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Abstract—The non-steroidal anti-oestrogen tamoxifen inhibits proliferation of the A549 human lung
adenocarcinoma cell line (ECs, = 10 nM) yet there was no evidence of oestrogen receptor expression as
determined by ligand binding assay and northern blotting. 17-B-Oestradiol had no effect on A549 cell
proliferation (1 pM-1 uM) and moreover a 100-fold excess failed to reverse the effect of 10 nM tamoxifen
as did a 100-fold excess of the steroidal anti-oestrogens ICI 164384 and ICI 182780. However, 4-
hydroxytamoxifen which had no significant effect on A549 cell growth (1 pM-1uM) completely antagon-
ized the effect of 10 nM tamoxifen when used at a 100-fold excess. In the presence of oleic acid and
stearic acid (10 gM) the growth inhibitory effect of tamoxifen in A549 cells was greatly enhanced, unlike
effects mediated by the anti-oestrogen binding protein described in other cells where these fatty acids
had no effect. These results indicate the presence of a unique and highly sensitive mechanism in A549
cells whereby concentrations of tamoxifen relevant to classical receptor binding can inhibit cell growth
in the absence of the oestrogen receptor.
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The classical explanation of the anti-proliferative
action of the anti-oestrogen tamoxifen is that it
competes with oestradiol for binding to its receptor
and thereby blocks the mitogenic effects of this
steroid [1, 2 for review]. This notion is supported by
the fact that increasing levels of oestradiol can
reverse these effects of tamoxifen [3, 4]. However,
it is now apparent that anti-proliferative effects of
tamoxifen can be mediated by other oestrogen
receptor-(ER§) independent mechanisms (par-
ticularly when used at high doses) and that these
effects are in general not reversed by oestradiol.
Much interest has focused upon the discovery of an
anti-oestrogen binding protein [5]. This is an
intracellular protein associated with the endoplasmic
reticulum and binds non-steroidal anti-oestrogens
with high affinity and specificity and appears to have
a ubiquitous distribution [6]. The physiological role
of this protein remains unknown; however, its
binding affinity for tamoxifen is reduced in the
presence of certain fatty acids [7] and a correlation
has been made between this control of binding by
fatty acids and the regulation of lymphoid cell growth
[8].

Other direct inhibitory effects of tamoxifen have
also been reported including inhibition of calmodulin
activity [9], histamine action [10], cyclooxygenase
[11], 5-lipoxygenase [12], lipid peroxidation [13] and
protein kinase C (PKC) [14]. However, high (>uM)
concentrations of tamoxifen are required to produce

t Corresponding author.

§ Abbreviations: ER, oestrogen receptor; EGF, epi-
dermal growth factor; DMEM, Dulbecco’s Modified
Eagle’s Medium; TGF, transforming growth factor; FCS,
foetal calf serum; PKC, protein kinase C.

these effects and the interpretation of this data is
open to debate.

We have previously described a cell proliferation
model using the A549 human lung adenocarcinoma
cell line in which low concentrations (1 pM-1 uM)
of dexamethasone inhibit cell growth through a
glucocorticoid receptor-mediated mechanism [15].
This treatment results in an induction of the protein
lipocortin-1 which suppresses the generation of the
eicosanoid metabolites, such as prostaglandin E,,
necessary to maintain the proliferation of these cells
[15]. The proliferation of A549 cells is inhibited by
glucocorticoids but not by progesterone [15] and we
have therefore decided to investigate in more detail
the range of steroid responsiveness of this cell line
using oestradiol and anti-oestrogens. A549 cells are
also regulated by growth factors such as epidermal
growth factor (EGF) [16] and the differential
autocrine regulation of transforming growth factors,
TGF-B, and TGF-B,, production has been shown to
modulate the growth effects of retinoic acid,
glucocorticoids and EGF [17], providing further
evidence of the value of this cell line in evaluating
mechanisms of steroid action.

We now report that the proliferation of A549 cells
isinhibited by nanomolar concentrations of tamoxifen
and that this effect is insensitive to oestradiol.
Furthermore, the characteristics of this response
apparently distinguish it from other non-ER
responses described in other systems. Moreover, we
show that A549 cells do not express ER and therefore
propose that this cell line constitutes a useful model
for investigating the effects of tamoxifen that are
not ER-dependent.

MATERIALS AND METHODS
Cell culture. A549 cells (Flow, Irvine, U.K.) were
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Fig. 1. (a) Oestradiol does not affect A549 cell growth in the concentration range 1 pM to 1 uM. (b)

Tamoxifen significantly inhibits growth in the range 1nM to 1uM (P <0.001 all points) but 4-

hydroxytamoxifen does not effect growth significantly at any concentration between 1 pM and 1 uM.

(c) ICI 164384 does not effect cell growth significantly whereas ICI 182780 inhibits cell growth at 0.1

and 1 uM (P < 0.001 both points). All cultures were treated for 3 days in DMEM without serum. Each

point is the mean of three wells = SD expressed as a percentage. Statistical significance was calculated
from raw data. Each graph is a typical example of three experiments.

maintained in continuous log phase growth in
Dulbecco’s Modified Eagles Medium/F-12 (DMEM/
F-12, Sigma, St Louis, MO, U.S.A.) containing
Phenol red (Sigma) and 10% foetal calf serum (FCS,
Sigma) in T-150 flasks (Greiner). The cells were not
allowed to reach confluence at any time as this
diminishes their response to steroids. The cells were
routinely checked for the absence of mycoplasma
contamination.

Cell proliferation experiments. Subconfluent A549
cells were washed with trypsin (0.05% w/v, Sigma)/
EDTA (0.02% w/v, Sigma) solution in T-150 flasks
for approximately 5 min. The detached cells were
seeded into 12-place multi-well plates (Flow) at
5 x 10* cells/mL/well in DMEM/F-12, 10% FCS
and incubated overnight. The medium was replaced
with DMEM/F-12 (without Phenol red) containing
dilutions of the appropriate steroid, fatty acid or
vehicle control. Steroids were used in an ethanol
vehicle which never exceeded 0.1% (v/v) in the final
culture media. All experiments described here were
performed under serum-free conditions. On the days
indicated, cells were removed with trypsin and
counted in triplicate using a Neubauer haemo-
cytometer. Viability was assessed routinely using the
Trypan exclusion assay.

Northern blotting. Total cellular RNA was
extracted from sub-confluent cultures of A549
and ZR-75 cells using RNAzol B (Biogenesis,
Bournemouth, U.K.) as specified by the manu-
facturer. RNA (20 ug) was resolved by agarose gel
electrophoresis and ER transcripts were detected,
following northern transfer, using a cDNA probe to
the human mRNA (a gift from P. Chambon,
Strasbourg, France).

Tamoxifen, 4-hydroxytamoxifen, ICI 164384 and
ICI 182780 were all generously provided by Dr Alan
Wakeling, ZENECA Pharmaceuticals, Cheshire,
U.K.

RESULTS

Effect of oestrogen and anti-oestrogens on A459 cell
growth

17-8 Oestradiol had no effect on AS549 cell
proliferation at any concentration used in the range
1 pM-1 uM (Fig. 1a). Tamoxifen inhibited A549 cell
growth in a dose-dependent fashion after 3 days of
treatment (Fig. 1b) with a significant effect at
concentrations of 1 nM and above (P < 0.001, ail
points). At 1 uM, the maximum dose used in these
experiments, growth inhibition was high at 75%
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Fig. 2. (a) Oestradiol at 1 uM does not reverse the growth inhibition of 10 nM tamoxifen significantly.
(b) 4-Hydroxytamoxifen at 1uM completely reverses the growth inhibition of 10nM tamoxifen
(P < 0.001). (c) ICI 164384 at 1 uM does not effect growth inhibition of 10 nM tamoxifen significantly.
(d) ICI 182780 at 1M inhibits cell growth significantly (P < 0.001) but does not reverse growth
inhibition of 10 nM tamoxifen. All cultures were treated for 3 days in DMEM without serum. Each
bar is the mean of three wells * SD expressed as a percentage. Statistical significance was calculated
from raw data. Actual control (C) céll number values are given in the panels (x 10°%). Each graph is
a typical example of three experiments.

compared to control cell cultures. Cell viability
assessment was >95% at all concentrations of
tamoxifen used and therefore these results are
unlikely to be explained by cytotoxic effects of the
drug. The results presented are typical of at least
three to six such experiments. All data are presented
as percentage inhibition to enable comparisons
between different experiments as plating densities
and cell growth rates are always slightly variable.
However, the statistical significance of response to
treatments was calculated from raw data. The growth
inhibitory effects of tamoxifen in AS549 cells appear
to be specific as 4-hydroxytamoxifen was only weakly
active with a maximum inhibitory effect at 1 uM of
17.7% but this is not statistically sigificant (Fig. 1b).
Similarly, the steroidal anti-oestrogen ICI 164384
had no significant effect on cell growth in the
concentration range 1 pM-1 uM (Fig. 1c). However,
the anti-oestrogen ICI 182780 did inhibit A549 cell
growth in the range 10 nm—1 uM (ECsg 100 nM) being
approximately 10-fold less active than tamoxifen
itself (Fig. 1c¢). Tamoxifen also inhibited AS49 cell
growth in the presence of 10% FCS but with an ECs

reduced to 100nM (24.4 £ 1.9% inhibition at
100 nM).

Reversal of tamoxifen growth inhibition by other
steroids

A549 cells were cultured with a half-maximal
concentration of tamoxifen (10 nM) for a period of
3 days in the presence of oestradiol and other anti-
oestrogen drugs. Oestradiol did not reverse the
growth inhibition of 10 nM tamoxifen when used at
100-fold excess (Fig. 2a). However, 4-hydroxy-
tamoxifen which had no significant effect on cell
growth itself, completely reversed the growth
inhibitory effect of 10 nM tamoxifen when used at
100-fold excess (Fig. 2b). The steroidal anti-
oestrogen ICI 164384 had no effect on tamoxifen
growth inhibition when used at 100-fold excess (Fig.
2c) and ICI 182780, which was itself growth inhibitory
at the concentration used, also did not reverse
tamoxifen growth inhibition. However, there was
no further increase in growth inhibition when
tamoxifen and ICI 182780 were used together (Fig.
2d) which would be consistent with the two
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Fig. 3. (A) Autoradiogram of northern blot probed with

radiolabelled hER ¢DNA. ZR-75 human breast cancer

cells were used as a positive control. A549 +/— represents

RNA extracted from cells grown in the presence and

absence of serum, respectively. (B) Ethidium bromide

staining of agarose gel prior to transfer to indicate
equivalent loading of RNA.

compounds acting through the same mechanism.
Similar results were obtained using a 10-fold excess
of each drug against 10nM tamoxifen (data not
shown).

Expression of ER in A549 cells

Ligand binding assays were performed as described
previously [18] and failed to detect the presence of
the oestrogen receptor (data not shown). This was
confirmed by northern blotting where expression
was detected in preparations of ZR-75 using a human
¢DNA probe; however, in A549 cell preparations
no ER was visible (Fig. 3).

Effect of fatty acids and tamoxifen on A549 cell
growth

Non-ER effects of tamoxifen mediated by the
anti-oestrogen binding protein described in other
cells have been shown to be influenced by fatty acids
[8]. The same fatty acids have been used in this
study and were all growth inhibitory when used at
concentrations of 10 uM with an order of efficacy of
linoleic < stearic < palmitic < oleic acid (Fig. 4).
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Fig. 4. Growth inhibition by the combined use of 10nM
tamoxifen (T) and 10 pM stearic acid (SA) or 10 uM oleic
acid (OA) is significantly increased compared to each agent
used alone (P < 0.001 compared to T, SA or OA alone).
Linoleic acid (LA, 10 uM) partially, but not significantly
reverses the growth inhibition of 10nM tamoxifen. The
combined use of 10 uM palmitic acid (PA) results in no
further inhibition of growth than when PA is used alone.
Each bar is the mean of three wells = SD expressed as a
percentage. Statistical significance was calculated from raw
data. Each graph is a typical example of three experiments.

Growth inhibition by 10nM tamoxifen was sig-
nificantly increased when used in combination with
oleic acid and stearic acid (Fig. 4). The combined
use of tamoxifen and paimitic acid resulted in no
further increase of growth inhibition than when
palmitic acid was used alone (Fig. 4). Only linoleic
acid decreased growth inhibition by tamoxifen;
however, this effect was not statistically significant
(Fig. 4).

DISCUSSION

In this paper we report that the non-steroidal
anti-oestrogen tamoxifen substantially inhibited
proliferation of the AS49 cell line with a magnitude
comparable to that previously reported for the action
of glucocorticoids in these cells [15]. This is of
considerable interest because we have shown that
A549 cells appear not to express ER and yet still
remain highly sensitive to the growth inhibitory
effects of low concentrations of tamoxifen. Moreover,
as this effect was not reversed by the presence of a
large excess of either oestradiol or other specific
steroidal anti-oestrogens, the action appears to be
mediated by an ER-independent mechanism.

There have been several reports of inhibitory
effects of tamoxifen that are not mediated by ER.
These effects are, however, only achieved using
micromolar concentrations of the drug. For example,
tamoxifen inhibits the calmodulin activation of
c¢AMP phosphodiesterase [9] but with an ECg of
2 uM and 4-hydroxytamoxifen is active in this model
[19]. Calmodulin does have another high affinity
binding site for tamoxifen (K; 6 nM) but there is
no correlation with inhibitory activity at this
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concentration [20]. Similarly, tamoxifen has been
shown to antagonize the effects of histamine on
tracheal muscle but at an optimum concentration of
30 uM and 4-hydroxytamoxifen was more potent in
this model [10]. Inhibition of protein kinase C
activity in vitro has also been described [14] but
>10uM tamoxifen was required and again 4-
hydroxytamoxifen had comparable activity. There
are, of course, different sub-species of PKC which
may respond differently to tamoxifen. However, a
recent report identifying three sub-species of PKC
in ER-positive and ER-negative human breast
cancer cell lines demonstrated that micromolar
concentrations of tamoxifen were required for
inhibition of each species [21]. Tamoxifen also
inhibits the ability of PKC to phosphorylate histones
and lipocortin-1 [22] which we have shown is an
important modulator of cell growth [15]. However,
>1 uM concentrations of tamoxifen were required
for this effect also but we cannot exclude the
possibility that alternative, more sensitive forms of
PKC may exist.

Inhibition of cell growth by tamoxifen in an ER-
negative cell line has been described before in the
breast cancer cell line MDA-MB-330 [23]. However,
high concentrations were required (ECsp=10uM)
and following cell cycle analysis the authors
concluded that this was a cytotoxic effect of the
drug. These observations were made with 10% FCS
present in the culture media which can reduce the
efficacy of steroid action. Our observations on A549
cell growth have been carried out under serum-free
conditions. However, even in the presence of 10%
FCS, tamoxifen was still able to inhibit cell
proliferation significantly, albeit with an approximate
10-fold reduction in efficacy.

Another potential mechanism of action for
tamoxifen was highlighted with the discovery of
specific high affinity binding sites distinct from the
ER [5]. This so-called anti-oestrogen binding protein
appears to have a ubiquitous distribution which does
not follow the pattern of ER distribution [6].
However, the pharmacological actions of the anti-
oestrogen binding protein in ER-positive or ER-
negative tissues led to speculation that this protein
is unlikely to mediate the growth inhibitory effects
of tamoxifen [2]. Unfortunately the function of the
anti-oestrogen binding protein remains unknown as
does the identity of its natural ligand. However, it
has been reported that certain polyunsaturated fatty
acids are able to bind the anti-oestrogen binding
protein and thus displace tamoxifen [7]. Oleic,
arachidonic and linoleic acid have the highest affinity
whilst no binding was detected with palmitic and
stearic acid. A further report seemed to indicate
that displacement of micromolar concentrations of
tamoxifen by linoleic acid from the binding protein
was responsible for blocking growth inhibition in
cultured lymphoid cells [8]. Oleic and stearic acid
had no effect in this model.

These results are quite contrary to those described
in this report where identical concentrations of
stearic and oleic acid significantly increase the effects
of nanomolar concentrations of tamoxifen on cell
growth and only linoleic acid partially reversed
growth inhibition when used at a 10,000-fold molar

excess. Clearly the properties of the anti-oestrogen
binding protein have to be evaluated in a wider
variety of cell systems but it seems unlikely that the
observations of tamoxifen-induced growth inhibition
in A549 cells are adequately explained by existing
reports of the properties of this protein. Furthermore,
as 4-hydroxytamoxifen is only weakly active in A549
cells yet still binds to the anti-oestrogen binding
protein with high affinity [24,25] this remains an
unlikely mechanism of action.

The 4-hydroxy metabolite of tamoxifen has a 100-
fold higher affinity for ER than tamoxifen itself
which is reflected in an increased activity of cell
growth inhibition in ER-positive cells [26]. Similarly
ICI 164384 has a 10-fold higher affinity for ER and
ICI 182780 has a 40-50-fold higher affinity for ER
than tamoxifen and again these differences are
manifest by increases in bioactivity of these
compounds in ER-positive cells {27 for review]. This
is contrary to the results we report here in ER-
negative A549 cells where tamoxifen is the most
active compound and at best ICI 182780 is weakly
active but only at high concentrations.

A major advance in understanding the mechanism
of action of steroids on cell growth came with the
discovery that these were not necessarily direct
effects, but could be mediated by the induction of
growth factors that influenced cell growth in an
autocrine or paracrine fashion [28 for review]. Initial
reports demonstrated that tamoxifen treatment of
ER-positive breast cancer cells resuited in the
production of TGF-g, a growth factor that inhibits
epithelial cell proliferation [29] although this is highly
dependent on culture conditions [30]. However, the
situation is now recognised to be more complex in
that there are several forms of TGF-$ and that it is
the subtle regulation of expression of the relative
levels of these different forms that is important for
controllingcell growth [31 for review]. This regulation
has been demonstrated in A549 cells where treatment
with glucocorticoids, retinoic acid and EGF resuited
in discrete changes in the expression of TGF-8, and
TGF-B, [17]. The regulation of TGF-f production
by tamoxifen was always assumed to be ER mediated;
however, this view has now been challenged with
the demonstration of induction in ER-negative
fibroblasts [32] and human breast cancer in vivo
[33]. How tamoxifen induces changes in the
expression of TGF-B in such cells therefore remains
to be determined but these observations imply the
existence of other signalling systems.

In this report we have described a highly sensitive
mechanism of growth control in A549 cells by
tamoxifen that is ER-independent. Furthermore,
these results are not adequately explained by
previous reports of direct effects of tamoxifen
requiring micromolar concentrations of the drug.
The profile of tamoxifen effects that we have
described is different to those mediated by the anti-
oestrogen binding protein in other cells. However,
we cannot exclude the possibility that the anti-
oestrogen binding protein may exist in other forms
or function in other ways in different cell types.
Certainly, however, the AS549 cell proliferation
system may provide a sensitive model to investigate
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the molecular mechanism of action of low con-
centrations of tamoxifen in ER-negative cells.
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