Europ. §. Cancer Vol. 16, pp. 1141-1148.
© Pergamon Press Ltd. 1980. Printed in Great Britain

0014-2964/80/0901-1141 $02.00/0

The Binding of Tamoxifen to Human

Mammary Carcinoma Cytosol

R. L. SUTHERLAND and L. C. MURPHY
Ludwig Institute for Cancer Research, University of Sydney, N.S.W. 2006, Australia

Abstract—/Interactions between tamoxifen and cytoplasmic binding sites from both
ER+ and ER— human mammary carcinoma biopsies were investigated directly using
[®H] tamoxifen. Cytosol preparations were incubated for 16 hr at 4°C with 1.25nM
[®H] tamoxifen and increasing concentrations of unlabelled tamoxifen (1.25nM-
5uM). Protein bound (B) and unbound (U) tamoxifen were separated by
charcoal ~adsorption, and the affinity constants and binding  site  con-
centrations were calculated from measured values of B and U by a non-
linear, least squares regression analysis. A saturable, high affimity (Kg4=

1+ 1.6 nM), tamoxifen binding site was present in ER+ but not ER — tumours. This
site was present ai 8.6 times the concentration of the high affinity oestradiol receptor
site measured in the same tissue. Competition studies performed under similar assay
conditions demonstrated that tamoxifen completely inhibited [*H) oestradiol binding to
its saturable binding site in ER+ tumours with a relative binding affinity 0.87
+0.35%, that of oestradiol. However, when [*H] tamoxifen and cytosol were
incubated with unlabelled ovestradiol at concentrations as high as 10 uM there was no
inhibition of [*H] tamoxifen binding to its saturable binding site. It is concluded that
under the present in vitro assay conditions tamoxifen is bound predominantly by a }zigh
affinity, saturable binding site in ER+ human mammary carcinoma c_ytosol that is

distinct from the classical oestrogen receptor site.

INTRODUCTION

TamOXIFEN [1-(4-f-dimethylaminoethoxy-
phenyl)-1,2-diphenylbut-1-ene] is a synthetic
non-steroidal ~ compound  which  shows
varying degrees of oestrogen agonist and
antagonist activity depending upon the
experimental conditions under which it is
tested [1-3]. The antioestrogenic prop-
erties of this compound have led to its
clinical use in the treatment of a number
of human malignant tumours especially oes-
trogen receptor positive (ER+) metastatic
breast cancer [4,5]. Despite this widespread
clinical use little is yet known of the mole-
cular modes of action of tamoxifen. However,
studies in a number of experimental systems
including: the rat uterus [6-10], chick oviduct
[2, 11], DMBA induced mammary carcinoma
[12—-15], and the oestrogen responsive human
mammary carcinoma cell line, MCF-7, [3, 16,
17] have indicated that tamoxifen exerts its
effects, at least in part, via the specific oes-
trogen receptor proteins of oestrogen respon-
sive cells.
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The majority of data relating to tamoxifen
binding by oestrogen receptors have been
obtained from indirect binding studies em-
ploying tritiated oestradiol [6, 7, 15, 17-21].
With the recent synthesis and availability of
tritiated tamoxifen it is now possible to in-
vestigate directly the binding of this com-
pound to specific binding components in nor-
mal and neoplastic tissues. A recent article in
this Journal documented the binding of tamo-
xifen to cytosol preparations from human and
rat mammary carcinoma and rat uterus [22].
These authors demonstrated that oestradiol
and tamoxifen were mutually competitive for
binding sites in DMBA induced rat mammary
carcinoma and that these compounds were
bound to the same number of binding sites in
the three tissues studied. It was concluded that
in addition to non-specific binding, tamoxifen
was bound only to the classical cytoplasmic
oestrogen receptor site [22]. Results from this
laboratory are in general agreement with
these findings as far as rat uterus is concerned
and we have no data on the DMBA induced
rat mammary carcinoma. However, the re-
sults' reported by Nicholson et al. [22] for
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tamoxifen binding to human mammary car-
cinoma cytosol are at variance with those of
this laboratory. In this paper we report data
which illustrate that in addition to binding to
the oestrogen receptor tamoxifen is bound to
another high affinity, saturable binding site in
ER+ human mammary carcinoma cytosol
which appears to be distinct from the classical
oestrogen receptor site.

MATERIALS AND METHODS

Materials
[2,4,6,7-3H] Qestradiol (85-110 Ci/

mmole) was purchased from the Radio-
chemical Centre, Amersham, Bucks, U.K.
Unlabelled oestradiol-17f was from Sigma,
St. Louis, Missouri, U.S.A. [*H] Tamoxifen
(19.5 Ci/mmole) and unlabelled tamoxifen
base were gifts from L.C.I. Pharma-
ceuticals, Alderley Park, Cheshire, U.K. Radio-
active tamoxifen was stored at —20°C in
the dark as a 4 uM solution in methanol. To
reduce adsorption of tamoxifen to surfaces,
all solutions were prepared in buffers contain-
ing 0.29%, BSA to give a final concentration of
0.19, BSA in the reaction medium. In ad-
dition all aqueous solutions of tamoxifen were
prepared and stored in polypropylene tubes.
All assays were performed in 4ml disposable
tubes of the same material. '

Preparation of cytoplasmic fractions

All procedures were conducted at 2-4°C
unless otherwise stated. Human mammary
tumour biopsies, which had been stored at
—70°C, were thawed, chopped into fine pieces
with a scalpel, and homogenized in 10 vol-
umes (wyv) of buffer using 3 x30sec bursts
with a Polytron (Kinematica Luzern,
Switzerland). The homogenization buffer was
10mM Tris-HCl, pH7.4 containing 1.5mM
EDTA and 0.5mM dithiothreitol. A low
speed supernatant was prepared by an 800 ¢
x 10min centrifugation. A subsequent centri-
fugation at 105,000 g for 60 min yielded the
cytosol which was used in all binding studies
following dilution to a protein concentration
of 34 mg/ml with homogenization buffer.

Determination of binding parameters

(a) Assay conditions. In order to derive cs-
timates for the concentration of protein
bound, [B], and unbound, [U], ligand (oes-
tradiol or tamoxifen) over a wide range of
ligand concentrations, 100 ul of cytosol was

incubated with 50 ul tritiated ligand and 50 ul
unlabelled ligand for 16hr at 4°C. For esti-
mation of the oestradiol binding parameters
(equilibrium dissociation constant, K, and
binding site concentration, C) a final con-
centration of 0.25nM [?H] oestradiol and
final unlabelled oestradiol concentrations in
the range of 0.25nM-1uM were employed.
The comparable concentrations of [*H] tamo-
xifen and unlabelled tamoxifen were 1.25nM,
and 1.25nM-5uM, respectively. Following
incubation, bound and unbound ligand were
separated by a 30 min incubation at 4°C with
500 pl of 0.5%, charcoal-0.05%, dextran in
homogenization buffer, and centrifuged at
1500 g for 10 min. A 500 pl aliquot of the super-
natant was then counted in 5ml of scintil-
lation fluid (4g Omnifluor, 330 ml Triton X-
100, 670ml toluene) in a LKB liquid scintil-
lation spectrometer using external standardi-
zation. The molar concentrations of bound
ligand, [B], were calculated according to the
formula:

__dis/min bound

[B] x[T]

~ dis/min total

where [T] is the molar concentration of li-
gand per assay tube. Unbound ligand con-
centration, [U], was calculated from [U]

=[T]—[B].

(b) Calculation. In order to calculate the
oestradiol and tamoxifen binding properties of
human mammary tumour cytosol, measured
values of [B] and [U] were fitted to a model
of the form

[B]=>.C[U/(&,+[U]).

This assumes that oestradiol and tamoxifen
are bound according to the law of mass action
by a number of non-interacting binding sites
of binding capacity, C, and dissociation con-
stant, K; Under the present experimental
conditions only one saturable binding site for
both oestradiol and tamoxifen could be de-
tected and thus the data were fitted to the
equation:

[B] =C[U]/(£,+[U])+ K,,[U]

where C and K, relate to the concentration
and affinity of the saturable binding site and
K, is a measure of the non-specific binding
[23, 24]. The parameters C, K, and &, were
fitted to the experimental data using an iter-
ative, non-linear least-squares regression ana-

lysis as previously described [23, 24].
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In addition to estimates of K, obtained
from the above analysis, non-specifig binding
was also calculated from the linear tcgression
of [B] on [U], at concentrations of ligand in
excess of that required for saturation of the
high affinity binding component [25, 26].

Competition studies

To determine the ability of tamoxifen to
compete for oestradiol binding sites and vice
versa, tracer [*H] oestradiol (0.25nM) or
[*H] tamoxifen (1.25nM) was incubated with
cytosol and increasing concentrations of oes-
tradiol or tamoxifen for 16 hr at 4°C. Protein-
bound and unbound ligand were separated by
charcoal adsorption as described above and
the data plotted as percent tracer bound
versus log ligand concentration. The relative
binding affinity was calculated from the
amount of ligand required to displace 509, of
the tracer [27].

RESULTS

Drrect saturation analysis studies

In order to clearly define both the specific
(saturable) and non-specific binding of oes-
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Fag. 1. Binding of oestradiol and tamoxifen by human
mammary carcinoma cytosols. Relationship between protein-bound

and unbound ligand concentrations. Cytosol fractions were

incubated with a constant amount of tracer ligand and increasing
concentrations of unlabelled ligand for 16 hr at 4°C. B and U
were separated by charcoal adsorption and the data plotted as
[B] vs [U]. (A) Oestradiol binding to ER+ (M) and ER—
(CJ) tumour cytosols at low total ligand concentrations, i.e., less
than 10nM. (B) Tamoxifen binding to ER+ (@) and ER —
(O) tumour cytosols at low total ligand concentration, i.e., less
than 50 nM.
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Fig. 2. Scatchard plots of oestradiol and tamoxifen binding to
human mammary carcinoma cytosols. Cytosol was incubated with
tracer ligand and increasing concentrations of unlabelled ligand
Jor 16hr at 4°C, B and U were separated by charcoal
adsorption and the binding parameters, C, Ky and K,
calculated as outlined in ‘Materials and Methods’. Data are
presented as Scatchard plots and the calculated regression lines
are shown. (A) Oestradiol binding.to an ER+ (M) tumour
cytosol. (B) Tamoxifen binding to ER+ (@) and ER— (Q)

tumour cytosol.

tradiol and tamoxifen to both ER + and ER —
human mammary carcinoma cytosols the
relationship between [B] and [U] for each
ligand was studied over a 10,000-fold con-
centration range of total ligand. At low total
ligand concentrations i.e., less than 2nM for
oestradiol and less than 20nM for tamoxifen,
cytosolic preparations from ER 4+ tumours de-
monstrated curvilinear relationships between
[B] and [U] indicating the presence of satur-
able binding components for both ligands
(Figs. 1A and 1B). At higher total ligand
concentrations the relationship between [B]
and [U] became linear, and remained so over
the concentration range studied (data not
shown), as would be expected when the high
affinity saturable binding components were
saturated and only non-specific binding com-
ponents were being measured {23, 24]. When
cytosol preparations from ER — tumours were
studied the relationship between [B] and [U]
was linear for both ligands even at low ligand
concentrations illustrating the absence of
saturable binding components for tamoxifen,
as well as oestradiol in ER — tumours (Figs.
1A and 1B).
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Table 1. Binding parameters for

R. L. Sutherland and L. C. Murphy

the interactions between oestradiol,

tamoxifen and human mammary carcinoma cytosols

K, C

Ligand Tissue (nM) (nM) K,

ER + 0.18+0.07 0.174+0.05 0.05+0.01
Qestradiol (119441)

ER — — — 0.06 £0.02

ER+ 6.04%+1.60 1.47+£0.50 0.124+0.02
Tamoxifen (1023 +348)

ER — — — 0.144+0.03

The parameters are defined in ‘Materials and Methods’. Binding
capacity, G, is expressed as nmole/litre of reaction mixture which is a

2 fold dilution of the cytosol. The

values in parenthesis are binding

capacities expressed as fmole/mg protein. Non-specific binding, K, is
a unitless parameter [24]. Data are presented as mean+S.E.M. of 5

replicates/group.

Closer appraisal of the curves for oestradiol
and tamoxifen binding to ER+ tumour cy-
tosols, illustrated in Figs. 1A and 1B, revealed
that the number of saturable binding sites for
tamoxifen was considerably greater than that
for oestradiol. Such a conclusion is based on
the observation that if the linear portion of
the curve of [B] versus [U] is extrapolated to
the ordinate a first approximation of the total
number of saturable binding sites can be
obtained. When this was done with the data
presented in Fig. 1, the approximations of
total saturable binding sites were 0.32 and
2.5nM for oestradiol and tamoxifen, respec-
tively. These observations were confirmed
when the measured [B] and [U] values were
analysed by the computer methods described

in ‘Materials and Methods’. Both the oes-
tradiol and tamoxifen binding were best fitted
by a model consisting of one saturable binding
component and non-specific binding. This is
illustrated in Fig. 2 where the data are plotted
according to the Scatchard transformation
and the calculated non-linear regression lines
are drawn. Replicate estimates of the binding
parameters illustrated that the saturable ta-
moxifen binding sites were present at 8.6
times the concentration of saturable oestradiol
binding sites (the cytoplasmic oestrogen re-
ceptor) and that the affinity of tamoxifen for
its saturable site was about 34-fold less than
the affinity of oestradiol for the oestrogen
receptor (Table 1). Since the mean con-
centration of oestrogen receptors in the group
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Fig. 3. Competition for ocestradiol binding sites in human mammary
carcinoma cytosol. Cytosol from an ER+ tumour was incubated with
0.250M [*H] oestradiol and increasing concentrations of unlabelled
oestradiol (0.25-100nM) or tamoxifen (10nM-1uM) for 16hr at
4°C. The protein-bound ligand was then separated by charcoal adsorption.
Data are presented as per cent B/B, vs log of the added ligand
concentration, where B= dis/min bound at each level of unlabelled ligand
and B,=dis/min bound in the absence of unlabelled ligand.
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Fig. 4. Competition for tamoxifen binding sites in human mammary
carcinoma ¢ytosol. Cytosol from an ER+ tumour was incubated with
1.250M [*H] tamoxifen and increasing concentrations of unlabelled
oestradiol or tamoxifen for 16hr at 4°C and the protein-bound ligand
separated by charcoal adsorption. Data are presented as in Fig. 3.

of ER + tumours was 119 fmole/mg protein the
mean concentration of saturable tamoxifen
binding sites was 1.02 pmole/mg protein. Non-
specific binding of tamoxifen was 2.3 times
that of oestradiol measured in the same sam-
ples. No saturable tamoxifen binding sites
were detected in any of the ER — tumours
studied (Table 1).

Indirect competition studies

Competition studies employing a fixed
amount of tracer oestradiol and increasing
concentrations of unlabelled oestradiol or ta-
moxifen, demonstrated that tamoxifen could
completely inhibit the binding of oestradiol to
the cytoplasmic oestrogen receptor of ER +
tumours (Fig. 3) with a mean (+ S.E.M.)
relative binding affinity 0.87 £0.35%, that of
oestradiol. Such a result is compatible with
tamoxifen binding to the oestrogen receptor.
Neither oestradiol nor tamoxifen could inhibit
the binding of [*H] oestradiol to ER — tumour
cytosols confirming the non-specific nature of
such binding.

When attempts were then made to inhibit
the binding of tritiated tamoxifen to its satur-
able binding site with increasing concen-
trations of oestradiol, no inhibition was obser-
ved even when unlabelled oestradiol was pre-
sent at a 10,000-fold excess over tracer tamo-
xifen (Fig. 4). This result illustrates that un-
der the present in vitro assay conditions little
or no tracer tamoxifen was bound to the
oestrogen receptor and that the saturable ta-
moxifen binding site does not bind oestradiol.

DISCUSSION

Despite the widespread clinical use of tamo-
xifen in the treatment of human breast cancer
there is little data on the interaction of this
drug with neoplastic tissue from the human
mammary gland. Indeed at the time of writ-
ing we were aware of only one publication
where the interactions of tamoxifen with such
a tissue had been investigated directly using
tritiated tamoxifen [22]. There have, however,
been a number of earlier reports where the
interactions of tamoxifen with human mam-
mary carcinoma cytosol had been investigated
indirectly using tritiated oestradiol as the label
[18, 28, 29]. These latter studies illustrated
that tamoxifen could inhibit the binding of
tritiated oestradiol to the oestrogen receptor in
a dose-dependent manner but with an affinity
considerably lower than that of oestradiol i.e.,
in the range 0.4-1.09, that of oestradiol [18,
20, 28, 29]. Such estimates of the relative
binding affinity of tamoxifen for the oestrogen
receptor are significantly lower than those
found in some other oestrogen target tissues.
For example, studies carried out under identi-
cal assay conditions in this laboratory have
yielded estimates for the relative binding affi-
nities of tamoxifen in rat uterus, chick ovi-
duct, and human mammary carcinoma cy-
tosols of 13, 5 and 0.9%, respectively.
(Sutherland and Foo, unpublished data).
These differences could be due to a number of
factors including: tissue and species differences
in the structure of the oestrogen binding site,
different degrees of tamoxifen degradation and
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metabolism in vitro in different tissue cytosols,
different ratios of receptor binding to non-
specific binding in different tissues, and the
presence of additional tamoxifen binding com-
ponents which reduce the availability of ta-
moxifen for binding to the classical oestrogen
receptor site. At this stage it is the latter
possibility which we favour most strongly
since the data reported above clearly demon-
strate the presence of a high affinity, satur-
able tamoxifen binding site in the cytosol of
ER + tumours (Figs. 1, 2 and 4; Table 1). The
affinity and concentration of this site are such
that, at the level of labelled tamoxifen used in
the current i vitro studies, the majority of this
ligand will be bound to the saturable anti-
oestrogen binding site at the expense of the
oestrogen receptor. Indeed, in computer simu-
lation studies (Sutherland and Milthorpe, un-
published data) we have estimated that, un-
der the experimental conditions described in
Fig. 4, less than 59, of the tritiated tamoxifen
is bound to the oestrogen receptor. This pro-
bably explains the inability of high concen-
trations of unlabelled oestradiol to inhibit
[®H] tamoxifen binding to ER+ mammary
tumour cytosols (Fig. 4).

The data presented herein are not incom-
patible with tamoxifen binding to the oes-
trogen receptor in human mammary car-
cinoma. Indeed the competition data pre-
sented in Fig. 3 support such an hypothesis
and are in agreement with data reported by
others [18-20, 28, 29]. The fact that we did
not observe tamoxifen binding to oestrogen
receptors in our direct binding studies, an
observation at variance with that of Nicholson
et al. [22], may be explained by the con-
centration range over which the assays were
performed. Not only did the latter workers

employ lower ligand concentrations but they
also used 4-5-fold higher protein concen-
trations [22]. The overall effect of this expe-
rimental design would be to facilitate es-
timates of bound and unbound ligand con-
centrations at much lower degrees of satu-
ration than we report here. If the oestrogen
receptor has a higher affinity for tamoxifen
than the antioestrogen binding site, it is likely
that oestrogen receptor binding would con-
stitute a greater percentage of total tamoxifen
binding at these reduced ligand concen-
trations, and may therefore be detected on
Scatchard plots.

In conclusion we have described the pre-
sence of a novel, high affinity, saturable anti-
oestrogen binding site in ER 4+ but not ER —
human mammary carcinoma cytosols. This
site. which is specific for the synthetic non-
steroidal anti-oestrogens and does not bind
natural or synthetic oestrogens, androgens or
progesterone is also present in a number of
other  oestrogen  target tissues  ([30],
Sutherland, Murphy, Foo, Green, Whybourne
and Krozowski, to be published). The affinity
and concentration of this site are such that it
must play a major role in the intracellular
binding of tamoxifen. Elucidation of the roles,
if any, of this binding site in mediating the
antitumour activity of tamoxifen in human
breast cancer awaits further experimentation.
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