the presence or absence of either ER
or PR except for 2-OHase activity in ER+ vs. ER~
tumors (P < 0.05). Analysis of data presented in
Fig. 3 shows that the activity for 2-OHase in the
ER+PR— group was significantly lower than the
ER+PR+ (P <0.0001), ER—PR+ (P < 0.001)
and ER—PR— (P < 0.0001). Similarly, the activity
for 4-OHase in the ER+PR— group was found to
be significantly lower than the ER+PR+
(P <0.0001), ER-PR+ (P <0.0001) and
ER-PR- (P <0.004). The activity for 178-
OHSDHase was not significantly different in all
receptor groups investigated, while the 16a-OHase
activity was detected in only a small number of
ER+PR+ and ER—PR— subgroups.

DISCUSSION
The experiments described in this report show
that human mammary tumors are capable of cata-
lyzing the metabolism of estradiol to the catechol
estrogens (2-OH-E, and 4-OH-E,) as well as to
estrone, indicating the presence of 2-OHase, 4-
OHase and 173-OHSDHase in mammary tumors.

These results are essentially similar to those
reported carlier by several groups [27-29]. How-
ever, in our studies we could not detect the presence
of 2-OHasc in benign tumors as reported by Hoff-
man et al. [28].

The activity of 178-OHSDHase did not correlate
with either the presence or absence of ER or PR.
These results are slightly different from those
reported carlier by us [27] in which the activity of
17B-OHSDHase was found to be higher in the ER—
tumors than in the ER+ tumors. The levels of 2-
OHasc and 4-OHasc activities did not correlate
with either the ER or PR levels in the tissues
investigated. These results are similar to those
reported by Purdy and Wittliff [29]. Furthermore,
these workers showed that the relative ratios of the
rates of 2-/4-hydroxylase activity increased from a
mean of 5.7 in the ER— group to 19.6 in the ER+
group. Our studies do not seem to show similar
results. It is interesting to note that the relative
activities of 2- and 4-hydroxylases in the ER+PR—
tumors (Fig. 3) are significantly lower than that
observed in the other three receptor subgroups.
Although the ER+PR+ breast carcinoma tissues
are highly differentiated and are close to the normal
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Fig. 3. Relationship between 2-,4- and 16a-hydroxylase activity and 17B-hydroxysteroid dehydrogenase activity with the estrogen
and progesterone receptor contents in human mammary tumors. (Horizontal bars represent median.)

breast structure, these tumors showed appreciable
2- and 4-OHase, and 178-OHSDHase activities
which are not detectable in the normal breast tis-
sues. It does seem that transformation of cells
from a normal structure to a highly differentiated
tumorous structure leads to significant changes in
enzyme activity. The results obtained from these
studies are not unique and are essentially similar to
those obtained for ER status and aromatase activity
(data not presented) in highly differentiated breast
carcinoma.

One of the most significant observations in this
study is the fact tht most mammary tumors lack
16a-OHase activity. This is essentially similar to
our earlier studies using human mammary tumors
[1] but is different from those reported in the GR-
mouse mammary tumor systems [23] in which
appreciable amounts of 16a-OHase was detected.
Earlier studies by several groups demonstrated the
presence of 16a-hydroxylase in mammary tumors
[3, 30]; however, the identity of the products was
not unequivocally established. The results reported
in this study show that only 18% of the tumor
tissues showed 16a OHase activity.

The recent findings by Schneider ef al. [14] that
women with breast cancer show increased 16a-
hydroxylation cannot be explained by increased
16a-OHase activity in mammary tumor tissues as

shown in this study. The question as to what
tissue(s) may be responsible for the increased 160-
hydroxylation in women with breast cancer has yet
to be determined. 16a-Hydroxylation of estrogens
has been shown to take place primarily in liver
[31, 32]. Thus, it is quite possible that the increased
16a-hydroxylation observed by Schneider et al. [14]
in breast cancer patients may be due to increased
stimulation of 16a-hydroxylase in the host livers of
these patients. However, the evidence from rat
model studies does not support this conclusion.
Studies carried out in our laboratories [33] on the
effect of Morris hepatomas on the 16a-hydroxylase
activity in host livers shows a slight but significant
decrease in 16a-hydroxylase activity in the liver of
tumor-bearing rats. It would be quite interesting to
determine the tissue site in which 16a-hydroxylase
activity is increased in women with breast cancer.
The question that needs to be answered is: what
is the physiological significance of the presence of
the estrogen 2- and 4-hydroxylases and the 17B-
hydroxysteroid dehydrogenase in breast tumor tis-
sues? It is well established that metabolism of
estradiol in its target tissues provides a mechanism
for changing the potency and diversifying the
actions of the parent hormone at specific sites.
Thus, 173-OHSDHase converts estradiol to estrone
which is substantially less active, 2-hydoxylation of



Metabolism of Estradiol 1177

estradiol may result in a reduction in estrogenic
potency of the molecule {34, 35] or even antagon-
istic properties [36], and 4-hydroxylation does not
appear to reduce the estrogenic potency of estradiol
[36]. While it is quite possible that breast tumors
might act to metabolize estradiol leading to a more
favorable environment for tumor growth, the results
obtained from this investigation clearly show a
marked increase in 2- and 4-OHases and 178-
OHSDHase in breast carcinoma tissue with very
little or no 16a-OHase activity. Whether the direc-

tion of metabolism of estradiol leading to the
increased formation of the catechol estrogens and
estrone and less toward 16a-hydroxylation in breast
tumors is in any way related to tumor growth and
maintenance remains to be elucidated.
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