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Endogenous aromatization of testosterone results in growth stimulation
of the human MCF-7 breast cancer cell line
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Abstract

Estrogens produced within breast tumors may play a pivotal role in growth stimulation of the breast cancer cells. However, it is elusive
whether the epithelial breast cancer cells themselves synthesize estrogens, or whether the surrounding tumor stromal cells synthesize and
supply the cancer cells with estrogen. The aromatase enzyme catalyzes the estrogen production, aromatizing circulating androgens into
estrogens. The aim of this study was to investigate aromatase expression and function in a model system of human breast cancer, using
the estrogen responsive human MCF-7 breast cancer cell line. Cells were cultured in a low estrogen milieu and treated with estrogens,
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romatizable androgens or non-aromatizable androgens. Cell proliferation, expression of estrogen-regulated proteins and aroma
ere investigated. The MCF-7 cell line was observed to express sufficient aromatase enzyme activity in order to aromatize th

estosterone, resulting in a significant cell growth stimulation. The testosterone-mediated growth effect was completely inhibit
romatase inhibitors letrozole and 4-hydroxy-androstenedione. Expression studies of estrogen-regulated proteins confirmed that
as aromatized to estrogen in the MCF-7 cells. Thus, the results indicate that epithelial breast cancer cells possess the ability t
irculating androgens to estrogens.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Estrogens are known to play a pivotal role in the devel-
pment and promotion of human breast cancer. The highest

requency of breast cancer is found among postmenopausal
omen. These women have low levels of circulating estro-
ens, however, local synthesis of estrogens takes place in
eripheral tissues, including the breast[1]. Estrogens are
ynthesized via aromatization of circulating C19 androgens,
process catalyzed by the aromatase enzyme. For the last

ecades, antiestrogen therapy with tamoxifen has been the
referred treatment of estrogen responsive breast cancer.
owever, there is a shift towards treatment with aromatase in-
ibitors (AI), after third-generation inhibitors have shown su-
eriority to tamoxifen[2–7]. However, as for other endocrine
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treatments, many patients with advanced disease will de
resistance to treatment after a period with response[6]. The
mechanisms responsible for development of acquired r
tance are elusive and thus, studies are urgently requir
fully understand the significance of local aromatase exp
sion in breast cancer and the cellular and molecular co
quences of AI treatment.

The aromatization of androgens has been observ
be more pronounced in malignant than normal breas
sues[8–10]and a locally increased estrogen production
stimulate proliferation of estrogen responsive breast ca
cells. It is still elusive which cell types that are respons
for intratumoral estrogen production, as aromatase pr
has been immunohistochemically detected in both ep
lial breast cancer cells and surrounding tumor stromal
[11–15]. Further, in vitro cell culture studies have sho
aromatase activity in both epithelial breast cancer cell
[16–19]and breast-derived stromal fibroblasts from nor
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breast tissue and breast tumors[20–23]. The basal aromatase
activity in both cell types is low, but the activity in fibrob-
lasts can be highly stimulated with factors as IL-6, PGE2,
TNF� and dexamethasone[20–23]. Only a moderate stim-
ulation of aromatase enzyme activity has been reported in
epithelial breast cancer cells[18,19]. Whether the modest
activity observed in the cancer cells is sufficient to produce
enough estrogen to cause intracellular biological effects re-
mains controversial. Some studies have observed androgen-
mediated cell growth stimulation via aromatization in ep-
ithelial breast cancer cells[17,24,25], and induction of the
estrogen-regulated gene pS2 with testosterone[16], indicat-
ing that estrogen synthesis in the cancer cells is sufficient
to induce biological effects. However, others have reported
a growth-inhibitory effect of testosterone[26,27]and inhibi-
tion of E2 upregulation of progesterone receptor (PR) protein
expression[28], contradicting the biological significance of
aromatization in epithelial breast cancer cells.

In order to further study the aromatase activity and func-
tion in human breast cancer cells, we have developed a model
system with the estrogen responsive MCF-7 breast cancer
cell line, grown in a low estrogen milieu. The focus of the
present study was to investigate the biological relevance of
endogenous aromatase activity in breast cancer cells. Fur-
ther, it was examined whether androgens affected cancer cell
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diol [29]. The AROM-1 cell line (MCF-7 cells stably trans-
fected with the aromatase gene (CYP19)) was a gift from Dr.
Mitch Dowsett’s laboratory[30]. MCF-7 cells were main-
tained in FCS medium (DMEM/F12 medium (Gibco, In-
vitrogen, CA) without phenol red, 1% heat-inactivated fe-
tal calf serum (FCS) (Life Technologies, Bethesda, MD),
6 ng/ml bovine insulin (Novo Nordic, Bagsværd, Denmark),
2.5 mM l-glutamine). AROM-1 was maintained in AROM-
1 medium (RPMI medium (Gibco) with phenol red, 10%
heat-inactivated FCS, 10�g/ml insulin, 2.5 mMl-glutamine,
600�g/ml G418). Cells were sub-cultivated by trypsination
once a week. In all experiments with MCF-7 cells, FCS was
replaced with 5% newborn calf serum (NCS) (Life Tech-
nologies) and the medium was supplemented with 2.5× 105

U penicillin and 31.25�g/L streptomycin (NCS medium).
NCS was used for experiments, as it contains low levels of
growth factors and steroid hormones, facilitating detection
of any stimulatory effects of supplemented hormones. Cells
were incubated in a 5% CO2 humidified incubator at 37◦C.

2.3. Cell proliferation assays

MCF-7 cells (2.5× 104) were seeded into 24-well plates
(2 cm2 wells) and left to attach for 24 h in FCS medium, fol-
lowed by 24 h starvation in NCS medium. The NCS medium
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rowth by direct interaction with the estrogen receptor (
r the androgen receptor (AR). MCF-7 cells were treated
strogens, aromatizable androgens or non-aromatizab
rogen in a low estrogen milieu, alone or in combination w
romatase inhibitor (4-hydroxy-androstenedione or letro
Femara®)), the pure anti-estrogen ICI 182,780 (fulvestr
aslodexTM) or the anti-androgen bicalutamide (Casode®).
ell growth, estrogen receptor� (ER�) and PR protein ex
ression and aromatase activity were examined.

. Methods and materials

.1. Hormones and inhibitors

Testosterone, androstenedione (Adione), estradiol2),
strone (E1) and 4-OH-androstenedione (4-OH-A) were p
hased from Sigma–Aldrich, St. Louis, MO. Dihydrotes
erone (DHT) was purchased from Merch, Germany. Le
ole (Femara®) was a gift from Novartis Pharma AG, Bas
witzerland. ICI 182,780 (fulvestrant, FaslodexTM) and bica

utamide (Casodex®) were gifts from AstraZeneca, Londo
K.

.2. Cell culture

The MCF-7 cell line was obtained from the Hum
ell Culture Bank, Mason Research Institute (Rockv
D) and adapted to grow in a low serum concentra

1%) to obtain an estradiol concentration (approxima
pM) resembling postmenopausal concentrations of e
-

as changed and supplemented with hormones and inhi
day 0) as indicated in the figures. Vehicle (ethanol)
dded to the control culture. Culturing was sustained f
ays, with replacement of medium, hormones and inhib
n day 3. On day 5, the cells were rinsed in PBS and a cr
iolet colorimetric assay, staining DNA, was used to ob
n indirect measure of the cell number[31]. The obtaine
ptical density for each sample was expressed as a re
alue in percent of the appropriate control.

.4. Aromatase assay

MCF-7 cells and AROM-1 cells (2× 105) were seede
n T25 flasks in triplicate. MCF-7 cells were cultured fo
ays in FCS medium, followed by 48 h culture in either F
r NCS medium. AROM-1 cells were cultured for 6 d

n AROM-1 medium. Medium was changed every sec
ay. Prior to the assay, medium was removed and the
ere rinsed twice in serum-free DMEM/F12 medium. 2.5
f serum-free DMEM/F12 medium with 0.25�Ci 1�-3H-
ndrostenedione (Perkin-Elmer Life Sciences Inc., Bo
A) was added to each culture flask, as well as control fl
ithout cells for measurements of background radioact
undred nanomolar letrozole (MCF-7 cells) or 10�M letro-
ole (AROM-1 cells) was concurrently added to pre-sele
asks. Incubation was sustained for 24 h, the assay me
as collected and the cells were counted in a Bürker–T̈urk
hamber. Aromatase activity was assayed by measurin
mount of3H present in the water phase after aromatiza
f 1�-3H-androstenedione according to a protocol develo
y Dr. A. Purohit and Dr. M. Reed[32]. In brief, steroid wa
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removed from the medium by extraction with diethylether
and dextran activated charcoal. Duplicate measures of3H in
the water phase of each sample were obtained with a liquid
scintillation counter. The obtained background reading from
the control flasks was subtracted from the sample values and
the values were corrected for loss of3H2O during processing
(approximately 20%, A. Purohit, personal communication).
The aromatase activity was calculated as pmol androstene-
dione converted/106 cells/24 h.

2.5. Western analysis

MCF-7 cells (3× 105) were seeded in T25 flasks and cul-
tured for 4 days in FCS medium, with medium change every
second day. The cells were starved in NCS medium for 24 h
and cultured in NCS medium with hormones± inhibitors for
24 h as indicated in the figure legends. Vehicle (ethanol) was
added to the control culture. Cells were harvested by trypsina-
tion, counted and divided into microtubes (5× 105 cells/tube)
and lysed with RIPA buffer (100 nM NaCl, 20 mM Tris base,
1% Triton X-100, 0.5% sodium deoxycolate, 0.1% SDS,
1 nM EDTA, pH 8). Protein concentration was determined
using the Bio-Rad Protein Assay kit (Bio-Rad Laborato-
ries, Münich, Germany). Ten micrograms of total protein
per sample was separated on precast 4–12% Bis–Tris gels
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performed using SAS, version 8.2 (SAS institute, Cary,
NC).

3. Results

3.1. Growth of MCF-7 cells in FCS and NCS
supplemented medium

The MCF-7 cells cultured in FCS supplemented medium
had a high growth rate and adding estradiol (E2, 100 pM)
did not increase cell growth significantly (Fig. 1). Cultur-
ing cells in NCS supplemented medium significantly reduced
the growth rate compared to cells cultured in FCS medium
(p< 0.0001). Addition of 100 pM E2 to the NCS medium
significantly stimulated cell growth compared to the NCS
control (p< 0.0001), restoring growth to the level observed
for the FCS culture. Thus, MCF-7 cells cultured in the NCS
model system were dependent on E2 to retain their normal
growth rate. The pure anti-estrogen ICI 182,780 (ICI, 10 nM)
in a 100-fold excess concentration completely abolished the
stimulatory effect of E2 (p< 0.0001), bringing cell growth to
the NCS culture level. No effect of the aromatase inhibitor
letrozole (100 nM) was observed on E2 stimulated growth,
indicating that letrozole did not have unspecific growth in-
h our
i sults.
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n MOPS buffer, using the X-Cell sureLock module (Inv
ogen) and proteins were transferred using the X-Cell II
odule (Invitrogen) according to the manufacturer’s inst

ions to PVDF membranes (Immobilon-P, Millipore, Be
ord, MA). Membranes were stained with Ponceau S to
rm equal loading and transfer of samples. Non-specific b
ng of antibodies was blocked by incubation of the m
rane in 5% non-fat dry milk (1 h RT). Membranes w
xposed for 1 h at RT to monoclonal rabbit estrogen rece
(ER� 1:10,000), progesterone receptor (PR 1:2000)

ody (both LabVision, Fremont, CA) or monoclonal mo
ytokeratin-7 (K7 1:500,000) antibody. Specific binding w
isualized by incubation for 1 h at RT with species-spe
eroxidase-conjugated secondary antibodies (Dako Cyt

ion, Glostrup, Denmark) followed by visualization us
he ECLPLUS kit (Amersham Pharmacia, Buckinghamsh
K). Chemiluminiscence was detected on Hyper FilmTM

Amersham Pharmacia Biotech). Expression of K7 was
s loading control. The K7 antibody was kindly provid
y Dr. Jiri Bartek (Danish Cancer Society, Copenha
enmark).

.6. Statistics

Levene’s test was used to analyze for homogen
f variance in all experiments and log transformation
ata was performed in case of unequal variance. A
ar model of analysis of variance, followed by two si
air wise t-tests with Bonferroni’s correction was us

o detect differences between treatments. Results
onsidered significant whenp< 0.05. Calculations we
ibitory effects on the cells in the applied concentration. F
ndependent quadruplicate experiments gave similar re

.2. Growth stimulation of MCF-7 cells with steroid
ormones

Dose–response growth curves for MCF-7 cells were
ablished with the estrogens E2 and estrone (E1) and for the
ndrogens testosterone, androstenedione (Adione) and
rotestosterone (DHT).Fig. 2 shows a representative qu
ruplicate experiment for each hormonal treatment. All
lied concentrations of E2 from 1 pM significantly stimulate
ell growth (p< 0.0001). A plateau with maximal stimu
ion approximately 10-fold above control level was reac
t a concentration of 10 pM E2. E1 significantly stimulate
ell growth with concentrations from 10 pM (p< 0.0001)
ith maximal growth stimulation obtained at a concen

ion of 100 nM. Thus, E1 was approximately 10 times le
otent than E2. All applied concentrations of testostero
ignificantly stimulated cell growth compared to the N
ontrol (p< 0.0001). A plateau with maximal growth sti
lation was reached with a concentration of 100 nM tes

erone. DHT only stimulated cell growth significantly at c
entrations from 100 nM (p< 0.0001), and maximal effe
as not established with the applied concentrations of D
dione stimulated cell growth approximately 2.5-fold ab

he level of the NCS control culture at concentrations
ween 10–100 nM (p< 0.0001). The effect of Adione level
ff at 1�M, which was repeatedly observed in the majo
f performed experiments. Thus, all androgens tested
bserved to stimulate MCF-7 cell growth, but with differ
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Fig. 1. Growth of MCF-7 cells in FCS and NCS supplemented medium. E2; estradiol, ICI; ICI 182,780, Le; letrozole. Black bars illustrate cells cultured in FCS
medium± E2 (100 pM). Gray bars illustrate cells cultured in NCS medium± E2 (100 pM)± inhibitors (ICI 10 nM, Le 100 nM). Cells were cultured for 5 days
with hormones and inhibitors and cell number was estimated by a colorimetric assay. Values are mean± S.D. from a representative quadruplicate experiment.
Four independent quadruplicate experiments were performed. (a) Significantly different from the FCS culture, (b) significantly different from the NCS culture,
and (c) significantly different from NCS + E2 culture,p< 0.0001.

potency. Four independent quadruplicate experiments were
performed for each steroid, and comparable dose–response
curves were obtained, even though the fold stimulation varied
between experiments. Concentrations of 100 pM E2, 100 nM
testosterone and 100 nM DHT were selected for further ex-
periments. Testosterone and DHT were selected in order to
study effects of both an aromatizable androgen (testosterone)
and a non-aromatizable androgen (DHT). The androgen
concentration was based on the testosterone dose–response
curve.
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3.3. Inhibition of androgen-mediated MCF-7 cell growth

To elucidate the mechanism behind the androgen-
mediated cell growth, the aromatase inhibitor letrozole, the
anti-estrogen ICI and the anti-androgen bicalutamide were
added to cells treated with the aromatizable androgen testos-
terone or the non-aromatizable androgen DHT (Fig. 3). Letro-
zole and ICI completely abolished the effect of testosterone
(p< 0.0001), whereas bicalutamide had no effect. Only ICI
inhibited DHT-mediated cell growth (p< 0.0001). Fig. 3
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ig. 2. Growth stimulation of MCF-7 cells with steroid hormones. E2, estra
iol; E1, estrone; T, testosterone; A, androstenedione; DHT, dihydrote

erone. Cells were cultured for 5 days in NCS medium supplemented
teroid hormones and cell number was estimated by a colorimetric
alues are mean± S.D. from a representative quadruplicate experimen
ach steroid hormone. At least four independent quadruplicate exper
ere performed for each steroid. Treatment with all steroid hormone
ept 1 and 10 nM DHT, and 1 nM and 1�M A, resulted in a significantl
igher MCF-7 cell growth compared to the NCS control culture (p< 0.0001)
ig. 3. Inhibition of androgen-mediated MCF-7 cell growth. T; testoster
HT; dihydrotestosterone, ICI; ICI 182,780, Le; letrozole, BC; bic

amide. Cells were cultured for 5 days in NCS medium supplemented
00 nM androgen± inhibitors (10 nM ICI, 100 nM Le, 100 nM BC). Ce
umber was estimated by a colorimetric assay. Values are mean± S.D.

rom a representative quadruplicate experiment. Four independent q
licate experiments were performed. (a) Significantly different from th

reated culture and (b) significantly different from the DHT-treated cul
< 0.0001.
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Fig. 4. Inhibition of testosterone-mediated MCF-7 growth with aro-
matase inhibitors. T; testosterone, Le; letrozole, 4-OH-A; 4-hydroxy-
androstenedione, AI; aromatase inhibitor. Cells were cultured for 5 days in
NCS medium with 100 nM testosterone plus increasing doses of aromatase
inhibitor as indicated in the figure. Cell number was estimated by a colori-
metric assay and expressed as percent of the testosterone-treated culture.
Values are mean± S.D. from one quadruplicate representative experiment.
At least four independent quadruplicate experiments were performed. All
applied concentrations of the aromatase inhibitors, except for 1 nM 4-OH-
A, resulted in inhibition of testosterone-mediated growth (p< 0.0001).

shows a representative quadruplicate experiment. Four in-
dependent quadruplicate experiments gave comparable re-
sults. Thus, the estrogen receptor, but not the androgen re-
ceptor, appeared to be involved in testosterone and DHT-
mediated growth. Aromatization of testosterone to estro-
gen was required for growth-stimulation with testosterone,
whereas DHT may have interacted directly with the estrogen
receptor.

3.4. Inhibition of aromatization of testosterone with
aromatase inhibitors

Increasing concentrations of the non-steroidal aromatase
inhibitor letrozole and the steroidal inhibitor 4-hydroxy-
androstenedione (4-OH-A) were added to testosterone
(100 nM) treated cultures of MCF-7 cells.Fig. 4shows a rep-
resentative quadruplicate experiment. All concentrations of
letrozole, from 1 nM, reduced testosterone-mediated growth
(p< 0.0001), with complete inhibition down to NCS control
level obtained at a concentration of 100 nM letrozole. 4-OH-
A reduced testosterone-mediated growth at concentrations
from 10 nM (p< 0.0001), with complete inhibition to control
level obtained at a concentration of 1�M 4-OH-A. Thus, both
the steroidal and the non-steroidal aromatase inhibitor were
able to completely abolish the growth-stimulatory effect of
testosterone. Letrozole was approximately 10-fold more po-
tent than 4-OH-A. Four independent experiments, each in
quadruplicate, gave comparable results. Thus, testosterone-
mediated growth stimulation appears to be dependent upon
aromatization to estrogen.

3.5. Aromatase activity in MCF-7 and AROM-1 cells

The activity of the aromatase enzyme was measured us-
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H2O and aromatase activity was calculated as pmol androstenedion
riplicate experiment out of four independent experiments. (a) Signific
CS-treated MCF-7 culture, and (c) significantly different from the FC
ng a tritium release assay[32], with 1�-3H-androstenedion
s the substrate in serum-free medium. A significant
atase activity could be measured in MCF-7 cells (Fig. 5),
nd was significantly higher (p< 0.0001) in cells prime

n NCS supplemented medium (0.085 pmol androst
ione converted/106 cells/24 h) compared to cells prim

n FCS supplemented medium (0.011 pmol androst

e assay, MCF-7 cells were cultured for 4 days in FCS and 2 days
. Cells were incubated with 0.25�Ci 1�-3H-androstenedione± letrozole (Le)
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dione converted/106 cells/24 h). Higher activity (0.4 pmol an-
drostenedione converted/106 cells/24 h) was observed in the
AROM-1 cells (MCF-7 cells stably transfected with the aro-
matase gene), which were used as a positive control in the
assay. Thus, the amount of labeled substrate was not limit-
ing for aromatization in the MCF-7 cells. Addition of 100 nM
letrozole to MCF-7 cells cultured in NCS medium completely
inhibited the aromatase activity (p< 0.0001). Ten micromolar
letrozole inhibited the aromatase enzyme in AROM-1 cells
(p< 0.0001). Experiments with 1,2�-3H-labeled testosterone
as substrate were also performed, but the results were con-
founded by cell-independent release of3H from the substrate
(data not shown).

3.6. PR and ER� protein expression in MCF-7 cells
treated with estradiol or testosterone

The MCF-7 cell line is known to express PR and ER�, and
only extremely low levels of the estrogen receptor� (ER�)
[33]. PR is expressed in two forms, PR-A and PR-B. PR is an
estrogen-regulated gene[34] and the expression is often used
as a marker for the presence of functional ER�. ER� protein
is significantly reduced after estrogen treatment of MCF-7
cells, both due to instability of the receptor in the presence of
estrogen, and due to downregulation of the mRNA[35]. Ac-
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cordingly, ER� and PR protein expression was examined in
order to investigate whether testosterone stimulated MCF-7
cells via the ER�, both directly and/or after aromatization to
estrogen. As shown inFig. 6, ER� expression was downregu-
lated in cells treated with E2 and testosterone. PR expression
was highly upregulated after exposure to E2 and testosterone.
Letrozole abolished the testosterone-mediated regulation of
both ER� and PR, but not the regulation exerted by E2. ICI
inhibited the effects of both E2 and testosterone on PR ex-
pression, whereas the level of ER� remained low as ICI in
itself downregulates ER� protein expression[35]. As letro-
zole completely inhibited the testosterone-mediated effect,
aromatization of testosterone to estrogen was required for
testosterone to affect the protein expression of these estrogen
responsive genes. Further, regulation of ER� and PR expres-
sion was mediated via estrogen-interaction with ER� as ICI
abolished the effect of aromatized testosterone.

4. Discussion

Locally produced estrogen is suggested to play a major
role for proliferation of estrogen responsive breast cancer (re-
cently reviewed in[36]). Intratumoral estrogens are produced
from circulating androgens, catalyzed by the aromatase en-
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ndependent experiments gave comparable results.
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A low but reproducible aromatase activity could be m
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eports[16–19]. The androgen testosterone was observe
timulate MCF-7 cell growth significantly at concentrati
s low as 1 nM, which is within the physiological range
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romatase inhibitors, indicating that aromatization of tes

erone was responsible for the testosterone-mediated gr
hus, in the present model system, the epithelial breast c
ell line MCF-7 was observed to express sufficient aroma
ctivity in order to stimulate cell growth via aromatizat
f testosterone to E2. Expression of ER� and PR confirme

hat testosterone was aromatized to estrogen, which th
ected expression of these estrogen-regulated genes. T
erone did not appear to interact directly with ER�. Further
he anti-androgen bicalutamide had no effect on T-stimu
rowth, suggesting that the androgen receptor (AR) wa

nvolved in the testosterone-mediated effects. Conflictin
orts of testosterone-mediated effects on MCF-7 cells

n the literature. Cell growth[17,24]and pS2 expression[16]
ave previously been observed to be stimulated as a
equence of aromatization of testosterone to estrogen
her, testosterone has been reported to stimulate MCF-
rowth via direct interaction with ER[38]. Direct interac
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tion of testosterone with ER has been reported at concentra-
tions from 100 nM[39,40], which could not be confirmed in
the present study, where testosterone only exerted effects af-
ter aromatization to estrogen. However, testosterone has also
been observed to inhibit MCF-7 growth[26,27] and inhibit
E2-mediated upregulation of PR protein expression[28], pre-
sumably via AR signaling[27,28].

Compared to testosterone, Adione only stimulated MCF-
7 cell growth slightly, however, significantly. This was sur-
prising as Adione based on circulating substrate availability,
is believed to be the major substrate for the aromatase en-
zyme in peripheral tissues[41,42]. Yet, the concentration of
Adione and the product from aromatization of Adione, E1,
has been observed to be low in breast tumors, compared to
the concentration of testosterone and E2 [43]. This could in-
dicate that the preferred substrate for the aromatase enzyme
in breast cancer tissue is testosterone, produced in peripheral
tissue from conversion of circulating Adione via type 5 17�-
hydroxysteroid dehydrogenase (HSD) activity[1]. The low
effect of Adione may thus indicate that the HSD activity is
insufficient for the conversion of Adione to testosterone in
the MCF-7 cells used in the present study. To our knowledge,
the activity of type 5 HSD has not been studied in MCF-7
cells. The product from aromatization of Adione, E1, is a
less potent estrogen than E2, and it could also be speculated
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contrary, ICI completely blocked the effect, indicating that
DHT may have mediated MCF-7 growth by direct ER� in-
teraction. DHT has earlier been observed to bind to ER� in
MCF-7 cells and elicit estrogenic actions, but only at phar-
macological concentrations[38–40], which is in correspon-
dence to our growth studies. Another study has reported that
both physiological (1–10 nM) and pharmacological concen-
trations (100–1000 nM) of DHT stimulated proliferation after
48 h incubation, whereas longer time incubation with DHT
inhibited proliferation[44]. In the present study, the effect of
DHT was assessed after 5 days treatment and the inhibitory
effect of DHT beyond 48 h incubation was not confirmed.
In conclusion, only pharmacological concentrations of DHT
had a stimulatory effect on MCF-7 cell growth, possibly me-
diated by direct interaction with ER�.

Whether androgens play a role in human breast cancer,
besides being substrates for aromatization, is debated. An-
drogens have been suggested both directly to promote or to
inhibit breast cancer cell growth, or to act differentially de-
pending on the estrogen milieu, acting as inhibitors in a high
estrogen milieu, but as promoters in a low estrogen milieu
(reviewed in[45,46]). The hypothesis of androgens acting
directly stimulatory in a low estrogen milieu could be of rel-
evance for treatment benefit and disease progression in breast
cancer patients deprived of estrogen via aromatase inhibitor
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ctive[17,40], but also here was the reason unclear. The
romatase activity obtained with 1�-3H-labeled androsten
ione as substrate in the present study is in correspon
ith the low growth stimulation obtained with androste
ione. It could be speculated that the aromatase activity w
e higher, if labeled testosterone served as substrate.
estigate this, 1,2�-3H-labeled testosterone was used as
trate in the aromatase assay as 1�-3H-labeled testosterone
ot commercially available. However, the results were

ounded by cell-independent release of3H from the substrate
esulting in high background measures (data not shown)
ay have been due to spontaneous release of3H from the 2�-
osition, which is not involved in aromatization of androg
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In addition to ER�, the MCF-7 cells were observed

xpress AR (data not shown). The non-aromatizable a
en DHT has a high affinity for the AR and it could
peculated that DHT mediated cell growth via AR. Ho
ver, high concentrations, from 100 nM DHT, were nee
o stimulate MCF-7 cell growth, which could indicate t
he stimulation was not mediated by AR interaction.
nhibition study confirmed this, as the anti-androgen b
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reatment. However, the hypothesis was not supported b
resent findings, as testosterone had no direct stimul
ffect but only affected the examined endpoints after a
tization, despite the low estrogen milieu. DHT may h
timulated MCF-7 cell growth via ER� interaction, howeve
nly at pharmacological concentrations.

The reason for the conflicting results found in the lite
ure regarding androgen-mediated growth effects on MC
ells is unclear, but could be related to experimental de
r differences between MCF-7 strains. Several compar
tudies have shown that direct comparison between st
an be conflicting due to independent progression of MC
trains[47–52]. Whether strain differences in regard of
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comparable to that of MCF-7 strains routinely maintained in
10% FCS (maximal growth stimulation at 100 pM E2) and
not to that of hypersensitized MCF-7 cells (maximal growth
stimulation at 100 fM E2), long-term deprived of estrogen (L-
TED) [53,54]. Also, other studies have measured aromatase
activity in MCF-7 cells only shortly deprived of estrogen and
thus not hypersensitized[16,17]. Yet, the MCF-7 cells used in
the present study may have acquired other changes from the
long-term culture in a low estrogen milieu, low growth fac-
tor milieu (1% FCS), rendering this strain able to aromatize
testosterone. Indeed, the aromatase activity was observed to
be significantly higher in cells cultured in steroid poor NCS
serum than FCS serum, which could indicate that growth in
steroid poor serum further stimulated the aromatase activ-
ity in the cells. The concentration of estrogens in the NCS
serum used in our laboratory has been routinely measured by
specific radio-immune assay (RIA) and was comparable to
the concentration in steroid-stripped FCS serum (E2 < 40 pM,
E2-sulphate < 200 pM, E1 = 100 pM, E1-sulphate = 400 pM).
Also, MCF-7 cells adapted to grow on serum-free medium,
yet retaining estrogen-responsiveness, have been observed
to be growth-stimulated with androgens through conversion
to estrogens[25]. It would be of great interest to repeat the
experiments in different L-TED breast cancer cell lines, to
see whether growth in a low estrogen milieu per se enables
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