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Abstract

The MENI gene, initially known to be associated with the development of multiple endocrine
tumors (MEN1 disease), has been shown over the recent years to play a role in hormone dependent
cancers like prostate and breast cancer. Studies have shown that menin, encoded by MENI, can
play a dual role in breast cancer. While MENI mutations cause higher risk of breast cancer
initiation, menin is also shown to interact with and positively regulate the expression of estrogen
receptor alpha (ERa) in ER+ breast cancer. Thus, menin plays a tumor suppressive role in normal
mammary cells during tumor initiation procedure, and an oncogenic role in ER+ breast cancer
initiated by other factors. However, the underlying mechanisms behind this regulation remain
elusive.

To further address this issue, we carried out both clinical and experimental investigations and
found that MENI silencing led to reduced ERa expression on the transcriptional and protein levels
in ERa-positive cell lines. While Dreijerink et al., showed that menin regulates the ESR/ enhancer
and promoter via MLL complex, we demonstrated that menin also binds and regulates the proximal
ESR1 promoter, probably in an MLL-independent way. Interestingly, by analyzing the expression
of menin in a cohort of 354 human breast cancers, our clinical data showed that reduced menin
expression was correlated more with the luminal B breast cancer subtype and ER- breast cancer.
Consistent with our clinical data, we further demonstrated that menin interacts with GATA3 and
FOXAL1, co-factors in ESRI regulation and known marker of the luminal A subtype. Taken
together, our data provide relevant clues to the important role of menin in the formation of breast
cancer subtypes, likely related to its regulatory role on ERa.

In parallel, we also showed that menin inactivation in BC cells led to reduced cell proliferation in
2 ERa-positive BC cell lines. Searching for molecular explanations, we found that, though MEN]
knockdown activated the mTORC1 pathway, it led to reduced MYC expression on both
transcriptional and protein levels in ER+ BC cell lines. We uncovered that menin bound to the
MYC promoter and enhancer and regulated the expression of its target genes in these cells.
Clinically, we also found that menin expression was negatively correlated with the expression of
mTOR and its downstream genes, and more interestingly, with two inhibitory MY C-related genes.

Taken together, my thesis work provides relevant clues to the important role of menin in the
formation of breast cancer subtypes, and, for the first time, to the role of menin in the regulation
of the mTORC1 and MY C pathways in BC cells.
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Résumé

Le géne MENI codant pour menin a d'abord été¢ associ¢ au développement de Neéoplasies
endocriniennes multiples de type 1 (NEM1 syndrome), avant d'étre récemment impliqué dans des
cancers hormono-dépendants tels que le cancer de la prostate et du sein. Des études ont montré
que menin peut jouer un double réle dans le cancer du sein. En effet, si les mutations germinales
du gene MENI prédisposent les patientes au développement du cancer du sein, menin interagit
avec le récepteur des cestrogénes alpha (ERa) et régule positivement son expression dans le cancer
du sein ERa-positives. Ainsi, menin joue un role de suppresseur de tumeur dans les cellules saines
ou précancéreuses, et un role d’oncogene dans les cellules de tumeurs mammaires ER+ initi¢es
par d’autres facteurs. Cependant, les mécanismes sous-jacents de cette régulation restent inconnus.

Afin de mieux comprendre ces mécanismes, nous avons mené des recherches cliniques et
expérimentales et avons constaté que l’inhibition de I’expression de MENI entralnait une
diminution de l'expression de ERa aux niveaux transcriptionnels et protéiques dans les lignées
cellulaires ERa-positives. Alors que Dreijerink ef al. ont montré que menin régule le promoteur et
I’enhancer ESRI via le complexe MLL, nous avons découvert que menin se lie et régule le
promoteur ESR] proximal, vraisemblablement indépendamment du MLL. Il est intéressant de
noter qu'en analysant I'expression de menin dans une cohorte de 354 cancers du sein humains, nos
données cliniques ont montré que la réduction de 1'expression de menin était davantage corrélée
au sous-type de cancer du sein luminal B et au sous-type de ERa-négatif. Ces données cliniques
sont en cohérence avec nos données expérimentales, puisque nous avons aussi démontré que menin
interagit avec GATA3 et FOXAT, des cofacteurs de la régulation de ESR/ et des marqueurs connus
du sous-type luminal A. Dans I’ensemble, nos données mettent en évidence sur le role important
de menin dans la formation des sous-types de cancer du sein, probablement li¢ a son role de
régulateur de I'ERa.

En parall¢le, nous avons également montré que l'inactivation de menin dans les cellules du cancer
du sein entrainait une réduction de la prolifération cellulaire dans deux lignées ERa-positives.
D’un point de vu moléculaire, nous avons découvert que, bien que I’inhibition de I’expression de
MENI active la voie mTOR, elle entraine une réduction de 1'expression de MYC aux niveaux
transcriptionnel et protéique dans les lignées cellulaires du cancer du sein ERa-positives. Nous
avons également constaté que menin se lie au promoteur et a 1’enhancer MYC, et régule ainsi
l'expression de ses geénes cibles dans ces cellules. Sur le plan clinique, nous avons également
observé que l'expression de menin est négativement corrélée avec mTOR et ses génes en aval,
mais également avec deux genes inhibiteurs de MYC.

Dans I’ensemble, mes travaux de thése fournissent des indices pertinents sur le réle important de
menin dans la formation des sous-types du cancer du sein, et mettent en évidence pour la premicre
fois un rdle de menin dans la régulation des voies mTOR et MYC dans les cellules du cancer du
sein.
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List of abbreviations

4EBP1: Eukaryotic translation initiation factor 4E-binding protein 1

AF1: activation function 1

AF?2: activation function 2

AKTT1: serine/threonine kinase 1

AP1: Activator Protein-1

AR: androgen receptor

BC: breast cancer

BL1: basal-like 1

BL2: basal-like 1

BMI: body mass index

BMP: bone morphogenetic pathway
BRCA1& BRCAZ2: breast cancer gene 1
BRCAZ2: breast cancer gene 2

CCNET1: cyclin E1

Cdc7: Cell division cycle 7-related protein kinase
CDHI1: Cadherin-1

CDK2: cyclin-dependent kinase 2
CDK4: cyclin-dependent kinase 4
CDKaé: cyclin-dependent kinase 6
CDKIs: cyclin-dependent kinase inhibitors
CK14: cytokeratin 14

CK17: cytokeratin 17

CKS5: cytokeratin 5

CK6: cytokeratin 6

DBD: DNA-binding domain

DCIS: ductal carcinoma in situ
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DFS: disease-free survival

DNA: Deoxyribonucleic acid

DNMTI1: DNA methyltransferase 1

DNMT3B: DNA methyltransferase 3B

E2: estradiol

EGF: epidermal growth factor

EGFR: epidermal growth factor receptor

elF4A: The eukaryotic initiation factor-4A
elFAE: Eukaryotic translation initiation factor 4E
elF4F: Eukaryotic initiation factor 4F

elF4G: Eukaryotic translation initiation factor 4G
ERE: estrogen responsive elements

ERK: extracellular signal-regulated kinase

ERa: estrogen receptor o

ERp: estrogen receptor 3

EZH2: Enhancer of zeste homolog 2

FBP1: Fructose-1,6-bisphosphatase 1

FOXAT1: forkhead box A1l

FOXM1: Forkhead box protein M1

FOXO1: Forkhead box protein O1

FOXO3A: Forkhead box O3

FUSBPI1: Far upstream element-binding protein 1
GATA 3: GATA binding protein 3

GCNS: general control nonderepressible-5
GPERI1: G protein-coupled estrogen receptor 1
H3K27me3: lysine 27 trimethylation of histone 3
H3K4: lysine 4 trimethylation of histone 3
H3K79: Lysine 79 methylation of histone 3
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H4R3me2: arginine 3 dimethylation of histone 4
HDACT: histone deacetylase 1

HER2: human epidermal growth factor receptor 2
HIV-1: Human immunodeficiency virus 1
HMTs: histone methyl transferases

HOXA10 : Homeobox protein 10

HOXAT7 : Homeobox protein 7

HOXA9: Homeobox protein 9

HOXB9: Homeobox protein Hox-B9

Hsp: chaperone heat-shock proteins

IDC: infiltrating ductal carcinoma

IFI16: Gamma-interferon-inducible protein

IGF: insulin-like growth factor

IGF1-R: insulin-like growth factor receptor

IM: immunomodulatory

JAK: Janus kinase

JNK: c-Jun N-terminal kinase

KMT2A: Histone-lysine N-methyltransferase 2A
KMT2B: Histone-lysine N-methyltransferase 2B
KMT2C: Lysine N-methyltransferase 2C

LAR: luminal androgen receptor

LBD: ligan-binding domain

LCIS: lobular carcinoma in situ

LEDGEF: lens epithelium-derived growth factor
LXRa: liver X receptor

M: mesenchymal

MAPK: mitogen-activated protein kinase

MDM2: Mouse double minute 2 homolog
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MEF: mouse embryonic fibroblast

MENI: multiple endocrine neoplasia type 1

MI: menin/MLL inhibitor

MIN: mammary intraepithelial neoplasia

MLL: mixed lineage leukemia

MLL3: Mixed lineage leukemia 3

MLL-FPs: MLL1 fusion proteins

mRNA: messenger Ribonucleic acid

MSL: mesenchymal-stem-like

MTAT1: metastasis associated protein 1

mTOR: mammalian target of rapamycin

mTORC1: mammalian target of rapamycin complex 1
mTORC2: mammalian target of rapamycin complex 2
MY CBP2: myc-binding protein 2 or Probable E3 ubiquitin-protein ligase
NF1: Neurofibromatosis type 1

NFIB: Nuclear factor 1 B-type

NFkB: nuclear factor-kappa B

NLS: nuclear localization signal

NTD: N-terminal domain

OS: overall survival

PAM: PI3K/ PTEN/AKT/MTOR

PARP: Poly (ADP-ribose) polymerase

PDK1: Pyruvate Dehydrogenase Kinase 1

PI3K: phosphatidyl inositol 3 kinase

PIK3CA: phosphoinositide-3-kinase catalytic alpha polypeptide
PIP3: Phosphatidylinositol (3,4,5)-trisphosphate
PKA: protein kinase A

PKC: protein kinase C
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PLC: phospholipase C

PPARYy: peroxisome proliferator-activated receptor

PR: progesterone receptor

PRC2: polycomb repressive complex 2

PRMTS: Protein arginine N-methyltransferase 5

P-TEFb: positive transcription elongation factor

PTEN: Phosphatase and tensin homolog

PTN : pleiotrophin

RBI : retinoblastoma protein 1

RTKs: receptor tyrosine kinases

S6K1: Ribosomal protein S6 kinase beta 1

S6RP: S6 Ribosomal Protein

SAGE: Serial Analysis of Gene Expression

SBR: scarff-Bloom-Richardson

SERD: Selective estrogen receptor down regulators

SERM: Selective estrogen receptor modulators

SiRNA: Small interfering RNA

SKIP: SKI-interacting protein

SP1: specificity protein 1

SPDEF: SAM pointed domain-containing Ets transcription factor
SREBP1: Sterol regulatory element-binding transcription factor 1
STAT: signal transducer and activator of transcription proteins
TFAP2C: Transcription factor AP-2 gamma

TFF1: Trefoil factor 1

TGF-B: tumor growth factor

Th2: T helper 2

TNBC: triple negative breast cancer

TNF: tumor necrosis factor
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TNM: tumor node metastasis

TP53: tumor protein 53

TRRAP: transactivation/transformation-associated protein
TSS: transcription start site

UNS: unstable cluster

VDR: vitamin D receptor

XBP1: X-box binding protein 1

YBXI1: Y box binding protein 1
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Introduction

I. Breast cancer:

1)

2)

Generalities (incidence):

Cancer is defined as a disease that results from the uncontrolled proliferation of normal cells
after acquiring one or several gene mutations forming a tumor mass of cells (NIH Curriculum
Supplement). Breast cancer origins from the breast tissues, mainly the mammary ducts and
glands (NCI Dictionary of Cancer Term). It is a very common and frequent malignancy among
women and one of the major causes of morbidity worldwide. Its prevalence has expanded such
that it ranked in the second place after lung cancer in incidence considering all cancers
occurring in women (Ferlay et al.,2009). There were over 2 million new cases in the world in
2018, where France ranked 4™ with an incidence Age-standardized rate of 99.1 per 100,000,
followed by 93.6 in the UK, and 84.9 in US (Bray et al.,2018).

Despite the increasing efforts to raise awareness and encourage early detection all over the
world for breast cancer (for example, many countries like France recommend regular
mammography tests for women above 50 years), many women still discover this disease late
at its advanced stages, which makes it even harder to treat. Late detection often is characterized
by the tumor spread and metastasis, in addition to its histological and molecular heterogeneity

and complexity.

Risk Factors:

There are a lot of risk factors associated with breast cancer development. Taking into
consideration that women who live to the age of 85 will have a 1 in 9 lifetime chance of
developing breast cancer, many women are at higher risk than others and these are usually
advised to take several measures from the simple annual checkups and surveillance to the more
complex (if necessary) prophylactic surgery (oophorectomy or mastectomy) and

chemoprevention.

20



a)

b)

Age:

Like many diseases, especially cancers, age is one of the most documented associated
risk factors for breast cancer as well. Breast cancer incidence is extremely low before age
30 with incidence of less than 25 cases per 100,000, after which it increases linearly to
reach 500 cases per 100,000 at the age of 80. Thus, the incidence rate being augmented
especially between the age of 55 and 70 (Ries et al.,2002) (Anders et al.,2010).

Genetic factors:

About 20% of breast cancer patients show genetic predisposition by having a positive
family history of breast cancer, and 5% of patients showed specific germline mutations
(Easton et al.,1995). Familial breast cancer was first described over 135 years ago (Broca
et al.,1866). Since then, several studies have followed to define levels of risk associated
with varying degrees of positive family history. The results have showed that compared
to individuals with no family history of breast cancer, the estimated relative risk
associated with a first-degree relative who developed breast cancer at 50 years of age or
older is 1.8 compared with 3.3 for a first-degree relative who developed breast cancer at
an age less than 50 years. The relative risk associated with having a second-degree
relative with breast cancer is 1.5, two first-degree relatives (e.g., mother and daughter) is
3.6 (Goldgar et al.,1996) (Kelsey et al.,1990). The BRCAI and BRCA2 genes are perhaps
the most famous genes associated with inherited susceptibility to breast and ovarian
cancers (Brody et al.,1998). Studies have showed that 55 to 70% of women with
BRCA1&BRCA2 mutations eventually develop breast cancer (Nielson et al.,2016). In
addition, 13 polymorphisms in 10 additional genes were discovered most of them are
responsible for rare genetic syndromes like Li Fraumeni syndrome, Cowden syndrome,
ataxia-telangiectasia and MEN1 (multiple endocrine neoplasia syndrome) (please see I11

5, page) (Brody et al.,1998) (De Jong et al.,2002).

Reproductive or hormonal factors:

Studies have shown that women who began menstruating before the age of 12 had a

relatively higher risk for invasive breast cancer compared to those who began after the
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d)

age of 15. However, at the other end of the reproductive period, those who did not reach
menopause until age 55 or after showed a relatively higher risk compared with those who
experienced menopause before the age of 45 (Vogel et al.,1998). Based on these data, it
was suggested that the risk of breast cancer observed from these gynecologic variables
was a simple function of the number of ovulatory menstrual cycles that a woman
undergoes during her lifetime (Collaborative Group on Hormonal Factors in Breast
Cancer 2012). As women who had both ovaries removed before the age of 40 showed
45% reduction in risk compared with women who undergo a longer period of exposure
to estrogen was used to explain the increase in the risk of breast cancer development
(Brinton et al.,1983a). Breast cancer risk also increased if a woman was nulliparous or
experienced her first live birth at or after the age of 30 compared to a woman with a first
live birth at an age less than 20 (Brinton et al.,1983b) (Collaborative Group on Hormonal
Factors in Breast Cancer 2002). Having at least one child as well as breast feeding is
associated with a decrease in the long-term risk of developing breast cancer compared
with risk among the nulliparous, and this protective effect increases with number of

children (Collaborative Group on Hormonal Factors in Breast Cancer 2002).

Obesity:

Epidemiological studies have also shown that body mass index (BMI) could affect the
incidence and outcomes of breast cancer. While in premenopausal women BMI was not
that important risk factor, in postmenopausal women, however, it is strongly associated
with increased incidence of breast cancer (Tretli et al.,1989). This observation was
explained by the fact that postmenopausal women rely on their adipose tissue as an
important extragonadal source of bioavailable estrogens and long exposure to estrogen
increases the risk of initiation and promotion of breast cancer (Clemens et al.,2001)
(Verkasalo et al.,2001). In addition, several studies also suggested that high BMI is
associated with increased levels of insulin and insulin like growth factors, which have

been associated with increased risk of breast cancer (Suga et al.,2001) (Goodwin et

al.,2002).
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Other lifestyle and environmental factors could also be mildly associated with breast
cancer development like smoking, alcohol consumption, diet, stress, lack of exercise,

hormone replacement therapy, and exposure to carcinogens or radiation.

3) Mammary gland anatomy and histology:

The mammary gland is a milk-producing gland regulated by the endocrine system and is a
main characteristic of all female mammals, although it’s also present in males but however in
a rather primitive or nonfunctional form. Mammary gland is composed of a conical disk of
glandular tissue covered in fat to give it its characteristic shape. The glandular tissue itself is
made up of 15-20 lobes composed of solid cords of ductal cells; each lobe is subdivided into
many smaller lobules, separated by broad fibrous suspensory bands (Cooper’s ligaments),
which connect the skin with the fascia, or sheet of connective tissue, that covers the pectoral
muscles beneath the breast. Each lobe is drained by a separate excretory duct which converge
beneath the nipple and widen into milk reservoirs, before narrowing again to emerge as
pinpoint openings at the summit of the nipple. The areola, a circular disk of roughened
pigmented skin surrounding the nipple, contains circular and radiating muscles (to help erect
the nipple and facilitate lactation) as well as sebaceous glands to provide lubrication for the
nipple during nursing. Under the influence of estrogens from the maturing ovary at puberty,
the ductal cells proliferate and form branches. After ovulation, progesterone causes the
terminal ductal cells to differentiate into the milk-producing cells, which form acini.
Interspersed with these cells are smooth muscle cells, which can contract and assist in the
ejection of milk. The acini are collapsed or filled with desquamated epithelium (epithelium
that has been shed), until the stimulus of pregnancy causes proliferation of all the epithelial
cells. The actual secretion of milk is induced by prolactin from the pituitary

and somatomammotropin from the placenta (Encyclopaedia Britannica 2018). Figl
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Figure 1: Mammary gland anatomy

Adapted from austincc.edu
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4) Breast cancer different classifications:

a) Histological classification:

Breast cancer was initially histologically divided into several subtypes based on its
invasive or not growth features, namely in situ carcinoma and invasive (infiltrating)
carcinoma. The carcinomas can be further divided into ductal or lobular depending on its
origin, if it rises from the inner wall of the mammary ducts or the mammary glands
respectively (Malhotra et al.,2010). The ductal carcinoma in situ (DCIS), being more
common than the lobular carcinoma in situ (LCIS), can be further sub-classified into five
subtypes: Comedo, Cribiform, Micropapillary, Papillary and Solid. The invasive
carcinoma can also be divided into several subtypes such as: infiltrating ductal, invasive
lobular, ductal/lobular, mucinous (colloid), and tubular, medullary and papillary
carcinomas (Malhotra et al.,2010). With the infiltrating ductal carcinoma (IDC) being
the most common subtype accounting for 70-80% of all invasive lesions (Li et
al.,2005). IDC is further sub-classified as either well-differentiated (grade 1), moderately
differentiated (grade 2) or poorly differentiated (grade 3) (Lester et al.,2009). Fig 2

Breast Cancer |
In Situ Carcinoma [ Invasive (infiltrating) Carcinoma ]
/\ P // P
Tubular Infiltrating
Ductal Lobular Ductal
B =
/ Du$ /

Lobul Medullary
ar A v S
Comedo Solid Low Invasive Mucinous
histological Lobular_~/"Infiltrating )\ {colloid!
Ductal

Cribiform variation

Papillary
Micropapilary Weil Poorly
Differentiated Differentiated

Moderately
Differentiated

Figure 2: Histological classification of breast cancer
Adapted from Malhotra et al., 2010
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b) TNM classification:

Due to the complexity of the previous histological classification and to make it easier for
doctors to identify the stage of breast cancer, the American Joint Committee on Cancer
(AJCC) created a new classification or staging system called TNM. TNM stands for
Tumour, Node, Metastasis. Tumour (T) describes the size of the tumour (area of cancer),
node (N) describes whether the cancer has spread to the lymph nodes, Metastasis (M)
describes whether the cancer has spread to a different part of the body (4dmerican Cancer

Society 2019). Table 1

26



Primary Tumor (T)

Histological Characteristics

Tx Primary tumor can’t be assessed

TO Primary tumor not clear or evident

Tis Carcinoma in situ: invasion of lamina
propria

T1 Tumor invades submucosa (still less than
2cm size)

Timic T1 with less than 1mm microinvasion

T2 Tumor invades muscularis propria (size
between 2 and 5cm)

T3 Tumor invades into subserosa or non
peritonealized pericolic or perirectal
tissues (size more than 5cm)

T4 Tumor perforates visceral peritoneum and
invades other organs

Regional Lymph Node (N) degree of invasion

Nx Regional lymph node invasion can’t be
assessed

NO Absence of regional lymph node invasion

N1mi Presence of micro metastases (less than
2mm)

N1 Metastases to 1 to 3 regional lymph nodes

N2 Metastases to 4 or more regional lymph
nodes

N3 Metastases to at least 10 regional lymph
nodes

Distant metastases (M) Absence or presence of metastasis

Mx Distant metastasis can’t be assessed

MO No distant metastasis

M1 Distant metastases

Extent of resection (R) Absence or presence of residual
tumor

Rx Presence of residual tumor can’t be
assessed

RO No residual tumor

R1 Microscopic residual tumor

R2 Macroscopic residual tumor

Table 1: TNM classification
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¢) SBR classification:

SBR (Scarff-Bloom-Richardson) classification is based on the histological and
cytological characteristics of a tumor in which tumors are graded by adding up scores
for tubule formation (percent of the tumor forms normal duct structures) nuclear
pleomorphism (irregular breast duct epithelial cells) and mitotic count (the number of
dividing cells seen in 10x high power microscope field), each of which is given 1 to 3
points. The scores for each of these three criteria are then added together to give
an overall final score and corresponding grades (Bloom & Richardson 1975) (Genestie

etal.,1998). Table 2

Characteristics

Majority or tumoral cells (>75%) 1
Moderate (10-75%) 2
Rare or absence of tubules (<10%) | 3

Normal cell size and shape, small 1
nucleus

Average increase in nuclear size 2
Important increase in nuclear size | 3
and form

0-5 (histo) or 0-1 (cyto) 1
6-10 (histo) or 2-4 (cyto) 2
>11 (histo) or >5 (cyto) 3

Grade 1: cells well differentiated 3-5

Grade 2: cells moderately 6-7
differentiated
Grade 3: cells with little or no 8-9

differentiation

Table 2: SBR classification
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d) Molecular classification:

More recently in attempts to better reflect the genetic heterogeneity of breast cancer and

improve prediction of tumor behavior and therapy, classification into molecular subtypes

depending on molecular markers such as the estrogen receptor (ER), progesterone

receptor (PR), and human epidermal growth factor receptor 2 HER2 was purposed to

facilitate diagnosis and treatment, though it should still be used in association with on

other characteristics such as the tumor size, grade, and lymph node invasion (Makki et

al.,2015) (Perou et al.,2000).

There are four main molecular subtypes:

ii.

iii.

1v.

Luminal A: is ER positive and or PR positive, HER2 negative and Ki 67 low,
causing it to grow slowly and have a significantly good prognosis, being
vulnerable to hormone therapy. About 50% of the diagnosed breast cancers are

luminal A (Rosai 2011).
Luminal B: is ER positive and or PR positive, either HER2 positive or negative,
and Ki67 high, having a worse prognosis than luminal A type and variable

response to endocrine and chemotherapy (Rosai 2011).

HER2 enriched: is ER and PR negative, HER 2 positive (amplification

mutations in the coding region of HER2 gene), high Ki-67 expression
and common 7P53 mutations. They are more aggressive than luminal subtypes

but have good response to the therapies that target HER2 receptor (Rosai 2011).

Triple negative / basal-like: characterized by molecular expression of basal
cytokeratines like (CK5,6,14,17) and/or EGFR positive, ER negative, PR
negative, HER2 negative, high Ki-67 and 7P53 mutation. This type has the

worst prognosis and frequently seen in BRAC1 mutated patients. It has no

response to endocrine therapy or trastuzumab but appears to be sensitive to
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special kinds of chemotherapy (platinum-based) (Rosai 2011) (Shawarby et
al.,2013).

Recently, due to the heterogeneity found among this group of tumors, attempts
have made to divide it into seven subtypes: basal-like 1 (BL1), basal-like 2
(BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal-stem-like
(MSL), luminal androgen receptor (LAR), and an unstable cluster (UNS). The
Androgen Receptor (LAR) subtype display a luminal phenotype, characterized
by high expression of Androgen receptor (AR) and luminal lineage-driving
transcription factors (MDAMBA453 cell line) (Collins et al.,2011) (Lehmann et
al,2011). Fig 3

Luminal A Luminal B HER2+ -I
ER/PR HER2 |

Good prognosis
Chemo/radio

Endocrine
therapy
rastzumab /

Figure 3: Molecular classification of breast cancer and their characteristics
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5) Brief overview of molecular mechanisms underlying different subtypes of
sporadic BC:

Breast cancer development is a multi-step process that occurs over an extended period of time,
arising from early pre-invasive lesions to invasive metastatic carcinomas. However, not all
subtypes present the same malignant phenotypes, such as self-sufficiency in growth signaling,
resistance to apoptosis, invasion, and metastasis and abnormal angiogenesis, meaning that the
molecular mechanisms behind these phenotypes could vary according to the subtype.
Generally, alterations in signal transduction pathways for mitogenic signals, cell cycle control,
DNA repair and epigenetic gene expression modification systems happen in all subtypes but
not in the same variation. For example, among the TNBCs, different patterns of molecular
alterations exist in terms of RNA expression, somatic mutations and copy number variations,
which tend to cluster in genes implicated in specific pathways. The BL1 subtype shows high
levels of DNA-damage response and cell-cycle regulation genes like TP53 mutations (highest
rate 92%), high gain/amplifications of MYC, CDK6, or CCNEI1 and deletions in BRCA2,
PTEN, MDM?2, and RB1 (Bareche Y et al., 2018); the BL2 subtype possess enriched growth
factor signaling and strong metabolic activity and displays a highly proliferative phenotype.
JAK/STAT, TNF and NFkB genes that are involved immune cell and cytokine signaling are
highly expressed in the IM subtype. Mesenchymal-like TNBC subtypes, M and MSL, display
similar expression profiles with the previous subtypes with a unique enrichment in MSL of
angiogenesis- and stem cell-associated genes, and low claudin expression. As for the LAR
subtype, they display a luminal pattern of gene expression like high levels of FOXA1, GATA3,
SPDEF, and XBP1 with elevated mRNA and protein levels of androgen receptor (AR),
overlapping in 82% of cases with luminal-A— or luminal-B—intrinsic subtypes. As a result,
LAR tumors display high number of mutations in PIK3CA, KMT2C, CDH1, NF1, and AKTI
(Bareche Y et al., 2018). Studies on HER2+ BC showed in addition to HER2 (also called
EGFR2 or ERBB2) mutations, mutations in TP53, PIK3CA, MLL3, MT-ND2, FAT2, NF1 and
GATA3 genes (Zongbi et al.,2020) (Lesurf et al.,2017). Multiple signaling pathways are also
enriched such as: cell cycle, PI3K-Akt signaling, p53 signaling, Wnt signaling, focal adhesion,
TGF-beta signaling, ErbB signaling, and immune function (Lesurf et al.,2017). In another
study conducted on Chinese HER2+ breast cancers, they also showed high number of
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IL.

1Y)

mutations in CDK12 in addition to TP53(highest) and PI3KCA (Li et al.,2020). As for ER+

BCs molecular mechanisms will be discussed in detail in part III, 5.

ERa: functions and role in breast cancer

Generalities:

Estrogens are steroid hormones that are derived from cholesterol and exist as estrone, estradiol
(E2), and estriol.17B-Estradiol, however, is the most dominant estrogen hormone in the
circulation and plays an important role in different tissues like the cardiovascular,
musculoskeletal, immune, and central nervous system in addition to its main role in the
development and maintenance of reproductive system. Estradiol can also contribute to the
initiation and development of target tissue malignancies like breast cancer (Gruber et al.,2002)

(Nelson et al.,2001).

The effects of E2 are mediated by the estrogen receptors ERa and ERP (Evans et al.,1988)
(Ribeiro et al.,1995) which are nuclear receptors that act as transcription factors capable of
promoting the transcription of hundreds of target genes, especially those associated with cell
differentiation, proliferation and survival (Kos et al.,2001) (Harris et al.,2007). Studies over
the years have showed that while ERf plays a minor role in the uterus, mammary glands,
pituitary gland, skeletal muscle, adipose tissue, and bone, it was found to be critical in
mediating E2 signaling in the ovary, prostate, lung, cardiovascular and central nervous systems
(Harris et al.,2007) (Hamilton et al.,2014) (Hewitt et al.,2014) (Deroo & Buensuceso 2010).
Although significant progress has been made towards understanding the mechanism of ER[}
signaling in response to E2, ERf's actions and exact physiological role remain not clear due to
limitations of studies (Deroo & Buensuceso 2010) (Hamilton et al.,2014) (Haldosén et al.,
2014) (Marino et al., 2006). In other words, current knowledge indicates that ERa
predominates ER3 actions in most tissues and is widely studied in the malignancies of these

tissues like mammary gland tumors. ERa and ERJ though encoded by different genes on
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different chromosomes, share high sequence homology and structural similarities (Marino et

al., 2006) (Green et al., 1986).

2) ERa (from gene and protein to transduction pathway)

a)

b)

Structure of the ESRI gene

The complete complementary DNA of the estrogen receptor (ERa ¢cDNA) was first
cloned and sequenced in 1986 (Green et al., 1986). The gene coding for ERa, ESRI, is
of 140 kb in size, localized on chromosome 6q25.1 and composed of 8 exons.
Comparative analysis of the gene between species showed that gene structure is highly
conserved (Koike et al.,1987). In breast cancer, studies using exome sequencing have
shown that the mutations in ESR/ gene were more chromosomal amplification than point

mutations (Vincent-Salomon et al.,2008)(Stephens et al., 2012).

ERao structure and localization:

ERa consists of 595 amino acids, composed of two domains of functional activity AF1
& AF?2 located in the N-terminal domain (NTD) and C-terminal Ligand binding domain
(LBD) respectively. These 2 domains are separated by a connecting DNA binding
domain (DBD) and work together to mediate the transcriptional activity of the protein.
The NTD or AF1(A/B) domain is involved in both inter-molecular and intra-molecular
interactions as well as in the activation of gene transcription in a ligand independent
manner, opposite to the LBD or AF2 (E/F) domain which requires the binding of a ligand
(Kumar et al.,2011). LBD domain also allows ERa to dimerize and to bind to the specific
ERE sequence situated on the promoters of its target genes (Klinge et al.,2001). The
estrogen receptor includes 2 more domains: the centrally situated hinge domain (D
region) that has a role in receptor dimerization and in binding to chaperone heat-shock
proteins (Hsp), containing a nuclear localization signal (NLS) that guides the estrogen-
ERo homodimer transfer from the cytoplasm to the nucleus, and the C-terminal F domain

where the ERa transcriptional activity could be modulated (Kumar et al.,2011). As all
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nuclear receptors, ERa is mainly found in the nucleus with and without a ligand (Monje
et al.,2001) (Kocanova et al.,2010). However, in the recent years, ERa and its several

isoforms have been found to play a certain role in the cytoplasm (Thomas&Gutafsson

2015). Fig 4

ERo isoforms:

ERa isoforms exist due to several splice variants in both normal mammary tissues and
breast cancer (Taylor et al.,2010) (Leygue et al.,1996) (Pfeffer et al.,1995). However, the
levels of expression of these variants are lower in normal than in tumor tissue and
increase with breast tumor progression, likely involved in the shift from hormone
dependence to independence in breast cancer (Leygue et al.,1996). Alternative
splicing of pre-mRNA being the most occurring event, as most ESR/ splice variants are
of the exon skipping variety (Hirata et al.,2003) (Poola et al.,2000). Other methods of
splice variant generation include exon duplication (Pink et al.,1996) (Murphy et
al.,1996) and insertion of additional coding material (Hirata et al.,2002). In addition,
different tissues can utilize different upstream promoters and so form pre-mRNA with a
variable length non-coding 5' untranslated region, also some somatic mutations lead to
altered stop codons and/or inclusion of intronic material (Flouriot et al.,1998) (Weickert
et al,,2008). There are many names and terms to classify the splice variants: the most
frequently used system, with exon deletions numbered and prefixed by a delta (A)
sign, e.g., ERaAS5, ERoaA7. Partial exon deletions are denoted by a preceding
Asterix, e.g., ERaA4*7*8, has a full deletion of exon 4 and partial deletions of exons 7
and 8 (Taylor et al.,2010). Perhaps the most simple nomenclature is ERa splice variant
proteins named after their size. ERa 36, a 36 kDa protein, that lacks both transcriptional
activation domains (AF-1 and AF-2) but it retains the DNA-binding domain, and
partial dimerization and ligand-binding domains of hER-066 (total ERa), and is
localized in both plasma membrane and cytoplasm where it mediates non-genomic ERa
signaling in the presence( since it retains its ability to bind E2) and absence of ligand
(Wang et al.,2006) (Omarjee et al.,2017) increasing the aggressiveness and the anti-
estrogen resistance in breast cancer cells (Chaudhri et al.,2012) (Deng, et al.,2014). ERa-
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46, a 46 kDa protein, that lacks only the AF-1 domain (Flouriot et al.,2000) and is
membranously localized such that it mediates the membrane-associated estrogen
signaling and estrogen-dependent growth of breast cancer cells (Marquez & Pietras

2001). Fig 4

TAG
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Figure 4: Schematic representation of ESRI gene and ERa and its isoforms: (A) ESR/ structure
composed of 8 exons (grey boxes) separated by introns (black lines), the vertical lines show the coding
sequences leading to the functional domains of ERa protein. (B) Different ERa domains, A/B region
composing the AF1 domain, C region or DNA binding domain, D region which serves as hinge region, and
region E which forms the AF2 domain. Underneath are the 2 ERa isoforms showing the missing regions

compared to thefull-length ERa.
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d) ERa function and targets:

A. ERa signaling pathways:

ii.

Direct ligand-dependent genomic pathway of ERa:

The genomic or “classical” estrogen mediated ERa signaling pathway starts
when estradiol binds the LBD of ERa in the cytoplasm, causing it to dissociate
from the chaperone protein Hsp90 (heat-shock protein 90), dimerize, and
translocate to the nucleus where it binds, via DBD, to the estrogen responsive
elements (ERE) sequences situated on the promoters of its target genes (Klinge
et al.,2001). Bound to ERE, ERa can then activate or repress gene expression
by recruiting coactivators or corepressors like transcription factors and histone
modifiers (Thomas&Gutafsson 2015). Genome-wide studies have identified
that ERE are usually located near mRNA transcriptional start sites and share a
high degree of similarity in sequence that can alter the affinity of the receptor
to bind DNA. Other studies have also shown that ERa can also bind the
upstream enhancer (distal) part of the regulatory sequences of its target genes

(Carol et al.,2006). Fig §

ERE independent or indirect genomic pathway of ERa:

ERa is also capable of regulating several genes that do not contain ERE in their
promoters (35% of estrogen target genes lack ERE-like sequences) by
interacting with other transcription factors and their response elements
(Marino et al.,2006) (Aranda & Pascual 2001) (Gottlicher et al., 1998), like
SP-1 (Saville et al.,2000), NF-kB (Biswas et al.,2005), c-Jun/Fos (AP1) sites
(Kushner et al.,2000), STATS (Fox et al.,2009) and others. This mechanism is
known as the indirect genomic signaling or transcriptional crosstalk that allows

ERa to regulate a wide number of genes. Fig 5
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1il.

1v.

Ligand independent genomic pathway of ERa::

Interestingly, ERa can also be activated in the absence of estrogen or other
agonists, through its phosphorylation on specific residues (serine, tyrosine) by
several protein kinases (PKA, PKC), growth factors (IGF, EGF), cell cycle
regulators, and others (Thomas & Gustafsson 2015) (Nilsson et al.,2001). Fig
5

Non genomic pathway:

A non-genomic pathway of estrogen signaling was discovered, owing to the
observation of a quick response to estrogen treatment, as fast as 15 seconds
compared to what was usually known of a 2-hour time lag after the treatment.
This observation showed that the nuclear receptor ERa could also be found in
the plasma membrane (Pedram et al.,2006) and interfere in cytosol signaling
pathways such as phospholipase C (PLC)/protein kinase C (PKCs),
Ras/Raf/MAPK, phosphatidyl inositol 3 kinase (PI3K)/AKT, and cAMP/
protein kinase A (PKA) (Marino et al.,2006). Additionally, a membrane bound
G protein-coupled estrogen receptor 1 (GPER1) was discovered which
promotes estrogen-dependent activation of adenylyl cyclase and epidermal
growth factor receptor (EGFR) (Yu et al.,2018). Moreover, several ERa
isoforms, like ERa36 and ERa 46, are also found in the plasma membrane of
several breast cancer cell lines (Omarjee et al.,2017) (Li et al.,2003). These
isoforms are capable of activating proliferative and anti-apoptic pathways like
Src, PI3K/AKT, MAPK/ERK pathways in response to estrogen and sometimes
without (in case of ERa 36) (Kim& Bender 2009) (Rao et al.,2011). Fig §
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Figure 5: ERa signaling pathways: A: Classical ligand-dependent genomic pathway, B: Non-
classical ERE independent genomic pathway, C: Ligand independent genomic pathway, D: Non

genomic pathway.

38



Hormonotherapy: ERa targeting in breast cancer treatment

Breast cancer treatments usually include surgery, radiotherapy, chemotherapy, and
endocrine or hormonotherapy. ER+ breast cancer types are the most benefited from
the latter, because they depend on ERa signaling for survival as it regulates several
genes required for proliferation and metastasis. Different types of endocrine
therapies exist that can block ERa’s actions at different levels. Selective estrogen
receptor modulators (SERM) have been used for over than 30 years now and have
shown great efficiency in treating ER+ breast cancer in premenopausal women.
Unlike aromatase inhibitors that block the synthesis of estrogen from testosterone,
SERMs’ mechanism of action involves blocking the ER action in the cancer cells by
binding, instead of estrogen, to the receptor, SERMs have proven their efficiency in
treating postmenopausal women. (Maximove et al.,2013) (Ma et al., 2015). Cells in
other tissues in the body, such as bones, liver and the uterus, also have estrogen
receptors but the structure of estrogen receptor slightly varies depending on cell
type, so the advantage of SERMs compared to aromatase inhibitors is their
selectivity which allows them to differentiate the estrogen receptors in breast cells
from that of the bone and other tissues increasing the efficiency of the treatment and
minimizing the side effects. Three SERMs exist: tamoxifen, raloxifene (Evista),
toremifene (Fareston). Tamoxifen being the most commonly used SERM that exist
in pill form under the brand name “Nolvadex “and in liquid form under the brand
name “Soltamox” (Clemons et al.,2002). Recently and due to the acquired resistance
to the previous endocrine treatments, a third type of therapy was discovered and
named as the selective estrogen receptor downregulators (SERD) or anti-estrogens
that blocks and damages estrogen receptors by decreasing their expression and
activity. Fulvestrant (Faslodex) is the drug of use and is currently approved only for

use in post-menopausal women (McDonnell et al.,2015). Fig 6

39



s,

A
o]
=

=
=3
=
=
=
=
=
=
=
=
=
=
=

Anti-aromatase

£
1]
3
Q
£
O

c
(]
7]
(7]
(]
-
3
]

Nucleus

f action

isms o

mechan

Hormonotherapy:

Figure 6

=Fulvestrant

Fulv

Tamoxifen ;

Tam=

40



C. ERo function in normal cells:

Estrogens, through the ERa signaling pathway, play important developmental and
physiological and pathological roles both in the normal and tumor development.
Studies from animals and humans have demonstrated that ERa is essential for the
normal development of female reproductive tract, like the uterus and the ovaries, as
well as the proliferation and differentiation of the mammary gland (Korarch et
al.,2003). These studies have further showed that ERa is also important for male
fertility and is implicated in other non-reproductive organs such as regulation of the
neuroendocrine and cardiovascular systems and bone metabolism (Korarch et
al.,2003) (Lin et al.,2004). Over the last decade, the research focus has been being
mainly on the role of ERa in breast cancer initiation, progression, and response to

treatment (A/i et al.,2000) (Persson 1. 2000).

D. ERa and its target genes’ functions in breast cancer:

There are thousands of ERa target genes. One of the earliest ERa identified target
genes was pS2/TFF1 (Brown et al.,1984) (Jakowlew et al.,1984) followed by many
genes that were discovered by monitoring the global expression changes upon
estradiol induction by SAGE or microarray strategies in BC cells (Charpentier et
al.,2000) (Cunliffe et