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Abstract Carcinogenesis in the different organs of the reproductive system,
particularly, prostate, ovarian, and cervical tissues, involves aberrant expression of
various physiological receptors belonging to different superfamilies. This chapter
provides insights into the physiological receptors that are associated with the gene-
sis, progression, metastasis, management, as well as the prognosis of the cancers of
the male and female reproductive systems. It also highlights the structural and bind-
ing characteristics of the highly predominant receptors, namely, androgen, estrogen,
progesterone, and gonadotropin-releasing hormone (GnRH) receptors, which are
overexpressed in these cancers and discusses various strategies to target them.
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s.C. Subcutaneous

SAR Structure—activity relationships

SARM Selective androgen receptor modulators
SCID Severe combined immunodeficiency
SERM Selective estrogen receptor modulators
SMA Styrene—maleic scid

SMA-RAL SMA-encapsulated raloxifene

SPRM Selective progesterone receptor modulators
TMD Transmembrane domain

1 Introduction: Reproductive System-Related Cancers

Cervical and ovarian cancers are the fourth most and the seventh most common
cancers in women, with a global prevalence of approximately 3.7 percent and 1.7
percent, respectively [1-3]. The prostate cancer is considered as the fifth leading
cause of cancer-associated mortality in men, with a global prevalence of about 7.9
percent [3, 4]. The risk factors for cancers related to reproductive system include
but not limited to endogenous factors such as genetic history, race, aging, hor-
monal imbalance, and exogenous factors such as inappropriate diet, unhealthy
lifestyle, and environmental and occupational factors. Moreover, cervical cancer
risk factors are extended to the infection of human papilloma virus (HPV),
extended usage of contraceptives, age of menarche and menopause, unsafe sexual
activities such as sexual intercourse at an early stage and multiple sexual partners
[1, 5-12]. This chapter provides a detailed overview of the structural, pharmaceu-
tical, and clinical aspects of the agents discovered to target the dominant receptors
involved in the development, treatment, and prognosis of the reproductive
neoplasia.

2 Overview: Receptors Associated with the Cancers
of the Reproductive System

Table 4.1 lists the receptors that are ubiquitous in various cancers of the repro-
ductive system, specifically during their prognosis, diagnosis, progression, and
therapy.

The subsequent discussion is focused on four principal receptors that display a
significant expression pattern during the genesis, diagnosis, treatment, and progno-
sis of the reproductive neoplasia.
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Table 4.1 Receptors associated with the prognosis, diagnosis, progression, and therapy of the
cancers of the reproductive system

Type of receptors

Cervical cancer

Ovarian cancer

Prostate cancer

Ton channel
receptors
(inotropic)

P2 receptors: P2X4,
P2X7 [13-15]

P2 receptors: P2X7
[13, 14]

P2 receptors: P2X4,
P2XS, P2X7 [13, 14]
NMDA (N-methyl-D-
aspartate) receptor [16]
GABAa receptor [17]

G-protein-coupled
receptors (GPCRs)
(metabotropic)

Endothelin-1: (ET,R)
[18-20]
Protease-activated
receptor-2 (PAR-2)
[21]

Gastrin-releasing
peptide receptor
(GRPR) [22, 23]
G-protein-coupled
estrogen receptor-1
(GPER-1) — prognostic
maker for early-stage
cancer [7]

Folate receptor subtype
alpha (FRa) [24]

Endothelin-1: (ET,R)
[19, 25, 26]
Protease-activated
receptor-1 and 2 (PAR
1 and 2) [27, 28]
B-Adrenergic receptor
[29]

Gastrin-releasing
peptide receptor
(GRPR) [30, 31]
G-protein-coupled
estrogen receptor-1
(GPER-1) [32, 33]
Folate receptor — FRa
and Reduced Folate
Carrier (RFC) [34]
Follicle-stimulating
hormone receptor
(FSHR)

Luteinizing hormone
receptor (LHR)
Gonadotropin-
releasing hormone
receptor (GnRHR)
Thyroid-stimulating
hormone receptor
(TSHR)

Kisspeptin receptor
Angiotensin II type 1
receptor [2]

Serotonin (5-HT)
receptors — 5-HTRIA,
5-HTR1RB,
5-HTR2B, 5-HTR4
[35]

Endothelin-1: (ET,R)
[19, 36, 37]
Protease-activated
receptor-1, 2, and 4
(PAR-1, 2, and 4)
[38—40]

p-Adrenergic receptor
[29, 41]
Gastrin-releasing peptide
receptor (GRPR) [31, 42]
G-protein-coupled
estrogen receptor-1
(GPER-1) [33]
Prostate-specific
G-protein-coupled
receptor (PSGR)-PSGR2
[43, 44]
G-protein-coupled
receptor-158 (GPR158)
[45]

Lysophosphatidic acid
(LPA)-1 receptor [46]
Gonadotropin-releasing
hormone receptor
(GnRHR) [47]
Serotonin (5-HT)
receptors — 5-HTRIA,
5-HTR1RB, 5-HTR2B,
5-HTR4 [48, 49]

(continued)
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Table 4.1 (continued)

Type of receptors | Cervical cancer Ovarian cancer Prostate cancer
Tyrosine kinase Human epidermal HER-2/neu receptor | HER-2/neu receptor [62]
receptors growth factor receptor | [57] Epidermal growth factor
(HER-2)/neu [50] Epidermal growth receptor (EGFR) [63]
Epidermal growth factor receptor Insulin-like growth
factor receptor (EGFR) | (EGFR) [58] factor-I receptor
[51] Insulin-like growth (IGF-IR) [64]
Insulin-like growth factor-I receptor Vascular endothelial
factor-I receptor (IGF-IR) [59] growth factor (VEGF)
(IGF-IR) [52] Vascular endothelial | receptor [65]
Vascular endothelial growth factor (VEGF) | Hepatocyte growth
growth factor (VEGF) | receptor [53] factor/(cMET) [60]
receptor [53] Hepatocyte growth Fibroblast growth factor
Prolactin receptor factor/(cMET) [60] receptor (FGFR) [66]
(PRLR) [54] Fibroblast growth
Hepatocyte growth factor receptor
factor/(cMET) [55] (FGFR) [61]
Fibroblast growth
factor receptor (FGFR)
[56]
Nuclear receptors | Estrogen receptor (ERa | Estrogen receptor Androgen receptor (AR)
and ERp) (ERa and ERP) [71]
Progesterone receptor | Progesterone receptor | Estrogen receptor (ERp)
(PR): PR-A, PR-B [1] | (PR): PR-A, PR-B [1, [72]
Vitamin-D receptor 69] Progesterone receptor
(VDR) [67] Androgen receptor (PR) [73]
Retinoic acid receptor | (AR) Peroxisome proliferator-
B [68] Vitamin-D receptor activated receptor-
(VDR) [67] Gamma (PPARY) [74]
Retinoic acid receptor
[70]

3 Predominant Receptors in Reproductive System-Related
Cancers

3.1 Nuclear Receptors

Nuclear receptors comprise a family of transcription factors that get activated due to
the binding of the lipophilic ligands, to carry out reproduction, development,
homeostasis, and metabolism. They act by responding to the signals generated by
the steroid hormones and regulate the expression of the target genes [75-77].

3.1.1 Steroid Sex Hormone Receptors
The organs of the reproductive system serve as the primary sites of action of sex

steroid hormones, such as the estrogen, progesterone, and androgen. These hor-
mones are responsible for mediating the developmental activities and physiological



114 M. Gore et al.

functions of the male and female reproductive systems. They exert their functions
through the action of steroid hormone receptors, namely, the estrogen (ER), proges-
terone (PR), and androgen (AR) receptors, respectively. Aberrations in their expres-
sion and/or in the factors regulating them, termed as coregulators, lead to either
activation or suppression of their transcription machinery, eventually impacting
their physiological functions. These abnormalities trigger a cascade of pathological
changes in vivo, thereby resulting into carcinogenesis [78, 79].

ER-subtype o (ERa) and PR receptors play a pivotal role in the pathophysiol-
ogy of cervical cancer. The PRs were found to exhibit tumor-suppressive proper-
ties in cervical cancer [1, 7]. In the case of ovarian malignancy, ERa expression
provided a better prognosis, while the role of ERf was insignificant. On the other
hand, an elevated PR expression was observed to improve the survival rate in
patients with endometrial ovarian cancer (EOC) [80]. The activity of AR has been
closely linked to the prostatic carcinogenesis. The biochemical pathway of AR, the
principal regulator of prostatic cancer, is perturbed during the carcinogenesis.
Castration-resistant prostate cancer (CRPC), an advanced stage of the disease
which is nonresponsive to hormone deprivation therapy, occurs due to increase in
sensitivity of the AR to the agonists, mutations in the receptor, ligand-independent
activation of the ARs, etc. [71]

3.2 G-Protein-Coupled Receptors
3.2.1 Gonadotropin-Releasing Hormone Receptor (GnRHR)

GnRH-I, produced in vivo, by the GnRHR (located in the hypothalamus) stimu-
lates the secretion of the gonadotropins, namely the luteinizing hormone (LH) and
the follicle-stimulating hormone (FSH), which further regulate the in vivo levels
of sex hormones [81]. The GnRHR is also expressed in the CRPC [82]. Primary
cultures of ovarian carcinomas and biopsy specimens of malignant ovarian tissue
have revealed the predominant expression of the GnRHR receptor (>80%), signi-
fying its role in the genesis of malignancy and metastasis. The GnRHR has also
been speculated to be associated with the early phases of ovarian carcinogenesis,
including cell migration and invasion [83]. It was observed that administration of
GnRH-1 agonists and antagonists lead to the downregulation and inactivation of
GnRHR, respectively. As a result, the GnRH agonists cause inhibition of cell pro-
liferation, metastasis, and angiogenesis. Moreover, the GnRH antagonists also
possess antineoplastic activity [81, 82]. Thus, exploration of the structure and
regulation of the GnRHRs in cancers of the reproductive system may enhance
their applicability, as a target receptor, for the discovery of new-age anticancer
therapeutics.

Understanding the structure and the binding chemistries of these receptors and
reviewing the potential of targeting it may pave the way to the discovery of the
breakthrough anticancer therapies in the near future.
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4 Predominant Receptors in Cancers Related
to Reproductive System: Structural Attributes

4.1 Androgen Receptor

Androgen receptor (AR), a 110-kDa protein, is a ligand-activated transcription factor
belonging to the family of steroid hormone nuclear receptors [71]. AR, expressed in
prostate, is activated by binding of endogenous androgens, such as testosterone and
Sa-dihydrotestosterone (5 a-DHT). Functional AR is responsible for in vivo male
sexual differentiation and occurrence of pubertal changes [84].

This receptor mediates normal growth and development of the prostate gland and
also plays a vital role in the prostatic carcinogenesis and its progression to an
androgen-independent disease. Androgen-independent stage of prostate cancer
(e.g., CRPC) has been observed due to the activation of the AR receptor by overex-
pression of gene and cofactors, gene mutations, splice variants, and intracrine syn-
thesis of androgen [85, 86]. In addition, AR is also expressed in the different
subtypes of ovarian and cervical cancers [87, 88].

4.1.1 Androgen Receptor: Recognition Domain and Receptor Pathway

The AR modular protein consists of four distinct domains, namely, the ligand-
binding domain (LBD), the hinge domain, the DNA-binding domain (DBD), and
the N-terminal transcriptional regulation/amino-terminal domain (NTD). NTD is
the most variable region, whereas DBD and LBD are highly conserved among dif-
ferent receptors of the steroid hormone nuclear receptor family. The LBD, the key
recognition domain of AR, is arranged in three layers and comprises eleven
a-helices, particularly, HI-H11, except H2, which results into formation of an anti-
parallel “a-helical sandwich.” The ligand-binding pocket (LBP) is formed by HS,
C-terminal of H10 and H11, and N-terminal of H3. The activation function (AF)-1,
located at the N-terminal, is not conserved in the sequence and is ligand-independent,
whereas AF-2, at the C-terminal, is conserved and ligand-dependent. The nuclear
localization signal (NLS) is located between the DBD and the hinge region [71,
89, 90].

The Genomic Pathway of AR

Unbound AR exists in an inactive state in the cytoplasm, in complexation with the
heat shock proteins (HSP) such as HSP90. Upon binding to a ligand/agonist, it gets
activated and dissociates from the HSP and undergoes dimerization and phosphory-
lation. Binding of an agonist leads to the formation of the AF-2 region on the sur-
face of LBD. Upon ligand binding, AF-2 interacts with the amino-terminal motifs
of the receptor, which leads to an establishment of N/C intradomain crosstalk,
thereby leading to receptor stabilization, enhanced DNA-binding affinity, and
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reduced ligand dissociation, a phenomenon exclusively observed in the AR, unlike
other steroid receptors. AF-2 domain also recruits coregulatory proteins to an acti-
vated AR, thereby contributing to its overall function. H12, the core structure of
AF-2, acts as a lid to close LBP, upon binding of the agonist. Further, the NLS gets
exposed upon the ligand/agonist binding and interacts with importin-o. This leads
to translocation of AR from cytoplasm to the nucleus. DBD facilitates interaction of
the translocated receptor with the DNA at specific recognition sites. These sites,
located in the promoter and enhancer regions of the AR target genes, consist of
consensus sequences and are termed as androgen response elements (ARE). Access
of AR to the target chromatin requires concerted action of certain transcription fac-
tors. AF-1 and AF-5 of NTD mediate the transcriptional activity by recruitment of
coactivator complexes and transcription machinery, essential to regulate the expres-
sion of the target genes. Selective recognition of specific ARE sequences is regu-
lated by the ligand-binding and/or presence of other transcription factors [84,
89-91]. Figure 4.1a provides a schematic layout of the structure of the steroid
receptor (SR) and its pathway of transactivation after binding of the ligand.

4.1.2 Ligands and Their Structure-Activity Relationships (SAR)
for Selective Binding to AR

Ligands modulate their action by binding to the LBP of LBD. The AR is capable to
accommodate a large variety of ligands by modifying the volume of LBP [71].
Testosterone (Fig. 4.2a) and DHT (Fig. 4.2b) are the physiological ligands of the
AR [89]. Carbon atoms of the testosterone skeleton have been numbered in order to
provide basis for the SARs with various ligands and their derivatives [71]. Synthetic
derivatives of testosterone have been prepared to enhance oral bioavailability. It is
essential for the ligand (natural/synthetic) to contain a steroidal skeleton for retain-
ing the androgenic activity. Hydrophobic amino acid residues in the LBP interact
with the steroid scaffold. A/B ring junction usually has “trans” stereochemistry.
178-OH atom is essential for ligand—receptor interaction via formation of a hydro-
gen bond with the amino acid residues [71, 89].

>
>

Fig. 4.1 (a) Schematic of the structure and genomic pathway of the Steroid Receptor (SR) acti-
vated upon binding of the ligand (e.g., hormone). Binding of the ligand causes activation of the
HSP-90-bound SR that undergoes nuclear translocation, dimerization, and then binds to the hor-
mone response elements (HRE) by the action of cofactors/coactivators, thus resulting into transac-
tivation and transcription of the target genes. The enlarged view of the SR reveals different
structural domains, namely, N-terminal domain (NTD), DNA-binding domain (DBD), Hinge
region (H), and ligand-binding domain (LBD), wherein each domain is capped by N-termini and
C-termini amino acid residues. Presence of NLS, AF-1, and AF-2 domains has also been indicated.
(b) Schematic representation of GnRHR and intracellular pathway activated on binding of
GnRH. Binding of the ligand activates the receptor. The latter binds to GTP-linked proteins, or
G-proteins. Gag/11, a subunit of G-proteins, activates phospholipase C, which then hydrolyzes
phosphatidylinositol-4,5-bisphosphate (PIP2) to inositol triphosphate (IP3) and diacylglycerol
(DAG). DAG activates protein kinase C (PKC), further leading to cascade of intracellular events,
operating through activation of phospholipase A2, ultimately leading to Gonadotropin biosynthe-
sis and release
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Fig. 4.2 Structure of ligands/chemical agents and action on the predominant receptors of cancers
of the reproductive system. Carbon atoms and hydrophobic rings have been numbered wherever
necessary. (a) Testosterone, (b) Dihydrotestosterone, (¢) Cyproterone acetate, (d) Estradiol (E2),
(e) Progesterone (P4), and (f) GnRH decapeptide

4.2 Estrogen Receptor

Estrogens naturally occur in three different forms in females, namely, estradiol (E2)
(Fig. 4.2d), estriol, and estrone. It exerts its action through the estrogen receptors
(ERs), which belong to the steroid hormone superfamily of nuclear receptors. ERs,
occurring in two forms, ER-a and ER-f, act as ligand-activated transcription fac-
tors, upon binding to the endogenous ligands [92-94]. Expression of estrogen and
its receptors have been very well documented in prostate, ovarian, and cervical can-
cers. ER-a and ER-f have been reported to play oncogenic and antioncogenic roles
in the pathogenesis of prostate cancer. The aberrant expression of the enzymes
involved in steroid biosynthesis and metabolism, such as aromatase and 5-a reduc-
tase, has also been implicated in prostatic malignancy [72, 95]. This chapter will
further provide insights into the structural aspects of the receptor and its SAR with
the ligands.

4.2.1 Recognition Domain and Receptor Pathway of ER
ER-a (66-kDa protein) is predominantly expressed in the reproductive tract,

whereas ER-p (54-kDa protein) primarily occurs in the vascular endothelial cells,
bones, and male prostatic tissues. The ER receptor consists of an NTD, DBD,
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hinge region, and LBD. The NTD stimulates transcription from particular estro-
gen-responsive promoters via AF-1. DBD binds to estrogen response elements
(ERE) in the target DNA, while the hinge region contains nuclear NLS. The LBD
and AF-2 activate the gene expression in response to ligand binding. The classical
genomic pathway results in the formation of estrogen-dependent, nuclear ER
homo- or heterodimers, such as ER-a/ER-a, ER-B/ER-f, and ER-a/ER-p, respec-
tively. Further, these dimers subsequently bind to the estrogen response element
(ERE) sequences located in the promoter region of estrogen-responsive genes,
resulting in the recruitment of coregulatory proteins (coactivators or corepressors)
to the promoter. This leads to either an enhancement or reduction in the mRNA
levels, further impacting the production of associated proteins and eventually the
physiological response [89, 96].

4.2.2 Ligands and Their Structure—Activity Relationships for Selective
Binding to ER

A vast array of compounds acting as ligands for the ER-a and ER-f receptors have
been classified as endo-estrogens (E2), phytoestrogens (Resveratrol), xenoestro-
gens (Mestranol), metalloestrogens (copper (Cu*"), etc. [89, 97, 98].

Recognition of the binding of endo-estrogen (E2) to ER is achieved partly by
intermolecular hydrogen binding and van der Waals interactions with the receptor
[97]. The aromatic A ring, C-3 and 17 hydroxyl groups and the distance between
them, and planar hydrophobic structure are essential for estrogenic activity. On the
other hand, substitution at C-1, hydroxylation at C-6, 7, and 11, removal of oxygen
from C-3 or C-17, and epimerization of 17-B-hydroxyl group of E2 to a-configuration
lead to reduction in the activity [89, 99].

4.3 Progesterone Receptor

Progesterone (P4; represented in Fig. 4.2e) and progesterone receptors (PRs) are
necessary for the development of hormone-responsive tissues such as breasts and
other organs of the reproductive tract. It is responsible for ovulation, embryo
implantation, pregnancy, development of the mammary gland, and sexual differen-
tiation and behavior. The hormone inhibits the proliferative action of estrogen in the
reproductive tissues, such as endometrium and ovary, thus preventing them from
undergoing neoplastic transformation [100, 101]. PRs, existing as two isoforms,
namely PR-A ((molecular weight of 94 kDa) and PR-B (molecular weight of
114 kDa), are ligand-activated transcription factors, belonging to the superfamily of
steroid hormone nuclear receptors. PR-B is referred to as full length and dominant
receptor, while PR-A is the N-terminal truncated version [102, 103]. Both the
isoforms suppress proliferation of the prostate stromal and cervical cancer cells
[1, 104]. PR overexpression is associated with favorable prognosis in women with
ovarian malignancies [105].
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4.3.1 Recognition Domain and Receptor Pathway of PR

The PR receptors share common structural elements with other steroid receptors,
namely, NTD, DBD, hinge region, and LBD. The NTD is responsible for ligand-
independent transcriptional activation and harbors a highly variable AF-1 domain.
The DBD binds to the progesterone response elements (PREs) located in the target
DNA. The hinge region contains NLS, while the LBD and a highly conserved AF-2
domain are responsible for the ligand-mediated transactivation of the gene expression,
via the genomic pathway. The LBD or the primary recognition domain comprises a
hydrophobic LBP, to facilitate ligand binding. The genomic pathway operates on
binding of P4, which causes conformational change in the PR, thereby transforming
it into an active transcriptional factor. As a result, receptor phosphorylation occurs and
the PR undergoes dimerization (homo/hetero) and nuclear translocation, to further
interact with the PREs. This also leads to the recruitment of coactivators that mediate
gene transcription. It has been reported that PR-A and PR-B possess opposite tran-
scriptional activities and the overall response of P4 is dependent on the relative in vivo
levels of PR-A and PR-B. Sa-reductase and 20a-hydroxysteroid dehydrogenase are
responsible for the metabolic conversion of P4 to a more active or less active form,
before interaction with the receptors in the target cells [89, 102, 106].

4.3.2 Ligands and Structure-Activity Relationships for Selective Binding
to PR

P4 is an endogenous ligand of the PR receptors. The progestin activity is confined
to the molecules having a steroid nucleus. The synthetic progestins have been cat-
egorized into two classes, namely, the androgens (19-norandrostane or estrane
derivatives), and 17 a-hydroxyprogesterones. In case of the compounds belonging
to the androgen category, 17a-substituents like ethyl, methyl, etc., lead to increase
in the oral bioavailability (e.g., Ethisterone). Removal of the methyl group at C19
position and chlorination at C21 or methylation at C18 provided norethisterone,
whose activity was further enhanced by chlorine substitution at C21 or by the addi-
tion of methyl group at C18 (e.g., Norgestrel). Acylation of 17p-hydroxyl group of
Norethisterone extended the duration of its action. Synthetic progestins include
medroxyprogesterone acetate and norethisterone (first generation), norgestrel and
levonorgestrel (second generation), etonogestrel and nosgestimate (third generation),
drospirenone and trimegestone (fourth generation), etc. [89].

4.4 Gonadotropin-Releasing Hormone Receptor (GnRHR)

The GnRH (Fig.4.2f) is a decapeptide that plays a pivotal role in regulating the
reproductive functions by functioning through the hypothalamic—pituitary gonadal
(HPG) axis. The action of GnRH is mediated by the action of GnRHR, which
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belongs to the rhodopsin-like GPCR superfamily. GnRHR is expressed in various
reproductive cancers, such as the prostate, ovarian, endometrial, and the breast can-
cer, as well as the nonreproductive cancer types. In these tumors, the GnRH func-
tions as a paracrine—autocrine growth factor and displays a strong anticancer
activity. The GnRHR (for 3D structure, refer to Flanagan C.A. et al.) consists of
seven transmembrane (TM) domains, as well as an extracellular amino-terminal
domain that contains 35 amino acids, along with two putative glycosylation sites.
However, it lacks the carboxy-terminal cytoplasmic tail resulting in slow internal-
ization and desensitization of the receptor. The membrane-spanning segments are
highly conserved, while the loops and the termini constitute to be the variable
regions [47, 82, 107, 108].

4.4.1 Gonadotropin-Releasing Hormone Receptor: Recognition Domain
and Receptor-Ligand Interactions

The receptor (R) exists in an equilibrium between an inactive R, which does not
activate G proteins and is stabilized by an antagonist, and an active R* conforma-
tion, which activates G proteins and is stabilized by agonists, depending on the
presence or absence of the ligand. The ligands of the receptor interact with the vari-
able, extracellular half of the receptor molecule. The membrane-spanning receptor
domain transmits the signal generated upon ligand binding to the cytosolic receptor
surface, which further interacts with the G protein. The GnRHR must exist in a
silent state that does not activate the G protein, in order to transduce the signals
mediated by agonists across the cell membrane. Binding of the agonist causes tran-
sition from the silent state and leads to the binding and activation of G proteins, situ-
ated on the opposite side of the cell membrane. Thus, agonists like GnRH act as
allosteric activators of the receptor. The primary features of the inactive form of the
receptor include closed G-protein-binding pocket, a hydrogen-bonding network,
and a hydrophobic barrier. Binding of the ligand activates the receptor, causing rota-
tion and change in the interfaces of specific TM segments, leading to opening of the
hydrophobic barrier, movement of specific amino acid residues toward the interior
of the TM bundle, and ultimately opening of the cytoplasmic surface cleft that
allows contact and binding of the G-proteins [108]. The structure of the recognition
domain or LBD of the receptor, involved in binding, depends on the type of the
ligand such as a neurotransmitter, a glycoprotein hormone, and a peptide. In the
case of a neurotransmitter, the TM domains (TMDs) themselves form the LBP to
facilitate ligand binding. The amino-terminal domain of the receptor, encompassing
the high-affinity ligand-binding site, has been reported to be recognition domain for
glycoprotein hormones. A high-affinity binding site for the peptide-based ligands
include both extracellular and TM residues [109].
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4.4.2 Gonadotropin-Releasing Hormone Receptor Pathway

Binding of the hormone causes coupling of GnRHR to G,y protein, which stimu-
lates the phospholipase CP (PLCp) activity. This leads to the enhancement of intra-
cellular levels of inositol triphosphate (IP3) and diacylglycerol (DAG), further
causing intracellular mobilization of Ca’* ions and activation of the protein kinase C
(PKC). These downstream effects lead to the activation of various signaling path-
ways, which operate through the MAPK reaction cascade. Phospholipase D and
phospholipase A2 are also activated in a sequential manner. These biochemical path-
ways are vital in eliciting the GnRH-mediated downstream effects, such as gonado-
tropin synthesis and secretion [47]. Figure 4.1b provides a schematic representation
of the GnRHR, a GPCR, and the intracellular pathway activated upon binding of
GnRH to the receptor.

4.4.3 Structure-Activity Relationships for Selective Ligand Binding
to GnRHR

Amino- and carboxy-terminal residues are critical for receptor binding and activa-
tion. The presence of achiral glycine (Gly) or D-amino acids is essential at position
6, to facilitate active conformation in the folded state. His?, Trp?, as well as pGlu' of
the GnRH decapeptide possess significant roles in receptor activation. Substitution
of amino acid residues located outside the amino-terminal domain is speculated to
affect the receptor activation, due to the conformational changes in the ligand that
may occur upon binding to the receptor [110].

The subsequent section of the chapter highlights the approaches explored for
receptor targeting as well as an overview of mechanisms involved therein.

S Approaches for Receptor Targeting: Relevance to Cancers
of Reproductive System

Table 4.2 provides an overview of drug molecules developed to target receptors
predominantly expressed in the cancers of the reproductive system. Fig.4.3 provides
a schematic layout of the classification of the agents (ligands, agonist, antagonists,
modulators, etc.), either endogenously present and/or synthesized for targeting to
the aforementioned receptors.

5.1 Mechanisms of Receptor Targeting and Implications
in Cancers of Reproductive System

Several mechanisms employed for targeting receptors predominantly expressed in
the cancers of reproductive system have been summarized and supported by relevant
case studies in this section.
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5.1.1 Prodrug Approach

The limitations of chemotherapy, such as toxicity and lack of selectivity, can be
addressed with different approaches that selectively target the existing drugs to the
malignant cells and through the development of nontoxic forms of anticancer
agents, which may be specifically activated in the tumor tissues. Selective activation
of prodrugs into active anticancer agents, in the vicinity of tumor tissues, can be
mediated either by metabolic activity or by spontaneous chemical breakdown.
Investigations have been carried out for targeting advanced mCRPC by prodrug
approach by means of targeting prostate cancer-specific antigens such as prostate-
specific antigens (PSA), prostate-specific membrane antigens (PSMA), CD147,
heat shock proteins (HSPs), leutinizing hormone-releasing hormone (LHRH) recep-
tor, epithelial cell adhesion molecules, etc., and prostate-specific enzymes such as
cathepsin or matrix metalloproteinase. Numerous PSMA-targeting molecules,
which include monoclonal antibodies (mAbs), antibody—drug conjugates (ADCs),
antibody fragments (Fabs), peptides, and aptamers, have been developed in the form
of prodrugs or nanoparticles. In recent times, a prodrug, namely vinblastine-N-
oxide (CPD100), was developed for the treatment of ovarian cancer by Cascade
Prodrug, a US-based pharmaceutical company. This compound, formulated as
sphingomyelin-cholesterol liposomes, is converted into its parent compound, vin-
blastine, under hypoxic conditions. This formulation was found to be highly suc-
cessful in the preliminary studies and if successful in clinical trials, it will be the
first-of-its-kind of chemotherapeutic agent to demonstrate anticancer activity due to
the hypoxic microenvironment present in the solid tumors [126—128].

5.1.2 Indirect Targeting of the Receptor

Malignancies specific to prostate gland can also be controlled by indirect targeting
of AR-targeted drugs such as agonists, antagonists, partial agonists, and antagonists.
Indirect targeting approach can also be considered such as targeting small mole-
cules like 17a-hydroxylase involved in the de-novo synthesis of androgens by drugs
such as Abiraterone. Abiraterone, in combination with prednisone, was approved in
2012 as the first-line therapy against mCRPCs, before commencing the administra-
tion of the conventional chemotherapy. Tamoxifen is the oldest and the most exten-
sively studied SERM. It is a prodrug with low ER affinity, and gets converted into
active metabolites such as endoxifen or afimoxifene through metabolism in the
liver. These active metabolites demonstrate 30—100 times greater affinity toward the
target receptors, as compared to tamoxifen. Substances involved in the synthesis of
estrogen, such as aromatase, can also be considered as alternative targets for the
treatment of ovarian cancers. The Als blocks the protein involved in estrogen syn-
thesis, but their usage is limited for the postmenopausal women, as they do not
inhibit estrogen synthesis in the ovaries of the premenopausal women. Fulvestrant
(Faslodex®), Anastrozole (Arimidex®), Letrozole (Femara®), and Exemestane
(Aromasin®) are examples of the Als, which are useful either as a monotherapy or
combinatorial therapy, during the treatment of ovarian cancer [121, 129-131].
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5.1.3 Molecular-Based Targeting Approach: Gene Therapy

Gene therapy has been explored as one of the advanced ER-targeting strategies.
Recently, an innovative effort provided a strong confirmation that enhanced estro-
gen signaling is responsible for the growth of the cervical tumor. Enhanced expres-
sion of Cyclin D1, ERs, and aromatase is significantly associated with the tumor
growth. Hence, blocking the estrogen pathway, particularly to decrease the ER
activity, can be a rational approach to activate p53 and retinoblastoma protein (pRb),
along with lowering the expression of HPV E6 and E7. This approach has been
utilized to block ER-mediated tumor growth in cervical cancer cells, by transfection
using adenovirus (AD) as a gene carrier [132].

5.1.4 Novel/Nano Drug Delivery Systems

Different approaches of drug delivery are being employed to target receptors
expressed in reproductive neoplasia. Promising results of raloxifene in clinical trials
has suggested for an improvement in the efficacy of this drug by exploring novel
delivery systems like nanoformulations or through the development of raloxifene
analogs. Raloxifene has been effectively encapsulated in nanoparticles, such as sty-
rene—maleic acid (SMA) micelles, which demonstrated superior pharmacokinetic
profile than the free drug [95, 133].

As discussed in Table 4.2, Progesterone and GnRH receptors can be directly
targeted by means of agonists, antagonists, or partial agonists and antagonists.
Extensive research is in progress for finding numerous other potential approaches
for targeting these receptor for the treatment of malignancies related to organs of
reproductive system.

6 Receptor-Targeted Ligands in Clinical Development:
Preclinical and Clinical Studies

6.1 Preclinical Studies

Table 4.3 describes the preclinical studies for drugs targeted to the receptors pre-
dominantly expressed in cancers of the reproductive system.

6.2 Clinical Trials

Table 4.4 gives an overview of the clinical trials that have been conducted to target
the receptors relevant to the cancers of the reproductive system.
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7 Conclusion and Critical Comments

Carcinogenesis in the different organs of the reproductive system, particularly,
prostate, ovarian, and cervical tissues, involves aberrant expression of various
physiological receptors belonging to different superfamilies. Structural and phar-
macological role of four predominant receptors, namely, AR, ER, PR (sex steroid
nuclear receptors), and GnRHR (GPCRs) has been highlighted in this chapter.
Moreover, strategies and molecules developed for targeting these receptors, for
formulating clinically relevant anticancer therapeutics, have been put forth and
supported by the ongoing preclinical and clinical studies. We speculate that a com-
binatorial therapy comprising receptor-targeted ligands/agents, with clinically
acceptable cytotoxic drugs, as well as targeting moieties such as antibodies (anti-
body—drug conjugates) and use of nano- and novel carriers for drug delivery, will
enhance the overall antineoplastic effect. Considerable research has been con-
ducted in deciphering the role of the AR and GnRHR in the cancers of the repro-
ductive system and efforts to target these receptors have been commenced. We
anticipate similar investigations to be conducted for ER and PR receptors in the
near future.
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