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Abstract

Breast cancer (BC) is the most common and fatal cancer in women worldwide. Among the
different types of BCs, Triple negative breast cancers (TNBC: ERa-, PR-, HER2-) which represent
10-15% of all BC cases are the most aggressive with no efficient targeted therapy available.
Until now, TNBC patients are predominantly treated with conventional cytotoxic
chemotherapy and radiotherapy. Synthetic glucocorticoids (GCs), dexamethasone (Dex), are
given as adjuvant drugs with chemotherapy to alleviate its side effects such as
hypersensitivity, nausea, and vomiting. However, recent investigations demonstrated that
GCs are promoting metastasis formation and chemotherapy resistance in TNBC and the
mechanisms remain elusive. Lipophilic GCs diffuse through the cell membrane and possess
their function through binding glucocorticoid receptor (GR), a ligand-dependent transcription
factor. GR regulates the transcription of its target genes by recruiting different sets of
coregulatory proteins. Coregulators remodel chromatin structure and promote or inhibit the
recruitment and activation of RNA polymerase Il. Targeting GR activity in BC is not an option
due to its pleiotropic activity. However, targeting set of coregulators involved specifically in

deleterious effects of GR should keep the beneficial ones on GCs.

In light of this, we identified a novel complex of GR coregulators linked to the oncogenic
capabilities of GCs in TNBC. In fact, following dexamethasone administration, GR interacts
with the heterochromatin protein HP1y through the arginine methyltransferase PRMTS5 in
multiple TNBC cell lines and patient tumor samples, in order to activate RNA polymerase Il. In
TNBC cells, we revealed that PRMT5 and HP1y acts as GR coregulators on chromatin to
enhance the transcriptional activation of a specific subset of GR target genes implicated in cell
migration. Lastly, we confirmed the engagement of GR/PRMT5/HP1y in metastasis formation
in-vivo in Zebrafish model. Worth noting, we demonstrated that PRMTS5 is regulating cellular
migration driven by GCs independently of its methyltransferase activity. GR expression is
correlated with metastases formation and may serve as a predictive marker for relapse in
TNBC. Hence, targeting this coregulator complex could prevent tumor metastasis formation

in TNBC patients.
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Résumé

Le cancer du sein (CS) est le cancer le plus fréquent et le plus mortel chez la femme dans le
monde. Parmi les différents types de cancer du sein, les cancers du sein triple négatif (TNBC :
ERa-, PR-, HER2-), qui représentent 10 a 15 % de tous les cas de cancer du sein, sont les plus
agressifs et ne font I'objet d'aucune thérapie ciblée efficace. Jusqu'a présent, les patients
atteints de cancer du sein triple négatif sont principalement traités par chimiothérapie
cytotoxique conventionnelle et par radiothérapie. Les glucocorticoides synthétiques (GCs),
comme la dexaméthasone (Dex), sont administrés comme médicaments adjuvants pour
contrecarrer les effets secondaires de la chimiothérapie tels que I'hypersensibilité, les nausées
et les vomissements. Cependant, des études récentes ont démontré que dans les TNBC, les
GCs favorisent la formation de métastases et participe a la résistance aux drogues, cependant

les mécanismes mis en jeu ne sont pas clairement établis.

Les GCs lipophiles diffusent a travers la membrane cellulaire et exercent leur fonction en se
liant au récepteur aux glucocorticoides (GR), un facteur de transcription dépendant du ligand.
GR régule la transcription de ses genes cibles en recrutant différents ensembles de protéines
corégulatrices. Les corégulateurs remodelent la structure de la chromatine et induisent ou
inhibent le recrutement et |'activation de I'ARN polymérase Il. Cibler I'activité du GR dans le
cancer du sein n'est pas envisageable du fait de son action pléiotrope. Cependant, cibler un
ensemble de corégulateurs impliqués spécifiquement dans les effets déléteres de GR devrait

permettre de conserver les effets bénéfiques des GCs.

Dans cette optique, nous avons identifié un nouveau complexe de corégulateurs du GR lié aux
effets oncogéniques des GCs dans le TNBC. En effet, suite a I'administration de
dexaméthasone, GR interagit avec la protéine de I'hétérochromatine HP1y par l'intermédiaire
de l'arginine méthyltransférase PRMT5 dans de multiples lignées cellulaires TNBC et des
échantillons de tumeurs mammaires, afin d'activer I'ARN polymérase Il. Dans les TNBC, nous
avons montré que PRMT5 et HP1y agissent comme des corégulateurs de GR pour favoriser
I'activation transcriptionnelle d'un sous-type spécifique de genes cibles de GR impliqués dans
la migration cellulaire. Enfin, nous avons confirmé I'engagement du complexe
GR/PRMT5/HP1y dans le développement des métastases in-vivo dans le modeéle Zebrafish. Il

convient de noter que nous avons démontré que PRMT5 régule la migration cellulaire induite
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par les GCs indépendamment de son activité méthyltransférase. L'expression de GR est
corrélée a la formation de métastases et peut servir de marqueur prédictif de rechute dans
les TNBC. Par conséquent, le fait de cibler ce complexe corégulateur pourrait prévenir la

formation de métastases chez les patientes atteintes de TNBC.

Mots-clés : Cancer du sein ; cancer du sein triple négatif, glucocorticoides, migration cellulaire,

récepteur des glucocorticoides, corégulateurs, PRMT5, HP1y.
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Chapter I: Breast Cancer

1. BC Prevalence: Worldwide, France and Lebanon

Cancer is a major cause of morbidity and mortality worldwide accounting for 19.3 million new
cases and nearly 10 million deaths in 2020 according to the International Agency for Research

on Cancer (IARC), thus, one of the global heaviest burdens (Sung et al., 2021).

Almost 2.3 million of the new cases (11.7% of total cases) in 2020 were diagnosed with female
breast cancer (BC), turning it out to be the most common incident cancer among both sexes
worldwide, followed by lung (11.4%) and colorectal (10.0 %). In women, breast cancer is the
most prevailing cancer constituting 24.2% of all female cancers and the most fatal cancer

causing the death of 684,996 women annually (Sung et al., 2021) (Figure 1).

Number of new cases in 2020, both sexes, all ages

Number of death cases in 2020, in women, all ages
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Figure 1 : Number of new incident cases and death cases of breast cancer in 2020, worldwide.

Interestingly, the Global Cancer Observatory (GCO) registry reported that the incidence rates
are 88% higher in populations with high socioeconomic standards (transitioned countries, high
Human Development Index (HDI), due to plenty of factors, including reproductive and
hormonal risk factors (early age at menarche, later age at menopause, advanced age at first
birth, fewer number of children, less breastfeeding, menopausal hormone therapy, oral
contraceptives), lifestyle risk factors (alcohol intake, excess body weight, physical inactivity)
and increased early detection. Whereas mortality and deaths are 17% higher in populations

with low socioeconomic standards (transitioning countries, low HDI), because of late diagnosis
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and inaccessibility to novel treatments (Konieczny et al., 2020; Sung et al., 2021) ((Sung et al,

2021)
Figure 2).
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Incidence: [ INEGRGG  ortality
(Sung etal, 2021)

Figure 2 : Incidence and mortality age-standardized rates in high/very high human development index (HDI)
countries versus low/medium HDI countries in women in 2020.

In France and oppositely to the worldwide statistics, breast cancer is the second most incident
cancer after prostate cancer. Despite that, France is ranked the third country in Europe with
14 183 breast cancer death cases in 2020 according to the IARC, World Health Organization
(WHO) (Cancer Today) (Figure 3).

Number of new cases in France in 2020, both sexes, all ages
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Figure 3 : Number of new incident cases of breast cancer in France in 2020.

Breast cancer is also prominent in Lebanon, a middle-income Middle Eastern country,
accountable for nearly 37% of female cancer cases and 20% for total cancer cases (Fares et al.,
2019; Elias et al., 2021), surpassing the incidence rates in Arab nations and approaching the
highest in the world (Jawad Hashim et al., 2018). In 2018, Lebanon ranked the sixth highest
incidence rate for breast cancer in the world and the seventh highest breast cancer mortality
rate (Elias et al., 2021). Also, from 2018 till 2020, its average Mortality-to-incidence ratio
unfavorably increased from 0.47 to 0.51 compared with 0.48 globally (Mahdi et al., 2022). In
contrary to other countries, breast cancer is diagnosed at younger ages in Lebanon with an
average of 53 years (Fares et al., 2019; Elias et al., 2021). This increase in the incidence rates
in Lebanon is a consequence of lifestyle changes, where the average marital age raised to 28.3
in 2007 and the fertility rates decreased to 1.5 births per woman in 2015. As well as delayed
first pregnancy, increased obesity and smoking, and improved use of mammography has

contributed to this increase (Jawad Hashim et al., 2018; Fares et al., 2019).

2. Normal Breast Tissue: Structure and Anatomy

The mammary gland, the medical name of breast, is a highly evolved exocrine gland that
exclusively develops in mammals. It is present in pairs with one on each side of the anterior
chest wall. The organ’s primary function in females is to produce and secrete milk for the

nourishment of newborns. While male’s mammary gland is rudimentary.

The development and functional differentiation of the mammary gland is a complex multi-
step process controlled by tight hormonal regulations. The mammary gland development
starts postnatally at puberty and reaches its full function during pregnancy and lactation,
where it undergoes several drastic epithelial remodeling to transform the gland into a milk-

secretory organ.

Breast consists of glandular (secretory), and adipose (fatty) tissue embedded in a loose

framework of dense connective fibrous tissue called Cooper’s ligaments.

The breast glandular tissue is constituted of 15 to 20 lobes that are further divided into 20 to
40 lobules. Each lobules contain 10-100 alveoli of 0.12 mm diameter, these small bulb-like

glands secrete milk in response to prolactin. The space between these lobes is filled with
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adipose tissue. Further ductal system will store and transport milk to the nipple during
lactation from the secretory tissue. Herein, there are 15 to 25 extralobular ducts that drain
the alveoli and then merge into one main duct known as lactiferous duct emerging from each
lobe. The lactiferous duct dilates into lactiferous sinus beneath the areola, the pigmented area
surrounding the nipple, and then narrows and connects to the exterior through constricted

orifice in the nipple (Figure 4).

Terminal ductal
lobular unit

Extralobular duct

Lactiferous Alveoli

,“__duct e
Adipose Tissue —

Lactiferous ducts

Lactiferous sinuses

Epithelial cell —

Myoepithelial cell —_ —

Basement membrane — — Fibrbblés{{% s

cos*Tceu—//‘ N~ e =
1 » —

Stromal ECM —1
Adipocyte —

Adopted from: (Goff and Danforth, 2021)

Figure 4 : Normal breast tissue anatomy and histology.

The ductal network is lined by epithelial bilayer of cells: an inner layer encapsulating the
hollow lumen containing luminal cuboidal epithelial cells having the capacity to differentiate
into milk-secreting cells (lactocytes) during lactation, and an outer/ basal layer of contractile
spindle-shaped myoepithelial cells having the properties of smooth muscle cells and
participate in milk ejection during lactation. Also, the basal layer harbors bi-potent mammary

stem cells (MaSCs) which can differentiate into both luminal and myoepithelial cells
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characterized by CD49fhigh/CD29+/CD24low profile. This epithelial component forms up to

15% of mammary gland volume (Figure 4).

The epithelial bilayer is surrounded by stromal connective tissue composed of extracellular
matrix (ECM), adipocytes, fibroblasts, vascular endothelial cells, and a variety of innate
immune cells. One of the main types of ECM is the basement membrane (BM) that encloses
the epithelium, separates it from the stroma and influences the development of the mammary

gland (Figure 4).

The adipocytes forming the mammary fat pad are the major constituents of the stromal
connective tissue. This adipose tissue provides physical support to the epithelial bilayer of the
gland, as well as it regulates the gland homeostasis participating in epithelial growth,
angiogenesis, and intercellular communication. Besides, it functions as a reservoir for the
locally derived molecules such as the breastfeeding hormone prolactin. The volume of adipose

tissue accounts for the variation in the size and density of breast among individuals.

As well, the fibroblasts have several important roles in stroma such as growth factor synthesis,
metalloproteinase (MMP) production, ECM deposition and hematopoietic system support

(Geddes, 2007; Pandya and Moore, 2011; Hassiotou and Geddes, 2013; Biswas et al., 2022)

3. Different Classification of Breast Cancer

Breast cancer is a complex heterogenous disease, encompassing variable molecular and
morphological features, and consequently variable clinical behaviors and outcomes. Breast
cancer classification evolved over years from traditional to molecular classification, aiming to

provide better diagnosis, prognosis, and treatment of the disease.

3.1. Histological Types:

Breast cancer is classified into non-invasive (in situ) and invasive (infiltrating) carcinoma based
on a wide range of features such as tumor cell type, extracellular secretion, and architectural
features. In situ breast carcinoma is subdivided into Ductal carcinoma in situ (DCIS) and
Lobular carcinoma in situ (LCIS), with the former being more common and further
subclassified into five main subtypes: comedo, cribiform, micropapillary, papillary and solid.

As well, Invasive breast carcinoma encompasses over 20 different histological subtypes
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including the infiltrating ductal carcinoma of no specific type (IDC-NST) accounting for 70-80%
of all invasive cancers (most frequent), followed by the invasive lobular carcinomas (ILC)
(~*10%) and 17 other rare special types including ductal/lobular, mucinous (colloid), tubular,
metaplastic, apocrine, medullary, and papillary carcinomas (Malhotra et al., 2010; Tsang and
Tse, 2020). Among these rare types, the tubular, cribriform and mucinous carcinomas have a
very good prognosis, while the high-grade metaplastic carcinoma and micropapillary
carcinoma have the poorest clinical outcomes (Harbeck et al., 2019). With considering all
these different histological subtypes, ductal carcinomas are the most common types with

81.4% (Albrektsen, Heuch and Thoresen, 2010; Pandit et al., 2020) (Figure 5).

Histological classification of breast cancers

Breast Cancer

In Situ Carcinoma [ Invasive (infiltrating) Carcinoma ]

A
Ductal
Ductal Lobular
Ductal
1
Solid Low
histological Lobular (colloid)

variation Ductal

Comedo

Cribiform Papillary

Micropapilary

(Malhotra et al., 2010)

Figure 5 : Traditional histological classification of breast cancers.

3.2. Histological Grades:

The widely accepted grading system for the assessment of histological grade of breast tumor
is the Bloom and Richardson (Bloom and Richardson, 1957), modified by Elston and Ellis
(Elston and Ellis, 2002), and well known as the Nottingham Grading System (NGS). NGS is
based on the microscopic evaluation of three morphological and cytological features of tumor
cells: the degree of tubule formation, the nuclear pleomorphism and the mitotic count. Each
parameter is assigned with a numerical score from 1 to 3, with score 3 representing poor

tubule formation, high degree of pleomorphism and high mitotic count. Then, the sum of the
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parameter’s individual scores divides breast tumors into: Grade 1 (G1 - total score 3 to 5) well-
differentiated slow growing, Grade 2 (G2 - total score 6 to 7) moderately differentiated, and
Grade 3 (G3 - total score 8 to 9) poorly differentiated highly proliferative tumors. Patients with
high-grade breast tumor tends to have recurrence and early metastasis, while patients with
low-grade tumors have good clinical outcomes (Rakha et al., 2010). Tumor grade is a potent
prognostic factor, and it is an integral component in the clinical decision-making tools like the

Nottingham Prognostic Index and Adjuvant Online (Blamey et al., 2007; Mook et al., 2009)

3.3. Tumor Size, Nodal Status, and Distant Metastasis Staging:

The tumor, node, metastasis (TNM) staging system for breast cancer published by the
American Joint Committee on Cancer (AJCC) is widely used to determine the extent of the
disease and to help in treatment guidance and management. This system stratifies breast
cancer into five stages (0, |, I, lll, and 1V) based on clinical and pathological parameters such
as the tumor size (T), the status of regional lymph nodes (N), and distant metastases (M) (Edge
and Compton, 2010). The AJCC-TNM 8t edition, effective on January 2018, is a new prognostic
staging system that incorporates the status of Estrogen receptor (ER), Progesterone receptor
(PR) and Human epidermal growth factor receptor-2 (HER2) to the TNM staging. It provides
more accurate prognostic information, and it bypasses the limitation of evaluation of the

anatomical disease extent alone (Weiss et al., 2018).

3.4. Molecular Classifications:

Breast cancer is molecularly classified based on the expression of the most common
traditional biomarkers: the estrogen/progesterone hormone receptors (ERa/PR) and the
human epidermal growth factor receptor-2 (HER2) (Vuong et al., 2014). The first microarray-
based gene expression profiling analysis divided breast cancer into two fundamentally distinct
types: ERa-positive and ERa-negative cancers. Further hierarchical cluster analysis of genes
divided breast cancer into five intrinsic subtypes: Luminal A, Luminal B, HER2-overexpressing,
Basal-like breast cancers (BLBC) and normal-like tumors, with luminal tumors being ERa-
positive and HER2-overexpressing, Basal-like breast cancers (BLBC) and normal-like tumors
are ERa-negative (Perou et al., 2000; Sgrlie et al., 2001). Normal-like breast tumors, suggested
to be an artefact, are still poorly characterized and yet no clinical significance is determined.

This type shares a lot of similarities with fibroadenoma and normal breast samples and is
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enriched with genes expressed in adipose tissues (Wirapati et al., 2008; Correa Geyer and Reis-

Filho, 2009; Geyer et al., 2009).

Currently applied classification, based on PAM50 (Prediction Analysis of Microarray using 50
classifier genes plus 5 reference genes) and IHC-based surrogate molecular classification,
classified breast cancer into four intrinsic molecular subtypes: luminal A, luminal B, HER2-
enriched, and Triple Negative breast cancer/BLBC (Bertucci et al., 2008; Sotiriou and Pusztai,

2009; Boyle, 2012; Tang et al., 2016) (Figure 6).

Luminal A tumors are the most common molecular subtype accounting for 40-50% of breast
cancers. Usually, it is associated with low grade, ERa-positive, PR-positive, and HER2-negative
tumor. Luminal A tumors have high expression levels of ER-activated genes and low expression
levels of proliferation-related genes. They are associated with excellent prognosis and better
survival rates among all intrinsic subtypes. Whereas Luminal B tumors are distinguished by
high expression of Ki67, higher histological grade oftenly, higher proliferation rates and
significantly worse prognosis than Luminal A tumors. Luminal B tumors account for ~20% of
breast cancer cases, and they are PR-positive or PR-negative, and HER2-positive or HER2-
negative tumors (Perou et al., 2000; Sgrlie et al., 2001, 2003; Cheang et al., 2009; Correa Geyer
and Reis-Filho, 2009; Geyer et al., 2009; Voduc et al., 2010).

HER2-enriched subtype, comprising ~15% of all breast cancers, is characterized by the
overexpression of the human epidermal growth factor receptor-2 (HER2) on the cell surface
and HER2 signaling-related genes. Typically, HER2- enriched tumors are associated with high
grade and possess aggressive clinical behavior. Though the majority of HER2- enriched tumors
are ER-negative, a significant number of HER2-enriched tumors are ER-positive and fall into
Luminal B subtype (Dandachi, Dietze and Hauser-Kronberger, 2002; Bernard et al., 2009;
Cheang et al., 2009; Voduc et al., 2010; Perou, 2011).

Triple negative breast cancers (TNBC) lack the expression of ER, PR and HER2-low (Schettini et
al., 2021). They represent 10-15% of all breast cancers, and consistently expresses high
molecular weight cytokeratins such as CK5/6, CK14 and CK17 that are normally expressed in
normal basal/myoepithelial cells of the breast, along with epidermal growth factor receptor
(EGFR). This subtype is the most diverse subtype at the level of histopathological features,

mutation profiles, metastatic behavior, and clinical outcomes. Generally, TNBCs are
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associated with high histological grade (grade 3) and high proliferation index, and
subsequently associate with poor prognosis, aggressive clinical behavior, low relapse-free
rates, and poor overall survival rates (Fulford et al., 2006; Hu et al., 2006; Bosch et al., 2010;

Rakha et al., 2010; Voduc et al., 2010; Perou, 2011; Valentin et al., 2012).

" Luminal A HR+ (ER+ and PR+/-), — Endocrine Therapy
~ 40-50% HER2- Tamoxifen, Fulvestrant,
| Low Ki67 Aromatase inhibitors
Luminal B HR+ (ER+ and PR+/-) — Chemotherapy
~20% HER2+/-
High Ki67
HER2-enriched HR- (ER- ; PR-), — Targeted Therapy
~15% HER2+++ Trastuzumab
— Chemotherapy
Triple Negative HR- (ER- ; PR-), — Chemotherapy
~10-15% HER2 low
T 5 3
o I o §

Figure 6 : Intrinsic molecular subtypes of breast cancer and their main treatments.

Besides these intrinsic subtypes of tumors, further molecular ER-negative groups are
identified such as claudin-low, molecular apocrine and interferon-related groups. Claudin-low
group is characterized by low expression of luminal markers (cell-cell adhesion genes), high
expression of epithelial-mesenchymal transition (EMT) genes, and stem cell-like gene
expression patterns (Herschkowitz et al., 2007; Hennessy et al., 2010; Prat et al., 2010; Dias et
al., 2017). Molecular apocrine group is similar to HER2 positive/ER-negative subtype yet
distinguished by Androgen receptor (AR) expression and AR-related pathways activation
(Lehmann-Che et al., 2013)(Farmer et al., 2005). The interferon subtype is recognized by high
expression of Interferon (IFN)-regulated genes like STAT1 (Hu et al., 2006).

Remarkably, TNBC is the most heterogenous subtype, mRNA expression profiling clustering
subdivided furtherly TNBC into six subtypes: basal cell-like type 1 (BL1), basal cell Like type 2

(BL2), immunomodulatory subtype (IM), mesenchymal subtype (M), mesenchymal stem cell-
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like subtype (MSL), and luminal androgen receptor subtype (LAR). These six subtypes possess
different gene expression profiles related to different signaling pathways. BL1 tumors have
high expression of genes involved in cell proliferation and DNA damage repair system, while
BL2 tumors have high expression of genes associated with growth factor signaling pathways
and metabolism. BL1 and BL2 subtypes comprise 30% of all TNBCs. IM tumors enriched with
genes related to immune and cytokine signal pathways. M and MSL tumors have high levels
of epithelial mesenchymal transition (EMT) and cell differentiation genes. M subtype differs
from MSL subtype by the low mitotic index and the low expression of cell proliferation protein
and tight junction protein. LAR tumors are rich in hormone-regulated signaling pathways,
including the androgen receptor signaling pathways (Lehmann et al., 2011; Li et al., 2021,
Derakhshan and Reis-Filho, 2022) (Figure 7).

TNBC Types Characteristics Cell Lines
Unstable,
0 BL1, 10% . . . MDA-MB-468, HCC38,
10% ° Cell proliferation, DNA repair HCC1937, HCC2157
LAR, 10% Growth factor signali d metaboli HCC1806, SUM149
rowth factor signaling and metabolism -, o)
BL2, 20%
MSL. 109 > Immune and cytokine mediated signaling HCC1187, DU4475
’ o

EMT, differentiation, low proliferation BT549, CAL51, CAL-120

EMT, angiogenesis, differentiation and ~ MDA-MB-157, MDA-MB-436,

M, 20% 1M, 20% stem cell potential MDA-MB-231, SUM159
Hormaone signaling mediated by MDA-MB-453, CAL148,
mBLl =mBl2 mIM =M mMSL mLAR = Unstable androgen receptor MFM223, SUM185

Figure 7 : Molecular subtypes of triple negative breast cancers (TNBCs).

In addition to the above-mentioned breast cancer subtypes, metaplastic breast cancer (MpBC)
is highly rare and aggressive type accounting for approximately 1% of all breast cancer cases
[WHO]. MpBCiis histologically characterized by the presence of epithelial and/or mesenchymal
cells (Weigelt et al., 2014). MpBC is often high-grade tumors with triple-negative phenotype,
where 85-89% of cases lack the expression of ER, PR and HER2 (Reis-Filho et al., 2006; Weigelt
et al., 2014; Rakha et al., 2017). However, MpBC has worse prognosis and decreased disease-
free/overall survival compared to non-metaplastic TNBC (Jung et al., 2010; Nelson et al., 2015;
El Zein et al., 2017; Schroeder et al., 2018). MpBC is shown to have more stem cell-like
features, high level of EMT markers, overexpression of epidermal growth factor receptor

(EGFR), more phosphoinositide 3-kinase (PI13K) mutations, enhanced nitric oxide signaling,
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abnormal B-catenin expression, elevated PD-L1 expression and mutations in TP53 promoter
(Reddy et al., 2020). Moreover, MpBC has no standardized treatment guidelines and shows
poor response to cytotoxic chemotherapy medications (Wong et al., 2021). The
overexpression of PD-L1 could be a good therapeutic target for MpBC patients (Kim et al.,

2021).

4. Risk Factors of Breast Cancer

Breast cancer is a multifactorial disease presenting a critical challenge on the society. IARC
statistics in 2020 prevailed that the average age of breast cancer incidence declined, with
247 953 new cases in women aged less than 40 years (approximately 11% of total cases) and
therefore, increasing the public interest in improving breast cancer treatments and
preventions (Cancer Today) (Figure 8).

Number of new cases in 2020, females, ages 0-39

Other cancers Breast
248 126 (27.9%) 247 953 (27.9%)

NHL
29 807 (3.4%)

BNS

30 830 (3.5%) Thyrold
121 474 (13.7%)
Ovary

39 647 (4.5%)

Leukaemia ) .
57 566 (6.5%) Cervix uteri
112 379 (12.7%)

Total : 887 782

GLOBOCAN 2020, IARC (Cancer Today)
Figure 8 : Number of new incident cases of breast cancer in women below 40 years old in 2020, worldwide.

BC incidence, mortality and survival rates is varying among the worldwide countries due to
the variation of lifestyle, genetic, and environmental factors. The changes in these diverse risk
factors are leading to an increase in BC prevalence. Accordingly, the full understanding of all

contributing risk factors is required to develop an effective prevention strategy (Figure 9).
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Figure 9 : Different modifiable and non-modifiable lifestyle risk factors of breast cancer.

4.1. Non-Modifiable Risk Factors:

There are different intrinsic risk factors that cannot be modified, including being a woman and

getting older.

Gender. Breast cancer is predominantly known as a female disease. Though it is considered
as a rare malignancy in men, male breast cancer (MaBC) accounts for almost 1% of diagnosed
breast cancer cases (Baroni and Makdissi, 2022). 90% of MaBC is hormone receptor positive
and often occurs in older adult males having mutations in BRCA2 gene, family history for BC,
hormonal imbalance or radiation exposure (Phelan et al., 1996; Gdmez-Raposo et al., 2010;

Khan and Tirona, 2021).

Age. Age is the foremost known risk factor for BC, where the incidence rate increases with age
and reaches the summit at menopause age and declines thereafter (Kim, Yoo and Goodman,
2015) (Petracci et al., 2011). Majority of BC diagnosed patients were above 40 years old. Breast
tumors in young women associates with larger size, advanced stage, hormone receptor

negativity and low overall survival (Assi et al., 2013; Shah et al., 2022).
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Reproductive factors. First, menarche at young age less than 15 years increases the risk of BC
by double (Lubin et al., 1981; Helmrich et al., 1983; Thakur et al., 2017). Different studies
reported that the menarche at younger age is associated mainly with hormone receptor
positive breast tumors and less significantly with triple negative and Her2-enriched tumors

(Anderson, Schwab and Martinez, 2014).

Second, giving birth for the first time at age more than 25 years old increases the BC risk,
whereas early maternal age reduced the risk by 27% (Helmrich et al., 1983; Ma et al., 2006).
Old age at first delivery is associated with aggressive breast tumors with advanced grade, high
levels of cyclin D1 and low levels of p27 (Butt et al., 2009; Williams et al., 2018). Also, different
studies reveal that increased age at first birth is positively correlated with hormone receptor
positive and Her2-enriched tumors and inversely correlated with triple negative tumors

(Anderson, Schwab and Martinez, 2014).

Third, increased parity or increased number of births is associated with decreased breast
cancer risk (Clavel-Chapelon et al., 1995; Ma et al., 2010). Parity is inversely associated with
hormone receptor positive breast cancer in 19 different studies, where each birth estimated
to reduce the risk of hormone positive BC (Ma et al., 2006, 2010; Anderson, Schwab and
Martinez, 2014). Whereas nulliparity is significantly correlated with large aggressive tumor

subtypes possessing high levels of KI67, cyclin D1 and Her2 expression (Butt et al., 2009).

Fourth, breastfeeding plays a protective role in breast cancer (Kelsey, Gammon and John,
1993)(Ma et al., 2006). Longer duration of lactation decreased the risk of developing hormone
receptor positive, triple negative and Her2-enriched breast tumor (Anderson, Schwab and

Martinez, 2014; Barnard, Boeke and Tamimi, 2015).

Finally, older age at menopause is positively correlated with breast cancer risk due to longer
lifetime exposure to estrogen (Hamajima et al., 2012; Thakur et al., 2017). Few studies show
that late menopause associates with higher risk in developing hormone receptor positive and
Her2 enriched breast tumors (Anderson, Schwab and Martinez, 2014). Increased BMI > 24 has
an additive effect on the early onset of breast cancer in menopausal women (Yang et al.,

2022).
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Hereditary factors. Hereditary predisposition contributes up to 10% of all breast cancer cases
at early age. 50% of these hereditary cases are due to mutation in the two well-known breast
cancer susceptibility genes, BRCA1 and BRCA2 (Cobain, Milliron and Merajver, 2016; Abu-
Helalah et al., 2020). The breast cancer cumulative risk for mutation carriers is 57% and 72%
for BRCA1 carriers by age 70 and 80 respectively. Also, 49% and 69% for BRCA2 carriers by age
70 and 80 respectively (Chen and Parmigiani, 2007; Kuchenbaecker et al., 2017). Further
studies reveal different breast cancer susceptibility genes, such as human interferon a-2b
(hIFNa-2b) and matrix metalloproteinase (MMP-2 C-735T) (Yari et al., 2014; Ahmed et al.,
2016).

Moreover, a positive family history of breast cancer is a major risk factor. Women with a strong
family history of breast cancer (two or more cases) are at almost 11 times more lifetime risk,
independently of the identified genetic mutations (Metcalfe et al., 2009; Ahern et al., 2017,
Bravi, Decarli and Russo, 2018). However, the family history is not associated with breast

cancer severity at time of prognosis nor with its mortality (Melvin et al., 2016).

4.2, Modifiable Risk Factors:

Besides, there are several important modifiable lifestyle risk factors that could be optimized
to prevent the incidence of breast cancer and thereby to decrease the overall cases.

Developing a healthy lifestyle offers an opportunity to complement conventional therapies.

Obesity and diet. Obesity and physical inactivity associate with increased risk of breast cancer
development and progression in postmenopausal women (Friedenreich, 2010; Demark-
Wahnefried et al., 2012). Overweight women with body mass index (BMI) above 25 and above
30 had a higher postmenopausal BC relative risk in comparison with normal-weight women
(La Vecchia et al., 2011; Chan et al., 2014). Also, recent meta-analysis shows that increased
BMI is associated with poor overall BC survival in pre and postmenopausal women (Chan et
al., 2014). Over and above, obesity induces breast cancer progression by changing the tumor
microenvironment into proinflammatory where it activates effector proteins promoting
metastasis (Mubtasim, Moustaid-Moussa and Gollahon, 2022). So, a well-balanced diet with
high vegetables/fruits, high fibers, and low fats and carbs plays an essential role in lessening

the risk of BC (Albuquerque, Baltar and Marchioni, 2014).

38



Alcohol. Alcohol consumption associates with increased risk of BC in pre and most
menopausal women due to increased level of estrogen in blood. Light levels of alcohol intake
(one alcoholic drink/day) increase BC risk by 4% (Seitz et al., 2012; Bagnardi et al., 2013). This
increase in BC risk is related to alcohol in a dose dependent manner where a 10% increase in
risk is recorded for every additional 10g of ethanol. Further heavy consumption (three or more
drinks/day) results in 40-50% increased risk (Smith-Warner et al., 1998; Zhang et al., 2007,
Seitz et al., 2012). Moreover, elevated levels of alcohol consumption resulted in increased the

risk of BC recurrence in pre-menopausal women (Gou et al., 2013).

Hormonal factors. The risk of developing breast cancer is 9.5 times higher in women
consuming oral contraceptive pills (Calle et al., 1997; Bhadoria et al., 2013). As well,
continuous combined hormone therapy after menopause (HTMP) with estrogen and
progesterone, a therapy used for menopausal symptoms, protects women against heart
diseases and osteoporosis yet significantly increases the risk and the mortality rate of BC
(Crosignani, 2003; Marjoribanks et al., 2012). The discontinuity of the combined hormonal
therapy quickly reduces BC risk, and this risk takes 5 years in postmenopausal women and 5-
10 years in premenopausal women of discontinuity to be completely diminished (Calle et al.,

1997; Chlebowski et al., 2009; Zolfaroli, Tarin and Cano, 2018).

Smoking. Smoking tobacco, a well-known carcinogen, is associated with higher risk of BC
development in actively smoking women especially those who initiated smoking before their
first delivery or being in menopause (Xue et al., 2011; Gaudet et al., 2013). Also, there is a
positive dose-response correlation between the smoking duration (in years) before the first
childbirth and breast cancer risk in short- and long-term smokers. Likewise, breast cancer risk
increases in a dose-dependent manner in women smoking with an average more than 10

cigarettes per day (Bjerkaas et al., 2013).

Physical activity. On the contrary, physical activity reduces the risk of breast cancer
development in premenopausal and postmenopausal women by reducing the body fats,
excessive estrogen production and inflammatory markers (McTiernan et al., 2004; Hildebrand
et al., 2013). Additionally, it improves the survival outcomes in breast cancer patients, where
the risk of BC specific mortality in young physically active women was less compared to young

inactive women (Abrahamson et al., 2006). Likewise in old/postmenopausal women, women
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engaged with minimum 10 hours of physical activity per week has reduced risk of breast

cancer specific mortality in comparison with less active old women (Beasley et al., 2012).

Other factors. A large European study suggested an association between long-term ambient
air pollution exposure and incidence of breast cancer in postmenopausal women (Andersen
etal., 2017). Also, time trends conclusions showed that higher incidence rates of breast cancer
occurred in high emission regions in the United States (US), where emissions of nitrogen
oxides, carbon monoxide, sulfur dioxide, and volatile organic compounds were positively

associated with breast cancer incidence (Wei, Davis and Bina, 2012).

Moreover, diabetes (especially Type Il diabetes) affects the incidence of breast cancer through
interfering with different biological pathways such as insulin and insulin-like-growth factor
pathways and its complications in return affect the outcome of patient’s therapy and
screening (Wolf et al., 2005). Diabetes tends to increase the risk of developing breast cancer
in postmenopausal women with higher BMI and additional meta-analysis confirmed that
women with type Il diabetes are significantly at 20% higher risk (Larsson, Mantzoros and Wolk,

2007; Tabassum, Mahmood and Faheem, 2016)

Furthermore, the risk of breast cancer in women who experienced large number of radiations
due to previous cancer therapy, tuberculosis screening or pneumonia monitoring are two to
three times at higher risk (John et al., 2007). Women treated with whole-lung irradiation for
their childhood cancer have a higher risk of developing breast cancer compared to those who
didn’t receive whole-chest irradiation and these individuals are associated with a significantly
higher breast cancer mortality rates (Moskowitz et al., 2014). Also, women who received
sarcoma or leukemia treatment during their childhood, who received high dose alkylator and
anthracycline chemotherapy, are at higher risk of developing breast cancer at a younger age

(Henderson et al., 2016).

Finally, lights must be shed on psychological and psychosocial stress as a potential risk factor
(Mohan, Huybrechts and Michels, 2022). Life-induced stress disturbing the circadian rhythms
such as the quality and quantity of sleeping may increase the risk of BC development in women
and affect the survival outcomes of BC patients (Davis and Mirick, 2006; Kennaway, 2014).
Recent study demonstrates that women with higher quality of life have a higher level of illness

acceptance (optimistic disposition) and subsequently experiencing a lower intensity of breast
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cancer symptoms and treatment related symptoms compared to those having low level of

illness acceptance (pessimistic disposition) (O$miatowska et al., 2022).

5. Breast Cancer Treatments

Several therapeutic strategies are available in order to cover this significant heterogeneity

among breast tumors. Treatments are classified as local (surgery and radiotherapy) or

systemic (endocrine therapy, targeted therapy, and chemotherapy) that can be before

(neoadjuvant) or after (adjuvant) surgery (Figure 10). Treatment option differs depending on

several factors such as the cancer stage and the tumor molecular characteristics (Veronesi et

al., 2005; Ganesh N. Sharma, Rahul Dave, Jyotsana Sanadya, Piush Sharma, 2010; Waks and

Winer, 2019)
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Figure 10 : Different local and systemic treatments of breast cancer.

5.1. Surgery:

Surgical resection of primary breast tumors is a first choice of treatment or a second after

neoadjuvant systemic therapy regardless the tumor molecular subtype. Based on tumor size,

different surgical resection is performed (Riis, 2020):

- Mastectomy: surgical removal of the entire breast, with the possibility of

conserving some skin and the nipple-areolar complex for reconstruction. It is
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performed for multicentric invasive carcinoma, inflammatory carcinoma, or extensive

intraductal carcinomas.

- Breast-conserving surgery: most common type substituting mastectomy,
includes lumpectomy or wide local excision, and it involves the removal of the tumor
along with a margin of the surrounding normal tissue while conserving the cosmetic
appearance of the breast. It is performed for locally invasive tumors and large primary

tumors after being subjected to preoperative systemic therapy and reduced in size.

- Axillary lymph node dissection: surgical removal of the draining lymph nodes

into the breast to avoid metastasis, along with mastectomy or BCS.

5.2. Radiotherapy:

Radiation therapy uses high energy X-rays or gamma-rays to target cancer cells that may
remain or recur after surgery. Strong enough dose (starting from 1Gy up to 225Gy) is delivered
to the whole breast or a portion of the breast, the chest wall, and the regional lymph nodes.
Radiation therapy reduces breast cancer recurrence and improves overall survival for patients

(Ernard et al., 2002; Rubino et al., 2003; Vaidya et al., 2004; Valachis et al., 2010).

5.3. Endocrine therapy/ Hormonal therapy:

Hormone therapy slows or stops the estrogen-promoted tumor growth. It is a primary
systemic treatment for all ERa-positive, and/or PR-positive tumors, given as adjuvant therapy
for five years for early-stage ERa-positive breast cancer or as first line therapy for metastatic
ERa-positive breast cancer. Hormonal drugs possess their function through blocking the
synthesis of estrogen by the body or through inhibiting the effect of estrogen on cancer cells.
Herein, several hormonal drugs are available: anti-estrogens (such as Tamoxifen and
Fulvestrant) that competitively binds ER and inhibits estrogen binding, and aromatase
inhibitors (such as Anastrozole, Exemestane, and Letrozole) that decreases circulating
estrogen through binding the Aromatase enzyme, known as estrogen synthase, and inhibiting
its enzymatic activity which convert androgens to estrogen (Miller, 2003; Ranger, 2005;

Altundag and lbrahim, 2006; Osborne and Schiff, 2020).
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5.4. Targeted therapy.

Targeted drug therapy is directed against a specific abnormal protein on breast cancer cells
(such as HER2) that helps cancer cells grow and spread. Trastuzumab is a humanized
monoclonal antibody that targets the extracellular domain of HER2, entered clinical trials in
1990s and now is a standard therapy for luminal and non-luminal HER2-positive early breast

cancer (Piccart-Gebhart et al., 2005; Gianni et al., 2016; Montagna and Colleoni, 2019).

5.5. Chemotherapy.

Chemotherapy are cytotoxic drugs that target rapidly dividing cells, such as doxorubicin,
docetaxel, and paclitaxel. They can be given as neoadjuvant to shrink the breast tumor or
adjuvant therapy to prevent relapse of breast cancer. Chemotherapy is the standard and
typical treatment for TNBC until now (Gluz et al., 2009; Bosch et al., 2010; Santana-davila and
Perez, 2010). However, several therapies are delivered in combination with chemotherapy for

TNBC patients, such as:

= Anti-PD-L1 (immunotherapy). A humanized monoclonal antibody developed
immunotherapy drug (such as Pembrolizumab) that stimulates the immune system
against cancer cells through targeting the PD-L1 (Programmed cell death-ligand 1)

agent (Planes-Laine et al., 2019).

= PARP inhibitors. PARP inhibitors (such as olaparib) target PARP enzyme, key enzyme
for repairing broken DNA single strands. They are recently FDA approved as possible
treatments for BRCA1/2 mutated breast cancer through preventing the self-repair of
DNA breakage and thus accelerate apoptosis of tumor cells (Robson et al., 2017)(Li et

al., 2021).

= Trodelvy (chemical name: Sacituzumab govitecan-hziy). A recent antibody-drug
conjugate immune targeted medicine, made up of Sacituzumab a humanized
monoclonal antibody that targets the Trop-2 protein which is found in more than 90%
of TNBCs linked with the cytotoxic molecule SN-38 which is a topoisomerase | inhibitor.
Sacituzumab delivers chemotherapeutic agent specifically to TNBC and not normal

cells, thus being more effective and less toxic, used to treat patients with advanced or

43



metastatic TNBC (Maltoni and Bravaccini, 2022; Michaleas et al., 2022; O’Shaughnessy
etal., 2022)

Adjuvant Therapy. Synthetic glucocorticoids (GCs) such as dexamethasone (dex),
cortisone, methylprednisolone, hydrocortisone, ketoprogesterone, fluorometholone,
prednisone, and prednisolone derived from steroidal endogenous glucocorticoids, are
widely used before, during or after chemotherapy at various doses in BC treatment.
These adjuvant drugs reduce the hypersensitivity reactions accompanying
chemotherapy including nausea and vomiting through binding the glucocorticoid
receptor (GR). Also, they protect normal tissues from the long-term side effects of
cytotoxic drugs. Moreover, GCs alleviate tumor-associated effects on patient’s health
such as loss of appetite, pain, edema, electrolyte balance and inflammation, hence
helping patients not to abandon their therapy’s (Goldhirsch et al., 1985; Henzi, Walder
and Trame, 2000; Rutz, 2002; Wang et al., 2004; Keith, 2008; Chen et al., 2016; de

Castro Baccarin et al., 2019; Barroso-Sousa et al., 2021)
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Chapter Il: Glucocorticoids (GCs)

1. Endogenous Glucocorticoids

GCs are 21-carbon steroid hormones synthesized and released into the circulation via the
adrenal gland. They were named GCs due to their important role in glucose metabolism (K.

Lin and Wang, 2016).

Initially, GCs were discovered as part of the adrenal extracts which was shown to ameliorate
the condition of people with adrenal insufficiency, named later as Addison’s Disease
(Timmermans, Souffriau and Libert, 2019). In 1946, cortisol, the major GC found in humans,
was isolated for the first time from other steroids produced by the adrenal gland by Edward
Kendall (Simoni, Hill and Vaughan, 2002). Three years later, cortisol was proved to have
therapeutic potential in patients with rheumatoid arthritis due to its anti-inflammatory action

(Timmermans, Souffriau and Libert, 2019).

Although GCs have important role in the immune system and glucose homeostasis, their
function covers a large repertoire of physiological processes. Also, they are recognized as
stress hormones due to their critical role during periods of physiological or emotional stress

(Oakley and Cidlowski, 2013).

1.1. Regulation of GCs Synthesis

GCs are produced in the zona fasciculata of the adrenal cortex from cholesterol through a
series of enzymatic reactions. Unlike peptide hormones which are synthesized and stored
inside the cells until stimulation, GCs are synthesized de novo and released upon stimulation
[Spiga F 2014]. The hypothalamus-pituitary gland-adrenal gland (HPA) axis is the main
pathway by which GCs synthesis is regulated. This axis is mainly characterized by the secretion
of corticotrophin-releasing hormone (CRH) from the paraventricular nucleus (PVN) of the
hypothalamus, which is transported to the anterior pituitary through the portal circulation. At
the level of the anterior pituitary gland, CRH binds to its receptor (CRH-R1) and induce the
secretion of adrenocorticotropic Hormone (ACTH) into the circulation, by which it reaches the
adrenal gland and induces the synthesis and secretion of GCs (Oakley and Cidlowski, 2013;

Spiga et al., 2014; Timmermans, Souffriau and Libert, 2019).
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GC synthesis is regulated in a circadian rhythm. Accordingly, the level of GCs is the highest
during the active time which is in the early morning in case of humans and during the first
hours of night in case of rats, mice and other nocturnal animals (Haller et al., 2000; Spiga et
al., 2014). The suprachiasmatic nucleus (SCN) is the region of the hypothalamus which is
involved in directing the circadian cycle and is considered the major pacemaker (Maywood et
al., 2007; Mohawk and Takahashi, 2011; Kalsbeek et al., 2012). During inactive time, SCN
neurons release vasopressin into the PVN which inhibits the release of CRH from this region.
SCN can also indirectly regulate the CRH secretion by PVN via acting through the dorsomedial
hypothalamus (DMH), another region of the hypothalamus. During active phase, upon
perception of light, in case of humans, messages are transported from the retina to the SCN
region of the hypothalamus, through the retino-hypothalamus tract, inhibiting the release of
vasopressin from SCN neurons to the PVN region and thus inducing the secretion of CRH
(Kalsbeek et al., 1996; Kalsbeek, Van Der Vliet and Buijs, 1996; Spiga et al., 2014). There is
evidence that SCN can regulate the synthesis of GCs by the adrenal gland directly though
multi-synaptic neural connection via the thoracic splanchnic nerve (Kalsbeek et al., 2012; Spiga

et al., 2014)

In addition to the regulation by the major pacemaker, SCN, the synthesis of GCs is regulated
by intra-adrenal clock genes. Oster et al. discovered several canonical clock genes that show
circadian rhythmic expression (Ishida et al., 2005; Oster, Damerow, Hut, et al., 2006;
Fahrenkrug, Hannibal and Georg, 2008; Gi et al., 2008). Among which, 2 genes, Per2 and Cry1,
were shown to abolish the rhythmic expression of all the other clock genes when they are
knocked out. Thus, in the same study, Per2/Cryl double-knockout mice were generated, in
which the rhythmic expression of GCs was abolished. In a complementation experiment, the
transplantation of wild type adrenal gland into mutant mice, reproduced the circadian rhythm
of GCs synthesis, but their concentrations reached lower levels than those observed in wild
type mice. Similarly, the transplantation of mutant adrenal glands into wild type host
produced the same results with similar amplitude of GC level. This study proves the presence
and the importance of intra-adrenal clock genes in regulating GCs rhythmic expression (Oster,

Damerow, Kiessling, et al., 2006).

Beside the circadian rhythm, GC secretion also follow an ultradian rhythm characterized by

cycles of around 1 hour. Also, the level of GCs was found to increase during periods of
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physiological or emotional stress. Thus, they are considered among the major stress hormones

(Spiga et al., 2014).

It is worth mentioning that GCs controls the HPA axis in a negative feedback manner. GCs act
on PVN and inhibit the expression of CRH. They also act at the level of the anterior pituitary
to inhibit the transcription of CRH receptor and ACTH precursor. GCs can act in a non-genomic
and more rapid pathway to inhibit the secretion of CRH and ACTH (Jones, Brush and Neame,
1972; Jones, Tiptaft and Brush, 1973; Hinz and Hirschelmann, 2000; Spiga et al., 2014;

Gjerstad, Lightman and Spiga, 2018; Timmermans, Souffriau and Libert, 2019).

Today, there are growing evidence of extra-adrenal GC synthesis in different tissues including
Intestine, thymus, skin and possibly blood vessels and brain (Noti, Sidler and Brunner, 2009;
Taves, Gomez-Sanchez and Soma, 2011; Jozic et al., 2014; Talaber, Jondal and Okret, 2015;
Mittelstadt, Taves and Ashwell, 2018). However, GC synthesis in those tissues is not regulated
by the central HPA axis, and GCs produced by these tissues play only local rather than systemic
roles. The regulators of GC production are specific to each tissue. For example, in the skin, GC
production is regulated by a local HPA axis, where CRH and ACTH were shown to be produced
locally. GC production in this tissue is mainly stimulated by UV radiation and other types of
stresses including mechanical or chemical injury, and inflammation (Phan, Merk and Brunner,
2019). On the other hand, in the thymus, the highest GC synthesis is seen in early postnatal
life, when the level of systemic GCs is low, but they are needed for the maturation of
thymocytes (Taves, Gomez-Sanchez and Soma, 2011). In the intestine, GCs synthesis is mainly
induced by inflammation and immune activation at the level of both the adaptive and the
innate immune system(Taves, Gomez-Sanchez and Soma, 2011; Phan, Merk and Brunner,
2019). Although less studies focused on GCs synthesis in blood vessels and brain, there is
some evidence of local synthesis, which may be more pronounced in pathological conditions.
As an example, in the brain, GCs were shown to be synthesized in response to alcohol

injection, alcohol withdrawal, hypoxia and social stresses (Talabér, Jondal and Okret, 2013).

1.2. Synthesis and Metabolism of GCs

The synthesis of GCs occurs in the cells in the zona Fasciculata of the adrenal cortex. At the
level of these cells, ACTH binds to its G-protein coupled receptor, MC2R, which undergoes

conformational change and induces the activation of adenylyl cyclase which leads to an

47



increase in the level of cytoplasmic cAMP and the subsequent activation of PKA (Mountjoy et
al., 1994; Spiga et al., 2014). PKA activates GCs synthesis mainly by enhancing the gene
expression and activation of a key mediator, steroidogenic acute regulatory protein (StAR),
also called START domain-containing protein 1 (StARD1). StAR is a protein that mediate the
delivery of cholesterol into the mitochondrial inner membrane, which is considered the rate
limiting step for GCs synthesis (Lin et al., 1995; Stocco and Clark, 1996b, 1996a). PKA activates
cAMP-response element binding protein (CREB) which in its turn activates the transcription of
StAR. Additionally, PKA activates StAR by post-translational phosphorylation (Arakane et al.,
1997).

GCs are synthesized through a series of enzymatic reactions that use cholesterol as a precursor
(Miller, 2009). Although cholesterol can be synthesized de novo in the adrenal gland from
acetate, this remains a minor pathway. Dietary cholesterol is transported to the adrenal gland
bound to lipoproteins. In humans, cholesterol for GC synthesis is mainly taken up from LDL via
LDL receptor-mediated endocytosis, while in rodents, HDL is the main source, due to the
presence of a receptor called scavenger receptor B1 (SR-B1) (Gwynne and Strauss, 1982;
Horton, Goldstein and Brown, 2002). Cholesterol is taken up as cholesterol ester, and it needs
de-esterification by hormone-sensitive lipase (HSL) to be in a free active form which is
required for GC synthesis. Cholesterol can be then esterified again by acyl-coenzyme A:
cholesterol acyl transferase (ACAT) and stored in lipid droplets, as an additional step to
regulate its intracellular bioavailability. Thus, the balance between ACAT and HSL activities
determines the cholesterol availability (Brown, Kovanen and Goldstein, 1979; Kraemer, 2007
Miller and Auchus, 2011). ACTH acts on different levels to increase the intracellular
bioavailability of cholesterol. It maximizes cholesterol intake from LDL through LDL receptors,
it activates HSL and inhibit the activity of ACAT (Lehoux et al., 1989; Miller and Auchus, 2011).
Additionally, ACTH induces the transcription of steroidogenic enzymes (Sewer, Dammer and

Jagarlapudi, 2007).

Cholesterol can integrate in the outer mitochondrial membrane (OMM) due to its lipophilic
nature. Because the first steroidogenic enzyme, which catalyzes the rate-limiting step of
steroidogenesis, is present in the inner mitochondrial membrane (IMM), the action of
steroidogenic acute regulatory protein (StAR) is needed for transporting cholesterol from the

OMM to IMM [Miller WL. 2007, Miller WL 2010]. At this level, the side chain cleavage enzyme
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(P450scc), also called CYP11A1, cleaves cholesterol sidechain leaving a 21-Carbon steroid
precursor, Pregnenolone. This reaction is common to all steroid hormone biogenesis, and the
presence of P450scc is required for a cell to be considered steroidogenic (Miller and Auchus,

2011) (Figure 11).

The following steps of GCs synthesis occur at the level of the smooth endoplasmic reticulum
(ER). In humans, a hydroxylation reaction is carried out on carbon 17 by P450c17 to produce
17a-hydroxypregnenolone. Rodents do not possess P450c17 enzyme, thus the next steps are
carried on directly on Pregnenolone. This is the reason for the difference in the GCs found in
humans and rodents. The rest of the steps are catalyzed by the same enzymes in both

organisms (Miller and Auchus, 2011) (Figure 11).

A dehydrogenation reaction carried out by a 3B-Hydroxysteroid Dehydrogenase (3B-HSD)
transforms Pregnenolone into progesterone, and 17a-hydroxypregnenolone into 17a-
hydroxyprogesterone (in humans but not in rodents). This is followed by a hydroxylation step
on carbon 21 by P450c21, producing deoxy-corticosterone and 11-deoxycortisol, respectively.
Then, the latter products are transported to the mitochondria again where P450c11B enzyme
resides. A hydroxylation step is carried out by this enzyme transforming deoxy-corticosterone
into corticosterone (the principal GC is rodents), and 11-deoxycortisol into cortisol (the
principal GC in humans) (Figure 11) (Miller and Auchus, 2011). Both GCs has 21 Carbons with
4 hydrocarbon rings, a ketone group at C3, a hydroxyl group at C11, and a double bond in

carbon ring A, all of which are important for GC activity (Buchwald and Bodor, 2004).
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Figure 11 : Biosynthesis of glucocorticoids in the adrenal gland. In blue: mitochondrial enzymes, in green: ER
enzymes

When released from the adrenal cortex, GCs circulate in the blood bound to carrier proteins
(Meyer et al., 2016). Corticosteroid-binding globulin (CBG) is the major carrier protein and it
binds to about 80% of GCs. Albumin also binds to about 15% of GCs. Only about 5% are found
free and biologically available (Lewis et al., 2005). At target sites, CBG is cleaved and GCs are
rendered free to penetrate into target cells. Neutrophil elastase is one of the proteases that
cleaves CBG, thus increasing the bioavailability of GCs at sites of inflammation (Klieber et al.,
2007; Zhou et al., 2008). In addition, CBG can be cleaved directly by pathogen proteases like
P. aeruginosa elastase (LasB) which is produced by Pseudomonas aeruginosa (Simard et al.,

2014). Alternatively, CBG can undergo conformational change decreasing its affinity to GCs
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upon temperature increase. This could be an additional mechanism to deliver GCs to inflamed

regions (Lin, Muller and Hammond, 2010; Lewis et al., 2016).

Once free, GCs can easily penetrate through the cellular membrane. In target cells, active GCs
(cortisol in humans and corticosterone in rodents) can be metabolized into inactive forms
(cortisone in humans and 11-dehydrocorticosterone in rodents) via the action of 113-HSD2.
The inactive form can be metabolized back to its active form via the action of 11B-HSD1 (Figure
12). In vitro, 11B-HSD1 can also work in the opposite direction. The factor determining the
direction in which this enzyme works is the co-factor. In the cells, 113-HSD1 is localized to the
lumen of the endoplasmic reticulum (ER), where NADPH, the cofactor, is found in high
concentrations due to the action of ER-resident enzymes. The balance in the expression of
these 2 enzymes is critical to determine the intracellular bioavailability of GCs, and it
determines GC effect in a certain tissue. Thus, their expression changes among tissues and cell

types (Draper and Stewart, 2005).

Active GCs bind to the intracellular GC receptor (GR). GR can then translocate to the nucleus
and regulate the expression of target genes. Also, GCs can exert non-genomic effect. The

signaling of GR will be detailed in the following parts and chapters.
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1.3. Biological Roles of GCs

Glucocorticoid receptor is nearly expressed in every cell type which reflects the role of GCs in
every biological function. Endogenous GC level is tightly regulated to ensure correct
development, function and maintenance of the body organs and systems. Thus, the increase
of GC level in late prenatal life, in active periods of the day, and as response to stresses, has
physiological and indispensable effects on body health. GCs have important role in embryo
implementation and early development, late fetal organ maturation, post-natal development,

and homeostasis maintenance (Busada and Cidlowski, 2017) (Figure 13).
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Figure 13 : Actions of GCs in Health and Disease. Beneficial effects are presented in blue, effects of GC

treatment are presented in green, and their side effects are in red.

1.3.1. Role of GCs in Glucose Metabolism

GCs got their name because of their key role in glucose metabolism. GCs manipulate blood
glucose concentration and regulate glucose metabolism at many levels. Primarily, GCs act on
different organs to finally increase the circulating blood sugar, a process which is critical during
active times and periods of stress, like fasting or starvation. GCs act on skeletal muscles and
white adipose tissue to reduce the uptake of glucose mainly by interfering with insulin
signaling, thus decreasing insulin sensitivity in these organs (Saad et al., 1993; Kuo et al.,

2012a, 2012b, 2015a)
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On the other hand, GCs act at the level of liver to upregulate the enzymes involved in
gluconeogenesis, a process of glucose synthesis from non-carbohydrate precursors including
gluconeogenic amino acids, glycerol, and lactate (Kuo et al., 2015a). It was shown that in
absence of GCs in vivo in adrenalectomized rats, the permissive effect of epinephrine and
glucagon on gluconeogenesis is disrupted, and it is only restored after re-introduction of GCs
GCs can also activate gluconeogenesis by providing higher level of its precursors. they act on
muscles to activate protein degradation, thus providing gluconeogenic amino acids, and they
act on white adipose tissue to activate lipolysis, thus providing glycerol (Exton et al., 1972; Kuo

et al., 2015a).

GCs can also modulate glycogen metabolism, however in a tissue specific manner, although
the final output was shown to be an increase in glycogen in all cases. At the level of liver, GC
was found to increase glycogen synthesis possibly by activation the phosphatase involved in
glycogen synthase activation (de Wulf and Hers, 1967; Vanstapel, Dopere and Stalmans, 1980;
Kuo et al., 2015a). However, at the level of muscles, GCs seem to be a mediator of the
epinephrine-induced glycogenolysis and an inhibitor of insulin-stimulated glycogen synthesis.
This suggest that the level of glycogen may decrease in muscles in response to GCs, however
an increase was reported, although the mechanism of this increase was not clear (Coderre,

Srivastava and Chiasson, 1991; Ruzzin, Wagman and Jensen, 2005; Kuo et al., 2015a).

Additionally, GCs have a direct effect on beta cells of the pancreas, which are responsible for
insulin secretion. The effect of GCs on these cells is still controversial as there are many
discrepancies between in vitro and in vivo models. /n vitro, treatment of beta cells with GCs
induced apoptosis through different pathways that are dependent on GR activation.

Moreover, GCs inhibited the release of insulin from beta cells (Beaupere et al., 2021).

However, in vivo, the results were controversial. Some studies reported disruption of insulin
release in response to GCs, while others reported a proliferation in beta islet cells which re-
establish the amount of insulin secreted and regulates serum glucose. This compensatory
mechanism fails when high level of GCs was maintained for long intervals due to an enormous
increase in insulin resistance. Thus, the effect of GCs, especially of endogenous origin, on
insulin secretion is not yet clear and needs more investigations, especially in vivo (Beaupere

etal., 2021).
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1.3.2. Role of GCs in Immune System

GCs are well known for their immunosuppressive action which made synthetic GCs widely
used to attenuate excessive inflammation, allergic and autoimmune diseases, as will be
detailed in the following section. Yet, in the past two decades, endogenous GCs were shown
to have both immunosuppressive and immune activation activities. The conclusions
concerning endogenous GCs were mainly obtained using cell-specific GR knock-out in mice. In
these studies, GCs were shown to inhibit cytokine production by different cells of the innate
and the adaptive immune system (Bhattacharyya et al., 2007; Kugler et al., 2013; Li et al.,
2015; Quatrini et al., 2017, 2018; Acharya et al., 2020; Shimba and lkuta, 2021).

In fact, GCs can inhibit Th1 cells differentiation by a direct interaction between GR and a
transcription factor indispensable for Thl phenotype, T-bet, thus abolishing its transcriptional
activity (Liberman et al., 2007). Also, they inhibit IL-12 and IL-18 secretion by antigen
presenting cells (APCs), which are 2 cytokines important for the differentiation into Thl

phenotype (Blotta, DeKruyff and Umetsu, 1997; Kodama et al., 2002; Shimba and lkuta, 2021).

Moreover, GCs were found to attenuate inflammation via acting on non-immune cells, such

as lung epithelial cells and endothelial cells (Goodwin et al., 2013; Gibbs et al., 2014).

Thus, physiologically, endogenous GCs can protect against excessive inflammation and over-

activation of the cell-mediated adaptive immunity upon stimulation.

In the past few decades, GCs were also found to have immune enhancing roles. In contrast to
the role of GCs in inhibition of various cytokine production, they were found to enhance the
expression of cytokine receptors in different cell types, which was characterized with a more
robust immune response in active compared to non-active periods (Wiegers and Reul, 1998;
Franchimont et al., 2002; H.-C. Lee et al., 2005; Shimba et al., 2018). Thus, GCs can aid in the
survival and activation of T cells. Additionally, Shimba et al. described an important role for
GCs in the differentiation of Th2 subset and, subsequently, in the induction of the humoral
immune response. Also, GCs were proved to have a positive effect on the survival and
maintenance of Th2 memory cells, thus confirming a huge contribution to the humoral

immune response (Shimba et al., 2018).
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Although synthetic GCs are prescribed to attenuate inflammation, endogenous GCs may be
contributors to autoimmune and inflammatory diseases in response to long-term stress.
Actually, it was shown that GCs exerts a permissive role on Th17 cell differentiation and
function, which contributes to the development of autoimmune diseases (Marchetti et al.,

2001; de Castro Kroner et al., 2018).

Therefore, GCs have pleotropic effect on the immune system. Although it was initially thought
that they act as immuno-suppressors, they were then found to have immune activation roles.
The final output of GC action may depend on their level, the microenvironment, and the target

effector cell.

1.3.3. Role of GCs in Cardiovascular System

Several studies provided evidence for a role of GCs in fetal heart development. In fact, GC
surge from the mother to fetus occurs in many mammals during late fetal life, and it was
shown to have major role in the development and maturation of different organs (Fowden, Li
and Forhead, 1998). In different models, exogenous GCs administration during fetal life, or
shortly after birth, improved structural and functional maturity of the heart (Song et al., 2019).
GR knockout studies highlighted the role of endogenous GCs in cardiac function. Interestingly,
mice with conditional deletion of GR in cardiomyocytes were born normally but gradually
developed left ventricular hypertrophy and a deterioration in systolic function leading to heart

failure and premature death (Oakley et al., 2013).

GCs, at physiological level, also aid in the protection of the cardiovascular system at different
levels in response to stress. GCs were found to be critical for cardiac repair after tissue injury
and for the survival of cardiomyocytes in stress conditions (Tokudome et al., 2009; Galuppo
et al., 2017). Moreover, endogenous GCs were shown to be important for the short-term
stress response by the cardiovascular system manifested by increasing of heart rate and blood

pressure (Bencze et al., 2020).

Thus, physiological level of GCs is important for the development, maturation and

maintenance of the cardiovascular system.

1.3.4. Role of GCs in Lung Development
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Mice with global GR knockout showed an impairment of lung development. They die shortly
after birth with symptoms of respiratory failure. Histological examination of lung from GR-/-
mice provided evidence for dysfunctional development of the lung (Cole et al., 1995, 2004;

Bird et al., 2007; Daniel Bird et al., 2015).

Mechanistic studies showed that GCs act on mesenchymal by promoting the development of
lungs to provide paracrine signal for the correct differentiation and maturation of different
alveolar epithelial cells. On the level of mesenchymal cells themselves, GR signaling inhibits
proliferation and induces elastin synthesis. All these events happen in late fetal life and

contribute largely to the formation of functional alveolar sacs (Daniel Bird et al., 2015).

1.3.5. Role of GCs in Bone Development

GCs play pleiotropic but important role on bone homeostasis, which is largely determined by
their level. At physiological level, GCs are important in the development and the maintenance
of bone mass. However, at higher pathological or exogenous levels, GCs disrupt bone
homeostasis, as will be clarified in the next subsection [Martin 2021]. Studies with GC signaling
disruption showed decreased bone mass in vivo and mineralization capacity of osteoblasts in

vitro (Sher et al., 2006; Kalak et al., 2009; Rauch et al., 2010; Yang et al., 2010)

2. Synthetic Glucocorticoids (GCs)

Synthetic GCs are a group of drugs structurally and functionally related to the endogenous GC
hormone “cortisol”. They are widely used as treatments for various health conditions and

diseases (Parente, 2001; Timmermans, Souffriau and Libert, 2019).

2.1. Types and Characteristics

Synthetic GCs share structural similarities with the cortisol molecule with few chemical
modifications that improve the therapeutic activities of these drugs and reduce their side
effects compared to their endogenous counterparts (Figure 14) (Parente, 2001; Bourdeau and
Stratakis, 2003; Adcock and Mumby, 2016). Early treatments used endogenous GCs to treat
different health conditions. However, half-life of these molecules was short and they had
many side effects. Thus, different modifications were introduced to the structure, and the

structure-activity relationship was thoroughly studied, to finally obtain GC molecules with
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enhanced potency. The structural modifications of synthetic GC improve biological potency
via affecting drug absorption, protein binding capacity, metabolic transformation rate,
excretion rate, membranes traverse ability and intrinsic effectiveness of the molecule.
Moreover, synthetic GCs have greater GR activation abilities, and most of them act specifically
via GR rather than mineralocorticoid receptor (MR), unlike endogenous GC which can activate
both. Also, most of these molecules are not susceptible to inactivation by the endogenous

enzymes that regulate endogenous GC bioavailability.

The first modification was done by the introduction of a fluorine group at C9-a (compared to
cortisol structure) which enhanced drug potency and increased its binding affinity to GR, this
molecule was called fludrocortisone (Figure 14). This drug, which was introduced in 1954, was
used in mineralocorticoid replacement therapy because of its potent mineralocorticoid
(increased 125-fold relative to cortisol) alongside glucocorticoid activity (increased 10-fold
relative to cortisol). On the other hand, the introduction of a double bond between C-1 and C-
2 (compared to the cortisone structure) as in prednisone increased anti-inflammatory activity
of about five-fold because it is metabolized more slowly as it requires activation by 113-HSD1
to be in its active form, prednisolone (Figure 14). Interestingly, this drug demonstrated
reduced MR activation abilities compared to cortisone, and thus it had fewer side effects. In
1956, a methyl group was added at position C6-a of prednisolone to obtain
methylprednisolone which has a greater anti-inflammatory effect and even lower

mineralocorticoid activity than prednisolone (Figure 14) (Bourdeau and Stratakis, 2003).

A combination of C9-a fluorination with the introduction of double bond between C-1 and C-
2 and insertion of 16 a-hydroxyl group (compared to the structure of cortisol) led to the
synthesis of triamcinolone in 1958 that shows similar potency compared to
methylprednisolone. Further studies were done showing that the introduction of a methyl
group at position C-16 increases the stability of drugs in human plasma, intensify the anti-
inflammatory activity and reduces mineralocorticoid activity. Thus, two anti-inflammatory GC
with very high potency were developed in 1958. These molecules had a methyl group in
position C16-a & B for dexamethasone (Dex) (compared to the structure of fludrocortisone)
and betamethasone (compared to the structure of triamcinolone) respectively, in addition to

a fluorine atom in position C9-a which further increases glucocorticoid activity. These steroids
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are 25-fold more potent than cortisol as anti-inflammatory compounds and have a longer half-

life (Figure 14) (Bourdeau and Stratakis, 2003).

A modification of Dex was done in order to reduce the electrolyte loss, obtaining a new drug
in 1960, called Paramethasone acetate that retains the 16 a-methyl group but the fluorine
group is moved from 9 a to 6 a position. After this many new modifications were introduced
so that nowadays we have a repertoire of synthetic GCs used for the treatment of wide range

of health conditions (Parente, 2001; Mohammadi et al., 2020) (Figure 14).

Synthetic GCs can be divided into short-acting, mid-acting and long-acting drugs, based on
their half-life. Duration of action of cortisone is between 8 and 12 hours, whereas prednisone,
prednisolone, methylprednisolone and triamcinolone have longer duration of action that is
between 12 and 36 hours. Dex and betamethasone have the longest half-lives, with a duration
of action that ranges from 36 to 54 hours (Timmermans, Souffriau and Libert, 2019; Yang and

Yu, 2021).

Synthetic GCs can be classified based on their mode of administration. Exogenous GCs can be
administered systemically, using oral or intra-venous route, or non-systemically according to
the target organ. Non-systemic GC treatments are either applied topically, inhaled, or
administered intra-articularly (Bourdeau and Stratakis, 2003; Adcock and Mumby, 2016;

Paragliola et al., 2017).
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Figure 14 : The structure of the synthetic GCs with red rings showing the differential functional modifications

compared to cortisol, or cortisone in case of prednisone.

2.2. GCs in Clinics

Synthetic GCs possess potent anti-inflammatory and immunosuppressive actions. Due to
these two main actions, they are considered important drugs in the treatment of autoimmune
and inflammatory conditions. Also, they were shown to have anti-cancer effects. Thus, they
are now also used in cancer treatment (Parente, 2001; Bourdeau and Stratakis, 2003). In this
part, the most common condition for which GC treatment is prescribed are highlighted,

although they are nowadays used for a wider range of conditions.

2.2.1. Cancer

Synthetic GCs are administered as adjuvants in the treatment of different types of cancer in
combination with chemotherapy, radiotherapy or immunotherapy thanks to their powerful

role in reducing the side effects of these therapies.
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GCs are also used to treat the hematopoietic malignancies of the lymphoid lineage, such as
multiple myeloma, acute lymphoblastic leukemia, chronic lymphocytic leukemia, Hodgkin’s
and non-Hodgkin’s lymphomas. In these cancer cells, they were shown to induce cell cycle
arrest and apoptosis via several pathways, including activation of the pro-apoptotic protein,
BIM, and down-regulation of the anti-apoptotic protein, BCL2. Also, through inhibiting the
action of activator protein 1 (AP-1) and nuclear factor kappa B (NFkB), GCs inhibit the
expressive of survival cytokines. Moreover, GCs up-regulate thioredoxin interacting protein

(TXNIP), which results in accumulation of reactive oxygen species leading to apoptosis.

In non-hematopoietic malignancies, GC treatment showed controversial effects concerning
the inhibition of tumor progression and metastasis. The output of these therapies largely
depends on cancer type and stage, GR expression level and GC administered dose. In ovarian,
prostate and breast cancer, some studies showed that GC can suppress tumor growth,
metastasis and angiogenesis, through multiple signaling pathway, part of which involves the
modulation of microRNA expression (Lin et al., 2015; Pufall, 2015; K. T. Lin and Wang, 2016;
Yang and Yu, 2021).

2.2.2. Respiratory Diseases

Respiratory diseases are mainly characterized with increased inflammation and over-reaction
of the immune system, which lead to adverse health effects and even death. Thus, due to their
anti-inflammatory and immunosuppressive properties, synthetic GCs were used widely for

treatment of severe immune-related diseases affecting the lungs.

GCs are used, as monotherapy or in combination with other drugs, in the treatment of asthma
and chronic obstructive pulmonary disease (COPD). They target various cells implicated in
asthmatic inflammation and thus considered as the most successful anti-inflammatory
treatment used for this disease. Budesonide is a potent inhaled glucocorticoid, and it is one of
the most widely used treatments for asthma. It can be administered by nebulization which
makes it a suitable treatment in infants, elderly, and in intensive-care settings. Budesonide
showed high efficiency as a monotherapy in both adults and children and in a broad range of
asthma severities and dose regimens. Its efficacy was increased when combined with
formoterol, a bronchodilator (Adcock and Mumby, 2016; Tashkin, Lipworth and Brattsand,
2019).
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With the onset of COVID-19 pandemic, many studies addressed the usage of GC as a
treatment, especially in severe cases. On 2 September 2020, WHO recommended GCs as
standard treatment for severe COVID-19 cases. In COVID-19 patients, Dex (at a dose of 6 mg
per day) was shown to reduce the number of deaths in ventilated patients by one-third, and
in patients receiving oxygen therapy, by one-fifth. On the other hand, no benefits were seen
in patients with less severe COVID-19 cases. Simultaneously, another study showed that a low-
dose of methylprednisolone (40 mg per day for 3-4 days followed by 20 mg per day for 3-4
days) was successful in improving the clinical tests and chest CT images in 7 out of 9 patients

with severe or critical COVID-19 cases (Braz-de-Melo et al., 2021; Yang and Yu, 2021).

Other types of synthetic GCs showed effective therapeutic results in less severe COVID-19
cases, among which is budesonide which showed high efficacy when inhaled for a short period

(Ramakrishnan et al., 2021).

2.2.3. Rheumatoid Disorders

Rheumatological disorders are autoimmune diseases mainly affecting the joints and
characterized with high level of inflammation. Thus, GCs were widely used as a treatment for

this condition.

Because of their strong anti-inflammatory effect and long half-life, prednisolone and
methylprednisolone are mainly used in the treatment of rheumatoid immunological diseases.
As anti-rheumatic drug, a lower dose of these drugs was required compared to cortisol, and it
induced fewer side effects (Parente, 2001; Yang and Yu, 2021). Also, the usage of prednisone
as a monotherapy in a dose of 10 mg per day for 6 months was able to inhibit the progression
of joints damage (Van Everdingen et al., 2002). Studies also showed that deflazacort, another
synthetic GC is as effective as prednisone or methylprednisolone for both short- and long-
term therapies of rheumatoid arthritis and other Rheumatological disorders like juvenile

chronic arthritis, sarcoidosis, polymyalgia rheumatica (Parente, 2001, 2017).

2.2.4. Gastrointestinal Diseases

The gastrointestinal tract is susceptible to a range of inflammatory and autoimmune diseases,
which make GCs efficient therapeutic candidates. Budesonide, for example, is an effective GC

treatment for various chronic gastrointestinal diseases including Crohn's disease, ulcerative
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colitis, and microscopic colitis. Budesonide is a recommended and approved drug for reducing
the symptoms of Crohn's disease with different degrees of severity. Compared to
prednisolone, which can also be used, it has same efficacy with fewer side effects, thus making
it a better drug candidate for this disease. In ulcerative colitis, Budesonide was shown to be
an effective treatment when given either systematically or by using rectal foam and enemas
which require lower doses and thus exert fewer side effects. Budesonide is also used for
decreasing the symptoms of microscopic colitis and postponing the relapse of symptoms

(Odonnell and Omorain, 2010).

2.2.5. Organ Transplantation

Due to their immunosuppressive, anti-inflammatory and lympholytic effects, GCs were widely
administered to patients receiving organ transplantation to minimize the risk of organ
rejection. Mainly, two GCs, methylprednisolone and prednisone, are used as part of the
immunosuppressive regimen in case of organ transplantation. In case of kidney
transplantation, the common protocol consists of the administration of intravenous dose of
methylprednisolone perioperatively, followed by a transition to oral administration of

prednisone for 3 to 5 post-operative days (Steiner and Awdishu, 2011).

2.3. GCs Adverse Side-Effects

GC beneficial health effects made them great candidate drugs for different diseases. However,
they can exert adverse side effects on different systems and tissues specially when
administered in high doses and for long time. Side effects observed in case of synthetic GCs
are similar to those observed in case of pathological elevation of endogenous GCs. GCs side
effects varies from mild to severe depending on time and dosage of the treatment, alongside
other factors including age, co-morbidities and the simultaneous administration with other
drugs. Severe side effects could be life-threatening and thus GCs should be prescribed with
caution (Bourdeau and Stratakis, 2003; Yasir, Goyal and Sonthalia, 2022). Herein, some of the

GCs adverse side effects are mentioned.

2.3.1. Metabolic Dysfunction

Depending on the dose and the co-morbidities, GC treatments can induce hyperglycemia and

insulin resistance, a phenotype similar to that seen in type 2 diabetes. As mentioned earlier,

63



GCs act at the level of muscles, liver and white adipose tissue, to increase glucose blood
concentration via interfering with insulin signaling. After the cessation of the treatment, blood
glucose can return to its basal level, in case of short-term therapy and the absence of co-
morbidities. On the other hand, GCs also activate lipolysis in white adipose tissue thus inducing
dyslipidemia. Actually, obesity is one of the most known side effects of GC treatments which
is accompanied by a great increase in appetite. The latter could be important in some cases
as when GCs are given with other therapies to attenuate the loss of appetite, but it is not

beneficial in other conditions (Noetzlin et al., 2022).

2.3.2. Hypothalamic-pituitary-adrenal (HPA) axis suppression

GCs, especially at supra-physiological plasma level, exert a negative feedback on the HPA axis
thus decreasing the secretion of CRH from the hypothalamus, ACTH from the anterior pituitary
gland and endogenous cortisol from adrenal gland. After stopping GC treatment, the
restoration of normal cortisol secretion by the HPA axis may take up to a year or two. Thus,
an abrupt cessation of LONG-TERM glucocorticoids administration will lead to a lack in both
exogenous and endogenous GCs, and thus may have adverse health effects. Among synthetic
GC types, dexamethasone is the most potent ACTH suppressor, however prednisone,
prednisolone, methylprednisolone and triamcinolone are moderately suppressive of the HPA
axis (Bourdeau and Stratakis, 2003; Paragliola et al., 2017; Gjerstad, Lightman and Spiga,
2018).

2.3.3. Effects on Gonads

High level of GCs disrupts the endocrine signaling pathways in the hypothalamic-pituitary-
gonadal axis. It inhibits the secretion of gonadotropins (FSH and LH) by the pituitary gland and
thus suppress the production of sex steroids by the gonads. Chronic treatment with GCs
induces hypogonadism that can lead to infertility in men and menstrual irregularities in

women (Bourdeau and Stratakis, 2003; Whirledge and Cidlowski, 2010).

2.3.4. Mineralocorticoid Effects

GCs had a mineralocorticoid activity resulting from their high affinity to mineralocorticoid
receptor (MR), which is usually considered as a side effect of GC treatment. the activation of

MR by GCs induces an increase in sodium retention and in kidney excretion of both potassium
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and hydrogen ions, which leads, in severe cases, to hypertension and hypokalemic alkalosis.
Among the synthetic glucocorticoids, Dexamethasone and betamethasone have minimal
mineralocorticoid activity, whereas prednisone and prednisolone have some, but very limited,

activity (Bourdeau and Stratakis, 2003).

2.3.5. Musculoskeletal Effects

Patients exposed to high levels of GCs were found to have low bone mineral density. GCs
induce osteoporosis by increasing bone resorption and reducing bone formation. Bone
formation is decreased via several mechanisms including direct inhibition of osteoblast activity
and induction of osteoblast and osteocyte apoptosis. On the other hand, GCs act directly and
indirectly to induce osteoclast activation. Indirectly, in a paracrine way, through stimulating
osteoblasts which in turn activate nearby osteoclast. Moreover, GCs can activate bone
resorption by reducing androgen and estrogen secretion through the hypothalamic-pituitary-
gonadal axis (Bourdeau and Stratakis, 2003; Kondo et al., 2008; Martin, Cooper and Hardy,
2021; Yasir, Goyal and Sonthalia, 2022).

Furthermore, GCs induced myopathy which is a reversible painless condition characterized by
muscle atrophy. This results from increased protein breakdown and decreased protein
synthesis in response to the catabolic action of GC (Schakman et al., 2013; Yasir, Goyal and

Sonthalia, 2022).

2.3.6. Effects on Immune System

GC administration affects the immune system via acting on various immune cells and
functions. GCs decrease the neutrophil adherence to the vascular endothelium which inhibits
them from passing toward the inflammatory sites or the bone marrow, which leads to the
increase of circulating neutrophils within hours after GC administration. Also, they inhibit
antigen processing by macrophages, which lead to a failure in early recognition of infection, a
suppression in T-cell helper function and an inhibition in cytokine synthesis. All these effects
place the patient under high risk of infections (Bourdeau and Stratakis, 2003; Yasir, Goyal and
Sonthalia, 2022).
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2.3.7. Psychological Effects

GCs exerts pleiotropic effects on the nervous system. In physiological settings, endogenous
GCs bind to MR in the brain rather than GR due to its greater affinity. Those receptors may
exert differential functions and they are expressed in different regions of the brain. Also, the
blood-brain barrier controls the passage of GCs. However, in the case high doses of
endogenous GC under certain stresses, this equation changes, and GCs can pass to the brain
and activate GR, thus affecting cognition, mood and memory. Synthetic GCs can act
differentially according to their affinity to MR, their ability to cross the blood-brain barrier and
their ability to inhibit the production of endogenous GCs. Thus, according to the dosage and
the type of synthetic GCs used, they may affect brain structure and function. In different
settings, GC treatment was shown to increase the risk of memory defects and mood changes
including depression, irritability, anxiety and social withdrawal. However, these effects were
not obtained in all studies (Bourdeau and Stratakis, 2003; Fardet, Nazareth and Petersen,
2008; van der Goes, Jacobs and Bijlsma, 2014; Hill and Spencer-Segal, 2021; Yasir, Goyal and
Sonthalia, 2022).

3. 0CDO

6-oxo-cholestan-3,5-diol (OCDO), also known as cholestane-6-oxo-3,5-diol or Yakkasterone
(CAS N 13027-33-3), is an oxysterol that has been recently identified as a GR-ligand [Poirot M
2018, Voisin M, 2017]. Oxysterols are oxidation products of cholesterol that are generated by
enzymatic and/or autoxidation processes. Principally, these oxysterols are implicated in the
modulation of different nuclear receptor activities, including the liver x receptor (LXR),
retinoid acid receptor-related orphan receptor (ROR), estrogen receptors (ER), and
glucocorticoid receptors (GR). Oxysterols have various physiological properties, and
deregulation of their metabolism is associated with several pathologies, including cancer
(Olkkonen, Béaslas and Nissild, 2012; Silvente-Poirot, Dalenc and Poirot, 2018). Identifying
new oxysterols, such as OCDO, and understanding their metabolic pathways, is therefore

critical for improved diagnosis and for the development of novel anticancer agents.

The evaluation of cells from various healthy mouse tissues showed that OCDO is not produced

in normal tissues. Medina Et al. described, for the first time, OCDO as a compound with
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oncogenic properties (Methods for determining the oncogenic condition of cell, uses thereof,

and methods for treating cancer - Patent US-2012100124-A1 - PubChem).

The metabolic process that leads to OCDO synthesis involves multiple enzymes. In 1949, the
synthesis of OCDO in vitro via oxidation of Cholestane-38,5a,6B-triol (CT) by N-Bromo
succinimide was described (Fieser and Rajagopalan, 1949). Later, in 1971, a study reported
the production of OCDO as a metabolite of CT in vivo. OCDO was isolated and identified in the
feces of rats fed on CT (Roscoe and Fahrenbach, 1971). Recently in 2017, Voisin et al. identified
11B-HSD2 as the enzyme responsible for the final step in the conversion of CT to OCDO (Figure
12) (Voisin et al., 2017). Correspondingly, in a panel of breast cancer cell lines that produce
OCDO, 11B-HSD2 mRNA and protein expression were detected, but not that of 11B3-HSD1.
Moreover, when incubated with [14C]-CT, HEK293 cells transfected with a plasmid encoding
11B-HSD2, produced significantly higher levels of OCDO in comparison with cells transfected
with a plasmid encoding the empty vector. As mentioned earlier, 11B3-HSD2 regulates
glucocorticoid metabolism by converting active cortisol to inactive cortisol. Interestingly,
results also showed that biosynthesis of OCDO by 113-HSD2 could also be reversed back into
CT by 11B-HSD1, the same enzyme involved in cortisone transformation into cortisol (Voisin
etal., 2017) (Figure 12). In mammalian cells, it is well established that cholesterol-5,6-epoxide
hydrolase (ChEH) mediates the conversion of cholesterol-5,6-epoxides (5,6-ECs) to the
carcinogenic CT. Indeed, several studies showed that inhibiting ChEH abrogates OCDO
production in breast cancer cells (Methods for determining the oncogenic condition of cell,
uses thereof, and methods for treating cancer - Patent US-2012100124-A1 - PubChem; Voisin
etal., 2017). 5,6-ECs were reported to be biosynthesized from cholesterol via the oxidation of
cholesterol by free radicals (Griffiths et al., 2019; Wang, Yutuc and Griffiths, 2021). Besides CT
and its putative metabolite OCDO in tumor cells, 5,6-ECs can generate Dendrogenin A (DDA).
DDA, which is identified as a tumor suppressor, is the product of the conjugation of 5,6a-
epoxy-cholesterol and histamine and is a selective inhibitor of ChEH (Poirot and Silvente-

Poirot, 2018).

Alongside cancer cells, OCDO can also be produced in the lung with ozone toxicity. The levels
of 5,6-ECbeta and its metabolite OCDO in the lungs of mice exposed to ozone increased in

comparison with control mice in a dose-dependent manner (Pulfer et al., 2005).
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In vitro, the treatment with OCDO increases the proliferation of the human medullary thyroid
carcinoma cell line in a concentration-dependent manner. In vivo, the subcutaneous injection
of these same carcinomic cells, after their recovery, into female mice showed that OCDO
treatment significantly accelerates tumor growth; the tumor volume in the animals treated
with OCDO is almost three times larger than in control animal treated with the solvent.
Histological analyses showed more invasion of the lymph nodes in the animals treated with
OCDO compared with the animals treated with the solvent. Treatment with OCDO was also
shown to decrease the production of the immunostimulatory cytokine IL-12 and increase the
production of the immune suppressive cytokine, IL-10 in THP1 (human myeloid cell line). This
could explain the cause of OCDO invasive capacities in vivo (Methods for determining the
oncogenic condition of cell, uses thereof, and methods for treating cancer - Patent US-

2012100124-A1 - PubChem).

In addition, OCDO was found to significantly enhance breast cancer (BC) cell proliferation
independently of ERa expression status in vitro and in vivo, in tumors grafted into mice. As
OCDO is structurally related to cortisol, the possibility of its binding to GR was investigated.
Indeed, surface plasmon resonance (SPR) assays showed that OCDO binds to the ligand
binding domain (LBD) of the GR. Also, it is structurally related to another cholesterol
metabolite, the oxysterol 27-hydroxycholesterol, which exerts a proliferative effect on breast
cancer cells through binding to ERa and the liver-X-receptors (LXRs). However, it was found
that OCDO interacts with the LBD of LXRs but not with ERa (2). By binding to the GR, OCDO
acts as a competitive inhibitor of cortisol, as shown by competition binding assays. Like
cortisol, OCDO activates GR nuclear localization, as shown by the increased level of GR nuclear
localization in MDA-MB231 cells treated with OCDO. Cell cycle analysis by flow cytometry of
MDA-MB231 cells showed that OCDO induced cell cycle progression by decreasing the
percentage of the GO/G1 phase and increasing the S and G2/M phases, explaining the
mechanism of GR-dependent promotion of tumor cell proliferation by OCDO (Voisin et al.,

2017).

Although both OCDO and endogenous GCs activate the same receptor, the gene expression
profiles altered after treatment of MDA-MB231 cells with OCDO appear to be distinct from
those observed in the case of cortisol or dexamethasone treatment. Although the mechanism

behind these differential profiles is not yet understood, it may be the reason behind the
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opposite actions of these steroid molecules on cancer cells. For example, OCDO had no effect
on the transcription of canonical endogenous genes normally regulated by GR after cortisol
and DEX binding. On the other hand, OCDO significantly increased MMP1 gene transcription
which is significantly inhibited by cortisol and DEX. The knock-down of GR in MDA-MB231 cells
abolished OCDO-induced upregulation of matrix metalloprotease 1 (MMP1), confirming that
OCDO activating MMP1 expression by activating GR (Voisin et al., 2017).

Interestingly, studies on human samples confirmed the effect of OCDO on tumor proliferation.
Significantly higher levels of OCDO and its synthesizing enzymes ChEH and 11HSD2 were
detected in BC patient samples compared to normal tissues, and mRNA database studies
revealed that overexpression of these enzymes was associated with a poor prognosis.
Correspondingly, by using ChEH inhibitors (e.g., Dendrogenin A, DDA), by 11BHSD2 silencing
or by antagonizing GR (with mifepristone), OCDO effects and tumor growth were reduced

(Voisin et al., 2017).

In addition, OCDO can contribute to tumor growth in vivo via action on other cell types. In
fact, OCDO was shown to inhibit the activity of natural killer cells and cytotoxic T lymphocytes
which are important factors in anti-tumor immune response. Previously, in the spleen of mice
enriched to produce natural killer (NK) cells and cytolytic T Lymphocytes (CTL), among 7
distinct oxysterols, OCDO showed the strongest inhibition of NK cell-mediated cytotoxicity and
CTL cells activity (Kucuk et al., 1992; Kiiclik et al., 1994).
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Chapter llI: Glucocorticoids Receptor

1. Genomic Structure of the Human-GR Gene

Human Glucocorticoid receptor (h-GR) is encoded by a single gene the “nuclear receptor
subfamily 3 group ¢ member 1” (NR3C1) localized in the chromosome 5 short arm (5g31.3)
(Hollenberg et al., 1985). The NR3C1 gene is composed of 9 exons, in which exons 2-9 encode
for the GR protein (Charmandari, Kino and Chrousos, 2004; Nicolaides, Charmandari and
Chrousos, 2018). Exon 1 encodes for the 5’-untranslated region (5-UTR) known as the
promoter region of GR. This region has distinct features as it lacks TATA or CAT boxes and
presents an extensively GC-rich motif (Zong, Ashraf and Thompson, 1990). Far so, there are
13 h-GR exon 1 variants different in the upstream promoter regions (Breslin, Geng and
Vedeckis, 2001; Turner and Muller, 2005; Bockiihl et al., 2011). The existence of these
alternative promoters is responsible for the different expression levels of GR protein isoforms
among tissues and cells (Presul et al., 2007). Moreover, these promoter regions possess
various binding sites for transcription factors (TFs) such as AP1 and IRF (Breslin and Vedeckis,
1996; Nunez et al., 2005; Vandevyver, Dejager and Libert, 2014; Nicolaides, Charmandari and
Chrousos, 2018) (Figure 15).
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Figure 15: Genomic structure of the human glucocorticoid receptor (GR) NR3C1 gene.

2. Protein Structure of GR

Human Glucocorticoid receptor (GR, NR3C1) was initially isolated in 1985 from the human
breast cancer cell line MCF-7 by the group of Pierre Chambon (Govindan et al., 1985). GRis a
protein of 94-98kDa molecular weight that belongs to the nuclear hormone receptor (NHR)
family and functions as a ligand-dependent transcription factor (Gehring and Hotz, 1983;
Reichman et al., 1984; Westphal et al., 1984). GR is ubiquitously expressed throughout the

body to perform the various functions necessary for lifetime, GR sensitivity varies among
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individuals, within tissues of the same individual and even within the same cell during different

cell cycle stages (Hollenberg et al., 1985; Wang et al., 2013; Matthews et al., 2015).

Analogous to other nuclear receptors (NRs), GR protein displays the common three functional
domains, namely a highly conserved DNA-binding domain (DBD), the ligand-binding domain
(LBD), and other regulatory N- and C-terminal domains. Distinct short motifs engaged in
dimerization, nuclear localization and protein interactions are present within these domains

(Gigu et al., 1986) (Figure 16).
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Figure 16 : Structure of the human glucocorticoid receptor (GR) protein. NLS: Nuclear Localization Signal, NRS:

Nuclear Retention Signal, NES: Nuclear Export Signal.

— The amino-terminal transactivation domain (NTD) encoded by exon 2 is a poorly conserved
region important in transcription regulation; it hosts the ligand-independent activation
function 1 (AF-1) between amino acids 77 and 268. AF-1 binds coregulators, chromatin
modulators and basal transcription machinery (Alml6f et al., 1998; Kumar and Thompson,
2003; Kumar et al., 2004; Khan et al., 2012).

— The DBD encoded by exon 3 and 4 is a highly conserved domain in the center of the protein
encompassing two zinc finger motifs. Very few amino acids within the first zinc finger,
called Proximal box (P-box), specifically recognize, and bind glucocorticoid-responsive
elements (GREs) on target genes. Also, P-box is involved in GR dimerization. Another set

of amino acids within the second zinc finger, called Distal box (D-box) are involved in GR
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dimerization (Luisi et al., 1991). Further nuclear localization signal 1 (NLS1), nuclear export
(NES), and nuclear retention signals (NRS) exist at the DBD responsible for subcellular
distribution of GR. The NES is located between the two zing finger motifs while NLS1 and
NRS are present at the DBD/hinge region junction (Tang et al., 1998; Black et al., 2001;
Carrigan et al., 2007).

— The hinge region and the C-terminal LBD are encoded by exons 5-9. The hinge region is a
flexible region which separates the DBD and LBD (Carlstedt-Duke et al., 1987).

— The LBD mediates (i) hormone binding through a hydrophobic pocket consisted of 12 a-
helices and four B-sheets, where the lack of helix 12 inhibits GCs binding in case of GRp,
(ii) receptor dimerization, (iii) transcriptional activation via the ligand-dependent
activation function 2 (AF2), and (iv) nuclear localization through nuclear localization signal
2 (NLS2) (Tang et al., 1998; Randy K Bledsoe et al., 2002; Bledsoe, Stewart and Pearce,
2004).

3. Different GR Isoforms

3.1. Isoforms Generated by Alternative Splicing
The alternative splicing at the 3’-UTR of the primary h-GR mRNA have yielded multiple GR
protein isoforms (Figure 17). There are two mostly known splice variants, the classical 777
amino acid GRa and the 742 amino acids long GRB. The latter exist at lower level compared to
GRa. Both isoforms possess identical amino acids up to amino acid 727, but then differ with
GRa containing 50 non-homologous AA in its C-terminus, whereas GRB only exhibits 15 AA
(Hollenberg et al., 1985; Lu and Cidlowski, 2004). This difference at the C-terminus confers
special features to the GRPB isoform. GRp is neither capable of binding endogenous GCs nor
activating glucocorticoid-responsive reporter/endogenous genes and mainly residing in cell
nucleus (Oakley et al., 1999). Nevertheless, GRB works as an antagonist to GRa isoform.
Several studies demonstrated its dominant-negative impact on GRa-induced transcriptional
activity via competing on GR-responsive elements (GRE) and co-regulators binding and
forming functionally inactive GRa/GRB heterodimers (Bamberger et al., 1995; Oakley, Sar and
Cidlowski, 1996; Yudt et al., 2003; Charmandari, Kino and Chrousos, 2004; Kelly et al., 2008).
Moreover, elevated levels of GRB lead to tissue-specific GC resistance in different disorders
such as asthma, rheumatoid arthritis (RA), sepsis, ulcerative colitis, nasal polyposis, systemic

lupus erythematosus (SLE), ankylosing spondylitis acute lymphoblastic leukemia and chronic
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lymphocytic leukemia. Formerly, GRB is showed to bind GR-antagonist (RU-468) and change
its activity, thus proposing another theory of GC resistance if GRp is also capable of binding
other GR synthetic agonists given for patients (Lewis-Tuffin and Cidlowski, 2006; Lewis-Tuffin
et al., 2007; Kino et al., 2009)
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Figure 17 : Alternative splicing variants of the GR protein.

Next to GRa and GRp, alternative splicing results in additional isoforms of the h-GR including
GRy, GR-A, GR-P, GR§, GR-S1, GR-NS1 and GR-DL1. GRy is a widely expressed splice variant
with an insertion of a single arginine residue between the two zinc finger motifs in the DBD.
GRy binds glucocorticoids and DNA in a similar affinity to GRa, but it has a different
transcriptional profile as it has a compromised ability to stimulate glucocorticoid responsive
reporter genes. Furthermore, GRy expression associates with GCs resistance corticotroph
adenomas, small-cell lung carcinoma and childhood acute lymphoblastic leukemia (Ray et al.,

1996; Rivers et al., 1999; Beger et al., 2003; Sanchez-Vega et al., 2006; Meijsing et al., 2009a)
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GR-A lacks the exons 5 through 7 encoding for the amino-terminal half of the LBD. GR-P lacks
the exons 8 and 9 encoding for the carboxyl-terminal half of the LBD. These changes in the
LBD of GR-A and GR-P resulted in the loss of their binding ability to GCs. Till now, little is known
about GR-A, but GR-P is found to be expressed in several tissues and to be predominantly
expressed in several GC-insensitive cancer cell types (Moalli et al., 1993; Gaitan et al., 1995;

Krett et al., 1995; De Lange et al., 2001; Sanchez-Vega et al., 2006)

GR& (hGRA313-338) contains a deletion in exon 2. This variant displays an altered GC-induced
transactivation profile because the deleted region possesses different potential
phosphorylation sites important for the transactivation potential of h-GR. GR6 is expressed in

several tissues including lung, liver, skin, and heart muscle (Turner et al., 2007).

GR-S1, GR-NS1 and GR-DL1 are recently identified. GR-S1 retains intron H between exon 8 and
9, resulting in an early termination site due to the presence of a stop codon in this intron.
Therefore, this splice variant give rise to a truncated protein of 745 amino acids with a lower
transactivation potential compared to GRa due to weaker ligand binding (Baker et al., 2012).
GR-NS1 includes three nonsynonymous single-nucleotide polymorphisms, corresponding to
three amino acids changes at position 72 (asparagine to aspartic acid), position 321 (valine to
alanine), and position 766 (asparagine to serine). GR-DL1 is a truncated isoform with an early
termination at amino acid 118 because of a single nucleotide deletion in exon 2. This isoform
lacks most of exon 2 and all of exons 3 through 9. Interestingly, GR-NS1 activity is at least

double of that of GRa, however GR-DL1 activity is only 10% of GRa activity (Tung et al., 2011).

As the GRa isoform is responsible for most GC-mediated transcriptional activities, we will

focus on GRa in this report, and will refer to it as GR.

3.2 Isoforms Generated by Alternative Translational Initiation

Further diverse group of h-GR proteins are produced as a result of alternative translational
initiation from a single GRa. mRNA transcript. Eight alternative initiation sites (AUG codons)
present in exon 2 result in eight different h-GRa translational isoforms named GRa-A, GRa-B,
GRa-C1, GRa-C2, GRa-C3, GRa-D1, GRa-D2, and GRa-D3 with gradually shortened NTDs (Yudt
and Cidlowski, 2001; Lu and Cidlowski, 2005; Duma, Jewell and Cidlowski, 2006) (Figure 18).
These N-terminal truncated isoforms are produced as a consequence of leaky ribosomal

scanning and ribosomal shunting (Lu and Cidlowski, 2005). Also, it is expected that each of the
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splice variants discussed above (such as GRB, GRy, GR-A, and GR-P) to contain identical set of

initiation codons and therefore to have similar set of translational isoforms (Chrousos and

Kino, 2005).
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Figure 18 : Translational initiation splicing variants of the GR protein.

The GRa-A is the classical full-length protein that is generated from the first initiator codon.
Though GRa translational isoforms have similar affinity to bind GCs and GREs following ligand

activation, they still have distinguished properties (Lu and Cidlowski, 2005; Lu et al., 2007).

These isoforms possess different subcellular distribution and unique transcriptional activity in
response to GCs. GRa-A, GRa-B, and GRa-C1 isoforms are localized in the cytosol of the cells
in the absence of ligand and translocate to the nucleus upon GCs binding. Whereas GRa-D
isoforms reside mainly in the nucleus of the cells, where they associate with GRE-containing

promoter of target genes independent of GCs (Lu and Cidlowski, 2005).

More surprisingly, each GRa translational isoform regulates a distinct subset of genes when
individually expressed in osteosarcoma or T-lymphoblastic leukemia cells. Where less than
10% of the genes are commonly regulated by all the isoforms, suggesting that most of the

genes are selectively regulated by the different GRa isoforms. GRa-C3 isoforms is mainly
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involved in inducing the expression of proapoptotic genes making the GRa-C expressing cells
more sensitive to the cell killing effects of GCs (Lu et al., 2007; Wu et al., 2013). GRa-C3
isoforms have enhanced transcriptional activity compared to other isoforms due to its higher
efficiency in recruiting various coactivators to the GREs of target genes and this is linked to its
N-terminal motif (residues 98-115) that increase the activity of its N-terminal AF1 domain (Lu
and Cidlowski, 2005; Bender, Cao and Lu, 2013). Oppositely, GRa-D isoforms lacking the N-
terminal AF1 domain have a reduced transcriptional activity. For instance, GRa-D does not
efficiently repress the expression of the multiple anti-apoptotic genes because it is unable to
interact with the p65 subunit of NF-kB needed for its recruitment to the desired GREs (Lu and

Cidlowski, 2005; Gross et al., 2011).

Moreover, GRa translational isoforms displays tissue-specific expression that is conserved
among different species. GRa-A and GRa-B are the most abundant isoforms of GR protein in
several cell types, however GRa-C and GRa-D are preferentially expressed in the trabecular
meshwork cells of the human eye (Nehmé et al., 2009). Also, immature dendritic cells
predominantly express the GRa-D isoforms while mature dendritic cells predominantly
express the GRa-A subtype (Cao et al., 2013). As well, GRa-D isoforms are higher in spleen and
lungs whereas GRa-C isoforms are higher in pancreas and colon (Lu and Cidlowski, 2005).
Furthermore, the tissue specific expression of these GRa isoforms changes in response to
different signals. GRa-D isoforms increases in differentiated murine skeletal muscle cells
treated with selective estrogen related receptor B/y agonist (Wang et al., 2010), and GRa-C
isoforms are particularly upregulated in human primary T cells upon mitogen activation (Wu
et al., 2013). Besides, variations in the expression of these isoforms in the brain are observed
during human development and aging (D. Sinclair et al., 2011). As well, higher expression of
GRa-D is observed in specific brain regions of patients with schizophrenia and bipolar disorder

(Duncan Sinclair et al., 2011; Sinclair et al., 2012).

4. GR mechanism of action

4.1. GR Activation and Nuclear Translocation

GR mediates its functions in cells through the binding of its endogenous or exogenous ligands.
In the absence of ligand, the GR monomer resides predominantly in the cell cytoplasm in a

resting state as a part of a multiprotein complex (Pratt and Toft, 1997). This complex plays an
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important role in GR maturation, activation, and nuclear transport. The composition of this
complex changes depending on GR maturation/activation states (Grad and Picard, 2007;
Vandevyver, Dejager and Libert, 2012). After GR translation, GR is bound by Hsp70 and Hsp40
chaperone proteins to help in the folding process. Once the folding process is completed, GR
is transferred from Hsp70/Hsp40 to Hsp90 by Hop (Smith and Toft, 1993; Chen and Smith,
1998; Morishima et al., 2000). Then p23 and FKBP51 immunophilin protein are recruited to
the multiprotein complex driving the maturation of GR-chaperon complex into a new
conformation with a very high affinity for GR ligands (Morishima et al., 2003). Hormone
binding switches FKBP51 by FKBP52 and triggers GR conformational change and activation,
thus exposing its two nuclear localization signals (NLS) (Riggs et al., 2003). Herein, nucleoporin
and importins bind these NLSs and translocate GR into the nucleus via its pores where it binds
specific regions on DNA to either activate or repress genes (Helfand et al., 2004; Echeverria et
al., 2009). After mediating its transcriptional activity in the nucleus, GR is bound by exportins
and calreticulin at its nuclear export signal (NES) motif, therefore disrupting GR-DNA binding,
inhibiting GR transcriptional activity, and exporting GR back to the cytoplasm (Holaska et al.,
2001, 2002) (Figure 19).
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Figure 19 : Chaperone-mediated GR maturation and activation in the cytosol.
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4.2, GR Genomic Activity
Once in nucleus, GR activates or represses the expression of target genes through binding to
DNA either directly at high-affinity chromosomal sites known as GREs or indirectly through
other TFs via protein-protein interactions. Direct GR-DNA interactions occur in multiple ways
(Figure 20) (Yamamoto, 1985; Noureddine et al, 2021). (i) Classically, GR binds as a
homodimer to glucocorticoid-binding sites (GBS) on DNA in head-to-tail fashion; the GBS is a
15 bp long sequence composed of two imperfect inverted palindromic repeats of 6 bp
separated by a 3bp spacer (AGAACAnNnnTGTTCT) (Bf et al., 1991; Randy K. Bledsoe et al., 2002),
(i) GR binds as one monomer to either GBS-half sites (AGAACA or its reverse complement
TGTTCT) (Schiller et al., 2014) or as two monomers on the opposite sides of DNA to the
inverted-repeat GBS CTCC(n)0-2GGAGA consensus, these sites are known as negative GRE
sites mainly accompanied with transcriptional repression (Surjit et al., 2011; Hudson, Youn
and Ortlund, 2012), (iii) GR binds directly to GREs and physically interacts with other non-GR
TFs on a neighbor DNA site in a composite manner (Diamond et al., 1990), or (iv) GR binds
indirectly to GREs and activates transcription after physical interaction with other TFs, such as
the proinflammatory TF AP-1 (Activator protein-1) and NF-kB (Rao et al., 2011; Weikum et al.,
2017). Besides, its relevant to mention that GR is discovered to bind DNA as a tetramer but
the importance of this tetramer at the transcriptional regulation level is not well understood
yet (Presman and Hager, 2017). Through all these mechanisms, GR was shown to regulate up
to 10—-20% of the human genome in different cell types (Boettner, Ehrhart-bornstein and Shea,

2002).

In addition to the classical genomic ligand-dependent GR pathway, several studies have
reported that unliganded GR also modulates cell signaling (Figure 20). Interestingly unliganded
GR was described to display a protective role in BC, as it was shown to bind to the promoter
region of a tumor suppressor gene, BRCA1, upregulating its expression in nonmalignant
mammary cells. Conversely, exposure to GCs induces a loss of GR recruitment to the BRCA1
promoter concomitant to a decrease in BRCA1 expression, highlighting the role of GCs in
inducing BC (Ritter, Antonova and Mueller, 2012). Moreover, gene expression microarray
analysis identified 343 target genes upregulated and 260 downregulated by unliganded GR in
mammary epithelial cells. Some of the positively regulated genes were involved in pro-

apoptotic signals. Moreover, unliganded GR regulated the cholesterol 25-hydroxylase (Ch25h)
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gene in a similar manner to BRCA1, as the association of unliganded GR to the promoter of
Ch25h gene was disrupted by GCs (Ritter and Mueller, 2014). Liganded and unliganded GR
could work as a balance for controlling differentiation and apoptosis, where unliganded GR

may be a mechanism for reducing BC risk by eliminating abnormal cells.
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Figure 20 : Genomic and Non-genomic signaling pathways of Glucocorticoid Receptor. GR can bind directly to
DNA as a dimer on a specific GR response element (GRE) (A), as a monomer through a simple GRE (B), through
other transcription factors (TFs) by tethering itself to the TF (C), or in a composite manner by directly binding to
GRE (D). Unliganded GR modulates cell signaling in the absence of GCs (E). In addition to the genomic action of
GR in the nucleus (A-E), when GR dissociates from its cytoplasmic complex upon GCs treatment, it can also
regulate non-genomic effects (F).

DNA-bound GR regulate the expression of its target genes through modulating the RNA
polymerase Il (RNApolll) activity at their promoter region after recruiting transcriptional
preinitiation complexes. This transcriptional preinitiation complexes are formed via
interactions of liganded-GR with other basal transcription factors (TF), TATA-binding protein
(TBP), TBP-associated proteins (TAFlls) and coregulators (Beato et al., 1987). Coregulators
recruited by liganded-GR regulate the formation and activation of these transcription

complexes at the transcription start site (TSS) of target genes. Coregulators can function as
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corepressors or coactivators, resulting in local chromatin compaction (gene transcription
repression) or local chromatin relaxation (gene transcription activation), respectively (Lan,

Glass and Rosenfeld, 1999; Jenkins, Pullen and Darimont, 2001; Wolf et al., 2008).

4.3. GR Non-Genomic Activity

Though the main functions of GR are genomic occurring in the nucleus, GR can also mediate
rapid nongenomic activities to elicit fast cellular responses within few seconds to minutes and
without requiring any transcriptional or translational changes in genes expression
(Samarasinghe et al., 2011; Groeneweg et al., 2012) (Figure 20). Non-genomic functions of GR
that involve modulating the signaling pathways controlled by different kinases such as PI3K,
AKT, and MAPKs are mediated by components released from GR chaperone complex upon
GCs binding or by membrane-bound GRs (Hafezi-Moghadam et al., 2002a; Song and
Buttgereit, 2006; Strehl et al., 2011). For instance, the release of the accessory protein Src
(non-receptor tyrosine kinase) associated with the unliganded GR in the cytosol activates
multiple kinase cascades leading to the phosphorylation of annexin 1, inhibition of cytosolic
phospholipase A2 activity, and impaired release of arachidonic acid (Croxtall, Choudhury and
Flower, 2000; Solito et al., 2003). Also, membrane-bound GRs activated by GCs regulate gap
junction intercellular communication and neural progenitor cell proliferation via a process
that needs Src and a site-specific MAPK-dependent phosphorylation of connexin 34
(Samarasinghe et al., 2011). Further non genomic effects of GR include its translocation and
residing in mitochondria in a ligand-independent manner. Mitochondrial GR is able to bind
GRE-like elements present on mitochondrial chromosomes alone or in a complex with other
factors and regulate gene transcription (Scheller et al., 2000; Du et al., 2009; Du, McEwen and
Manji, 2009; Psarra and Sekeris, 2011). located in the mitochondria is shown to play an

important role in regulating cell energy metabolism (Morgan et al., 2016).

Altogether these GR non-genomic mechanisms mediate GC’s effects such as: (i) fast negative
feedback to suppress adrenocorticotropic hormone (ACTH) release by the pituitary gland (Hinz
and Hirschelmann, 2000), (ii) immunosuppression in T cells (Ldwenberg et al., 2006), and (iii)

vasorelaxation in patients with myocardial or brain ischemia (Hafezi-Moghadam et al., 2002b).

80



5. GR Plasticity

Though GR is constitutively expressed throughout the body, it works in a cell and context

specific manner displaying plasticity. GR plasticity is not only due to the different expression

of GR isoforms but also due to other signals that regulate GR transcriptional activity

differentially among cells and tissues. Four main signals are depicted to affect GR’s function:

DNA binding sequences, ligand availability and binding, post-translational modifications and

partner proteins recruited.

First, DNA-binding sequences act as an allosteric regulator of GR. It is a broad array of DNA
sequences that present at the GR responsible elements (GREs) of GR target genes. These
sequences that bind GR specifically differ among GREs of different target genes, thus
resulting in different transcriptional outcomes (Meijsing et al., 2009b; Lisa C Watson et al.,
2013). GREs may differ among tissues, for instance inverted repeats GR-binding sequences
(IR-GBS) are widespread in fibroblasts but are sparely available in other cell types (Surjit
et al., 2011; Presman et al., 2014; Starick et al., 2015). Also, variations in GRE sequences
such as mutation or deletion even in single base pair affects GR transcriptional activity. For
example, a short deletion in the GRE sequence, 25kb downstream the transcription start
site, of period circadian homologue 2 (Per2) abolished its GR-mediated induction of
expression in mesenchymal stem cells (So et al., 2009; Uhlenhaut et al., 2013). Indeed, not
only allosteric changes are provoked by each hexamer half site of the palindromic
sequences but also the three-base-pair spacer between these hexamers at certain GREs
play a significant role in GR conformation and dimerization. This spacer sequence can alter
the DNA conformation which in turn propagate through zinc finger motifs and alter the
conformation of GR’s D-box, consequently modulating GR activity (Lisa C. Watson et al.,
2013; Thomas-Chollier et al., 2013). As well, the sequences at the +8 and -8 positions
surrounding the GR binding sites are shown to affect DNA conformation and GR DBD
structure (Schone et al., 2016). Moreover, a recent study revealed the ‘toggle-switch’-like
behavior of GREs in U20S cells, where a set of genes are activated at low levels of GR
activity and then subjected to repression in a dramatic way as GR activity increased. This
regulatory mode is known as incoherent typel feed-forward loop (I1-FFL) logic (Mangan

and Alon, 2003).
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Second, GR ligands hold different physiological and pharmacological effects due to their
different allosteric regulations on GR transcriptional output. Ligand binding results in helix-
12 disclosure, DNA conformational change and cofactors recruitment to the AF2 in the
LBD. Thus, depending on the ligand, the DNA will adopt different conformation and will
recruit different cofactors resulting in different outcomes (Kauppi et al., 2003; Ricketson
et al., 2007). Regardless of the high specificity in ligand binding, ligands such as Cortisol or
Dexamethasone do not occupy 100% of the ligand binding pocket leaving an additional
volume that can be potentially occupied by a wide range of modulatory ligands. For
instance, the GR antagonist RU-486 is revealed to bind cortisol-bound LBD, leading to
ligand-specific alterations in GR outcomes (Kauppi et al., 2003; Wang et al., 2006; He et
al., 2014). This concept embarks the basis of the research for “Selective GR Agonists and
Modulators” (SEGRAM). Additionally, ligand’s bioavailability plays a key role in regulating
GR activity. For instance, GCs bioavailability is tissue specific, less GCs are present in
kidney, colon, pancreas, and placenta due to the high expression of 11 B-hydroxysteroid
dehydrogenase 2 (11B-HSD2) which converts active GCs (cortisol) into inactive metabolite
(cortisone), while in other tissues 11 B-hydroxysteroid dehydrogenase 1 (11B-HSD1)
convertsinactive cortisone into active cortisol. This pre-receptor level affects GR-mediated
functions in a tissue specific manner (Stewart and Krozowski, 1997). Although a similar
amount of 11B-HSD2 is available in liver and thymus tissue, cells are responding differently
to GCs, emphasizing that GR plasticity cannot be solely due to ligand availability (Rhen and
Cidlowski, 2005). Moreover, transporter proteins present on cell membrane such as the
ligand effect modulator 1, an ATP-binding-cassette transporter, controls GCs
bioavailability through actively and specifically exporting Dexamethasone from cells (Kralli,

Bohen and Yamamoto, 1995).

Third GR activity is tightly regulated by several potential post-translational modifications
(PTMs) that can affect its localization, stability, DNA binding, ligand response and
regulatory function. To date, the function of GR is known to be affected by numerous
phosphorylation events, but also by other modifications such as acetylation,

ubiquitination, sumoylation, and methylation (Figure 21).
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Figure 21 : Post translational modifications of the glucocorticoid receptor (GR) protein.

Phosphorylation occurs generally on Serine, Threonine or Tyrosine residues. In most cases,
GR is phosphorylated at a basal level and becomes hyperphosphorylated upon ligand
binding (Wang, Frederick and Garabedian, 2002; Avenant et al., 2010). MAPKs, cyclin-
dependent kinases, and Glycogen synthase kinase-3B (GSK-3B) are the main kinases
involved in GR phosphorylation. The specific site of GR phosphorylation determines the
subsequent effect on its function. Till now, there are seven experimentally proved
phosphorylation sites within the NTD of GR: Ser113, Ser134, Ser141, Ser203, Ser211,
Ser226 and Ser404 (Ismaili and Garabedian, 2004). These residues are conserved among
humans, mice, and rats (Bodwell et al., 1998). For instance, GR phosphorylated on S211 is
a transcriptionally active form of the receptor (Miller et al.,, 2005). Conversely,
phosphorylation on S226 by c-Jun N-terminal kinase (JNK), a member of the MAPK family,
was shown to abrogate GC-dependent transcriptional activity (Itoh et al., 2002; Wang,
Frederick and Garabedian, 2002; Chen et al., 2008; Takabe, Mochizuki and Goda, 2008).
S404 phosphorylation by glycogen synthase kinase 3B impairs GR signaling (Galliher-
Beckley et al., 2008). In most cases, these phosphorylation sites alter the recruitment of
major coregulators impairing GR transcriptional activity. For example, S211
phosphorylation catalyzed by p38 MAPK induces a conformational change, which
facilitates coactivator recruitment (i.e., MED14) resulting in an increase in the
transcriptional activity of GR (Miller et al.,, 2005; Chen et al.,, 2008). Inversely,
phosphorylation of S404 impedes GR coregulator recruitment of p300/CBP and the p65
subunit of NF-Kb (Galliher-Beckley et al., 2008). GR phosphorylation also modifies its
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localization. For example, S203 is phosphorylated by MAPK ERK1/2 in order to maintain
GR in the cytoplasm and prevent its binding to the promoters of its target genes (Wang,
Frederick and Garabedian, 2002; Takabe, Mochizuki and Goda, 2008). Furthermore,
phosphorylation of GR at S134 and S226 prevents its translocation to the nucleus,

impairing GC-induced gene expression (ltoh et al., 2002; Piovan et al., 2013).

After ligand binding, GR is acetylated by the acetyltransferase Clock (circadian locomotor
output cycles kaput) on K480, K492, K494, and K495 present in the hinge region, reducing
its binding of GR to the GRE of specific target genes, impairing its transcriptional activity
(Nader, Chrousos and Kino, 2009; Kino and Chrousos, 2011). GR deacetylation by HDAC2

is required for NF-kB-mediated repression of inflammatory target genes (Ito et al., 2006).

The stability of the receptor is also regulated by ubiquitinylation and sumoylation. GR is
ubiquitinated at K419, 8.5kDa ubiquitin polypeptide is covalently attached to Lysine 419,
targeting GR for degradation by the 26S proteasome (Wallace and Cidlowski, 2001; Deroo
et al., 2002; Wallace et al., 2010). The E3 ligase CHIP (carboxy terminus of heat shock
protein 70-interacting protein) was reported to be involved in this process where it

modulates expression levels and activity of GR (Wang and DeFranco, 2005).

Additionally, GR is exposed to sumoylation, which is the addition of a small ubiquitin-
related modifier-1 (SUMO-1) to lysine residues. GR sumoylation at K277, K293, and K703,
is catalyzed by SUMO-1- conjugating E2 enzyme Ubc9 can regulate GR transcriptional
activity on specific subsets of GR target genes (Le Drean et al., 2002; Tian et al., 2002).
Precisely, Lys293 sumoylation is needed for the IR-GBS-mediated repression, and it
promotes the recruitment of silencing mediator of retinoic and thyroid receptors (SMRT)
and nuclear receptor co-repressor (NCoR) (Hua, Paulen and Chambon, 2016). GR
sumoylation is not dependent on the ligand-binding but is rather influenced by

environmental changes (Holmstrom et al., 2008).

Recently, an arginine methylated-GR is detected in-vitro and predominantly presentin cell
nucleus. PRMTS5 the major type Il methyltransferase enzyme is catalyzing the symmetrical
dimethylation (sDMA) of an arginine residue on GR. Though this arginine residue is not yet
identified, its methylation could contribute to important physiological process (Poulard et

al., 2020; Malbeteau et al., 2022).
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Finally, the GR transcriptional outcome is determined by the composition of cofactor
complex recruited to the GREs of target genes (Petta et al., 2016). Eventually, the
composition of this complex relies on the cell-specific expression levels of transcription
factors and cofactors, in addition to the above-mentioned signals (Rosenfeld, Lunyak and
Glass, 2006). For example, the p160 cofactors family mentioned before, serves as an
adaptor protein between GR and other cofactors (such as p300 and CBP) is widely
expressed among cells and tissue-type, yet it is regulating GR activity in a tissue-specific

manner (Tsai and Fondell, 2004; Lonard and O’Malley, 2005).
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Chapter IV: Glucocorticoids Receptor Coregulators

1. Coregulators

Transcriptional coregulators are proteins that bind transcription factors such as GR and
assemble with other proteins to form transcription regulatory complexes at the transcription
start sites (TSS) of target genes. These coregulators modulate gene expression through
modifying the chromatin conformation, hence making it more or less accessible for the basal
transcription machinery (Collingwood, Urnov and Wolffe, 1999; Glass and Rosenfeld, 2000;
Rosenfeld, Lunyak and Glass, 2006) (Figure 22). Hundreds of coregulators are identified in
human body and are shown to display broad functions (Jenkins, Pullen and Darimont, 2001;
Schaefer, Schmeier and Bajic, 2011). As we mentioned before, these coregulators can function
as coactivators that activate gene transcription or as corepressor that repress gene
transcription (Lan, Glass and Rosenfeld, 1999; Wolf et al., 2008). Many coregulators are
identified to both activate and repress gene transcription depending on the specific gene and

cellular environment (Millard et al., 2013; Stallcup and Poulard, 2020a).
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Figure 22 : Coregulators modulate GR transcriptional activity via modulating chromatin structure.

86



2. GR-Coregulators Functional Groups

GR coregulators are classified into different groups based on their diverse mechanisms of

actions in transcriptional regulation (Figure 23 and Table 1).
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Figure 23 : Contribution of Coregulators to Transcriptional Regulation by Glucocorticoid Receptor.

The first group of coregulators include the scaffold proteins that participate in transcriptional
regulation by recruiting different coregulators through their multiple protein-interaction
domains (Rosenfeld, Lunyak and Glass, 2006; Wolf et al., 2008). A well-known example is the
p160 steroid receptor coactivator SRC family which consist of three members: SRC-1/NCoA-1,
SRC-2/NCoA-2/TIF2/GRIP1, and SRC-3/NCoA-3/ACTR/pCIP/AIBI/TRAM (McKenna et al., 1999).
These 160-kDa proteins function as coactivators that interact with the AF2 domain of GC-
bound GR via the LXXLL motifs present in their central receptor interaction domain (RID)
(Heery et al., 1997; Darimont et al., 1998; Ding et al., 1998). Further interactions are made
through their different activation domains (AD) for recruiting other coregulators such as
histone acetyltransferases (HATs) and histone methyltransferases (HMTs) to GREs or specific
enhancer (Xu, Wu and O’Malley, 2009). For instance, the N-terminal bHLH-PAS domain (AD3)
recruits coiled-coil coactivator (CoCoA) coregulator (Kim, Li and Stallcup, 2003), the C-terminal
conserved activation domain 2 (AD2) recruits the Coactivator Associated Arginine
Methyltransferase 1 (CARM1/PRMT4) (Chen et al., 1999a; Stallcup et al., 2003; Y. H. Lee et al.,
2005), while the adjacent activation domain 1 (AD1) recruits CBP/p300 (Yao et al., 1996;
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Torchia et al., 1997; Chen et al., 1999a). Knocking down of individual SRC proteins show a
context-specific effect in modulating GR-mediated transcription (Szapary, Huang and Simons,
1999; Trousson et al., 2007). Among all p160 SRC family, GR interacts preferentially with SRC-
2, where GR is shown to be recruited to SRC-2 formed foci in the nuclei upon Dex treatment
and not RU-486 (Darimont et al., 1998; Li et al., 2003; Ogawa et al., 2004; Ronacher et al.,
2009). However, SRC-2/GRIP2 but not SRC-1 or SRC-3, is shown to display additional
corepression domains required for the GR-mediated repression at NF-kB/AP1 tethering GREs

(Rogatsky et al., 2002; Chinenov et al., 2008).

The second group includes the histone-modifying enzymes that are responsible for adding or
removing post-translational modifications on histone proteins and thereby epigenetically
controlling gene’s transcription (Jenuwein and Allis, 2001; Rothbart and Strahl, 2014). These
enzymes do not bind DNA directly, rather they bind transcription factors (e.g., GR), other
chromatin proteins or PTMs of histones (Rothbart and Strahl, 2014). Moreover, they are able

to modify other coregulators, adding another layer of complexity.

— Histone methyltransferases (HMTs) catalyze the transfer of one or more methyl groups
to a lysine or arginine residues of histone proteins from the methyl donor S-Adenosyl
methionine (SAM) (Sawan and Herceg, 2010). Histone methylation affects the level of
chromatin compaction depending on the site of methylation (Kouzarides, 2007). For
instance, the protein lysine methyltransferase G9a (known as EHMT2), the protein
arginine methyltransferase PRMT4 (known as CARM1), or the protein arginine
methyltransferase PRMT1 (known as HRMT1L2) interacts with GR directly or with GR-
bound coregulators (such as p160 or p300) to either activate or repress GR target
genes (Chen et al., 1999b; Van Galen et al., 2010; Bittencourt, D. Wu, et al., 2012;
Shankar et al., 2013).

— Histone acetyltransferases (HATs) acetylate histone proteins at lysine residues by
delivering acetyl group from the acetyl coenzyme A (acetyl-CoA) (Lee and Workman,
2007; Luan et al., 2015). Histone acetylation causes local chromatin to relax, making it
more accessible for transcription initiation (Kee, Arias and Montminy, 1996). Also,
hyperacetylated regions on DNA are shown to be actively transcribed compared to
hypoacetylated regions (Pazin and Kadonaga, 1997). Among the diverse HATs families,
CREB-binding protein (CBP), E1A-binding protein p300 (p300), and p300/CBP-
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associated factor (PCAF) interacts with GR either directly through its AF1 domain or
indirectly through the GR-bound p160-coactivators (Ogryzko et al., 1996, 1998; Yao et
al., 1996; Chen et al., 1997; Almlof et al., 1998; Voegel et al., 1998; Wallberg et al.,
2000).

— Histone deacetylases (HDACs) catalyze the removal of acetyl groups from lysine
residues in a zinc- or NAD+-dependent mechanism (Seto and Yoshida, 2014). HDACs
oppose the function of HATs, whereby deacetylating histones results in compacting
DNA, decreasing chromatin accessibility, and repressing gene expression (Chen and
Evans, 1995; Milazzo et al., 2020). Herein, nuclear receptor co-repressor (NCoR) and
silencing mediator of retinoic and thyroid receptors (SMRT) corepressors are recruited
to GR-target genes promoter regions through an interaction between their CoRNR
boxes and GR LBD. NCoR and SMRT associates with HDACs and form multi-protein
complexes to actively repress GR-target genes transcription (Stewart and Wong, 2009).
SUMOylated GR at Lysine 293 recruits NCoR and SMRT corepressor complexes to IR-
NGREs or to NF-kB/AP1 tethered-GORs to mediate GC-induced repression of target
genes (Hua, Ganti and Chambon, 2016; Hua, Paulen and Chambon, 2016). Moreover,
RU486-bound GR is shown to preferentially interact with NCoR corepressor over GCs-

bound GR (Ronacher et al., 2009).

Finally, the third group of coregulators include a large family of ATP-dependent SWI/SNF
chromatin-remodeling complexes (CRCs). SWI/SNF CRCs regulate transcription by catalyzing
the repositioning of nucleosomes on DNA causing changes in the structure of chromatin,
thereby increasing TF accessibility (Ostlund Farrants et al., 1997; Pazin MJ, 1997; Clapier and
Cairns, 2009; Narlikar, Sundaramoorthy and Owen-hughes, 2013). SWI/SNF CRCs are
multiprotein complexes consisting of 10 to 15 subunits among of which the ATPase core
subunits and other non-core subunits. Based on their subunit composition, several families of
SWI/SNF CRCs may exit in a cell at a given time (Wu, Lessard and Crabtree, 2009).
Furthermore, the composition and the activity of the SWI/SNF complex subunits is shown to

be cell and tissue specific (Wang et al., 1996).

Among the core subunits of SWI/SNF CRCs, Brahma (BRM) encoded by SMARCA2 gene and
brahma related gene 1 (BRG1) encoded by SMARCA4 gene are predominant in cells and are
responsible for providing the ATPase activity of CRCs (Fryer and Archer, 1998; Phelan et al.,
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1999; Hargreaves and Crabtree, 2011). BRM and BRG1 are identified among the first
coactivators for GR, where GR interacts with these core subunits directly through its DBD, LBD
and AF1 domains in a context-specific manner (Wallberg et al., 2000; Engel and Yamamoto,

2011; Muratcioglu et al., 2015).

In addition, the multi-subunit mediator complex which forms a physical link between GR and
the transcription machinery appears to be required for regulating gene transcription by
affecting RNA Polymerase Il activity (Allen and Taatjes, 2015). The interaction of the mediator
complex with GR-LBD results in the formation of a mediator pocket domain which in turn
induces the interaction between the mediator and RNA polymerase Il (Knuesel and Taatjes,
2011). GR target gene transcriptional regulation is dependent on the two distinct mediator
subunits MED1 and MED14 which it binds to (Chen, Rogatsky and Garabedian, 2006). MED1
mediator subunit (Mediator of RNA polymerase Il transcription subunit 1) that binds the LBD
of GC-bound GR via its LXXLL motifs and MED14 mediator subunit that binds the AF1 domain

of GR in a ligand-independent manner (Hittelman et al., 1999).

Functional Groups Name Gene Role
Name
Chromatin Remodeling Factors BRGI SMARCA4 Catalytic ATPases subunit of SWI/SNF complex that
BRM SMARCA2 hydrolase ATP to slide/eject nucleosome from DNA.
Histone Methyltransferases G9a EHMT2 Lysine mono or di- methyltransferase with broad context-
specific functions.
PRMTI HRMTIL2 Asymmetrical arginine di-methyltransferases with broad
PRMT4 CARMI1 context-specific functions.
Histone Acetyltransferases CBP CREBBP Recruit RNA polymerase II to target gene prompter .
p300 EP300
PCAF KAT2B Component of ADA and SAGA transcriptional coactivator
complexes.
Histone De-acetyltransferases NCoR NCoR-1 Promote chromatin condensation and transcription
SMRT NCoR-2 repression.
P160 SRC Family SRC-1, NCoA-1 NCOALI Scaffold proteins mediating coactivation function of GR
via multiple protein interactions.
SRC-3, TRAM NCOA3
NCoA3, ACTR,
AIBI
SRC-2, GRIPI, NCOA2 Scaftold protein mediating coactivation and corepression
TIF2, NCoA-2 function of GR via multiple protein interactions.

Table 1 : Some of the Functional Groups of Coregulators Regulating GR Transcriptional Activity.

3. Specific Actions of GR Coregulators

Coregulators are able to interact with several partner proteins and function with multiple

transcription factors (such as GR) (Malovannaya et al., 2010), (Malovannaya et al., 2011).
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Despite of that, transcriptional coregulators work in a highly gene-specific manner i.e., each
coregulator is required to regulate only a subset of target genes of GR in a given cell type
(Rogatsky et al., 2002; Bittencourt, D. Wu, et al., 2012; Chodankar et al., 2014; Wu et al., 2014;
Poulard et al., 2017). For instance, a genome-wide analysis of four different GR coregulators
in A549 lung adenocarcinoma cells confirms that each coregulator is regulating the
transcription of different set of GR target genes. Also, genome-wide analysis shows that
G9a/EHMT2 methyltransferase or its homologue G9a-like protein (GLP) /EHMT1 coregulators
are regulating the transcription of different subsets of genes in A549 lung adenocarcinoma
cells or in Nalm6 B-acute lymphoblastic leukemia cell lines (Poulard et al., 2017, 2018). All this
suggests that each coregulator is modulating specific subset of genes regulated by GR (Wu et

al., 2014; Poulard et al., 2017, 2018).

Moreover, each subset of these genes represents certain physiological pathway, emphasizing
that the gene-specific activities of coregulators is associated with specific physiological
pathways (Wu et al., 2014; Poulard et al., 2017, 2019). The three homologous members of
p160 coregulator family (SRC-1, SRC-2, and SRC-3) appears to be a good example. Though they
have many target genes in common, the whole-body knockout of these three coregulators in
mice result in different phenotypes, proving that each SRC is regulating distinct physiological
pathways (Xu and Li, 2003). For example, among the three SRC proteins only SRC-2/GRIP1
serves as corepressor for GR-regulated cytokine genes in macrophages, facilitating the anti-
inflammatory effects of glucocorticoids in vivo (Chinenov et al., 2012). More interestingly, the
previously mentioned G9a/GLP coregulators are also good evidence, as they participate in
regulating GR-target genes involved in specific pathways in different cell type. G9a/GLP-
dependent GR target genes are enriched for cellular migration pathways in A549 lung
adenocarcinoma cells, and depleting G9a or GLP inhibits GCs-blocked cell migration of A549
cells (Poulard et al., 2017). Whereas in Nalm6 B-acute lymphoblastic leukemia cells, G9a/GLP-
dependent GR target genes are enriched for cell proliferation and cell death pathways, and

their depletion desensitizes Nalm6 cells GCs-induced cell death (Poulard et al., 2019).

Therefore, GR target genes belonging to different physiological pathways, such as anti-
inflammatory genes, metabolic genes, or tissue-remodeling genes, require different sets of
coregulators (colored rectangles) (Figure 24). Whereas GR target genes belonging to same

physiological pathway require similar subset of coregulators (Figure 24). Additionally, each
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coregulator can be exposed to post-translational modifications in response to external signals.
In turn these modifications can modify the function of the corresponding coregulator. This
diversity in coregulators requirement represent an opportunity to modulate the hormone
response by selectively promoting or inhibiting specific GC-regulated pathways through

modulating the activity of one (or a subset of) coregulator(s) (Stallcup and Poulard, 2020a).
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Transcription
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genes genes remodeling genes genes

(Stallcup and Poulard, 2020a)
Figure 24 : The Gene-Specific Actions of GR Coregulators is Associated with Specific Physiological Pathways.

Additionally, many coregulators possess dual role in gene regulation i.e., a given coregulator
can function as coactivator or corepressor for a TF in the same cell type. GRIP1, G9a, and Hic-
5 represents a good example in activating and repressing direct target genes of GR. GRIP1 (Src-
2) which is a well-known coactivator for GR, also functions as a corepressor for GR-target
proinflammatory genes (Hong et al., 1996; Chinenov et al., 2012) that is recruited by the
hormone-activated GR to the GR-responsible elements on DNA is required to positively
regulate some genes and negatively regulate others, yet it is not required for the regulation
of a third set of GR target genes within the same cell (Purcell et al., 2011; Bittencourt, D. Y.
Wu, et al., 2012; Poulard et al., 2017, 2018). Hic-5 (hydrogen peroxide-inducible clone-5)
coregulator displays more complex gene-specific mechanisms. In addition to its coactivator
and corepressor activities, Hic-5 opposes the effect of hormone-activated GR on other target

genes. For instance, depleting Hic-5 enhances further the Dex-induced expression or Dex-
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induced repression of target genes. Also, another set of genes are not regulated by activated-

GR except when Hic-5 is depleted (Chodankar et al., 2014).

Coregulators exert these diverse effects by using different mechanisms of action on different
target genes of GR within a cell. Coregulators such as GRIP1 use their different multi-protein
interaction domains as discussed above to either activate or repress target genes (Rogatsky et
al., 2002). For example, G9a suppresses target genes by using its C-terminal SET domain to
add repressive methyl marks on histone H3 at Lysine 9 (Tachibana et al., 2002). Also, it
suppresses genes by using its ankyrin repeat domain to recruit DNA methyltransferase
(Epsztejn-Litman et al., 2008). In opposite, G9a uses its N-terminal domain (NTD) to exert its
coactivator function. G9a induces GR-target gene expression through self-methylation of a
lysine residue in the NTD, which results in the recruitment of HP1y (Heterochromatin Protein
1v), and thereby recruitment of RNA polymerase Il (Purcell et al., 2011; Poulard et al., 2017).
Hic-5 which binds the hinge region of GR have different mechanism of action (Yang et al.,
2000). Once recruited to genomic GR binding sites, Hic-5 promotes the recruitment of the
Mediator complex and RNA polymerase |l for activating the transcription of GR-regulated
genes. Whereas it blocks GR interaction with some chromatin remodeling complexes,
preventing the efficient GR association with genomic binding sites and the hormonal

activation of other genes (Chodankar et al., 2014; Lee and Stallcup, 2017).

Several factors determine the specific-gene requirements for coregulators via establishing a
unique regulatory environment for each gene. Different target genes of GR demand different
sets of coregulators due to their uniqgue DNA regulatory sequences and chromatin
environment. The fine differences in these DNA regulatory sequences to which GR binds affect
GR conformation and activity, leading to distinctive recruitment of coregulators (Lefstin and
Yamamoto, 1998; Meijsing et al., 2009a). Each target gene has distinct sets of regulatory
elements on DNA, thus the recruited GR and coregulators come up with unique set of protein-
protein interactions. As well, the different synthetic ligands of GR can influence its
conformation, bringing on different coregulators (Meijer, Koorneef and Kroon, 2018).
Moreover, chromatin conformation at a specific gene locus requires specific set of
coregulators to modify its positioning to a less or more accessible conformation for
transcriptional complexes. Finally, PTMs that are made by enzymatic coregulators can also

influence the actions of GR and coregulators present (Stallcup and Poulard, 2020a).
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4. GR Coregulators Regulations

Coregulator proteins are targets of extracellular and intracellular regulatory signals. These
signals regulate the activity of coregulators by stimulating the addition or removal of post-
translational modifications (PTMs) or by modulating the amount of coregulators. These
alternations can promote or inhibit protein-protein interactions, change the composition of
protein complexes, and allow the transmission of external signals rapidly, thereby adding
another layer of gene regulation. Based on that, regulating the level of coregulator or its
activity can help in fine-tuning the actions of GR by selectively enhancing or inhibiting specific
targeted pathways that require this coregulator (Millard et al., 2013; Stallcup and Poulard,
2020a). Several PTMs stimulated by different signaling pathways are identified to alter GR-

coregulators activities. For example:

I) Phosphorylation of GRIP1/SRC-2 by CK2 and CDK9 at several sites is mandatory for regulating
a subset of GR-target genes upon GCs binding (Dobrovolna et al., 2012). Moreover,
phosphorylation of the N-terminus of SRC-2 by CDK9 in macrophages is requisite to induce
GCs-regulated anti-inflammatory genes expression. This phosphorylation occurs at specific
GR-binding sites to potentiate SRC-2 coactivator activity and not its corepressor activity

(Rollins et al., 2017).

II) Self-methylation of G9a and its homodimer GLP on the lysine residue presents in their N-
terminal activation domains is required for their full coactivator activity upon binding GC-
bound GR. This methylation provides a binding site for the heterochromatin protein 1 gamma
(HP1y) (Poulard et al., 2017). Mechanistically, HP1g phosphorylation of serine 93 facilitates
the interaction with RNA polymerase I, stimulating the coactivator functions of HP1g and
preventing its repressive action widely described (Koike et al., 2000; Lomberk et al., 2006). In
contrast, phosphorylation of the adjacent threonine by Aurora kinase B (AURKB) prevents
binding to HP1y and blocks the coactivator function of G9a and GLP (Poulard et al., 2017). This
molecular switch controls selected physiological responses of GR among multiple pathways
that it regulates. Indeed, this molecular switch regulates GC-repression of cell migration in the
lung cancer cell line as it induces the expression of migration-inhibitory genes such as CDH1
(encoding E-cadherin) (Poulard et al., 2017), and GC-induced cell death in B-acute

lymphoblastic leukemia (B-ALL) as it induces the expression of cell death pathway genes
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(Poulard et al., 2018, 2019). Further inhibition of AURKB or lysine demethylases increases
G9a/GLP methylation and enhance the transcription of G9a/GLP/HP1y-dependent GR target
genes resulting in enhanced cell death in B-ALL and reduced cell migration in lung cancer cell

line.

In addition, the modulation of coregulator amounts due to external signals is shown to alter
GR actions on targeted pathways. For instance, the transcriptional coactivator PGC-1 (PPARy
coactivator-1), known as coactivator for multiple nuclear receptors, is shown to bind GR and
coactivate the transcription of its target genes (Knutti and Kralli, 2001). PGC-1 protein levels
are upregulated in response to thermal and nutritional signals (Puigserver et al., 1998; Yoon
et al., 2001). PGC-1 protein levels are induced in liver under fasting conditions to upregulate
the expression of gluconeogenic such as phosphoenolpyruvate carboxykinase (PEPCK)
through GR and in a hormone-dependent manner (Yoon et al., 2001). Therefore, glucose

production under fasting conditions is induced by PGC-1 upregulation.

Moreover, the properties of coregulators can be altered by the alternative mRNA splicing
which is altered by hormonal and metabolic signals. Ncor1 and Ncor2 genes encoding for NCoR
and SMRT GR-corepressors are subjected to alternative splicing, giving rise to different
coregulator variants with highly distinct functions. NCoR splice variants are essential in driving
normal adipocyte differentiation and excess-calories storage during normal development. The
specific knock out of these splice-variants in mice result in different phenotypes, thus
revealing their different functions (Goodson et al., 2014). Also, appropriate alternative splicing
of Ncorl mRNA is induced by dexamethasone to promote normal differentiation of adipocytes
in-vitro. Moreover, dietary variations in mice can also modulate the alternative splicing of

Ncorl gene (Snyder et al., 2015).

5. GR Physiological Coregulator Code

As displayed above, the gene-specific actions of coregulators are actually physiologically
pathway-specific. Such evidence proposes the presence of ‘physiological coregulator code’,
whereby regulating the level or activity of a coregulator will modulate the transcription of

genes associated with one or more specific physiological pathways regulated by transcription
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factor such as GR. This ‘physiological coregulator code’ represents the coregulators as

potential therapeutic targets in clinic (Stallcup and Poulard, 2020b).

One more time the glucocorticoids (GCs) represent a perfect example, as they maintain
homoeostasis of many physiological pathways in diverse tissues by regulating the
transcription of specific subsets of target genes (Figure 4). As mentioned in previous chapter,
cortisol regulates various physiological pathways involved in inflammation, glucose and lipid
metabolism, bone maintenance, etc. (Figure 4) in response to external stress such as hunger
(low glucose levels), cold (low body temperature), fear, and illness (increased inflammation)
(Bodine and Furlow, 2015; de Guia and Herzig, 2015; Frenkel, White and Tuckermann, 2015;
Kuo et al., 2015b; Oppong and Cato, 2015; Kalafatakis, Russell and Lightman, 2019). GCs
respond to stress require a specific set of coregulators to regulate the transcription of a
specific subset of genes associated with a specific physiological pathway. For example, low
blood sugar requires a set of coregulators for GCs to maintain normal glucose level, whereas
inflammation requires a set of coregulators for GCs to attain its anti-inflammatory actions, etc.
(Figure 25). Therefore, regulating the activity of a coregulator will affect a selective
physiological pathway controlled by GCs without affecting the others, due to its gene- and

pathway-specific actions.

Inhibiting the coregulator enzymatic activity or the enzymes responsible for regulating
coregulators by PTMs are important therapeutical approaches. For instance, inhibitor of
histone methyltransferase and histone deacetylases are being tested in clinic (Chan, Tse and
Kwong, 2017; Laubach et al., 2017; Fioravanti et al., 2018). Also, targeting the PTMs of
G9a/GLP by inhibiting lysine demethylases or Aurora kinase B enhances G9a/GLP coactivator
activity and promotes GCs-induced cell death in B-ALL (Poulard et al., 2018, 2019).
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Chapter V: Glucocorticoids Receptor Role in Mammary

Gland

1. GR’s Function in Normal Breast Tissue

In normal breast tissue, GR is predominantly expressed in the nuclear compartments of
human myoepithelial cells (MECs) surrounding the lobular and ducts units. On the other hand,
the luminal epithelial cells (LECs) did not express GR (Lien et al., 2006; Buxant, Engohan-Aloghe
and Noél, 2010). Further slight expression of GR was detected in some stromal cells,
endothelial cells, and leukocytes (Lien et al., 2006). Glucocorticoids (GCs) were found to
contribute to the development and differentiation of mammary epithelium at puberty and
during pregnancy (Murtagh et al., 2004; Wintermantel et al., 2005). GCs are essential for the
formation and maintenance of the 3D organization of mammary epithelial acini due to their
ability to promote the expression of the extracellular protein B4-integrin (Murtagh et al.,

2004).

As GR knockout mice are not viable, multiple approaches were adopted by researchers in
order to investigate the role of GR in mammary gland function and development in adult mice
(Reichardt et al., 1998, 2001; Wintermantel et al., 2005). Studies revealed that GR has a
substantial role in the mammary gland. The selective deletion of GR gene in epithelial cells
using the Cre-LoxP models demonstrated that GR function is important for cell proliferation
during lobulo-alveolar development but is not essential for alveolar differentiation and milk
secretion (Wintermantel et al., 2005). Moreover, the ductal development of the mice
mammary gland is impaired in virgin females deficient lacking the DNA binding functions of
GR. Contrarily, lactating females of these mice are completely capable of producing milk
proteins and have properly differentiated mammary glands (Reichardt et al., 2001). The
explanation for this, according to authors, is because DNA binding-defective GR may still
interact with phosphorylated Stat5 protein, which is implicated in the production of milk

proteins.

During normal lactation, GCs have been found to prevent mammary gland apoptosis (Berg,

Dharmarajan and Waddell, 2002; Bertucci et al., 2010). Additionally, GCs are involved in

98



regulating the early involution of mammary glands through modulating the cross talk between
GR, Stat5 and Stat3 pathways. For instance, during lactation, GR synergizes with Stat5 to
induce milk protein expression genes (Bertucci et al., 2010). In fact, synthetic GCs
administration within the first 48 hours after stopping breastfeeding modulates Stat5 and

Stat3 signaling and prevent the onset of apoptosis in post-lactating mice.

2. GR’s Function in Breast Cancer Progression

Numerous investigations have been made to understand how GR affects BC cell survival and
progression on a cellular and biological level. However, depending on ERa expression and

activity, the role of GR can be either proliferative or anti-proliferative ((Noureddine etal, 2021)

Figure 26). In fact, the prognostic significance of GR expression varies depending on the BC
subtype, with higher GR expression being associated with a worse prognosis in TNBC and a
better prognosis in early-stage ERa-positive BCs (Pan, Kocherginsky and Conzen, 2011;
Abduljabbaretal., 2015; West et al., 2016). The evidence converges to show that GC promotes
the expression of pro-tumorigenic genes in BCs that are ERa-negative (Chen et al., 2015;
Sorrentino et al., 2017a) whereas GR suppresses ERa transcriptional activity and E2-mediated
cell proliferation in BCs that are ERa-positive (Lippman, Bolan and Huff, 1976; Karmakar, Jin

and Nagaich, 2013; Yang et al., 2017a)
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Figure 26 : Glucocorticoid Receptor Role in normal breast Tissue and in Breast Cancer Progression. Role of GR
in normal breast are presented in the middle white box, Role of GR in ERa-positive are presented to the right in

green, and its role in ERa-negative are presented to the left in red.

2.1. ERa-Positive Breast Cancers

For ERa-positive BC patients, the high expression of GR in the tumor is associated with a better
prognosis and relapse-free survival (RFS) outcome in the early stages of the disease (Pan,

Kocherginsky and Conzen, 2011; Abduljabbar et al., 2015; West et al., 2016) ((Noureddine et

al, 2021)

Figure 26A). In vitro studies showed that GCs can hinder the proliferation of ERa-positive BC
MCF-7 cell lines through disrupting cell cycle progression (Lippman, Bolan and Huff,
1976)(Goya et al., 1993). Collectively, investigations revealed that the GR-DNA binding

domain's direct interaction with the ERa is the molecular mechanism underlying the

controlled ERa transcriptional activity by GR and, in turn, E2-stimulated proliferation

100



(Karmakar, Jin and Nagaich, 2013; West et al., 2016; Yang et al., 2017b; Tonsing-Carter et al.,
2019). Additional analysis using Chromatin Immunoprecipitation (ChIP) experiments in MCF-
7 cells showed that GR interfered with ERa activity by competing with ERa and the coactivator
SRC3 at the ER-response elements (ERE) of specific target genes, either directly by binding to
the ERE or indirectly by binding to other factors like AP-1 (Karmakar, Jin and Nagaich, 2013;

Miranda et al., 2013; Swinstead et al., 2016) ((Noureddine et al, 2021)

Figure 26B). Further investigations revealed that GR and ERa coactivation increased GR binding
to GR- and ER-responsible elements (GRE and ERE), leading to an increase in pro-
differentiating genes and negative regulators of pro-oncogenic Wnt signaling, as well as a
decrease in the expression of genes related to mesenchymal transition (EMT), which improved
relapse-free survival in ERa-positive BCs (West et al., 2016). Furthermore, a recently published
study showed that liganded GR inhibited E2-mediated proliferation by preventing the
association of ERaw with chromatin at the enhancer region of E2-induced pro-proliferative
genes, thereby lowering their expression and regardless of the ligand's nature (i.e., GR agonist
or GR antagonist) (Tonsing-Carter et al., 2019). This process also incorporates GR sumoylation.
Yang et al. did in fact illustrate that GR recruitment to the ERa enhancer requires GR
sumoylation on K277, K293 and K703, which then triggers the recruitment of the
NCor/SMRT/HDAC3 corepressor complex, which suppresses the estrogen (E2) program

((Noureddine etal, 2021)

Figure 26A). Furthermore, E2 treatment induces PP5 phosphatase expression, which results in
the dephosphorylation of GR on S211 and a reduction in GR activity on certain GR target genes

implicated in cell growth arrest (Zhang et al., 2009).

Additional assessments in T47D cells showed that dex administration suppresses cell
migration via altering the AKT/mTOR/RhoA pathway, which in turn disrupts the cytoskeletal
dynamic architecture of the cells (Meng and Yue, 2014). The precise mechanism underpinning

this process, however, were not clarified.

It is well established that the two different mechanisms: promoter methylation at CpG islands
(Nesset, Perri and Mueller, 2014; Snider et al., 2019) and proteasomal degradation (Kinyamu
and Archer, 2003) are responsible for the GR expression repression predominantly in ERa-

positive breast cancers. Notably, Kaiso, a Pox Virus and Zinc Finger (transcription factor) binds
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to methyl-CpG islands present in the GR promoter region, suppressing GR expression in ERc.-
positive breast cancer cell lines (MCF-7 and T47D), and decreasing GR anti-apoptotic efficacy

(Zhou et al., 2016) ((Noureddine et al, 2021)

Figure 26C). Besides that, Archer's team demonstrated utilizing an engineered MCF-7/GR cell
line that estrogen agonists, but not ERa. antagonists, promote the proteasomal degradation
of GR via Mdm?2, affecting its transcriptional activity (Kinyamu and Archer, 2003). However,
additional research will be required to validate this finding in a more physiological

environment, as this cell line expresses 100,000 times more GR than MCF-7 cells.

Collectively, these findings imply that, in ERa-positive BCs, GR mediates the suppression of

the ERa transcriptional program through a crosstalk with ERa.

2.2, ERa-Negative Breast Cancers

When compared to ERa-positive breast cancer, GR expression in human ERa-negative BCs
was linked to a poor outcome, a shorter breast cancer-specific survival, and an earlier relapse
at early stages (Pan, Kocherginsky and Conzen, 2011; Abduljabbar et al., 2015; Chen et al.,
2015). For instance, whether receiving adjuvant chemotherapy or not, a high tumoral GR
expression was significantly associated with a shorter relapse-free survival in 1,378 early-stage
ERo-negative BCs and 623 TNBC patients, according to a retrospective meta-analysis (Pan,
Kocherginsky and Conzen, 2011; West et al., 2018). Additionally, over the past several years,
mounting data has sufficiently revealed the tumorigenic effects of GCs in ERa-negative BCs,
as exemplified by resistance to chemotherapy and metastatic development (Skor et al., 2013;
Chen et al., 2015; Obradovi¢ et al., 2019). A genome-wide analysis revealed specific dex-
induced GR target genes implicated in epithelial cell/inflammatory cell interactions, EMT,
chromatin remodeling, tumor cell survival, and chemotherapy resistance. This indicates that
GR might indeed play a significant role in the aggressive behavior of ERa-negative BCs (Pan,
Kocherginsky and Conzen, 2011). Furthermore, a recent signature of a specific subset of GR
target genes that are involved in cell survival, cell invasion, and chemoresistance was
determined by analysis of global gene expression and GR ChIP-sequencing data (West et al.,

2018) ((Noureddine etal, 2021)

Figure 26D).
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To better understand the role of GR in increasing tumor progression in ER-negative BCs,
numerous mechanistic investigations are currently being conducted. One of them have shown
that cellular stress, such as oxidative stress or hypoxia, increases the phosphorylation of GR
on S134 in primary TNBCs or ER-negative BC cell lines, stimulating stress signaling mediated
by GR activation and increasing the expression of breast tumor kinase BRK, also known as
protein tyrosine kinase 6 (PTK6), which is crucial for aggressive BC phenotypes (Regan
Anderson et al., 2016). Moreover, TNBCs exhibit higher levels of functionally active pS134-GR
than luminal BCs, which may account for the worse prognosis associated with GR expression

in TNBCs compared to luminal BCs (Perez Kerkvliet et al., 2020) ((Noureddine et al, 2021)

Figure 26E). According to a recent study on patients and TNBC cell line-derived xenograft
models, GR activation at distant metastatic sites, caused by an increase in GC levels, stimulates
BC colonization and decreases overall survival by upregulating the expression of ROR-1 kinase,
a receptor tyrosine kinase-like orphan receptor-1 that has earlier been found to be associated
with BC (Zhang et al., 2012; Chien et al., 2016; Obradovié et al., 2019). In fact, silencing ROR-
1 expression by shRNAs inhibits tumor metastatic potential and improves the survival in mice
models. These findings are compatible with previous expression microarray analyses that
proposed multiple kinases as potential targets for the therapy of ERa-negative BC (Speers et
al.,, 2009; Cui et al., 2013). Additional research established that GR activation by dex
disrupted the Hippo pathway through augmenting the transcriptional activity, nuclear
accumulation, and protein/RNA levels of YAP and TEAD-4 (Sorrentino et al., 2017a; He et al.,
2019). Previous findings showed that the disruption of the oncosuppressor Hippo pathway,
which is primarily comprised of kinase complexes, transcriptional cofactors Yes associated
protein (YAP) and its paralog WW domain containing transcription regulator 1 (TAZ), and TEA
domain transcription factors (TEAD1-4), is coupled to BC progression and chemoresistance.
Indeed, the elevated expression level and transcriptional activity of YAP/TEAD-4 was
demonstrated to play an important role in promoting BC cell survival and metastasis (Lamar
et al., 2012). Physiologically, GCs' activation of YAP and TEAD-4 induced BC cells’ survival,
metastasis, resistance to chemotherapy, and maintenance of breast cancer stem cells both in
vitro and in vivo (Sorrentino et al., 2017b; He et al., 2019). TEAD-4 was one of nine genes
identified to be overexpressed in high grade ERa-negative tumors, together with its

coactivator, the pro-survival transcription factor (Kriippel-like factor 5; KLF5) (Ben-Porath et
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al., 2008). In BC patients, their high expression level was attributed to a poorer prognosis and
shorter survival (Tong et al., 2006; He et al., 2019). Additionally, it was demonstrated that
TEAD-4 associates with KLF5 to produce a complex that stimulates TNBC cell proliferation by
impeding p27 gene transcription (Wang et al., 2015). Remarkably, GR activation by dex
increases KLF5 expression in TNBCs, and elevated KLF5 consequently results in both in vitro

and in vivo cisplatin resistance (Li et al., 2017).

Multiple pro-survival genes, including MKP-1 (MAPK phosphatase-1), SGK1 (Serum and
glucocorticoid-regulated kinase-1), and others, were shown to be upregulated in a global gene
expression analysis in MDA-MB-231 cells upon dex administration (Mikosz et al., 2001; Wu et
al., 2004, 2005). The same cell line's ChIP-seq analysis also determined that dex-liganded GR
binds to the GREs of pro-tumorigenic genes, promoting drug resistance and the progression
of TNBC (Sorrentino et al., 2017a). Due to GR's transcriptional upregulation of these pro-
survival genes upon dex treatment, MDA-MB-231 cells are less likely to undergo apoptosis
triggered by paclitaxel or doxorubicin (Chen et al., 2015) (Wu et al., 2004). On the other hand,
the Hsp90 inhibitor, was demonstrated to improve TNBC sensitivity to paclitaxel in vitro and

in vivo by degrading GR and disrupting its anti-apoptotic signaling (Agyeman et al., 2016).

Moreover, investigations in vivo were performed to address the prospective inhibitory impact
of GCs on anti-tumor paclitaxel action. In light of this, pre-treatment with dex dramatically
reduced the therapeutic effectiveness of paclitaxel in human tumor xenografts established by
grafting human ERa-negative BCs into nude mice (Pang et al., 2006; Sui et al., 2006; Agyeman
et al., 2016; Li et al., 2017). In contrast, pre-treating TNBCs with the GR antagonist
Mifepristone concurrently with dexamethasone and Paclitaxel enhanced the cytotoxic
effectiveness of the chemotherapy by provoking caspase-3/PARP cleavage-mediated cell
death and obstructing GR-mediated survival signaling through hindering GR-induced SGK1 and
MKP1 gene expression. More interestingly, it was documented that mifepristone pre-
treatment slowed the growth of MDA-MB-231 xenograft tumors (Skor et al., 2013). In
accordance with these findings, a randomized Phase | clinical trial reported that patients with
GRa-positive and triple-negative tumors responded to the combination of GR antagonism
(mifepristone) and paclitaxel, demonstrating that GR is a potential target in TNBCs (Nanda et

al., 2016).
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Recently, researchers revealed that GR is required for BCs' activation of EMT and metastasis.
They discovered that insulin receptor substrate 1 (IRS-1), a cytoplasmic adaptor protein that
mediates insulin/insulin-like growth factor signals, has its transcription inhibited by high GR
expression levels. The suppression of IRS-1 by GR leads to the activation of ERK2 (extracellular
regulated protein kinase 2) and the induction of EMT [Shi W 2019]. Furthermore, they showed
that GR is transcriptionally activated in TNBCs in the absence of GR ligands through its
phosphorylation on S134 by p38 in response to homeostatic sensing of intrinsic stress or
exogenous stimuli (like TGFB-1). Phospho-S134-GR stimulates the p38 MAPK stress signaling
pathway, triggering the anchorage-independent proliferation and migration of TNBC cells

(Perez Kerkvliet et al., 2020) ((Noureddine etal, 2021)
Figure 26E).

Noteworthy, Danish epidemiological research on a cohort of BC patients found no association
between GC usage and BC recurrence, regardless of the method of administration or the use
of combination treatment (Lietzen et al., 2014). However, more epidemiological investigations
to validate these findings in different patient populations will be necessary. Furthermore, an
increasing number of studies show the effects of stressful situations on the risk of BC. Acute
stress events can really raise the incidence of BC, as the Women Health Initiative Study
revealed (Michael et al., 2009). For instance, rats subjected to external stressors such as
chronic social isolation displayed higher levels of corticosterone as well as a disruption in the
subcellular localization of GR. In fact, GR was more commonly detected in the nucleus than
the cytoplasm in tumor samples from socially isolated animals, and these rats also had more

aggressive breast tumors (Hermes et al., 2009).

This chapter emphasizes the important role of GR and its ligands in BC biology and physiology
despite its well-defined contributions to numerous normal and pathological processes. The
high level of complexity that was not anticipated is illustrated by the fact that GR expression
has various prognostic values depending on the BC subtype. Despite great advancements in
our understanding of BC and the crucial role that GR plays in the pathophysiology, this area of
research still confronts numerous challenges. Although this chapter focuses primarily on the
impact of GCs on tumor cells, we cannot rule out the fact that they can have an impact on the

tumor microenvironment. Following the characterization of the tumor status, taking into
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consideration GR expression in the tumor environment may be of the highest relevance and

may offer an interesting target in the modulation of the tumoral breast microenvironment.

In addition, as we discussed in Chapter I, GR exhibited proliferative effects on BC cells in vivo
and in vitro regardless their hormonal status upon binding OCDO, the recently identified GR-
ligand (Voisin et al., 2017). Nevertheless, the transcriptional program of OCDO in the distinct
BC subtypes has not yet been described, which might offer insights to fully comprehend its
carcinogenic features. A more thorough examination of the expression of OCDO-producing
enzymes following the status of BCs, in addition to the cholesterolemia status of patients, is
of the utmost relevance to fully comprehend the effects of OCDO, an oncometabolite derived

from cholesterol, on breast tumorigenesis in ERa-positive vs ERa-negative BCs.

Furthermore, new information emphasizes the significance of ER beta (ERB), a second kind of
estrogen receptor, in breast cancer biology (Zhou and Liu, 2020). In light of a study conducted
in the central nucleus of the amygdala, which disclosed that ERB activation forbids
glucocorticoid-induced anxiety behaviors and decreases plasma cortisol levels in rats
compared to animals implanted with vehicle or GR agonist (Weiser, Foradori and Handa,
2010), additional studies will be required to examine the potential crosstalk between ERP and

GRin BC.
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1. Introduction

Breast cancer (BC) is the most common and most fatal cancer in women worldwide causing
the death of 684,996 women yearly (Sung et al., 2021). Breast cancer is generally classified
based on the expression profile of estrogen receptor (ER), progesterone receptor (PR) and
human epidermal growth factor receptor 2 (HER2) into four main molecular subtypes:
Luminal A (ER+ and/or PR+, and HER2-), Luminal B (ER+ and/or PR+, and HER2+), HER2
enriched (ER+, PR-, and HER2+++) or Triple Negative (ER-, PR-, and HER2-) (Tang et al., 2016).
Among these different subtypes, Triple negative breast cancer (TNBC) representing 10-15% of
all breast cancer cases is associated with poor overall survival, higher rates of recurrence and
worse prognosis (Sotiriou and Pusztai, 2009; Bosch et al., 2010). Because TNBCs lack the
expression of hormone receptors and HER2 receptors, there are no targeted biological agents
clinically available for their treatment (Yadav, Chanana and Jhamb, 2015). Till now, the
predominant clinical strategy for treating TNBC patients is the systemic cytotoxic
chemotherapy which frequently causes allergic reactions (Santana-davila and Perez,

2010)(Bosch et al., 2010).

Synthetic glucocorticoids (GCs) such as dexamethasone (Dex), which are derived from
steroidal endogenous glucocorticoids, are widely used as adjuvant therapy in BC treatment to
decrease the allergic reactions accompanying cytotoxic chemotherapy including nausea and
vomiting. Also, GCs reduces tumor-associated effects on patient’s health such as loss of
appetite, pain, edema, electrolyte balance and inflammation (Henzi, Walder and Trame, 2000;
Wang et al., 2004; Chen et al., 2016; de Castro Baccarin et al., 2019). The endogenous natural
form of GCs is cortisol; a cholesterol-derived hormone, synthesized and released by the
adrenal cortex in response to the adrenocorticotropic hormone (ACTH) produced by the
anterior pituitary. GCs are secreted in a circadian manner; however, their secretion increases
in response to physiological stress (i.e., increased immune response) and emotional stress
such as hunger, cold and fear (Spiga et al., 2014; Kalafatakis, Russell and Lightman, 2019).
Though GCs are often used in BC for their antiemetic and anti-inflammatory effects,
investigations have shown that GCs treatment in TNBC is inducing cancer metastasis and
chemoresistance, thus raising new concerns about GCs application in TNBC patients’ therapy

(Skor et al., 2013; Obradovié et al., 2019).
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GCs diffuse through the cell membrane and function through binding the ligand-dependent
transcription factor glucocorticoid receptor (GR) in the cytosol. GR is a member of the nuclear
hormone receptor (NHR) superfamily. Similar to other NHRs, GR displays the common
functional domains: DNA-binding domain (DBD), ligand-binding domain (LBD), and other
regulatory N- and 