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1. Introduction

ABSTRACT

Tamoxifen is a selective estrogen receptor modulator extensively used on estrogen receptor-positive
breast cancer treatment. However, clinical evidences demonstrate the increased incidence of undesirable
side effects during chronic therapies, the most life threatening being uterine cancers. Some of these
effects are related to tissue-dependent estrogenic actions of tamoxifen, but the exact mechanisms remain
poorly understood. We have designed and synthesized a novel fluorescent tamoxifen derivative, FLTX1,
and characterized its biological and pharmacological activities. Using confocal microscopy, we demon-
strate that FLTX1 colocalizes with estrogen receptor o (ERa). Competition studies showed that FLTX1
binding was totally displaced by unlabeled tamoxifen and partially by estradiol, indicating the existence
of non-ER-related triphenylethylene-binding sites. Ligand binding assays showed that FLTX1 exhibits
similar affinity for ER than tamoxifen. FLTX1 exhibited antiestrogenic activity comparable to tamoxifen
in MCF7 and T47D cells transfected with 3XERE-luciferase reporter. Interestingly, FLTX1 lacked the strong
agonistic effect of tamoxifen on ERo-dependent transcriptional activity. Additionally, in vivo assays in
mice revealed that unlike tamoxifen, FLTX1 was devoid of estrogenic uterotrophic effects, lacked of
hyperplasic and hypertrophic effects, and failed to alter basal proliferating cell nuclear antigen immunore-
activity. In the rat uterine model of estrogenicity/antiestrogenicity, FLTX1 displayed antagonistic activity
comparable to tamoxifen at lower doses, and only estrogenic uterotrophy at the highest dose. We con-
clude that the fluorescent derivative FLTX1 is not only a suitable probe for studies on the molecular phar-
macology of tamoxifen, but also a potential therapeutic substitute to tamoxifen, endowed with potent
antiestrogenic properties but devoid of uterine estrogenicity.

© 2013 Elsevier B.V. All rights reserved.

the liver by the cytochrome P450 (CYP2D6 and CYP3A4), tamoxifen
is transformed into the active metabolites 4-hydroxytamoxifen

Tamoxifen is a nonsteroidal agent that competitively binds to
estrogen receptors (ER) and competes with estrogen, the cognate
ligand, for the ER binding sites. The antiestrogenic properties of
tamoxifen in breast and other tissues are associated with its ability
to halt transcriptional activation of estrogen-responsive genes that
govern cellular proliferation [1]. Tamoxifen itself is a prodrug, hav-
ing relatively little affinity for ER. However, when metabolized in
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and N-desmethyl-4-hydroxytamoxifen (endoxifen), which have
30-100 times more affinity with the estrogen receptor than
tamoxifen itself [2].

Hormone therapies for the treatment of estrogen receptor-posi-
tive breast cancers have evolved since their origin in the 1970s.
However, in spite of the constant search for novel antiestrogenic
drugs and selective estrogen receptor modulators (SERMs)
[1,3-7], tamoxifen has been for a long time almost the only low cost
hormonal option for the systemic treatment of pre-menopausal
patients [8,9]. Nevertheless, due to the increase in endometrial
cancer and thromboembolic events in tamoxifen therapies [9-11],
serious concerns exist on its use for cancer prevention or long-term
palliative treatment. Furthermore, numerous studies have shown
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that tamoxifen is able to exert non-genomic effects acting through
different molecular targets that result in both beneficial and unde-
sirable side effects [reviewed in 12,13]. These actions occur through
mechanisms still poorly understood, partly due to the lack of appro-
priate experimental tools to identify specific tamoxifen targets.

In the last decade, alternative treatments for estrogen-depen-
dent breast cancer have been focused on the development of aro-
matase inhibitors, which arrest the production of estrone, the
principal estrogen in post-menopausal women. The clinical trials
have shown that aromatase inhibitors are effective in reducing
the mortality associated with ER-positive breast cancer although
the overall survival is not superior to that provided by tamoxifen
[14,15]. The available evidence for receptor-positive breast cancer
in post-menopausal women strongly supports the combined use of
tamoxifen and aromatase inhibitors.

In line with this philosophy, in the last decade, we have de-
signed and synthesized a set of novel tamoxifen derivatives, some
of them as fluorescent probes. Based on the accumulated knowl-
edge on the structure-activity of different triphenylethylene deriv-
atives studied so far [12,16], and the molecular determinants of
antiestrogenic action of tamoxifen [17,18], we have modified the
dimethylaminoethoxy side chain of tamoxifen by partial demeth-
ylation and attachment to a NBD (7-nitrobenzo[c][1,2,5]oxa-
diazol-4-yl) fluorescent tag. Moreover, the basic amine of
demethyltamoxifen (NDTX) allowed us the attachment of the
NBD group without a linker chain, while the triphenyl core of
tamoxifen remained unaltered, which is an absolute requirement
for its binding to estrogen receptors [16-18].

We show that this novel fluorescent triphenylethylene deriva-
tive, FLTX1, specifically labels intracellular tamoxifen-binding
sites, including ERa, and displays unique pharmacological proper-
ties both in vitro and in vivo. Thus, while FLTX1 exhibits the potent
antiestrogenic properties of tamoxifen in breast cancer cells, it is
devoid of the estrogenic agonistic effect on the uterus, a feature
responsible for the most worrisome side effect of tamoxifen:
womb cancers.

2. Materials and methods

Detailed Section 2 is available in Supplementary material. Ani-
mal procedures and the overall study complied with Spanish and
EU animal care guidelines (RD 1201/2005, directive 2003/65/CE)
and were approved by the ethics committee of University of La
Laguna.

2.1. Synthesis of N-(7-nitrobenzo[c][1,2,5]oxadiazol-4-
yl)demethyltamoxifen (FLTX1)

FLTX1 was synthesized from commercial tamoxifen (Tx, purity
>99%, Sigma-Aldrich) in two sequential steps (Fig. 1A). Initially,
tamoxifen was demethylated to produce N-demethyltamoxifen,
and then, 4-chloro-7-nitro-1,2,3-benzoxadiazole (NBD-CI) was
covalently bound to the secondary amine in N-demethyltamoxifen
to form N-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)demethyltamoxi-
fen (FLTX1). The detailed procedure for the synthesis is described
in Supplementary information S1. Normalized FLTX1 spectra
showed maximal excitation and emission peaks centered at
476 nm and 527 nm, respectively (Fig. 1C).

2.2. Fluorescent labeling of cell cultures

Detailed cell culture procedures for the different cell lines used
in this study are explained in Supplementary information S2. ER-
positive MCF7 cells were fixed under non-permeabilizing condi-
tions in 2% paraformaldehyde/0.1% glutaraldehyde/150 mM

sucrose for 30 min at RT. To permeabilize the plasma membrane,
cells were fixed in the presence of 0.5% NP-40 for 2 min. Cells were
then incubated for 2 h at RT in the presence of 50 uM FLTX1. In
competition assays, prior to the addition of FLTX1, cultures were
exposed to different concentrations of Tx or 17B-estradiol (E2, Sig-
ma-Aldrich) for 30 min at RT. For colocalization analysis of FLTX1
with ERa, fixed cells were first incubated with MC-20 polyclonal
anti-ERa (Santa Cruz Biotechnology), followed by incubation with
a corresponding Alexa 514-coupled secondary antibody (Invitro-
gen). Then, cells were incubated with 50 uM FLTX1 and mounted
for visualization. For nuclear staining, cells were exposed to
300 nM DAPI (Invitrogen) in PBS for 5 at RT.

Results were visualized by confocal microscopy (Olympus
FV1000), selecting the 458 nm line for FLTX1 excitation and the
515 nm line for Alexa Fluor 514-coupled antibody. Olympus Fluo-
View software 2.1 was used for image processing. Quantitative val-
ues of competitive assays were referred to the percentage of pixel
intensity in cells exposed to FLTX1 alone.

2.3. Estrogen receptor competitive binding assay

Estrogen receptor was obtained from uterine cytosol fraction
from mature female Sprague-Dawley rats (Supplementary mate-
rial S2). Aliquots of 100 pl cytosol were incubated with 5 nM [>H]
E, and increasing concentrations of unlabeled competitors
(0.1 nM-100 pM) for 18 h at 4 °C. Then, 200 pl of dextran-coated
charcoal suspension (0.8% charcoal: 0.08% dextran) in TRIS-
EDTA-Glycerol-Mg buffer was added to each tube and incubated
for 10 min. The charcoal was then centrifuged at 3000g for
10 min. Supernatant was measured for radioactivity in 4 ml scintil-
lation cocktail Optiphase Hisafe 2 (PerkinElmer) by LKB WALLAC
1214-Rackbeta counter (LKB Instrument). Corrections were made
for non-specific binding. Relative binding affinity (RBA) of FLTX1
was calculated as the ratio of FLTX1 and Tx ICsq values as derived
from dose-response curves.

2.4. Cell proliferation assays

MCF7 cells were seeded at 1 x 10*cells per well in 0.1 ml of
phenol red-free DMEM (BioWhittaker) with 10% dextran-charcoal
treated FBS (Linus, Cultek). 24 h after seeding, Tx and FLTX1 were
applied alone for the estrogenic/toxicity 6 days assessments. In
antiestrogenic assays, 100 pM E2 was added 24 h after preincuba-
tion with Tx or FLTX1 and incubated for additional 4 days (see de-
tails in Supplementary material S2). Cell viability was measured
using the Cell Proliferation Reagent WST-1 (Roche).

2.5. Transcriptional activity studies

Transcriptional activity was measured by a luciferase-based
reporter gene assay in three breast cancer cell lines expressing
different nuclear receptors: MCF7 cells transiently transfected with
3x-Vit-ERE-TATA-luciferase reporter, T47D-KBluc cells stably
transfected with the pGL2.TATA.Inr.luc.neo [19], and MDA-kb2
cells that stably express the pMMTV.neo.luc reporter gene con-
struct, androgen receptor, and glucocorticoid receptor [20].

Cells were plated in 12 well plates. The following day, selected
doses of Tx or FLTX1 were added to 1 ml of fresh media for antag-
onistic pre-treatment. After 8 h of incubation, media was replaced
with the corresponding treatments: for antagonistic assessment,
transiently transfected MCF7 cells and T47D-KBluc cell line were
incubated with Tx or FLTX1 plus 100 pM E2. For agonistic assess-
ment, cells were incubated only with Tx or FLTX1. Cells were incu-
bated overnight (15-16 h) with treatments before processing for
luciferase activity. Further details about transfection procedures
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Fig. 1. (A) Synthesis of N-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)demethyltamoxifen (FLTX1) from Tx. (B) Ball-and-stick representations of FLTX1 minimum-energy
conformations. (C) Fluorescent spectral features of FLTX1 (1 mM) dissolved in methanol. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

for transcriptional assays are explained in Supplementary material
S2.

2.6. In vivo uterotrophic bioassays

Immature female CD-1 mice and Sprague-Dawley rats were
subcutaneously injected with, respectively, 10 or 5 ml/kg of an ol-
ive oil solution of Tx or FLTX1, with or without 0.5 pg/kg ethinyl
estradiol (EE, Sigma-Aldrich) only in case of rats. For CD-1 mice,
Tx and FLTX1 were used at doses of 0.01, 0.1, and 1 mg/kg/day,
and for Sprague-Dawley rats, an additional dose of 10 mg/kg/day
was included. Animals were injected for 3 consecutive days. A sub-
set of animals was subcutaneously treated during the same 3 days
period with vehicle (negative control), or 1 pg/kg E2 (mice) or
0.5 pg/kg EE (rats) as a positive internal controls. A minimum of
four animals per dose were used.

Approximately 24 h after the last injection, animals were sacri-
ficed and dissected. Wet and blotted uterus, uterine horns, luminal
fluid, vaginal, cervical, liver, and spleen weights were obtained. Tis-
sue weight/body weight ratios were calculated for each animal. For
each uterus, one horn was fixed in Bouin’s fixative and the other in
4% paraformaldehyde in phosphate buffered saline (pH 7.4) and
processed for histological and morphometrical examination.

2.7. Histological and morphometrical studies

Following fixation, the uterine tissues of mice were embedded
in paraffin, cut longitudinally or crosswise with a microtome in
10 um-thick sections, and mounted onto slides. Sections exposed
to Bouin’s fixative were deparaffinized, stained with hematoxylin
and eosin, and processed for morphometrical analyses. Histological
markers of uterotrophy included epithelial cell height, and epithe-
lial cell number in longitudinally sections, and gland number in
cross sections of uterine mid-region. These parameters were quan-
tified in, at least, three areas of 300 um? of three different sections
for each animal.

Sections fixed in paraformaldehyde were used for immunohis-
tochemical experiments. Briefly, these sections were deparaffi-
nized, hydrated, and incubated with a specific mouse monoclonal
anti-PCNA (proliferating cell nuclear antigen) antibody (Santa Cruz
Biotechnology), diluted 1:200 in PBS overnight at 4 °C. After wash-
ing in PBS, sections were incubated with a biotinylated secondary
anti-mouse antibody (Millipore) for 2 h at room temperature, fol-
lowed by Extra Avidin Peroxidase (Sigma-Aldrich) for 90 min.
Staining was revealed by incubating in 0.04% 3,3’-diaminobenzi-
dine in the presence of nickel ammonium sulfate to intensify the
staining. The number of positive cells was determined by selecting
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at least five areas of 300 um? of uterine epithelial cells, from three
sections of each animal.

Analyses of histological and histochemical images were per-
formed on a Leica DM4000 microscope using QWinV3 program.

2.8. Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was per-
formed by one-way ANOVA test followed by Tukey’s post hoc test
or by non-parametric Kruskal-Wallis test followed by Games-Ho-
well’s post hoc. Student-Newman-Keuls t-test was also used to
determine differences between treatment means and positive or
negative controls in assessments. Dose-response curves were fit-
ted to logistic equation using nonlinear regression analysis.

3. Results
3.1. Specific fluorescent labeling with FLTX1

The cellular localization of FLTX1 labeling in MCF7 cells was
analyzed by confocal laser scanning microscopy. Imaging studies
on detergent-permeabilized MCF7 cells exposed to 50 uM FLTX1
showed fluorescent labeling in the cytosol, perinuclear space, and
nucleus (Fig. 2A, E and G). Under non-permeabilizing conditions,
fixed cells exposed to the same concentration of FLTX1 revealed
a substantial fluorescence staining at the plasma membrane
(Fig. 2C).

The specificity of FLTX1 binding was studied in permeabilized
and non-permeabilized cells preincubated with different concen-
trations of Tx. These competition studies revealed that the fluores-
cent FLTX1 staining exhibited a dose-dependent competition with
Tx, observing a partial competition at 50 pM Tx, and almost a total
competition at 100 M Tx up to 87.76 + 3.74% in permeabilized
cells (Fig. 2B and I left graph). In non-permeabilized cells,
100 uM Tx completely antagonized FLTX1 labeling at the plasma
membrane (Fig. 2D and I middle graph), indicating the presence
of specific binding sites for triphenylethylene compounds at the
cell surface. The fluorophore (NBD-Cl) was unable to compete the
FLTX1 signal (Fig. 2F), indicating that the fluorophore moiety of
FLTX1 was not responsible for the fluorescent binding.

We next performed competition experiments with E2 to assess
whether FLTX1 was capable to bind estradiol binding sites, includ-
ing ER. In these experiments, detergent-permeabilized MCF7 cells
were preincubated with increasing concentrations of E2 before
the exposition to the fluorescent tamoxifen (Fig. 2H). Results
showed that fluorescent signals at 50 uM FLTX1 were only partially
competed with 50 pM and 100 uM E2 (up to 25.84 + 6.36%) (Fig. 21
right panel). This inability of E2 to totally displace FLTX1 in MCF7
cells reinforces the notion that triphenylethylene compounds have
the ability to interact with targets other than ER, some of which
might underlie some of their undesirable side effects [13,21,22].
To further explore the relationship between FLTX1 binding and
ER, we performed colocalization assays in MCF7 cells. Under per-
meabilizing conditions, a substantial fraction of MC-20 antibody
labeled ERa colocalizes with the FLTX1 fluorescent signal
(71.75 £ 2.24%), mostly at the perinuclear space (Fig. 3C and F).
Interestingly, the percentage of co-localization of FLTX1 signal
with the MC-20 complex was 40.12 +3.11%, in agreement with
the notion that FLTX1 interacts with targets other than ERa. To
our knowledge, these results provide the first visual evidence for
the existence of non-canonical cellular targets (other than ER) for
Tx, as revealed by a number of functional and pharmacological
studies [21-26].

3.2. Competition studies of FLTX1 and radiolabeled estradiol on ER

Competition experiments were performed using rat uterus
cytosol. This extract rich in ER was saturated with 5 nM of labeled
E2 in the presence of increasing concentrations of unlabeled Tx or
FLTX1 (Fig. 4A). As expected, in a dose-dependent manner, TX was
able to competitively displace the [>H] E, from rat uterine ER. Sim-
ilarly, FLTX1 competed off the radiolabeled estradiol binding to ER.
The estimated ICsq values for Tx and FLTX1 were 123.4 + 30.9 nM
and 87.5 £ 17.5 nM, respectively. Thus, assuming a RBA (relative
binding affinity) value of 100 for Tx, the value for FLTX1 was to
141.01, indicating a slightly increased affinity for ER than Tx.

3.3. Effects on MCF7 cell proliferation

Next, we compared the effects of Tx and FLTX1 on MCF7 cell
proliferation (Fig. 4B). Tx and FLTX1 were exposed at concentra-
tions ranging from 100 nM to 10 uM. In contrast to Tx (that failed
to modify cell proliferation except at doses above 1 uM), FLTX1 re-
duced cell proliferation in a dose-dependent manner, being signif-
icantly more effective than Tx already at 0.1 pM. Tx provoked an
abrupt reduction of cell growth above 3 M and displayed a clear
cytotoxic effect at 10 uM, with 23% of viable cells, as compared
with 59.5% value of FLTX1 at same concentration respect to vehicle
(Fig. 4B).

In order to evaluate the capacity of these triphenylethylene
compounds to antagonize estradiol-induced cell proliferation,
MCF7 cells were pretreated with different concentrations of Tx or
FLTX1 24 h prior to the addition of 100 pM E2 for further 4 days
(Fig. 4C). The results show that, like Tx, 3 pM FLTX1 was able to
counteract the increase in cell growth induced by E2 down to the
vehicle level. The antiproliferative effect of 10 uM FLTX1 also re-
sulted similar to vehicle value, pointing to an inhibition of ER-med-
iated cell growth. However, cells pretreated with 10 uM Tx
displayed a significant reduction in cell viability (26% compared
to vehicle), suggesting additional cytotoxic effect triggered by Tx
at the highest concentration.

3.4. Evaluation of transcriptional activity mediated by ER

Agonistic and antagonistic ER-mediated transcriptional activity
was assayed using both transiently transfected MCF7 cells and sta-
bly transfected T47D-KBluc cell line, which contain estrogen re-
sponse element coupled to luciferase reporter gene. Tx and
fluorescent derivative were tested at different doses from 100 pM
to 30 uM, for the assessments of estrogenic and antiestrogenic re-
sponses (Fig. 4D, E, respectively).

The agonistic approach showed that Tx significantly increased
transcriptional activity in both cell lines, in a dose-dependent
manner from 10 nM to 1 pM in MCF7 and from 10 nM to 3 pM in
T47D-KBluc cells (Fig. 4D). Maximal estrogenic activities (around
2.5-3-fold) were found between 10 nM and 300 nM in both cell
lines. Conversely, FLTX1 was devoid of ability to stimulate lucifer-
ase transcriptional activity in MCF7 cells. In T47D-KBluc cells, a
slight yet significant increment (1.4- and 1.25-fold), was found
between 100 pM and 1 nM. Besides, FLTX1 reduced luciferase
expression below control values in a dose-dependent manner, at
concentrations above 100 nM in T47D-BKluc cells and above
1 uM in MCF?7 cells. This reduction was not mimicked by Tx, even
at highest dose, in either cell lines (Fig. 4D). The decreasing effect
in luciferase expression by FLTX1 did not involve the reduction in
the amount of total protein (not shown), but rather indicates it
causes a strong inhibition of ER-mediated transcriptional processes.

To assess antiestrogenic activity, tested chemicals were assayed
against 100 pM E2, the lowest concentration that produced a max-
imal estrogenic response (data not shown). In these experiments,
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Fig. 2. Specificity of FLTX1 labeling in MCF7 cells. (A-D) Competition studies with Tx in permeabilized (A and B) and non-permeabilized MCF7 cells (C and D). The fluorophore
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Tx and FLTX1 decreased E2-induced luciferase activity in a dose- 1.74 £ 0.95 uM for Tx and FLTX1 in MCF7 cells, respectively, and
dependent manner in both cell lines (Fig. 4E). Estimated ICsq values 0.33 £0.04 and 0.61 £ 0.03 uM for both in the case of T47D-BKluc
derived from dose-response analyses were 0.73+0.25 and cells.
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Fig. 3. FLTX1 labeling colocalizes with estrogen receptor alpha (ERa) in MCF7 cells. MCF7 cultures were incubated with FLTX1 (A) in the presence of the anti-ERa specific MC-
20 antibody (B). In C, the DAPI nuclear stain. (D) Merged image of green (FLTX1), red (ERa), and blue (DAPI) staining resulting in a yellowish color is shown. Transmission

image (E) overlapped with co-localization spots (F) in white.

Neither Tx nor FLTX1 displayed cross-activation of luciferase
expression under the control of androgen or glucocorticoid recep-
tors, as demonstrated in hormone responsive MDA-kb2 cell line
(Supplementary material S3).

3.5. Uterotrophic assays

Immature female CD-1 mice and Sprague-Dawley rats were
subcutaneously injected with oily solution containing the corre-
sponding treatments during 3 consecutive days. Treatments did
not provoke any adverse effect on the animals’ health, and we
did not observe any difference in body weight gain among different
groups compared to vehicle.

Treatment-related effects on relative tissue weights in mice and
rats are detailed in Supplementary material S4 (Tables 1 and 2,
respectively). E2 and EE used as positive agonistic controls in mice
and rats, respectively, induced a significant increment in uterine
weights (wet, blotted, and horns), as well as cervical and vaginal
weight in both animal models. No differences were found in liver
and spleen weights for E2 and EE with respect to vehicle.

Results summarized in Fig. 5 show the effects of Tx and FLTX1
on uterine wet weight, cervical and vaginal weights for both mice
(A) and rats (B). Uterotrophic assays in mice showed that the in-
creases in uterine weights (wet, blotted, or horns) induced by Tx
were significantly greater than with vehicle, and similar to E2 from
0.1 mg/kg, displaying the maximum uterotrophic response at this
dose (Fig. 5Aa and Table 1 in Supplementary material S4), confirm-
ing the well-known agonistic effect of Tx on mice uterus [27]. Cer-
vical and vaginal weights in Tx-treated animals were also
significantly increased at 0.1 mg/kg (vaginal weight was signifi-
cantly increased even at 0.01 mg/kg/day) (Fig. 5Ac and Ae).

Remarkably, FLTX1 did not induce any increment in uterine (wet,
blotted, or horns), cervical, and vaginal weights in the same range
of doses used for Tx (Fig. 5Aa). In general, FLTX1 values remained
similar or slightly lower than control vehicle values (Fig. 5A and
Table 1 in Supplementary material S4).

The immature rat uterotrophic assays is an established model of
partial agonist/antagonist effects for SERMs [27,28]. In the rat,
3 days treatment with Tx elicited a dose-dependent increase in
uterine (wet, blotted, or horn), luminal fluid and cervical weights,
which were statistically significant from 0.01 mg/kg (Fig. 5Bb and
Bd and Table 2 in Supplementary material S4). Additionally, a po-
tent estrogenic effect of Tx is observed at 10 mg/kg, where blotted
uterus, horns, cervical, and vaginal weights were similar to EE-
treated animals (Fig. 5Bd and Bf and Table 2 in Supplementary
material S4). Unlike Tx, FLTX1 was devoid of estrogenicity until
the dose of 10 mg/kg, where it significantly increased uterine
wet, blotted, and horn weights, as well as luminal fluid, cervical,
and vaginal weights to values equivalent 100 times less concen-
trated Tx (0.1 mg/kg, Fig. 5Bb), highlighting the poor potency of
FLTX1 as estrogen agonist as well as the different pharmacokinet-
ics of both compounds.

When co-administered with EE, both molecules were shown to
reduce uterotrophic effect in the rat, but to different extents
(Fig. 5Bb and Table 2 in Supplementary material S4). Thus, Tx val-
ues were significantly decreased from 0.01 mg/kg for wet and blot-
ted uterine weights, or from 0.1 mg/kg in case of uterine horn
weights, whereas FLTX1 only significantly reduced uterine wet
weights when administered at 10 mg/kg (although a not significant
25% reduction is observed already at 1 mg/kg) (Fig. 5Bb). No signif-
icant differences were observed neither in cervical nor in vaginal
weights for Tx or FLTX1 treated animals (Fig. 5Bd and Bf).
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Fig. 4. (A) Effects of FLTX1 and Tx on [>H]-estradiol competitive ER binding assay. Uterine cytosolic extracts were saturated with 5 nM of labeled estradiol in the presence of
increasing concentrations of unlabeled competitors (0.1 nM-100 uM) for 18 h at 4 °C. Data are presented as mean + SEM for five different assays performed for each
compound and concentration. (B and C) Effects of FLTX1 and Tx on MCF7 cell proliferation assays, in the absence (B) or presence (C) of estradiol (100 pM), for estrogenic or
antiestrogenic assessments, respectively. Cells were incubated for 6 days with increased concentrations (10 nM-10 uM) of triphenylethylene compounds alone (estrogenic
approach) or pretreated with pretreated with FLTX1 or Tx for 24 h before addition of 100 pM 17-estradiol (E2) (antiestrogenic approach). Values are expressed as mean
percentage + SEM over vehicle (V). *p < 0.05 vs. control (B) or E2 (C). 'p < 0.05 significantly different to Tx value at same dose. At least five replicate assays were used in all
experiments. (D and E) Transcriptional activities of FLTX1 and Tx on transiently transfected MCF7 cells and stably transfected T47D-KBluc cell line, with estrogen response
element coupled to luciferase reporter gene. Dose-response curves for agonist (D) and antagonist (E) ER-mediated transcriptional activities were determined. Data are
presented as mean + SEM fold induction compared to vehicle (D) or percent of 0.1 nM 17p-estradiol (E) response of three assays for agonist or antagonist assays, respectively.
“p <0.05 compared to vehicle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Uterotrophic assays performed in immature female CD-1 mice (A) and Sprague-Dawley rats (B). lllustrated correspond to uterine wet (a and b), cervical (c and d) and
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from vehicle (V) for agonistic values. p < 0.01; 9p < 0.05 significantly different from EE for antagonistic values.
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Fig. 6. Histological effects of Estradiol, tamoxifen and FLTX1 on immature mice uteri. (A) Representative Hematoxylin-eosin staining microphotographs of cross-sectional
images (upper panels) in animals injected for 3 consecutive days with 1 ng/kg 17p-estradiol or 1 mg/kg/day (FLTX1 and Tx) using olive oil as vehicle. Medium panels: detailed
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the different experimental conditions. Magnification values are indicated. (B) Quantitative effects of E2, Tx and FLTX1 on morphological endpoints: epithelial cell number
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reader is referred to the web version of this article.)
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Fig. 7. Uterine cell labeling for Proliferating cell nuclear antigen (PCNA) in vehicle, estradiol, tamoxifen, and FLTX1 treated mice. Animals were treated as in Fig. 6. Epithelial as
well as stromal labeling can be seen by the brown staining reaction. Lower panel: higher magnification of uterine epithelial layer showing the nuclear staining. Magnification
values are indicated. Right panel: Quantitative effects of E2, Tx, and FLTX1 on epithelial cell immunostaining with anti-PCNA antibody. Results are expressed as mean + SEM
from four different animals under each treatment. For methodological details, see methods. Different letters indicate significant differences between treatments with p < 0.01.

3.6. Effects of E2, Tx, and FLTX1 on mouse uterine histology and
immunohistochemistry

The uterine effects of E2, Tx, and FLTX1 on histomorphology of
mouse uterus were analyzed in animals receiving olive oil (vehi-
cle), 1 ng/kg/day E2 or 1 mg/kg/day (Tx and FLTX1), for three con-
secutive days. Doses were chosen according to the results from
uterotrophic assays in the previous section. Fig. 6A illustrates rep-
resentative hematoxylin-eosin stained uterine sections in the four
experimental conditions. As can be seen, both E2 and Tx bring
about a considerable increase in cross-sectional uterine size
(affecting both stroma and myometrium). Conversely, FLTX1 treat-
ment did not modify uterine size compared to vehicle. We deter-
mined three established morphometric parameters, i.e. epithelial
cell height, epithelial cell number, and gland number (Fig. 6B).
The results consistently demonstrated that both E2 and Tx treat-
ments provoked a considerable increase in epithelial cell number
(32.1% and 45.9% for E2 and Tx), epithelial cell height (131.5%
and 134.2% for E2 and Tx, respectively), and gland number
(13.3% and 18.5% for E2 and Tx, respectively), as indicatives of
the uterine hypertrophic and hyperplasic effects of these molecules
(Fig. 6B). In contrast to Tx, treatment with FLTX1 did not caused
any significant response as compared to vehicle-treated animals,
reinforcing the observation that FLTX1 is devoid of estrogenic ef-
fect in the mouse uterus.

Finally, the proliferative effects of tested compounds on uterine
tissue were assessed by immunohistochemical analyses of prolifer-
ating cell nuclear antigen (PCNA) labeling. Results shown in Fig. 7
demonstrate that both E2 and Tx dramatically increased nuclear
PCNA staining in epithelial cells (80.0% and 111.3% for E2 and Tx,
respectively). Again, Tx displayed the greatest positive response
among all treatments. Unlike Tx, FLTX1 failed to modify the num-
ber of PCNA-positive epithelial cells as compared to control ani-
mals (Fig. 7, right panel), which agrees with the lack of
uterotrophic effects and morphometric changes of FLTX1.

4. Discussion
Fluorescent technical approaches based on modified fluoro-

phore ligands are important tools widely used to track localization
and dynamics of cellular targets in response to different drugs. This

information is crucial in the case of drugs that, like Tx, display a
number of important adverse effects, some unrelated to its canon-
ical target, the estrogen receptor. That was our original goal in
developing the first fluorescent tamoxifen derivative suitable for
identification of non-canonical binding sites that could trigger dif-
ferent mechanisms and activities in non target cells
[12,13,21,23,24].

To our knowledge, there is only one reported work on the devel-
opment of fluorescent tamoxifen derivatives, in which a six-carbon
linker was used to attach the fluorophores BODIPY, carboxyfluores-
cein, or Alexa Fluor 546 to 4-OH-tamoxifen [29], but the resulting
fluorescent molecules displayed weaker interactions with ER than
the parent molecule [29]. This suggests that excessive bulky side
chains hinder the binding to the ER ligand binding pocket [29]. It
is widely accepted that the triphenylethylene core of Tx is the
structural motif required for interaction with the ligand binding
domain of ER, while the lateral side chain is largely responsible
for the antiestrogenic effects by hampering conformational activa-
tion of ER [12,17,18]. In contrast to the binding requirements for
the aryl rings, the ethyl side chain of Tx protrudes out of the ER
binding pocket and thus appears to be a suitable position for func-
tionalization. In the strategy reported here, NBD dye was selected
by its small size, polarity, and reactivity. This dye was directly at-
tached onto the basic nitrogen in the alkylaminoethoxy side chain
of demethyltamoxifen, while the triphenylethylene core remained
intact (Fig. 1).

Labeling of FLTX1 fluorescence in unstimulated MCF7 cells was
localized mainly in the cytosol, especially around the nucleus, as
well as at the plasma membrane and intranuclear compartments.
Further, FLTX1 labeling was totally displaced by unlabeled Tx,
but only partially by 17B-estradiol, suggesting that binding sites
other than ER exist for Tx in these cells. In agreement with this no-
tion, overlapping of FLTX1 fluorescent signal and ERa immuno-
staining revealed only a partial colocalization for FLTX1 on ERo.
The colocalization of these two molecules occurred mainly at the
perinuclear level, but was also seen at the plasma membrane, in
agreement with previous observations demonstrating the presence
of membrane-associated ERs in different cell types, including MCF7
cells [30,31]. The main staining by MC-20 in the cytosolic and
perinuclear regions of permeabilized cells was initially unex-
pected. However, a survey of the recent literature on the subcellu-
lar distribution of ER has revealed that our results are, indeed, in
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good agreement with the balance existing for subcellular distribu-
tion of ER in MCF7 cells, and that breast cancer cell lines, especially
MCF?7 cells, are heterogeneous populations of cells. Thus, a recent
reassessment of ER expression in human breast cancer cell lines
using a variety of detection methods has demonstrated that the
main location for ER (both o and B) is the cytosolic, but not the nu-
clear, compartment [32]. Interestingly, this comparative study also
reported the common presence of ER-like immunoreactivity at the
plasma membrane. A widely accepted interpretation for these find-
ings is that ER is not permanently located in a single subcellular
compartment, but it may exist in a dynamic equilibrium between
the plasma membrane, cytoplasm, and nucleus [33,34].

We also found that FLTX1 was pharmacologically and biologi-
cally active. Thus, relative binding affinity for ER and ICsy values
for FLTX1 were found to be slightly better than for Tx (actually,
ICso was about 30% lower and RBA 40% higher than for Tx). These
properties were remarkable since, in general, changes in the side
chain of Tx have led to compounds with decreased affinity for ER
[29,35,36]. Furthermore, not only FLTX1 efficiently bound ER but
also modulated ER-mediated transcriptional activity. Assays
performed in transfected MCF7 and T47D-KBluc with luciferase
reporter gene showed that both Tx and FLTX1 antagonized the
estradiol-induced transcriptional activity in a dose-dependent
manner and to a similar extent therefore demonstrating the ability
of FLTX1 to antagonize ER-mediated transcription. However, more
important, FLTX1 was devoid of the potent estrogenic agonist
activity of Tx in the estrogenic assessments in both cell lines. This
finding was remarkable since this estrogen-like action of Tx,
perverted to an agonist, potentially mimics what happens in
certain tamoxifen-resistant breast cancer [37,38]. This suggests
that the attachment of the heteroatom-rich NBD group to tamoxi-
fen aminoethoxy side chain brings about a molecule endowed with
pure antiestrogen properties. This hypothesis was further explored
in the estrogenic uterotrophic assays discussed below.

As expected, Tx and FLTX1 were capable to inhibit MCF7 cell
proliferation. However, compared to Tx, FLTX1 displayed a higher
ability to reduce cell growth rate in MCF7. E2 was capable of coun-
teracting this antiproliferative effect of FLTX1, suggesting a direct
antagonism of the fluorescent derivative on ER-mediated growth,
which agrees with the results from transcriptional activation.
One important difference between Tx and FLTX1 is observed at
the highest concentration, where Tx, but not FLTX1, induced a dra-
matic decrease in cell viability well below control cells (Fig. 4C),
which agrees with previous reports demonstrating tamoxifen-in-
duced apoptosis [39,40].

The major concern in the use of Tx as adjuvant therapy in the
treatment of breast cancer is the increased risk of developing uter-
ine cancer [9,10,41,42]. Moreover, it is known that uterine growth
and development is absolutely dependent on ER signaling [43-46].
Given the relevant absence of estrogenicity of FLTX1 on ER-depen-
dent transcriptional activity, we found worthwhile to extend our
studies on the regulation of uterine growth in vivo by the new fluo-
rescent derivative. The rodent model of uterotrophic bioassays is
particularly appropriate for the assessment of triphenylethylene
derivatives, since Tx has been reported for quite long time to be-
have as full estrogen agonist in mouse uterus and as partial estro-
gen agonist/antagonist in rats uterus [4,27,28]. The reasons for this
differential response to tamoxifen between both murine models
are only partially understood. Recent compiled information by
Smith and O’'Malley [47] indicates that it is the biochemical micro-
environment surrounding the estrogen receptors, i.e. the type of
corregulators and their expression levels, rather than the subtype
of ER, what determines the full (mouse)/partial agonist (rat) behav-
ior of tamoxifen in the rodent uterus [47].

Remarkably, in the mice uterine model, we observed that FLTX1
lacked the uterotrophic (and also cervical and vaginal) agonistic

effects of Tx [27,28]. On the other hand, in the rat model, FLTX1
only showed some sort of estrogenicity in the rat uterus, but this
was only detectable at the largest dose. Overall, the results indicate
that, unlike Tx, the florescent derivative is devoid of uterine estrog-
enicity, suggesting a differential recruitment of corregulators be-
tween Tx and FLTX1 upon binding to ER [27,28,47]. Further, on
view of these results, it turns out that important differences exist
between in vitro and in vivo responses to Tx and FLTX1. These dif-
ferences are most likely due to the differential pharmacokinetics of
both compounds.

A deeper approach on the effects of Tx and FLTX1 was achieved
by histological study of uterine tissue in the same mice subjected
to uterotrophic assays. This approach allowed us to assess different
cellular endpoints that could be associated with endometrial carci-
nogenesis, i.e. epithelial cell height, epithelial cell number, stromal
and myometrial sizes, gland number, and epithelial PCNA immu-
noreactivity, in response to estrogen/antiestrogen treatments
[48,49]. Our data showed that Tx was as potent as estradiol in
inducing uterine wall hypertrophy, with increased gland number,
stromal and myometrial sizes, and endometrial hyperplasia, with
augmented epithelial cell number and height, as previously re-
ported [28,49,50]. Remarkably, FLTX1 completely lacked of any sig-
nificant  hypertrophic/hyperplasic  effect, showing values
comparable to vehicle-treated controls. Further, quantification of
PCNA-positive epithelial cells, as indicative of active cell prolifera-
tion, revealed a potent stimulatory effect of Tx and E2, but a null
effect of FLTX1, thereby emphasizing the non-mitogenic character
of this novel derivative.

From the data reported in this study, it is the absence of estro-
gen-like effects of FLTX1 the most outstanding property of this new
pharmacophore. The molecular mechanisms for this exquisite
selectivity remains speculative and beyond the scope of this study.
It could be hypothesized, however, that its antiestrogenic ability is
mechanistically similar to that of Tx, by binding the LBD domain
through its triphenylethylene core and the lateral side chain pro-
truding out the LDB pocket and displacing helix 12 from adopting
its agonist conformation [18,51]. The compact volume of NDB and
its spatial conformation respect to the triphenylethylene core as
indicated by the minimal-energy conformations (Fig. 1B) strongly
support this notion. It could be speculated that FLTX1 may not only
blocks the ER activation by estrogens but also it could downregu-
late the ER expression, as it has been described for other antiestro-
gens acting as selective estrogen receptor down-regulators (SERDs)
[16]. Nevertheless, the observations that FLTX1 directly binds ER
and prevents ERE-mediated luciferase expression strongly support
its action on ER as the mechanism supporting the antiproliferative
effect observed in vitro and in vivo. A more complex situation re-
gards the lack of estrogenicity observed for FLTX1 in breast cancer
cell lines and, in particular, in the rodent uterus. It is known that
for agonist ER ligands, helix 12 is stabilized in a conformation that
allows it to form one side of the coactivator-binding site [11,51].
We hypothesize that the spatial conformation of FLTX1 accommo-
dates NBD moiety in the grove between helixes 3 and 11 so that
helix 12 movement adopts a geometry resembling that of pure
antiestrogen ICI182780 [52]. In this geometry, FLTX1-bound ER
structure hampers the sequential recruitment of tissue-specific
coregulators, including SRC-1, which is required in endometrial
cells in high amounts for estrogenic agonism [53]. Computer mod-
eling of FLTX1-ER complexes is currently in process to assess these
hypotheses.

In summary, apart from its fluorescent properties that makes
FLTX1 a suitable probe for studies on the molecular pharmacology
of Tx, the newly developed derivative is a compound biologically
and pharmacologically active. FLTX1 retains the antiestrogenic po-
tency of Tx in breast cancer cell lines, but is largely devoid of estro-
genic effects both in breast cancer cells and, more important, in
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uterine tissue. These properties make this derivative a potential
heir of Tx, as a pharmacophore for the chemotherapy of estro-
gen-dependent breast cancer.

Finally, it is worth mentioning that, in addition to its biological
and pharmacological properties, FLTX1 also displays an unusual
optical property as it behaves as a laser dye. Laser emission from
FLTX1 is an emerging property of the new molecule since neither
Tx nor NBD exhibits optical gain alone. We recently demonstrated
efficient output laser-like ASE (amplified spontaneous emission) in
solutions of FLTX1 in acetone and in vegetal oil, under nanosecond
pulsed excitation, being the external efficiency of the ASE pulses
even higher than for commercial dyes, such as Rh6G [54,55]. The
potential of this new property of FLTX1 is considerable, since it
paves the way to design strategies that may combine optofluidic
and antiestrogenic properties of FLTX1 to improve antitumor ther-
apeutic efficiency. We are currently investigating this potential
implementation in our laboratories.
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