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Estrogenic hormones are classically thought to ex-
ert their effects by binding to nuclear estrogen
receptors and altering target gene transcription,
but estrogens can also have nongenomic effects
through rapid activation of membrane-initiated ki-
nase cascades. The development of ligands that
selectively activate only the nongenomic pathways
would provide useful tools to investigate the sig-
nificance of these pathways. We have prepared
large, abiotic, nondegradable poly(amido)amine
dendrimer macromolecules that are conjugated to
multiple estrogen molecules through chemically
robust linkages. Because of their charge and size,
these estrogen-dendrimer conjugates (EDCs) re-
main outside the nucleus. They stimulate ERK,

Shc, and Src phosphorylation in MCF-7 breast can-
cer cells at low concentrations, yet they are very
ineffective in stimulating transcription of endoge-
nous estrogen target genes, being approximately
10,000-fold less potent than estradiol in genomic
actions. In contrast to estradiol, EDC was not ef-
fective in stimulating breast cancer cell prolifera-
tion. Because these EDC ligands activate non-
genomic activity at concentrations at which they
do not alter the transcription of estrogen target
genes, they should be useful in studying extranu-
clear initiated pathways of estrogen action in a
variety of target cells. (Molecular Endocrinology 20:
491–502, 2006)

THE DESIGNATION of the estrogen receptor (ER)
as a nuclear hormone receptor is emblematic of its

nuclear/genomic functions as a direct regulator of
gene expression, where it functions either as a ligand-
modulated transcription factor or coregulator. It fails,
however, to encompass other extranuclear roles that
the ER can play as a regulator of ion fluxes (1) or an
initiator of kinase cascades (2–7) and an inducer of
enzyme activities (8). These nongenomic or extranu-
clear actions of ER are more rapid than the genomic
effects, and they are unaffected by inhibitors of RNA or
protein synthesis (4). Although the nongenomic ac-
tions of estrogens have been less thoroughly studied
than their genomic actions, there is increasing appre-
ciation that some of the important biological effects of
estrogens are mediated, wholly or in part, by this path-

way (9–13), and thus it has become a topic of active
research investigation (14).

One challenge faced in studies of the nongenomic
action of estrogens has been the separation of these
actions from those of the genomic pathway. Some
approaches have involved the use of specific inhibi-
tors of RNA or protein synthesis that selectively block
effects that are mediated by transcription or directly
derived protein products, or temporal studies in which
analysis of the earliest responses are presumed not to
involve transcription. Another approach has been to
use estrogen ligands that are capable of selective
action on one or the other pathway (9, 15, 16). In this
regard, frequent use has been made of estrogens con-
jugated to cell-impenetrant macromolecules, such as
estradiol-BSA (E2-BSA) (13, 17–19) or E2-peroxidase
(20–22). Such reagents are presumed to be capable of
interacting only with ER that is membrane associated
and thus to stimulate only the nongenomic pathway.

Despite the widespread use of these agents, how-
ever, concern has been raised about the behavior of
E2-BSA and other estrogen-protein conjugates (23).
The site selected to link the estrogen (C-6 or C-17) can
interfere with the binding of the tethered ligand to ER
and can affect the biological outcome (19). Also, the
linkage between the steroid and the macromolecule is
not always chemically durable, so that free ligand can
leak from the conjugate. Although it is possible to
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remove free ligand from E2-BSA by charcoal treat-
ment (23), macromolecules such as BSA, being a nat-
ural biopolymer, could be subject to proteolytic deg-
radation by cells, with potential release of smaller
fragments that might gain access to nuclear ER. Thus,
there is room for the development of estrogen-mac-
romolecule conjugates having improved stability, pu-
rity, and receptor binding characteristics (23).

In this report, we describe the development and
characterization of one member of a new class of
estrogen-macromolecule conjugates, EDCs. The EDC
is constructed by the attachment of an estrogen
through the 17� position, a site that preserves a good
deal of ER binding affinity (24), to an abiological mac-
romolecule, a poly(amido)amine (PAMAM) dendrimer
(25), through a hydrolytically stable linkage. The use of
a PAMAM dendrimer core affords flexibility in macro-
molecule size and surface charge, and produces con-
jugates that can be further functionalized with fluoro-
phores to trace the cellular distribution of the EDCs.
Furthermore, the EDC can be characterized spectro-
scopically and can be rigorously treated (e.g. by ex-
traction with organic solvents) to remove free ligand. In
cell-based assays reported here, we find that the EDC
localizes at the membrane/cytoplasm of cells and is
excluded from the nucleus. It is effective in stimulating
extranuclear, nongenomic activities at low concentra-
tions but is very ineffective in stimulating nuclear-ini-
tiated estrogen target gene expression. Thus, EDC

molecules provide useful tools for studying non-
genomic vs. genomic pathways regulated by estrogen.

RESULTS

Preparation of EDCs [EDC and EDC-
Tetramethylrhodamine (TMR)]

As a versatile and chemically robust macromolecule
on which to attach ER ligands, we selected PAMAM
dendrimers. These dendrimers are available in various
generations, which represent different degrees of rep-
etition of the two-stage process by which they are
generated, with each generation providing, in theory, a
progressive 2-fold increase in the number of available
surface functional groups for ligand tethering (Fig. 1)
(25). The EDC used in this study is based on a gener-
ation 6.0 (G-6) PAMAM dendrimer, which nominally
has a molecular weight of 58,048 and 256 surface
primary amine functional groups; thus, it is a polyca-
tion. PAMAM dendrimers are also available with dif-
ferent surface functional groups, either amines (cat-
ionic surface), alcohols (neutral surface), or carboxylic
acids (anionic surface), and these surface functional
groups can be used for the attachment of small mol-
ecules and fluorophore tags (25).

As the estrogen ligand for coupling to the PAMAM
dendrimer, we have used a derivative of 17�-ethy-

Fig. 1. Synthetic Scheme for the Synthesis of the Estrogen Monomer Component (EE2-Ph-CHO), the EDC, and the TMR-Labeled
Fluorescent EDC (EDC-TMR).
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nylestradiol (EE2) in which the ethynyl substituent is
further derivatized with a para-substituted phenyl
group that incorporates an aldehyde function (see Fig.
1, top), the latter for attachment to the primary amine
groups on the G-6 PAMAM dendrimer. Coupling is
achieved by mixing the estrogen aldehyde (EE2-Ph-
CHO) and the dendrimer in methanol and then reduc-
ing the imine function that forms spontaneously with
sodium borohydride to produce the EDC. These two
steps in the chemical conversion can be followed by
1H nuclear magnetic resonance (NMR) (Kim, S. H., and
J. A. Katzenellenbogen, unpublished).

Because the amine functions are present in such
large excess, the degree of dendrimer substitution by
the estrogen can be controlled simply by adjusting the
molar ratios of estrogen aldehyde to dendrimer, and
the level and uniformity of estrogen substitution can be
confirmed by matrix-assisted laser desorption ioniza-
tion mass spectrometry. The EDC we have studied
here was based on a G-6 PAMAM dendrimer derivat-
ized with the estrogen in a 20:1 stoichiometry; matrix-
assisted laser desorption ionization mass spectrome-
try analysis confirmed this average stoichiometry. In
addition, after attachment of the estrogen derivatives,
amine-reactive fluorescent reagents can be added to
provide the EDC with an optional fluorophore tag,
termed “EDC-TMR”; the EDC-TMR material we have
studied here had an average of five TMR tags, in
addition to the 20 estrogen tags. Because many free
amine functions remain on the dendrimer surface,
both EDCs retain a strong net positive charge.

Despite the fact that the reaction of the estrogen
aldehyde with the G-6 PAMAM dendrimer appeared to
be quantitative, we took great care to ensure that any
remaining estrogen monomer aldehyde (or the corre-
sponding alcohol reduction product) was removed
from the EDC before it was used in biological experi-
ments. Thus, after estrogen-dendrimer coupling, the
EDC product was subject to five rounds of extraction
purification by centrifugal ultrafiltration on a Centriplus
column (Millipore, Bedford, MA) through which the free
estrogen is repeatedly eluted with methanol. In the
final product, no free estrogen was evident upon anal-
ysis by either 1H NMR, thin layer chromatography
(TLC), or HPLC.

As an additional test, unlabeled E2 was added to the
EDC solution at 10 equivalents excess (comparable to
the concentration used for the EDC synthesis). This
unlabeled steroid was spiked with 1% [3H]E2 so that
the washout of free ligand could be followed radio-
metrically. More than 99% of the radioactivity was
washed away with the first washing step. Furthermore,
the trace of residual radioactivity that remained with
the EDC after four methanol washes did not corre-
spond to E2 and was most likely due to minor radio-
chemical impurities present in the tracer. Thus, we
believe that there is less than, and likely considerably
much less than, 0.1% of free estrogen in our EDC
preparations, a fact confirmed by their very low po-
tency in gene regulation assays (see below). Further-

more, as expected from the chemical stability of the
amine linkage between the estrogen and PAMAM den-
drimer, there was no evidence that free estrogen is
released upon storage of the EDCs.

ER Binding of EDCs

Our aim in tethering the estrogen component to the
PAMAM dendrimer through the 17� position with a
spacer was to create a conjugate in which the estro-
gen unit would still retain significant binding affinity for
the ER (24). To confirm this, we evaluated the ability of
the EDC to compete with [3H]E2 for binding to soluble
ER in a competitive radiometric binding assay (26, 27).
In this assay, the estrogen unit in the EDC bound to
ER� with an affinity that was 3.8 � 0.8% that of free
E2, which corresponds to a dissociation constant (Kd)
of 6 nM. (It is of note that in all of our studies, the
concentration of the dendrimer-tethered estrogen is
considered to be that of the estrogen equivalents
present in the conjugate, i.e. 20-fold higher than the
concentration of the dendrimer itself, because the es-
trogen is tethered to the dendrimer in a 20:1 ratio.) The
amine corresponding to the 17�-EE2 aldehyde-deri-
vatizing agent, which is the monomer equivalent to the
dendrimer-tethered estrogen, also binds to ER� with
an affinity 3.8% that of E2. Thus, the relative binding
affinity of the bound estrogen in the EDC is compara-
ble to that of the free estrogen derivative used in
performing the conjugation, which indicates that con-
jugation of this ligand to the G-6 PAMAM does not
reduce the ability of the ligand to interact with ER.

Cellular Localization of EDCs

We examined the cellular localization of the EDC in
ER-positive MCF-7 cells and compared this with ER-
negative MDA-MB-231 breast cancer cells. Cells were
incubated with the TMR-tagged conjugate, EDC-TMR,
and we examined cellular localization by confocal mi-
croscopy, which allowed optical sectioning through-
out different levels of the cells. As shown in Fig. 2,
MCF-7 cells showed bright fluorescent speckles at the
membrane and in the cytoplasm, and no nuclear lo-
calization was observed (Fig. 2A). Treatment with E2
resulted in a marked suppression of cellular fluores-
cence (Fig. 2B), suggesting that EDC-TMR uptake in
untreated cells is the result of ER binding. Notably,
MCF-7 cells exposed to TMR-labeled empty den-
drimer showed only very low fluorescence, compara-
ble to that in the E2-treated cells (Fig. 2C). ER-negative
MDA-MB-231 cells showed minimal uptake of EDC-
TMR, with no difference being apparent in untreated
(Fig. 2D) vs. E2-treated cells (Fig. 2E).

In MCF-7 cells, we further compared localization of
fluorescently labeled EDC at 45 min and 15 h. As seen
in Fig. 2, F and G, EDC showed a punctate pattern of
extranuclear localization that was similar at both times.
Hence, the EDC remains outside the nucleus for con-
siderable periods of time. For the studies in panels F
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and G, we used EDC labeled with fluorescein, which
confirms that the distribution is the same as observed
with EDC-TMR.

Analysis of Estrogen Target Gene Expression by
EDCs vs. E2

One would expect that an ER ligand that remains
outside the nucleus would have attenuated capacity to
activate nuclear ER-mediated transcriptional events.
Therefore, we compared the relative potency of E2
and the EDC to regulate four known endogenous es-
trogen-responsive genes in ER-positive human breast
cancer (MCF-7) cells (28). For these studies, we used

two different MCF-7 cell lines: MCF-7 K1 cells, the
MCF-7 cell line used in our laboratory for many years,
which have high ER levels and very low levels of Her2/
neu expression, and MCF-7/Her2 cells, which have
high ER levels and high levels of Her2/neu due to
stable overexpression (29).

Dose-response studies are shown in Fig. 3 for E2 vs.
EDC stimulation of pS2, WISP2, cdc6, and progester-
one receptor gene expression. All four genes showed
maximal stimulation by 10�11 to 10 �10 M E2, with high
levels of stimulation observed throughout the concen-
tration range studied, up to 10�7 M. By contrast, stim-
ulation of expression of these genes by EDC was not
observed until 10�7 or 10�6 M EDC (concentrations in

Fig. 2. Fluorescence Photomicrographs of the Localization of Fluorescently Tagged EDCs in MCF-7/Her 2 and MDA-MB-231
Breast Cancer Cells

MCF-7 cells were treated with 100 nM (estrogen equivalents) of EDC-TMR alone (A) or together with a 30-fold excess of E2 (B),
or with TMR-empty dendrimer (C). MDA-MB-231 cells were treated with 100 nM (estrogen equivalents) of EDC-TMR alone (D) or
together with a 30-fold excess of E2 (E). MCF-7 cells were treated with 100 nM (estrogen equivalents) of fluorescein-labeled EDC
for 45 min (F) or for 15 h (G). Confocal fluorescence photomicrographs were obtained at 45 min for panels A–F and at 15 h for
panel G. Red fluorescence is from TMR EDC (panels A–E), and green fluorescence is from fluorescein-EDC (panels F and G); blue
staining with 4�,6-diamidino-2-phenylindole identifies the cell nucleus.
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estrogen equivalents). As expected, the empty (un-
conjugated) dendrimer (denoted Dend) gave no stim-
ulation of these genes. Hence, EDCs are very ineffec-
tive in stimulating nuclear target gene expression,
requiring concentrations that are approximately
10,000-fold higher than those for E2. Figure 3 presents
findings from MCF-7/Her2 cells, but we observed es-
sentially identical dose responses and magnitudes of
stimulation in MCF-7 K1 cells.

We investigated whether the genomic effects seen
with the EDC at very high concentrations (10�6 M)
could be blocked by the ER antagonist ICI 182,780 or
by the MAPK kinase (MEK) inhibitor PD98059. As
shown in Fig. 4, the ER antagonist ICI 182,780 fully
blocked the WISP2 gene induction by the high con-
centration of EDC, whereas the MEK inhibitor was
ineffective. Thus, the genomic effects seen with high
EDC concentrations could be the result of very small
amounts (0.01–0.1%) of free estrogen ligand that re-
main in the EDC preparation or are liberated from the
EDC during incubation with cells.

Nongenomic Activity of EDCs

To investigate the effectiveness of the EDC in stimu-
lating nongenomic effects, we monitored both the time
course and dose response of ERK phosphorylation by
EDC in MCF-7/Her2 cells, because these cells show
strong nongenomic responses to E2. As shown in Fig.
5A, ERK phosphorylation was stimulated by EDC at
concentrations of 10�10 M ligand and above (in E2
equivalents), and underivatized EDC (i.e. empty den-
drimer) evoked no increase in ERK phosphorylation.
The level of ERK phosphorylation achieved with the
EDC was approximately 50% that seen with heregulin
(10 ng/ml), a ligand very effective in inducing ERK
phosphorylation.

ERK phosphorylation occurred rapidly upon EDC
exposure (Fig. 5B). Maximal phosphorylation was ob-
served at 2 and 5 min, with a decline thereafter, re-
turning to the control level at 60 min. As shown in Fig.
5C, stimulation of ERK phosphorylation by EDC or E2
was blocked by the MEK inhibitor, PD98059, as was

Fig. 3. Regulation of Estrogen-Responsive Genes pS2 (A), WISP2 (B), CDC6 (C), and progesterone receptor (D) in MCF-7/Her
2 Cells

Cells were treated with 17�-E2, EDC, or empty dendrimer (Dend) for 8 h at the indicated concentration of ligand (EDC
concentration given in estrogen equivalents). Total RNA was then isolated, reverse-transcribed, and analyzed by real-time PCR,
as described in Materials and Methods. Values represent the mean � SD of three separate determinations and are expressed
relative to the response with 10 nM E2, which is set at 100%. Very similar results were obtained using MCF-7 K1 cells. PR,
Progesterone receptor.
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the low level of basal ERK phosphorylation in the
control, vehicle-treated cells. It is of note that at 10�8

M, a �2-fold higher level of ERK phosphorylation was
achieved by the EDC than by E2.

Comparison of ERK phosphorylation by E2 and EDC
over a concentration range of the two compounds
(Fig. 5D) showed a more robust stimulation by the EDC
compared with E2, with enhanced ERK phosphoryla-
tion over that of the control level in cells being ob-
served even at 10�12 M EDC (in estrogen equivalents).
The greater effectiveness of the EDC might reflect its
multivalent character. By contrast to the ERK activa-
tion observed with the EDC or E2 in MCF-7 cells, we
found that the ER-negative MDA-MB-231 cells
showed no enhancement of phospho-ERK with either
EDC or E2 treatment (Fig. 5E).

We also investigated activation of two factors up-
stream of MAPK, the tyrosine kinase c-Src and the
scaffolding molecule Shc, both of which have been
implicated in nongenomic signaling by E2 (30–33). As
seen in Fig. 6, both E2 and the EDC increased c-Src
and Shc phosphorylation, EDC somewhat more ro-
bustly than observed with E2.

Effects of EDCs vs. E2 on Breast Cancer Cell
Proliferation

We next investigated the abilities of the EDC and of E2
to stimulate proliferation of MCF-7 cells. Because we
found that E2 (and EDC also) gave little if any enhance-
ment of proliferation of MCF-7/Her 2 cells, proliferation
studies were performed in MCF-7 K1 cells. As seen in
Fig. 7A, E2 evoked a concentration-dependent in-
crease in cell proliferation that was blocked by cotreat-
ment with the antiestrogen ICI 182,780. By contrast,
the EDC, tested at several concentrations, was inef-

fective in increasing proliferation. As expected, the
empty dendrimer (Dend) did not increase cell prolifer-
ation. The EDC or the empty dendrimer did not affect
the stimulatory response to E2, indicating that their
inability to elicit enhanced proliferation of MCF-7 cells
was not due to any possible toxicity of these com-
pounds. We also investigated the effect of EDC, E2,
and empty dendrimer on ER-negative MDA-MB-231
cells (Fig. 7B) and found that these agents did not
affect the proliferation of these cells, such that neither
stimulation nor suppression was observed.

DISCUSSION

EDCs Are Chemically Robust Estrogen-
Macromolecule Conjugates

In this study, we describe the development of novel
estrogen conjugates to abiotic macromolecules,
PAMAM dendrimers (25), which are designed to avoid
some of the problems that have been associated with
estrogen-protein conjugates (23). A variety of PAMAM
dendrimers of different size, charge, and surface func-
tionality are available, and they provide a chemically
robust core on which these conjugates can be con-
structed. We also carefully selected the site of attach-
ment of the estrogen ligand and the nature of the
attachment moiety to provide a system that is chem-
ically stable and in which the ligand retains substantial
affinity for the ER. It is a further convenience that the
steps involved in the coupling of the estrogen to the
dendrimer can be followed by 1H NMR spectroscopy,
that the coupled product can be vigorously washed
with organic solvents such as methanol to remove any
traces of unconjugated ligand, and that the final prod-

Fig. 4. Regulation of the Estrogen-Regulated gene WISP2 in MCF-7/Her 2 cells by EDC in the Presence or Absence of the ER
Antagonist ICI 182,780 (1 �M) or the MEK Inhibitor PD 98059 (50 �M)

Cells were pretreated with inhibitor for 1 h before vehicle or EDC treatment for 8 h. Real-time PCR analysis was carried out as
described in Materials and Methods. Similar results were obtained using MCF-7 K1 cells. Response with 1 �M EDC is considered
100%.
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uct can be rigorously characterized by spectroscopic
means. ER binding studies confirm that the EDC re-
tains significant affinity for the receptor and that it is
free from all but the most minor traces of unattached
ligand. In fact, it is difficult to prepare small molecule-

macromolecule conjugates having a higher degree of
freedom from the small molecule component (�0.01–
0.1% free estrogen) than we have achieved here. It is
of note that dendrimers have been used to create a
variety of small molecule conjugates that have been
used in different biological studies (25, 34–39).

The EDC Shows Extranuclear Localization and
Has High Potency in Stimulating Nongenomic
Estrogen Action, but Is Ineffective in Stimulating
Estrogen Genomic Action

By confocal microscopy, we find that EDC shows pro-
nounced uptake in ER-positive breast cancer (MCF-7)
cells that is displaced by E2, whereas very little uptake
is observed in ER-negative cells. The EDC is observed
in the membrane and cytoplasm but is effectively ex-
cluded from the nucleus. The E2 displacement in ER-
positive cells and the very low uptake in ER-negative
cells are consistent with a process that is mediated by
ER. However, there are reports of an additional estro-

Fig. 5. Stimulation of ERK Phosphorylation in MCF-7/Her 2 Cells, but Not in MDA-MB-231 Cells, by EDC and E2
A, Dose response for EDC and empty dendrimer. Concentrations for EDC are given in estrogen equivalents. Treatment was for

20 min. B, Time course for ERK phosphorylation in cells treated for 2–60 min with EDC (10 nM estrogen equivalents). C, Treatment
of cells with E2 or EDC in the presence or absence of the MEK inhibitor PD98059 (50 �M). D, Comparison of E2 and EDC dose
responses in stimulation of ERK phosphorylation. In all experiments, cells were treated with heregulin (HRG, 10 ng/ml) as a
positive control. E, Treatment of MDA-MB-231 cells with 10 nM E2, EDC (10 nM estrogen equivalents), or heregulin (10 ng/ml) for
20 min. Total ERK was also monitored and was unchanged by the treatments in both cell lines. Veh, Vehicle.

Fig. 6. Stimulation of Shc and Src Phosphorylation in MCF-
7/Her 2 Cells by E2, EDC, and Heregulin

Cells were treated with 10 nM E2, 10 nM EDC (estrogen
equivalents), or 10 ng/ml heregulin for 20 min before analysis.
Veh, Vehicle; HRG, heregulin.
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gen binding protein, GPR30, which has been pro-
posed to mediate some of the actions of estrogens
(40, 41). Although future studies are needed to deter-
mine whether it might play any role in the actions of
EDC, its reported presence in both MCF-7 and MDA-
MB-231 cells suggests that it may not be the mediator
of EDC actions (40, 41).

The punctate pattern of the EDC observed in the
membrane/cytoplasm might account for the high po-
tency with which the EDC is able to stimulate ERK
phosphorylation, an effective response being seen
with as low as 0.1 nM EDC. The multivalency of the
EDC could also contribute to its high potency in stim-
ulating nongenomic signaling, because its avidity for
clusters of membrane-associated ERs, localized in
caveolae (8), might be considerably higher than the
affinity we have measured with free ER in solution.

We have demonstrated that the EDC is very effec-
tive in stimulating three well-recognized rapid, non-

genomic responses: ERK phosphorylation, the result
of MAPK activation, and phosphorylation of the ty-
rosine kinase c-Src and the scaffolding protein Shc. In
dose-response studies of ERK phosphorylation, the
EDC had an effectiveness considerably greater than
that of E2. ERK phosphorylation by both EDC and E2
was inhibited by the MEK inhibitor PD98059.

It was our aim to develop an agent that would be
very specific in stimulating nongenomic responses.
Therefore, we have been careful to establish that the
EDC we studied has little to no capacity to activate
genomic actions of estrogens by performing dose-
response studies to assess its action on endogenous
genes. Although we find that the EDC can induce
transcription of estrogen-responsive genes, this re-
sponse is found only at very high concentrations of
EDC, 3–4 orders of magnitude greater than that
needed for stimulation by E2. There is a similar differ-
ential in potency between the stimulation by EDC of

Fig. 7. Assessment of the Proliferation of MCF-7 K1 Cells (A) and MDA-MB-231 Cells (B) in Response to EDC and E2
Cells were treated with vehicle, ICI 182,780 (ICI), empty dendrimer (Dend), E2, or EDC, separately or together, and at the

concentrations indicated. Cell proliferation was monitored after 6 d. Values are the mean � SD from three determinations. Veh,
Vehicle.
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ERK phosphorylation vs. its genomic activity. This be-
havior is consistent with the exclusion of the EDC from
the nucleus, preventing its access to nuclear ER re-
quired to activate genomic functions.

Based on its sensitivity to antiestrogens but not
MEK inhibitors, the residual genomic activity of the
EDC, found only at very high concentrations, is likely
dependent on activation of nuclear ER. This activity
could thus result from exceedingly small amounts of
free estrogen ligand that remain in the EDC, even after
the extensive washing procedure, or small amounts of
free ligand released from the EDC upon incubation
with cells (despite the chemical stability of its link), or
small amounts of intact EDC that might eventually find
access to the nucleus. Nevertheless, because we have
carefully quantified this residual genomic activity of the
EDCs, it allows us to define conditions under which
EDCs can be used to selectively activate only estrogen
nongenomic pathways. And, as an important control,
we have found that underivatized, positively charged
PAMAM dendrimers have no capacity to stimulate
either genomic or nongenomic actions.

To compare the effects of EDC and E2 on cell pro-
liferation, we used two MCF-7 cell lines that both
express high levels of ER, but very different levels of
Her2/neu. Because we found that MCF-7/Her2 cells
had high rates of cell proliferation that could be only
minimally increased by E2, as reported previously (42),
whereas cell proliferation was markedly enhanced by
E2 in MCF-7 K1 cells that have very low Her2/neu
levels, we compared the effects of EDC vs. E2 in these
MCF-7 cells. Using the EDC, we found that this agent
was unable to elicit any stimulation of the proliferation
of MCF-7 K1 cells, whereas E2 gave very robust stim-
ulation. These findings imply that estrogen stimulation
of proliferation in these cells requires ER nuclear
genomic actions. The actions of EDC vs. E2 on other
biological endpoints known to be influenced by estro-
gen in breast cancer cells, such as cytoskeletal reor-
ganization, cell motility, etc., still remain to be
investigated.

EDCs Should Prove Useful as Tools to Study the
Nongenomic Pathway of Estrogen Signaling

The EDC we have described in this report is capable of
activating the nongenomic estrogen signaling pathway
at subnanomolar concentrations and has minimal ca-
pacity to stimulate estrogen genomic signaling. Thus,
this agent, as well as similar ones under development
in our laboratories, should prove to be useful tools for
studying the biological consequences of estrogen ac-
tion through these two pathways. With these PAMAM
dendrimer-based estrogen conjugates it should be
possible to parse the nongenomic vs. genomic path-
ways of estrogens and their interrelationships to un-
derstand further the complexities and important biol-
ogy of estrogen action in a variety of estrogen target
cells.

MATERIALS AND METHODS

Compounds and Materials

Compounds and materials were supplied from the sources
indicated: radiolabeled E2 ([3H]E2) ([6,7-3H]estra-1,3,5(10)-
triene-3,17�-diol, 52 Ci/mmol) (Amersham Biosciences, Pis-
cataway, NJ), 17�-EE2 (Steraloids, Newport, RI), PAMAM
generation-6 dendrimer (Dendritech, Midland, MI), Centriplus
YM-30 filter (Millipore), tetramethylrhodamine-6-carboxylic
acid succinimide ester and fluorescein-6-carboxylic acid
succinimide ester (Invitrogen/Molecular Probes, Eugene,
OR), 17�-E2 (Sigma, St. Louis, MO).

Preparation of the EDC and Fluorophore-Labeled EDCs

Chemical details of the synthesis of the EDC and the TMR-
labeled conjugate (EDC-TMR) will be described elsewhere
(Kim, S. H., and J. A. Katzenellenbogen, unpublished). Briefly,
EE2 was converted to the benzaldehyde derivative (EE2-Ph-
CHO; Fig. 1) by a palladium-mediated coupling with p-bro-
mobenzaldehyde. Attachment of this derivative to the G-6
PAMAM dendrimer was achieved by a two-step reductive
amination: EE2-Ph-CHO and the PAMAM dendrimer were
first mixed in methanol at a 20:1 stoichiometry and were
allowed to stir at room temperature until free EE2-Ph-CHO
could no longer be detected by 1H NMR analysis; sodium
borohydride was then added, and the reaction was continued
until the 1H NMR peak for the imine proton could no longer be
detected. The reaction mixture was transferred to a filter
(Centriplus YM-30, cut-off molecular weight 30,000), diluted
with methanol, and centrifuged at approximately 3000 � g
until the entire solution had passed through the filter, a pro-
cedure that was repeated a total of five times. The concen-
trated residue was dried under vacuum to afford a yellowish
solid, EDC, which was immediately dissolved in deionized
water. For the preparation of TMR-labeled EDC (EDC-TMR),
the following step was inserted before the purification: five
equivalents of tetramethylrhodamine-6-carboxylic acid suc-
cinimide ester were added to the reaction solution, and the
mixture was stirred for 5 h. An identical procedure, using
fluorescein-6-carboxylic acid succinimide ester, was used to
prepare the corresponding fluorescein-EDC derivative. Ma-
trix-assisted laser desorption mass spectrometric analysis
confirmed that the EDC preparation contains approximately
20 molecules of E2 ligand per PAMAM dendrimer; the EDC-
TMR and the fluorescein-labeled EDC also contain two to
three molecules of fluorophore. These EDCs were stored in
methanol at �20 C.

Radiometric Assays to Follow Removal of Free Ligand

To a sample of purified EDC solution (0.17 �mol based on the
PAMAM dendrimer concentration at the beginning of exper-
iment) in methanol (10.7 ml) was added 10� E2 (1.7 �mol
with 1% [3H]E2). This mixture was placed in the Amicon filter
and centrifuged, as above. More than 99% of the activity was
removed by the first washing, but the sample was washed
three more times. Although the final EDC residue still retained
0.46% of the radioactivity, this material was not E2. A con-
centrated sample of the EDC was subjected to TLC in meth-
anol using plastic-backed silica TLC plates with fluorescent
indicator (Merck, Darmstadt, Germany). In this system, free
E2 migrates with an Rf of 1 (solvent front) and the EDC
remains at the origin. Most of the radioactivity in the washed
sample remained with the EDC (Rf � 0); no radioactivity was
detected with the free E2. The activity that remains with the
EDC and resists extraction with organic solvents is believed
to correspond to oxidized radiolytic products of E2 that react
covalently with the free amines of the EDC.
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ER Binding Affinity Assays

Relative binding affinities were determined by a competitive
radiometric binding assay as previously described (27), using
10 nM [3H]E2 as tracer (Amersham Biosciences, Piscataway,
NJ), and purified full-length human ER� (PanVera/Invitrogen,
Carlsbad, CA). The dendrimer conjugates were assayed from
10�4 to 10�9 M as equivalents of E2 (20-fold lower than the
molar concentration of the dendrimer itself). Incubations were
for 18–24 h at 0 C, and the receptor-dendrimer complexes
were adsorbed onto hydroxyapatite (Bio-Rad Laboratories,
Inc., Hercules, CA), and the unbound dendrimer was washed
away. The binding affinities are expressed as relative binding
affinity values, with the relative binding affinity of E2 being set
at 100. The values given are the average � range or SD for two
or more independent determinations. E2 binds to ER� with a
Kd of 0.2 nM.

Fluorescence Microscopy

The cellular localization of TMR-conjugated EDC, fluoresce-
in-labeled EDC, or TMR-conjugated empty dendrimer was
assessed by confocal fluorescence microscopy. For these
studies, cells were treated with fluorophore-labeled EDC (100
nM estrogen equivalents) in the absence or presence of a
30-fold excess of E2, or with fluorophore-labeled empty den-
drimer, for 45 min or 15 h. Cells were then washed in PBS-5
mM MgCl2-0.1 mM EDTA solution with 0.1% Triton-X for 30
sec, fixed on glass coverslips in 1.6% paraformaldehyde for
60 min, washed three times for 5 min in PBS-5 mM MgCl2-0.1
mM EDTA solution with 2 mM glycine, and then washed three
times for 5 min in PBS-5 mM MgCl2-0.1 mM EDTA solution,
mounted, and stained using Vectashield HardSet Mounting
Medium with 4,6-diamidino-2-phenylindole (Vector Labora-
tories, Burlingame, CA) to identify the nuclei. Samples were
observed through a Nikon TE 2000-S inverted microscope
and a CARV spinning disk confocal (Atto Bioscience, Rock-
ville, MD). Fluorescence images (�20 optical sections per
cell) were collected using a CoolSnap HQ camera (Photo-
metrics, Tucson, AZ) and Metamorph software v6.1.

Cell Culture, RNA Extraction, and Real-Time PCR
Analysis of Gene Expression Regulation

Studies used two MCF-7 human breast cancer cell lines.
MCF-7 K1 human breast cancer cells, which contain high
levels of ER and low Her2/neu, were maintained in culture
exactly as previously described (28). MCF-7/Her2 cells (29),
which have high levels of ER and high levels of Her2/neu
expression, were maintained as previously described (42), in
DMEM (Cambrex Bioscience, Walkersville, MD) supple-
mented with 10% fetal calf serum (FCS; Atlanta Biologicals,
Norcross, GA) and 60 ng/ml bovine insulin (Sigma-Aldrich
Corp., St. Louis, MO). At 6 d before E2 treatment, cells were
switched to phenol red-free media containing charcoal-dex-
tran-treated calf serum. Medium was changed on d 2 and d
4 of culture, and cells were then treated with compounds as
indicated. After cell treatments, total RNA was isolated, re-
verse-transcribed, and analyzed by real-time PCR exactly as
described previously (28). Primers for the estrogen-regulated
genes cdc6, progesterone receptor, pS2, and WISP2 have
been described previously (28, 43).

Assays for Determination of ERK, Shc, and Src
Phosphorylation

MCF-7/Her 2 and MCF-7 K1 cells were plated in 10-cm2

plates (106 cells per plate). After plating and overnight incu-
bation in phenol red-free media containing CD-treated se-
rum, cells were grown for 2 d in phenol red-free media con-
taining 0.5% CD-FCS and were subsequently grown in

serum-free medium for 24 h before treatment. After treatment
with the indicated compounds for various times, cells were
rinsed with cold PBS and then lysed by incubation with 500
�l per plate of cell lysis buffer (Cell Signaling Technology,
Beverly, MA) supplemented with phenylmethylsulfonylfluo-
ride (10 �M). Cell lysates were collected by scraping and were
then sonicated (three times for 10 sec on ice) and centrifuged
at 14,000 rpm. Cell supernatants were aliquoted and stored
at �80 C. Protein concentration was determined using BCA
Protein Assay Kit (Pierce Chemical Co., Rockford, IL). Pro-
teins (20 �g) were separated by SDS-PAGE using 10% poly-
acrylamide gels containing sodium dodecyl sulfate and trans-
ferred onto nitrocellulose membranes (Pall, Pensacola, FL).
Primary antibodies used for Western blotting were phospho-
p44/42 MAPK (Thr202/Tyr204), p44/p42 MAPK Antibody,
phospho-Shc (Tyr317), phospho-Src (Tyr416) (Cell Signaling
Technology) and �-actin (Sigma-Aldrich Corp.). Western blot-
ting was performed according to the manufacturer’s
instructions.

Proliferation Assays

Before being plated for proliferation assays, MCF-7 K1 or
MCF-7/Her 2 cells were grown for 1 wk in phenol red-free
MEM containing 5% charcoal-dextran-treated calf serum
(CD-CS) or Improved MEM containing 10% CD-FCS, respec-
tively. Cells were then plated (1000 cells/well) in 96-well
plates in either MEM containing 5% CD-CS (MCF-7 K1) or
Improved MEM containing 0.5% or 5% CD-FCS (MCF-7/
Her2). ER-negative MDA-MB-231 cells were grown and pro-
cessed for proliferation assays as described in our studies
with MDA-MB-231 cells stably expressing various ERs (44).
After plating and overnight attachment, cells were treated
with appropriate ligands or 0.1% control ethanol vehicle for
6 d, with ligand/media changed on d 2 and d 4. Cell prolif-
eration was assessed over 6 d using the MTS tetrazolium
colorimetric CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay (Promega Corp., Madison, WI) according to the
manufacturer’s protocol.
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