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The nuclear receptor superfamily comprises a large group of proteins with functions essential for cell signaling, survival,
and proliferation. There are multiple distinctions between nuclear superfamily classes defined by hallmark differences in
function, ligand binding, tissue specificity, and DNA binding. In this review, we utilize the initial classification system, which
defines subfamilies based on structure and functional difference. The defining feature of the nuclear receptor superfamily
is that these proteins function as transcription factors. The loss of transcriptional regulation or gain of functioning of these
receptors is a hallmark in numerous diseases. For example, in prostate cancer, the androgen receptor is a primary target
for current prostate cancer therapies. Targeted cancer therapies for nuclear hormone receptors have been more feasible
to develop than others due to the ligand availability and cell permeability of hormones.
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| 1. Introduction

The nuclear receptor superfamily is a family of transcription factors that are widely expressed throughout the body. This
family functions in well-organized signaling pathways that heavily rely on tissue microenvironment and when disrupted,
endogenously or exogenously, can cause organ dysfunction, cancer, or loss of tissue integrity. Pharmacological
intervention inhibiting signaling pathways of members of this family has been used for treatment of many diseases. Based
on the evolution and robust treatment response to anti-androgen therapies, we examine different agents currently used in
different stages of prostate cancer progression as well as new targets being explored due to a rise in treatment
resistance.

The nuclear receptor superfamily is comprised of over 500 members. This superfamily is further divided into four classes
based on key characteristics such as dimerization, DNA binding motifs and specificity, and ligand binding. The four
classes include steroid Receptors (Class 1), RXR heterodimers (Class IlI), homodimeric orphan receptors (Class Ill), and
monomeric orphan receptors (Class V). Although there are some significant structural and functional differences between

the classes, some key structural components are preserved, which are permissive to their respective functions (Figure 1)
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Figure 1. Schematic illustration of the classical nuclear receptor superfamily. (A—-D) graphically represent the four
classes of the nuclear receptor superfamily which are defined based on dimerization (homo, hetero, or mono), DNA
binding (direct repeat or inverted repeat), and ligand specificity (required, or not required). Class |, Steroid Receptor (also
known as nuclear hormone receptors); Class Il, RXR Heterodimers; Class lll, Dimeric Orphan Receptors; Class IV,



Monomeric Orphan Receptors. Abbreviations: NTD, N-terminal domain; DBD, DNA-binding domain; H, Hinge region;
LBD, Ligand-binding domain; C, Variable C-terminus; DR, Direct Repeat; IR, Inverted Repeat.

All nuclear receptor superfamily members contain a variable N-terminal domain (NTD), a DNA binding domain (DBD), a
hinge region, a conserved ligand-binding domain (LBD), and a variable C-terminal domain. The two most highly
conserved domains amongst all nuclear receptors are the DNA binding domain and the ligand-binding domain. The DNA
binding domain contains two zinc finger motifs, which act as a hook, that allow binding to chromatin within the nucleus 2.
Each class has different DNA binding recognition sequences, which range from variable half-sites with inverted repeats,
direct repeats, or no repeats within the DNA sequence &,

The ligand-binding domain of nuclear receptors remains highly conserved in function but differs in specificity and affinity to
specific ligands &L All classes, excluding orphan receptors, are ligand-activated. Ligand binding at the LBD induces an
allosteric change, inducing activation Bl |igands within each class of nuclear receptors have similar structures.
Furthermore, classification of the ligand determines which class of nuclear receptors each belongs to W&l For example,
endogenously expressed ligands for these receptors can be hormones, metabolites, or enzymatic ligands, as well as
unidentified ligands 21,

Another feature which differentiates class members is partner dimerization within the nucleus. Classes I|-lll require
dimerization while Class IV does not. Additionally, Class | and Il require homodimerization, which can provide stronger
zinc finger binding to DNA, while Class Il requires heterodimerization &,

There have been modifications to each subclass based on new information gathered through structural analysis and
sequencing data. For this review we will focus on the classical subdivisions of the nuclear receptor superfamily defined by
the hallmarks of nuclear receptor superfamily structure and function such as dimerization, DNA binding motifs and
specificity, and ligand-binding activation.

2. Class I: Overview of Steroid Hormone Receptors, Structure and
Function

All members of Class | are grouped based on shared characteristics and functions (Figure 2). First, they are ligand-
activated receptors, for ligand-binding induces a conformational change that allows for homodimerization and subsequent
DNA-binding. Additionally, Class | members have a unique role in the maintenance of cellular homeostasis, gene
expression regulation in embryogenesis, and tissue development, as well as their ability to respond to extracellular signals
in an endocrine manner, which allows the cells to adapt to systemic environmental changes. Within Class | nuclear
hormone receptors, there can be redundancy of individual members to perform each other’s transcriptional functions, but
it is highly dependent on tissue-specific expression of endogenous ligands
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Figure 2. Schematic illustration of the nuclear receptor hormone family. Structural differences within the nuclear

receptor hormone family occur at the NTD, DBD, and LBD. The functional differences are defined based on co-activator
recruitment, dimeric receptor interactions, and ligand binding. Abbreviations: NTD, N-terminal domain;, DBD, DNA-binding
domain; H, Hinge region; LBD, Ligand-binding domain; C, Variable C-terminus; HRE, Hormone Response Elements.

Another level of regulation, which has been best characterized for Class | nuclear receptors, is determined by the
presence of co-activators and/or repressors within the nucleus. These can be specific to a particular receptor within the
class and are critical for transcription initiation or repression I,



The DNA binding domain (DBD), is a cysteine-rich domain that has a conserved amino acid sequence and encodes two
zinc (zn) finger motifs. Specifically, C1 to C4 are responsible for the first zinc finger motif, and C5 to C8 are responsible
for forming the second. Each finger motif then chelates a Zn(ll) ion, allowing for a structural DNA recognition site to form
[, The zinc finger motifs are known as the P-box and D-box, where the P-box refers to the 1st zinc finger motif in the
sequence, which directly interacts with DNA, while the 2nd zinc finger site does not Bl. The half site sequences on DNA
that allow for zinc finger binding are highly conserved, as seen in the estrogen and glucocorticoid receptors. This level of
similarity leads to single nucleotide or amino acid mutations of a zinc finger domain to cause receptor protein promiscuity.
Wherein, receptor proteins can recognize hormone response elements of other receptors on DNA, and initiate
transcription of genes non-specific to the external signal received 2. Additionally, the hexameric half-sites recognized by
zinc finger motifs for the androgen receptor, progesterone receptor, and glucocorticoid receptor are highly conserved 31,
However, the specific difference that allows for response element specificity is how the zinc fingers interact with each
other once a dimer is formed, either head-to-head or head-to-tail [€,

Another conserved structural feature among Class | nuclear receptors is their ligand-binding domain (LBD). The LBD
contains around 12 a-helices, three of which form the hydrophobic pocket, also known as the ligand-binding pocket (LBP).
The ligand binding specificity within the pocket is determined by conformational differences which cause steric hindrance
of non-specific ligands .

A structural feature of nuclear hormone receptors that has previously been overlooked is the activation function-1 (AF-1)
protein domain within the N-terminal region and the activation function-2 (AF-2) in the LBD. This is a common feature
found in Class I-Ill, but not in Class IV 8. The presence of AF-1 in the intrinsically disordered region of the N-terminal
allows for flexibility and becomes ordered when bound to individual partners 8. On the C-terminal end, AF-2 requires
ligand-binding to become active but remains ordered in all states . Unfortunately, when AF-2 is spliced out, the protein
can undergo a gain of function mutations that no longer require ligand-binding for activation and cause dysregulated
protein expression [&l. On the outside of the AF-2 protein domain, at a-helix 12, there is a hot spot for steroid co-activator
binding (SRC) mediated through its LxxLL motif, which promotes transcriptional activity (Figure 2) . Similarly, within the
NTD, there is a five amino acid long motif FxxLF that binds and stabilizes the N-terminal and C-terminal domains. This

binding promotes the stabilization of dimers through an active conformational state, preventing ligand-bound dissociation
[51[9](10]

The N-terminal and C-terminal of the nuclear hormone receptors are crucial for the recruitment of co-activators within the
nucleus, which can vary significantly between family members £, The variability between nuclear hormone receptor co-
activator binding is most likely caused by the specific amino acid arrangement in the NTD rather than difference in the
chemical characteristics of amino acids present 2. Binding of the NTD with its preferred co-activator results in a highly
coiled structure, which can alter the structural properties of the receptor. For example, the androgen receptor, in this highly
coiled-state, becomes highly resistant to proteases (12,

Overall, nuclear hormone receptors play a crucial role in body homeostasis. Thus, mutations, misfolding, or alteration of
signaling pathways can often lead to systemic organ dysfunction. Each nuclear hormone receptor has a specific set of
target genes, which display tissue-specificity, under a ligand-activated state initiated by a specific ligand.

2.1. Class I: The Androgen Receptor, Structural and Functional Differences

The androgen receptor (AR) is essential for male sexual differentiation, bone growth, muscle homeostasis, and
development &I, AR is activated when a-dihydrotestosterone (DHT) binds to the LBP within the LBD of AR, inducing a
conformational change. This leads to the activation of AR through the disassembly of chaperone proteins such as HSP70
and HSP90 and simultaneous exposure of a nuclear localization signal (NLS) in the DBD B3],

Unlike other nuclear hormone receptors, androgen response elements have high specificity and low-affinity interactions
with DNA B, The literature suggests AR requires increased stability to bind DNA at specific androgen response element
sites through head-to-head zinc finger dimerization &. Additionally, AR has increased specificity to DNA recognition sites
by recognizing both an inverted repeat and a direct repeat known as ADR3 (€. Comparatively, the glucocorticoid receptor
(GR) has been shown to have less bulky amino acids in the zinc finger motifs which form an open pocket within the head-
to-head zinc dimer [€l. The AR contains amino acids that allow for a more compact structural conformation which reduces
pocket size, ultimately increases homodimer stability BI6112],

The NTD of AR fosters a plethora of protein—protein interactions due to the variability in poly-glutamine and poly-glycine
length which contributes to its highly disordered nature B2 The variability in glycine and glutamine residue repeats in
the NTD of AR allow for interaction with numerous binding partners due to increased flexibility, increased number of



conformations, and modified functionality B4l A decreased amount of glutamine and glycine repeats increases the
transcriptional activity of AR most likely due to decreased protein—protein interactions with co-repressor binding partners
[5][12]

Upregulation of AR splice variants is commonly observed in different malignancies:

ARV7 is a splice variant of AR commonly upregulated after androgen deprivation therapy (Figure 3). ARV7 lacks an LBD
and does not require a ligand for active transcription. Recent studies have shown that ARV7 can homodimerize with full
length-AR and repress the transcription of tumor suppressor genes 3. The ARV7 splice variant is constitutively active
and requires full length-AR to repress transcription 12!,
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Figure 3. Schematic illustration of androgen receptor splice variants. The most common AR splice variants
implicated in prostate cancer treatment resistance are ARV7 and ARV567¢S. Splice Variant ARV7 lacks the LBD and
therefore does not require ligand binding for activation which allows for constitutive activity in the context of low ligand
availability during PCa treatments; ARV7 can also bind AR-full length in the nucleus, promoting continuous transcriptional
activity. Splice variant ARV567¢ has an exon skipping mutation for exons 567 but retains exon 8 and therefore can bind
DNA and remain constitutively active without ligand activation. However, the remaining exon 8 can potentially allow for co-
activator recruitment and various conformational differences independent of AR-full length and ARV7. Abbreviations: AR,
Androgen receptor; NTD, N-terminal domain; DBD, DNA-binding domain; H, Hinge region; LBD, Ligand-binding domain;
C, Variable C-terminus.

ARvV567es is a splice variant of AR that lacks exons 5, 6, and 7 while retaining exon 8 and does not require ligand binding
for transcriptional activity (Figure 3) (8. The splice variant ARV567es requires homodimerization with full length-AR for
actively transcribing target genes. Unique from other forms of AR, this splice variant localizes to the nucleus wherein it
waits for full length-AR to begin any activity 28, Recent studies identify that ARv567es actively transcribes a unique set of
target genes that are distinct from full length-AR, indicating that expression of ARv567es could be a fail-safe mechanism
used by tumor cells to promote cell survival 18],

2.2. Class I: The Progesterone Receptor, Structural and Functional Differences

The ligand for the progesterone receptor (PR) is progesterone. Ligand-activation of PR plays a critical role in female
mammary gland development/homeostasis and other female reproductive organs 9. Additionally, PR is expressed in
prostate tissue and plays an essential role in tissue microenvironment and stromal cell differentiation 4. PR has two
isoforms which have differential roles in normal organ functioning and the balanced expression of both isoforms is critical
for normal tissue function 98 The two isoforms—Progesterone Receptor-A (PR-A) and Progesterone Receptor-B (PR-
B)—differ in size at the NTD (Figure 4) 19,
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Figure 4. Schematic illustration of progesterone receptor isoforms. The progesterone receptor has two distinct
isoforms, PR-A and PR-B. PR-B is more transcriptionally active due to the extended N-terminal domain that contains AF3
(unigue domain), an activation function unit that allows for an increase in co-binding partners and activity. The isoform PR-
A is less transcriptionally active than PR-B and primarily functions in non-genomic pathway activity. Its upregulation is
implicated in cancers. Abbreviations: PR, Progesterone receptor; NTD, N-terminal domain; DBD, DNA-binding domain; H,
Hinge region; LBD, Ligand-binding domain; C, Variable C-terminus; AF1, Activation function-1; AF2, Activation function-2;
AF3, Activation function-3.



PR-B has an extended NTD, which is called a unique domain or activating function domain 3 (AF-3) 19 PR-B is more
transcriptionally active than PR-A and plays a crucial role in mammary development. However, dominant expression of

PR-A is implicated in cancer onset due to non-genomic activities mediated through the binding of activated Src kinases
[20]

Post-translational modifications of the hinge region of PR-A/B allows the PR to interact with chromatin-associated high
mobility proteins 1/2 (HMGB1/2) and Jun dimerization protein 2 (Jun2) 2229 These interactions have been shown to
increase transcriptional activity of PR 29, HMGB1/2 is a protein that increases DNA-protein binding interactions indirectly
through increasing the number of contacts of the PR to DNA through dynamic conformational change [2111221123],

Furthermore, recent evidence suggests a role of PR in prostate cancer progression, specifically through its role in
regulating smooth actin muscle (SMAa) in stromal cells 1424, PR |evels were upregulated after castration in patients with
prostate cancer, which could contribute to treatment resistance due to its role in stromal cell differentiation and mobility 7
241 yntil recently, the role of PR in prostate cancer was not evaluated but maybe a key player in understanding current
mechanisms of treatment resistance.

2.3. Class I: The Estrogen Receptor, Structural and Functional Differences

The estrogen receptor (ER), whose ligand is estradiol, plays a key role in female reproduction 8. There are two isoforms
of the ER known as ERa and ER, which are structurally distinct and perform different functions 18! (Figure 5).
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Figure 5. Schematic illustration of estrogen receptor isoforms. The estrogen receptor has two isoforms, ERa and
ERB, and is comparatively smaller than other family members. The isoform ERa has an extended NTD which allows for
more transcriptional activation, whereas, ER has a shorter NTD and is less transcriptionally active. Most often the ERa
isoform is upregulated in cancers. Abbreviations: ER, Estrogen receptor; NTD, N-terminal domain;, DBD, DNA-binding
domain; H, Hinge region; LBD, Ligand-binding domain; C, Variable C-terminus; AF1, Activation function-1; AF2, Activation
function-2.

These structural differences allow for interaction with different binding partners and subsequent transcriptional activation
of distinct target genes . ERB protein lacks an AF-1 region, which suggests that ligand binding is essential for function
through LxxLL motif binding at AF-2 a-helix 12 4. ERa protein contains both AF-1 and AF-2 structural features and is
more transcriptionally active than ERP . Previous studies have shown that the ER binds multiple estrogen response
elements (ERE) that vary based on the second didactic half-site [. It is suggested that the variability of ERE allows for
modulation of allosteric regulation and ultimately, co-activator recruitment 1. Post-translational modifications of ERa such
as methylation of Arg2%° by protein arginine methyltransferase (PMT1) are necessary for ERa to interact with the p85
subunit of PI3K and c-SRC 231, On the other hand, acetylation of Lys26¢/268 by p300 enhances the transcriptional activity
of ERa by increasing ERE binding specificity [28].

Recent evidence suggests that ERB plays an essential role in the proliferation of prostatic epithelial cells, which is a
feature of prostate cancer progression 24, The downregulation of ERB as a consequence of current prostate cancer
treatments could increase the proliferation of prostatic epithelial cells and contribute to disease progression. Furthermore,
studies show that a subset of patients with high-grade tumors had a loss of the ERB gene locus 4. Similarly, mice that
had a loss of ERB developed prostate cancer, which could be a useful biomarker for early detection of prostate cancer 24,

ER has a pivotal role in the female reproductive system and secondary sexual characteristic development and function 4
(28] ER has been well characterized as a key player in breast cancer development. The differential expression of ER’s
isoforms has been implicated in breast cancer metastasis, and can be used to determine treatment, prognosis, and stage
of the disease 22, Similar to prostate cancer, some forms of breast cancer are also hormone-sensitive, with approximately
70% of them being hormone-sensitive and ER positive B9, Based on the currently available targeted therapies for breast
cancer (also referred to as Endocrine Therapy (ET)) and their superiority to chemotherapy with regards to tolerance,
efficacy, and less severe side effects, breast cancer is subdivided into distinct biologic groups based on receptor
expression: Estrogen Receptor (ER+), Progesterone Receptor (PR+), those that express the epidermal growth factor
receptor 2 (HER2+), and those that do not express either are classified as triple negative BC 2%,



Production of estrogen in females is analogous to testosterone production in males. This allows for some of the same
agents used for chemical castration to be used for ovarian ablation (see below). The use of LHRH analogs allows for the
downregulation of estrogen production by the ovaries, the main source of estrogen in pre-menopausal women. Aromatase
inhibitors (i.e., anastrozole, exemestane and letrozole) inhibit the enzyme aromatase, which converts androgens into
estrogens in tissues outside of the ovaries. This therapy works best in post-menopausal women, since production of
estrogen post-menopause is not in the ovaries B9,

2.4. Class I: The Glucocorticoid Receptor, Structural and Functional Differences

The ligands for the glucocorticoid receptor (GR) are glucocorticoids which are produced by the adrenal cortex. This
protein is ubiquitously expressed throughout the body and mediates metabolism as well as anti-inflammatory response
through ligand-binding activation of cortisol. Recent studies have shown that specificity of DNA binding for GR is mediated
by amino acid composition in the DBD of the protein which most likely contributes to the high level of protein expression
throughout the entire body but lack of overlapping function with family members such as AR B, More specifically, one
amino acid polymorphism will allow for a different conformation and therefore lead to different target gene binding 1.
However, mutation of the DNA binding domain could also decrease DNA binding specificity and allow for activation of
target genes that belong to other family members such as AR B Furthermore, GR, unlike other nuclear hormone
receptors, has an abundance of acidic residues in the NTD, which increase its interaction with co-activator proteins [32],
Additionally, the AF-1 in the NTD of GR can perform 65% of normal functioning compared to wildtype GR 2. Most other
nuclear receptor family members require both AF-1 and AF-2 for proper function. However, the modification of acidic
residues in the NTD allows for GR to function in the absence of a ligand E2.

More recent evidence suggests that TIF2.0 (p160 co-activator TIF2) directly interacts with the NTD of GR [33li34],
Previously, TIF2 has been shown to solely interact with the LBD of other nuclear hormone receptors wherein, TIF2.0 has
an extended NTD B4l Through NTD binding of TIF2.0 to GR, a conformational change occurs, allowing for an increased
a-helix formation [, Similarly, binding of TIF2.0-GR was shown to inhibit co-repressor binding, which suggests a unique
mechanism of increased transcriptional activity of GR 23],

| 3. Class II: RXR Heterodimers, Structure and Function

The Retinoid X Receptor (RXR) ligand is 9-cis-retinoic acid or alitretinoin, which plays a role in lipid metabolism,
apoptosis, and the immune system B3, RXR unlike nuclear hormone receptors, are highly promiscuous with regards to
their binding partners Bl. The key feature of Class Il nuclear receptors is that RXR dimerization is required for activation.
The RXR can bind to itself and promote activation, but other members of this family such as Peroxisome Proliferator
Activator Receptor (PPAR), Pregnane X Receptor, and Liver X Receptor all require heterodimerization with RXR to
translocate to the nucleus . All receptors in Class Il bind to unique response elements, which makes RXR dynamic and
heavily relied upon for normal physiological function B8l. Downregulation or loss of RXR signaling has been shown to
promote inflammation of vital organ systems such as the liver B2, Interestingly, RXR without ligand binding can still bind
DNA and perform functions such as recruiting co-repressor complexes to repress gene expression through
heterodimerization with Retinoic Acid Receptor (RAR) B8, In cancer cells, RXR is sequestered in the cytoplasm by the co-
repressor complex AEG-1/MTDH/LYRIC which decreases its transcriptional activity (28],

| 4. Class lll: Homodimeric Orphan Receptors, Structure and Function

Homodimeric orphan receptors are different from Class | and Il in that no ligand has been identified for their activation [
Bl Homodimeric orphan receptors are structurally similar to other family members but differ in sequence-specific binding
to DNA Bl The Class Il nuclear receptor family bind to direct repeat and palindromic sequences El. Additionally,
homodimeric orphan receptors have highly constitutive transactivation and transrepression functions, suggesting that
perhaps no ligand is required for activation &, In some cases, Class Ill receptors bind similar target genes as nuclear
hormone receptors and therefore, may play a critical role in alternative pathway activation LBl For example, RevERbAa
is an example of a homodimeric, as well as a monomeric, orphan receptor. When RevErbAa binds as a dimer to DNA, it
acts as a transcriptional repressor for genes that are typically activated by Class Il RXR-RAR receptors 29, Interestingly,
RORa is a Class 1V, a monomeric orphan receptor that is critical for transcriptional activation of genes essential for proper
cerebellar development BAE. A gain of function mutation at the zinc finger binding motifs of RORa allows the receptor to
bind as a dimer to a subset of target genes while still maintaining its original function. However, compared to the well-
characterized Class | receptors, there is a lack of functional and structural information that differentiates Class Il
receptors 44,



| 5. Class IV: Monomeric Orphan Receptors, Structure and Function

Monomeric orphan receptors are similar to Class Ill in that they do not require a ligand for activation. However,
functionally they have a distinct role in steroid synthesis 42. The Class IV nuclear receptor, Steroidogenesis Factor-1 (SF-
1) monomerically binds to steroidogenic enzymes at the DNA enhancer sequence in all tissues responsible for steroid
synthesis Bl43], SF-1 is expressed in all steroidogenic tissues where the receptor remains constitutively active 42, It was
shown that the loss of gene expression of SF-1 results in the failure of organ development during embryogenesis 4211431,
While Class IV nuclear receptors are not directly involved in hormone signaling, this class plays a critical role throughout
early sexual differentiation as well as in hormone biosynthesis 43l. Similar to Class Il nuclear receptors, there is still a lot
to be understood regarding the structure and function of monomeric orphan receptors.

References

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

2. Umesono, K.; Evans, R.M. Determinants of target gene specificity for steroid/thyroid hormone receptors. Cell 1989, 57,
1139-1146.

3. Mangelsdorf, D.J.; Evans, R.M. The RXR heterodimers and orphan receptors. Cell 1995, 83, 841-850.

4. Hall, J.M.; McDonnell, D.P.; Korach, K.S. Allosteric regulation of estrogen receptor structure, function, and coactivator r
ecruitment by different estrogen response elements. Mol. Endocrinol. 2002, 16, 469-486.

5. Tan, M.H.; Li, J.; Xu, H.E.; Melcher, K.; Yong, E.L. Androgen receptor: Structure, role in prostate cancer and drug disco
very. Acta Pharmacol. Sin. 2015, 36, 3-23.

6. Shaffer, P.L.; Jivan, A.; Dollins, D.E.; Claessens, F.; Gewirth, D.T. Structural basis of androgen receptor binding to selec
tive androgen response elements. Proc. Natl. Acad. Sci. USA 2004, 101, 4758-4763.

7. Huang, P.; Chandra, V.; Rastinejad, F. Structural overview of the nuclear receptor superfamily: Insights into physiology
and therapeutics. Annu. Rev. Physiol. 2010, 72, 247-272.

8. Simons, S.S., Jr.; Edwards, D.P.; Kumar, R. Minireview: Dynamic Structures of Nuclear Hormone Receptors: New Pro
mises and Challenges. Mol. Endocrinol. 2014, 28, 173-182.

9. Askew, E.B.; Minges, J.T.; Hnat, A.T.; Wilson, E.M. Structural features discriminate androgen receptor N/C terminal and
coactivator interactions. Mol. Cell. Endocrinol. 2012, 348, 403—-410.

10. Hill, K.K.; Roemer, S.C.; Churchill, M.E.; Edwards, D.P. Structural and functional analysis of domains of the progestero
ne receptor. Mol. Cell. Endocrinol. 2012, 348, 418-429.

11. Kumar, R.; Thompson, E.B. Transactivation Functions of the N-Terminal Domains of Nuclear Hormone Receptors: Prot
ein Folding and Coactivator Interactions. Mol. Endocrinol. 2003, 17, 1-10.

12. McEwan, 1.J.; Lavery, D.; Fischer, K.; Watt, K. Natural disordered sequences in the amino terminal domain of nuclear re
ceptors: Lessons from the androgen and glucocorticoid receptors. Nucl. Recept. Signal. 2007, 5, e001.

13. Davey, R.A.; Grossmann, M. Androgen Receptor Structure, Function and Biology: From Bench to Bedside. Clin. Bioche
m. Rev. 2016, 37, 3-15.

14. Davies, P.; Watt, K.; Kelly, S.M.; Clark, C.; Price, N.C.; McEwan, 1.J. Consequences of poly-glutamine repeat length for
the conformation and folding of the androgen receptor amino-terminal domain. J. Mol. Endocrinol. 2008, 41, 301-314.

15. Cato, L.; de Tribolet-Hardy, J.; Lee, |.; Rottenberg, J.T.; Coleman, |.; Melchers, D.; Houtman, R.; Xiao, T.; Li, W.; Uo, T,;
et al. ARv7 Represses Tumor-Suppressor Genes in Castration-Resistant Prostate Cancer. Cancer Cell 2019, 35, 401-
413.e6.

16. Sun, S.; Sprenger, C.C.; Vessella, R.L.; Haugk, K.; Soriano, K.; Mostaghel, E.A.; Page, S.T.; Coleman, I.M.; Nguyen, H.
M.; Sun, H.; et al. Castration resistance in human prostate cancer is conferred by a frequently occurring androgen rece
ptor splice variant. J. Clin. Investig. 2010, 120, 2715-2730.

17. Yu, Y,; Yang, O.; Fazli, L.; Rennie, P.S.; Gleave, M.E.; Dong, X. Progesterone receptor expression during prostate canc
er progression suggests a role of this receptor in stromal cell differentiation. Prostate 2015, 75, 1043-1050.

18. Hopp, T.A.; Weiss, H.L.; Hilsenbeck, S.G.; Cui, Y.; Allred, D.C.; Horwitz, K.B.; Fugua, S.A. Breast cancer patients with p
rogesterone receptor PR-A-rich tumors have poorer disease-free survival rates. Clin. Cancer Res. 2004, 10, 2751-276
0.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jonak, C.R.; Lainez, N.M.; Roybal, L.L.; Williamson, A.D.; Coss, D. c-JUN Dimerization Protein 2 (JDP2) Is a Transcript
ional Repressor of Follicle-stimulating Hormone B (FSHP) and Is Required for Preventing Premature Reproductive Sen
escence in Female Mice. J. Biol. Chem. 2017, 292, 2646—2659.

Wardell, S.E.; Boonyaratanakornkit, V.; Adelman, J.S.; Aronheim, A.; Edwards, D.P. Jun dimerization protein 2 functions
as a progesterone receptor N-terminal domain coactivator. Mol. Cell. Biol. 2002, 22, 5451-5466.

Kato, J.; Svensson, C.l. Chapter Nine—Role of Extracellular Damage-Associated Molecular Pattern Molecules (DAMP
s) as Mediators of Persistent Pain. In Progress in Molecular Biology and Translational Science; Price, T.J., Dussor, G.,
Eds.; Academic Press: Elsevier, MA, USA, 2015; pp. 251-279.

Parker, K.H.; Beury, D.W.; Ostrand-Rosenberg, S. Chapter Three—Myeloid-Derived Suppressor Cells: Critical Cells Dri
ving Immune Suppression in the Tumor Microenvironment. In Advances in Cancer Research; Wang, X.Y., Fisher, P.B.,
Eds.; Academic Press: Elsevier, MA, USA, 2015; pp. 95-139.

Amornsupak, K.; Jamjuntra, P.; Warnnissorn, M.; O-Charoenrat, P.; Sa-Nguanraksa, D.; Thuwajit, P.; Eccles, S.A.; Thu
wajit, C. High ASMA (+) Fibroblasts and Low Cytoplasmic HMGB1(+) Breast Cancer Cells Predict Poor Prognosis. Clin.
Breast Cancer 2017, 17, 441-452.e2.

Yu, Y.; Lee, J.S.; Xie, N.; Li, E.; Hurtado-Coll, A.; Fazli, L.; Cox, M.; Plymate, S.; Gleave, M.; Dong, X. Prostate stromal
cells express the progesterone receptor to control cancer cell mobility. PLoS ONE 2014, 9, e92714.

Le Romancer, M.; Treilleux, I.; Bouchekioua-Bouzaghou, K.; Sentis, S.; Corbo, L. Methylation, a key step for nongenom
ic estrogen signaling in breast tumors. Steroids 2010, 75, 560-564.

Kim, M.Y.; Woo, E.M.; Chong, Y.T.; Homenko, D.R.; Kraus, W.L. Acetylation of estrogen receptor alpha by p300 at lysin
es 266 and 268 enhances the deoxyribonucleic acid binding and transactivation activities of the receptor. Mol. Endocrin
ol. 2006, 20, 1479-1493.

Christoforou, P.; Christopoulos, P.F.; Koutsilieris, M. The role of estrogen receptor 3 in prostate cancer. Mol. Med. Cam
b. Mass 2014, 20, 427-434.

Heldring, N.; Pike, A.; Andersson, S.; Matthews, J.; Cheng, G.; Hartman, J.; Tujague, M.; Strém, A.; Treuter, E.; Warner,
M.; et al. Estrogen Receptors: How Do They Signal and What Are Their Targets. Physiol. Rev. 2007, 87, 905-931.

Chanal, M.; Chevallier, P.; Raverot, V.; Fonteneau, G.; Lucia, K.; Monteserin Garcia, J.L.; Rachwan, A.; Jouanneau, E.;
Trouillas, J.; Honnorat, J.; et al. Differential Effects of PI3K and Dual PI3K/mTOR Inhibition in Rat Prolactin-Secreting Pi
tuitary Tumors. Mol. Cancer Ther. 2016, 15, 1261-1270.

Tremont, A.; Lu, J.; Cole, J.T. Endocrine Therapy for Early Breast Cancer: Updated Review. Ochsner J. 2017, 17, 405—
411.

Meijsing, S.H.; Pufall, M.A.; So, A.Y.; Bates, D.L.; Chen, L.; Yamamoto, K.R. DNA binding site sequence directs glucoco
rticoid receptor structure and activity. Science 2009, 324, 407-410.

Warnmark, A.; Gustafsson, J.A.; Wright, A.P.H. Architectural Principles for the Structure and Function of the Glucocortic
oid Receptor 11 Core Activation Domain. J. Biol. Chem. 2000, 275, 15014-15018.

Khan, S.H.; Awasthi, S.; Guo, C.; Goswami, D.; Ling, J.; Griffin, P.R.; Simons, S.S., Jr.; Kumar, R. Binding of the N-term
inal region of coactivator TIF2 to the intrinsically disordered AF1 domain of the glucocorticoid receptor is accompanied
by conformational reorganizations. J. Biol. Chem. 2012, 287, 44546—-44560.

Webb, P.; Nguyen, P.; Shinsako, J.; Anderson, C.; Feng, W.; Nguyen, M.P.; Chen, D.; Huang, S.M.; Subramanian, S.; M
cKinerney, E.; et al. Estrogen receptor activation function 1 works by binding p160 coactivator proteins. Mol. Endocrino
I. 1998, 12, 1605-1618.

Morel, L. 13—Immunometabolism. In Dubois’ Lupus Erythematosus and Related Syndromes (Ninth Edition); Wallace,
D.J., Hahn, B.H., Eds.; Content Repository Only: London, UK, 2019; pp. 153-163.

Chen, Y.E.; Fu, M.; Zhang, J.; Lin, Y.; Akinbami, M.A.; Song, Q. Peroxisome Proliferator-Activated Receptors and the C
ardiovascular System. In Vitamins & Hormones; Academic Press: Elsevier, MA, USA, 2003; pp. 157-188.

Szanto, A.; Narkar, V.; Shen, Q.; Uray, I.P.; Davies, P.J.; Nagy, L. Retinoid X receptors: X-ploring their (patho)physiologi
cal functions. Cell Death Differ. 2004, 11 (Suppl. 2), S126-S143.

Srivastava, J.; Robertson, C.L.; Rajasekaran, D.; Gredler, R.; Siddiqg, A.; Emdad, L.; Mukhopadhyay, N.D.; Ghosh, S.; H
ylemon, P.B.; Gil, G.; et al. AEG-1 Regulates Retinoid X Receptor and Inhibits Retinoid Signaling. Cancer Res. 2014, 7
4, 4364-4377.

Harding, H.P.; Lazar, M.A. The monomer-binding orphan receptor Rev-Erb represses transcription as a dimer on a nov
el direct repeat. Mol. Cell. Biol. 1995, 15, 4791-4802.



40. Dussault, 1.; Fawcett, D.; Matthyssen, A.; Bader, J.A.; Giguere, V. Orphan nuclear receptor ROR alpha-deficient mice di
splay the cerebellar defects of staggerer. Mech. Dev. 1998, 70, 147-153.

41. Moraitis, A.N.; Giguere, V. Transition from Monomeric to Homodimeric DNA Binding by Nuclear Receptors: Identificatio
n of RevErbAa Determinants Required for RORa Homodimer Complex Formation. Mol. Endocrinol. 1999, 13, 431-439.

42. Lala, D.S.; Rice, D.A.; Parker, K.L. Steroidogenic factor |, a key regulator of steroidogenic enzyme expression, is the m
ouse homolog of fushi tarazu-factor I. Mol. Endocrinol. 1992, 6, 1249-1258.

43. Lin, L.; Achermann, J.C. Steroidogenic factor-1 (SF-1, Ad4BP, NR5A1) and disorders of testis development. Sex. Dev.
2008, 2, 200—-209.

Retrieved from https://encyclopedia.pub/entry/history/show/30702



