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Steroid Receptor Ligands for Breast Cancer Targeting: An Insight into Their Poten-
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Abstract: The design and development of radiolabelled steroid derivatives has been an important area of research due to their well-
known value in breast cancer targeting. The estrogen receptor (ER) and progesterone receptor (PR) are important biomarkers in the diag-
nosis, prognosis and follow-up of the therapeutic response of breast tumours. Thus, several radioligands based on estrogens and pro-
gestins have been proposed for targeted functional ER imaging. The aim of this review is to survey and analyze the developments in this
field, which have led to the design of a number of PET steroid-based imaging agents, a few of which seem to be promising as radiophar-

maceuticals for detection of ER-positive breast tumours.

Keywords: Breast cancer, estradiol, estrogen receptor, progesterone, progesterone receptor, PET imaging, tumour targeting.

1. INTRODUCTION

Breast cancer is a major cause of premature death among
women in the Western World, in spite of a decline in mortality rate
in recent years [1]. Although the causes of cancer are still poorly
understood, it is well known that the process of carcinogenesis in-
cludes several stages. The first step, initiation, begins with a start-
off event, which involves some sort of damage to the genetic code
carried in the cell, the DNA. It also involves promotion, a process
that enables those damaged cells to grow. During the next stage of
tumour growth, there is a period of further proliferation of the cells
into a lump that can be recognised. Then, the cells are no longer
copies of each other, and this is called tumour progression. After-
wards, tumour cells can be spread through the blood stream or
through the lymphatic system. Breast carcinoma cells are mainly
transported via the lymphatic system. These cells migrate to the
lymph nodes under the arm and this is often the first place where
metastasis is detected [2].

The link between body physiology and cancer was first reported
in 1896, when Beatson [3] observed a remarkable regression of
advanced breast cancers in several pre-menopausal women after
ovariectomy. The idea that some substance within these organs
might contribute to the growth of cancer came up, and the search
for the factors affecting tumour growth and death began. Further
advances in different scientific areas as well as the advent of novel
assay techniques were decisive for a better understanding of cancer
and for the development of novel therapeutic approaches. During
the 1930’s, the first preparation of non-steroidal estrogens brought a
new insight into the study of estrogens, antiestrogens and their re-
ceptors [4]. The production of labelled "*C and *H steroids during
the 1940’s led to a more detailed investigation of the function and
effects of steroid hormones and their analogues on receptors and
cancer. In the 1960’s, estrogen receptors were first purified from rat
uteri [5, 6] and some of their physical properties were identified [7].
The first physical evidence of a mechanism to concentrate estrogen
in a target organ was reported by Jensen ef al. [8] who demon-
strated that [*H]-estradiol was selectively taken up by target tissues.
In the 1960’s, tamoxifen, a non-steroidal antiestrogen, was shown
to be effective in breast cancer treatment, opening up routes to the
use of endocrine therapies in the management of all stages of breast
cancer [9].
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Approximately 70-80% of all breast tumours are estrogen re-
ceptor (ER) positive [10-14]. Here, ER is over-expressed in the cell
nucleus. These tumours tend to grow more slowly, are better differ-
entiated, and are associated with a slightly better overall prognosis.
Thus, today, ER expression has become one of a few prognostic
factors, along with axillary lymph node status, tumour size, and
histological grade. Low levels of estrogen receptors in breast tu-
mours are indicative of a poor response to endocrine therapy. More
important, the detection of ER in breast carcinoma cells is a main
indicator of potential response to endocrine therapy. Similar to ER,
progesterone receptor (PR) status is a good predictor of tumour
responsiveness to therapy. Nearly 50% of all ER tumours are also
reported to be PR positive, and about 75% of these hormone re-
sponsive tumours (ER/PR+) respond positively to endocrine ther-
apy [15]. Hence, knowledge of ER and PR expression can help to
identify the patients that may benefit from endocrine therapy. En-
docrine therapy response rates in advanced disease average 33 % in
tumours positive for one hormone receptor and 50-70% in tumours
positive for both estrogen and progesterone receptors [14, 16, 17].

The hormone responsive tumours, which constitute one of the
major forms of cancer among women in the age group 26-55, are
characterised by their growth and spread in the presence of estradiol
and progesterone [18-21]. The effective management of breast can-
cer requires its early detection and accurate staging. Among the
diagnostic techniques often used, such as mammography, computed
tomography, ultrasonography and bone scintigraphy, the non-
invasive detection of ER/PR status provides relevant information
for the most effective treatment of primary and metastatic breast
cancers. The overexpression of ER and PR in human tumour cells
as well as their binding characteristics, which involve a prolonged
retention of the hormone compared to non-hormone compounds,
provide a favourable mechanism for localisation of tumours [22,
23].

The design of molecular probes for tumour receptor imaging as
well as the imaging approaches for external detection are challeng-
ing issues in the management of cancer due to the particular nature
of the receptors. Most receptors have high affinities for their cog-
nate ligands and are even active at very low concentrations of these
ligands. For this reason, radiopharmaceuticals with high specific
activity are mandatory. Even small molar quantities of an imaging
agent may saturate the receptor and limit the ability to visualize
receptor expression [23, 24].

In general, molecular imaging modalities include molecular
magnetic resonance imaging (MRI), magnetic resonance spectros-
copy, optical imaging using fluorescence or bioluminescence, tar-
geted ultrasound, single-photon emission computed tomography
(SPECT), and positron emission tomography (PET) [25-28]. How-
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ever, in the case of tumour receptors the radionuclide-based imag-
ing modalities (PET and SPECT) appear to be the only feasible
approach due to the limited capacity of the receptor binding system
that demands a tracer with high specific activity. PET and SPECT
are the most sensitive molecular imaging techniques since they are
able to determine concentrations of specific biomolecules as low as
in the picomolar range.

The development of a receptor-based breast cancer imaging
method requires a receptor ligand labelled with an approgriate radi-
onuclide for ima%ing steroid receptors by SPECT (e.g. ‘%I or *™Tc)
or by PET (e.g. "°F). These imaging agents, as long as they have a
high binding affinity for the target receptor and a low binding affin-
ity for non-specific binding sites as well as a suitable chemical and
metabolic stability, can provide a non-invasive method to localise
primary and metastatic tumours that will help in predicting the
chances of the patient’s survival and in predicting the response to
various therapies [25].

Several classes of ER and PR targeting compounds, potentially
useful as chemotherapeutic/chemopreventive agents and as radioi-
maging agents, have been designed and evaluated over the years.
Non-invasive imaging of breast tumours based on their hormonal
receptor’s status can be used for hormone therapy follow-up by
SPECT or PET. While SPECT still remains the more practical im-
aging modality for routine clinical studies in nuclear medicine due
to the use of medium to long-lived radionuclides, it is well-
recognized that PET imaging has higher resolution, higher sensitiv-
ity and better quantitation capability. The search for selective
agents to image in vivo receptor densities in steroid-sensitive tu-
mours, as well as the need for probes to study hormonal action, has
led to the synthesis and evaluation of a series of halogenated deriva-
tives of estradiol and progesterone labelled with PET radionuclides
[29-35]. However, few of these agents have reached the clinical
stage [36-39].

Many excellent reviews have been written concerning the ra-
diosynthesis and clinical application of diverse PET radiotracers in
various clinical areas [40-45]. Herein, we will mainly focus on
steroid receptor ligands for ER/PR targeting as potential PET breast
cancer imaging agents. Labelled non-steroidal molecules (e.g. '*F-
hexestrols, '*F-fluorocyclofenils) [46-48] and non-steroidal anti-
estrogens such as '8F_tamoxifen [49] for PET imaging of ER have
also been reported in the literature, but will not be considered
within the scope of this review.

In the first part of this manuscript we will discuss the molecular
mechanisms underlying the action of steroid hormone receptors. In
the second part, an outline on molecular imaging with PET, includ-
ing PET methodology, PET radionuclides and radiolabelling strate-
gies will be presented. In the third part, a brief overview concerning
the biological evaluation of ER and PR expression with estradiol-
and progesterone-based ligands will be given. The main preclinical
and clinical achievements in the field will also be addressed. Finally
this review will give an outlook on the future perspectives of the
application of steroid receptor ligands for breast cancer PET mo-
lecular imaging.

2. MOLECULAR BIOLOGY OF STEROID HORMONE RE-
CEPTORS

The estrogens estradiol and estrone are, together with proges-
terone, the most important female hormones. These estrogens are
responsible for the development and maintenance of the sexual
characteristics of the female. Although the intrinsic activity of es-
tradiol is much higher than that of estrone, these compounds can be
converted into each other by the estradiol-173-dehydrogenase pre-
sent in the body. In a concerted action with progesterone, the estro-
gens are also responsible for the progress of the normal menstrual
cycle and have a role in the maintenance of pregnancy.
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Estrogen biosynthesis occurs not only in the female reproduc-
tive tissues, starting from androstenedione, but also in adipose tis-
sues via the androgens produced in the adrenal gland, depending on
the menopausal status. In premenopausal women, the ovary actively
produces high basal estrogens. In postmenopausal women, ovarian
function has ceased and estrogen is primarily produced in periph-
eral tissues such as fat and muscle. Progesterone is produced in the
ovary and in placenta from pregnenolone but also in the adrenals by
the enzyme 3B-hydroxy-A’-steroid dehydrogenase Fig. (1).

Estrogen Receptor

The steroid hormone estradiol manifests its biological activity
through the specific high affinity ERs located within the target cell
[50, 51]. The ERs are nuclear proteins belonging to a superfamily
of transcription factors, known as nuclear receptors that mediate
cell response to estrogens by the regulation of the synthesis of spe-
cific RNAs and proteins [52].

The great importance of ER lies in the significant activities that
its ligands have on the development and function of the reproduc-
tive system, including the mammary gland and the uterus. In addi-
tion, estrogens also exert crucial actions in other tissues, including
the pituitary, hypothalamus, bone, liver and cardiovascular system
[51, 53]. The effect of estrogen on the mammary gland is particu-
larly interesting, because of its association to breast cancer. Estro-
gens stimulate the proliferation and metastatic activity of nearly
40% of breast cancers, specifically the hormone-responsive tu-
mours, containing significant ER levels.

ER was first identified in the rat uterus by Toft ef al. in 1966
[7]. Twenty years later, the human ER was cloned and sequenced
from MCF-7 human cancer cells [54]. This ER is now known as
ERa to distinguish it from a second ER subtype, ERpB, which was
cloned in 1996, first from the rat [55] and subsequently from the
human [56].

Isoforms of both ER subtypes have also been described [57,
58]. ERa and ERp exhibit differences in their tissue distribution
patterns and are expressed in different ratios in brain, breast, car-
diovascular system, urogenital tract, and bone [52, 57]. In normal
breast tissue, ERP predominates. However, in premalignant lesions,
ERa is overexpressed, promoting cell proliferation under estrogen
stimulation, and decreasing ERP expression, which is associated
with lower proliferation and pathological grade, and thought to
downregulate ERa, acting as a tumour suppressor [57, 59, 60]. ERa
is the therapeutic target of choice in breast cancer and is routinely
quantified in vitro by immunohistochemistry on breast cancer bi-
opsy specimens for treatment planning. However, the clinical value
of ERp in cancer in general and breast carcinoma in particular still
needs to be determined [57, 60].

ERa and ERP have the same basic structure, divided into six
functional specific domains (designated A-F) responsible for func-
tions leading to the transcription of target genes, such as ligand
binding, DNA binding and transactivation Fig. (2) [61, 62] Al-
though their overall sequence homology is only approximately 30%
there is high homology of 95% and 55% within the DNA and hor-
mone-binding domains, respectively [55]. This domain-specific
homology suggests that ERo and ERp are likely to share similar
DNA and ligand-binding function, but the low overall homology
indicate that their overall effects differ.

The ERa gene is located on chromosome 6q25.1 [63] and en-
codes a 595 amino acid long protein, composed of six domains, [61,
64], whereas the ERP gene is located on chromosome 14q23.2 [64]
and encodes a 530 amino acid long protein [65]. The two receptor
subtypes exhibit differences in their ligand selectivity and transcrip-
tional activities [66].

The estrogen receptor contains two distinct, non-acidic activa-
tion functions, AF-1 and AF-2. AF-1 is localised at the amino ter-
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Fig. (1). Biosynthetic routes to estrogen and progesterone in pre-menopausal and post-menopausal women.
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Fig. (2). Domain structures of human ERa and ERP isoforms.

minal A/B domain [61]. However, functional studies have indicated
that ERp lacks AF1 activity [67]. AF-2, a hormone-dependent acti-
vation function, is located at the carboxyl terminus in the ligand-
binding domain [68-70]. AF-2 is highly conserved among different
species and other nuclear hormone receptors [50, 69] whereas the
AF-1 function is less well conserved [50, 71]. The activity of each
activation function is cell and gene promoter-dependent. AF-1 can
exhibit transcriptional activity in the absence of AF-2 in some cell
contents [72] but, in most cell and promoter contexts, both AF-1
and AF-2 function in a synergistic way and are required for full
estrogen receptor activity [51, 62, 72]. The binding of estrogen
promotes an interaction between AF-1 and AF-2 that seems to be an
essential requirement for the ability of ER-ligand complexes to
induce transcription [73]. Also different regions of AF-1 are re-
quired for antiestrogen- and estradiol-dependent transcriptional
activation [74].

The A/B domain, a domain where deletion mutations have no
effect on either estradiol or nuclear binding, is the least conserved
between ERa and ERP [61]. DNA binding occurs through a helix-
loop-helix motif in the highly conserved C domain, located ap-
proximately in the middle of the receptor [61]. The DNA binding
domain (DBD) mediates specific binding to estrogen responsive

504 530

elements (ERE) on DNA. The D domain is a hypervariable region
that corresponds to a hinge domain between the DBD and the
ligand-binding domain E and contains the nuclear localization sig-
nal [71]. Amino acid deletions or insertions in this region can abol-
ish tight nuclear binding [61]. The ligand binding E/F domain
(LBD) located in the carboxyl terminal region of the receptor is
relatively large. The E region is mainly hydrophobic and consists of
12 short helices that form an open pocket in the absence of the
ligand [75, 76]. When agonist ligands such as estradiol binds to ER,
helix 12 goes over the ligand, nestling the ligand in a tight fitting
pocket.

The estrogen hormones mediate their effects on target gene
transcription via ERs that, in the absence of ligand, are in a tran-
scriptionally inactive form. The binding of a ligand to the latent
receptor induces its conformational change, whereby it becomes
“activated”, an event that facilitates receptor dimerization and pro-
motes its interaction with specific DNA sequences called estrogen
response elements (ERE) [77, 78]. Depending on the cellular and
promoter context, the DNA-bound receptor can regulate positively
or negatively the target gene transcription, interacting with the tran-
scription system [79]. Finally, these interactions stabilise the tran-
scription complex and enhance RNA polymerase activity.
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Progesterone Receptor

Progesterone has a major role in regulating expression of spe-
cific gene networks in the female reproductive tract and other target
tissues [80-82]. One of the main functions of progesterone is to
prepare the uterus for pregnancy. The physiological effects of pro-
gesterone are mediated by its nuclear receptor, the progesterone
receptor (PR). These receptor proteins, that specifically bind pro-
gesterone and are induced by estrogen, were initially characterized
in the mammalian uterus and chick oviduct in the early 1970s [83-
86].

The progesterone receptor belongs to the type-1 nuclear recep-
tor subfamily, which includes the androgen receptor, the estrogen
receptor, the glucocorticoid receptor and the mineralocorticoid
receptor. The human PR is expressed as two protein isoforms en-
coded by the same gene, full-length PR-B and N-terminally trun-
cated PR-A that have distinct transcription activities [87]. PRs are
found in the uterus and many other organs, including the brain.
Usually, both subtypes are found in the normal breast tissue [59].
However, in malignant tumours, the PR-A:PR-B ratio is altered and
the dominance of both isoforms has been reported [59, 88, 89]. On
the other hand, loss of PR expression in breast cancer is associated
with more aggressive tumours and worse prognosis [59].

Like other members of the nuclear receptor family, PR contains
three main functional domains [90-92]. In humans, the N-terminal
164 amino acids of PR-B are missing in isoform PR-A. Detailed
molecular dissection has identified two distinct activation function
domains (AFs) within both PRs: AF-1, which is located in the N-
terminal region, is ligand independent; AF-2, which is ligand de-
pendent, is contained in the ligand-binding domain that is located in
the C-terminal region. A DNA-binding domain and the hinge re-
gion are mapped to the central region of both receptors. Further-
more, a unique activation function domain, AF-3, is contained in
the upstream segment of PR-B that is missing in PR-A. The cen-
trally located DNA-binding domain is not only involved in DNA
binding but also in receptor dimerization. The C-terminal domain,
or ligand-binding domain (LBD), is involved in both ligand binding
and transcriptional activation Fig. (3).

Like other steroid receptors, PRs are ligand-activated nuclear
transcription factors that regulate transcription by interaction with
protein cofactors and binding to specific response elements in target
genes. Binding of agonist molecules to PR induces a major confor-
mational change within the LBD that is thought to promote receptor
dimerization, and its interaction with DNA at specific response
elements located in the regulatory regions of target genes. The ago-
nist-induced conformational change also promotes the recruitment
of transcriptional coactivators and the ordered assembly of multi-
protein complexes with chromatin-modifying activities [90, 93].

3. PET IMAGING

PET is a nuclear medicine modality with high sensitivity and
good spatial resolution that can provide precise, quantitative analy-
sis of dynamic biochemical processes in vivo. This technique is
based on the administration and detection of the biodistribution of
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radiopharmaceuticals labelled with positron-emitting radionuclides,
allowing better quality imaging than conventional SPECT. The
interest in PET as a clinical and medical research imaging tool has
gradually matured during the last three decades, and PET has cur-
rently been widely applied in diverse clinical fields such as oncol-
ogy, cardiology and neurology [94-99]. Moreover, PET plays an
important role in the process of drug development and evaluation
[100-102].

PET requires a tracer that is labelled with a positron-emitting
radionuclide and a PET camera for imaging the subject. Once the
tracer is prepared and administered to the subject, the PET radionu-
clide decays in the body by positron emission Fig. (4). The emitted
positron (B+) travels a short distance and collides with a nearby
electron. This collision results in an annihilation event producing
two y-rays photons of 511 keV that travel at 180 degrees to each
other. Two scintillation detectors that are separated by 180 degrees
transmit a coincident signal, when they are hit by the y-ray photons
simultaneously.

511 KeV Positron emitting isotope

photon

,,,‘\

\ (v O Positron -

Electron () ‘)

. 511KeV
Y —\_photon
N

Fig. (4). A positron and an electron annihilation process with production of
two 511 keV photons travelling in opposite directions.

In the last few years a significant progress in scanner technol-
ogy has been the introduction of the integrated PET/CT technique,
which combines the functional information of the PET scan with
the detailed anatomical images from the CT scan [103-105].

3.1. Radionuclides for PET Imaging

PET has evolved around the use of short-lived radioactive trac-
ers of natural organic elements such as e (T1,=20 min), BN
(Ty/,=10 min) and 50 (Ty/,=2 min). The technical advantages of-
fered by medium half-life radionuclides (approximately 1-100
hours) to study prolonged biochemical interactions, that are not
possible even with the longest half-life organic radionuclide ''C,
led to the use of other positron emitters, such as 18 o4mpe 120124
10rp, ¢8Ga and ¢"**Cu. These radionuclides show a wide range of
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Fig. (3). Domain structures of human PR-A and PR-B isoforms.
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half-lives and a spectrum of chemical and biochemical properties
that justify their use as PET imaging agents. In addition to the prac-
tical benefits of medium half-life radiotracers, certain applications,
particularly in oncology, require tracer kinetics to be followed for
periods exceeding the limits of conventional short-lived PET radi-
onuclides. PET facilities are expanding nowadays, and concern has
been raised with respect to the cost effectiveness of the technique.
To this end, the use of radiotracers based on medium half-life and
generator-produced radionuclides enables positron emission tomo-
graphy to be carried out even at centres remote from a cyclotron.
The longer half-life of such radionuclides allows regional distribu-
tion of a number of radiotracers, and the goal of significantly reduc-
ing the cost of PET can finally be achieved. Extensive literature
concerning the radiosynthesis of diverse PET radiotracers has been
reported in the past few years [40-43]. Therefore, only a brief out-
line regarding the most used PET radionuclides and the main as-
pects of PET radiochemistry will be addressed below.

Carbon-11 can be used to label molecules without introducing
foreign atoms, making their structure closer, if not identical to en-
dogenous ligands. Its relatively short half-life presents a challenge
to its widespread use, particularly in the labelling of complex mole-
cules. Rapid decrease of radioactivity can be an attractive property
in a radiopharmaceutical, especially when PET scans have to be
repeated within short periods of time and there is concern about
patient radiation exposure. Otherwise, the time limitations imposed
by the short half-life of carbon-11 are a matter of concern.

The radiohalogens are particularly attractive as radiolabels for
PET radiophamaceuticals. While positron-emitting chlorine has not
been utilized, radioiodines, radiobromines and radiofluorine have
great importance in PET (Table 1).

The chemistry of radioiodine and radiobromine has some com-
mon features, whereas the chemistry of radiofluorine is sufficiently
unique to deserve extensive discussion [40, 106-108]. Several posi-
tron-emitting radiobromines and radioiodines are not included in
(Table 1), as there is little literature regarding their routine produc-
tion and use in PET imaging. °Br [109, 110] and '*’I [111, 112]
will be not discussed further in this review since ~Br production
and purification are complicated procedures and the need of a high
energy cyclotron to produce '*I has limited its application.

In spite of its adequate nuclear properties, the positron emitter
121 has not yet been extensively explored in PET imaging, because
of a complex decay scheme that includes several high energy
gamma rays, and will not be discussed further in this review. How-
ever, the favorable 4.2 day half-life combined with its ease of pro-
duction in cyclotrons makes '**I a promising radiohalogen for the
development of novel probes for molecular imaging [113].
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3.2. Radiochemistry

One of the main challenges of PET for chemists is the devel-
opment of rapid synthetic methods for introducing the short-lived
positron-emitting isotopes into the molecule of interest. The la-
belled probe has to be synthesized, purified, analyzed, and formu-
lated usually within a few half-lives to ensure that there is enough
radiolabelled material to administer to a subject undergoing the
PET scan. Ideally, the synthesis and purification period should not
exceed 2 to 3 times the physical half-life of the radionuclide in use,
and the radiolabelling strategies should be designed in a way that
the label would be introduced in the last steps of the synthetic se-
quence. The extremely short half-lives of the radionuclides demand
that the labelled probes are prepared close to radionuclide produc-
tion facilities and used almost immediately after their synthesis. A
number of modern PET facilities hold cyclotrons, radiosynthetic
laboratories, and PET scanners to allow efficient production and
transport of short-lived PET probes from the laboratory to the scan-
ner. All PET radiopharmaceuticals, whether for human or animal
use, should have a high radiochemical purity (>95%), which is
frequently achieved by high pressure liquid chromatography or
solid phase extraction. Since inhalation or more commonly intrave-
nous injection is required to administer PET radiopharmaceuticals,
it is essential to check for sterility, apyrogenicity and all other qual-
ity control parameters that may have an adverse effect on an animal
or a human subject under study.

3.2.1. Labelling with Fluorine-18

Fluorine-18 is the most commonly used positron-emitting radi-
onuclide for the development of PET imaging agents. It presents
favourable physical properties, including a half-life of 110 min,
high positron decay (97%) and low positron energy (0.635 MeV).
The adequate half-life makes it convenient not only for chemical
manipulations, but also allows time for biological distribution of
agents, while retaining sufficient activity for imaging. Since its
atomic size is close to that of hydrogen, fluorine can substitute hy-
drogen in many molecular structures without introducing changes
in activity and in some cases even with an increase in the desired
biological activity.

The chemical methods by which '*F can be introduced into tar-
get molecules are rather limited. The main synthetic strategies be-
hind '®F labelling can be roughly divided into direct fluorination,
where '*F is introduced in one step “directly” into the target mole-
cule of interest, and indirect fluorination, which exploits the so-
called '®F prosthetic group approach, requiring a multistep synthetic
strategy. These prosthetic groups are used to react with more com-
plex biological molecules, which may not be suitable or stable
enough to tolerate direct fluorination. Direct '*F-labelling can be

Table 1. Cyclotron-Produced PET Radiohalogens
Radionuclide Half-life Eg max (MeV) Mode of Decay (%) Production Reaction

SF 109.8 min 0.635 £ 97) ®0(p,n)"*F
EC (3) *Ne(d,o)'*F

"Br 16.1h 3.98 B(57) >As(3He,2n)*Br
EC (43) 5Se(p,n)"*Br

"Br 98 min 1.74 p+(76) *As(3He,3n)"°Br
EC (24) "Kr(p,0r) *Br

124 4.2 days 2.13 B (25) 2 Te(p,n)/ 1
EC (75) 12Te(d,2n)" 1

122 3.6 min 3.12 B(17) 27(p,6n)1Xe/ 1
EC (23)

EC: Electron capture.
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achieved via either electrophilic or nucleophilic radiofluorination
[42, 43].

3.2.1.1. Electrophilic Radiofluorination

Electrophilic fluorinations use '8F_labelled fluorine ([le]F2)
and other less reactive derivatives such as ['*FJacetyl hypofluorite
[40]. ["*F]F, gas can be generated by bombardment of neon with
deuterons, however, ['*F]F, is currently produced via the '*O(p,n)
process using ['*O]water.

Nowadays, electrophilic '°F fluorinations are less favoured
since they generally give labelled products with low specific activ-
ity due to the carrier-added method of ['*F]F, production. Moreo-
ver, the highly reactive ['*F]F, usually reacts unspecifically, leading
to mixtures of '®F-labelled products. These major limitations can
restrict its application in the synthesis of PET imaging agents.
However, electrophilic fluorination has played an important and
historic role in the development of "*F-labelled molecules for PET
imaging. Thus, the first synthesis of 2-['*F]fluoro-2-deoxy-D-
glucose 2 ([le]FDG) was carried out by electrophilic fluorination
of glycal 1 using ['*Flacetyl hypofluorite (Scheme 1) [114]. PET
cancer imaging routinely employ this radiolabelled glucose ana-
lo§ue since nearly all malignant tumours exhibit increased
['"|FIFDG uptake, reflecting an enhanced rate of glycolysis in tu-
mour tissue [115]. ['"®FIFDG-PET is a reliable means for distin-
guishing many benign from malignant tumours.

OAc OAc
1) ['8F]CH F
Acoé\& ) [FICH,CO0 o o
AcO AcO
2) HC1 18p
1 ['8FIFDG (2)

Scheme 1. Radiosynthesis of ['"F]FDG as a typical example of electrophilic
'F fluorination [114].

3.2.1.2. Nucleophilic Radiofluorination

Nucleophilic "*F-fluorination reactions are routinely used to ef-
ficiently produce some of the most important '*F PET radiotracers
because of their greater selectivity and capability to give highly
specific radioactive compounds. The ['*F]fluoride ion is generally
produced by irradiation of enriched ['®O]water and is obtained in
aqueous solution [41, 116]. Fluoride ion is a poor nucleophile in
aqueous medium. Consequently, reactions involving nca (no-
carrier-added) ["®F]fluoride ions require strict exclusion of water,
which is removed by azeotropic distillation with acetonitrile at high
temperatures under a stream of nitrogen. Further activation of the
['*F]fluoride ion is achieved through the use of cryptands in combi-
nation with alkali (K, Cs, Rb) or tetra-n-butylammonium cations.
The aminopolyether Kryptofix 2.2.2 (Kjy;,) complex is the most
commonly used cryptand [117, 118]. Nucleophilic substitution
reactions are performed mainly in dipolar aprotic solvents. For
aliphatic systems the reaction mechanism proceeds via an Sy2
mechanism, and most often precursors bearing bromo, iodo, triflate,
tosylate, nosylate, and sulfonate functionalities as leaving groups
are employed. This type of radiofluorination has been the most
common method to prepare radiofluorinated steroids. An example
is the radiosynthesis of 160-["*F]fluoroestradiol 4 ([le]FES) start-
ing from the corresponding triflate precursor 3 (Scheme 2) [119].

o) OH
oTf DIFTBAF [T N\ 18
2) LiAlH,

TfO HO

3 ["*FIFES (4)

Scheme 2. Radiosynthesis of ['*F]FES as a typical example of nucleophilic
' fluorination [119].
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Aromatic nca '°F nucleophilic substitutions are only viable with
activated aromatic systems. Strong electron-withdrawing substitu-
ents such as CN, CHO, NO,, COOR, and RCO in ortho or para
position are suitable for activation, and the leaving groups are usu-
ally the nitro or the trimethylammonium group (Scheme 3) [120,
121]. Nca nucleophilic substitution reactions involving heterocyclic
aromatic systems such as the electron-poor pyridine series, how-
ever, do not necessarily require activating groups [122-125].

Y Y
I8F_fluoride
| X AN
/\ . | /\ -
X (0, p) X (0,p)

X (activating groups) = NO,, CN, CHO, COR, COOR

Y (Leaving groups) = NO,, (CH3);N*

Scheme 3. Aromatic nca "F nucleophilic substitutions: examples of the
most generally used activating and leaving groups [120, 121].

More recently, efforts have been directed towards the use of di-
aryliodonium salts, which allows the fluorination of both electron-
deficient and electron-rich arenes [42, 126]. The diaryliodonium
salts are easily prepared by reaction of Koser’s reagent, hydroxy
(tosyloxy)-iodobenzene, with either aryltrialkylsilanes, aryl boronic
acids or organostannanes [42, 127, 128]. These diaryliodonium salts
are then reacted with ['*F]fluoride ion under standard conditions
(Scheme 4) [129]. Encouraging results have been achieved for sim-
ple molecules using these precursors, but the aromatic nca nucleo-
philic substitution of more complex molecules still remains a chal-
lenge [130].

X 18p I
I 18F[KF], Ko
- .
+
DMSO, 130°C
Br Br
Br Br
X =Br, OTf, OTs

Scheme 4. One-step synthesis of 1-bromo-4-["*F]fluorobenzene as a typical
example of the use of diaryliodonium salts [129].

In most cases, more complex biological molecules such as oli-
gonucleotides, peptides, and antibodies are not amenable to direct
fluorination with nca '*F-fluoride ion due to denaturation of the
sensitive organic substrates or the presence of reactive functional
groups in the substrates [131]. Thus, radiofluorination methods
employing prosthetic groups chemoselectively coupled to the bio-
molecules have also been developed Fig. (5). [132-141]. Usually,
these prosthetic groups are small '®F-labelled alkyl or aryl groups
bearing reactive functionalities, which are incorporated into the
biomolecules via alkylation, acylation, amidation, or photochemical
reactions [142, 143].

In the past few years, “click chemistry” has also been applied in
PET chemistry to synthesise '*F-labelled tracers. The application of
this methodology is still in its early stages of development, but
shows great promise for preparing '°F-labelled peptides (Scheme 5)
[144].

3.2.2. Labelling with Bromine-76

Bromine-76 decays with a significant amount of positron emis-
sion (Table 1), a characteristic that allows for diagnostic PET imag-
ing in adition to radiotherapy. It can be produced conveniently via
the "°Se(p,n)’*Br reaction in the majority of medical cyclotrons
[145]. "°Br has a half life of 16.2 hours, which is long enough to
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permit target tissue-selective distribution, while being sufficiently
short, so that the bulk of the dose can be delivered to the tissue prior
to metabolism and elimination of the radiopharmaceutical. Because
the natural abundance of bromine is low, organic compounds can be
labelled with very high specific activity, which is a general re-
quirement for the study of receptor-binding related biological proc-
esses.

o
[¢]
o 0
Br
OH o N /@)J\/
1SF 18p [6) 18p

o 0 o
d on o N /@)J\ H
18 15 o 18R
NH, s OCH;
15p 7S V2 F /\ﬂ/
18 0

18 7Ny

Fig. (5). Examples of some prosthetic groups frequently used for ra-
diofluorination of biomolecules [132-141].

o N:n
. Peptid
Z o~ Nk
18p a N, Peptide 18 N

[¢]

Scheme 5. Labelling of peptides using 1,3-dipolar cycloaddition as a typical
example of “click chemistry” [144].

As with most halogen chemistry, ["*Br]bromide can be used ei-
ther as a source of nucleophilic bromide or as a source of electro-
philic bromine upon oxidation. The radiochemistry of bromine,
analogous to that of iodine, relies essentially on oxidative electro-
philic substitution to afford a relatively stable radiolabel. The ra-
diobromination of small molecules normally involves the oxidative
substitution of a tri-alkyltin leaving group, using various oxidizing
agents (Scheme 6) [146]. Large molecular weight proteins, such as
antibodies, can be labelled directly at their tyrosine residues or
through a prosthetic group that reacts with the amino function of
lysine residues. The direct labelling method involves either enzy-
matic oxidation [147] or chemical oxidizing agents such as chlora-
mine-T [148]. Prosthetic methods using N-succinimidyl-3-(4-
hydroxyphenyl) propionate [149], N-succinimidyl-4-(tri-n-butyl
stannyl)benzoate [40] or N-succinimidyl-4-(tri-methylstannyl) ben-
zoate [150] have also been reported.

7\ o [7°Br]NH,Br y o\ o
Bu;Sn o Br o
H H,0,/AcOH H
5 6

Scheme 6. Typical example of "Br bromination via an electrophilic de-
stannylation reaction [151].

3.2.3. Labelling with Carbon-11

As carbon is one of the main constituents of biomolecules iso-
topic labelling with ''C will result in radiotracers indistinguishable
from their non-labelled counterparts, with the exception of very
small kinetic isotope effects. This is particularly important since the
introduction of an “artificial” PET tag (such as '°F or others) may
change the biological properties of the compound of interest as they
have different chemical structures.

The Production of "'C is commonly carried out through the
14N(p,ot)1 C nuclear reaction. Despite the short half-life of carbon-
11 (¢, = 20.4 min), this radionuclide has been successfully applied
to the development of ''C labelled biomolecules [42, 152, 153]. The
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synthesis involving C starts with [''C]JCO, or [''C]CH, as the
primary product. These two radiochemical precursors are the base
for the production of secondary ''C-labelling reagents such as
['Clmethyl triflate [154] or [''C]methyl iodide [155, 156], gener-
ally used as alkPllating agents for the radiolabelling of biomolecules
(Scheme 7). ! C]Methyl iodide can be produced by two distinct
methods, referred to as “wet” or “gas phase” chemistry routes. In
the “wet” chemistry route, the [''C]CO, is reduced to [''C] metha-
nol, which is then converted to [''C]methyl iodide (Scheme 7, A)
[157, 158]. The “gas phase” chemistry route involves the conver-
sion of [“C]methane into [“C]methyl iodide by radical iodination
with elemental iodine (Scheme 7, B) [159].

PA : i
[1IC]CH,0=— [!C]CH;0H —LPheor Pl i ricicHyl | —» |[!'C]CH,OTS
i |

["'cjco =—1i [ [clco, | i [McicHy _, [''ciccl4

[''cicocl,

Scheme 7. Schematic representation of ''C-labelled primary products and
most common secondary "' C-labelled precursors.

Due to its short half-life, ''C should be incorporated in the last
step of the synthetic route to a radiopharmaceutical. Obviously, the
introduction of the radionuclide at the final synthetic step requires
as well that the reaction proceeds quickly and, as a general rule, that
the synthesis and purification should not take more than one half-
life, since long-lasting syntheses not only reduce the radiochemical
yield, but also decrease the specific activity of the final product.
Even with specific activities as high as 5000 Ci/mmole, most of the
mass of the carbon-11 radiotracer is from the carrier carbon (CO,)
and as a consequence, every half-life reduces the specific activity of
the radiotracer 2-fold [106].

4. BIOLOGICAL EVALUATION OF ESTROGEN AND
PROGESTERONE RECEPTOR EXPRESSION

Estrogen and progesterone receptors provide a system with fa-
vourable binding characteristics for the uptake and selective reten-
tion of imaging agents [22, 23]. Radiolabelled estrogens and pro-
gestins with appropriate biological properties have been shown to
be taken up by target sites with high efficiency and great selectivity
[30, 32, 35, 160-162]. An effective breast tumour-imaging ligand
should present high specific activity, high binding selectivity,
which is associated to the ligand’s ability to differentiate the target
receptor from other receptors and non-specific proteins, and also an
adequate metabolic and pharmacokinetic profile [23, 163].

Several good reviews have appeared in the literature that high-
light the application of ER and PR imaging agents for breast cancer
detection and management by SPECT and PET modalities [29, 32,
33, 161, 164]. Hence, only a short overview concerning structure
affinity relationship (SAR) studies will be presented below.

4.1. Structure Affinity Relationship Studies

The biological response of a cell to a steroid hormone reflects
the binding of the steroid to the receptor, since without binding
there will be no effect on the cell. Also, it is recognized that the in
vitro receptor affinity of a steroid is well correlated with its in vivo
biological behaviour. Nevertheless, receptor binding affinity (RBA)
is a function of many experimental parameters (e.g. temperature
and equilibrium time). Other factors such as animal species and
different sources of receptor (tissue minces and cytosol homogenate
preparations) used in the assays can affect the values of relative
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affinities. Beyond the PR and ER ligands' non-specific binding to
albumin, estrogens also bind with very high affinity to the sex hu-
man binding globulin (SHBG). The binding specificity for these
plasmatic proteins is, however, quite different from that of the re-
ceptor, so that it is possible to design receptor ligands with high
affinity for the specific receptor and low affinity for the serum bind-
ers. It is also important that the eventual metabolization of the
receptor ligand should not lead to the accumulation of circulating
labelled metabolites that enter tissues but no longer bind to the re-
ceptor.

There is a significant structural diversity among the steroids
that bind to the ER and PR. Generally, the selection of the substitu-
ent groups and their site of attachment to the steroid molecule, have
been based on substitutions that are known to increase the in vivo
biological activity or to improve the uptake selectivity either by
enhancing receptor binding, reducing non-specific or serum bind-
ing, or by altering the route of metabolism or reducing its rate.

The introduction of a substituent in the ligand’s molecule can
affect the binding to the receptor in two different ways. The sub-
stituent can alter the binding by favourable or unfavourable interac-
tion with the receptor and/or alter the binding by a conformational
effect, i.e. by changing the overall shape of the ligand and accord-
ingly, the positions of the other groups in the molecule relative to
the receptor [165]. The position of a substituent in the steroid mole-
cule will determine the extent to which it will interact directly with
the receptor and/or modify the shape of the steroid [166]. These two
substituent effects can deal in antagonism to each other: a group
may induce favourable conformational changes in the molecule,
while its nature (e.g. electronegativity, selective binding via hydro-
gen bonding, etc.) can negatively affect the binding affinity.

Although there is a considerable structural diversity among
steroid derivatives that have affinity to estrogen and progesterone
receptors, for the purpose of this review we have limited our analy-
sis to relatively simple systems encompassing estradiol, progester-
one and nor-progesterone skeletons, as most of the labelled tracers
developed for ER and PR targeting belong to these series. Other
ligand systems with affinity for PR, such as testosterone, nor-
testosterone and dihydrotestosterone rings, that also might create
the basis of PET imaging agents, will not be considered.

A number of studies have demonstrated that estrogens with a
variety of different structures, labelled with radioisotopes of fluo-
rine and iodine, retain high ER binding affinity and show good
target site-selective in vivo uptake [23, 167]. Several of these estro-
gens have proven to be effective in humans, where clear images of
primary and metastatic ER positive tumours have been observed
[36, 38, 168-172]. The situation with the PR-based agents, how-
ever, is less satisfactory. Although they have been neither as inten-
sively studied as ER ligands nor for such a long time, some PR
agents, that showed good results in vitro and in vivo in animal mod-
els [22, 173-176], have given disappointing results in humans [177,
178]. The reason for this divergence might be the low PR affinity of
the ligands, together with their high metabolic lability and high
lipophilicity, which results in high non receptor binding.

4.1.1. Influence of Structural Substitutions in Estradiol on ER
Binding

Estradiol is a non-polar and hydrophobic molecule, except at its
molecular termini. Hydroxyl groups at C-3 and C-17 of the estra-
diol molecule are necessary for effective binding to the estrogen
receptor [165, 179]. The hydrocarbon structure that separates the
two oxygen functions confers an appropriate configuration to these
functionalities, allowing for their interaction with the amino acid
residues of the ER ligand-binding domain. The hydrocarbon struc-
tural framework itself also plays a very important role in the bind-
ing of the ligand to the receptor [179]. Modifications of the spatial
configuration of the hydrocarbon structure of the ligands usually
lead to different interactions resulting in a decreased ER binding
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affinity [165, 166]. The effects of diverse substituents on the bind-
ing of estradiol to the ER, obtained from in vitro competitive bind-
ing assays, have been reported extensively in the literature and are
summarized below Fig. (6).

Fig. (6). Chemical structure of estradiol showing where different substitu-
ents or modifications have been introduced.

Studies of the effect of A-ring substituents on the ER binding
affinity of estradiol suggests a negative influence of groups of any
size at C-1 [179, 180]. Small groups are reasonably well tolerated at
C-2 and C-4, whereas large groups and those that might involve an
intramolecular hydrogen bond substantially reduce binding affinity
[179, 181-186].

The ER is intolerant to both polar and non-polar groups at C-6
[179, 187]. Groups at the 7a-position are well tolerated, even if they
are of considerable length [186, 188-192]. Polar functions at this
position are not well tolerated unless they are positioned away from
the core of the steroid structure [188, 190, 191, 193].

The 11B-position of estrogens is a site, where relatively large
non-polar substituents, such as ethyl or chloromethyl groups, are
well tolerated by the receptor [194-196]. By contrast, polar sub-
stituents at 11B-position not sufficiently far-away from the ligand
core reduce receptor binding [195, 196]. While a 7a-methyl group
is well tolerated by the estrogen receptor [197, 198] the combined
effect of both 7a-methyl and 11B-methoxy substituents leads to
compounds that have lost virtually all their ER affinity [197].

A 170-ethynyl substituent enhances receptor-binding affinity
and would appear to act in synergy with certain other substituents,
such as the 11B-methoxy or 11B-ethoxy group [199]. Substituents
larger than the ethynyl group and/or the extension of the 17a-
moiety to a substituent containing three or more carbons are usually
poorly tolerated by the ER. However, despite the apparent steric
intolerance at the 17a-position, several organometallic 17a-
substituted derivatives have shown to retain considerable ER affin-
ity suggesting the presence of a binding site in this region that can
accept species of hydrophobic character [200-202]. Also, groups
linked to an ethynyl or vinyl group are well tolerated. The 17a-
iodoethynyl estradiol, despite of the larger volume of the iodine
relative to a proton, shows quite favourable binding, probably due
to the greater polarizability of the iodine [203, 204]. 17a-vinyl es-
tradiols have also been investigated in considerable detail [205-
210]. The presence of the iodovinyl group does not significantly
alter the ER binding affinity [211-213]. Nevertheless, with iodo-
vinylestradiols, the binding behaviour is strongly dependent on the
stereochemistry of the vinyl group. Preliminary binding assay stud-
ies from Ali et al. with (170,20E/Z)-iodovinylestradiol have shown
that the Z isomer possesses a slightly higher ER binding affinity
than the £ isomer [205]. Further work on the effect of stereochem-
istry at C20, in the series of 17a-halovinyl estradiols, has shown a
marked difference between the £ and Z isomer. Thus, the Z-isomer
showed much higher binding affinity than the £ isomers, with bulky
substituents enhancing affinity at this position. The opposite pattern
was observed in the E series [206]. The behaviour of the related
phenyl, phenylthio, and phenylseleno vinyl estradiols has been
shown to follow the same pattern suggesting that the orientation of
the substituent on the vinyl group towards the receptor differs con-
siderably depending on the E- and Z-configuration of the double
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bond [208, 214]. The lower affinity of the 17a-E-vinyl isomers has
been explained as being attributable to their structural similarity to
the 17a-ethynyl series that is sensitive to small changes in molecu-
lar volume [206]. For the E isomers and 17a-iodoethynyl deriva-
tives the iodo-group is oriented in a similar way, outward from
below the a-face of the steroid and qualitatively similar binding
affinities are observed. The Z isomers have the substituent directed
towards a different portion of the receptor, inward toward the a-
face, and this could explain the observed different values for the
binding affinity, suggesting an additional hydrophobic pocket that
can accommodate small to moderately sized lipophilic moieties in
this region. The ER is moderately intolerant of polarity in D-ring
area, except for the specific 17a-position. Small, non-polar sub-
stituents are well tolerated at the 16a-position, whereas large sub-
stituents, especially those with increased polarity, result in poor
affinity [215-217]. In contrast, the 16B-position is sterically less
permissive [183, 218]. The 14- and the 15-position can accept
small, non-polar groups without appreciable loss of binding affinity
[219].

Correlated quantitative structure-activity relationships (QSAR)
could also be inferred for several halogenated estradiol derivatives
from comparative molecular field analyses (CoMFA) of their inter-
action with the ER [220].

4.1.2. Influence of Progesterone Structural Substitutions on PR
Binding

Binding studies with progesterone derivatives have shown that
hydrophobic interactions between the lipophilic steroid and the PR
contribute for the major part of the binding energy. A minor contri-
bution comes from hydrogen bond formation between the receptor
and the 3- and 20-carbonyl groups. Unexpectedly, the 19-nor de-
rivative of progesterone shows a stronger PR affinity than proges-
terone itself [221-223]. The effects of various substituents of the
progesterone skeleton on the binding to its receptor have been de-
scribed extensively in the literature and are summarized below Fig.

).

Fig. (7). Chemical structure of progesterone showing where different sub-
stituents or modifications have been introduced.

A 3-keto-4-ene moiety within the molecule is necessary, though
not sufficient, for high PR binding. Testosterone, for example,
binds poorly to PR [224]. All the structural modifications that en-
hance binding are found in the B, C and D rings of the steroid sug-
gesting that these regions can accommodate structural substituents
more readily than the A-ring. Data from the literature suggest that
interactions between receptor and ligand are mainly hydrophobic
and thus far, at no position in progesterone has a hydroxyl group
substitution been noted to increase binding [221, 225, 226]. Moreo-
ver, acylation of a hydroxyl group always enhances binding, rela-
tive to the hydroxy parent [225, 227]. Hydrophilic interactions such
as hydrogen bonding occur at C-3 and C-20, also in the analogues
of progesterone. The conformational effects of certain substituents,
as well as their direct polar or hydrophobic interactions with PR,
can be used to impart possible changes in binding affinity. The
introduction of a double bond at C-1 in progesterone causes a de-
crease in binding affinity [228]. A substituent at C-2 (e. g methyl)
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also lowers the binding affinity [222]. The effect of an alteration at
C-6, such as the introduction of a substituent or a double bond,
seems to depend basically on the parent steroid to which the deriva-
tive is compared [229]. However, such kind of alteration in the
progesterone scaffold moderately decreases its binding affinity
[230]. As with modifications at C-6, the introduction of a double
bond at C9 has a varying effect on the binding affinity of the mole-
cules [222]. Modification of the B/C ring junction by a C8-C9 dou-
ble bond moderately decreases the affinity for the receptor. This
modification flattens the molecule, introduces some strain into the
C ring, and reorients the axial hydrogen on carbon 11 to a pseu-
doaxial conformation. However, double bonds between C9 and C11
or between C11 and C12 have little effect on the affinity of the
steroid. This relationship is interesting since 9(11)-dehydro steroids
have decreased biological activity, whereas 11-dehydro progester-
one is quite potent. Large, bulky groups at various positions in the
C and D ring, such as an ethyl group at C-13 or alkyl groups at C-
16a, C-17a or C-21, often enhance binding. This has been ex-
plained to result from direct hydrophobic interaction between the
substituents and the protein surface [221, 230] or, alternatively,
from the introduction (by the large substituents) of molecular strain
that is transmitted to the flexible A-ring. Possibly the enhanced
binding is due to a synergy between these two factors. Removal of
the C-19 methyl group, as in the case of 19-norprogesterone itself,
leads to an enhanced affinity for PR. The steric bulk of the angular
methyl-group is thought to be detrimental to the binding of the
ligand [222, 231].

Taking together all available data from the literature, it seems
that the possibilities of developing progesterone derivatives with
increased PR affinity are limited. This is also illustrated by the two
steroids Org2058 and R5020 (promegestone), currently used for PR
radioimmunoassay (see Fig. 17); their affinity for PR is only 5 to 15
times higher than that of progesterone itself [175, 232-235].

5. PRE-CLINICAL AND CLINICAL STUDIES OF RADIO-
LIGANDS FOR STEROID RECEPTOR PET IMAGING

The growth of breast epithelial cells is a process mediated by
estrogens, which manifest their biological activity through a spe-
cific high binding affinity to the estrogen receptor, and this action
results in the induction of progesterone receptors, since in target
tissues the synthesis of the progesterone-receptor is an estrogen
controlled process [18, 236]. Research on specific tumour receptor
imaging has mainly been directed to the measurement of the estro-
gen receptor status, since breast cancer patients in whom these re-
ceptors are present, may benefit from hormonal therapy. In breast
cancer tumours patients on hormonal therapy, the imaging of pro-
gesterone receptor-rich tumours with a progestin-based imaging
agent may be better suited, since the response to endocrine therapy
can be more accurately predicted after quantification of both estro-
gen and progesterone receptor status [19, 237]. Estrogen receptor
ligands are useful tools for imaging prior to hormonal therapy.
However, during antiestrogen hormonal therapy, such as with ta-
moxifen, the circulating levels of the antiestrogen and its metabo-
lites are sufficiently high to fully occupy the estrogen receptor sites
resulting in decreased uptake of the estrogen-based radioligand. In
contrast, progesterone receptors in tumours of patients on tamoxifen
regimen should be unoccupied, and their levels might even be in-
creased by the antiestrogen therapy [238-240]. Thus, to evaluate the
tumour response to endocrine therapy based on changing tumour
size or receptor content, a radiolabelled progestin analogue would
permit imaging of progesterone receptor rich tumours, while the
antiestrogen therapy is carried out at the same time. Therefore, the
tumour size and the number and density of progesterone receptors
could be compared over the course of treatment.

Generally, a ligand with affinity to either ER or PR might be
used for breast tumour imaging and therapy of a previously un-
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treated patient. However, a PR-based radioligand has some poten-
tial advantages over an ER-based one, since there is a better corre-
lation between PR status and hormonal responsiveness than there is
with ER status [241-244]. Moreover, a PR-based ligand could be
used after the initiation of anti-estrogen hormonal therapy, whereas
an ER based ligand would not be useful, when the tumour ER is
saturated by the therapeutic hormonal agent [245]. Additionally,
PR-based ligands may benefit from the increased PR levels induced
by a transient agonistic effect of tamoxifen during the initial course
of tamoxifen-based treatment of breast tumours [151, 238-240].

Next, the reported pre-clinical/clinical data for the most rele-
vant estradiol- and progesterone-based radioligands will be pro-
vided.

5.1. Estrogen Receptor Ligands

5.1.1. Fluorine-18 Ligands
16a-/"*F]Fluoroestradiol (|'*FIFES)

In the1980°s, Kiesewetter et al. [119] described the synthesis
and evaluation of [lelFES 4, together with other fluorine-18 la-
belled estrogens (16B-[ “F]fluoroestradiol 7, 1-['*F]fluoropentestrol
8 and 1-[**F]fluorohexestrol 9 Fig. (8). The four '*F-labelled estro-
gens were prepared with high chemical and radiochemical purity
and adequate specific activity by a fluoride-displacement reaction
on triflate precursors as depicted in (Scheme 2).
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Fig. (8). Chemical structures of ['*F]FES, 16B-["*F]fluoro estradiol, 1-
["*F]fluoropentestrol and 1-['*F]fluorohexestrol [119].

All four fluoroestrogens displayed high ER binding affinities
(80%, 30%, 129% and 127%, respectively, relative to estra-
diol=100%). In biodistribution studies, in immature female rats, all
compounds exhibited selective uterus uptake, which was blocked
by co-administration of unlabelled estradiol indicating a receptor
mediated mechanism. ['*F]JFES exhibited the highest uptake selec-
tivity, with uterus/blood and uterus/non-target tissues ratios of 83
and 45, respectively, at 2hr [119].

Since then, ['®F]FES has been studied extensively as a potential
radiolabelled probe for breast cancer imaging. The radiosynthesis of
['|F]FES was improved further by using the more reactive cyclic
sulfate 10 as a precursor (Scheme 8) [246]. An automated radiosyn-
thesis, developed by Romer et al. [247], is currently used as a rou-
tine procedure.

Further in vivo studies from other groups, in rat and mouse
models, confirmed the high uptake of ['*F]FES in tissues with ER
expression, such as the uterus and ovaries - [248-250]. Studies con-
ducted by Yoo et al. [251], in ERa and ERp knock-out mice,
showed that ['*F]FES is a subtype selective tracer binding preferen-
tially to ERa. As far as we know efforts to develop an ERf selec-
tive tracer have been unsuccessful to-date.
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Scheme 8. Radiosynthesis of ['*F]FES using a cyclic sulfate precursor, 3-O-
methoxymethyl-16,17-O-sulfuryl-16-epiestriol 10 [247].

The possibility of quantitation of ER binding parameters in vivo
with ['*F]JFES-PET using both equilibrium and dynamic kinetic
analyses was demonstrated in rats by Moresco et al. [252]. How-
ever, in ER-rich tissues such as the uterus and ovaries, [ °F]JFES
uptake is limited by blood flow and tissue permeability and may not
exactly reflect the receptor expression [253]. In human breast tu-
mours, receptor concentrations appear to be in the range 0.3-3
pmol/g tissue, so that here the flow limitation should not be encoun-
tered, and ["*F]FES uptake by primary tumours seems to parallel
their receptor distribution, allowing to quantify ER density [168].
Actually, a good correlation was found between ER expression, as
determined in vitro by immunochemistry, and ['*F]FES uptake in
different animal models of estrogen positive tumours [250]. In addi-
tion to receptor density, ['*F]JFES-PET also allows to determine the
receptor occupancy of a drug. In vivo optimization of tamoxifen
dosing schedule was achieved, in animal model, by an in vivo titra-
tion method as described by Katzenellenbogen et al. [253].

['®F]FES-PET has also been applied successfully to determine
ER status of human breast tumours and the first clinical study with
['|F]FES in 13 patients with primary breast cancer was reported in
1988, by Mintun ef al. [168]. PET imaging demonstrated ['*F]JFES
uptake at sites of primary carcinomas and in several foci of axillary
lymph node metastases, as well as in one distant metastatic site. An
excellent correlation of 0.96 between uptake within the primary
tumour, measured by PET imaging, and the tumour ER status,
measured in vitro in biopsy specimens, was found in 9 patients.
These results were supported further in a different PET study by the
same authors [170]. In a series of 16 patients with metastatic breast
cancer, in which treatment with antiestrogen drugs was planned,
['®F]FES accumulation was observed in 14 patients and in 93%
(53/57) of the known metastatic lesions. In 7 of the patients, PET
imaging was performed both before and after initiation of antiestro-
gen therapy. In all cases, there was a decrease in ['°F]FES uptake
after initiation of antiestrogen therapy. These results indicated that
['®F]FES accumulation within metastatic lesions of breast carci-
noma was a receptor-mediated process that could be blocked by
antiestrogen therapy. This study also demonstrated the high sensi-
tivity and specificity of ['®F]FES for detecting breast carcinoma in
nodal and distant metastases.

In a subsequent study, including in 53 patients with breast can-
cer, of whom 32 had a diagnosis of primary breast tumours and 31
had metastatic breast cancer or recurrent disease Dehdashti et al.
[254] found an agreement of 88% (35/40) between the ER content
determined by PET imaging and measured in vitro in biopsy sam-
ples reconfirming, in a larger series of patients, their earlier obser-
vation that ['®F]FES-PET reliably assesses the ER status of breast
cancer lesions [168, 170]. In patients with advanced breast cancer
prior to initiation of systemic therapy, the authors also compared
tumour ['*FIFDG uptake and tumour ER status (assessed both by in
vitro assay and by ['*FJFES-PET) to determine if ['*F]FDG uptake
could be used as a surrogate marker of ER status. However, since
information on the ER status is not obtainable with [le]FDG, no
correlation was observed visually or quantitatively between
['®F]FDG and ["*F]FES tumour uptake.

To predict the response to systemic therapy, Mortimer et al.
[255] correlated results of ['*F]JFES uptake with ER status. This
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study involved 43 women with locally advanced or metastatic
breast cancer, who underwent ["*FJFES-PET prior to antiestrogen
treatment. All the tumours were submitted for ER determination by
quantitative measurement (20 patients) and by immunohistochemi-
cal assay (25 patients) The ER status was positive (ER+) in 21 pa-
tients, negative (ER-) in 20 patients, and unknown in 2 patients. All
20 ER- tumours on in vitro assays were ['®F]FES- as well. The
tumours were considered sensitive to hormonal therapy, ['*F]FES
positive (['*F]JFES+), when the standardized uptake value (SUV) of
the lesion on [le]FES-PET was >1.0, and resistant to hormonal
therapy, ['*F]FES negative (['*F]FES-), when SUV was < 1.0. The
information obtained by ['®F]FES-PET was compared to the results
of the ER assays. Of the 21 ER+ tumours, 16 were ['®F]FES+ and 5
were ['*F]FES-. Thirteen patients with ER+ and ['®F]FES+ tumours
initiated hormonal therapy and 61% (8/13) responded to the treat-
ment. When compared with in vitro assays of the ER status
['®F]FES-PET demonstrated a sensitivity of 76% and a specificity
of 100%. The sensitivity of ['*F]JFES-PET was high in ER+ lesions,
and the specificity was high in ER- patients. Although the number
of patients evaluated in this study was small the authors hypothe-
sised that ['*F]FES positivity might predict hormone responsiveness
more accurately than do the results of in vitro ER assays.

The findings from Mortimer that ['*F]FES uptake might predict
response of locally or advanced metastatic cancer to tamoxifen
therapy were further confirmed in a different series of patients by
Linden et al. [256]. In a study conducted on 46 patients with ER+
primary and recurrent breast cancer the authors showed that
['®F]JFES uptake could predict response to hormonal therapy
(mostly aromatase inhibitors) depending on the HER2/neu status of
the tumors. ['*FJFES uptake was predictive of response in
HER2/neu-negative patients, but in HER2/neu-positive patients the
outcome was not predictable.

The radiation dosimetry of ['*F]JFES was established by
Mankoff et al. [257] in a PET study involving 49 patients. The
effective dose equivalent was 0.022 mSv/MBq corresponding to
4.8mSv for a typical injected dose of 220 MBq. The radiation bur-
den was within the normal range of other nuclear medicine proce-
dures.

Mathias et al. [258] investigated clearance and metabolism of
['®F]FES in rats and found significant levels of protein binding and
circulating labelled metabolites that do not bind to ER. Mankoff er
al. [259] have extended these studies to patients, with the goal of
optimizin% the imaging protocol for detecting ER-containing breast
lesions. [ "F]FES was rapidly cleared from the blood and metabo-
lized (at 20 min only 20% of the circulating radioactivity was non
metabolized ['*F]FES). The detectable metabolites in either blood
or urine were sulfate and glucuronidate conjugates that were ex-
creted through the kidneys at a rate comparable to their introduction
into the circulation. After 20 min post injection the blood levels of
radioactivity remained fairly constant. Since ['*F]JFES clearance
was rapid and metabolite background nearly constant, the authors
suggested that a good visualization of ER-containing tissues could
be achieved if imaging was performed at 20 to 30 min after injec-
tion.

Current data suggests that ['®F]FES is sensitive to image ER+
tumours, and complements the information given by ['*FIFDG to
assess or predict the response of the cancer cells to therapy.
['®F]FES is currently in phase II of a study to predict response to
first line hormone therapy in women with ER+ metastatic breast
cancer [260]. Although the utility of ["*FJFES-PET in predicting
therapy response still needs to be established, recent data suggests
that a subset of patients that will not respond to endocrine therapy
can be selected by ['®*F]FES-PET.

16B-["*F [Fluoromoxestrol (B["* FIFMOX)

To improve the in vivo biological behaviour of ['*F]FES,
Katzenellenbogen et al. [195, 261] have prepared a number of ana-
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logues bearing additional 11- and 17-substituents, namely 170-
ethynyl-FES 11 and 17B-ethynyl-FES 14, and the 11B-methoxy-
12/15 and 11B-ethyl- 13/16 derivatives Fig. (9). The 113- and 170
substituents are known to increase the in vivo potency [194, 262-
264] or to improve the in vivo uptake selectivity [265-268] by alter-
ing either the binding properties or the estrogen metabolism path-
way. All members of this series were initially labelled with fluorine
at the 160 position, since the 160 epimer has shown a higher ER
affinity than the 16f epimer [119].

11:R=H 14:R=H
12: R = OCH; 15: R = OCH;
13: R = CH,CH, 16: R = CH,CHj4

Fig. (9). Chemical structures of 160-["*F]fluoroestradiol derivatives [195,
269].

All of these 11P- and 170-substituted 16a-['*F]fluoroestradiols
have shown a broad range of estrogen receptor and non-specific
binding affinities, consistent with the nature of the substituents
[195, 269]. The 11B-methoxy moiety lowered the ER binding affin-
ity, which is consistent with former studies from Raynaud et al.
[262], while the 11B-ethyl increased the affinity for the receptor.
The 170-ethynyl substituent also raised the binding affinity, but
less markedly than the 11B-ethyl functionality. The 17-epimeric
series with 17o-hydroxyl and 17B-ethynyl groups had significantly
lower binding affinity. However, the 11B-ethyl moiety appeared to
confer enough binding character to 16, since it still showed a RBA
value 1.5 times higher than that of estradiol (159%).

Selective uptake of all 170-ethynyl compounds 11-13 and of
11B-ethyl-17B-ethynyl compound 16 was observed in target uterus
and ovaries of female Sprague-Dawley immature rats. With the
exception of the 11B-ethyl 16 the 17B-ethynyl-fluoroestradiols dis-
played little or no selective uterine uptake. The decreased target
tissue uptake in animals treated with a blocking dose of estradiol
indicated a receptor-mediated mechanism. The biodistribution of
the four promising ethynyl compounds 11-13 and 16 was also com-
pared with that of ['®F]FES. The uterine uptake was higher for all
the new compounds with the exception of the 11B-ethyl-173-
ethynyl-derivative 16.

The criteria, followed for the development of these new deriva-
tives, has been to prepare a radiopharmaceutical with good contrast
between target and non-target tissues, which has to be achieved by
increasing the agent’s receptor binding and simultaneously decreas-
ing its non-specific binding [23]. However, these two parameters
are often difficult to put together. For instance, the introduction of
an 11B-ethyl substituent, as in 13 and 16, will increase receptor
binding, but being non-polar, will also increase the non-specific
binding, although to a lesser extent. Conversely, a polar 11B-
methoxy substituent, as in 12 and 15, reduces non-specific binding
considerably, though in this case the receptor binding also de-
creases.

Although target tissue uptake selectivity correlates directly with
ER affinity and correlates inversely with the lipophilicity, as re-
ported by Katzenellenbogen et al. [270], in this study this correla-
tion was not found in all the cases [195, 269]. On the other hand, as
demonstrated by Katzenellenbogen et al. [270], in previous biodis-
tribution studies in immature rats involving in vivo titrations, the
uptake of ['®F]FES by the target uterus may not be a good predictor



12 Current Medicinal Chemistry, 2013, Vol. 20, No. 1

of uptake by other target tissues and tumours with low ER concen-
trations, since the uterine uptake is limited by blood flow and tissue
permeability, and consequently might not reflect directly the com-
pound’s ER affinity, nor its potential for efficient and selective
uptake by tissues, but instead could reflect the overall biological
properties of the molecules, including their suitability to cross the
biological barrier to reach the target organ [253]. Thus, seeking
further optimization of the in vivo properties of ['*F]FES the same
group [167] has extended its investigation to the 16B-fluoro estra-
diol series with substituents on the 11B-, on the 170~ and on both
11B- and 170-positions of the 16B-fluoroestradiol framework (17-
20, Fig. 10).

OH OH
H H;CH
5CO i 5CH,C .
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Fig. (10). Chemical structures of 16B-["*F]fluoroestradiol derivatives [167].

In biodistribution studies in immature female rats, all the la-
belled analogues of the 16B-fluoro series demonstrated ER-
selective uptake in the principal target tissues (uterus and ovaries)
as well as in organs with low ER concentrations (kidney, thymus,
fat and muscle). Although factors other than specific and non-
specific binding obviously affect the tissue biodistribution of these
16B—[18F]ﬂuoroestradiols, in most cases a reasonable correlation
between their ER selective uptake by both principal and secondary
target tissues and their binding selectivity index (BSI) values was
found [167]. The most promising compound appeared to be the
170-ethynyl-11B-methoxy-16B-[ *F]fluoroestradiol 20 (16B-['*F]
fluoromoxestrol, B['*FIFMOX) with a very good binding affinity
for the ER (78%). The uterus uptake was nearly four times greater
than that of ["*FJFES with higher uterus/blood and uterus/muscle
ratios. The reason for this elevated uptake seemed to be its greater
in vivo metabolic stability over ['®F]FES [167, 269]. Contrary to
['®F]FES, B['*FIFMOX demonstrated considerable uptake in tissues
with relatively low ER concentration, suggesting that it might be
more effective in imaging human breast tumours with low ER con-
centrations.

Contrary to expectations that B['*FJFMOX could be a potential
imaging agent for human breast cancers due the improved in vitro
characteristics and the very encouraging preliminary biodistribution
and metabolic studies in animal model, human clinical PET imag-
ing studies revealed its unsuitability as a human ER imaging agent.
Actually, in a preliminary PET imaging study with p['*FIFMOX
involving 12 patients, 3 of whom had ER-positive breast cancer, no
tumour localization by B[IRF]FMOX was found [271]. In fact,
B['®FIFMOX, which is a good ligand for ER but has a low affinity
for the sex hormone binding globulin (SHBG), displays poor uptake
in human ER-positive breast tumours when compared to [le]FES.
While ["*F]-FES possesses a lower ER affinity, its affinity for
SHBG is 260—fold greater than that of B['*FIFMOX [167].
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To better understand this unsuccessful trial, Jonson et al. [271]
studied the rates of metabolism of ['*F]FES and B['*FIFMOX in
isolated hepatocytes of the rat, baboon, and human, and examined
the effect that SHBG, which is present in humans and primates but
not in rats, might have on these rates and possibly in the relative
target tissue uptake of these two compounds.

The trend seen in the metabolic rate differences of B[IRF]FMOX
and ['®F]FES, between the different species, provided some expla-
nation for the poor results of the clinical PET studies. In immature
female rat hepatocytes, the animal model in which B['*FIFMOX
displays better target tissue ui})take efficiency, ['*F]FES is metabo-
lized 31 times faster than B[1 FJFMOX. However, in other the ani-
mal models, this differential in metabolism rate is not so large:
Baboon and human hepatocytes metabolized ['*F]JFES 2 times
faster than B[”‘F]FMOX. Thus, based on these hepatocyte studies,
the authors have concluded that in human, where B[IRF]FMOX does
not act as an ER imaging agent, its metabolic rate is not much dif-
ferent than that of ['*F]FES, whereas in rats, where its target tissue
uptake is very high, p['*FIFMOX metabolism is much slower than
that of ['*F]FES.

Initial studies on factors affecting target site uptake of estrogens
anticipated that binding to non-receptor binding proteins, such as to
SHBG, would reduce target uptake and most of the steroid-based
imaging agents have been designed in a way to fulfil this pattern
[272]. However, subsequent findings have shown that actually
SHBG facilitates the delivery of estrogens to ER-rich tissues, while
protecting them from metabolism [273-275]. Also, an inverse rela-
tionship between a compound’s affinity for SHBG and its rate of
metabolic clearance has been observed, suggesting that a high bind-
ing affinity for this protein might in fact be desirable [276]. Accord-
ing to Jonson the very high target tissue uptake observed with
Bl SFIFMOX in the rat, which lacks SHBG, is the result of its
slower metabolism in this species. However, this differential is lost
in primates and humans, where the presence of SHBG selectively
protects ['*F]JFES from metabolism and, presumably facilitates the
delivery of this compound to target tissues in a more effective way
[271].

4,16a-["* FIDifluoro-118-methoxyestradiol (4-F/" FIMFES)

Introduction of fluorine at C-2 or C-4 of the estradiol A-ring
decreases the rate of metabolism by blocking the formation of
catechol estrogens, one of the major metabolic pathways of estra-
diol [277]. Seimbille et al. [249] hypothesized that adding a fluo-
rine at either the 2- or 4-position of ['®F]FES should prolong its
blood circulation time, and, consequently, improve its localization
in ER-rich target tissues. Thus, a series of ['"*F]FES derivatives,
substituted with a fluorine atom at C2 or C4, with or without an
11B-OMe group (21-24, Fig. 11) were prepared, and their binding
affinities for the ER and for different serum proteins, including
SHBG and rat alphafeto-protein (AFP), were evaluated. Labelling
at the 16a-position was accomplished via nucleophilic substitution
with ["*F]F on the reactive 16P,17B—cyclic sulfate intermediates
described for the preparation of [ *F]FES (Scheme 8).

Substitutions with 4-F showed little effect on binding affinities.
Addition of a 2-F decreased ER and AFP-binding affinities while
augmenting the affinity for SHBG. 11B-OMe substitution decreased
all binding affinities, particularly to AFP and to SHBG. In contrast,
biodistribution of the corresponding 160-['*F]fluoro analogs in
immature female rats revealed that the presence of the 118-OMe
group improved ER-mediated uterus uptake, with the 4,160-
[le]diﬂuoro-lIB—methoxyestradiol 24 (4—F[18F]MFES) showing
the highest uterus uptake and the highest uterus/blood and
uterus/nontarget ratios at 1h post injection. These data suggested
that the concomitant addition of 4-F and 11B-OMe group might
improve the potential of ['*F]FES for ER imaging of breast tumours
by PET [249].
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Fig. (11). Chemical structures of 2/4-fluoro-16a-["*F]fluoroestradiols de-
rivatives [249].

Subsequent biodistribution studies conducted by Benard's
group with 4-F['*F]MFES in ER+ tumour-bearing mice also dem-
onstrated its high uptake by mammary tumours. Tumour uptake
was blocked by co-injection with estradiol suggesting a receptor-
mediated mechanism [278]. Due to the favourable biodistribution of
4-F['*FIMFES observed in animal model and the higher tar-
get/nontarget uptake ratios achieved when compared to ['*F]FES
[249, 278], the same group carried out subsequent biodistribution,
dosimetry and safety studies in healthy women [38]. 4-F['*F]MFES
exhibited significant, ER-mediated, uterus uptake in pre- and post-
menopausal patients This finding which is in agreement with small-
animal experiments, further highlights the potential of 4-F['*F]
MFES for ER imaging in breast cancer patients. 4-F['*FIMFES
might be considered safe for human use and its effective dose, cal-
culated at 4.2 mSv for a typical injected dose of 185 MBq, is within
the acceptable radiation dose limits and should allow good image
quality using standard whole-body PET acquisition protocols. The
critical organ was the gallbladder (0.80 mGy/MBq), but the rela-
tively high absorbed dose could potentially be reduced if adminis-
tered to a non fasting patient.

Preliminary data from a Phase II trial suggest that 4-
F["*FIMFES can successfully detect ER-positive breast cancer in
patients, with higher tumor-to-background ratio relative to ['°F]
FES-PET [279].

Other Fluorinated Ligands

To develop better PET scanning agents, also many other fluo-
rine-18 labelled steroidal and non-steroidal molecules (e.g. '‘°F-
hexestrols, '*F-fluorocyclofenils) have been synthesised for ER
imaging [46-48].

It is well known from previous studies that a 7o-methyl sub-
stituent may increase the binding affinity of estradiol to the estro-
gen receptor [280]. Thus, to evaluate whether a 7o-methyl would
improve the in vitro binding characteristics and the in vivo tissue
distribution of ['®F]-labelled estrogens, VanBrocklin er al. [281]
prepared four '*F labelled analogues of 7a-methylestradiol, namely
7o-methyl-160-['*F]fluoro-17p-estradiol 25, 7a-methyl-16p-["°F]
fluoro-17p-estradiol 26, 7o-methyl-1 60.-["*F]-1 7o-ethynyl-17p-es
tradiol 27 and 7o-methyl-16B-['*F]-170-ethynyl-17p-estradiol 28
Fig. (12). In this series, the 7a-methyl substituent did raise the ER
binding affinity and also decreased non-specific binding considera-
bly. The tissue biodistribution profile of these compounds was simi-
lar to that of the corresponding fluoroestradiols lacking the 7o-
methyl substituent. However, the ethynyl analogues might even be
more useful for imaging tissues or tumours with low receptor con-
centrations, due to the unusually high specific uptake observed in
secondary target tissues.

Based on previous investigations that demonstrated a marked
influence of an 11-ethyl substituent on estrogen receptor binding
[195, 282, 283] Hanson et al. [285] prepared 11B-fluoroethylestra
diol 29 Fig. (13), which has shown a much greater ER affinity than
estradiol itself (1820% vs 100%). Furthermore, placement of the
fluoro substituent on the 11B-ethyl moiety in the estradiol molecule
avoids the moderate reduction of estrogen receptor binding ob-
served, when the fluoro substituent is introduced in the 16a posi-
tion.
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Fig. (12). Chemical structures of 7o-methyl-160/B-['*F]fluoroestradiols and
the corresponding ethynyl analogues [281].
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Fig. (13). Chemical structures of 11B-['*F]fluoroalkylestradiol derivatives
[249].

These encouraging results led French et al. [285] to prepare a
number of ['®F]-labelled 11B-fluoroalkyl- and 11pB-fluoroalkoxy
substituted estradiols to investigate the effect of the nature of the
steroid-radiolabel linkage at the substituent-tolerant 11(3-position
(by an alkyl or an ether function) on the biological behaviour of
these compounds Fig. (13). The 11B-fluoroethyl 29, 11B-fluoro
propyl- 30 and 11B-fluorobutyl estradiol 31 analogues all possessed
higher ER binding affinities than ['*F]FES itself, which reflects the
tolerance of the 11B-position for bulky, lipophilic substituents. The
more hydrophilic substituents, as present in 11B-fluoroethoxy 32
and in 11B-fluoropropoxy 33, led to reduced receptor binding af-
finities when compared to the lipophilic derivatives. However, the
combination of the 11B-fluoroethoxy with a 17a-ethynyl group as
in 34 was well tolerated by the estrogen receptor. Tissue biodis-
tribution data revealed that, apart from the 11B-fluoropropoxy de-
rivative, all the compounds showed uterus selective uptake. This
lack of selectivity could be explained by its rapid metabolism and
low ER affinity. In general, the uterus uptake of the fluoroalkyl
estrogens was greater than that of their fluoroalkoxy counterparts.
Nevertheless, the inherent lipophilicity of the alkyl estradiols led to
some undesirable uptake in non-target tissues as well as in adipose
tissue. The level of bone uptake, as index of metabolic defluorina-
tion, varied greatly among the series, suggesting that structural and
functional features appear to affect the rate and/or extent of meta-
bolic defluorination. Taking together all available data from this
study, it can be assumed that the nature and length of the linkage
affects the uterus uptake and metabolic defluorination in a way that
can be correlated with their ER binding affinity, lipophilicity and
susceptibility to defluorination.

To improve the pharmacokinetics of fluorine-18 labelled estro-
gens, Hostetler et al. [136] synthesised 2-["®F]fluoroestradiol,
known to have a reasonable ER affinity and also to bind very well
to SHBG. However, [le]F' incorporation into the electron-rich
phenolic A-ring of estradiol proceeded in low radiochemical yield.
As far as we know, no further studies with this tracer have been
reported to date.

The syntheses of three fluorine-18 labelled analogues of ful-
vestrant Fig. (14), a pure ER antagonist, have also been reported
[286]. The labelling was performed at the 16-position of fulvestrant,
in a similar manner as reported for the synthesis of ['®F]FES [146,
246]. Each derivative corresponded to a different oxidation state of
the sulfur atom within the chain at the 7-position, including sulfox-
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ide 35, sulfone 36 or sulphide 37, where the former was identical to
fulvestrant. The potential of these new mimics of fulvestrant to
serve as improved radiopharmaceuticals for PET imaging of ER+
target tissues and to predict the response of breast cancer to hormo-
nal therapy was evaluated in an animal model. Although 16a-
['®F]fulvestrant and its sulphur and sulphide analogues were pre-
pared in good yields and high specific activity, the addition of a
16a-fluorine to fulvestrant resulted in a dramatic decrease in the ER
binding affinity (16a-fluoro-fulvestrant=1.01%, fulvestrant=89%,
relative to estradiol) [287]. Changes in the oxidation state of the 7-
side-chain sulphur atom of fulvestrant to give 36 and 37 did not
significantly affect the apparent RBA of 35 for the ER (0.46 for 36
and 1.40 for 37). Since these tracers likely bind to a specific, satur-
able and relative high-affinity binding site other than the classical
ER binding site, these low binding values may in fact be misleading
as to their potential affinity for the ER [288]. However, tissue bio-
distribution data of the three PET-mimics of fulvestrant in imma-
ture Sprague-Dawley female rats revealed low ER-rich target tissue
uptake (1.83-3.37 %ID/g), i.e., only one-third or less of the uterine
uptake previously observed with [*F]FES, whereas the nonspecific
uptake values were definitely higher than those of ['*F]FES.
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Fig. (14). Chemical structure of '*F-fulvestrant and its sulphur and sulphide
analogues [285, 287].

Also, non-steroidal antiestrogens have also been synthesised for
ER imaging by means of PET. Thus, tamoxifen 38 Fig. (15), the
most commonly used drug for endocrine therapy, has been ra-
diofluorinated for ER imaging by PET [289, 290]. Inoue ef al. [291]
in a preliminary clinical trial within ER+ breast cancer patients,
have found a good correlation (>71.4%) between tumour imaging
with ["®F]fluorotamoxifen 39 and tumour response to antiestrogen
therapy with tamoxifen. Therefore, this tracer has proven to be a
valuable tool through PET imaging to predict the responsiveness of
ER+ breast tumours to tamoxifen therapy. However, further studies
are still needed to establish its clinical usefulness.

\N/\/O O \N/\/O
| P cy |

Tamoxifen (38)

['8F) Tamoxifen (39)

Fig. (15). Chemical structure of tamoxifen and [**F]fluorotamoxifen [289,
290].

Although a number of estradiols labelled with the SPECT radi-
onuclide bromine-77 have been prepared and evaluated, especially
in terms of their potential for selective radiotherapy [292-295], their
use in imaging studies, particularly in humans, has been more lim-
ited [293]. While promising early results in animals and humans
have suggested the potential of 160-["’Br]bromoestradiol as a
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SPECT imaging agent [292, 293, 295], to the best of our knowl-
edge, attempts to develop a labelling approach for PET imaging
using "°Br have not yet been reported in the literature.

5.1.2. Carbon-11 Ligands

The perspective of using the shorter-lived, positron-emitting ra-
dionuclide carbon-11 for labelling estradiol derivatives has also
been considered. However, the logistical problems encountered in
the preparation of estrogens labelled with a short-lived isotope are
considerable, so that this route has not been extensively explored.
The half-life and achievable specific activity of carbon-11, as well
as the demands of detection in vivo must be taken into account to
evaluate the capacity of carbon-11-labelled analogues as estrogen
receptor binding radiopharmaceuticals.

The preparation of 170-[''Clethynylestradiol 40 and 11p-
methoxy—l70(—[“C]ethynylestradiol (170&—[“C]moxestrol, 41 Fig.
(16) was reported by Vaalburg et al. [296, 297]. 170-Ethynyl estra-
diol and moxestrol are known to be very potent estrogens that bind
to the estrogen receptor with high affinity and stimulate uterine
growth [262]. Feenstra et al. [266] used the titriated analogues to
investigate the potential of carbon-11 labelled 17ca-ethynylestradiol
and moxestrol as ER-binding radiopharmaceuticals. Because of the
low half-life of carbon-11, the tissue distribution of the tritiated
compounds was determined at 15-45 min after administration.
Within this period both compounds showed an ER-specific biodis-
tribution in immature female rats and in rats bearing DMBA-
induced mammary tumours, which suggested that the use of car-
bon-11 labelled estrogens for in vivo studies would not be pre-
vented by its low half-life. However, the achieved low specific
activity of these ''C radiopharmaceuticals (5-10 Ci/mmol) was still
too low for a reliable detection of tumours.
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Fig. (16). Chemical structures of ''C-labelled ethynylestradiol and mox-
estrol [296, 297].

Napolitano et al. [206, 298] investigated the structure-affinity
relationship of a number of estrogen derivatives that could be la-
belled readily with carbon-11. This, together with previous studies,
has shown that small groups are well tolerated in the 17a-position
of the estradiol framework, and with some of them enhanced ER
binding affinity has been found [30]. 170(—[“C]Methylestradiol 44
(Scheme 9) has been prepared [299], albeit with low specific activ-
ity, and its tritiated analogue was investigated, as a model com-
pound, in mature female rats and in rats bearing DMBA-induced
mammary tumours [300]. Even with a low specific activity, the
tritiated compound showed high uterine uptake and high
uterus/blood ratio, suggesting that the ''C-labelled analogue could
be regarded as a potential radiopharmaceutical for in vivo imaging
of estrogen receptors. Therefore, 170-methylestradiol was selected
for labelling with C-11 at high specific activity [301]. Subse-
quently, 170-["'C]methylestradiol 44 and its derivative, 11B-ethyl-
170-["'Clmethylestradiol 45 (Scheme 9) were prepared, in high
specific activities (300-1000 Ci/mmol) [302]. The choice of label-
ling a derivative bearing an ethyl group at this position was made,
because it is well known that this substitution increases the ER
binding affinity [177, 298]. Both compounds showed favourable
RBA values, comparable to FES. In as short as 20 min, both com-
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pounds accumulated selectively in the uterus and ovaries of imma-
ture female rats, and this uptake was found to be receptor-mediated.
At 40 min, both compounds showed an even higher total uptake and
increased uptake selectivity by the target tissues than at 20 min. The
animal biodistribution studies indicated the potential use of these
ligands for estrogen receptor targeting.
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Scheme 9. Chemical structures of 170L-[”C]methylestradiol and 11pB-ethyl-
170-["' Clmethylestradiol [301].

These results were sufficiently encouraging to prompt further
evaluation of these and related compounds as tumour imaging
agents of estrogen-rich malignant tissues. However, the clinical
potential of these ligands will require the consistent preparation of
products with higher specific activity, since the highest specific
activity possible may be required to optimise the contrast between
tumour and non-tumour tissue over relatively short imaging times.
Later, the radiosynthesis of 170-(3’-["'C]prop-1-yn-1-yl)-3-me
thoxy-3,17p-estradiol 47 was accomplished via a modified Sonoga-
shira-like reaction for the labelling of the terminal alkyne group of
mestranol 46 with [''C]methyl iodide (Scheme 10). This reaction
allows for the convenient coupling of readily available ["'C]methyl
iodide to terminal alkynes and proceeds in sufficient radiochemical
yield and in short reaction times. However, the achieved specific
activity was still low (between 220 and 513 Ci/mmol), and no bio-
logical data has been presented [303].

OH _ OH IICH,4
W= =

[''CICH;l
_—
[Pd)
H;CO H;CO

ot

46 47

Scheme 10. Radiosynthesis of 17a-(3’-["'C]prop-1-yn-1-yl)-3-methoxy-
3,17B-estradiol [303].

5.2. Progesterone Receptor Ligands

5.2.1. Fluorine-18 Ligands
21-[** F[Fluoro-16a-ethyl-19-norprogesterone ([ FIFENP)

Progesterone receptor-based agents have not been as intensively
studied as estrogen receptor ligands, but a number of fluorine-18-
labelled progestins have been prepared and evaluated. 21-['*F]
fluoro-16ai-ethyl-19-norprogesterone 48 (['*FIFENP) was the first
progestin to be labelled and has been the most studied to date Fig.
(17). ['|FIFENP is a fluoro substituted analogue of the potent high
affinity progestin ORG2058 49 (16a-ethyl-21-hydroxy-19-nor
pregn-4-ene-3,10-dione) in which the 21-hydroxyl group is re-
placed by a radiofluorine atom [234]. ['®F]FENP is a potent pro-
gestin, possessing a high binding affinity (60 times that of proges-
terone) for the progesterone receptor (700% relative to
R5020=100%) [304].

Biodistribution studies in estrogen-primed rats showed highly
selective and receptor-mediated uterine uptake and excellent
uterus/blood and uterus/muscle ratios. Also, considerable activity
was observed in the liver and kidney, which is consistent with or-
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gans associated with metabolism and routes of excretion of steroids
in rodents [175]. Furthermore, significant uptake was found in
bone, resulting from the metabolic generation of the ['°F] fluoride
ion, and in fat. Fat uptake, which is observed with lipophilic com-
pounds, is considerably greater with ['*F]JFENP than that previously
encountered with the less lipophilic '®F-labelled estrogens [119].
Since adipose tissue constitutes a significant fraction of the breast
tissue, this high fat uptake might reduce the selectivity of the recep-
tor-mediated uptake in progesterone receptor-positive breast tissue.

18p OH

o) (@)
48 49

Fig. (17). Chemical structures of ['*FJFENP and ORG2058 [234].

Owing to its favourable features, Dehdashti et al. [177] used
['®F]FENP for imaging progesterone receptors in eight patients with
primary breast carcinoma. Despite of the good results obtained in
the animal model [175], only 50% of PR-positive tumours were
identified. Moreover, it appeared that the uptake of the tracer was
not correlated with the tumour progesterone-receptor levels. These
findings, together with the low target-to background ratio and
metabolic defluorination leading to high bone uptake, excluded the
possibility of using ['*F]FENP for PR imaging in humans.

The main issues associated with ['*F]JFENP were found to be
correlated with its lipophilicity and high metabolic liability. The
high lipophilicity resulted in elevated uptake in adipose tissue and
increased liver uptake in animal biodistribution studies leading to
greater metabolite production in human studies. The susceptibility
of the C-21 position to metabolic scission of the radiolabel and the
reduction of the C-20 keto group, which occurs rapidly in humans,
but is not observed in rats, and results in an inactive 20-hydroxy
steroid metabolite [177, 178], also contributed to its failure to give
satisfactory images of progesterone receptor-positive tumours in
humans. Moreover, considerable defluorination was observed, sug-
gesting that the C-21 position was also prone to hydroxylation.

(218)-/** F]Fluoro-R5020 and (21R)-[**F]fluoro-R5020

Progesterone does not show selective uptake and retention by
target tissues, such as the estrogen-primed tissue of the rat [305],
seemingly because its PR affinity is too low (13% relative to
R5020=100%) and it is high lipophilic (log P,=3.87) [306]. How-
ever, Carlson et al. [305] found that some high affinity synthetic
progestins, such as ORG2058 49 (200%, relative to R5020) and
R5020 52 (promegestone, 170,21-dimethyl-19-nor-4,9-pregna di-
ene-3,20-dione) did show selective uptake and retention by target
tissues. These findings indicated clearly that in order to obtain ade-
quate contrast between target and non-target tissues in dynamic
uptake studies PR ligands with affinities significantly greater than
that of the natural progesterone were required.

Thus, two analogues, (215)-["*F]fluoro-R5020 50 and (21R)-
['*F]fluoro-R5020 51, of the potent, high affinity progestin R5020
[233] were also prepared in '8F labelled form [176] Fig. (18). The
epimeric fluoro analogues (215)- and (21R)-fluoro R5020 displayed
binding affinities lower than that of ORG2058 and R5020 (45% and
11%, respectively, relative to R5020=100%).

The tissue biodistribution of the labelled compounds was evalu-
ated in estrogen-primed immature rats, with the high affinity 215-
fluoro-R5020 50 showing some uterine selective uptake, but little
prolonged retention, while the low affinity 21R-stereoisomer 51 led
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to no selective uptake. Both compounds displayed high bone up-
take, resulting from metabolic defluorination.

50 51 52

Fig. (18). Chemical structures of (215)-["*F]fluoro-R5020, (21R)-["*F]-
fluoro-R5020 and R5020 [233].

Radiofluorinated 16,17 a-fluoroacetophenone ___ketals __ of
16a,17a-dihydroxy progesterone and 160,17 ¢,21-trihydroxy-19-

norprogesterone

The failure of ["*F]JFENP in human model has suggested the use
of more metabolically stable imaging agents in order to prevent
defluorination. Early reports by Fried et al. [307] have shown that
the addition of a 160,170-dioxalane system into the pregnadienone
nucleus gave compounds that were potent progestins. In particular,
16a,-170-dihydroxyprogesterone acetophenide 53 Fig. (19) was
reported to be twice as potent as progesterone in parenteral activity
[308].

(0]

Fig. (19). Chemical structure of 16a,-17a-dihydroxyprogesterone acetophe-
nide and of 16a,l70-fluoroacetophenone ketals of 160,170~
dihydroxyprogesterone and  160,170,21-trihydroxy-19-norprogesterone
labelled with fluorine-18 [304].

The aromatic ring of 53 provides an attractive site for radiola-
belling, as literature precedent suggested that the aryl carbon-
fluorine may be metabolically stable [309, 310]. This, together with
the findings from Kym et al. [311] that progestin derivatives having
bulky substituents at the 16o and 170-positions bound to the PR
with comparable or higher affinities than the natural ligand, proges-
terone, determined that the progesterone receptor might be tolerant
to substituents projecting behind the D-ring.

Hence, Kochanny ef al. [304] described the preparation of two
fluorine-substituted progestins, the 160,17a-fluoroacetophenone
ketals of 160,170-dihydroxyprogesterone, (160,170-[(R)-1-(4-
['*F]fluorophenyl)-(ethylenodioxy)]-pregn-4-ene-3,20-dione 54 and
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160,170,21-trihydroxy-19-norprogesterone  (16a,170-[(R)-1"-(4-
['*F]fluorophenyl)-(ethylenodioxy)]-2 1-hydroxy-19-norpregn-4-ene
-3,20-dione 55 Fig. (19), that were designed to avoid defluorination
by placing the radiolabel on the phenyl ring of the acetophenone
ketal system.

Both compounds demonstrated high binding affinity for the
progesterone receptor (53% and 240%, respectively, relative to
R5020=100%). In tissue biodistribution studies in estrogen-primed
immature female rats, both ketals showed selective uterine uptake,
which was blocked by coinjection of a saturating dose of the unla-
belled progestin ORG 2058. Moreover, the low bone radioactivity
levels suggested metabolic stability. Both compounds exhibited
high fat uptake in agreement with their relative high lipophilicities
(log P,,=4.05 and 5.71, respectively). However, the selective up-
take and the metabolic stability of these 16a,17a-fluoroaceto phe-
none ketals suggested that analogs of these compounds with re-
duced lipophilicities might be promising for in vivo imaging of
progesterone-positive breast tumours.

21-[FIfluoro-16 0,17 at-c-[(R)-1’at-furylmethylidene)-dioxy |-
19-norpregn-4-ene-3,20-dione (["* FIFFNP)

While the 160.,170a-fluoroacetophenone ketals 54 and 55 were
rather inert towards metabolic defluorination, their lipophilicity was
still quite high, and consequently the efficiency and selectivity of
their in vivo target tissue uptake were only moderate. The incorpo-
ration of a bulky substituent, such as the 160.,170.-dioxolane system
in this series of compounds, suggested, however, that this structure
might block the metabolism, presumably by protecting the C-20
ketone from reduction by 20-dehydrogenases [178, 312].

Based on these observations, Buckman et al. [306] prepared a
series of seven novel 16a,17a-(furanyldioxalanes) that offered the
possibility of reduced lipophilicity compared to the acetophenone
ketals. Two progestins incorporatin% a furanyl acetal and a furanyl
ketal at the 160.,170-position, 21-[ 8F]ﬂuoro—l60&,170&-0&—[(R)-1’OL-
furylmethylidene)-dioxy]-19-norpregn-4-ene-3,20-dione 56 (['*F]
FFNP) and 21-["®F]fluoro-160:,170-0-[(R)-1’0-furylethylidene)-
dioxy]-19-norpregn-4-ene-3,20-dione 57 respectively Fig. (20)
were chosen for labelling with fluorine-18 at the 21-position on the
basis of the high PR relative binding affinity (190% and 173%,
respectively, relative to R5020=100%) of their fluorinated counter-
parts.

56 57

Fig. (20). Chemical structures of 21-"*F-labelled progestins incorporating a
furanyl acetal (["F]JFFNP) and a furanyl ketal at the 160,170-position
[306].

From in vitro studies, these compounds were also shown to
have low lipophilicity (log P,=3.87 and 4.13, respectively) and
low non-specific binding. The observed reduction in lipophilicity
due to the change from phenyl to furan compensates for the loss of
lipophilicity resulting from radiolabelling at the C-21 position by
replacing the C-21 hydroxyl with the fluorine-18 (log P,y ORG
2058=4.02 and log P, FENP=4.66).

In tissue distribution studies in estrogen-primed immature fe-
male rats, both compounds demonstrated high progesterone recep-
tor-selective uptake in the uterus and ovaries, and relatively low
uptake in fat and bone. The 21-position in these progestins appeared
to be less prone to metabolism than that in other 21-fluoro pro-
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gestins [177, 178], which might reflect a sterically induced inhibi-
tion of metabolism at this site due to the bulk of the furan-
substituted dioxolane ring at the 16a.,170-position.

Lately, a first-in-human study was designed to evaluate the
safety and dosimetry of ['®F]FFNP as well the feasibility of imag-
ing progesterone receptors in breast cancer patients [39]. Twenty
patients with 22 primary breast cancers (16 PR-positive [PR+] and
6 PR-negative [PR-]) were evaluated by whole-body PET, and the
results were correlated with ER and PR status. The maximum stan-
dardized uptake value of ['®F]FFNP in the tumour was not signifi-
cantly different in PR+ and PR- cancers (2.5 £ 0.9 vs. 2.0 £ 1.3),
but the tumour-to-normal breast (T/N) ratio was significantly
greater in the PR+ cancers (2.6 + 0.9 vs. 1.5 £ 0.3). This study de-
termined that PET imaging with ['*F]JFFNP might be a safe, non-
invasive means for evaluating tumour PRs in vivo in breast cancer
patients. The relatively small doses absorbed by normal organs
allow for the safe injection of up to 440 MBq of the radiopharma-
ceutical.

4-/"* F]Fluoropropyl-Tanaproget (['* FIFPTP)

Recently, a fluorine-18 labelled analogue of Tanaproget 58, a
nonsteroidal progestin initially developed by Wyeth Pharmaceuti-
cals [313], with very high PR binding affinity (151% relative to R
5020=100%) and low affinity for androgen and glucocorticoid re-
ceptors [314] was prepared, and its biological profile was studied in
estrogen-primed rats to evaluate its potential for imaging PR status
in breast cancer patients [315] Fig. (21).

ve— ) ne— | F
) ¢ i
N/gs N/gs
H H
58 59

Fig. (21). Chemical structures of Tanaproget and ["*F]FPTP [315].

In biodistribution studies, the target tissue uptake of 4-
[18F]ﬂuoropropyl-Tanaproget 59 (['SF]JFPTP) was high at both 1
and 3 h (uterus, 4.55 and 5.26%ID/g; ovary, 2.32 and 2.20%ID/g,
respectively) and was blocked by co-injection of excess unlabelled
compound. Uterus/blood and uterus/muscle activity ratios were 9.2
and 5.2 at 1 h and 32 and 26 at 3 h, respectively. The target tissue
distribution of ['*F]FPTP compared favourably to that of labelled
steroidal progestins ['*F]FENP and ['3F]FFNP. Its high target tissue
uptake efficiency and selectivity, and prolonged retention, sug-
gested its potential as a PET imaging agent for PR-positive breast
tumours. Although [le]FPTP does not have biodistribution features
in rat model that are significantly better than those of ['*F]FENP
and ["*F]FFNP, it shows other favorable characteristics that should
be considered for its further development. Being a nonsteroidal
progestin ['"*F]FPTP would not be a substrate for the 20-
hydroxysteroid dehydrogenase found in human blood and responsi-
ble for the failure of ['*FJFENP in humans [178] despite its favour-
able biodistribution in the rat model [175]. ['*F]FPTP is a chiral
compound and thus far has been 8prepared and studied only as a
racemate. Probably one of the ['"®F]JFPTP enantiomers will have
higher binding affinity than the other and thus the high-affinity
isomer might have more favourable biodistribution properties. The
authors are currently developing methods to separate and/or prepare
selectively the [le]FPTP enantiomers and further studies are
planned with these compounds in other animal models.

6a-["*Flfluoroprogesterone

The C-6 position is a site where alkyl and halogen substitution
in high potency progestins (e.g., DU41165, chlormadinone, meges
trol, medroxyprogesterone acetate) is well tolerated. Based on pre-
vious observations that 60.- and 21-fluoroprogesterones have equal
or even higher relative binding affinity values than progesterone
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[228], Choe et al. [316] have synthesised 60.-['*F]fluoro progester-
one 60 in high specific activity Fig. (22).

(0)

F
60

Fig. (22). Chemical structure of 6a.-["*F]fluoroprogesterone [316].

Tissue distribution studies in estrogen-primed female rats dem-
onstrated low uptake by the uterus, low target tissue uptake selec-
tivity, and high uptake in fat. These findings, together with a high
uptake observed in the bone, which indicates extensive metabolic
defluorination, suggested that in the design of potential imaging
agents for the progesterone receptor, the C-6 position of a progestin
may not be a good site for labelling with fluorine-18.

5.2.2. Bromine-76 Ligands

Although a number of steroids labelled with bromine radioiso-
topes have been prepared [265, 292-295] their use as imaging
agents, particularly in humans, has been more limited [293]. How-
ever, these agents have been well studied in terms of their potential
in selective radiotherapy due to their favourable characteristics as
Auger electron-emitters [317-319]. Auger electron-emitting halo-
gens, such as bromine-76, decay with a significant amount of posi-
tron emission, a characteristic that allows for diagnostic PET imag-
ing to be used to complement their use in radiotherapy. The half-
life of bromine-76 is sufficiently long to permit target tissue-
selective distribution, while being sufficiently short so that the bulk
of the dose can be delivered to the tissue prior to metabolism and
elimination of the radiopharmaceutical.

Based on what is known about the structure-affinity relation-
ships of PR ligands, a good candidate molecule for labelling with
bromine or iodine should have a skeleton related to ['*F]JFFNP 56
Fig. (20) [306]. Due to its favourable pharmacokinetic and pharma-
codynamic features ['*F]JFFNP appeared to have promise as a PET
imaging agent, and continues being developed for that purpose.

Thus, a series of bromine-substituted 16a,17a-dioxolane pro-
gestins, based on ['®F]FFNP 56 Fig. (20) [306] and on its analogue
57 Fig. (19) [304], have been synthesized by Zhou et al. [320].
Among this series, 16a,170-[(R)-1’-a~(5-bromofurylmethylidene)
dioxyl]-21-hydroxy-19-norpregn-4-ene-3,20-dione 61 appeared to
be the most promising with good relative binding affinity to PR
(65% relative to R5020=100%) and moderate lipophilicity (log Py
=5.09).

(6}

(0)

Fig. (23). Chemical structure of 16a,17a-[(R)-1’-0~(5-bromofuryl-

methylidene)dioxyl]-21-hydroxy-19-norpregn-4-ene-3,20-dione [320].
160,170a-[(R)-1 ’—(1—(5-[76Br]Bromofurylmethylidene)dioxyl]-

21-hydroxy-19-norpregn-4-ene-3,20-dione 63 (Scheme 11) was
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Scheme 11. Radiosynthesis of 16a,170-[(R)-1’-a-(5-[*Br]bromofurylmethylidene) dioxyl]-21-hydroxy-19-norpregn-4-ene-3,20-dione via acetalization with a

prosthetic group [151].

successfully synthesized via a two-step reaction and its tissue bio-
distribution and metabolic stability were evaluated in estrogen-
primed immature female Sprague-Dawley rats. The synthesis of the
tributyltin precursor for direct labelling via electrophilic substitu-
tion failed to provide the desired product. Thus, a two-step synthe-
sis was adopted from a previously reported method [304] which
relies on the use of a radiobrominated furfural prosthetic group 6
(Scheme 6) and further acetalization with the triol 62 (Scheme 11).
Under acid catalysis a mixture of two radiobrominated furanyldiox-
alanes was obtained, corresponding to both endo and exo isomers.

The radiobrominated analogue demonstrated high PR-mediated
uptake in the target tissues, uterus and ovaries, that was blocked by
excess of unlabelled progestin. Uptake in non-PR target tissues,
however, was not low, especially at early times. This high, initial
non-specific uptake is probably due its high lipophilicity compared
to that of ['F]JFFNP. The radioactivity in blood and muscle was
also relatively high because of its high lipophilicity and the subse-
quent formation of metabolites and may cause problems for imag-
ing and radiotherapy. Also, 63 was metabolized quickly in the liver,
but not in the blood, to form a more polar radioactive unidentified
metabolite and free ["*Br]bromide.

Thus, despite the favourable initial biodistribution, the subse-
quent metabolism of 63 precluded its application as a potential
imaging agent and as a radiotherapeutic agent, which would require
specific and prolonged target tissue retention [151].

CONCLUDING REMARKS

PET imaging is a clear advance in the approach to staging and
monitoring breast cancer, offering better accuracy than conven-
tional imaging in the identification of metastatic disease, both in the
initial staging and in follow-up of the disease. While evaluation of
ER or PR levels in human breast tumours is currently obtained in
vitro by immunohistochemical assays, there is great interest in de-
veloping methods to determine these levels by in vivo PET imaging,
which could potentially assess receptor densities at all tumour sites,
simultaneously and noninvasively. This data could be used to select
patients most likely to benefit from endocrine therapies, thereby
sparing some the morbidity of radiation and chemotherapy. Forth-
coming refinements in scanner technology and development of
novel radiopharmaceuticals will probably result in better detection
of smaller lesions. Dedicated breast PET/CT or PET/mammography
units show promise in improved detection in primary breast cancer,
while also providing a method for image guided biopsy. Current
research on the molecular basis of cancer will likely provide new
agents that may better identify tumours not well imaged by FDG.

In conclusion, taken together, the studies described to date, in-
dicate that radiolabelled estradiol derivatives are suitable tracers to
determine the ER status in breast cancer patients. A variety of ER
imaging agents have been and continue to be developed and tested,
and clinical PET imaging of ER in breast cancer using ['*F]FES is
quite advanced. An advantage of ['*F]FES over iodinated tracers is
that it allows quantitative measurement of ER density and occu-

pancy, which may be useful for therapy evaluation and drug devel-
opment. Thus far, however, only limited progress has been made
with PET imaging of PR.

CONFLICT OF INTEREST

The author(s) confirm that this article content has no conflicts
of interest.

ACKNOWLEDGEMENTS

G. R. M. thanks FCT for the “Ciéncia 2008” programm. Dr
Lurdes Gano is thanked for useful discussions.

REFERENCES

[1] Veronesi, U.; Boyle, P.; Goldhirsch, A.; Orecchia, R.; Viale, G. Breast
cancer. The Lancet, 2005, 365, 1727-1741.

[2] Pitot, H.C. The molecular biology of carcinogenesis. Cancer, 1993, 72(S3),
962-970.

[3] Beatson, G.T. On the treatment of inoperable cases of carcinoma of the

mamma: suggestions for a new method of treatment with illustrative cases.
Lancet, 1896, 2, 104-107.

[4] Dodds, E.C.; Golberg, L.; Lawson, W.; Robinson, R. Oestrogenic activity of
certain synthetic compounds. Nature, 1938, 141, 247-248.

[5] King, R.J.B.; Gordon, J. The localization of [6,7-3H]oestradiol-17p in rat
uterus. J. Endocr., 1966, 34, 431-437.

[6] Stumpf, W.E. Subcellular distribution of 3H-estradiol in rat uterus by quanti-

tative autoradiography: a comparison between 3H-estradiol and 3H-
norethynodrel. Endocrinology, 1968, 83, 777-782.

[7] Toft, D.; Gorski, J. A receptor molecule for estrogens: isolation from the rat
uterus and preliminary characterization. Proc. Natl. Acad. Sci. USA4, 1966,
55,1574-1581.

[8] Jensen, E.V.; De Sombre, E.R. Estrogen-receptor interaction. Science, 1973,
182,126-133.

[9] Harper, M.J.K.; Walpole, A.L. Contrasting endocrine activities of cis and
trans isomers in a series of substituted triphenylethylenes. Nature, 1966, 212,
87.

[10] McGuire, W.L. Current status of estrogen receptors in human breast cancer.
Cancer, 1975, 36, 638-644.

[11] Lippman, M.E. Steroid hormone receptors in human malignancy. Life Sci.,
1976, 18, 143-152.

[12] Lippman, M.E.; Allegra, J.C. Current concepts in cancer. Receptors in breast

cancer. New Engl. J. Med., 1978, 299, 930-933.
[13] Allegra, J.C.; Lippman, M.E.; Green, L.; Barlock, A.; Simon, R.; Thompson,
E.B.; Huff, K.K.; Griffin, W. Estrogen receptor values in patients with be-

nign breast disease. Cancer, 1979, 44, 228-231.

[14] Edwards, D.P.; Chamness, G.C.; McGuire, W.L. Estrogen and progesterone
receptor proteins in breast cancer. Biochim. Biophys. Acta, 1979, 560, 457-
486.

[15] Keen, J.C.; Davidson, N.E. The biology of breast carcinoma. Cancer, 2003,
97(53), 825-833.

[16] McGuire, W.L.; Horwitz, K.B.; Pearson, O.H.; Segaloff, A. Current status of
estrogen and progesterone receptors in breast cancer. Cancer, 1977, 39,
2934-2947.

[17] Sedlacek, S.M.; Horwitz, K.B. The role of progestins and progesterone
receptors in the treatment of breast cancer. Steroids, 1984, 44, 467-484.

[18] Horwitz, K.B.; McGuire, W.L.; Pearson, O.H.; Segaloff, A. Predicting re-
sponse to endocrine therapy in human breast cancer: A hypothesis. Science,
1975, 189, 726-729.

[19] Sledge Jr., G.W.; McGuire, W.L. Steroid hormone receptors in human breast
cancer. Adv. Cancer Res., 1983, 38, 61-75.

[20] Maass, H.; Jonat, W. Steroid receptors as a guide for therapy of primary and
metastatic breast cancer. J. Steroid Biochem., 1983, 19, 833-837.



Steroid Receptor Ligands for Breast Cancer PET Imaging

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]
[44]
[45]

[46]

[47]

Fisher, B.; Fisher, E.R.; Redmond, C.; Brown, A. Tumor nuclear grade,
estrogen receptor, and progesterone receptor. Their value alone or in combi-
nation as indicators of outcome following adjuvant therapy for breast cancer.
Breast Cancer Res. Treat., 1986, 7, 147-160.

Brandes, S.J.; Katzenellenbogen, J.A. Fundamental considerations in the
design of fluorine-18 labeled progestins and androgens as imaging agents for
receptor-positive tumors of the breast and prostate. Nucl. Med. Biol., 1988,
15,53-67.

Katzenellenbogen, J.A. The pharmacology of steroid radiopharmaceuticals:
specific and non-specific binding and uptake selectivity. In: The Chemistry
and Pharmacology of Radiopharmaceuticals. Nunn, A.D., Ed.; Marcel Dek-
ker: New York, 1992, pp. 297-331.

Katzenellenbogen, J.A.; Welch, M.J.; Dehdashti, F. The development of
estrogen and progestin radiopharmaceuticals for imaging breast cancer. Anti-
cancer Res., 1997, 17, 1573-1576.

Bonekamp, D.; Massoud, T.F.; Gambhir, S.S. Molecular imaging in living
subjects: seeing fundamental biological processes in a new light. Genes &
Dev., 2003, 17, 545-580.

Bai, M; Bornhop, D.J. Recent advances in receptor-targeted fluorescent
probes for in vivo cancer imaging. Curr. Med. Chem,.2012,4742-4758.
Kobayashi, H.; Longmire, M.R.; Ogawa, M.; Choyke P.L. Rational chemical
design of the next generation of molecular imaging probes based on physics
and biology: mixing modalities, colors and signals. Chem. Soc. Rev., 2011,
40,4626-4648.

Bonekamp, D.; Hammoud, D. A.; Pomper, Martin G. Molecular Imaging,
Techniques and Current Clinical Applications. Appl Radiology, 2010, 39
Eckelman, W.C. In: Radiopharmaceuticals. Chemistry and Pharmacology,
Nunn, A. D., Ed.; Marcel Dekker, New York, 1992; Vol. 5, pp. 167-219.
Cummins, C.H. Radiolabelled steroidal estrogens in cancer research. Ster-
oids, 1993, 58, 245-259.

Welch, M.J.; Downer, J.B.; Katzenellenbogen, J.A. Steroid hormone recep-
tors as targets for diagnostic imaging In: Current Directions in Radiopharma-
ceutical Research and Development, Mather S. J., Ed., Kluwer Academic
Publishers Dordrecht, Boston, London, 1996, p. 137-156.

Van de Wiele, C.; De Vos, F.; Slegers, G.; Van Belle, S.; Dierckx, R.A.
Radiolabelled estradiol derivatives to predict response to hormonal treatment
in breast cancer: a review. Eur. J. Nucl. Med., 2000, 27, 1421-1433.
Katzenellenbogen, J.A. In: Handbook of Radiopharmaceuticals. Radiochem-
istry and Applications, Welch, M. J., Redvanly, C. S., Eds.; John Wiley &
Sons, Ltd; Chichester, UK, 2003; Vol. 25, pp 715-750.

Van Den Bossche, B.; Van de Wiele, C. Receptor imaging in oncology by
means of nuclear medicine: current status. J. Clin. Oncol., 2004, 22, 3593-
3607.

Oliveira, M.C.; Neto, C.; Gano, L.; Marques, F.; Santos, I.; Thiemann, T.;
Santos, A.C.; Botelho, F.; Oliveria, C.F. Estrogen receptor ligands for target-
ing breast tumours: a brief outlook on radioiodination strategies. Curr. Ra-
diopharm. 2012, 5, 124-141.

Bennink, R.J.; van Tienhoven, G.; Rijks, L.J.; Noorduyn, A.L.; Janssen,
A.G.; Sloof, G.W. In vivo prediction of response to antiestrogen treatment in
estrogen receptor-positive breast cancer. J. Nucl. Med., 2004, 45, 1-7.
Kumar, P.; Mercer, J.; Doerkson, C.; Tonkin, K.; McEwan, A.J.B. Clinical
production, stability studies and PET imaging with 160-[18F]fluoroestradiol
([18F]FES) in ER positive breast cancer patients. J. Pharm. Pharmaceut.
Sci., 2007, 10, 256s-265s.

Beauregard, J.-M.; Croteau, E.; Ahmed, N.; van Lier, J.E.; Bénard, F. As-
sessment of human biodistribution and dosimetry of 4-fluoro-11pB-methoxy-
16a-18F-fluoroestradiol using serial whole-body PET/CT. J. Nucl. Med.,
2009, 50, 100-107.

Dehdashti, F.; Laforest, R.; Gao, F.; Aft, RL.; Dence, C.S.; Zhou, D.;
Shoghi, K.I.; Siegel, B.A.; Katzenellenbogen, J.A.; Welch, M.J. Assessment
of progesterone receptors in breast carcinoma by PET with 21-18F-fluoro-
16a,17a-[(R)-(1"-a-furylmethylidene)dioxy]-19-norpregn-4-ene-3,20-dione.
J. Nucl. Med., 2012, 53, 363-370.

Adam, M.J.; Wilbur, D.S. Radiohalogens for imaging and therapy. Chem.
Soc. Rev., 2005, 34, 153-163.

Ametamey, S.M.; Honer, M.; Schubiger, P.A. Molecular Imaging with PET.
Chem. Rev., 2008, 108, 1501-1516.

Miller, P.W.; Long, N.J.; Vilar, R.; Gee A.D. Synthesis of C-11, F-18, O-15,
and N-13 radiolabels for positron emission tomography. Angew. Chem. Int.
Ed. Engl., 2008, 47, 8998-9033.

Li, Z.B.; Conti, P.S. Radiopharmaceutical chemistry for positron emission
tomography. Adv. Drug Deliv. Rev., 2010, 62, 1031-1051.

Alauddin, M.M; Gelovani, J.G. Pyrimidine nucleosides in molecular PET
imaging of tumor proliferation. Curr. Med. Chem., 2010, 17, 1010-1029.
Kramer-Marek, G.; Capala, J. Can PET Imaging Facilitate Optimization of
Cancer Therapies? Curr. Pharm. Design., 2012, 18, 2657-2669.

Landvatter, S.W.; Kiesewetter, D.O.; Kilbourn, M.R.; Katzenellenbogen,
JA.; Welch, MJ. (2R*, 3S*)-1- [F-18]fluoro-2,3-bis(4-hydroxyphenyl)
pentane ([F-18]fluoronorhexestrol), a positron-emitting estrogen that shows
highly-selective, receptor-mediated uptake by target tissues in vivo. Life Sci.,
1983, 33, 1933-1938.

Bergmann, K.E.; Landvatter, S.W.; Rocque, P.G.; Carlson, K.E.; Welch,
M.J.; Katzenellenbogen, J.A. Oxohexestrol derivatives labeled with F-18 -
synthesis, receptor-binding and in-vitro distribution of two non-steroidal
estrogens as potential breast-tumor imaging agents. Nucl. Med. Biol., 1994,

[48]

[49]

[50]

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Current Medicinal Chemistry, 2013, Vol. 20, No. 1 19

21,25-39.

Seo, J.W.; Chi, D.Y.; Dence, C.S.; Welch, M.J.; Katzenellenbogen, J.A.

Synthesis and biodistribution of fluorine-18-labeled fluorocyclofenils for

imaging the estrogen receptor. Nucl. Med. Biol., 2007, 34, 383-390.

Yang, D.J.; Li, C.; Kim, E.E. Imaging of anti-cancer drug for therapeutics

response and prognosis, In: Targeted imaging in oncology. Springer, New

York, 2001, pp. 192-199.

Evans, R.M. The steroid and thyroid hormone receptor superfamily. Science,

1988, 240, 889-895.

Katzenellenbogen, J.A.; O'Malley, B.W.; Katzenellenbogen, B.S. Tripartite

steroid hormone receptor pharmacology: interaction with multiple effector

sites as a basis for the cell- and promoter-specific action of these hormones.

Mol. Endocrinol., 1996, 10, 119-131.

Ray, S.; Rastogi, R.; Kumar, A. Current status of estrogen receptors, Prog.

Drug Res., 2002, 59,201-232.

Sarrel, PM.; Lutkin, E.G.; Oursler, M.J.; Keefe, D. Estrogen actions in

arteries, bone, and brain. Sci Am Aci Med, 1994, 1, 44-53.

Greene, G.L.; Gilna, P.; Waterfield, M.; Baker, A.; Hort, Y.; Shine, J.

Sequence and expression of human estrogen receptor complementary DNA.

Science, 1986, 231, 1150-1154.

Kuiper, G.G.J.M.; Enmark, E.; Pelto-Huikko, M.; Nilsson, S.; Gustafsson, J.-

A. Cloning of a novel estrogen receptor expressed in rat prostate and ovary.

Proc. Natl. Acad. Sci. USA., 1996, 93, 5925-5930.

Mosselman, S.; Polman, J.; Dijkema, R. ER beta: Identification and

characterization of a novel human estrogen receptor. FEBS Lett., 1996, 392,

49-53.

Pearce, S.T.; Jordan, V.C. The biological role of estrogen receptors alpha and

beta in cancer. Crit. Rev. Oncol. Hematol., 2004, 50, 3-22.

Speirs, V.; Carder, P. J.; Lane, S.; Dodwell, D.; Lansdown, M.R.J.; Hanby,

AM. Oestrogen receptor B: what it means for patients with breast cancer.

Lancet Oncol., 2004, 5, 174-181.

Clarke, R.B.; Anderson, E., Howell, A. Steroid receptors in human breast

cancer. Trends Endocrinol. Metab., 2004, 15,316-23.

Balfe, P.J.; McCann, A.H.; Welch, H.M.; Kerin, M.J. Estrogen receptor beta

and breast cancer. Eur. J. Surg. Oncol., 2004, 30, 1043-1050.

Kumar, V.; Green, S.; Staub, A.; Chambon, P. Localisation of the oestradiol-

binding and putative DNA-binding domains of the human oestrogen

receptor. EMBO J., 1986, 5, 2231-2236.

Kumar, V.; Green, S.; Stack, G.; Berry, M.; Jin, J.R.; Chambon P. Functional

domains of the human estrogen receptor. Cell, 1987, 51, 941-951.

Menasce, L.P.; White, G.R.; Harrison, C.J.; Boyle, J.M. Localization of the

estrogen receptor locus (ESR) to chromosome 6g25.1 by FISH and a simple

post-FISH banding technique. Genomics, 1993, 17, 263-265.

Enmark, E.; Pelto-Huikko, M.; Grandien, K.; Lagercrantz, S.; Lagercrantz,

J.; Fried, G.; Nordenskjold, M.; Gustaffson, J.A. Human estrogen receptor

beta-gene structure, chromosomal location, and expression pattern. J. Clin.

Endocrinol. Metab., 1997, 82, 4258-4265.

Ogawa, S.; Inoue, S.; Watanabe, T.; Hiroi, H.; Orimo, A.; Hosoi, T.; Ouchi,

Y.; Muramatsu, M. The complete primary structure of human estrogen

receptor beta (hER beta) and its heterodimerization with ER alpha in vivo

and in vitro. Biochem. Biophys. Res. Commun., 1998, 243, 122-126.

Kuiper, G.G.J.M.; Carlsson, B.; Grandien, K.; Enmark, E.; Haggblad, J.;

Nilsson, S.; Gustaffson, J.A. Comparison of the ligand binding specificity

and transcript tissue distribution of estrogen receptor a and B. Endocrinology,

1997, 138, 863-870.

Hall, J.M.; McDonnell, D.P. The estrogen receptor beta-isoform (ERbeta) of

the human estrogen receptor modulates ERalpha transcriptional activity and

is a key regulator of the cellular response to estrogens and antiestrogens.

Endocrinology, 1999, 140, 5566-5578.

Fawell, S.E.; Lees, J.A.; White, R.; Parker, M.G. Characterization and

colocalization of steroid binding and dimerization activities in the mouse

estrogen receptor. Cell, 1990, 60, 953-962.

Danielian, P.S.; White, R.; Lees, J.A.; Parker, M.G. Identification of a

conserved region required for hormone dependent transcriptional activation

by steroid hormone receptors. EMBO J., 1992, 11, 1025-1033.

Wrenn, C.K.; Katzenellenbogen, B.S. Structure-function analysis of the

hormone binding domain of the human estrogen receptor by region-specific

mutagenesis and phenotypic screening in yeast. J. Biol. Chem., 1993, 268,

24089-24098.

Krust, A.; Green, S.; Argos, P.; Kumar, V.; Walter, P.; Bornert, J.M.;

Chambon, P. The chicken oestrogen receptor sequence: homology with v-

erbA and the human oestrogen and glucocorticoid receptors. EMBO J., 1986,

5,891-897.

Tora, L.; White, J.H.; Brou, C.; Tasset, D.; Webster, D.; Scheer, E.;

Chambon, P. The human estrogen receptor has two independent non-acidic

trancriptional activation functions. Cell, 1989, 59, 477-487.

Kraus, W.L.; McInerney, E.M.; Katzenellenbogen, B.S. Ligand-dependent,

transcriptionally productive association of the amino- and carboxyl-terminal

regions of a steroid hormone nuclear receptor. Proc. Natl. Acad. Sci. U.S.A.,

1968, 92, 12314-12318.

Mclnemey, E.M.; Katzenellenbogen, B.S. Different regions in activation
function-1 of the human estrogen receptor required for antiestrogen- and

estradiol-dependent transcription activation. J. Biol. Chem., 1996, 271,

24172-24178.



20 Current Medicinal Chemistry, 2013, Vol. 20, No. 1

[75]

[76]

[77]

[78]

[79]

[80]
[81]
[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[1o1]
[102]

[103]

Shiau, A.K.; Barstad, D.; Loria, P.M.; Cheng, L.; Kushner, P.J.; Agard, D.A ;
Greene, G.L. The structural basis of estrogen receptor/coactivator
recognition and the antagonism of this interaction by tamoxifen. Cell, 1998,
95,927-937.

Pike, A.C.W.; Brzozowski, A.M.; Hubbard, R.E.; Bonn, T.; Thorsell, A.-G.;
Engstrom, O.; Ljunggren, J.; Gustaffson, J.A.; Carlquist, M. Structure of the
ligand-binding domain of oestrogen receptor beta in the presence of a partial
agonist and a full antagonist. EMBO J., 1999, 18, 4608-4618.

Kumar, V.; Chambon, P. The estrogen receptor binds tightly to its responsive
element as a ligand-induced homodimer. Cell, 1988, 55, 145-156.
McDonnell, D.P.; Nawaz, Z.; O'Malley, B.W. In situ distinction between
steroid receptor binding and transactivation at a target gene. Mol. Cell Biol.,
1991, /1, 4350-4355.

Elliston, J.F.; Fawell, S.E.; Klein-Hitpass, L.; Tsai, S.Y.; Tsai, M.J.; Parker,
M.G.; O'Malley, B.W. Mechanism of estrogen receptor-dependent
transcription in a cell-free system. Mol. Cell Biol., 1990, 10, 6607-6612.
Edwards, D. Coregulatory proteins in steroid hormone receptor action.
Vitam. Horm., 1999, 55, 165-218.

Glass, C.K.; Rosenfeld, M.G. The coregulator exchange in transcriptional
functions of nuclear receptors. Genes Dev., 2000, 14, 121-141.

McKenna, N.J.; O’Malley, B.W. Combinational control of gene expression
by nuclear receptors and coregulators. Cell, 2002, 108, 465-474.

Milgrom, E.; Baulieu, E.-E. Progesterone in uterus and plasma. I. Binding in
rat uterus 105,000 g supernatant. Endocrinology, 1970, 87, 276-286.
Milgrom, E.; Atger, M.; Baulieu, E.-E. Progesterone in uterus and plasma.
IV- Progesterone receptor(s) in guinea pig uterus cytosol. Steroids, 1970, 16,
741-754.

Sherman, M.R.; Corvol, P.L.; O’Malley, B.W. Progesterone-binding
components of chick oviduct. I. Preliminary characterization of cytoplasmic
components. J. Biol. Chem., 1970, 245, 6085-6096.

Leavitt, W.W.; Blaha, G.C. An estrogen-stimulated, progesterone- binding
system in the hamster uterus and vagina. Steroids, 1972, 19, 263-274.
Giangrande, P.H.; McDonnell, D.P. The A and B isoforms of the human
progesterone receptor: two functionally different transcription factors
encoded by a single gene. Recent Prog. Horm. Res., 1999, 54,291-313.
Keen, J.C.; Davidson, N.E. The biology of breast carcinoma. Cancer, 2003,
97, 825-33.

Mote, P.A.;. Bartow, S.; Tran N.; Clarke, C.L. Loss of co-ordinate
expression of progesterone receptors A and B is an early event in breast
carcinogenesis. Breast Cancer Res. Treat., 2002, 72, 163-172.

Tsai, M.-J.; O’Malley, B.W. Molecular mechanisms of action of
steroid/thyroid receptor superfamily members. Ann. Rev. Biochem., 1994, 63,
451-486.

Mangelsdorf, D.J.; Thummel, C.; Beato, M.; Herrlich, P.; Schutz, G
Umesono, K.; Blumberg, B.; Kastner, P.; Mark, M.; Chambon, P.; Evans,
R.M. The nuclear receptor superfamily: the second decade. Cell, 1995, 83,
835-839.

Lu, N.Z.; Wardell, S.E.; Burnstein, K.L.; Defranco, D.; Fuller, P.J.; Giguere,
V.; Hochberg, R.B.; McKay, L.; Renoir, J.M.; Weigel, N.L.; Wilson, EIM.;
McDonnell, D.P.; Cidlowski, J.A. The pharmacology and classification of
the nuclear receptor superfamily: glucocorticoid, mineralocorticoid,
progesterone, and androgen receptors. Pharmacol. Rev., 2006, 58, 782-797.
Georgiakaki, M.; Chabbert-Buffet, N.; Dasen, B.; Meduri, G.; Wenk, S.;
Rajhi, L.; Amazit, L.; Chauchereau, A.; Burger, C.W.; Blok, L.J.; Milgrom,
E.; Lombes, M.; Guiochon-Mantel, A.; Loosfelt, H. Ligand-controlled
interaction of histone acetyltransferase binding to ORC-1 (HBO1) with the
N-terminal transactivating domain of progesterone receptor induces steroid
receptor coactivator 1-dependent coactivation of transcription. Mol.
Endocrinol., 2006, 20, 2122-2140.

Padhani, A.R.; Krohn, K.A.; Lewis, J.S.; Alber, M. Imaging oxygenation of
human tumours. Eur. Radiol., 2007, 17, 861-872.

Riemann, B.; Schafers, K.P.; Schober, O.; Schafers, M. Small animal PET in
preclinical studies: opportunities and challenges. Q. J. Nucl. Med. Mol.
Imaging, 2008, 52,215-221.

Dunphy, M.P.S.; Lewis, J.S. Radiopharmaceuticals in preclinical and clinical
development for monitoring of therapy with PET. J. Nucl. Med., 2009, 50,
106s-121s.

Koukourakis, G.; Maravelis, G.; Koukouraki, S.; Padelakos, P.; Kouloulias,
V. Overview of positron emission tomography chemistry: clinical and
technical considerations and combination with computed tomography. J.
Buon., 2009, 14, 575-580.

Anderson, C.J.; Bulte, J.W.M.; Chen, K.; Chen, X.; Khaw, B.-A.; Shokeen,
M.; Wooley, K.L.; VanBrocklin, H.F. Design of targeted cardiovascular
molecular imaging probes. J. Nucl. Med., 2010, 51, 3S-17S.

Xiong, K.L.; Yang, Q.W.; Gong, S.G.; Zhang, W.G. The role of positron
emission tomography imaging of beta-amyloid in patients with Alzheimer's
disease. Nucl. Med. Commun., 2010, 31,4-11.

Hallett, W.A.; Maguire, R.P.; McCarthy, T.J.; Schmidt, M.E; Young, H.
Considerations for generic oncology FDG-PET/CT protocol preparation in
drug development. Idrugs, 2007, 10, 791-796.

Murphy, P.S.; McCarthy, T.J.; Dzik-Jurasz, A.S.K. The role of clinical
imaging in oncological drug development. Br. J. Radiol., 2008, 81, 685-692.
Takano, A. The Application of PET Technique for the Development and
Evaluation of Novel Antipsychotics. Curr. Pharm. Des., 2010, 16,371-377.
Beyer, T.; Townsend, D.W.; Brun, T.; Kinahan, P.E.; Charron, M.; Roddy,

[104]
[105]

[106]

[107]

[108]

[109]

[110]

[11]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]
[126]

[127]

[128]

[129]

Oliveira et al.

R; Jerin, J. Young, J.; Byars, L.; Nutt, R. A combined PET/CT scanner for
clinical oncology. J. Nucl. Med., 2000, 41, 1369-1379.

Townsend, D.W.; Cherry, S.R. Combining anatomy and function: the path to
true image fusion. Eur. Radiol., 2001, 11, 1968-1974.

Blodgett, T.M.; Meltzer, C.C.; Townsend, D.W. PET/CT: Form and
function. Radiology, 2007, 242, 360-385.

Kilbourn, M.R. Fluorine-18 labeling of radiopharmaceuticals, Nuclear
Science Series NAS-NS-3203, Washington DC: National Academy Press,
1990.

Coenen, H.H. PET Radiopharmaceuticals; fluorinated compounds. In: Von
Schulthess G, Ed. Clinical molecular anatomic imaging. Lippincott Williams
& Wilkins, Philadelphia, 2003, pp. 106-114.

Coenen, H.H. Fluorine-18 labeling methods: features and possibilities of
basic reactions. In: Schubiger, P.A., Lehmann, L., Friebe, M., Eds. Ernst
Schering Research Foundation Workshop 62 PET Chemistry The Driving
Force in Molecular Imaging, 2007.

Stocklin, G. Molecules labeled with positron emitting halogens. Nucl. Med.
Biol., 1986, 13, 109-118.

Moerlein, S.M.; Laufer, P.; Stocklin, G.; Pawlik, G.; Wienhard, K.; Heiss,
W.-D. Evaluation of Br-75 labeled butyrophenone neuroleptics for imaging
cerebral dopaminergic receptor areas using positron emission tomography.
Eur. J. Nucl. Med., 1986, 12,211-216.

Mathis, C.A.; Sargent, T.A.; Shulgin, A.T.; Yano, Y.; Budinger, T.F.;
Lagunas-Solar, M.C. Synthesis and evaluation of meta-substituted I-122-
labeled dimethoxy-N,N-dimethylamphetamines for brain imaging studies. J.
Nucl. Med., 1985, 26, P69.

Mathis, C.A.; Lagunas-Solar, M.C.; Sargent, T.A; Yano, Y.; Vuletich, A.;
Harris, L.J. Xe-122 1-122 generator for remote radio-iodinations. Appl. Rad.
Isotop., 1986, 37, 258-260.

Koehler, L.; Gagnon, K.; McQuarrie, S.; Wuest, F. Iodine-124: A promising
positron emitter for organic PET chemistry. Molecules, 2010, 15,2686-2718.
Ehrenkaufer, R.E.; Potocki, J.F.; Jewett, D.M. Synthesis of F-18-labeled 2-
fluoro-2-deoxy-D-glucose: concise communication. J. Nucl. Med., 1984, 25,
333-337.

Pauwels, E.K.J.; Ribeiro, M.J.; Stoot, JH.M.B.; McCready, V.R.; Bour-
guignon, M.; Maziere, B. FDG accumulation and tumor biology. Nucl. Med.
Biol., 1998, 25,317-322.

Bolton, R. Radiohalogen incorporation into organic systems. J. Labelled
Compd. Radiopharm., 2002, 45, 485-528.

Coenen, H.H.; Schuller, M.; Stocklin, G.; Klatte, B.; Knochel, A. Preparation
of Nca [17-F-18]-fluoroheptadecanoic acid in high yields via aminopolyether
supported, nucleophilic fluorination. J. Labelled Compd. Radiopharm., 1986,
23,455-466.

Hamacher, K.; Coenen, H.H.; Stocklin, G. Efficient stereospecific synthesis
of no-carrier-added 2-[F-18]-fluoro-2-deoxy-D-glucose using aminopoly
ether supported nucleophilic substitution. J. Nucl. Med., 1986, 27,235-238.
Kiesewetter, D.O., Kilbourn, M.R., Landvatter, S.W., Heiman, D.F., Katzen-
ellenbogen, J.A., Welch, M.J. Preparation of four fluorine-18-labeled estro-
gens and their selective uptakes in target tissues of immature rats. J. Nucl.
Med., 1984, 25,1212-1221.

Angeli, G.; Speranza, M.; Wolf, A.P.; Shiue, C.Y.; Fowler, J.S.; Watanabe,
M. New developments in the synthesis of no-carrier added (nca) 18F-labeled
aryl fluoride using nucleophilic substitution reaction. J. Labelled Compd.
Radiopharm., 1984, 21, 1223-1225.

Coenen, H.H. No-carrier-added '*F-chemistry of radiopharmaceuticals. In:
Baille, T.A.; Jones, J.R., Eds.; Synthesis and application of isotopically
labeled compounds; Elsevier: Amsterdam, 1989, pp. 433-448.

Koren, A.O.; Horti, A.G.; Mukhin, A.G; Gundisch, D.; Dannals, R.F.;
London, E.D. Synthesis and initial in vitro characterization of 6-[F-
18]fluoro-3-(2(S)-azetidinylmethoxy)pyridine, a high-affinity radioligand for
central nicotinic acetylcholine receptors. J. Labelled Compd. Radiopharm.,
2000, 43,413-423.

Sandell, J.; Halldin, C.; Pike, V.W.; Chou, Y.H.; Varnas, K.; Hall, H.;
Marchais, S.; Nowicki, B.; Wikstrom, H.V.; Swahn, C.G.; Farde, L. New
halogenated [C-11]JWAY analogues, [C-11]6FPWAY and [C-11]6BPWAY -
Radiosynthesis and assessment as radioligands for the study of brain 5-HT1A
receptors in living monkey. Nucl. Med. Biol. 2001, 28, 177-185.

Karramkam, M.; Hinnen, F.; Berrechouma, M.; Hlavacek, C.; Vaufrey, F.;
Halldin, C.; McCarron, J.A.; Pike, V.W.; Dolle, F. Synthesis of a [6-
pyridinyl-F-18]-labelled fluoro derivative of WAY-100635 as a candidate
radioligand for brain 5-HT1A receptor imaging with PET. Bioorg. Med.
Chem., 2003, 11,2769-2782.

Dolle, F. Fluorine-18-labelled fluoropyridines: advances in radiopharma
ceutical design. Curr. Pharm. Des., 2005, 11,3221-3235.

Cai, L.S.; Lu, S.Y., Pike, V.W. Chemistry with [F-18]fluoride ion. Eur. J.
Org. Chem., 2008, 2853-2873.

Pike, V.W.; Butt, F.; Shah, A.; Widdowson, D.A. Facile synthesis of
substituted diaryliodonium tosylates by treatment of aryltributylstannanes
with Koser's reagent. J. Chem. Soc., Perkin Trans. 1,1999, 245-248.

Ross, T.L.; Ermert, J.; Hocke, C.; Coenen, H.H. Nucleophilic F-18-
Fluorination of heteroaromatic iodonium salts with no-carrier-added [F-
18]Fluoride. J. Am. Chem. Soc., 2007, 129, 8018-8025.

Ermert, J.; Hocke, C.; Ludwig, T.; Gail, R.; Coenen, H.H. Comparison of
pathways to the versatile synthon of no-carrier-added 1-bromo-4-[F-
18]fluorobenzene. J. Labelled Compd. Radiopharm., 2004, 47,429-441.



Steroid Receptor Ligands for Breast Cancer PET Imaging

[130]

[131]

[132]
[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]
[155]

[156]

[157]

Wust, F.; Carlson, K.E.; Katzenellenbogen, J.A. Synthesis of novel
arylpyrazolo corticosteroids as potential ligands for imaging brain
glucocorticoid receptors. Steroids, 2003, 68, 177-191.

Guhlke, S.; Coenen, H.H.; Stocklin, G. Fluoroacylation agents based on
small n.c.a[18F]fluorocarboxylic acids. Appl. Radiat. Isotop., 1994, 45, 715-
727.

Kilbourn, M.R.; Dence, C.S.; Welch, M.J.; Mathias, C.J. Fluorine-18 label-
ing of proteins. J. Nucl. Med., 1987, 28, 462-470.

Block, D.; Coenen, H.H.; Stocklin, G. N.C.A. 18F-fluoroalkylation of H-
acidic compounds. J. Labelled Compd. Radiopharm., 1988, 25,201-216.
Jacobson, K.A.; Furlano, D.C.; Kirk, K.L. A prosthetic group for the rapid
introduction of fluorine into peptides and functionalized drugs. J. Fluor.
Chem., 1988, 39, 339-347.

Shai, Y.; Kirk, K.L.; Channing, M.A.; Dunn, B. B.; Lesniak, M.A.; Eastman,
R.C.; Finn, R.D.; Roth, J.; Jacobson, K.A. Fluorine-18 labeled insulin: a
prosthetic group methodology for incorporation of a positron emitter into
peptides and proteins. Biochemistry, 1989, 28, 4801-4806.

Hostetler, E.D; Edwards, W.B.; Anderson, C.J.; Welch, M.J. Synthesis of 4-
[18F]fluorobenzoyl octreotide and biodistribution in tumor-bearing lewis
rats. J. Labelled Compd. Radiopharm., 1999, 42(Suppl. 1), S720-S721.

Lang, L.X.; Eckelman, W.C. One-step synthesis of 18F labeled [18F]-N-
succinimidyl 4-(fluoromethyl)benzoate for protein labeling. Appl. Radiat.
Isotop., 1994, 45, 1155-1163.

Vaidyanathan, G.; Zalutsky, M.R. Improved synthesis of N-succinimidyl 4-
[18F]fluorobenzoate and its application to the labeling of a monoclonal anti-
body fragment. Bioconjugate Chem., 1994, 5, 352-356.

Dolle, F.; Hinnen, F.; Vaufrey, F.; Tavitian, B.; Crouzel, C. A general
method for labeling oligodeoxynucleotides with 18F for in vivo PET imag-
ing. J. Labelled Compd. Radiopharm., 1997, 39, 319-330.

Poethko, T.; Schottelius, M.; Thumshim, G.; Hersel, U.; Herz, M.; Henrik-
sen, G.; Kessler, H.; Schwaiger, M.; Wester, H.J. Two-step methodology for
high-yield routine radiohalogenation of peptides: '*F-labeled RGD and oc-
treotide analogs, J. Nucl. Med., 2004, 45, 892-902.

Glaser, M.; Karlsen, H.; Solbakken, M.; Arukwe, J.; Brady, F.; Luthra, S.K.;
Cuthbertson, A. "*F-Fluorothiols: a new approach to label peptides chemose-
lectively as potential tracers for positron emission tomography. Bioconjugate
Chem., 2004, 15, 1447-1453.

Wester, H.J.; Hamacher, K.; Stocklin, G. A comparative study of N.C.A.
Fluorine-18 labeling of proteins via acylation and photochemical conjuga-
tion. Nucl. Med. Biol., 1996, 23, 365-372.

Okarvi, S.M. Recent progress in fluorine-18 labelled peptide radiopharma-
ceuticals. Eur. J. Nucl. Med., 2001, 28, 929-938.

Marik, J.; Sutcliffe, J.L. Click for PET: rapid preparation of [18F] fluoropep-
tides using Cul catalyzed 1,3-dipolar cycloaddition. Tetrahedron Lett., 2006,
47, 6681-6884.

Tang, L. Radionuclide production and yields at Washington University
School of Medicine. Q. J. Nucl. Med. Mol. Imag., 2008, 52, 121-133.

Lang, L.; Li, W.; Jia, H--M.; Fang, D.-C.; Zhang, S.; Sun, X.; Zhu, L.; Ma,
Y.; Shen, B.; Kiesewetter, D.O.; Niu, G.; Chen, X. New methods for labeling
RGD peptides with bromine-76. Theranostics, 2011, 1, 341-353.

McElvany, K.D.; Welch, M.J. Characterization of bromine-77-labeled pro-
teins prepared using bromoperoxidase. J. Nucl. Med., 1980, 21, 953-960.
Sundin, J.; Tolmachev, V.; Koziorowski, J.; Carlsson, J.; Lundqvist, H.;
Welt, S.; Larson, S.; Sundin, A. High yield direct Br-76-bromination of
monoclonal antibodies using chloramine-T. Nucl. Med. Biol.., 1999, 26, 923—
929.

Knight, L.C.; Harwig, S.S.L.; Welch, M.J. In vitro stability and in vivo
clearance of fibrinogen or serum-albumin labeled with Br-77, I-131, or I-125
by direct or indirect synthetic methods. J. Nucl. Med., 1977, 18, 282-288.
Hoglund, J.; Tolmachev, V.; Orlova, A.; Lundqvist, H; Sundin, A. Optimized
indirect Br-76-bromination of antibodies using N-succinimidyl para-[Br-
76]bromobenzoate for radioimmuno PET. Nucl. Med. Biol., 2000, 27, 837—
843.

Zhou, D.; Sharp, T.L.; Fettig, N.M.; Lee, H.; Lewis, J.S.; Katzenellenbogen,
J.A.; Welch, M.J. Evaluation of a bromine-76-labeled progestin 16-alpha,17-
alpha-dioxolane for breast tumor imaging and radiotherapy: in vivo
biodistribution and metabolic stability studies. Nucl. Med. Biol., 2008, 35,
655-663.

Elsinga, P.H. Radiopharmaceutical chemistry for positron emission tomo
graphy. Methods, 2007, 27,208-217.

Andersson, J.D.; Varnas, H.; Cselenyi, Z.; Guylas, B.; Wensbo, D.; Finnema,
S.J.; Swahn, B.M.; Svensson, S.; Nyberg, S.; Farde, L.; Halldin, C.
Radiosynthesis of the candidate beta-amyloid radioligand [C-11]AZD2184:
positron emission tomography examination and metabolite analysis in
cynomolgus monkeys. Synapse, 2010, 64, 733-741.

Jewett, D.M. A Simple synthesis of [C-11] methy! triflate. Appl Rad Isotop.
1992, 43, 1383-1385.

Link, J.M.; Krohn, K.A.; Clark, J.C. Production of [C-11]CH;I by single pass
reaction of [C-11]CH,4 with I-2. Nucl. Med. Biol., 1997, 24, 93-97.

Larsen, P.; Ulin, J.; Dahlstrom, K.; Jensen M. Synthesis of [C-
11]iodomethane by iodination of [C-11]methane. App! Rad Isotop., 1997, 48,
153-157.

Oberdorfer, F.; Hanisch, M.; Helus, F.; Maier-Borst, W.. A new procedure
for the preparation of 11C-labelled methyl iodide. Appl. Rad. Isotop., 1985,
36,435-438.

[158]

[159]

[160]
[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

Current Medicinal Chemistry, 2013, Vol. 20, No. 1 21

Holschbach, M.; Schiiller, M. A new and simple on-line method for the
preparation of n.c.a. [11C]methyl iodide. Appl. Rad. Isotop., 1993, 44, 779—
780.

Buckley, K.R.; Jivan, S.; Ruth, T.J. Improved yields for the in situ produc-
tion of ["'C]CH, using a niobium target chamber. Nucl. Med. Biol., 2004, 31,
825-827

Beauregard, J.-M.; Turcotte, E.; Bénard, F. Steroid receptor imaging in
breast cancer. PET Clin., 2006, 1, 51-70.

Kumar, R. Targeted functional imaging in breast cancer. Eur J Nucl Med
Mol Imaging, 2007, 34, 346-353.

de Vries, E.F.J.; Rots, M.G.; Hospers, G.A.P. Nuclear Imaging of Hormonal
receptor status in breast cancer: A tool for guiding endocrine treatment and
drug development. Curr. Cancer Drug Targets, 2007, 7, 510-519.

Hanson, R.N. Preparation of radiohalogenated biomolecules via organotin
intermediates. In: Buncel, E.; Jones, J.R., Eds., Isotopes in the physical and
biomedical sciences Vol [, Labelled Compounds (Part B), Elsevier,
Amsterdam, 1991, pp. 285-340.

Bénard, F.; Turcotte, E. Imaging in breast cancer: Single-photon computed
tomography and positron-emission tomography. Breast Cancer Res., 2005, 7,
153-162.

Schwartz, J.A.; Skafar, D.F. Ligand mediated modulation of estrogen
receptor conformation by estradiol analogs. Biochemistry, 1993, 32, 10109-
10115.

Raynaud, J.P.; Ojasoo, T. The design and use of sex-steroid antagonists. J.
Steroid Biochem., 1986, 25, 811-833.

VanBrocklin, H.F; Carlson, K.E; Katzenellenbogen, J.A.; Welch, M.J. 16B-
(['*F]Fluoro)estrogens: systematic investigation of a new series of fluorine-
18-labelled estrogens as potential imaging agents for estrogen-receptor-
positive breast tumours. J. Med. Chem., 1993, 36, 1619-1629 and references
cited therein.

Mintun, M.A.; Welch, M.J.; Siegel, B.A.; Mathias, C.J.; Brodack, J.W.;
McGuire, A.H.; Katzenellenbogen, J.A. Breast cancer: PET imaging of
estrogen receptors. Radiology, 1988, 169, 45-48.

Preston, D.F.; Spicer, J.A.; Baranvzuk, C.; Fabian, K.G.; Baxter, N.L.;
Martin, R.; Robinson, G. Clinical results of breast cancer detection by
imageable estradiol (I-123 E,). Eur. J. Nucl. Med., 1990, 4159, 430-430.
McGuire, A.H.; Dehdashti, F.; Siegel, B.A.; Lyss, A.P.; Brodack, W.;
Mathias, C.J.; Mintun, M.A.; Katzenellenbogen, J.A. Positron tomographic
assessment of 16(1-[18F]Flu0r0-l7|3-estradiol uptake in metastatic breast car-
cinoma. J. Nucl. Med., 1991, 32, 1526-1531.

Ribeiro-Barras, M.J.; Foulon, C.; Baulieu, J.L.; Guilloteau, D.; Bougnoux,
P.; Lansac, J.; Besnard, J.C. Estrogen receptor imaging with 170~
[®Iliodovinyl-11B-methoxyestradiol (MIVE,)—part II. Preliminary results in
patients with breast carcinoma. Nucl. Med. Biol., 1992, 19,263-267.

Kenady, D.E.; Pavlik, E.J.; Nelson, K.; van Nagell, J.R.; Gallion, H.; De-
Priest, P.D.; Ryo, U.Y.; Baranczuk, R.J. Images of estrogen receptor- posi-
tive breast tumors produced by estradiol labelled with iodine 1-123 at 16a.
Arch. Surg., 1993, 128, 1373-1381.

Hoyte, R.M.; Rosner, W.; Johnson, 1.S.; Zielinski, J.; Hochberg, R.B. Syn-
thesis and evaluation of potential radioligands for the progesterone receptor.
J. Med. Chem., 1986, 28, 1695-1699.

Brandes, S.J.; Katzenellenbogen, J.A. Fluorinated androgens and progestins:
Molecular probes for androgen and progesterone receptors with potential use
in positron emission tomography. Mol. Pharmacol., 1987, 32, 391-403.
Pomper, M.G.; Katzenellenbogen, J.A.; Welch, M.J.; Brodack, J.W.;
Mathias, C.J. 21-["*FIFluoro-16a-ethyl-19-norprogesterone: Synthesis and
target tissue selective uptake of a progestin receptor based radiotracer for
positron emission tomography. J. Med. Chem., 1988, 31, 1360-1363.
Pomper, M.G.; Pinney, K.G.; Carlson, K.E.; VanBrocklin, H.; Mathias, C.J.;
Welch, M.J.; Katzenellenbogen, J.A. Target tissue uptake selectivity of three
fluorine substituted progestins: Potential imaging agents for receptor positive
breast tumors. Nucl. Med. Biol., 1990, 17,309-319.

Dedashti, F.; McGuire, A. M.; VanBrocklin, H. F.; Siegel, B.A.; Andriole, D.
P Griffeth, L. K.; Pomper, M. G.; Katzenellenbogen, J. A.; Welch, M. J. As-
sessment of 21-[18FIfluoro-16a-ethyl-19-norprogesterone as a positron-
emitting radiopharmaceutical for the detection of progestin receptors in hu-
man breast carcinomas. J. Nucl. Med., 1991, 32, 1532-1537.

Verhagen, A.; Studeny, M.; Luurtsema, G.; Vissar, G.M.; de Goeij, C.C.J.;
Sluyser, M.; Nieweg, O.E.; Van der Ploeg, E.; Go, K.G.; Vaalburg, W.
Metabolism of a [18F]fluorine labeled progestin (21-["*Flfluoro-16a-ethyl-
19-norprogesterone) in humans: a clue for future investigations. Nucl. Med.
Biol., 1994, 21, 941-952.

Anstead, G.M.; Carlson, K.E.; Katzenellenbogen, J.A. The estradiol pharma-
cophore: Ligand structure-estrogen receptor binding affinity relationships
and a model for the receptor binding site. Steroids, 1997, 62, 268-303.
Hylarides M.D.; Duesler E.N.; Mettler F.A.; Leon A.A. Structural compari-
son of l-bromo- and 1-fluoroestradiol with D-estradiol. Acta Crystallog.,
1988, C44, 709-712

Ali, H.; Rousseau, J.; Gantchev, T.G.; van Lier, J.E. 2- and 4- Fluorinated
160-['*T]iodoestradiol derivatives: synthesis and effect on estrogen receptor
binding and receptor-mediated target tissue uptake. J. Med. Chem., 1993, 36,
4255-4263.

Ali, H.; Rousseau, J.; van Lier, J.E. Synthesis of A-ring fluorinated deriva-
tives of (170,20E/Z)-["*T]iodovinylestradiols: effect on receptor binding and



22 Current Medicinal Chemistry, 2013, Vol. 20, No. 1

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]
[204]

[205]

[206]

[207]

[208]

receptor-mediated target tissue uptake. J. Med. Chem., 1993, 36, 3061-3072.
Arunachalam, T.; Longcope, C.; Caspi, E. lodoestrogens, synthesis, and
interaction with uterine receptors. J. Biol. Chem., 1979, 254, 5900-5905.
Longcope, C.; Rafkind, I.; Arunachalam, T.; Caspi, E. Biological activities of
4-fluoroestrogen analogs. J. Steroid Biochem., 1983, 19, 1325-1328.

Heiman, D.F.; Senderoff, S.G.; Katzenellenbogen, J.A.; Neely, R.J. Estrogen
receptor based imaging agents. 1. Synthesis and receptor binding affinity of
some aromatic and D-ring halogenated estrogens. J. Med. Chem. 1980, 23,
994-1002.

Bucourt, R.; Vignau, M.; Torelli, V.; Richard-Foy, H.; Geynet, C.; Secco-
Millet, C.; Redeuilh, G.; Baulieu, E.E. New biospecific adsorbents for the
purification of estradiol receptor. J. Biol. Chem., 1978, 253, 8221-8228.
Ratajczak, T.; Shepard, P.N.; Capon, R.J.; Héhnel, R. The synthesis and
study of some potential affinity labelling reagents for estrogen receptors.
Steroids, 1981, 38, 537-555.

Weatherill, P.J.; Wilson, A.P.M.; Nicholson, R.I.; Davies, P.; Wakeling, A.E.
Interaction of the antioestrogen ICI 164,384 with the oestrogen receptor. J.
Steroid. Biochem., 1988, 30, 263-266.

Bowler, J.; Lilley, T.J.; Pittam, J.D.; Wakeling, A.E. Novel steroidal pure
antiestrogens. Steroids, 1989, 54, 71-99.

DaSilva, JN.; van Lier, JE. In vivo evaluation of 7o-[11-(4-
[1251]iodophenoxy)undecyl]-17p-estradiol: a potential vector for therapy of
adrenal and estrogen receptor-positive cancers. J. Steroid. Biochem. Molec.
Biol., 1990, 37, 77-83.

Wakeling, A. E.; Bowler, J. ICI 182,780, a new antioestrogen with clinical
potential. J. Steroid. Biochem., 1992, 43, 173-177.

French, A.N.; Wilson, S.R.; Welch, M.J.; Katzenellenbogen, J.A. A synthesis
of 7a-substituted estradiols: synthesis and biological evaluation of a 7a-
pentyl-substituted BODIPY fluorescent conjugate and a fluorine-18-labeled
7Ta-pentylestradiol analog. Steroids, 1993, 58, 157-169.

Peters, R.H.; Crowe, D.F.; Avery, M.A.; Chong, W.K.M.; Tanabe, M. 11~
nitrate estrane analogues: potent estrogens. J. Med. Chem., 1989, 32, 2306-
2310.

Bindal, R.D.; Carlson, K.E.; Reiner, G.C.A.; Katzenellenbogen, J.A. 11B-
chloromethyl-[*H]estradiol-17: a very high affinity, reversible ligand for the
estrogen receptor. J. Steroid Biochem. 1987, 28, 361-370.

Pomper, M.G.; Vanbrocklin, H.; Thieme, A.M.; Thomas, R.D.; Kiesewetter,
D.O.; Carlson, K.E.; Mathias, C.J.; Welch, M.J.; Katzenellenbogen, J.A.
11B-Methoxy-, 11B-ethyl- and 17a-ethynyl-substituted 16a-fluoroestradiols:
receptor-based imaging agents with enhanced uptake efficiency and selectiv-
ity. J. Med. Chem., 1990, 33,3143-3155.

Napolitano, E.; Fiaschi, C.K.E.; Katzenellenbogen, J.A. 11B-substituted
estradiol derivatives, potential high affinity carbon-11-labelled probes for the
estrogen receptor: a structure-affinity relationship study. J. Med. Chem.,
1995, 38,2774-2779.

Ali, H.; Rousseau, J.; Van Lier, J.E. 70-Methyl and 11f-ethoxy-substitution
of ['1]-16a-Todoestradiol: Effect on estrogen receptor-mediated target tissue
uptake. J. Med. Chem., 1993, 36,264-271.

VanBrocklin, H. F.; Liu, A.; Welch, M.J.; O'Neil, J.P.; Katzenellenbogen, J.
A. The synthesis of 7a-methyl-substituted estrogens labeled with fluorine-
18: potential breast tumor imaging agents. Steroids, 1994, 59, 34-45.

Ojasoo, T.; Raynaud, J.P.; Mornon, J.P. In: Comprehensive Medicinal Chem-
istry, Steroid Hormone Receptors, Emmet, J.C., Ed. Pergamon Press, New
York, 1990, Vol 3, pp. 1175-1226.

Vessiéres, A.; Top, S., Vaillant, C.; Osella, D.; Mornon, J.-P.; Jaouen, G.
Estradiols modified by metal carbonyl clusters as suicide substrates for the
study of receptor proteins: application to the estradiol receptor. Angew.
Chem. Int. Ed. Engl., 1992, 31, 753-755.

El Amouri, H.; Vessieres, A.; Vichard, D.; Top, S.; Gruselle, M.; Jaouen, G.
Syntheses and affinities of novel organometallic-labelled estradiol deriva-
tives: A structure-affinity relationship. J. Med. Chem., 1992, 35, 3130-3135.
Jaouen, G.; Vessieres, A. Bioorganometallic chemistry: a future direction for
transition metal organometallic chemistry? Acc. Chem. Res., 1993, 26, 361-
369.

Korenman, S. G. Comparative binding affinity of estrogens and its relation to
estrogenic potency. Steroids, 1969, 13, 163-177.

Magzaitis, J.K.; Gibson R.E.; Komai, T.; Eckelman, W.C.; Francis, B.; Reba,
R.C. Radioiodinated Estrogen Derivatives. J Nucl. Med., 1980, 21, 142-146.
Ali, H.; Rousseau, J.; Ghaffari, M.A.; Van Lier, J.E. Synthesis, receptor
binding, and tissue distribution of (170,20E)- and (170,202)-21-['*T]Todo-
19-norpregna-1,3,5(10),20-tetraene-3,17-diol. J. Med. Chem., 1988, 31,
1946-1950.

Napolitano, E.; Fiaschi, R.; Hanson, R.N. Structure-activity relationships of
estrogenic ligands: synthesis and evaluation of (17¢,20E)- and (170,20Z)-
21-halo-19-norpregna-1,3,5(10),20-tetraene-3,178-diols. J. Med. Chem.,
1991, 34, 2754-2759.

Ali, H.; Rousseau, J.; van Lier, J.E. Synthesis, receptor binding and biodis-
tribution of the gem-21-chloro-21-iodovinylestradiol derivatives. J. Steroid
Biochem. Mol. Biol. 1993, 46, 613-622.

Napolitano, E.; Fiaschi, R.; Herman, L. W.; Hanson, R.N. Synthesis and
probes for the estrogen receptor binding of (17¢,20E)- and (170,20Z)-21-
phenylthio-19-norpregna-1,3,5(10),20-tetraene-3,17B-diols. Steroids, 1996,
61,384-389.

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

Oliveira et al.

Neto, C.; Oliveira, M.C.; Gano, L.; Marques, F.; Santos, I.; Ribeiro Morais,
G.; Yasuda, T.; Thiemann, T.; Botelho, F.; Oliveira, C.F. Radioiodinated
ligands for the estrogen receptor: Effect of different 7-cyanoalkyl chains on
the binding affinity of novel iodovinyl-6-dehydroestradiols. Appl. Radiat.
Isotop., 2009, 67, 301-307.

Neto, C.; Oliveira, M.C.; Gano, L.; Marques, F.; Santos, I.; Ribeiro Morais,
G.; Yasuda, T.; Thiemann, T.; Botelho, F.; Oliveira, C.F. Evaluation of novel
radioiodinated C7-substituted A6,7—estradiol derivatives for molecular rec-
ognition of ER-positive breast tumours. Current Radiopharm., 2009, 2, 83-
91.

Nakatsuka, I.; Ferreira, N.L.; Eckelman, W.C.; Francis, B.E., Rzeszotarski,
W.J.; Gibson, R.E.; Jagoda, E.M.; Reba, R.C. Synthesis and evaluation of
(17a ,20E)-21-[**I]iodo-19-norpregna-1,3,5 (10),20-tetraene-3,17-diol and
of (17a,20E)-21-["*I]iodo-11p-methoxy-19-norpregna-1,3,5(10),20-tetracne-
3,17-diol (170-(iodovinyl)estradiol Derivatives) as high specific activity po-
tential radiopharmaceuticals. J. Med. Chem., 1984, 27, 1287-1291.

Jagoda, E.M.; Gibson, R.E.; Goodgold, M.; Ferreira, N.; Francis, B.E.; Reba,
R.C.; Rzeszotarski, W.J.; Eckelman, W.C. [I-125] 170-iodovinyl 11B-
methoxyestradiol: in vivo and in vitro properties of a high-affinity estrogen-
receptor radiopharmaceutical. J. Nucl. Med., 1984, 25, 472-477.
McManaway, M.E.; Jagoda, E.M.; Kasid, A.; Eckelman, W.C.; Francis,
B.E.; Larson, S.M.; Gibson, R.E.; Reba, R.C.; Lippman, M.E. ['*I]170-
iodovinyl-11B-methoxyestradiol interaction in vivo with estrogen receptors
in hormone-independent MCF-7 human breast cancer transfected with the v-
ras" oncogene. Cancer Res., 1987, 47, 2945-2949.

Hanson, R.N.; Herman, L.W.; Fiaschi, R.; Napolitano, E. Stereochemical
probes for the estrogen receptor: synthesis and receptor binding of
(170,,20E/Z)-21-phenyl-19-norpregna-1,3,5(10),20-tetraene-3,17p-diols.
Steroids, 1996, 61, 718-722.

Hochberg, R.B.; Rosner, W. Interaction of 160-['*I]iodo-estradiol with
estrogen receptor and other steroid-binding proteins. Proc. Natl. Acad. Sci.
US4, 1980, 77, 328-332.

Hochberg, R.B.; Zielinki, J.E.; Duaux, W.L.; Strong, P. The molecular
structure of 16a-iodo-17p-estradiol, a high affinity ligand for the estrogen
receptor. J. Steroid Biochem., 1986, 25, 615-618.

Fevig, T.L.; Mao, M.K.; Katzenellenbogen, J.A. Estrogen receptor binding
tolerance of 16a-substituted estradiol derivatives. Steroids, 1988, 51, 471-
497.

VanBrocklin, H.F.; Liu, A.; Welch, M.J.; O'Neil, J.P.; Katzenellenbogen,
J.A. The synthesis of 7o-methyl-substituted estrogens labeled with fluorine-
18: potential breast tumor imaging agents. Steroids, 1994, 59, 34-45.

Bohl, M.; Schubert, G.; Koch, M.; Reck, G.; Strecke, J.; Wunderwald, M.;
Prousa, R.; Ponsold, K. Quantitative structure-activity relationships of estro-
genic steroids substituted at C14, C15. J. Steroid Biochem., 1987, 26, 589-
597.

Gantchev, T. G.; Ali, H.; van Lier, J E. Quantitative structure-activity rela-
tionships/comparative molecular field analysis (QSAR/CoMFA) for recep-
tor-binding properties of halogenated estradiol derivatives. J. Med. Chem.,
1994, 37, 4164-4175

Lee, D.L; Kollman, P.A.; Marsh, F.J.; Wolff, M.E. Quantitative relations
between steroid structure and binding to putative progesterone receptors. J.
Med. Chem., 1977, 20, 1139-1146.

Seeley, D.H.; Wang, W-Y.; Salhanick H.A. Molecular Interactions of Pro-
gesterone Analogues with Rabbit Uterine Cytoplasmic Receptor. J. Biol.
Chem., 1982, 257, 13359-13366.

Bohl, M; Simon, Z; Vlad, A; Kaufmann, G; Ponsold, K. MTD calculations
on quantitative structure-activity relationships of steroids binding to the
progesterone receptor. Z. Naturforschg. C., 1987, 42, 935-40.

Duax, W.L.; Griffin, J.F.; Rohrer, D.C. Steroid conformation, receptor bind-
ing, and hormone action. In: Horn A.S., Ed. X-ray crystallography and drug
action: The ninth course of the International School of Crystallography.
U K., Oxford University Press, 1984, pp. 406-426.

Raynaud, J.P.; Ojasoo, T.; Bouton, M.M.; Philibert, D. Receptor binding as a
tool in the development of new bioactive steroids. In:Drug design. New
York: Academic Press; 1979, Vol 8, 170-214.

Ogle, T.F.; Beyer, B.K. Steroid-binding specificity of the progesterone
receptor from rat placenta. J. Steroid Biochem., 1982, 16, 147-150.

Kontula, K.; Jénnea, O.; Luukkainena, T.; Vihko, R. Progesterone-binding
protein in human myometrium. Ligand specificity and some physicochemical
characteristics. Biochim. Biophys. Acta, 1973, 328, 145-153.

Smith, H.E.; Smith, R.G.; Toft, D.O.; Neergaard, J.R.; Burrows, E.P.; O'Mal-
ley, B.W. Binding of Steroids to Progesterone Receptor Proteins in Chick
Oviduct and Human Uterus. J. Biol. Chem., 1974, 249, 5924-5932.

Westphal, U. Bindung von Progesteron und anderen Steroid-hormonen an
Proteine des Blutserums. Hoppe Seyler's Z. Physiol. Chem., 1978, 359, 431-
447.

Duax, W.L.; Cody, V.; Griffin, J.F.; Rohrer, D.C.; Weeks, C.M. Molecular
conformation and protein binding affinity of progestins. J. Toxicol. Environ.
Health., 1978, 4,205-227.

Glusker, J.P. Structural aspects of steroid hormones and carcinogenic poly-
cyclic aromatic hydrocarbons. In: Litwack, G., Ed. Biochemical Actions of
Hormones, New York, Academic Press, 1979, Vol 6, pp. 121-204.

Janne, O.; Kontula, K.; Vihko, R. Progestin receptors in human tissues:



Steroid Receptor Ligands for Breast Cancer PET Imaging

[233]

[234]

[235]
[236]
[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

concentrations and binding kinetics. J. Steroid Biochem., 1976, 7, 1061-
1068.

Raynaud, J.P.; Ojasoo, T. Promegeston, a new progestin. J. Gynecol. Obstet.
Biol. Reprod. (Paris), 1983, 12, 697-710.

Zeelen, F.J.; van den Broek, A.J. Synthesis of 16a-ethyl-21-hydroxy-19-
norpregn-4-ene-3,20-dione (Org 2058). Rec. Trav. Chim. des Pays-Bas,
1985, 104,239-242.

Sharoni, Y.; Feldman, B.; Karny, N.; Levy, J. ORG-2058 as a ligand in the
assay of progesterone receptor in breast cancer. Steroids, 1986, 48, 419-426.
Horwitz, K.B.; McGuire, W.L. Estrogen control of progesterone receptor in
human breast cancer. J. Biol. Chem., 1978, 253,2223-2228.

Horwitz, K.B. The structure and function of progesterone receptors in breast
cancer. J. Steroid Biochem., 1987, 27, 447-457.

Namer, M.; Lalanne, C.; Baulieu, E.E. Increase of progesterone receptor by
tamoxifen as a hormonal challenge test in breast cancer. Cancer Res., 1980,
40, 1750-1752.

Howell, A.; Harland, R.N.L.; Barnes, D.M.; Baildam, A.D.; Wilkinson,
M.J.S.; Hayward, E.; Swindell, R. Endocrine therapy for advanced carci-
noma of the breast: relationship between the effect of tamoxifen upon con-
centrations of progesterone receptor and subsequent response to treatment.
Cancer Res., 1987, 47, 300-304.

Noguchi, S.; Muiyauchi, K.; Nishizawa, Y.; Koyama, H. Induction of pro-
gesterone receptor with tamoxifen in human breast cancer with special refer-
ence to its behavior over time. Cancer, 1988, 61, 1345-1349.

Gelbfish, G.A.; Davison, A.L.; Kopel, S.; Schreibmen, B.; Gelbfish, J.S.;
Degenshein, G.A., Herz, B.L.; Cunningham, J.N. Relationship of Estrogen
and Progesterone Receptors to Prognosis in Breast Cancer. Ann. Surg., 1988,
207,75-179.

Santen, R.; Manni, A.; Harvey, H.; Redmond, C. Endocrine treatment of
breast cancer in women. Endocrine Rev., 1990, 11,221-265.

Cui, X.; Schiff, R.; Arpino, G.; Osborne, C.K.; Lee A.V. Biology of proges-
terone receptor loss in breast cancer and its implications for endocrine ther-
apy. J. Clin. Oncol., 2005, 23, 7721-7735.

Osborne, C.K.; Schiff, R.; Arpino, G; Lee, A.S.; Hilsenbeck, V.G. Endocrine
responsiveness: understanding how progesterone receptor can be used to se-
lect endocrine therapy. Breast, 2005, 14, 458-465.

Furr, B.J.A.; Jordan, V.C. The Pharmacology and Clinical Uses of Ta-
moxifen. Pharmacol. Ther., 1984, 25, 127-205.

Lim, J.L.; Zheng, L.; Berridge, M.S.; Tewson, T.J. The use of 3-
methoxymethyl-16 beta, 17 beta-epiestriol-O-cyclic sulfone as the precursor
in the synthesis of F-18 16 alpha-fluoroestradiol. Nucl. Med. Biol., 1996, 23,
911-915.

Romer, J.; Fuchtner, F.; Steinbach, J.; Johanssen, B. Automated production
of 16alpha-[18F]fluoroestradiol for breast cancer imaging. Nucl. Med. Biol.,
1999, 26, 473-479.

Sasaki, M.; Fukumura, T.; Kuwabara, Y.; Yoshida, T.; Nakagawa, M.;
Ichiya, Y.; Masuda, K. Biodistribution and breast tumor uptake of 16alpha-
[18F]-fluoro-17beta-estradiol in rat. Ann. Nucl. Med., 2000, 14, 127-130.
Seimbille, Y.; Rousseau, J.; Benard, F.; Morin, C.; Ali, H.; Avvakumov, G.;
Hammond, G.L.; van Lier, J.E. 18F-labeled difluoroestradiols: preparation
and preclinical evaluation as estrogen receptor-binding radiopharmaceuticals.
Steroids, 2002, 67, 765-775.

Aliaga, A.; Rousseau, J.; Ouellette, R.; Cadorette, J.; van Lier, J.E.; Lecomte,
R.; Benard, F. Breast cancer models to study the expression of estrogen re-
ceptors with small animal PET imaging. Nucl. Med. Biol., 2004, 31, 761—
770.

Yoo, J.; Dence, C.S.; Sharp, T.L.; Katzenellenbogen, J.A.; Welch, M.J.
Synthesis of an estrogen receptor-p selective radioligand: 5-[18F]fluoro-
(2R*,3S*)-2,3-bis(4-hydroxyphenyl)pentanenitrile and comparison of in vivo
distribution with 16a-["*F]Fluoro-17p-estradiol. J. Med. Chem., 2005, 48,
6366-6378.

Moresco, R.M.; Casati, R.; Lucignani, G.; Carpinelli, A.; Schmidt, K,
Todde, S.; Colombo, F.; Fazio, F. Systemic and cerebral kinetics of 16a-
[**F]fluoro-17p-estradiol: a ligand for the in vivo assessment of estrogen re-
ceptor binding parameters. J. Cereb. Blood Flow Metabol.,1995, 15, 301-
311.

Katzenellenbogen, J.A.; Mathias, C.J.; Vanbrocklin, H.F.; Brodack, J.W.;
Welch, M.J. Titration of the in vivo uptake of 160c.-["*F]fluorestradiol by tar-
get tissues in the rat: competition by tamoxifen, and implications for quanti-
tating estrogen receptors in vivo and the use of animal models in receptor-
binding radiopharmaceutical development. Nucl. Med. Biol., 1993, 20, 735-
745.

Dehdashti, F.; Mortimer, J.E.; Siegel, B.A.; Griffeth, L.K.; Bonasera, T.J.;
Fusselman, M.J.; Detert, D.D.; Cutler, P.D.; Katzenellenbogen, J.A.; Welch,
M.J.. Positron tomographic assessment of estrogen receptors in breast cancer:
comparison with FDG-PET and in vitro receptor assays. J. Nucl. Med., 1995,
36, 1766-1774.

Mortimer, J.E.; Dehdashti, F.; Siegel, B.A.; Katzenellenbogen, J.A.; Fra-
casso, P.; Welch, M.J. Positron emission tomography with 2-[18F]fluoro-2-
deoxy-D-glucose and 16alpha-[18F]fluoro-17beta-estradiol in breast cancer:
correlation with estrogen receptor status and response to systemic therapy.
Clin. Cancer Res., 1996, 2, 933-939.

Linden, H.M.; Stekhova, S.A.; Link, J.M.; Gralow, J.R.; Livingston, R.B.;
Ellis G.K.; Petra, P.; Peterson, L.M.; Schubert, E.; Dunnwald, L.K.; Krohn,

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

Current Medicinal Chemistry, 2013, Vol. 20, No. 1 23

K.A.; Mankoff, D.A. Quantitative fluoroestradiol positron emission tomo-
graphy imaging predicts response to endocrine treatment in breast cancer. J.
Clin. Oncol., 2006, 24,2793-2799.

Mankoff, D.A.; Peterson, L.M.; Tewson, T.J.; Link, J.M.; Gralow, J.R.;
Graham, M.M.; Krohn, K.A. ["*F]Fluoroestradiol Radiation Dosimetry in
Human PET Studies. J. Nucl. Med., 2001; 42, 679-684.

Mathias, C.J.; Welch, M.J.; Katzenellenbogen, J.A.; Brodack, J.W.; Kilbourn
M.R.; Carlson K.E.; Kiesewetter, D.O. Characterization of the uptake of 16a-
([18F]fluoro)-17b-estradiol in DMBA-induced mammary tumor. Nucl. Med.
Biol., 1987, 14, 15-25.

Mankoff, D.A.; Tewson, T.J.; Eary, J.F. Analysis of blood clearance and
labeled metabolites for the estrogen receptor tracer [F-18]-16 alpha-
fluoroestradiol (FES). Nucl. Med. Biol., 1997, 24, 341-348.
ClinicalTrials.gov. NCT00602043: F-18 16 Alpha-Fluoroestradiol-Labeled
Positron Emission Tomography in Predicting Response to First-Line Hor-
mone Therapy in Patients With Stage IV Breast Cancer. http:/clinicaltri-
als.gov/ct2/show/NCT00602043 (Accessed August 7,2012).

VanBrocklin, H.F.; Pomper, M.G.; Carlson, K.E.; Welch, M.J.; Katzenellen-
bogen, J.A. Preparation and evaluation of 17-ethynyl-substituted 160.-["*F]
Fluoroestradiols: selective receptor-based PET imaging agents. Nucl. Med.
Biol., 1992, 19, 363-374.

Raynaud, J.P., Bouton, M.M., Bourquin, D.G., Philibert, C.T., Boulanger,
G.A. Comparative study of estrogen action. Mol. Pharmacol., 1973, 9, 520-
523.

Raynaud, J.P.; Martin, P.M.; Bouton, M.-M.; Ojasoo, T. 11B-Methoxy-17-
ethynyl-1,3,5(10)-estratriene 3,17B-diol (Moxestrol), a Tag for Estrogen Re-
ceptor Binding Sites in Human Tissues. Cancer Res., 1978, 38, 3044-3050.
Bélanger, A.; Philibert, D.; Teutsch, G. Regio and stereospecific synthesis of
11B-substituted 19-norsteroids: Influence of 11f-substitution on progesterone
receptor affinity — (1). Steroids, 1981, 37, 361-382.

Katzenellenbogen, J.A.; McElvany, K.D.; Senderoff, S.G.; Carlson, K.E.;
Landvatter, S.W.; Welch, M.J. 16a-[77Br]bromo-11p-methoxyestradiol-17f:
a gamma-emitting estrogen imaging agent with high uptake and retention by
target organs. J. Nucl. Med., 1982, 23,411-419.

Feenstra, A.; Nolten, G.M.J.; Vaalburg, W.; Reiffers, S.; Woldring, M.G.
Radiotracers binding to estrogen receptors: I. Tissue distribution of 170
ethynylestradiol and moxestrol in normal and tumor bearing rats J. Nucl.
Med., 1982, 23, 599-605.

Hanson, R.N.; Franke, L.A. Preparation and evaluation of 170~
['*I]lodovinyl-11B-methoxyestradiol as a highly selective radioligand for
tissues containing estrogen receptors: concise communication. J. Nucl. Med.,
1984, 25, 998-1002.

Zielinski, J.E.; Yabuki, H.; Pahuja, S.L.; Larner, J.M.; Hochberg, R.B. 160~
['*I]iodo-11B-methoxy-17B-estradiol: a radichemical probe for estrogen-
sensitive tissues. Endocrinology, 1986, 119, 130-139.

VanBrocklin, H.F.; Rocque, P.A.; Lee, H.V.; Katzenellenbogen, J.A.; Welch,
M.J. 16B-["*F]Fluoromoxestrol: A potent, metabolically stable positron emis-
sion tomography imaging agent for estrogen receptor positive human breast
tumours. Life Sci., 1993, 53, 811-819.

Katzenellenbogen, J.A.; Carlson, K.E.; Heiman, D.F.; Goswami, R. Recep-
tor-binding radiopharmaceuticals for imaging breast tumors: estrogen-
receptor interactions and selectivity of tissue uptake of halogenated estrogen
analogs. J. Nucl. Med., 1980, 21, 550-558.

Jonson, S.D.; Bonasera, T.A.; Dehdashti, F.; Cristel, M.E.; Katzenellenbo-
gen, J.A.; Welch, M.J. Comparative breast tumor imaging and comparative
in vitro metabolism of 160-['*F]fluoroestradiol-178 and 16p-[**F] fluoro-
moxestrol in isolated hepatocytes. Nucl. Med. Biol., 1999, 26, 123—130.
McElvany, K.D.; Carlson, K.E.; Katzenellenbogen, J.A.; Welch, M.J. Factors
affecting the target site uptake selectivity of estrogen radipharmaceuticals:
serum binding and endogeneous steroids. J. Steroid Biochem., 1983, 18, 635-
641.

Hobbs, C.J.; Jones, R.T.; Plymate, S.R. The effects of sex hormone binding
globulin (SHBG) on testosterone transport into the cerebrospinal fluid. J.
Steroid Biochem., 1992, 42, 629-635.

Fortunati, N.; Fissore, F.; Fazzari, A.; Berta, L.; Benedusi-Pagliano, E.;
Frairia, R. Biological relevance of the interaction between sex steroid bind-
ing protein and its specific receptor of MCF-/ cells: Effect on the estradiol-
induced cell proliferation. J. Steroid Biochem., 1993, 45, 435-444.

Fortunati, N.; Fissore, F.; Comba, A.; Becchis, M.; Catalano, M.G.; Fazzari,
A.; Berta, L.; Frairia, R. Sex steroid-binding protein and its membrane recep-
tor in estrogen-dependent breast cancer: biological and pathophysiological
impact. Horm. Res., 1996, 45, 202-206.

Bonasera, T.A.; Dehdashti, F.; Welch, M.J.; Katzenellenbogen, J.A. Com-
parasion of the hepatic metabolism of 160.-["*F]fluoroestradiol (FES) and
16B-[**F]fluoromoxestrol (FMOX) utilizing isolated hepatocytes from differ-
ent species. J. Nucl. Med., 1993, 34, 49P-49P.

Morgan, P.; Maggs, J.L; Bulman-Page, P.C.; Hussain, F.; Park, B.K. The
metabolism of 2- and 4-fluoro-17B-oestradiol in the rat and its implications
for oestrogen carcinogenesis. Biochem. Pharmacol., 1992, 43, 985-993..
Bénard, F.; Ahmed, N.; Beauregard, J.M.; Rousseau, J.; Aliaga, A.; Dubuc,
C.; Croteau, E.; van Lier, J.E. Biodistribution of fluorinated estradiol deriva-
tives in ER + tumor-bearing mice: impact of substituents, formulation and
specific activity. Eur. J. Nucl. Med. Mol. Imaging. 2008, 35, 1473-1479



24  Current Medicinal Chemistry, 2013, Vol. 20, No. 1

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

Turcotte, E.; Paquette, M.; Lavallée, Eric.; Langlois, R.; Dubreuil, S.; Senta,
H.; Lecomte, R.; Guerin, B.; Benard, F.; Van Lier, J. Comparison of
4AFMFES-PET with FES-PET in a phase II trial to detect estrogen receptor-
positive breast cancer: Preliminary results. J Nucl Med. 2012, 53 (S1), 281
Ali, H.; Rousseau, J.; Ghaffari, M.A.; van Lier, J.E. Synthesis, receptor
binding, and tissue distribution of 70~ and 11B-substituted (170,,20E)- and
(170,202)-21-["*I]Todo-19-norpregna-1,3,5(10),20-tetraene-3,17-diols. J.
Med. Chem. 1991, 34, 854-860.

VanBrocklin, H.F.; Liu, A.; Welch, M.J.; O'Neil, J.P.; Katzenellenbogen,
J.A. The synthesis of 7o-methyl-substituted estrogens labeled with fluorine-
18: potential breast tumor imaging agents. Steroids, 1994, 59, 34-45.
Pomper, M.G.; Katzenellenbogen, J.A.; Thomas, R.D.; Mathias, C.J.; Van-
Brocklin, H.; Welch, M.J. Fluorine-18 labeled 11B-substituted estrogens:
synthesis, receptor binding, and comparative target tissue uptake studies. J.
Labelled Comp. Radiopharm., 1989, 26, 323-325.

Hanson, R.N.; Franke, L.A.; Kaplan, M.L. Synthesis and evaluation of
(170,20E)21-['*T]Todo-11-substituted-19-norpregna-1,3,5(10)-tetraene-
3,17B-diols: the influence of 11-stereochemistry on tissue distribution of ra-
dioiodinated estrogens. J. Nucl. Med., 1989, 16, 3-9.

Hanson, R.N.; Napolitano, E.; Fiaschi, R.; Onan, K.D. Synthesis and estro-
gen receptor binding of novel 11B-substituted estra-1,3,5(10)-triene-3,17f3-
diols. J. Med. Chem., 1990, 33, 3155-3160.

French, A.N.; Napolitano, E.; VanBrocklin H.F.; Hanson, R.N.; Welch, M.J.;
Katzenellenbogen, J.A. Synthesis, radiolabeing and tissue distribution of
11B-fluoroalkyl- and 11B-fluoroalkoxy-substituted estrogens: target tissue
uptake selectivity and defluorination of a homologous series of fluorine-18-
labeled estrogens. Nucl. Med. Biol., 1993, 20, 31-47.

Seimbille, Y.; Bénard, F.; van Lier, J.E. Synthesis of 16alpha-fluorolCI
182,780 derivatives: powerful antiestrogens to image estrogen receptor den-
sities in breast cancer by positron emission tomography. J. Chem. Soc.,
Perkin Trans I,2002, 20, 2275-2281.

Seimbille, Y.; Bénard, F.; Rousseau, J.; Pépin, E.; Aliaga, A.; Tessier, G.;
van Lier, J.E. Impact on estrogen receptor binding and target tissue uptake of
[18F]fluorine substitution at the 16-alpha position of fulvestrant (Faslodex;
ICI 182,780). Nucl. Med. Biol., 2004, 31, 691-698.

Parisot, J.P; Hu, X.F.; Sutherland, R.L.; Wakeling, W, Zalcberg, J.R.; De-
Luise, M. The pure antiestrogen ICI 182,780 binds to a high-affinity site dis-
tinct from the estrogen receptor. /nt. J. Cancer., 1995; 62, 480—484.

Yang, D.J.; Tewson, T.; Tansey, W.; Kuang, L.-R.; Reger, G.; Cherif, A,
Wright, K.C.; Moult, R.G.; Tilbury, R.S.; Chu, K.; Kim, E.E.; Wallace, S.
Halogenated Analogs of Tamoxifen - Synthesis, Receptor Assay, and
Inhibition of MCF7-Cells. J. Pharmaceut. Sci., 1992, 81, 622-625.

Yang, D.; Kuang, L.R.; Cherif, A.; Tansey, W.; Chun, L.; Lin, W.J.; Wei,
L.C.; Kim, E.E.; Wallace, S. Synthesis of [18F]fluoroalanine and [18F]
fluorotamoxifen for imaging breast tumors. J. Drug Target., 1993, 1, 259-
267.

Inoue, T.; Kim, E.E.; Wallace, S.; Yang, D.J.; Wong, F.C.; Bassa, P.; Cherif],
A.; Delpassand, E.; Buzdar, A.; Podoloff, D.A. Positron emission tomogra-
phy using [18F]fluorotamoxifen to evaluate therapeutic responses in patients
with breast cancer: preliminary study. Cancer Biother. Radiopharm., 1996,
11,235-245.

McElvany, K.D.; Carlson, K.E.; Welch, M.J.; Senderoff, S.G.; Katzenellen-
bogen, J.A. In vivo comparasion of 1607’ Br]Bromoestradiol-178 and 1607
llzsl]lodoestradiol-l7|?)‘ J. Nucl. Med., 1982, 23, 420-424.

McElvany, K.D; Katzenellenbogen, J.A.; Shaffer, B.A; Siegel, K.E; Sen-
deroff, S.G.; Welch, M.J. 16a-[""Br]-bromoestradiol-17p: Dosimetry and
Preliminary Clinical Studies. J. Nucl. Med., 1982, 23, 425-430.

Senderoff, S.G.; McElvany, K.D.; Carlson, K.E.; Heiman, D.F.,; Katzenel-
lenbogen, J.A.; Welch, M.J. Methodology for the synthesis and specific acti-
vity determination of 16a-[”’Br]-bromoestradiol-17p and 160-["'Br]-bromo-
11B-methoxyestradiol-17f, two estrogen receptor-binding radiopharmaceuti-
cals. Appl. Radiat. Isotop., 1982, 33, 545-551.

Katzenellenbogen, J.A.; Senderoff, S.G.; McElvany, K.D.; O'Brien, H.A.Jr.;
Welch, M.J. 160-[Bromine-77]-bromoestradiol-17f: a high specific-activity,
gamma-emitting tracer with uptake in rat uterus and induced mammary tu-
mors. J. Nucl. Med., 1981, 22, 42-47.

Vaalburg, W.; Reiffers, S.; Beerling, E.; Pratt, J.J.; Woldring, M.G.; Wyn-
berg, H. The preparation of carbon-11 labeled 17a-ethynylestradiol. J. La-
belled Comp. Radiopharm., 1977, 13,200-201.

Vaalburg, W.; Feenstra, A.; Wiegman, T. Carbon-11 labeled moxestrol and
170-methyl estradiol as receptor binding radiopharmaceuticals. J. Labelled
Comp. Radiopharm., 1980, 18, 100-101.

Napolitano, E.; Fiaschi, R.; Carlson, K.E.; Katzenellenbogen, J.A. 11B-
Substituted estradiol derivatives, potential high-affinity carbon-11 labeled
probes for the estrogen receptor: A structure-affinity relationship study. J.
Med. Chem., 1995, 38, 429-434

Reiffers, S.; Vaalburg, W.; Wiegman, T.; Wynberg, H.; Woldring, M.G.
Carbon-11 labelled methyllithium as methyl donating agent: The addition to
17-keto steroids. Appl. Radiat. Isot., 1980, 31, 535-539.

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

Oliveira et al.

Feenstra, A.; Vaalburg, W.; Nolten, G.M.J.; Reiffers, S.; Talma, A.G.;
Wiegman, T.; van der Molen, H.D.; Woldring, M.G. Estrogen receptor bind-
ing pharmaceuticals: II. Tissue distribution of 170-methylestradiol in normal
and tumor bearing rats. J. Nucl. Med., 1983, 24, 522-528.

Napolitano, E.; Dence, C.S.; Welch, M.J.; Katzenellenbogen, J.A. Carbon-11
labeled estrogens as imaging agents for breast tumors. J. Nucl. Med., 1994,
358, 250P.

Dence, C.S.; Napolitano, E.; Katzenellenbogen, J.A.; Welch, M.J. Carbon-
11-labeled estrogens as potential imaging agents for breast tumors. Nucl.
Med. Biol. 1996, 23, 491-496.

Wust, F.; Zessin J.; Johannsen, B. A new approach for ""C~C bond forma-
tion: synthesis of 17a-(3’-["'C]prop-1-yn-1-yl)-3-methoxy-3,17p-estradiol. J.
Label. Compd. Radiopharm., 2003, 46, 333-342.

Kochanny, M.J.; VanBrocklin, H.F.; Kym, P.R.; Carlson, K.E.; O’Neil, J.P.;
Bonasera, T.A.; Welch, M.J.; Katzenellenbogen, J.A. Fluorine-18-labeled
progestin ketals: Synthesis and target tissue uptake selectivity of potential
imaging agents for receptor-positive breast tumors. J. Med. Chem., 1993, 36,
1220-1127.

Carlson, K.E.; Brandes, S.J.; Pomper, M.G.; Katzenellenbogen, J.A. (1988).
Uptake of three [*H]progestins by target tissue in vivo: implications for the
design of diagnostic imaging agents. Nucl. Med. Biol. 15:403-408.

Buckman, B.O.; Bonasera, T.A.; Kirschbaum, K.S.; Welch, M.J.; Katzenel-
lenbogen, J.A. Fluorine-18-labeled progestin 160.,170--dioxolanes: develop-
ment of high-affinity ligands for the progesterone receptor with high in vivo
target site selectivity. J. Med. Chem. 1995, 38, 328-337.

Fried, J.; Sabo, E.F.; Grabowich, P.; Lerner, L.J.; Kessler, W.B.; Brennan,
D.M.; Borman, A. Progestationally active acetals and ketals of 160,170~
dihydroxyprogesterone. Chem. Ind., 1961, 465-466.

Lerner, L.J.; Brennan, D.M.; Borman, A. Biological Activities of 160,170~
dihydroxyprogesterone derivatives. Proc. Soc Exp. Biol. Med., 1961, 106,
231-234.

Kilbourn, M.J.; Carey, J.E.; Koeppe, R.A.; Haka, M.S.; Hutchins, G.D.;
Sherman, P.S.; Kuhl, D.E. Biodistribution, dosimetry. metabolism and mon-
key PET studies of ["*F]IGBR13119. Imaging the dopamine uptake system in
vivo. Nucl. Med. Biol., 1989, 16, 569-576.

Plenevaux, A.; Fowler, J.S.; Dewey, S.L.; Wolf, A.P.; Guillaume, M. The
synthesis of no-carrier added DL-4["*F]fluorodeprenyl via the nucleophilic
aromatic substitution reaction. Appl. Radiat. Isotop., 1991, 42, 121-127.
Kym, P.R.; Carlson, K.E.; Katzenellenbogen, J.A. Progestin 160,170~
dioxolane ketals as molecular probes for the progesterone receptor: Synthe-
sis, binding affinity and photochemical evaluation. J. Med. Chem., 1993, 36,
1111-1119.

Cooke, B.A.; Vallance, D.K. Metabolism of megestrol acetate and related
progesterone analogues by liver preparations in vitro. Biochem. J., 1965, 97,
672-677.

Fensome A.; Bender, R.; Chopra, R.; Cohen, J.; Collins, M.A.; Hudak, V.;
Malakian, K.; Lockhead, S.; Olland, A.; Svenson, K.; Terefenko, E.A.; Un-
walla, R.J.; Wilhelm, J.M.; Wolfrom, S.; Zhu, Y.; Zhang, Z.; Zhang, P.;
Winneker, R.C.; Wrobel, J. Synthesis and structure-activity relationship of
novel 6-aryl-1,4- dihydrobenzo[d][1,3]oxazine-2-thiones as progesterone re-
ceptor modulators leading to the potent and selective nonsteroidal progester-
one receptor agonist Tanaproget. J. Med. Chem., 2005, 48, 5092-5095.
Zhou, H.-B.; Lee, J.H.; Mayne, C.G.; Carlson, K.E.; Katzenellenbogen, J.A.
Imaging progesterone receptor in breast tumors: Synthesis and receptor bind-
ing affinity of fluoroalkyl-substituted analogs of Tanaproget. J. Med. Chem.,
2010, 53, 3349-3360.

Lee, J.H.; Zhou, H.-B.; Dence, C.S.; Carlson, K.E.; Welch, M.J.; Katzenel-
lenbogen, J.A. Development of [F-18]fluorine-substituted Tanaproget as a
progesterone receptor imaging agent for positron emission tomography. Bio-
conjugate Chem., 2010, 21, 1096-1104.

Choe, Y.S.; Bonasera, T.A.; Chi, D.Y.; Welch, M.J.; Katzenellenbogen, J.A.
60.-["*F]Fluoroprogesterone: Synthesis via halofluorination-oxidation, recep-
tor binding and tissue distribution. Nucl. Med. Biol. 1995, 22, 635-642.
DeSombre, E.R.; Mease, R.C.; Hughes, A.; Harper, P.V.; Delesus, O.T.;
Friedman, A.M. Bromine-80m-labeled estrogens: Auger electron-emitting,
estrogen receptor-directed ligands with potential for therapy of estrogen re-
ceptor-positive cancers. Cancer Res., 1988, 48, 899-906.

DeSombre, E.R.; Shafii, B.; Hanson, R.N.; Kuivanen, P.C.; Hughes, A.
Estrogen receptor directed radiotoxicity with Auger electrons: specificity and
mean lethal dose. Cancer Res., 1992, 52, 5752-5758.

Kassis, A.L; Adelstein, S.J.; Haydock, C.; Sastry, K.S.R.; McElvany, K.D.;
Welch, M.J. Lethality of Auger electrons from the decay of bromine-77 in
the DNA of mammalian cells. Radiat. Res., 1982, 90, 362-373.

Zhou, D.; Carlson, K.E.; Katzenellenbogen, J.A.; Welch, M.J. Bromine-and
iodine-substituted 16a,17a-dioxolane progestins for breast tumor imaging
and radiotherapy: synthesis and receptor binding affinity. J. Med. Chem.,
2006, 49, 4737-4744.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


