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Abstract

Hypothesizing that rapid estrogen signaling could be modulated from different estrogen receptors
with unique localization patterns, a number of groups have attempted to design drug conjugates
that target or restrict compounds to specific subcellular compartments. This article will briefly
discuss the history of using conjugates to dissect rapid estrogen signaling and different strategies
to attempt to target estrogens and antiestrogens to different locations. It will also detail some of the
potential issues that can arise with different types of conjugates, using examples drawn from the
authors’ own work.
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Estrogens, including 17p-estradiol, play an important role in the development and
maintenance of female reproductive tissues such as the breast and uterus, but also play an
important role in non-reproductive tissues such as bone and brain. Both estrogenic and
antiestrogenic drugs are widely used for the treatment of various ailments such as breast
cancer and the relief of menopausal symptoms, but both classes of drugs have significant
therapeutic limitations [1]. These limitations typically arise from undesired responses in
non-target tissues. In some cases, responses in two tissues will be completely different from
each other and be at odds with the well-established /in7 vitro structure-activity relationships
that have been developed over decades of estrogen receptor-focused medicinal chemistry. In
a quest to better understand the mechanisms underlying the multifunctional response of
some of these drugs, a complex web of estrogen signaling has been uncovered with multiple
estrogen receptors, novel locations for estrogen receptor function and novel rapid crosstalk
with other cellular signaling pathways [2] (Figure 1). While the rules for making small
molecules that either activate or antagonize the “classic” transcriptional modulation by the
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nuclear estrogen receptors (ER alpha or ER beta) at a consensus estrogen response element
(ERE) are well understood in most cell types [3, 4], structure-activity relationships defining
rapid estrogen signaling are poorly understood. Getting a better grasp of the role of drug
structure in dictating these crosstalk-based responses could greatly improve our ability to
design better drugs for estrogen-related ailments. This article will focus on the strategy of
using estrogen and antiestrogen conjugates to attempt to dissect the role of subcellular
localization in specific aspects of cellular estrogen signaling.

Defining the targets of complex estrogen signaling

There are two major hypotheses that could explain why the activity of compounds in rapid
estrogen signaling does not seem to always correlate with the activity seen with classic ER
activity on ERE-containing promoters. The first hypothesis invokes novel estrogen
receptors. As shown in Figure 1, in any given cell type, there can be nuclear receptors, ER
alpha and ER beta, which are expressed at differing levels between cell and tissue types.
These cells may also have different combinations of other transcription factors, coactivators,
corepressors and promoter modifications that can cause unique transcriptional responses
depending on the context. Outside of the nucleus, ER alpha and beta can be localized to a
number of different locations such as the mitochondria. Finally, there are also a number of
other estrogen-binding receptors. These include, but are not limited to, the estrogen receptor
related receptors (ERRS)[5], a GPCR known originally as GPR30, but now known as
GPER[6], and other less well-characterized receptors. The other hypothesis posits that the
rapid responses are due to ER alpha and/or ER beta acting in an extranuclear signaling
capacity [7, 8]. The two models are not necessarily mutually exclusive and it is possible that
there are a number of receptors, both known and unknown, signaling from multiple locations
in cell to give an integrated cellular response to estrogen.

Much of what is known about estrogen signaling has been obtained through the use of
selective receptor modulation, either by the development of novel, selective chemical probes
or by the use of selective genetic tools such as knockout mice. The strategy behind
developing selective compounds for novel estrogen receptors is fairly straightforward- if the
receptors are different proteins from ER alpha, they likely have significantly different ligand
binding sites that can targeted selectively. Most of these types of unique estrogenic receptors
have already been targeted with a selective compound (Figure 2). ER alpha and beta have a
number of selective ligands such as PPT for ER alpha and DPN for ER beta [9]. GPER has a
selective agonist, G-1 and antagonist, G-36 [10]. Even the relatively uncharacterized G4-
protein coupled membrane estrogen receptor in POMC neurons has been selectively targeted
with a small molecule, STX [11]. Some efforts have been made to understand the structural
determinants of selectivity. In the case of the nuclear receptors, some pharmacophores for
selective binding have been proposed, but the diversity of selective ligands for both ER
alpha and ER beta have made finding specific structural features for selective binding
difficult [12]. The selectivity of the GPR30 compounds over the nuclear receptor appear to
come from the ethanone and isopropy! groups present, which are believed to sterically clash
with an arginine in the ER alpha and beta binding pocket [10]. STX has many similar
structural components as the nonselective antiestrogen tamoxifen, but the stereochemistry of
the alkene and the presence of the amide linker likely diminish its affinity for ER alpha or
beta.

Selective targeting of receptors in different sub-cellular localizations has proven more
challenging. While it is possible that the ligand binding site of ER alpha or ER beta is
significantly altered due to the biochemical context of different subcellular environments,
such as the lipid membrane, the more commonly used approach to selectively target
localized receptors is to selectively target the ligand to a desired location. This targeting has
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been mainly accomplished by attaching the estrogenic or antiestrogenic ligand to another
molecule that dictates localization. The rest of this article will briefly review the history of
this strategy and offer some insights and caveats with this approach.

The use of drug conjugates to dissect estrogen signaling

The general strategy in bioconjugate chemistry is to attach a potent ligand to a scaffold
through a covalently attached linker. A number of estrogen and antiestrogen conjugates have
been synthesized for various applications, including drug delivery and targeting,
combination drug therapy including the PROTACS-based approach of targeting estrogen
receptor for proteosomal degradation, immunotherapy, imaging and induction of protein
multimerization [13-15]. This article will focus on those conjugates that have been used to
probe mechanisms of complex estrogen signaling. A summary of these conjugates is shown
in Table 1. Most of these conjugates have been developed with the intent of restricting the
access of the small molecule to either the plasma membrane or the cytoplasm. Most
estrogen-receptor modulating molecules are highly permeable with respect to lipid
membranes, so most of the conjugates have been attached to scaffolds with increased size
and/or polarity to limit that permeability. The scaffolds have ranged from proteins such as
bovine serum albumin (BSA) and horseradish peroxidase [16] to synthetic scaffolds such as
dendrimers, fluorescent dyes and polymers. Equally important, but often overlooked by non-
chemists, is the linker that attaches the ligand to the scaffold. Both the attachment point of
the linker to the drug and its chemical nature can play key roles in determining the overall
biological activity and localization properties of the conjugate.

Most of the early work done with identifying the location of rapid estrogen signaling used
the estrogen-BSA conjugates [17]. The conjugates are commercially available, have
fluorescently labeled derivatives and have found widespread use as probes of a number of
different types of estrogen-induced responses [18-20]. In these studies, the BSA conjugates
are used primarily to probe whether the estrogen-induced signal is originating from the
plasma membrane, since BSA is assumed to membrane-impermeable. The use of the BSA-
estrogen conjugates should be cautiously monitored. Albumins have high binding affinities
for steroid and the commercially purchased conjugates have been reported to contain a high
amount of unconjugated ligand [21, 22]. In addition, they exhibit slow binding kinetics to
the receptor and stimulate pathways that are not stimulated by estradiol alone [21, 22].
Albumin cannot be assumed to be a pharmacologically inert molecule— BSA has been
shown to induce oxidative stress in renal tubule cells [23] and apoptosis in fibril form in
different cell lines [24]. Albumins can also extract other molecules from membranes such as
arachidonic acid and significantly alter membrane fluidity and signaling [25]. These
conjugates can still be useful tools to study estrogen signaling, but careful attention should
be paid to the purity of the conjugates and nature of the control experiments.

Attempting to improve on the estrogen-BSA conjugates, a number of labs have made non-
proteinaceous estrogen and antiestrogen conjugates. The first molecules were estradiol or
tamoxifen analogs modified into membrane-impermeable molecules by adding a charge to
the ligand, as in the case of Q-Tam, a quaternary ammonium salt of tamoxifen. [26].
Confirming the localization of these molecules has proven to be difficult and the fact that
these molecules have effects on transcription strongly suggest that these charged molecules
are not entirely extracellular. Recent HPLC analysis of cell lysates suggest significant
intracellular accumulation of quaternary ammonium tamoxifen derivatives, which raises
questions as to the overall membrane-targeting utility of these compounds [27]. Later
attempts to generate localization-specific conjugates involved coupling compounds to highly
polar, fluorescent dyes or to large macromolecules such as dendrimers, cyclodextrins or
polymers [28-32]. The multifunctional potential of these conjugates enabled easier tracking

Sterofds. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shearer et al.

Page 4

of the conjugates and showed that they all localize to the cytoplasm, although the kinetics of
cellular uptake differed significantly. The difference in uptake kinetics and in the effect of
unconjugated drug on uptake suggests that there might be multiple mechanisms of uptake,
ranging from a ligand-dependent endocytosis to passive diffusion [27, 28, 33]. These
conjugates, especially the estrogenderivatized dendrimer, are starting to be used more
frequently to probe questions regarding extranuclear estrogen signaling[34-36].

Challenges of using conjugates to study estrogen signaling

As mentioned above, both proteinaceous and non-proteinaceous estrogen conjugates are
being used extensively to probe the location of specific estrogen signaling. While these
molecules have the potential to be useful to people with varying degrees of expertise with
conjugate chemistry, there are a number of issues related to conjugate preparation that can
complicate their use.

Purity of the conjugates

Compounds that modulate estrogen receptor activity are typically hydrophobic with
relatively poor water solubility. They also show high binding affinities for serum carrier
proteins such as sex hormone binding globulin (SHBG) and different albumins. It is possible
that these same compounds would also have a high propensity for binding nonspecifically to
the scaffolds that are used with these conjugates [21, 31]. For macromolecular conjugates,
such as the estrogen-BSA and tamoxifen-polymer conjugate, a small amount of free drug
associating with the conjugate in a noncovalent manner could significantly hinder the utility
of the conjugate as a specific extranuclear or membrane probe (unpublished observation). In
addition, even though dialysis is likely the simplest method to remove contaminants, the
dissociation equilibrium of free drug from a carrier protein complex could be highly
unfavorable in dilute aqueous solutions. During the development of 4-hydroxytamoxifen
conjugates with poly (methacrylic acid) scaffolds, we discovered using a small, but
persistent, amount of free drug still associated with the conjugate even after extensive
dialysis (unpublished observation). Ultimately reverse phase preparative HPLC was required
to remove the contaminant [31]. Cursory analysis of work with the BSA-estradiol
conjugates, which have already been documented to have some degree of contaminating free
ligand [21], suggest that some groups pay great attention to ensuring the purity of the
conjugates [37] while many others do not appear to have performed any purification at all.
Dialysis can still be an effective method to purify conjugates and is likely sufficient for most
studies, but ideally, the purity of the material should be assessed before using. There are a
number of good examples of purity assessment in the literature with both synthetic
conjugates and the BSA conjugates. The most thorough example was reported for testing the
purity of the estrogen dendrimer conjugate after a methanol washing process [37]. Prior to
purification, the authors spiked the estrogen-dendrimer mixture with a free, radiolabeled
version of the ligand prior to dialysis and then monitored the amount of radioactivity that
was still left bound to the dendrimer.

Nature of the ligand on a conjugate

In a typical rapid signaling experiment using an estrogen conjugate, the signaling elicited by
the conjugate is compared directly to the signaling elicited by estradiol. While this
comparison will likely still yield an answer that will mostly reflect what portion of the
response is dictated by receptors in the location targeted by the conjugate, free, unmodified
hormone is not exactly the best comparison to make. The better comparison would be to
compare the conjugate to the hormone attached to its linker. The linker and scaffold attached
to the drug could also be influencing the signaling by the receptor. It is well known that
subtle changes in ligand structure can have dramatic effects on estrogen signaling, although

Sterofds. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shearer et al.

Page 5

it is more pronounced with selective estrogen receptor modulators (SERMs) like tamoxifen
than with full estrogen agonists such as ethinyl estradiol. Even so, some estrogen signaling
pathways have been reported to be activated by only subsets of agonists that were previously
believed to all modulate identically [38]. It is reasonable to believe that the attachment point
and nature of the linker can have at least some influence on some aspect of the overall
signaling modulated by the conjugate. In addition, the scaffold also needs to be tested
independently of ligand or linker to determine whether the chemical nature of the scaffold is
playing a role in the signaling, especially in highly generalized kinase activation assays.
Using this logic, the proper control experiments for an estrogen-BSA conjugate would be
estradiol, BSA and an estrogen derivatized with the same linker as that used in the
conjugate.

Uptake and localization of the conjugate

The third challenge regarding the use of conjugates to study rapid estrogen signaling is the
extent of uptake and localization of the conjugate. Drugs targeting estrogen receptor are
generally hydrophobic and can easily pass through the cell membrane. It would seem
straightforward to turn a molecule that was previously membrane-permeable into a molecule
that is membrane-impermeable. There is extensive experience in medicinal chemistry with
compounds with poor membrane permeability, so mimicking the properties of some of those
molecules would seem to be a successful strategy. Permanently charged derivatives of
estradiol and tamoxifen have been synthesized with the objective of creating compounds
that are too polar to cross the plasma membrane. When the compounds were actually tested,
however, all of the estradiol-derived compounds except for a quaternary ammonium salt
derivative of ethinyl estradiol were cell-permeable as judged by their ability to inhibit
radiolabeled estradiol binding by ER alpha-transfected COS7 cells [30]. The verdict
concerning the membrane permeability of the tamoxifen analogs has been mixed, but recent
HPLC-MS extraction studies with HeLa cells suggest that all of the permanently charged
tamoxifen derivatives show significant intracellular accumulation [27].

A few of the conjugates have been reported to membrane-impermeable. The most
commonly used conjugates for selective membrane targeting of estrogen have been the
protein-based conjugates, particularly the estrogen-BSA conjugate. Fluorescently labeled
estrogen-BSA conjugates have repeatedly been shown to localize on the plasma membrane
of cells and this binding appears to be estrogen-dependent [22, 39]. Another non-
proteinaceous conjugate; an ethinyl estradiol analog conjugated to a highly polar fluorescent
dye, was also used to determine the possible intracellular localization of GPER and showed
no uptake in cells after 15 minutes of dosing [40]. All of the other conjugates reported thus
far, including estradiol and tamoxifen-derived polymers with a high degree of polar side
chains, showed cytoplasmic localization.

An important issue to consider when using membrane-impermeable conjugates to probe
specific signaling from membrane receptors is the kinetics of uptake. Some molecules, such
as the ethinyl estradiol fluorescent dye conjugate mentioned in the previous paragraph, show
no apparent uptake after short periods of dosing, but do show detectable uptake after longer
periods of dosing [32]. Therefore, one must be cautious in using these reagents to explore
membrane-specific responses under longer-term dosing regimens than those typically used
for rapid estrogen signaling experiments. In addition, some rapid estrogen signaling
responses are stimulated at sub-nanomolar concentrations of drug [41]. Most of these
fluorescent conjugates will be undetectable at those concentrations.

One relatively unexplored question regarding these compounds concerns the mechanism of
uptake for these conjugates, particularly the molecules that would be predicted to be
membrane-impermeable based on polarity. These predictions are based on a model of a
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single free molecule passing across the lipid bilayer and it is likely that this model is not
appropriate for some of these molecules. One possible reason for this is that the addition of
highly polar groups to hydrophobic molecules such as steroids makes them amphiphilic and
potentially susceptible to aggregation. The cellular uptake of large aggregates of undefined
size and charge is more difficult to predict. In addition, carrier proteins such as SHBG have
also been hypothesized to facilitate steroid entry into cells[42] and the increased polarity of
the conjugates may not significantly affect SHBG binding or uptake or the protein-drug
complex. Efforts to understand whether these uptake mechanisms play a role in the
cytoplasmic localization of estradiol and 4-hydroxytamoxifen-polymer conjugates are
currently underway.

Conclusions

Overall, the use of estrogenic and antiestrogenic conjugates to dissect estrogen signaling has
yielded some valuable insights into the role of extranuclear and membrane-initiated rapid
estrogen signaling. At the same time, misplaced trust in the properties of these conjugates,
especially the purity, presumed localization and equivalence to other compounds, could
muddle our understanding and potentially explain why some of the data regarding rapid
estrogen signaling seem contradictory. Better understanding of the chemical properties of
these conjugates with new ligands, linkers and scaffolds should expand the capabilities of
these probes to explore all facets of estrogen signaling. In addition, some of these conjugates
also could have beneficial therapeutic properties. For instance, conjugates of 4-
hydroxytamoxifen have been found to be effective at inhibiting the proliferation of ER-
positive breast cancer cells that are resistant to tamoxifen and the estrogen-dendrimer
conjugates appear to have cardioprotective effects in mice. [31, 32, 34] In addition, the
biologically active conjugates could be modified to have other scaffolds, either anticancer
compounds or inducers of proteosomal degradation [43]. It is likely that even more useful
applications will be found in the future for this interesting class of steroid hormone receptor
modulators.
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FIGURE 1.
Possible targets for rapid responses to estrogen and antiestrogens.
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FIGURE 2.
Selective compounds for different types of estrogen binding receptors
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TABLE 1

Summary of conjugates used to probe rapid estrogen responses organized by nature of ligand, linker and
scaffold.

LIGAND |LINKER SCAFFOLD
HsC OH__
o= dendrimers [23]
ﬁwé AlexaFluor 546 [34]
cyclodextrin [24]
HO
H,C OH
" BAol\t/)ine Se[rtér]n
N umin [1
}{\g ’NJ Horseradish
HO T Peroxidase [15]
e
?‘,O}(
H .
N_ und [ poly(methacrylic
J@(?b }‘Wg ©Hn acid) [26]
HO

(o

poly(methacrylic
acid) [26]
BODIPY [27]
AlexaFluor 546 [27]
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