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ABSTRACT

Breast cancer (BC) is the most common type of cancer in females worldwide. It is also
the second leading cause of death in women. BC is covered with heterogeneity
properties, that leads to poor prognosis and therapeutic resistance. It has always been
essential to unveil the different molecular mechanisms involved in BC cancer
progression, finding a suitable treatment for the patients. This thesis focuses on
unwrapping the various molecular mechanisms involved in HER2+ BC subtypes, as this
denotes an aggressive phenotype among other subtypes of BC. Downregulation of miR-
33b has been documented in many types of cancers and involves proliferation,
migration, and epithelial-mesenchymal transition (EMT). Furthermore, enhancer zeste
homolog 2-gene (EZH2) is a master regulator of controlling the stem cell differentiation
and cell proliferation processes. The implication of miR-33b in the EMT pathway and
analyze the role of EZH2 in this process and interaction between them is one of the
main spotlights of the thesis. miR-33b is downregulated in HER2+ BC cells vs healthy
controls, where EZH2 has an opposite expression in vitro and patients’ samples. The
upregulation of miR-33b suppressed proliferation, induced apoptosis, reduced invasion,
migration and regulated EMT by an increase of E-cadherin and a decrease of 3-catenin
and vimentin. The silencing of EZH2 mimicked the impact of miR-33b overexpression.
Furthermore, the inhibition of miR-33b induces cell proliferation, invasion, migration,
EMT, and EZH2 expression in non-tumorigenic cells. Notably, the Kaplan—Meier
analysis showed a significant association between high miR-33b expression and better
overall survival. These results suggest miR-33b as a suppressive miRNA that could
inhibit tumour metastasis and invasion in HER2+ BC partly by impeding EMT through
the MYC-EZH2 loop's repression. On the other hand, treatment for the HER2+ BC
subtype is minimal. Trastuzumab is a monoclonal antibody, regularly used for the
treatment of this specific subtype of BC. Although trastuzumab is currently considered
one of the most effective oncology treatments, a significant number of patients with
HER2-overexpressing breast cancer do not benefit from it. The other part of the thesis
focuses on finding a novel molecular mechanism of one transcription factor (TF), Sal-
like protein 4 (SALLA4), a critical regulator of cancer aggressiveness and resistance
treatment. HER2+ BC cells with acquired resistance to trastuzumab express a higher
level of SALL4 as compared to the wild type cells. Gain and loss function experiments

showed that less SALL4 expression conducted the restoration of the trastuzumab
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sensitivity significantly; however, the transient overexpression of SALL4 in parental
cell lines induced high proliferation of the cells, resulting of the reduction of
trastuzumab efficacy. Furthermore, SALL4 expression regulates the PI3K/AKT
pathway, through controlling of PTEN expression. Moreover, AKT phosphorylation
activated many downstream targets, such as BCL2, resulting in increased cell survival
and proliferation. It has been observed that SALL4 expression regulates EMT pathway
via controlling the MYC expression. SALL4 showed a physical interaction with
RBBP4, a NURD complex member, and regulates the downstream proteins such as
PTEN and BCL2. This interaction also helps cells to be escaped from the trastuzumab
treatment and therefore, targeting the SALL4-NuRD pathway in HER2+ BC, mostly in
acquired resistance cell lines would be a promising therapeutic approach and better
treatment for this specific type of cancer in future. SALL4 also predicted as a prognostic
factor in all subtypes of BC through KM plotter. This study provides a viable molecular
mechanism-drive therapeutic strategy for the significant subset of patients with HER2+
BC whose malignancies are driven by SALL4 expression.
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1.1 INTRODUCTION
1.1.1  Origin of Cancer and BC

Cancer occurrence has been noted throughout history as far back as 3000 BChr (before
Christ). It is not a modern malady. Fossilized bone and Egyptian mummies have shown
the first evidence of tumour; even though the word cancer was not derived during those
periods®. The origin of word cancer is designated by Greek physician Hippocrates (460-
370 BChr) who was considered the father of Medicine. He used the term karkinos and
karcinoma to describe non-ulcer and ulcer forming tumours?. A crab chased those words
because of its finger-like spreading anatomy, which can be related to the complex form
of tumour®. Afterwards, the Roman physician Cornelius Celsus translated the Greek
term Karkinos to the Latin word for crab, called Cancer®, during (25 BChr-Anno
Domini (AD) 50). Eventually, the term cancer became well recognizable in the field of
Medicine. Around 200AD one of the Greek physicians named Galen had applied this
term to medicine field using a word called “Onkos” which later on was adopted as the
root of word “Oncology” the most popular used phrase in the field of disease and
Medicine in today”s world®.

The International Agency for Research on Cancer (IARC) predicted in 2020, that one
in five men and one in six women worldwide have cancer throughout their lives and that
one in eight males and one in eleven females die from the disease®. In developing
countries, cancer is the second cause of death, and in developed countries, it is the first
cause of death. The constant increase in cancer burden is due to smoking, pollution,
sedentary lifestyle, and western food and population aging’. Lung and BC are the
world's leading types in terms of the number of new cases; in 2018, approximately 2.1
million diagnoses are estimated for each of these types, contributing about 11.6% of the
total incidence burden of cancer. Out of the 26 different types of cancers, BC is one of
the most commonly diagnosed cancers in women worldwide. There were 268,600 new
cases in 2019, according to the World Cancer Research Fund International®. Current
treatment therapy and different molecular approaches towards developing new

strategies for treating this disease have become the most challenging subject.

Breast carcinoma is the most advanced disease among women in world wide. It is not a
single disease, which comprises only a single treatment. Instead, it is a heterogeneous

disease that implies many biological entities with distinct pathological features and
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diverse clinical implications. Figure 1 shows the evolution of BC elaborately from 3000

Before Common Era (BCE) to 2016.
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Figure 1: Timeline: The evolution of BC: 3000 BCE to 2016: The sceptical description of BC's

evaluation process.

In Medicine, BC is earliest diagnosed cancer, written in Edwin Smith Papyrus during
3000 BCE!. Throughout the ages, nobody has been sure what causes BC. Research
continues today. For quite a long time to follow, speculations by Hippocrates (460 BCE)
and Galen (200 Common Era (CE)), crediting the reason for BC to an “excess of black
bile” and treatment choices including the utilization of opium and castor oil, prevailed®.
After discovering the lymphatic system by Olof Rudbeck of Sweden in 1652, René
Descartes (1596-1650) proposed the lymphatic theory for BC's origin, which
contradicted the prevailing humoral explanation (Galen Theory)°. 19th century marked
the major advances in human pathology and safety during surgery and progress in
oncology. In 1838, German pathologist Johannes Muller (1801-1858) suggested that
cancer cells evolved from the blastema between the normal tissues and not from the
lymphatic system, and later Rudolph Virchow (1821-1902) demonstrated that tumours

were composed of cellst. In 1909 Danish botanist Wilhelm Johannsen coined the word
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"gene", since then the scientists started to dig the molecular mechanisms that underlying

in evolve of the BC, which still remains unclear.

1.1.2 Histological classifications of BC subtypes:

BC's distinctive histological characteristics fascinate pathologists, distinguishing
particular morphological and cytological trends consistently correlated with clinical
outcomes. However, BC can be broadly categorized into in situ carcinoma and invasive
(infiltrating) carcinoma, as shown in Figure 2. In situ carcinoma is a group of abnormal
cells found only in the originated place of the tumour. These abnormal cells can become
cancerous and spread to normal tissue nearby. Further, it is sub-classified as either
ductal or lobular depending upon their growth pattern. Ductal carcinoma in situ (DCIS)
is significantly more normal than lobular carcinoma in situ (LCIS). DCIS has

commonly been subclassified according to the tumour’s architectural characteristics,

resulting in five well-recognized subtypes: Comedo, Cribiform, Micropapillary,

=

Papillary and Solid

Figure 2: Histological classification of BC: The schematic representation of the various sections under

the BC histological classification.

On the other hand, invasive carcinomas are a heterogeneous group of tumours
differentiated into histological subtypes. The major invasive tumour types include
infiltrating ductal, invasive lobular, ductal/lobular, mucinous (colloid), tubular,
medullary and papillary carcinomas. Among them, infiltrating ductal carcinoma (IDC)

is, by far, the most common subtype accounting for 70-80% of all invasive lesions®.
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IDC is further sub-classified into three categories, comprising well-differentiated (grade
1), moderately differentiated (grade 2) and poorly differentiated (grade 3). These
classifications are based on the levels of nuclear pleomorphism, glandular/tubule
formation and mitotic index*3. This classification scheme has been a valuable tool for
several decades; it relies solely on histology without utilizing newer molecular markers

with a proven prognostic significance.

1.1.3 Molecular classifications of BC subtypes

Perou and Sorlie proposed “Molecular Classification” terminology in BC for the first
time with a comprehensive study showing the differences in gene expression in 2000,
The studies have identified several intrinsic molecular subtypes of BC and classified as:
“Luminal subtype A and Luminal subtype B, HER2+, basal-like, normal breast-like and
claudin-low®® (Figure 3). Different molecular subtypes of BC emphasized biological
heterogeneity of the disease, which has been histopathologically defined by the
pathologist for long time®. Notably, molecular classification had a significantly
improved ability to predict relapse risk compared to a model utilizing only clinical

variables (tumour size, node status and histologic grade)®’.

Luminal B
ER" and/or
PR*

HER2 *"
Molecular Ki-67 bigt

subtypes
of Breast
cancer

HER2*
ER
PR
HER2"hieh

Figure 3: Molecular classification of BC: These schematic classifications are purely based on the
intrinsic molecular subtypes of breast cancer, identified by microarray analysis of tumour patients’

samples.
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1.1.4 Risk factors of BC

The “established” risk factors for BC are female sexual orientation, age, benign breast
disease, hereditary factors, early age at menarche, late age at menopause, late age at to
begin with a full-term pregnancy, post-menopausal corpulence, low physical activity,

race/ethnicity and high-dose exposure to ionizing radiation early in life.

The “speculated” risk factors for BC including never being pregnant, having only one
pregnancy in a lifetime, not breastfeeding after pregnancy, utilize of postmenopausal
hormone (estrogen/progesterone) substitution treatment, use of oral contraceptives,
certain specific dietary practices (high intake of fat and low intakes of fibres, fruits, and
vegetables, low intake of phytoestrogens), alcohol consumption, tobacco smoking, and
abortion'®, About 5-10% of BCs are hereditary. Germline mutations cause most
inherited cases of BC in the BRCAL and BRCA2 genes. These two genes are mostly
involved in cell growth, cell division, and DNA damage repair. Mutations in the BRCA
genes results in unrepaired DNA damage, which increases the chance to develop certain
types of cancer. In general, people with BRCA 1 mutation have an increased risk of BC
at an early age, promoting BC in both breasts, or developing more than one type of
cancer in their lifetime!®. Although men can and do develop BC, the disease is 100
times more likely to occur in a woman than in a man as women have much more breast

tissue than men do.

1.1.5 Signs and symptoms of BC

Early stages of BC are generally asymptomatic As the tumour stage advances at least
one of these clinical signs and manifestations emerge:: new lump in the breast or
underarm, thickening or swelling of part of the breast, irritation or dimpling of breast
skin, redness or flaky skin in the nipple area or the breast, pulling in of the nipple or
pain in the nipple area, nipple discharge other than breast milk; including blood, any

change in the size or the shape of the breast or discomfort in any area of the breast®°.

1.1.6 Diagnosis of BC

Diagnosis of BC is based on the clinical, radiological and pathological examinations.
Clinical examination includes bi-manual palpation of the breasts and local-regional
lymph node. Radiological examinations include bilateral mammography of the breasts

and ultrasound of the breasts and local-regional lymph node. Pathological diagnosis is
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based on a breast biopsy (core needle biopsy/ fine needle aspiration) obtained manually
or by ultrasound guidance. The final pathological diagnosis gives information on the
tumour type, the TNM staging, Nottingham classification, hormone receptor status, etc.,

all of which are vital for designing the treatment regimen.

Few other tests performed post confirmation of BC include chest X-ray (to detect any
metastasis to lungs), bone scan (to provide information on bone involvement), MRI (to
detect any metastasis to the brain) and blood tests (to plan surgery and adjuvant
therapy). Also, genetic analysis methods such as Prediction Analysis of Microarray 50
(PAM 50 test) and MammaPrint test of the tumour give insight into the interplay of
genes and enable dividing the tumours into good prognostic and deficient prognostic

tumours for enabling individualized treatment.

1.1.7 Treatment modalities for BC

Treatment options for BC usually depend on the following key criteria‘s: tumour type,
tumour  size, resectable/unresectable  tumour, hormone receptor status,
symptomatic/asymptomatic  metastasis,  solitary/multiple  metastases, pre/post-
menopausal status, hereditary cancer involving BRCA gene mutations and any other

medical conditions?Z.

However, treatment within BC subtypes greatly simplifies therapy indications, since the
subtypes themselves incorporate the risk and predictive factors. A broad
recommendation for systemic treatment of various subtypes is: FDA approved
endocrine therapy alone or chemo-endocrine therapy or anti-HER2 therapy for patients
clinicopathologically classified as “Luminal A” or “Luminal B” or “Triple-negative”
respectively, and sole reliance on standard chemotherapy along with antibody therapy
for most patients classified as “HER2+72? thereby designating HER2+ cancer as an

aggressive subtype with lack of targeted therapeutic options and inferior prognosis®.

1.1.8 The invasion-metastasis cascade

A multi-step process forms metastasis. Cancer cells have acquired the ability to
disseminate from the primary tumour through breaking the basement membrane and
invade the nearby stroma is termed localized invasion. The step when cancer cells enter

the blood and lymphatic vessels are called intravasation. The migrating cells may die
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from anoikis, a form of apoptosis triggered by detachment from the extracellular matrix
(ECM). They can also survive for long periods and in some instances extravasate into
the surrounding tissue, leading to the formation of micrometastasis. If the foreign tissue
microenvironment is favourable, the cancer cells may begin to proliferate and form a
secondary tumour; a process termed colonization (Figure 4). Carcinomas are benign as
long as the tumour cells do not break through the basement membrane and they are in
the form of in situ carcinoma and malignant when they have acquired the ability to
metastasize which is the leading cause of death in cancer patients or resistance to
drugs®*. Understanding the biological mechanisms behind the formation of metastasis is
of utmost importance to prevent and eradicate the metastatic disease. In this thesis, one
of the most important mechanisms involved in the process of metastasis formation

named “Epithelial to Mesenchymal transition- EMT” is discussed in detail.

Figure 4: Schematic picture of cancer cell invasion and metastasis: 1. Normal epithelium. 2.
Carcinoma in situ, 3. Invasive carcinoma. 4. Intravasation. 5. Extravasation. 6. Micrometastasis. 7.

Colonization.

1.1.9 Role of EMT in BC

Clinical-histologic studies of basal-like BCs show most aggressive and deadly

phenotype characters, displaying a high metastatic ability associated with mesenchymal

29| Page



features®, which is one of the key processes of EMT pathway. It is a biological process.
Polarised epithelial cells undergo multiple biochemical changes such as loss of cellular
polarity, destabilization of cell-cell junctions, remodelling and replacement of
cytoskeletal components, to acquire the mesenchymal cell phenotype. This phenotype
of the cells enhanced migratory capacity, invasiveness, elevated resistance to apoptosis
and greatly increased ECM components®. Epithelial cell plasticity can generate distinct
cellular subpopulations that contribute to the intratumoral heterogeneity in BC. Early
studies verified that the BC cell lines with the increased invasiveness in vitro and
displaying metastatic potential in vivo exhibited the mesenchymal intermediate filament
protein and marker vimentin and less expression epithelial marker named E-cadherin®.
EMT processes can be induced by a plethora of signalling pathways such as
transforming growth factor-p (TGF-f), Wnt, Notch, tumour necrosis factor-a (TNF-
a/NF-kB) and P13K/AKT pathways. All the mentioned pathways have a direct and
indirect relation with ERBB family members?’. EMT process is also influenced by the
effects of tumour microenvironment such as hypoxia and differential expression of
microRNAs (miRNAs)?. Several transcription factors, including the twist, EF1/ZEB1,
SIP1/ZEB2, snail/slug family and E12/E47 function as master regulators of the EMT

program.

Apart from the signalling pathways and transcription factors, miRNAs are also a major
player in regulating EMT program. When the EMT program is induced, the expressions
of several miRNAs (miR-15b, miR-30a, miR-33b, miR-200 family and miR-205,) are
drastically reduced®®. MiR-200 family directly regulates ZEB1 and ZEB2 mRNA
expression, thereby increasing the E-cadherin expression leading to epithelial
phenotype?®. On the other hand, the miR-10b expression is increased during the EMT
process, induced by the twist and limiting the expression of HOXD10, which facilitates
BC cells' metastasis. TGFp upregulates other miRs such as miR-155, miR-29a, and
miR-21 induced EMT. Also, their expression levels are higher in mesenchymal-like cell
lines compared to epithelial-like cells?®. Overall, the differentially regulated miRs might
be critical for EMT and cancer metastasis. Finally, EMT can also be regulated at the
genetic and epigenetic level. For example, a gene mutation and hypermethylation at the

promoter region of E-cadherin can inactivate this gene.

Induction of EMT is closely associated with “stemness” in the development process and

carcinogenesis. During the gastrulation process, embryonic stem (ES) cells in the
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blastocyst's inner mass have an epithelial phenotype that ingresses to form the primary
mesoderm via induction of EMT process, illustrating the importance of EMT during the
embryonic development®®. EMT also regulates the stemness properties of the cells in
different types of cancers. Expression of snail and twist in mammary epithelial cells
induces EMT, leading to a CD24-/44+ phenotype associated with BC stem cells®.
TGFp signalling seems to be associated with EMT and cancer stem cells (CSC)
formation in cancer. Mammary CSCs express high amounts of TGFB1 and TBRII than
the more differentiated epithelial counterparts, and inhibiting TGFp signalling in CSCs
can re-establish the epithelial phenotype. Apart from TGFp signalling, Notch and Wnt
signalling also contribute to CSCs generation in colon and pancreatic cancers, which is
also known to induce EMT process®. Recently, a core EMT gene signature was
identified, and it correlated with claudin-low and metaplastic BC subtypes®. This
evidence suggests that induction of EMT and the gain of CSC-like properties are closely
linked, which may be crucial for metastasis. Changing phenotype from epithelial to the
mesenchymal state might be crucial for acquiring invasive abilities and survival benefits

during systemic circulation for metastatic seeding (Figure 5).

Furthermore, receptor tyrosine kinases (RTKSs) are associated with the chemoresistance
and correlated to CSC markers suggesting another crosslink in BC's heterogeneity. It is
believed that CSCs are the subset of the cell population retain in the tumour that is
resistant to drugs and possesses characteristic of stem cell. For instance, HER2, an RTK
responsible for tumour progression, metastasis and chemoresistance, is related to CSC
markers as ALDH1 and NOTCH1%*. In another study, it was found that HER2
overexpressed in MDA-MB-231 BC cells, co-operated with TGF-p to induce an
enhanced pro-invasion, angiogenesis, and EMT signature correlating HER2 over-
expression with EMT®, There are various signalling pathways other than stemness-
related developmentally conserved signalling pathways involved in the crosstalk
between HER2 and CSCs, leading to HER2 therapy resistance. The PI3K/AKT
signalling pathway plays an essential role in cancer progression, drug resistance and
EMT activation. Therefore, targeting one population in the tumour won’t eradicate
cancer; until the specific treatment, the regimen has not been developed to target the

tumour's root.
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Figure 5: Targeting the CSC/EMT signalling pathways in BC: The schematic representation showed the
involvement of different molecular pathways, which lead to activation of EMT and maintenance of stemness

markers, that helps BC progression.

1.1.10 Protein Kinases involved in BC

Human protein kinases (PK) constitute a large family of enzymes, known as the human
kinome, encoded by about 1.7% of all human genes®®. The kinase helps regulate its
target by covalently attaching a phosphate group known as phosphorylation of the
protein, which leads to regulating particular biological reaction. The kinase superfamily
has been classified into two main groups: Serine-Threonine Kkinases, which
phosphorylate serine or threonine amino acids, and Tyrosine kinases (TKs), which
phosphorylate tyrosine amino acids. A third group, consisting of dual-specificity protein
kinases has also been proposed, as they can phosphorylate both tyrosine and
serine/threonine residues®’. According to the literature, tyrosine kinases are the first
protein kinases to be identified. According to their location in the cell, tyrosine kinases

are classified into:

Transmembrane receptor kinases consist of a ligand-binding extracellular domain and a
catalytic intracellular kinase domain. Non-receptor tyrosine kinases, lacking the
transmembrane domains and located in the cytosol, nucleus, or the inner surface of

plasma membrane®8.
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BC emerges as a consequence of dysregulation of different signalling pathways in
mammary epithelial cells. Growth factors and chemokines activate various signalling
cascades which crosstalk in tumour microenvironment leading to cancer progression.
Hundreds of kinases play overlapping and intricate roles in cell transformation, tumour
initiation, survival and proliferation. However, to understand and discuss their
oncogenic undertakings; they can be vaguely categorized based on their cancer hallmark
roles. Cytoplasmic tyrosine kinases are critical conveyers of extracellular signals, and
mutations in these kinases have been reported to occur in various oncogenic conditions,

mostly in HER2 positive BC.

1.1.11 Receptor tyrosine kinase (RTKS)

The discovery of the first receptor tyrosine kinase (RTK) was more than a quarter of a
century ago. Many cell surface receptors have emerged as key regulators of critical
cellular processes, such as proliferation, differentiation, cell survival, metabolism, cell
migration and cell cycle control®. There are 58 known RTKs in humans and furthered
divided into 20 subfamilies*®. All RTKs share a similar protein structure comprised of
an extracellular ligand-binding domain, a single transmembrane helix, and an
intracellular region that contains a juxtamembrane regulatory region, a tyrosine kinase
domain (TKD) and a carboxyl (C) terminal tail*!. The role of the intracellular region is
catalyzing the gamma phosphate groups of ATPs transferring to tyrosine residues.
Phosphorylation activates the protein kinases (active form), then signal transduction
started*?. Deregulation of RTK signalling leads to many human diseases, especially
cancer. The advancement of the genomic era and the implementation of next-generation
sequencing (NGS) revealed several different types of alteration present in the genes
encoding RTKSs such as EGFR, HER2/ErbB2, MET, amongst many others*:,

1.1.12 RTKs families

As mentioned before, in cellular processes, the RTKs families include several families
of receptors (Figure 6).

1. Epidermal growth factor receptor (EGFR): This receptor family plays an
important role in regulating cell proliferation, survival, differentiation and

migration*,
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2. Insulin and Insulin-like receptor (IGFR): This receptor family has two
members: Insulin-like growth factor 1 receptor (IGF-1R) and insulin-like growth
factor 2 receptor (IGF-2R). IGF1R signal transduction causes the activation of
several intracellular signalling pathways, including MAPK and PI3K
pathways*®. IGF2R can induce activation of small G protein and its downstream
pathways?*®.

3. Anaplastic lymphoma kinase (ALK): This is a transmembrane RTK, initially
identified in the nucleophosmin (NPM)-ALK chimaera of anaplastic large cell
lymphoma, and has emerged as a novel tumourigenic player in several human
cancers®.

4. Platelet-derived growth factor receptors (PDGFR): These receptors family
belongs to class Il receptor tyrosine kinases. These receptors' activation is
associated with many human diseases such as cancer, fibrosis, neurological
conditions, and atherosclerosis®.

5. Vascular endothelial growth factor receptor (VEGFR): This family receptor
is mitogenic can regulate angiogenesis. They play an important role in mitosis
and chemotaxis in vascular endothelial cells*®.

6. Hepatocyte growth factor receptor (HGFR): This receptor is well known as
tyrosine-protein kinase Met or c-Met, encoded by the MET gene. It is
overexpressed in some cases of human leukaemia and lymphoma and implicated
in cellular proliferation, cell survival, cell invasion, cell motility, cancer
metastasis and angiogenesis*.

7. Fibroblast growth factor receptor (FGFR): The FGFR family is characterized
by four receptors, binding to 18 ligands called fibroblast growth factors (FGFs),
employing heparin as a co-factor®®. These receptors have pivotal roles in
embryogenesis and metabolism and play a critical role in developing the skeletal
system®2,

8. TAM family: TAM family which includes Tyro-3, Axl, and Mer; these three
receptors which share the vitamin K-dependent ligands Gas6 and Protein S.
They have a conserved sequence within the kinase domain and adhesion
molecule like extracellular domains signalling pathways employed by the TAM
family. It has been recently elucidated and shown to mediate diverse cellular
functions, including macrophage clearance of apoptotic cells, platelet

aggregation, and natural killer (NK) cell differentiation®®.
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Figure 6: Receptor Tyrosine Kinase Families®: Schematic representation of receptor tyrosine kinase
family involved in the regulation of biological properties.

1.1.13 ErbB/EGFR family

ErbB/HER family is well known as Type 1 RTKSs, comprises four proteins, which bind
growth factors of the EGF and Neuregulin families. The four ErbB/HER proteins are
crucial in normal cellular functions and key players in pathological processes, such as
malignant transformation. All the four proteins share a similar structure consisting of
three parts: an extracellular domain, transmembrane and an intracellular domain®. The
extracellular domain consists of 621 amino acids, which can bind to the corresponding
ligand; the transmembrane region contains 23 amino acid residues, which forms the
alpha helix hydrophobic domain, this region anchors the receptor to the cell
membrane®. The intracellular region carries 542 amino acid residues and contains three
sub-regions: Juxtamembrane region (JM), catalytic tyrosine kinase domain (TK) and
carboxyl-terminal region (CT). Multiple mechanisms underlay the driver or supportive
functions of ErbB/HER proteins in tumours, and they include receptor overexpression,
receptor’s point mutations, and internal deletions, as well as autocrine loops, meaning

that a cell initiates its own proliferation through ligand secretion.

35| Page



1.1.14 Family members

The epidermal growth factor RTK family consists of four members: EGFR (ErbB1,
HER1), ErbB2 (HER2, neu in rodents), ErbB3 (HER3) and ErbB4 (HER4) as shown in
(Figure 7).

1. EGFR (ErbB1, HER1): The human EGFR gene is located in chromosome 7.
The mRNA of EGFR consists of 28 exons and encodes 1186 amino acids®’. The
molecular weight of the EGFR protein is 170 kDa. It is mostly expressed in
cellular differentiation, and its structural alteration leads to tumorigenic
signalling pathways in different kinds of tumours. EGFR first need to
homodimerize, which occurs when it binds with its ligand®®. There are various
kinds of ligands; those activate EGFR in cellular processes, which are EGF,
TGFa, Neuregulin (NRG), heparin-binding epidermal growth factor (HB-EGF),
Amphiregulin (AREG), Epiregulin (EREG), betacellulin (BTC)®°, shown in
(Figure 7). Alteration of EGFR pathways can be due to following reasons:

a) EGFR can be activated independently of the presence of its ligand due to the
mutation in EGFR VIII. This mutation was observed in glioblastoma and
non-small cell lung cancer®.

b) Overexpression of its ligand, for example, some tumour cells can
overexpress Epidermal growth factor (EGF) or transform growth factor-
alpha (TGFa), which can modulate and activate the downstream of EGFR
signalling pathway®:.

c) EGFR overexpression has been observed in the neck and head cancer, lung
cancer, skin cancer and oesophageal cancer. This overexpression promotes
tumour cells proliferation, angiogenesis, invasion and metastasis. They can

also inhibit apoptosis which can lead to poor prognosis®?.

2. ErbB2 (HERZ2, neu): Neu/Her2, also known as ErbB2, was first discovered as a
potent oncogenic mutant when isolated from neuro glioblastoma or
Schwannomas carcinogen-treated rats. As it was initially found in the
neurological tumour, it is named “neu”®. The human HER2 is located in
chromosome 17, and its codes for a 185-kDa. ERBB2 is amplified and
overexpressed in 15-30% of BCs. Downstream signalling pathways are

activated upon ErbB2 receptor activation through either heterodimerization with
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ligand-bound EGFR, ErbB3, or ErbB4 family receptors, or in the presence of
overexpression of ErbB2 due to gene amplification, by ligand-independent
homodimerization®®. The homo/heterodimerization promotes the receptor
activation that, in turn, leads to tyrosine phosphorylation of the C-terminal
residues. Numerous phosphorylation sites exist within the cytoplasmic domain
of ErbB2; these sites are essential for protein-protein interactions and induction
of the signalling cascades downstream to ErbB2 receptor activation. To this
regard, the activation of the phosphoinositide 3-kinase (PI3K) and
Ras/RAF/MEK/ERK1/2 pathways are hallmarks of ErbB2 activation®®. HER2 is
low expressed in adult human epithelial cells, and under physiological
conditions, HER2 promotes cell growth and differentiation®. The
overexpression HER2 is related to different types of tumour metastasis and
progression. It is widely known that overexpression of HER2 is closely related
to the occurrence of HER2+ BC. Also, significantly overexpression of the HER2

gene is associated with poor survival of breast and gastric cancer®’.

3. ErbB3 (HER3): HERS3 is a unique member of the HER family as it has been
considered an inactive receptor, although a recent study suggests that HER3
contains weak kinase activity®® This gene is located in chromosome 12 and
translated into 1342 amino acid residues. Its structure is very similar to HER2
and EGFR. According to the sequence comparison, HER3 receptors have certain
amino acid residues, including Cys-721, His-740, and Asn815, non-conservative
substitutions. These changes significantly reduce the kinase activity of HER3.
Thus, HER3 has to form dimers with other receptors and be phosphorylated by
its interactive partners, with HER2 being the most important one’® to activates in
downstream signalling. It has shown widely that the HER2/HER3 heterodimer is
the most biologically active and potent to activate the PISK/AKT signalling
cascade’. This also has a ligand called Neuregulin, which enables the
downstream pathway and helps tumour progression and metastasis in different

cancer’?.

4. ErbB4 (HER4): The human HER4 gene is located in chromosome 2. The
molecular weight of HER4 protein is 180 kDa"®. This receptor can be regulated

by different ligands such as Neuregulin, Beta-cellulin and Heparin-binding EGF.
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HER4 needs to bind other ErbB family receptors to have kinase activity and
exert their biological activity’®. HER4 is mostly expressed in normal embryonic
and adult tissues. It is also reported that HER4 is highly expressed in thyroid and
ovarian cancer’. However, its expression has been correlated with favourable
prognostic factors, which positively affects patients with BC'3. These results
indicate that HER4 has a different function in cancer cells from other ErbB

family receptors.
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Figure 7: Structure, ligands, and ErbB family members: Picturized representation of the different subfamily

members of the ERBB family with their widely viewed structure.

1.1.15 Significant Role of the HER2 signalling pathway in BC

HER receptors are expressed in various epithelial, mesenchymal, and neuronal origin
tissues. They are involved in controlling diverse biological processes such as
proliferation, differentiation, migration and apoptosis. Ligand binding to HER receptors
results in dimerization and activation of their intrinsic kinase activity followed by
phosphorylation of specific tyrosine residues in the receptor cytoplasmic tails as
described before. In turn, this phosphorylated tyrosine provides recognition sites for
intracellular signalling intermediates, which link receptor tyrosine Kkinases to
downstream transduction cascades’®. BC is one of the most common malignancies in
women. Overexpression of HER2 is associated with a poorer prognosis in 20-25% of

invasive BC cases’’. Its overexpression in cell lines leads to transformation in the
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absence of a ligand. None of the EGF family of ligands binds to HER2 directly.
Therefore, in a technical sense, HER2 remains an orphan receptor. However, it appears
due to HER2 being the preferred dimerization partner for all other HER receptors,
which HER2 mainly functions as a shared co-receptor’® (Figure 8). The phosphorylated
HER dimers activate downstream cell proliferation (mitogen-activated protein Kinase,
MAPK pathway), cell survival (phosphoinositide 3-kinase pathway), and signal
transducer and activator transcription pathways.

EGFR/HER2 HER2/HER2 HER2/HER3 HER2/HER4

\\//

PI3K/AKT
Ras/Raf/MAPK

J

Cell survival, Proliferation, motility, angiogenesis...

Figure 8: HER2 signalling pathway®: Diagrammatic representation showed the two important
signalling cascades followed by ErbB family.

1.1.16 PIBK/AKT/mTOR (PAM) pathway in HER2+ BC

The phosphoinositide 3 kinases (PI3K)/AKT/mammalian (or mechanistic) target of
rapamycin (mTOR) pathway is a complicated intracellular pathway, which leads to cell
growth and tumour proliferation and plays a significant role in BC. This pathway is well
established to play an essential role for providing nutrients, hormones and growth factor
to stimulate tumour cell growth and proliferation. According to the substrate and
structure specificity, PI13Ks can be divided into PI3K I, PI3K Il and PI3K 111"°. PI3K |
was most clearly studied and closely related to tumour development, further subdivided
into two subtypes: PI3K IA and PI3K IB®. The PI3K IA has a central role in this

pathway and which is a heterodimer composed and consists of two subunits, with the
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regulatory subunit (p85) regulating the activation of the catalytic subunit (p110) in
response to the absence or presence of upstream stimulation by growth factor receptor
tyrosine kinases (RTKs)8L.

In the absence of an active signalling pathway, the regulatory subunit p85 interacts with
the catalytic subunit p110 inhibiting its catalytic activity of p110%2 and bringing it close
to the lipid substrates in the membrane. However, other mechanisms such as signalling
through G-protein-coupled receptors (GPCRs) and the small GTPase Ras have also
been suggested to initiate PI3K activation®. The PI3K phosphorylates the D3 position
on phosphoinositides to yield biologically active phosphatidylinositol-3, 4, 5-
trisphosphate (PI (3, 4, 5) P3), which can then interact with lipid-binding domains in
PI3K effector proteins, changing their localization and/or activity®. Conversely, PI3K is
negatively regulated by the tumour suppressor, phosphatase and tensin homologue
deleted on chromosome 10 (PTEN), through the dephosphorylation of PI (3, 4, 5) P3
back to its inactive lipid state®. After active PI3K generates Pl (3, 4, and 5) P3, the
phosphatidylinositol recruits PDK-1 (3'phosphoinositide-dependent kinase 1) and the
serine/threonine kinase AKT/PKB (protein kinase B) via binding of their plexin
homology (PH) domains to the plasma membrane where they are subsequently
phosphorylated and activated®®. This event is often viewed as the central node of the
pathway since the activity of AKT is responsible for pleiotropic effects on molecular
functions within the cell, such as cell cycle progression, apoptosis, transcription, and
translation. Three AKT isoforms exist (AKT-1, -2, -3), and each has very distinctive
roles depending on the specific cell lineage. AKT activation, either by upstream signals
or mutation, alters multiple downstream proteins, including the relief of mTOR
repression by the tuberous sclerosis complex (TSC1/2) proteins. These two proteins
(TSC1/2) form a heterodimeric complex that acts as a functional unit to suppress
MTORC1 activity. TSC2 contains a GTPase-activating protein (GAP) domain that
stimulates the intrinsic GTPase activity of the small G-protein Rheb, thereby enhancing
the conversion of Rheb to its GDP-bound inactive state}”. While the molecular
mechanism is not fully understood, in its GTP-bound form, Rheb is a potent activator of
mTORCI1. Activation of mTOR results in phosphorylation and activation such as S6K1
and RhoA, leading to enhancement of translation, cell growth and proliferation, and cell
survival. Phosphorylation of 4E-BP1 by mTOR leads to inhibition of interaction

between 4E-BP1 and elF4E, resulting in activation of translation and increase in cells
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proliferation®® (Figure 9). It has recently been discovered that mTORC2 directly
phosphorylates and activates AKT, indicating that mTOR has a complicated role both

upstream and downstream of AKT8,
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Figure 9: PIBK/AKT/mTOR (PAM) pathway: Elaborately viewed PISK/AKT/mTOR pathway with

their downstream targets, leading to cancer progression and aggressiveness.

1.1.17 MAPK/ERK Pathway

The RAS-RAF-MEK-ERK pathway is far more complex than other pathways from
RTKSs family. The pathway’s general structure includes a small G protein (RAS) and
three protein kinases (RAF, MEK, ERK). This pathway's starting point is the binding of
the ligand to a transmembrane protein, a receptor tyrosine kinase (RTK). The resulting
signalling cascade culminates with ERK (MAPK) translocation to the nucleus, where
ERK activates transcription factors that result in gene expression. This pathway plays an

important role in the initiation and developments of the HER2+ cancers® (Figure 10).
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Figure 10: MAPK/ERK pathway: Schematic summary of the multiple MAPK pathways.

1.1.18 Targeted therapies of HER2+ BC

It has been described before that HER2 does not have specific ligands to bind with and
activate the downstream pathway. As a result, it dimerizes with HER1, HERS3, and
HER4. When the HER2 gene is mutated, amplified or overexpressed, it allows
multidisciplinary cellular processes such as cell growth, cell survival, cell
differentiation. These changes followed signal transduction cascade mediated by
PI3K/AKT activation and the RAS/RAF/MEK/MAPK pathways, which leads to drug
resistance and tumour progression. As HER?2 is overexpressed in HER2 positive BC
subtypes in about 25-30% cancer patients, it has become a biological marker for BC's
effective treatment. HER2 targeted therapy for this specific type of BC has been widely

used in the clinics and has a good outcome®*.

There are two different types of targeted therapies that vary in how they target the

cancer cells:

1) Monoclonal antibodies used for BC include trastuzumab, Pertuzumab,
trastuzumab deruxtecan, TDM-1, and a new anti-HER2 humanized monoclonal
antibody 19H6-Hu®.
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2)

Small molecule inhibitors used for BC include Lapatinib, Palbociclib, Neratinib,

Afatinib.

1.1.19 Trastuzumab: mechanisms of antitumour effects

Briefly, trastuzumab (Trade name: Herceptin) is a humanized monoclonal antibody

directed against the extracellular domain of the HER2 receptor which prevents ligand-

independent HER2 signalling. The FDA initially approved it for metastatic BC in

1998%. As it was first ever targeted therapy approved, it dramatically changed the

treatment of HER2+ BC patients. Trastuzumab (or Herceptin) was developed by

Genentech Inc (San Francisco, CA, USA) as a recombinant humanized monoclonal

antibody directed against the extracellular domain IV HER2%. Clinical studies have

shown that the combination of trastuzumab with standard chemotherapy produces far

better response rates than chemotherapy alone® (Figure 11).

The anti-tumour mechanism of trastuzumab may be related to the following aspects:

1)

2)

3)

4)

5)

6)

Trastuzumab can recognize the extracellular domain of HER2 and prevents the
dimerization of HER2 and its activation®.

Trastuzumab has been proposed to trigger HER2 internalization and degradation
by promoting tyrosine kinase activity — ubiquitin ligase c-Cbl®’.

One of the effective trastuzumab mechanisms is to attract immune cells (NK
cells) to tumour sites that overexpress HER2, by a mechanism called antibody-
dependent cellular cytotoxicity (ADCC)%,

The most well-known effect of trastuzumab is the inhibition of the MAPK and
PI3BK/AKT pathway, which leads to an increase in cell cycle arrest, and the
suppression of cell growth and proliferation. It is widely accepted that by
interfering with the dimerization of HER2, trastuzumab inhibits HER2
activation and suppresses AKT phosphorylation®®.

Trastuzumab can arrest the G1 phase of the cell cycle by restoring p27 and
suppressing CDK?2 activity and decrease cell proliferation in cancer'®,

Some researchers showed that trastuzumab binding to HER2 could block
tyrosine kinase Src signalling and increase PTEN level and activity. This also
results in the suppression of PI3K/AKT signalling and reduction in cell growth

and survivall®?,

43 |Page



7) Molina et al. demonstrated that trastuzumab could block the shedding of the
extracellular domain of HER2 by inhibiting metalloproteinase activity%.

8) It has been observed that trastuzumab induces normalization and regression of
the vasculature by reducing vascular endothelial growth factor (VEGF)
production in cancer cells and modulate different regulators of the complex
machinery of angiogenesis®®,

9) Trastuzumab can mediate HER2 endocytosis, after that degradation of HER2
will occur in the lysosomes!%,

10) It also can inhibit non-programmed DNA repair of tumour cells'®.

Additionally, trastuzumab works successfully in HER2+ BCs; its efficacy administered
as a single agent is 12%-34%. Therefore, trastuzumab is currently used clinically in
combination with other chemotherapies such as Taxanes!®®, Capecitabine!®’,
Cisplatin’® Doxorubicine’®. The combination of these drugs treatment can
significantly reduce the recurrence rate and prolong the survival of patients. The
combination uses of tailored, dose-dense adjuvant chemotherapy and trastuzumab
(Herceptin) were found to decrease the relative risk of relapse by 32% for patients with
HER2+ BC.

Even though trastuzumab has many advantages, 70% of HER2+ patients will undergo
resistance to this treatment after one year®®. Besides, using trastuzumab for a long time

may show some side effects such as cardiotoxicity*'? and nephrotoxicity**.

Pertuzumab

o \\ Her1/3/4
Trastuzumab //

\Dimerization domain

————
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Subdomain IV

Figure 11: Binding of trastuzumab and Pertuzumab to HER278. Trastuzumab binds HER2 subdomain IV
and inhibits activation of HER2, whereas Pertuzumab binds HER2 subdomain Il and inhibits activation of
HER2 by interacting with HER1/3/4 molecule.
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1.1.20 Mechanism of resistance to trastuzumab

Although trastuzumab is used for therapies against HER2 metastatic BC cases,
employment of this drug on its own demonstrated to be successful only up to 35% of
these cases. However, when combined with first-line chemotherapy, the success of
therapy can range from 50%-84%. The disastrous results may be caused by the failure
of trastuzumab to block the dimerization when high ligands are present. It is not clear
what contributes to trastuzumab resistance; however, some additional mechanisms may

influence the final therapy results.
There are different mechanisms involved in trastuzumab resistance:

1.1.20.1 Truncated HER2 (p95 HERZ)

Since trastuzumab links to the extracellular domain of the HER2 receptor, it was
proposed the possible mechanism of resistance involving p957&R2, This molecule acts as
a truncated form of the HER2 receptor, which does not carry the external domain;
therefore, Trastuzumab does not attach to p95™ER? and does not promote its degradation.
Moreover, proteolytic cleavage of the ectodomain results in a generation of a
phosphorylated tyrosine kinase HER2 p95HER?102112 “This molecule's activation might
trigger mitogenic signalling cascades in the downstream process, influencing the cancer
cells for the more aggressive or invasive®. In HER2 overexpression BC cell lines
p95"ER? is  phosphorylated by heregulin (HRG) ligand, promoting HER3
transphosphorylation that is not inhibited by trastuzumab, while with lapatinib treatment
the transphosphorylation is repressed'!*. Some resistance mechanisms are associated
with p95™ER2 as the expansion of downstream pathways activated from other HER
family members such as through IGFR and consequently PI3K activation*®. The
incidence of PI3K over activation can reach 70% of these breast carcinomas, reducing
the efficacy of trastuzumab and lapatinib'®. The heterodimer HER2/HER3 is a PI3K
activator; however, the dimer resulting from p957&R2 is more operative than the full-
length p185MER? and TGFa expression increases in HER2 overexpression BC due to

presence of p95HERZ 117.

Mucin 4 Epitope masking has also been investigated as a mechanism of resistance to
trastuzumab. It is large, highly O-glycosylated membrane-associated glycoprotein
which may interfere with trastuzumab binding to the HER2 receptor through surface-

epitope masking and decreased the antibody binding capacity'*® (Figure 12).
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On the other hand, CD44 is a transmembrane receptor for hyaluronan. When CD44
binds with hyaluronan, it activates CD44 and its mediated signal transduction pathways,
including RAS and PI3K in ovary cancer cells. CD44 and hyaluronan may also hinder
the access of trastuzumab to HER2 receptor by masking its cognate epitope, and lead to

treatment resistance®®,
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Figure 12: Obstacles for trastuzumab binding to HER2'?°. A constitutively active truncated form of
HER2 receptor that has kinase activity but lacks the extracellular domain and the binding site of
trastuzumab is originated from metalloprotease-dependent cleavage of the full-length HER2 receptor.

Trastuzumab does not bind to p95H&R? and therefore, does not affect it.

1.1.20.2 PI3K/AKT pathway & PTEN expression

When HER2/HER3 heterodimerization happens for any other reason the membrane-
associated phosphatidylinositol 4, 5 — biphosphate (PtdIns(4,5)P2 or PIP2) is converted
into Phosphatidylinositol 3,4,5 — triphosphate (PIP3) to achieve a phosphorylated
AKT®, The PISK/AKT pathway, highly activated in HER2 overexpressing cancer cells,
stimulates inhibition of cell cycle arrest and/or an anti-apoptotic incident®. In contrast,
PTEN is a crucial anti-tumour gene on chromosome 10 that is positively correlated with
trastuzumab efficacy (Figure 13). As this protein is a phosphatase, it has an important
role in converting the reactive PIP3 to PIP2, a natural antagonist of PI3K activation’®.
Furthermore, cancer cells expressing small amounts of PTEN exhibit the high activity
of PI3K and therefore develop resistance to trastuzumab. The use of PI3K inhibitors is a

possible strategy to achieve higher sensitivity to trastuzumab!®’. The molecular
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mechanisms of trastuzumab identified comprise the inhibition of PI3Kand AKT
pathway, 121, PTEN, either through mutations or haploinsufficiency, is not expressed in
standard levels within half of BC cases!??. PTEN influences PI3K to promote PI3 and

AKT activity production, inducing apoptosis and cell cycle arrest®.

On the other hand, the tyrosine kinase Src possesses an important role as a pro-
oncogenic factor. When associated with HERZ2, it turns on and inactivates the primary
role of PTEN*?3, Therefore when trastuzumab interacts with HER2 in the same domain
as Src, PTEN can perform its tumour suppressive functions, contributing to trastuzumab

anti-cancer progression®:

. When trastuzumab blocks this oncogene's interaction with
HER2, PTEN can contribute against the uncontrolled and high proliferated cancer cells.
The lack of PTEN results in resistance to trastuzumab in HER2 overexpressing patients
resulting in poor prognosis. Absence or low expression of PTEN is an excellent

indicator of trastuzumab resistancel®?,
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Figure 13: Schematic presentation PI3K/AKT pathways involved in trastuzumab resistance?°.
General mechanisms of resistance to trastuzumab: the presence of upregulation of HER2 downstream
signalling pathways. PTEN is a tumour suppressor. Trastuzumab binding stabilizes and activates PTEN

and consequently down-regulates the PI3K/AKkt signalling pathway.

1.1.20.3 EGFR involved in trastuzumab resistance

EGFR might confer a trastuzumab resistance phenotype when it is expressed in high
levels in HER2+ cell lines. Furthermore, this resistance is conducted by either the
presence of EGFR/EGFR homodimers, EGFR/HER2 or EGFR/HER3 heterodimers,

47 |Page



which both trigger several downstream pathways, including MAPK and AKT®. The
levels of HER2/EGFR reduced the trastuzumab therapeutic effects, and it is in part
responsible for the trastuzumab resistance acquired by tumour cells'?*. Moreover,
expression of HER ligands like EGF, TGF, betacellulin, and heregulin have also been
associated with trastuzumab resistance!?>?6, ong periods of exposure to trastuzumab
encourage EGFR expression creating resistance to this monoclonal antibody; however,
further anti-EGFR agents, such as lapatinib, gefitinib or cetuximab, also increase

sensitivity?’.

Moreover, lapatinib demonstrated to be more effective in antagonizing AKT activation.
Additionally, two studies have implied that lapatinib's presence enhances HER2 levels
while trastuzumab has an opposite effect!?®, Therefore, trastuzumab resistance might be
partly explained by EGFR/EGFR homodimerization, which is present at high levels

when cell lines were submitted to trastuzumab consecutively.

HER2/EGFR heterodimer levels are affected in different ways by the presence of
lapatinib, increasing with low levels of lapatinib, however showing an opposite effect

for high concentrations of this drug.

1.1.20.4 IGF-1R involved in trastuzumab resistance

The mechanisms by which IGF-IR promotes trastuzumab resistance remain mostly
unknown. IGF-1R, which is not a part of the HER family, is a main PI3K upstream
accelerator. However, this receptor might be associated with some of the HER family
reactions. Cells that express both HER2 and IGF-1R level high they show good
resistance against trastuzumab. IGF-1 (ligand of IGF-1R) stimulation of cells with
acquired trastuzumab resistance induced phosphorylation of IRS-1, HER2, AKT, and
ERK1/2 with reduced expression of p27kip1*?. Tyrosine kinase inhibition or antibody
blockade of IGF-IR blocked phosphorylation of HER2, AKT, and ERK1/2. In
MCF7/HER2 and SKBR3/IGF-IR stably transfected cells, IGF-I stimulation blocked
trastuzumab-mediated inhibition of AKT and ERK1/2 phosphorylation*3°. On the other
side, PI3K signalling, IGF-IR is likely to promote resistance via mTOR activation.
Inhibition of MTOR has been effective in restoring sensitivity to trastuzumab in a
variety of settings!®l. Downstream events resulting in altered expression and function of
cell cycle regulators appear to mediate the ultimate increase in proliferation and cell

survival propagated by increased IGF-IR signalling. Stable over-expression of IGF-IR
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resulted in reduced cyclin-dependent kinase inhibitors p27kipl and p2lcipl and

increased cyclin E**2,

Similarly, trastuzumab-resistance cells have been reported to show reduced
p27kip1™3and increased cyclin E expression'®. These results suggest that a potential
mechanism by which IGF-IR promotes trastuzumab resistance is via increased
ubiquitination and downregulation of p27kipl protein, resulting in reduced growth
arrest and increased proliferation. Reduced p27kipl expression in resistance cells was
associated with increased cdk2 activity and an increased fraction of cells in S phase
(proliferation)®*3. Transfection of p27kipl increased sensitivity to trastuzumab,
suggesting that downregulation of this downstream protein is an important mechanism

of resistance.

1.1.20.5 HER3 involved in treatment resistance

HERS3 is a uniqgue member of the HER family as it has been considered as an inactive
receptor. Because of its weak kinase activity, HER3 is utterly dependent on any other
family members of HER to activate and initiates its downstream pathway. So, for cancer
therapies, HER3 is not a direct target to prevent its expression. There is some evidence
that some HER2+ tumours associate HER3 as responsible for trastuzumab resistance.
However, trastuzumab does not disturb HER2/HER3 downstream cascades in HER2
amplified BCs™*, Of the four HER receptors, HER3 is best suited to induce
activation of the PI3K/AKT pathway, a well-known survival signalling pathway in
normal development and tumourigenesisl37and one of the critical mechanisms of

trastuzumab resistance.

HER2/HER3 heterodimerization activity may be inhibited to inactivate HER2 metabolic
Role. However, this requires high concentrations of TKIs that would not be supportable
in vivo'*®. HER3 plays a critical role in protecting HER2/HER3 dimerization function
against TKIs action due to a high range of different mechanisms that can regulate HER3
expression and signalling. More precisely, the increase in HER3 levels is stimulated by
the dramatic decrease of AKT signalling**®. HER3 signalling is stimulated by different
mechanisms to increase its expression, translation expansion, which involves the
proliferation of the raptor complex of mTOR®®,', Finally, HER2 interacted with both

HER3 and IGF-1R to form a heterotrimeric complex in the trastuzumab-resistant BC
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cells, creating the HER2/HER3/IGF-1R, not the heterodimer of HER2/HER3 or IGF-

1R/HER2, which played a causal role leading to trastuzumab resistance!4!.

1.1.20.6 Alternative signalling pathway

The c-Met receptor is frequently co-expressed in HER2 overexpression cell lines; the c-
Met receptor may contribute to trastuzumab resistance through sustained AKT
activation. HER2-overexpressing BC cells respond to trastuzumab with a rapid
upregulation of c-Met receptor expression, and c-Met activation protects cells against
trastuzumab. Loss of c-Met function produced through RNA interference improves the

response of these cell lines to trastuzumab®,

For obtained resistance to trastuzumab was related to CXCR4 upregulation and nuclear
redistribution. Restriction in CXCR4 expression switched acquired trastuzumab
resistance in vitro. In vitro tests recommend both a6f1 and a6P4 integrins may be
involved in de novo and/or acquired resistance to targeted therapy against HER24
(Figure 14). Overexpression of PDK1 was found in approximately 20% of BCs. A
preclinical model reported that the combined use of PDK-inhibitors with trastuzumab
reversed the trastuzumab-resistant phenotype of SKBR3 human BC cells'®,
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Figure 14: Involvement of other pathways in trastuzumab resistance!®. General mechanisms of
resistance to trastuzumab: the presence of signalling through an alternate receptor and/or pathway.
Signalling may continue regardless of trastuzumab binding toHER2 when other receptors remain active
on the tumour cell.
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The rate of inherent resistance to single-agent trastuzumab in HER2-overexpressing
metastatic breast carcinomas is impressive above 70%. Systemic treatment for BC,
including conventional cytotoxic therapy (paclitaxel, doxorubicin, cyclophosphamide,
fluorouracil, cis-platinum), endocrine treatment (tamoxifen, fulvestrant, letrozole,
anastrozole), and targeted agents such as trastuzumab, plays an essential role in
reducing mortality rate and prolonging survival time in patients with BC. However,
resistance to therapeutic agents remains a consistent obstacle in treatment success, while

drug resistance's underlying mechanism remains enigmatic.

A growing body of literature supports that EMT is closely linked to BC's progression,
including enhanced migratory and invasive capacity, and elevated cancer cells'
stemness. Now, emerging evidence suggests that EMT is also involved in treatment
resistance in BC. Many signalling pathways which have significant regulating effects on
EMT are intimately involved in drug resistance. Finding novel mechanisms of EMT
regulation in HER2+ BC subtype would help design new treatments for future

generations.
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CHAPTER 2
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EZH2-MYC loop is a master regulator of EMT
process in HER2+ BC and negatively regulated
by miR-33b
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2.1 INTRODUCTION
HER2 is overexpressed in around 20-30% of BC tumours. It is associated with more

aggressive disease, higher recurrence rate, and increased mortality®44, Due to its high
aggressiveness characteristics, high mortality rate, and unreasonable recurrence rate,
this specific subtype of BC is a vulnerable subtype to study among researchers and
scientists nowadays. HER2+ BC is a clinically and biologically heterogeneous disease.
There are enormous genes, and miRs are involved in making this cancer subtype more
aggressive and proliferative. Simultaneously, many genes and miRs acted as a tumour
suppressive and became the patients' survivor. Therefore, it is essential to deeply
explore the molecular mechanisms responsible for disease progression and therapy
resistance to identify possible biomarkers guiding novel treatments.

MiRNAs are a family of evolutionarily conserved small, endogenous, single-stranded
and non-protein-coding RNAs spanning 19 to 25 nucleotides in length!*®. The first miR,
lin-4, was discovered in 1993 as a small RNA transcribed from the lin-4 locus of
Caenorhabditis elegans'*®. In 2000 the let-7 gene and let-7 RNA were detected in
humans, Drosophila, and other bilateral animals'#’. While the number of human miR
candidates continuously increases, only a few are entirely characterized and
experimentally validated. In 2019, researchers showed that a total of 2300 real human
mature miRs are present in the human genome and from which 1115 are currently

annotated in miRBase V228 (http://www.mirbase.org/). MiRs function as the vital

post-transcriptional regulators of gene expression in different tissues and developmental
stages via precise interactions and complex regulatory networks'*°. MiRs play a crucial
role in regulating numerous metabolic and cellular pathways, notably those controlling
cell proliferation, differentiation and survival*>®%!, Dysregulation of miR expression
profiles has been demonstrated in most tumours examined. However, the specific
classification of miR as oncogenes or tumour suppressors can be difficult because of
miRs' intricate expression patterns. MiRs expression patterns differ for particular
tissues, and differentiation states 5213, It is not always clear if altered miR patterns are
the direct cause of cancer or an indirect effect of cellular phenotypes changes.
Additionally, a single miR can regulate multiple targets and helps in cancer progression

or cancer suppression®,
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2.1.1 MicroRNAs in BC

Different studies of the BC cell lines showed different miR expression, having distinct
characteristics such as tumour suppressive or tumour initiative. Let-7b miR has been
associated with high DNA repair capacity (DRC) levels in women with BC'®. Several
studies have been conducted to identify the miRs those are differentially expressed and
regulate BC initiation and progression in different BC subtypes. Oncogenic miRs such
as miR-10b-5p, miR-21, miR-23/27/24 cluster, miR-155, miR-125b, miR-181la/b
cluster, miR-221/222 cluster are frequently upregulated in BC, and they act by
repressing the expression of tumour suppressor gene/s mainly involved in apoptosis,
cell proliferation, cell migration and invasion and metastasis'®®>’. Besides, numerous
other miRs appear to be involved in the suppression of metastasis and invasion of BC in
vitro and in vivo; these include the miRs like miR-33b, let-7, miR-200 family, miR-26a,
mMiR-30b'%8, miR-449 family'®® miR-497'%°, miR-421'%?, miR-193a'%?, miR-211-5p'®,
miR-335, miR-133a'%*, and miR-124%, which are proposed to suppress the expression
of EZH2, EMT markers, cell cycle markers along with SMAD71%°, MTA1%, WT1162,
SETBP1!%3, EphA4, LASP1'%* and STAT3!%, respectively.
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Figure 15: Regulatory mechanisms of oncogenic and tumour suppressor microRNAS in
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This thesis has manifested a tumour suppressor miR named miR-33b belongs to a miR-
33 family in HER2+ BC and found its molecular mechanism for regulating EMT
through MYC-EZH2 loop.

2.1.2 MIiR-33b in Cancer

MiR-33 is a family of miR precursors processed by the Dicer enzyme to give mature
miRNAs and present within the intronic sequences of the SREBP genes in organisms
ranging from Drosophila to humans. MiR-33 is found in several animal species,
including humans'®®. The miR-33 family, which consists of miR-33a and miR-33b, is
one of the most well-characterized miRs in disease world'®’. The hSREBF1 gene on
chromosome 17 harbours miR-33b in intron 17, whereas hSREBF2 on chromosome 22
contains miR-33a in intron 16. Mature miR-33a and miR-33b only differ in 2
nucleotides and are predicted to have largely overlapping target gene sets'®®. miR-33
plays a role in lipid metabolism; it downregulates several ABC transporters, including
ABCAL and ABCG1, which regulate cholesterol and HDL generation.

Further related roles of miR-33 have been proposed in fatty acid degradation and
macrophage response to low-density lipoprotein. It has been suggested that miR-33a
and miR-33b regulate genes involved in fatty acid metabolism and insulin signalling®®°.
For the first time, miR-33b, deletion, amplification or a mutation at the precursor
miRNA was detected in 10% of medulloblastomas when miRNA-expression profiling
was screened in 48 medulloblastomas in 201117, This study showed that MYC mRNA
has a potential target sequence within the 3’-untranslated regions for miR-33b binding.
Additionally, they also showed that a point mutation in the miR-33b gene. The mutation
was located in the sequence encoding precursor miR, indicating that the mutation is
somatic, associated with MYC's overexpression in medulloblastomas!™®. In 2014,
researchers showed that MYC was negatively regulated by miR-33b at the post-
transcriptional level, via a specific target site within the 3'UTR. Overexpression of
MYC impaired miR-33b-induced inhibition of proliferation and invasion in
osteosarcoma cells. MYC's expression was frequently downregulated in osteosarcoma
tumours and cell lines and was inversely correlated with miR-33b expression®’:. In
2015, it was observed that miR-33b is downregulated in lungs metastases*’2. Following,
miR-33b acts as a tumour suppressor in different types of cancer such as melanoma

cancer, lung cancer, colorectal cancer, gastric cancer, oesophageal squamous cell
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carcinoma, nasopharyngeal carcinoma, gall bladder cancer and triple-negative BC.
However, the role and the action mechanism of the miR-33b in HER2+ BC are still
unclear. This thesis elaborates the molecular mechanism of miR-33b in HER2+ BC and
how it regulates EMT pathway through EZH2-MY C loop.

2.1.3 The Role of EZH2 in BC Progression and Metastasis

Overexpression of the EZH2 in a wide range of malignancies has been established in
cancer research. EZH2 was first associated with aggressiveness and metastatic
characteristics of prostate cancer by analysing gene expression in human tumour
microarrays. Through similar microarray profiling and other studies, EZH2 expression
strongly correlates with BC aggressiveness acting as an independent predictor of
recurrence and survival. EZH2 was also found to increase histologically normal breast
epithelium with a higher risk of developing cancer, indicating that EZH2 may prove a
valuable marker for detecting preneoplastic lesions. Elevated EZH2 expression has
since been described in other types of cancers: bladder 173, liver'’#, colon”, lung'’®, and
many more. In all reported cancer studies, the common discovery is that EZH2
expression is increased in cancer compared to normal tissues, being the highest in the

most advanced stages of the disease, and correlates with poor prognosis in patients.

Cao and colleagues have found in prostate cancer cells that EZH2 promotes EMT by
repressing E-cadherin expression through interaction with Snaill. This influence on E-
cadherin has since been demonstrated in many other types of cancer cells'’’. Ren and
colleagues have reported that EZH2 directly represses the metastasis suppressor RKIP
in breast and prostate cancer cells leading to increased invasion through interaction with
Snail1'’®. Likewise, in hepatocarcinoma cells, EZH2 has been found to epigenetically
repress several miRs characterized as tumour suppressors for their anti-tumour or anti-
metastatic established roles!”®. Also, EZH2 has been implicated in promoting tumour
angiogenesis, and ovarian cancer growth in vivo as VEGF-stimulated overexpression of
EZH2 leads to the repression of VASH1, a negative regulator of angiogenesis'®. Taken
together, these studies confirm the essential roles EZH2 plays in tumour progression
and suggest that blocking EZH2 expression or activity may have therapeutic
implications. Although EZH2 primarily known as a gene silencer, this evidence has
emerged indicating its activation in cancers. In genome-wide mapping ChIP

experiments, 10-20% of polycomb-group (PcG) target genes were found actively

57| Page



transcribed in embryonic stem cells, and RNA Polymerase 11'°° also 2 % of genes bound
by PcG proteins. Indeed, EZH2 has been demonstrated to be required in the expression
of several genes essential in cell cycle regulation providing a proliferative advantage.
Another study utilizing glioma CSCs and ChIP experiments also revealed that MYC is a
positively regulated direct target of EZH2 as MYC expression was actively repressed

upon EZH2 downregulation®s.,

(.E2ZH2 )

‘ Chromatin modulation . l// ‘ Anti-tumor immunity l

| Cell cycle progression ‘

| Activation of oncogenic pathways

l Epithelial to mesenchymal transition |

| Posttranslational modification of signaling molecules |

Figure 16: Mechanisms of EZH2-mediated implications in cancer

Moreover, EZH2 has been indicated to activate the different mechanisms such as cell
cycle progression, anti-tumour immunity, EMT, and other oncogenic pathways in a
different type of cancer® (Figure 16). This chapter explains how EZH2 plays an
essential role in HER2+ BC progression through EMT and miR-33b act on this process

negatively to repress EMT and cell proliferation.

2.2 Materials and Methods
2.2.1 Cell culture and reagents

Human BC cell lines BT474, SKBR3, MDA-MB-468, MCF7 and MCF-12A, MCF-
10A non-tumourigenic human mammary epithelial cells were maintained in Dulbecco's
modified Eagles medium (DMEM) (GIBCO) supplemented with 10% fetal bovine
serum (FBS; Gibco), 10,000U/mL penicillin, 10,000 ug/ml streptomycin and 1% L-
glutamine (200mM) (100x). All cells were cultured at 37 °C in 5% CO_ atmosphere.
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Cell lines Properties Subtype

Adherent epithelial-like cells,
collected from invasive ductal )

BT474 ) Luminal B/HER2+
carcinoma of the breast tumour

tissue.

Adherent epithelial cells. It is
derived from the metastatic
SKBR3 ) HER2+
site.
Adherent epithelial cells. It is
derived from the metastatic )
MCF7 ) Luminal A
site.
Adherent non-tumorigenic
epithelial cell line.
MCF-10A Normal
MCF-12A cell line is a non-
tumorigenic epithelial cell line
established from tissue taken at
MCF-12A reduction mammoplasty from a Normal
nulliparous patient  with

fibrocystic breast disease.

MDA-MB-468 Adherent epithelial cells. It is Triple negative A
derived from the metastatic site

2.2.2 Transfection

Cell lines were transfected either with 100 nM hsa-miR-33b-5p mirVana mimic (assay
ID MC12289, Ambion) or 100 nM inhibitor miRNAs (RNA oligonucleotides) (assay 1D
MH12289, Ambion) and 100 nM EZH2 siRNA (#s4916, #s4918, Thermofisher), as well
as a negative control for the experiments. In-vitro transfections of the oligonucleotides
were performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) by the manufacturer's instructions. After six h of transfection, the
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transfection media was replaced with complete medium. All the experiments were

carried out at 48 h, and 72 h post-transfection.

2.2.3 RNA extraction and quantitative real-time RT-gPCR

To detect the expression of miRNA and mRNA, total RNA was extracted using
TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. cDNA was synthesized from 1pg of total RNA using a High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems) and a TagMan® miRNA
Reverse Transcription kit (Applied Biosystems, United States). RT-gRT was performed
with a TagMan® Universal Master Mix (Applied Biosystems) and_TagMan® 20x assay
(Applied Biosystems) following the manufacturer’s protocol on a quant-studio 3 and 5
real-time RT-gPCR system (Applied Biosystem, United States). Expression data were
uniformly normalized to internal control. For miRNA expression, the endogenous
control was RNUA43, and for the gene expression, the endogenous control was GAPDH,

and relative gene and mi-RNA expression was quantified using the 2—AACt method.

2.2.4 Cell invasion and migration assays

For the migration assay, 5 x 10 cells (72 h post transfected) were seeded in 200 pl of
the serum-free medium into the upper chamber of each insert (353097, Corning®) and
700 pl of medium supplemented with 10% FBS was added into the lower chamber. For
the cell invasion assay, the polyester membranes of the upper surface of the insert
(353097, Sigma) were pre-coated with a matrix gel (Corning® Matrigel® Basement
Membrane Matrix, Ref: 356234) then incubated at 37°C. After 24 h, cells that invaded
and migrated through the membrane were fixed and permeabilized with 70% chilled
ethanol for two min and 100% methanol for 15 min respectively at room temperature.
The invaded and migrated cells were further stained with 0.4% crystal violet for 10 min
at room temperature. Cells were then imaged and counted from photographs of 5

randomly selected fields of the fixed cells.

2.2.5 Wound-healing assay

To check the motility capacities of the cells after miR-33b-5p transfection, the wound
healing assay was performed. After 72 h of transfection, the cells were seeded in six-
well plates to obtain 100% confluence in 24 hr. After 24 h wound was induced by

60| Page



scratching the monolayer with a micropipette tip, and the dish was placed at 37 °C in a
5% CO- incubator chamber. Pictures were acquired at 0 h and after 24 h using a

microscope.

2.2.6 WST-1 cell proliferation

After transfection, cell proliferation was assessed using the WST assay. 3x10°
transfected cells and negative control cells were seeded in 96 well plates from 1 day to 7
days. In each mentioned day, cell proliferation was measured using WST-reagent
(ab155902, Abcam). Seven per cent of the WST reagent was added to each well with
phenol red-free media. The plate was incubated for 4 h at 37 °C. Following the
absorbance was measured at 450 nm in a microplate reader with background correction
at 650 nm. The significance of any differences was assessed using T-test.

2.2.7 Cell cycle analysis

To analyze cell cycle, 5x10* cells were seeded in six-well plates for each condition in
triplicates. After 48 h of transfection, the cells were harvested by trypsin and washed
with 1X PBS twice. The harvested cells were then fixed with chilled 70% ethanol and
incubated at -20°C for 6-7 h. The cells were then centrifuged soon after washing with
1X PBS twice. The pellets were resuspended with propidium iodide staining buffer
(PI/RNase, IMMUNOSTEP) stored at 4°C for the overnight. Stained cells were
acquired for cell cycle analysis by flow cytometry using a FACSVerse™ flow

cytometer (BD Bioscience, USA) and raw data was analyzed by FlowJo software.

2.2.8 Apoptosis analysis

According to the manufacture recommendation, apoptotic cells were determined by
double staining using FITC Annexin V Apoptosis Detection Kit with Pl (ANXVKF-
100T, IMMUNOSTEP). In late apoptotic and necrotic cells, the plasma and nuclear
membranes' integrity decreases, allowing PI to pass through the membranes, intercalate
into nucleic acids, and display red fluorescence. During this process, the cell
membrane's asymmetry distribution is disrupted, and phosphatidylserine becomes
exposed on the plasma membrane's outside surface. Because the anticoagulant protein
Annexin V binds with high affinity to phosphatidylserine, and detect apoptotic cells by
flow cytometry. Briefly, 1x10° cells were seeded in a six-well plate. After 72 h post-
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transfection, the supernatant media was taken in one tube. The attached cells were
harvested by trypsinizing and collected into the same tube. The cells were washed with
1X PBS twice, and the pellet was resuspended with 1X Annexin binding buffer. Five pl
of the Annexin V-FITC and five pl of PI were added to the resuspended cells and
incubated for 15 min at room temperature in the dark. Further 400 pl of 1X binding
buffer was added with DAPI (0.1mg/ml, 1-2 pul). The stained cells were acquired for cell
cycle analysis by flow cytometry using a FACSVerse™ flow cytometer (BD

Bioscience, USA) and raw data was analysed by FlowJo software.

2.2.9 Western blot analysis

At the indicated time (72 h), the whole lysate of transfected cells was extracted using
Thermo Scientific™ RIPA Lysis buffer (Ref: 89900). The lysates were transferred to a
clean microfuge tube, placed on ice for 30 min and centrifuged for 30 min at 13,000
rpm. The supernatant was transferred to a fresh microfuge tube, and the protein
concentration was determined using a BCA protein assay kit (Pierce™ BCA Protein
Assay Kit, Ref: 23227). Protein lysates were separated on 10% SDS PAGE and
transferred to nitrocellulose membranes (Ref: 1620115, Bio-Rad). The membranes were
blocked in 5% BSA for 1 h and then incubated with antibodies of E-cadherin (BD
Biosciences, #610181), pB-Catenin (BD Biosciences, #610153), Vimentin (BD
Biosciences, # 550513), EZH2 (Cell signalling, # 1674905S) and GAPDH (Thermo
Scientific™, #MA5-15738) overnight at 4°C. The following day, membranes were
washed and subsequently incubated with the appropriate HRP conjugated secondary
antibodies for 1 h at room temperature. Following this incubation, the membranes were
washed and briefly incubated with a Pierce™ ECL western blotting substrate reagent
(Thermo Scientific™, Ref: 32106). All images were analysed as TIFF files with ImageJ
for windows to build the figures. Graphs of signal intensity were obtained through band

densitometry using Image J program.

2.2.10 Luciferase Assay methods

Luciferase reporter plasmid (pEZX-EZH2-3'UTR) and luciferase control plasmid were
purchased from Tebu-bio (Portugal). According to the manufacturer, transient co-
transfection of miR 33b mimics and luciferase plasmids was performed using

Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) ’s instructions in
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HEK-293T cell line because of its transfection efficiency. Cells were seeded on 12 well
plates (8x10°) and were co-transfected with 1ug of Luciferase reporter plasmid with
100 nM miR-33b mimic or miR negative control (NC), according to the manufacturer's
instructions. After 48 h, the luciferase activity was measured using the Luc-Pair Duo-
Luciferase Assay Kits 2.0 (Tebu-Bio, Portugal) according to the manufacturer’s
instructions. Firefly luciferase activity was normalized to the corresponding Renilla
luciferase activity.

2.2.11 Clinical samples and RNA isolations

Human BC tissues formalin-fixed, paraffin-embedded samples from different subtypes
of BC patients and breast samples from healthy donors were selected to analyse the
expression of miR-33b and EZH2 gene. The total RNA was isolated from tissue blocks
using the Recover All Total Nucleic Acid Kit (Ambion) for standard mMRNA/MiRNA
analysis. One ug of total RNA was retro-transcribed with random primers (for gene
expression) and specific primers (for miRNA expression) using Reverse Transcription
Kit (Applied Biosystems), and 5 ng of cDNA was used for quantitative RT-gPCR for
both gene and miRNA expression analysis. The quantitative RT-qPCR analysis was

performed, as mentioned above.

2.2.12 TCGA (The Cancer Genome Atlas) data analysis

The expression data for miRNA-33b was obtained from Xena browser database,
(https://xenabrowser.net/) for TCGA BC (BRCA), which contained_cases of different
BC subtypes solid tumours and normal. From there we were able to obtain 211 numbers
of the specimen with clinical details including Luminal B (n= 49), Basal-like (n= 26),
Luminal A (n= 92), HER2+ (n= 18) and healthy solid tissue (n= 26). For EZH2
expression we use the same database, which contained 1248 cases of different BC
subtypes solid tumours and normal, wherefrom we obtained only 522 numbers of the
specimen with clinical details including Luminal B (n= 127), Basal-like (n= 98),
Luminal A (n= 231), HER2+ (n= 58) and normal solid tissue (n=8). The statistical
analysis was done using the Shapiro-Wilk normality test and based on normality test
results; the parametric and nonparametric test was applied to obtain a p-value of the

analysis.
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2.2.13 Insilico survival analysis

Overall Survival associated with miRNA and gene expression was analysed using
Kaplan-Meier plotter (KM plotter ©) tool (http://kmplot.com/analysis/). This tool works
upon a database containing different BC Affymetrix microarray samples and associated
survival information, with a median follow-up of 120 months. Based on the
METABRIC dataset, by specifying the miRNA name and gene name on the search tool,
and filtering down to “All BC subtypes and HER2+ subtype”, the survival rates
according to miRNA gene expression were obtained. The hazard ratio (HR) with 95%
confidence intervals and log-rank p-value was calculated and showed. The obtained
results were used to identify the prognostic value of miR-33b and EZH2 expressions on
HER2+ BC.

2.2.14 Immunohistochemical (IHC) staining

Either breast core biopsy or surgery samples of BC patients were obtained from
Hospital Clinico, Valencia. Immunohistochemistry (IHC) staining of specimens was
carried out on formalin-fixed paraffin-embedded tissues using the polyclonal rabbit
HER2 antibody (A0485; DAKO) at a dilution of 1:400, and a peroxidase-conjugated
detection system (DAKO). Development was performed with diaminobenzidine, using
hematoxylin counterstaining. HER2 IHC staining was scored as (0), weak positive (1+),
moderate positive (2+) and strong positive (3+) based on the percentage of cells stained
as positive and staining intensity following the standard of DAKO Hercept Test TM.

2.2.15 Immunocytochemistry (ICC) staining

The cells were fixed for 10 min at room temperature in 100% acetone and 50%
methanol in PBS for the immunofluorescent labelling. After permeabilization in a 0.5%
Triton X-100 solution and washing in 1x TBS for 3 times, the cells were incubated in
the DAKO REAL Peroxidase-Blocking Solution (S202386-2) for 5-10 mins,
subsequently, take out the blocking solutions and wash 3 times with 1x TBS. After
several washes, the cells were incubated with specifically required antibodies for 1 hr in
RT. After primary antibody incubation, cells were washed with 1x TBS for 3 times. The
cells were incubated with Envision Flex Substrate Buffer (DAKQO) for 1-2 mins in RT
followed with 3 time washing with 1x TBS. Following DAKO EnVision FLEX
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Hematoxylin buffer is used for counterstaining for 5 mins. The cells were hydrated and

observed under the microscope.

2.2.16 Statistical analysis

The sample and control groups were compared using a two-tailed Student t-test. All
data presented include the median and standard deviation (SD). P-values of less than

0.05 were considered to be statistically significant.

2.2.17 Ethics approval

The study was conducted under-recognized ethical guidelines (Declaration of Helsinki),
and it was approved by the INCLIVA institutional review board (protocol number:
2018/077). All the participants in the study signed written informed consent.

2.3 Results
2.3.1 Characterization of HER2 in patients and cell lines

We examined the HER2 expression levels in the BT474, SKBR3 and MCF10a by
immunocytochemistry staining method. BT474 and SKBR3 have HER2 amplification,
which is considered HER2+ cell lines compared to MCF10a; an immortalized
mammary epithelial cell line (Figure 17 A-C). Next, we examined the tissue samples,
and those are obtained from the hospital clinic de Valencia, which showed a different
pattern of HER2 expression such as moderate expression (2+) and with strong positive
(3+), (Figure 17 D-F). This observation of the different pattern of expression of HER2
in cancer tissues showed a wide range of tumour differentiation from moderate to poor.
Altogether, these data suggested that the cell lines and cancer tissue specimens are used
for this study, are having high expression of HER2 and validated for this study and

thesis.
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Figure 17: Immunocytochemical and immunohistochemical staining of HER2 in BC cell lines and
primary tumours. (A-C) Expression levels of HER2 in BT474, SKBR3, and MCF10a are shown. BC
tissues with HER2 IHC scores of 2+ (D), 3+ (E-F) were subjected to HER2 IHC assay.

2.3.2 EZH2 expressions in BC patients

EZH2 is aberrantly overexpressed in various malignant tumours, such as prostate
cancer, colorectal cancer and ovarian cancer. Less has been explored in BC. So, EZH2
expression was determined in HER2+ and TNBC BC patient’s primary tumour samples
and breasts normal tissues collected from the Department of Oncology, Hospital Clinico
de Valencia. In 26 HER2+ primary tumours, 24 TNBC primary tumour and 7 normal
tissues were collected to obtain mMRNA for EZH2 expression analysis. Initially, RT-
gPCR was performed to analyse the level of EZH2 expression in BC tissues vs healthy
tissues. The EZH2 expression was significantly higher in HER2+, and triple-negative
BC (TNBC) tissues samples vs healthy breast tissues, (Figure 18 A-B). These data
collectively seemed to suggest that up-regulated EZH2 may be implicated with
aggressiveness and progression of HER2+ and TNBC subtype of BCs.

66| Page



A) B)

~ 054 g 2.04
S o N
w
Y 044 P
.3 I | © 1.54 ]
c g u
2 034 5
4 ® 404
2 s U
2 0.2 =
] @
¢ —a e e 054
L] ©
= ° e v
X r T % 00 . 1
Healthy Her2+ cancer patients Healthy TNBC
N=7 N=26 N=7 N=24

Figure 18: Expression of the EZH2 in BC patients and normal tissues: The relative expression of
EZH2 was determined by RT-gPCR in HER2+ cancer tissue and non-tumorigenic tissue (A). EZH2 gene
expression was determined by RT-qPCR in TNBC tissue and non-tumorigenic tissue (B). Student's t-test
was used to analyse the significant differences. *P <0.05, **P < 0.01.

2.3.3 EZH2 expression levels in BC tumour or normal-like tissues from
TCGA dataset

To further support our data on the expression of EZH2 in different subtypes of BC
tumours, we investigated the expression of EZH2 in BC tissues from the TCGA
database. The database contained 1248 cases of different BC subtypes. We obtained 522
numbers of specimen details; others had missing EZH2 expression data, no follow-up
data, or missing clinical information. Among them, there were Luminal B (n= 127),
Basal-like (n=98), Luminal A (n=231), HER2+ (n=58) and normal-like (n=8), (Figure
19). These samples mentioned above from the TCGA database were classified into five
main intrinsic molecular subtypes of BCs. Therefore, while checking the expression of
EZH2 in those subtypes, we observed the high expression of EZH2 in the basal-like
subtype, a more aggressive subtype of BC, following HER2 enriched and Luminal-B
subtypes. EZH2 expression is similar in Luminal-A and normal like tissues as compared
to other subtypes. Jointly, these results suggested that EZH2 expression positively
corresponds to BC's high aggressiveness with poor prognosis contrasted to BC's good

prognosis.
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Figure 19: EZH2 expression is indicated in BC tumour or normal tissues from TCGA dataset: RT-
gPCR analysis indicated the EZH2 expression levels in five main intrinsic or molecular subtypes of BCs
tissues TCGA dataset.

2.3.4 EZH2 is overexpressed in the different subtype of cancer cell lines

To confirm EZH2 expression is high in BC, we analysed distinct subtype of cancer
tissues and healthy breast tissues, as mentioned in result section 2.3.2. This result
section analysed EZH2 expression in different BC cell lines and immortalized normal
human mammary epithelial cell lines. EZH2 expression was determined in four human
BC cell lines including MDA-MB-468, MCF-7, BT474 and SKBR3 (HER2+) and the
non-tumourigenic epithelial cell lines MCF12a and MCF10a as controls. Quantitative
RT-gPCR data revealed that the EZH2 expression was significantly lower in the
MCF10a than HER2+ BC cell lines, (Figure 20A) and protein level (Figure 20B).
Additionally, the analysis showed that EZH2 is highly expressed in a triple-negative
cancer cell line (MDA-MB-468) compared to luminal A (MCF 7) due to its high
aggressiveness character. MCF10a and MCF12a normal cell lines were taken as a
negative control for EZH2 expression (Figure 20C). The observation showed that
EZH2 expression in BC cell lines was higher than normal mammary epithelial cell
lines, which indicates that EZH2 may perform an essential role in the development of
BC.
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Figure 20: Expression of the EZH2 in cancer cell lines: The relative expression of the EZH2 was

determined in HER2+ cancer cell lines and non-tumourigenic epithelial cell line (A). EZH2 protein
expression was determined by western blot in mentioned cell lines (B). (C) EZH2 expression was
determined in other subtypes of BC cell lines and non-tumourigenic epithelial cell lines by RT-gPCR and
normalized to GAPDH. Student's t-test was used to analyse the significant differences. **P < 0.01, ***P

<0.001, **** P < 0.0001. The quantification of the western bands is accomplished with ImageJ.

2.3.5 Knockdown of EZH2 gene using small RNA interference (SiRNAS)
molecules in two HER2+ BC cell lines

The above results showed the high expression of EZH2 might be involved in the
development and progression of human HER2+ BC patients and in vitro. To explore the
molecular mechanisms, it is crucial to know the gene's implications on cell proliferation
and other phenotypic properties of human HER2+ cell lines. For this purpose, one of the
strategies employed in this study was the silencing of siRNAs' EZH2 expression. In a
previous result section, we demonstrated that EZH2 expression is upregulated in
HER2+ BC tissues and two HER2+ BC cell lines BT474 and SKBR3 (HER2+), so they
were selected further in vitro experiments. After transfection, the efficiency of silencing
was checked by RT-gPCR, (Figure 21 A, C) and in protein level, (Figure 21 B, D).
The results observed in the figure were obtained with two specific commercial SIRNAS,
named sSiEZH2 (sil) and (si2). Unitedly, these results suggested that the commercial
silencers have been effectively silenced the mMRNA and proteins of EZH2 in HER2+ BC

cell lines so that it is sufficient to check the functional effect on cells.
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Figure 21: EZH2 expression after siRNAs transfection in HER2+ cell lines: RT-gPCR (A-C) and

Western blot (B-D) results showing gene silencing efficiency siRNA sequences targeting EZH2 using two
silencers. Student's t-test was used to analyse the significant differences. ***P < 0.001, **** P < 0.0001.
The quantification of the western bands is accomplished with ImageJ.

2.3.6  Knockdown of EZH2 gene inhibits cell proliferation in two HER2+
BC cell lines

To evaluate the role of EZH2 in HER2+ BC cell lines on proliferation, BT474 and
SKBR3 cells were transfected with two different siRNAs. RT-gPCR performed for
confirmation of gene, and protein silencing in respective cell lines (shown above). WST
assay showed that lower expression of EZH2 significantly decreased the cell
proliferation in BT474 and SKBR3, and this inhibitory effect showed statistical
significance until seven days, (Figure 22 A-D). These results indicated that EZH2

might act as a crucial gene for promoting tumour growth in HER2+ BC through
modulating cell proliferation.
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Figure 22: Effects of EZH2 silencing on cell proliferation: In two EZH2 expressing HER2+ BC cell
lines, BT474 and SKBR3 were seeded. The proliferation of BT474 (A-B) and SKBR3 (C-D) was measure
by WST assay after transfection with scrambled siRNA (blue line), EZH2 silencer sil(red lines) or EZH2
silencer si2 (green line). The graph shows the results of three independent experiments, run in triplicate.
The experiments were carried out to 7 days. Student’s t-test compared the results. **P < 0.01, ***P <
0.001.

2.3.7 Downregulation of the EZH2 inhibits invasion and migration in
HER2+ BC cell lines

As we observed the expression of EZH2 is higher in HER2+ BC cell lines and patients
than in controls, it might be the critical regulator of cancer progression. We shouted to
explore the cells' invasion and migration capacity while silencing EZH2 expression to
validate this assumption. We could transfect two different siRNAs into SKBR3;
however, BT474 cell line is not a convincing model to carry out these experiments for
its unique morphology. 72h post-transfected SKBR3 cells were seeded on matrigel
coated transwell insert and followed the subsequent steps described in the material

methods section. The counting of the cells capable of crossing the transwell membrane
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with the matrigel layer, (Figure 23A) indicates that EZH2 silenced cells do not possess
the same invasive ability than those frequently expressing EZH2 with a clear significant
difference (p-value <0.001). Migration capacities of the cells were also studied by
transwell assay, whose results indicate a considerable reduction (p-value <0.001) in the
migration capacity through the pores of the inserts of the cell line SKBR3 when the
EZH2 gene is silenced, (Figure 23B). These results indicated that the effect of EZH2
knockdown through siRNAs reduced the number of migrating and invading HER2+ BC
cells compared to si-NC cells, describing EZH2 might be involved in the process of

metastasis and EMT.
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Figure 23: Effects of EZH2 silencing on cell invasion and migration in SKBR3 HER2+ BC cell:
Reducing the expression of EZH2 inhibits the invasive (A) and migration (B) ability of SKBR3 cell.
Student's t-test was used to analyse the significant differences. **P < 0.01, ***P < 0.001.

2.3.8 EZH2 induces epithelial-mesenchymal transition in HER2+ BC

The previous results suggested that EZH2 is involved in cancer cell migration and
invasion. EMT is a complex process in which epithelial cells acquire the characteristics
of invasive mesenchymal cells. EMT has been implicated in cancer progression and
metastasis through invasion and migration properties. To evaluate the downregulation
of EZH2 modifies EMT pathway in our model, we silenced the expression of EZH2 in
BT474 and SKBR3 by two different siRNAs to analyse the gene set enrichment of
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EMT. RT-gPCR confirmed the downregulation of the EMT genes and the protein by

western blot in both cell lines compared to the control, (Figure 24 A-D).
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Figure 24: EZH2 promotes EMT in HER2+ BC cells: RT-gPCR and western blot results showing
EMT marker levels after silencing EZH2 in BT474 (A-B) and SKBR3 (C-D). Student's t-test was used to
analyse the significant differences. *P < 0.05, **P < 0.01, ***P < 0.001.

The results showed that downregulation of the EZH2 expression induced a statistically
significant increase of CDH1 and decreased (-catenin and vimentin in BT474 in both
mRNA and protein level. There were no changes in p-catenin (CTNNB1) in mRNA
level in SKBR3 with silencing of EZH2. However, there was a reduction in the
expression of B-catenin and vimentin in protein level, but CDH1 expression could not
be observed in this particular cell line due to its homozygous deletion of a large portion
of the gene®®®, Taken together, these data suggest that EZH2 induces EMT to promote

migration and invasion of HER2+ cancer epithelial cells.
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2.3.9 Survival analyses for EZH2 expression in BC patients

From all the results explained above, it has been demonstrated that EZH2 is required for
cancer cell proliferation, migration, invasion, and EMT, all of which are associated with
cancer initiation, progression, and metastasis. As all the steps are involved in poor
survival, we explored the correlation between EZH2 expression and patient survival
using the Kaplan-Meier  Plotter  database @ (KM  plotter ©)  tool
(http://kmplot.com/analysis/). Patients with high EZH2 expression showed significantly

more reduced relapse-free survival (RFS), overall survival (OS) and distant metastasis-
free survival (DMFS) in BC in general and also specifically in HER2+ BC subtypes,
(Figure 25 A-F). These results suggested that EZH2 could act as an independent
predictor of the development of metastases, relapse of the diseases and patient’s
survival in BC and HER2+ subtypes.
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Figure 25: Prognostic value of EZH2 expression in BC patients: In silico relapse-free survival (RFS),
overall survival (OS) and distant metastasis-free survival (DMFS) of EZH2 in BC patients (A-C) and
HER2+ subtypes patients (D-F) with Kaplan-Meier Plotter.

2.3.10 Expression of the miR-33b in BC patients

MiR-33b was found to act as an anti-cancer miR inhibiting cell migration, proliferation
and invasion in melanoma cancer, lung cancer, prostate cancer, osteosarcoma, gastric

cancer and triple-negative BC. However, the role and the action mechanism of the miR-
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33b in HER2+ BC subtype are still unclear. So, miR-33b expression was determined in
different BC patient’s samples and normal breast tissues collected from the Department
of Oncology, Hospital Clinico de Valencia. RT-gPCR results revealed that miR-33b
expression was significantly higher in healthy breast specimen vs HER2+. In TNBC BC
tissues samples, the miR-33b expression is lower than healthy tissues but not significant
due to a smaller number of patients, ( Figure 26 A-B). Sum up; we considered that
miR-33b might play an essential role in breast carcinoma inhibition. Still, many
molecular studies and clinical-pathological studies are needed to explore more about
this miRNA.
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Figure 26: Expression of the miR-33b in BC patients and normal tissues: The relative expression of
miR-33b was determined by RT-gPCR in HER2+ cancer tissue and non-tumorigenic tissue (A). MiR-33b
gene expression was determined by RT-gPCR in TNBC tissue and non-tumorigenic tissue (B). Student's t-
test was used to analyse the significant differences. *** P < 0.001.

2.3.11 MiR-33b expression level in BC tumour or normal-like tissues from
the TCGA database

As we mentioned above, miR-33b is downregulated in BC HER2+ and TNBC subtypes;
we intended to analyse its expression in different molecular subtypes specimens,
collected from the TCGA database. The database has contained 1285 cases of different
BC subtypes solid tumours and normal like cancer tissues. We could obtain 211
numbers of specimen details; others had missing miR-33b expression data, no follow-up
data, or missing clinical information. Among them there were Luminal B (n= 49),
Basal-like (n= 26), Luminal A (n=92), HER2+ (n= 18) and normal like solid tissue (n=
26). MiR33b expression was less in HER2+ following Luminal A, Luminal B and
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basal-like subtypes, (Figure 27). This figure also demonstrated that miR-33b expression
is higher in normal-like cancer, which has a good prognosis than other BC subtypes.
Altogether, the data suggested that low expression of miR-33b in BC leading cancer

progression and poor prognosis.

15+
L v
L ]
A
14 y AA
T ]
n
= ]
2
@ 134
2
e
L ]
>
@
a “ ®
< 12
,ﬂé -
E oo
o®
11
10 T T T T T
Normal-like HER2-enriched Luminal B Basal-like Luminal A
N=26 N=18 N=49 N=26 N=92

Figure 27: miR-33b expression is indicated in BC tumour or normal tissues from TCGA dataset:
RT-gPCR analysis indicated the miR-33b expression levels in five main intrinsic or molecular subtypes
of BCs tissues from TCGA dataset.

2.3.12 MiR-33b is downregulated in the different subtype of cancer cell
lines

To confirm miR-33b expression is high in immortalized normal mammary epithelial
cell lines, we analysed distinct subtypes of BC tissues and healthy breast tissues as
mentioned in the result section 2.3.10. This result section analysed the miR-33b
expression in different subtypes of BC cell lines and immortalized normal epithelial cell
lines. Mir-33b expression was determined in four human BC cell lines including MDA-
MB-468, MCF-7, BT474 and SKBR3 (HER2+) and the non-tumourigenic mammary
epithelial cell lines MCF12a and MCF10a as controls. RT-gPCR data revealed that the
miR-33b expression was significantly higher in the MCF10a than HER2+ BC cell lines
(Figure 28A). Additionally, the analysis showed, miR-33b is slightly expressed in
triple-negative cancer cell line and luminal A due to its high aggressiveness character.
MCF10a and MCF12a normal cell lines were taken as a positive control for miR-33b

expression (Figure 28B). The observation showed that miR-33b expression in BC cell
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lines was much lower than normal mammary epithelial cell lines. That indicates that
miR-33b may perform an essential role in regulating BC and complement the results we
observed in BC tissue.
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Figure 28: Expression of the miR-33b in HER2+ and other subtypes of BC cell lines: The relative
expression of the miR-33b was determined in HER2+ cancer cell lines and non-tumourigenic epithelial
cell line (A). miR-33b expression was determined in other subtypes such as luminal A and TNBC of BC
cell lines and non-tumourigenic epithelial cell lines by RT-qPCR and normalized to RNU43(B). Student's
t-test was used to analyse the significant differences. *P < 0.05, **P < 0.01, ***P < 0.001, **** P <
0.0001.

2.3.13 Ectopically over-expression of miR-33b in two HER2+ cell lines

In previous results, we observed that miR-33b is downregulated in BC, more
specifically in HER2+. As this thesis focuses on HER2+ subtypes, we selected the same
two cell lines that have been chosen to study EZH2 expression in previous experiments
(BT474 and SKBR3). To evaluate the potential roles of miR-33b in HER2+ BC cells,
we transfected miR-33b mimics or the mimic control into BT474 and SKBR3 cell lines
to overexpressing its expression ectopically. The RT-qPCR data confirmed that the
BT474 and SKBR3 cells transfected with miR-33b mimics had significantly higher
expression levels of miR-33b than those transduced with the mimic control, (Figure 29
A-B).
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Figure 29: Ectopic expression of the miR-33b in HER2+ BC cell lines: Changes in the expression of
miR-33b after transfection with miR-33b mimics or the mimic control. The relative expression levels of
miR-33b were evaluated using RT-gPCR. The miR-33b mimics significantly up-regulated the expression
levels of miR-33b in BT474 (A) and SKBR3 (B) cells. Student's t-test was used to analyse the significant
differences. ***P < 0.001.

2.3.14 Over-expression of miR-33b suppresses the proliferation of HER2+
BC cells in vitro

To determine the potential effect of miR-33b on cell proliferation in HER2+ BC, cells
were transfected with miR-33b mimic or mimic negative control (miR-NC). RT-gPCR
checked the transfection in both cell lines (data are shown above). The WST cell
proliferation assay was carried out to observe the proliferation effect, which showed that
overexpression of miR-33b significantly decreased the cell proliferation compared to
negative control in BT474 and SKBR3, (Figure 30 A-B), and the inhibitory effects
showed statistical significance till seven days. Collectively, it showed that miR-33b has
an anti-proliferative effect on HER2+ BC cell lines and might induce apoptosis and

prohibit cancer cells growth.
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Figure 30: Over-expression of miR-33b suppresses the proliferation of HER+ BC cells: The WST
assay determined cell proliferation after transfection with miR-33b mimics or the mimic control until
seven days in BT474 (A) and SKBR3 (B). Student's t-test was used to analyse the significant differences.
*P <0.05, **P < 0.01, ***P < 0.001.

2.3.15 MiR-33b induces apoptosis and arrest cells at subG0/G1 of HER2+
BC

Cell proliferation and cell death are essential, yet opposing cellular processes. Crosstalk
between these processes promotes a balance between proliferation and death, limiting
cells' growth and survival with oncogenic mutations. A recent study has shown that
miR-33b regulates cell cycle and apoptosis!®. So, taking all together these data and
anti-proliferative properties of miR-33b, we evaluated apoptosis by annexin-V of
BT474 and SKBR3 cells transfected with miR-33b mimic. Overexpression of miR-33b
in BT474 and SKBR3, (Figure 31A), cells inducing early and late apoptosis through
analysis with flow cytometry. To verify these results, we further investigated cell cycle
by PI/RNAse of miR-33b transfected cell lines, which showed, a considerably increased
of cells in sub- GO/G1 phase after transfection with miR-33b, compared to the control
and a reduction almost in half in the number of cells in G1 and S phases (Figure 31B).
Collectively, it showed that miR-33b has an antiproliferative effect on HER2+ BC cell

lines and induced apoptosis with arresting the cells at sub- GO/G1 phase.
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Figure 31:miR-33b induces cell apoptosis and regulates cell cycle in HER2+ BC: The apoptotic cell
population was determined at 72h in both cell lines by flow cytometry through Annexin-V/PI staining
(A). To confirm the apoptotic population cell cycle was analysed through PI-RNAse assay at 48h and
percentage of subGO0/G1 stage cells were shown (B). Student's t-test was used to analyse the significant

differences. **P <0.01.

2.3.16 MiR-33b inhibits migration and invasion in HER2+ BC cells

Tumour cell invasion and metastasis are tightly correlated with various processes,
including EMT. Therefore, we studied its functional aspect, such as invasion and
migration properties of the cells after transfection with miR-33b mimic. Additionally,
migration and invasion assays were planned to explore the anti-metastatic effect of miR-
33b. The SKBR3 cells were transfected with miR-33b mimic for 72h and seeded on
matrigel-based transwells to check the invasion capacity within 24h. RT-gqPCR
confirmed the expression of the mature miR-33b in this cell line (data are not shown).
The results showed that overexpression of miR-33b induced a decrease in SKBR3
invasion capability compared to controls (Figure 32A). The carried out the migration
process of the HER2+ cancer cells. The results showed that the miR-33b overexpression
reduced the migration properties of HER2+ cells significantly compared to the negative
control (Figure 32B). Taken together, these results suggested that miR-33b inhibits cell
invasion and migration and acts as a possible crucial regulator of the EMT process in
HER2+ BC.
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Figure 32: miR-33b inhibits cell migration and invasion in HER2+ cells: SKBR3 cells were
transfected with miR-33b mimic and cells penetrating the membrane were fixed and 0.4% crystal violet
staining after 24 h to evaluate the invasion capacity (A). A wound-healing assay was performed on
SKBR3 transfected with miR-33b to explore the migration properties of the cells. Black arrows indicate
the wound edge. The relative scratch gap was calculated as the percentage (%) of the remaining scratch
gap at the given time point and the original gap at Oh (B). Student's t-test was used to analyse the

significant differences. **P < 0.01.

2.3.17 Up-regulated miR-33b inhibits epithelial-mesenchymal transition
in HER2+ BC

The above result sections showed that EZH2 is a master regulator of proliferation,
invasion, migration, and EMT in HER2+ BC. EZH2 promotes aggressive breast
carcinomas with metastatic potential. So, targeting EZH2 through small molecules or
miRNAs is essential to combat cancer progression. Moreover, recent substantial data
suggested that miR-33a could negatively regulate EZH2 in cancer progression by direct
interaction in TNBC!®®. Several studies have demonstrated that the EMT process is vital
for acquired drug resistance and initial step for metastasis in cancer cells, as we
observed above. Thus, the protein expression levels of EMT-associated markers in the
HER2+ BC cell lines were investigated through up-regulation of miR-33b. Thus, the
HER2+ BC cells ectopically transfected with miR-33b and Overexpression of miR-33b
in BT474 induced a statistically significant increase in the mRNA expression CDHL1,
and significant decreases of B-catenin, vimentin (Figure 33A). Consistent results were

obtained with SKRB3 (Figure 33C). To confirm these data at the protein level, western
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blot was performed (Figure 33B, D). CDH1 was unable to detect in SKBR3 because of
its homozygous deletion of a large portion of the gene!8®. These findings concluded that
miR-33b could effectively suppress EMT in HER2+ BC and act as a crucial tumour

suppressor.
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Figure 33: miR-33b inhibits the EMT in HER2+ cells: Relative expression of the EMT genes, and
protein expression, was checked after transfection with miR-NC and miR-33b HER2+ cells (A-D).

Student's t-test was used to analyse the significant differences. **P < 0.01, ***P < 0.001.

2.3.18 MiR-33b is downregulated in two control cell lines

Because of the overexpression of miR-33b reduced cell proliferation, invasion,
migration and EMT in HER2+ BC cell, we wondered, if inhibition of this miRNA in
control cells would have the opposite effect. To evaluate the potential inhibitory effect
of miR-33b, we used two immortalized mammary epithelial normal cell lines named as
MCF10a and MCF12a. We transfected miR-33b inhibitor and the inhibitor control into
those mentioned cell lines to produce BC cells with miR-33b less-expression. The RT-
gPCR data confirmed that the MCF10a and MCF12a cells transfected with miR-33b
inhibitor had significantly lower expression levels of miR-33b than the negative control
(Figure 34 A-B).
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Figure 34: Ectopic expression of the miR-33b in control cell lines: Changes in the expression of miR-
33b after transfection with miR-33b inhibitor or the inhibitor control. The relative expression levels of
miR-33b were evaluated using RT-gPCR. The miR-33b inhibitor significantly down-regulated the
expression levels of miR-33b in MCF10a (A) and MCF12a (B) cells. Student's t-test was used to analyse
the significant differences. **P < 0.01.

2.3.19 Downregulation of miR-33b inhibits proliferation of control cell
lines

Proliferation is an integral part of cancer development and progression. The cancer cell
embodies characteristics that permit survival beyond its average life span and to
proliferate abnormally. As in similar case we observed in our HER2+ cancer cells, miR-
33b acted as anti-proliferative miRNA, so we believe that inhibitor of miR-33b in
normal mammary epithelial cell line would have the opposite effect. To assess that
results, we transfected miR-33b inhibitor in MCF10a and MCF12a. RT-gPCR checked
the transfection in both cell lines (data not shown). The WST cell proliferation assay
was carried out to observe the proliferation effect, which showed that the
downregulation of miR-33b significantly increased cell proliferation compared to
negative control in MCF10a and MCF12a results showed statistical significance five
days (Figure 35 A-B). Collectively, it showed that miR-33b is required to control cell

proliferation in cancer cells.
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Figure 35: Repression of miR-33b promotes the proliferation of normal breast epithelial cells: Cell
proliferation was determined by the WST assay after transfection with miR-33b inhibitors or the
inhibitors control until five days. Student's t-test was used to analyse the significant differences. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2.3.20 MiR-33b promotes migration and invasion of normal epithelial cell
lines

To reveal the functional role of inhibition of miR-33b on migration and invasion of
normal epithelial cell lines, both MCF10a and MCF12a cell lines were transfected with
the miR-33b inhibitor/NC. The results showed MCF10a and MCF12a were transfected
with miR-33b inhibitors both expressed at a relatively low level of miR-33b compared
with cell lines transfected corresponding to the negative control (data not shown).
Transwell assays without Matrigel were used to examine the miR-33b function on the
migratory cell potential. Transwell assays with matrigel were used to detect the miR-
33b effects on the invasive cell potential. Downregulation of miR-33b significantly

increased the migration and invasion capacities in the MCF10a and MCF12a cells
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(Figure 36A-B). In summary, these findings indicated that miR-33b might act as an

anti-oncomiR and demote cell migration and invasion during HER2+ carcinoma
progression.
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Figure 36: miR-33b inhibitor promotes invasion and migration of normal epithelial in vitro: (A and
B) Transwell assay showed that inhibiting miR-33b expression promotes invasion and migration of
immortalized normal human epithelial breast cells after transfection of miR-33b inhibitor or miR-ctrl.
Student's t-test was used to analyse the significant differences. *P < 0.05, **P < 0.01, ***P < 0.001.

2.3.21 MiR-33b could regulate EMT in normal epithelial cell lines

EMT has been identified to contribute to the cell invasion of different cancers by
transforming polarized and adherent epithelial cells into motile and invasive
mesenchymal cells. To determine whether miR-33b could regulate the molecular

changes of EMT in normal breast epithelial cells, the expression of mesenchymal
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markers, including B-catenin and Vimentin and the epithelial marker, E-cadherin, was
examined in the cells by using western blot and RT-qPCR. Thus, MCF10a and MCF12a
cells were transfected with inhibitor NC and miR-33b inhibitor. The results showed that
with the inhibition of miR-33b, there is significantly diminished expression of CDH1
and an increase of B-catenin, vimentin and EZH2 in both mRNA and protein level
(Figure 37 A-D). Thus, it supports that miR-33b can regulate EMT signalling in both
control and cancer cell lines.
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Figure 37: Inhibiting miR-33b induces EMT: (A-D) mRNA and protein expression of the EMT markers
using RT-gPCR and western blot in MCF10a and MCF12a. Student's t-test was used to analyse the
significant differences. *P < 0.05, **P < 0.01, ***P < 0.001.

2.3.22 The low miR-33b expression is associated with the patient’s overall
survival

When the general BC patients (n=1262) of the database were evaluated with KM plotter

(described in 2.3.8 results section), low miR-33b expression appeared to predict less

overall survival (61.91 months) that the patients were having high expression of miR-

33b (89 months, p=0.025, Figure 38A). Similarly, when only patients with HER2+

status (n=608) were analysed with the same database, it also showed the complementary
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concordant results with general overall survival. Patients with low miR-33b expression
were tended to have low overall survival (71.21 months), where high expression miR-
33b showing patients have good survival (113.3 months, p=0.039, Figure 38B). In BC
patients and specifically in HER2+ patients, high expression levels of miRNA improved

patients' survival, stating that miR-33b expression is essential to stabilize BC patients'

survival.
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Figure 38: Overall survival in BC and HER2+positive cancer cases by the miR-33b expression: In
silico overall survival (OS) miR-33b in BC patients (A) and HER2+ subtypes patients (B) with Kaplan-
Meier Plotter analysis.

2.3.23 EZH2 is partially regulated through miR-33b

From the previous results, we demonstrated that EZH2 and miR-33b having contrary
results in HER2+. Silencing of EZH2 and overexpression of miR-33b inhibits EMT,
proliferation, invasion and migration in HER2+ cells. Taking these results in
consideration, we tried to explore whether in this process, miR-33b is inhibiting EZH2
and as the consequences of reducing HER2+ cancer cells aggressiveness. We
transfected mimic and inhibitors of miR-33b in respective cell lines which showed a
reduction and overexpression of EZH2 at mRNA and protein level (Figure 39 A-D).
Overall, these data suggested that miR-33b inhibits EZH2 expression due to suppressing
HER2+ cancer cells' aggressiveness and proliferation. The physical interaction is

analyzed in a later section.
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Figure 39: Regulation of EZH2 by miR-33b: (A-B) RT-gPCR and western blot results showing EZH2
expression level after transfection with a mimic in BT474 and SKBR3. (C-D) RT-gPCR and western blot
results showing EZH2 expression level after transfection with an inhibitor in MCF10a and MCF12a. Student's
t-test was used to analyse the significant differences. *P < 0.05, **P < 0.01.

2.3.24 EZH2 is not a direct target of miR-33b

The physical interaction of miR-33b and EZH2 has been checked in Targetscan, but no
such evidence found in the database. We even checked the interaction in other databases
such as miRDB - MicroRNA Target Prediction Database, miRNet, miRTarBase, and
miRanda. We did not find a seed sequence interact with 3” or 5 UTR region of the
EZH2. We used the Freiburg RNA tools to predict the interactions between miR-33b

and EZH2 (http://rna.informatik.uni-freiburg.de), where we found the interaction but the

yield of energy was very low (-0.3) (Figure 40 A). To confirm EZH2 is a direct target
of miR-33Db, luciferase activity was measured in-between EZH2 3’UTR containing
reporter plasmid and control plasmid. This assay revealed no such difference between
luciferase activity in 293-T cells transfected with plasmids containing the 3’'UTR of
EZH2 and cells transfected with the control plasmid (Figure 40 B). Collectively, we
confirmed that there is no direct interaction between the 3’UTR region and miR-33b
and EZH2 is not a direct target of miR-33b.
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Figure 40: No direct interaction of miR-33b and EZH2: Schematic description of the hypothesized
interaction between the EZH2 3"UTR binding site in the position from 206-216 with miRNA-33b (A). (B)
Percentage of luciferase activity in between control UTR/miR-33b and EZH2 UTR/miRNA-33b mimic. As

there were no such significant differences in the graph, t-test was not done.

2.3.25 MYC- is an intermediator of miR-33b and EZH2

From all the results described above, it is confirmed that EZH2 acts as an oncogene in
HER2+ BC subtypes, and it is negatively regulated by miR-33b. But as we mentioned
above, there was no direct interaction between miR-33b and EZH2, so we seek to
explore this interaction's laydown molecular mechanism. In 2004, researchers showed
that MYC was negatively regulated by miR-33b at the posttranscriptional level, via a
specific target site within the 3'UTR. Overexpression of MYC impaired miR-33b-
induced inhibition of proliferation and invasion in osteosarcoma cells!’t. Additionally,
MY C also regulated EZH2 by direct binding® or by negatively regulates miR-26a'% a
repressor of EZH2. Stand on this hypothesis; we checked the physical interaction of
miR-33b and MYC in targetscan, where we found, the MYC has a seed sequence in its
3'-UTR to bind with miR-33b (Figure 41A). Thus, we transfected miR-33b mimic and
inhibitor in respective cell lines, with NC. The transfection efficiency was checked by
RT-qgPCR (data not shown). Thereupon, we saw a reduced MYC expression with
transfection of mimics in BT474 and SKBR3 at mRNA and protein level (Figure 41 B-
C). At the same time, we also checked an increased MYC expression with inhibitors of
miR-33b in MCF10a and MCF12a at mRNA and protein level (Figure 41 D-E).
Overall, these data suggested that miR-33b inhibits MYC expression through its direct
interaction; thus, the downstream gene of the MYC pathway, EZH2 is downregulating

in an eventual process.
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Figure 41: miR-33b inhibits EZH2 through MYC inhibition: (A) The sequences of miR-33b binding
sites within the human MYC 3'UTRs. (B-C) RT-gqPCR and western blot results showing MY C expression
level after transfection with a mimic in BT474 and SKBR3. (C-D) RT-qPCR and western blot results

showing MY C expression level after transfection with an inhibitor in MCF10a and MCF12a. Student's t-

test was used to analyse the significant differences. *P < 0.05, **P < 0.01, ***P < 0.001.
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2.4 Discussion
Many accumulated data have pointed out that several miRNAs drive tumorigenesis,

drug resistance and suppress cancer progression by targeting different oncogenes®®’.
Although multiple studies have been carried to study miRNAs' roles in BC, most of
them have focused on BC in general and not on specific subtypes. HER2+ BC subtype
is one of the worse prognosis cancer and is associated with inferior outcomes in
survival'®and is an entity with a substantial heterogeneity at multiple levels®®. In recent
studies, miRs are critical regulators to uncover the heterogeneity's molecular
mechanisms in HER2+ BC. MiR-33 family is one of the highest conserved miR
families, consisting of miR-33a and miR-33b%°. They both act as a tumour suppressor
in different cancers such as non-small cell lung cancer!®, triple-negative BC%!,
oesophagal squamous cell carcinoma®?, and colorectal cancer!®® via targeting EMT and
proliferation. For the first time in this study, we reported that miR-33b was
downregulated in breast HER2+ tumour samples compared to normal breast tissues. The
under-expression of miR-33b is related to poor prognosis in HER2+ patients. We also
found that miR-33b expression was higher in normal breast epithelial cell line than in
HER2+ BC cell lines. It has also been described that in triple-negative BC, miR-33b
represses cancer progression and metastasis by targeting oncogenes like SALLA4,
TWIST1, and HMGA2®, These data indicate that miR-33b acts as an onco-suppressive
miRNA in BC progression. To investigate the specific role of miR-33b in HER2+ BC
progression, miR-33b was ectopically overexpressed in different HER2+ cell lines,
showing that upregulation of this miR inhibits cancer cells invasion and migration. As it
has been already reported that, this miR regulates EMT%, we here demonstrated that
the overexpression of the miR-33b inhibits EMT process in HER2+ subtype of BC by

regulating EZH2 expression.

Furthermore, we reported that the overexpression of the miR-33b has an impact on cell
proliferation and induces apoptosis in this BC subtype. Besides, this miRNA also arrests
the cell cycle in the sub-GO/G1 phase as compared with other stages in concordance
with previous results in lung cancer®®. Recently, some authors suggested that miR-33a
can regulate EZH2 by their direct interaction'®®. We checked in silico the physical
interaction between miR-33b and EZH2 in Targetscan, miRDB - MicroRNA Target
Prediction Database, miRNet, miRTarBase, miRanda databases and the Freiburg RNA
tools. In the later, we found interaction with a yield of shallow energy. Based on this
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information, we performed the luciferase assay. We found no such direct interaction
between miR-33b and EZH2 (data are not shown), which clarified that although miR-
33a and miR-33b belong to the same family, they regulate the same gene differently. It
has been previously demonstrated that MYC binds to EZH2 promoter and directly
activates its transcription'®. Besides, EZH2 expression is positively correlated with

MY C expression in prostate cancer®®’,

Moreover, it has been already described that MYC is a direct target of miR-33b*",
Thus, in our present study, we showed that ectopically overexpression of miR-33b
regulates MYC in our models (Figure 41 B, C). The sequences of miR-33b have
binding sites within the human MYC 3’UTRs (Targetscan, Figure 41 A). Considering
all these, we suggest EZH2 as a target of miR-33b via regulating MYC (Figure 42).

EMT is a fundamental process during the development of tumorigenesis and metastasis.
Enormous pieces of evidence indicate that EMT is responsible for cancer cells invasion
and migration, and an initial step of metastasis. EZH2 is reported to be upregulated in
aggressive BC '%and involved in epigenetic, post-translational modifications and EMT
program by suppressing CDH1 expression'’’. In nasopharyngeal carcinoma, miR-142-
3p was downregulated by DNA methylation due to EZH2 recruited DNMT1 occupied
the upstream region of the miR-142 and determined ZEB2 activation, which leads to
EMT and metastasis'®®. Furthermore, EZH2 is a direct target of miR-26a in docetaxel
resistance cells, which could significantly suppress the proliferation, facilitate the
apoptosis, inhibit the metastasis ability and reverse EMT- MET in lung adenocarcinoma
cells?®, In oral tongue squamous cell carcinoma, miR-101 inhibits the expression of
EZH2 via two transcription factors Snail and Slug®®*. In BC, miR-92b may negatively
regulate the expression of EZH2, promote autophagy, and decrease tumour cell viability,
migration, and invasion?%?, Additionally, miR-139-5p transcription is inhibited by EZH2
through up-regulating H3K27me3, thereby downregulation of EZH2 and up-regulation
of miR-139-5p impedes EMT in lymph node metastasis pancreatic cancer?®,
Accumulating all these results summarized, that expression of EZH2 is upregulated in a
different type of cancer, and different miRNAs and drugs require for its inhibition to

reduce cancer progression.

Given that the behaviour of EZH2 is context-dependent, in this study, we investigated
the role of EZH2, specifically in HER2+ BC. Our research determined that EZH2 is
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highly expressed in HER2+ BC cell lines and solid tumours compared to normal
epithelial cell line and healthy breast tissue showing an inverse correlation. To dig more
of the molecular mechanisms of the EZH2, it has been silenced through two different
silencers in BC cell lines, which resulted in inhibition of cell proliferation, migration,
invasion and EMT in HER2+ BC cells. That confirms that EZH2 expression has a
crucial role in HER2+ BC progression (Figure 42). Future in vivo experiments to
evaluate the role of miR-33b in HER2+ BC metastasis is needed.

In summary, EZH2 might be an essential factor of HER2+ BC progression and
associated with a decrease in the patients' overall survival since EMT has been critically
discussed as the critical process in tumour aggressiveness metastasis?®. Our findings in
the present study demonstrate for the first time that miR-33b acts as a suppressive
miRNA in HER2+ BC that could inhibit tumour migration and invasion partly by
impeding EMT through repression of MYC-EZH2 loop. This study suggests a novel
miR-33b/C-MYC/EZH2 axis that modulates breast cells' growth and progression and
could be clinically useful to design new drugs against HER2+ subtype cancer.
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Figure 42: Proposed model of miR-33b inhibited EMT via targeting EZH2-mediated MYC
signalling pathway in HER2+ BC cells.
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CHAPTER 3
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Oncofoetal Gene SALL4: As a potential marker
for T resistance HER2+ BC
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3.1 INTRODUCTION
In the chapterl and chapter 2 have adequately described the known mechanisms of

resistance to trastuzumab in HER2+ BC. HER2 plays a critical role in tumorigenesis
and is associated with poor prognosis of patients with HER2+ BC. HER2 expression is
elevated within a defined group of cancer stem cells believed to be the real oncogenic
population in the heterogeneous BC and confer resistance to therapies: hormonal and
targeted therapies'®2. However, drug resistance often develops de novo, which hinders
therapy. Thus, identifying novel therapeutic targets critical for HER2 driving tumour
development and resistance to treatment is still needed. The most commonly recognized
anti-cancer mechanism of trastuzumab is targeting the extracellular domain of the
HER2 receptor and the inhibition of the downstream phosphoinositide 3-kinase
(PIBK)/AKT pathway. Therefore, PIK3CA, a mutation of the PI3K gene, was
considered an important reason for trastuzumab resistance!®*. Knowing about the AKT
pathway regulations through different molecular mechanisms is essential to keep track
of resistance mechanisms. This chapter is more focused on exploring the mechanisms of
resistance towards trastuzumab via SALLA4.

3.1.1 The Embryonic Stem Cell (ESC) Factor SALL4

The human homologue of Drosophila spalt (sal) homeotic gene, SALL4, encodes a
C2H2 zinc finger transcription factor?®. Drosophila spalt was first identified in a
mutational study as a novel homeotic gene in 19882%, Spalt acts in both the posterior
head and the anterior tail regions of Drosophila melanogaster embryo instead of the
trunk region. Mutations of spalt lead to the transformation of the posterior head
segments to the anterior thoracic region, and the transformation of the anterior tail
region to the posterior abdominal segments of the embryo?%. These data are among the
first evidence that supports an essential role for the spalt family of genes during early

development.

In humans, there are four members in the SALL protein family: SALL1-4. Figure 43
illustrates the conserved protein domains present in SALL1-4 proteins. Phylogenetic
studies reveal that SALL4 was produced due to duplication of SALL2 gene derived from
the divergence of ancestral spalt. SALL4 underwent further duplication to produce
SALL1 and SALL3, which are the most closely related SALL members?®’. This chapter
focuses on the study of SALL4 involved in resistance to trastuzumab in HER2+ BC.
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Homo sapiens SALL4 shows 24% and 75% protein sequence identity with Drosophila
spalt and Mus musculus SALL4, respectively. The zinc finger domains are conserved
evolutionarily. Interestingly, the N-terminal first 12 amino acids of SALL4 that are
important for interaction with epigenetic complexes are also conserved in mice and

human?°8,
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Figure 43: Schematic representation of the main conserved domains in vertebrate SALL proteins.
There are four members in the vertebrate SALL family, SALL1-4. Two main conserved characteristics of
SALL transcription factors are several zinc finger domains and a glutamine-rich region (PolyQ) in the
proteins. Ovals represent zinc finger domains, and yellow pentagon represents glutamine (Q) rich region.
Blue ovals represent C2HC zinc fingers, and pink ovals represent C2H2 zinc fingers and green ovals in

SALL2 represent the C terminal zinc fingers that are not homologous to those in other SALL proteins?®’.

SALL4 is implicated in various processes during embryonic development, including
organogenesis, limb formation and neural development. Specifically, SALL4 co-
expressed with Oct4 from the one-cell zygotic stage onwards and can activate Oct4
expression and be regulated by Oct4. SALL4 also interacts physically with Nanog. The
function of SALL4 as a potent stem cell factor is further highlighted by its ability to
enhance reprogramming of somatic cells to pluripotent cells. Being an important
transcription factor implicated in early development, SALLA4 is tightly regulated at
different levels to ensure normal development. Any aberrations in SALL4 regulation or
the presence of mutations in the SALL4 gene that affects its functions and regulations

are expected to cause various human cancers and developmental disorders?®,
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3.1.2 SALLA4 in cancer

The stem-like phenotype in cancer results from epigenetic and genetic alterations
leading to the expression of genes involved in cell migration, invasion, angiogenesis,
self-renewal, anti-apoptosis, and immune-escape, which also are fundamental for the
embryo-fetal development. A stem-like phenotype's expression seems to play a central
role in defining different cancers' malignant potential. Several stemness-related genes
have been proposed as diagnostic markers for cancer during the last decades, sometimes
with prognostic significance. In particular, SALL4 has recently emerged as a potential
prognostic marker in many tumours. Analyses of SALL4 expression and its epigenetic
status, as well as studies on cellular models, have shown its oncogenic role in several
tumours, such as precursor B-cell lymphoblastic lymphoma, acute and chronic myeloid
leukaemia, gastrointestinal, breast, and lung cancers?®, SALL4 expression is generally
assessed by immunohistochemistry (IHC) on the whole section or tissue microarray
(TMA) or molecular testing, such as real-time PCR and methylation analysis promoter
region?®, SALL4 is involved in the cells' self-renewal and anti-apoptosis behaviour. It
has a higher probability of helping the cells escape from drugs or assist cells for being
resistant to drugs treatments. This chapter mainly trams the novel molecular mechanism
of the resistance towards trastuzumab and regulated by SALL4 and how

microenvironment is a torch holder of SALL4 in this process.

313 SALL4inBC

In 2006, a research group of Harvard medical school for the first time found that
SALL4 is constitutively expressed in human primary acute myeloid leukaemia (AML).
They also demonstrated that constitutive expression of SALL4 in mice is sufficient to
induce Myelodysplastic Syndromes (MDS) like symptoms and transformation to AML
that is transplantable. They also provided SALL4 can bind B-catenin to activate the
Whnt/B-catenin signalling pathway and showed similar expression patterns at different
phases of chronic myeloid leukaemia (CML)?!!. Following that year, many research
articles stated that SALL4 plays an essential role in various cancer progression and drug
resistance. Recently, emerging evidence has shown that after birth, SALL4 expression
is downregulated and absent in adult tissues; however, it is re-expressed in a subset (30
%) of various solid tumours, such as breast, cervical, ovarian, gastric, hepatocellular

carcinoma, and germ cell tumours?2, In a recent study, SALL4 expression was detected
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in 86.1 % of BC cases?®. Another study reported that high cytoplasmic expression of

SALL4 was found in BC tissues associated with normal adjacent tissues.

In contrast, Yue et al. 2* reported that high SALL4 levels were related to enhanced
tumour invasion and lymph node stage in ER, PR, HER2, and TNBC. Itou et al.
indicated that SALL4 represses E-cadherin gene (CDH1) expression and maintains cell
dispersion in basal-like BC?'. Besides, SALL4 presents a binding site for the TNF-a
gene, which regulates cell death?!®, Another study reported that miR-33b played a role
as an onco suppressive miRNA in BC progression by inhibiting BC cells' stemness and
metastasis. According to these findings, miR-33b suppressed the stemness, migration,
and invasion of BC cells by targeting HMGA2, SALL4, and Twist1?Y’.

In summary, SALL4 is generally upregulated in BC carcinogenesis. Therefore, SALL4
has several important functions in the development or progression of BC. SALL4
expression is related to cell proliferation, suppressing intercellular adhesion, and
maintaining motility in BC cells. Moreover, SALL4 induces oncogenic transformation.
When SALL4 expression is forced, the number of cells in the G1 phase is reduced.
Research has also shown that SALL4 positively regulates the expression of CCND1 and
CCND2, which encode the cell-cycle progression factors Cyclin D1 and D2,
respectively. SALL4 knockdown reduces the proliferative ability of BC cells?!8, SALL4
positively regulates the expressions of Bmil, a member of the polycomb group of
proteins initially identified in Drosophila melanogaster as a repressor of homeotic
genes (in BC cells). In humans, the polycomb gene Bmi-1 plays an essential role in
regulating adult, self-renewing hematopoietic stem cells (HSCs) and leukaemia stem
cells?®. It can be concluded that SALL4 is involved in the positive regulation of cell
proliferation. Although there is not much in the literature on the role of SALL4 in BC,
published studies suggest that it may be necessary, and this should guide future cancer

treatment research (Figure 44).
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Figure 44: Proposed model for SALL4 regulatory network in cancer??°

3.1.4 SALLA4 in drug resistance

SALLA4, being a stem cell marker, which makes the belief that it can be involved in drug
resistance in cancer. In 2010, a research group of Johns Hopkins Medical Institutions
found that NOTCHS3 is overexpressed in ovarian cancer post-chemotherapy. It is an
advantage for the cancer cells to survive under the selection pressure of chemotherapy.
This study also showed that the Carboplatin resistance cell line has a high expression of
NOTCHS3 and other embryonic stem cell markers, including SALL4. That suggested
SALL4 involvement in drug resistance??!. It involved in the drug resistance was proved
in 2011, in myeloid leukaemia patients. They reported that SALL4 expression is higher
in drug resistance to Doxorubicin in primary acute myeloid patients than drug
responding patients. They further demonstrated that SALL4 was able to bind to the
promoter region of ABCA3 and activate its expression while regulating the expression
of ABCG2 indirectly, which suggested a novel role for SALL4 in drug resistance in
cancer??2223_ Afterwards from 2014, some researchers group started taking SALL4 as an
important target for chemoresistance in different cancers. In endometrial cancer, SALL4
overexpressed in Carboplatin drug resistance and induced EMT pathway by binds
explicitly to the MYC promoter region and initiated its overexpression in this cancer
type??#22° Fluorouracil and Oxaliplatin were two representative chemotherapy drugs

used in colorectal treatment. However, certain patients showed high expression of
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SALL4 in severe resistance against these drugs with mechanisms undefined, through

regulating P-gp and MRP1 expression?%,

SALL4 expression could be a resistance factor against anticancer drugs such as
Cisplatin, Carboplatin, and Paclitaxel in lung cancer. It has been reported that STAT3
pathway may be involved in drug resistance and may a positive-feedback loop exist
between SALL4 and IL-6 via STAT3%?". Another research group showed on the same
cancer type is knockdown of SALL4 by siRNA in Cisplatin-resistant cells reduced the
IC50 compared with the parental cells through AKT/mTOR signalling??. In 2016, for
the very first time a group from Shanghai Jiao Tong University, School of Medicine,
China demonstrated that SALL4 is overexpressed in BC cell line acquired resistance to
doxorubicin hydrochloride. This study also suggested that knockdown of SALL4
inhibits proliferation of MCF-7/ADR (Adriamycin) cells through arresting the cell cycle
in the G1 phase and that down-regulation of SALL4 reverses the drug resistance of BC
by reducing the expression of ABCG2 and MYC?®. So, in this chapter, we have
explored for the first time the involvement of the SALL4 in acquired resistance to
trastuzumab in HER2+ BC cells.

3.1.5 SALL4 in the microenvironment of HER2+ BC

Tumour cells exist near non-malignant cells. Extensive and multi-layered crosstalk
between tumour cells and stromal cells tailors the tumour microenvironment (TME) to
support survival, growth, and metastasis. The TME consists of different cell populations
such as proliferating tumour cells, the tumour stroma, blood vessels, infiltrating
inflammatory cells, and various associated tissue cells®°. The tumour stroma consisted
of the basement membrane, fibroblasts, extracellular matrix, immune cells, and
vasculature. Fibroblasts are one of the largest populations of non-malignant host cells
that can be found within the TME of the breast, pancreatic, and prostate tumours
(Figure 45). Previous studies have identified cancer-associated fibroblasts (CAFs)
originating from various cells types, including fibroblasts, endothelial cells, and
vascular mural cells. Multiple independent studies have recently also implicated bone
marrow-derived cells, most likely mesenchymal stem cells, as a considerable source of
CAFs?%l, CAFs have a significant impact on cancer cells' behaviour, including
proliferation, invasion, metastasis and chemoresistance in many ways. However, the

underlying mechanism had not been fully elucidated.
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Figure 45: This timeline shows key developments and the changing focus of fibroblast research,
particularly in association with cancers.

In recent years, it has been observed that SALL4 has a link with TME to facilitate
tumour growth, progression and resistance to drugs. In 2018, for the first time, a
research group from China stated that SALL4 and PDL1 are negatively correlated with
miR-200c. Furthermore, they suggested that the hepatitis B virus (HBV) stimulates
SALL4 production by activating STAT3. SALL4 directly suppresses miR-200c
transcription by its transcriptional repressor function, subsequently leading to high PD-
L1 expression due to destroying the CD8+T cell functions and helping in hepatocellular
cancer (HCC) progression?32. Additionally, there is evidence that in HCC, SALL4 was
critical for regulating miR-146a-5p in exosomes and M2-polarization. Mechanistically,
SALL4 could bind to the promoter of miR-146a-5p, and directly controlled its
expression in exosomes. Blocking the SALL4/miR-146a-5p interaction in HCC reduced
the expression of inhibitory receptors on T cells, reversed T cell exhaustion, and
delayed HCC progression??. Also, in the same cancer type, another mechanism is that
the inflammatory micro-environment promotes the stemness properties and metastatic
potential of tumour cells. The researchers discovered that miR-497 directly targets
SALL4, negatively regulates its expression, and further inhibits the self-renewal and
metastasis of HCC. More importantly, inflammatory factor TNF-a inhibits the
expression of miR-497 via NF-kB-mediated negative transcriptional regulation and
simultaneously upregulates the expression of SALL4 and promotes the self-renewal and

metastasis phenotypes of HCC cells?,
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So, taking all together above references, in this chapter, we have explored how SALL4
is also regulated by CAF isolated from human primary breast tumour and helps in

acquired resistance.

3.2 Materials and Methods
Details of the material and methods have been described in Chapter 2, section 2.2. The

remain methods have been elaborated below.

3.2.1 SALLA4 overexpression plasmid transfection of BT474 cells and
SKBR3 cells

BT474 and SKBR3 cells were grown to 70-90% confluence, and SALL4 plasmid and
empty vector pcDNA3.1 (Addgene) were transfected with one ug/ml in the DMEM
medium. Cells in the plasmid control group were transfected with vector only.
Lipofectamine® 2000 reagent was diluted at 1:0.5 ratio in Opti-MEM medium (Gibco;
Thermo Fisher Scientific, Inc.) and mixed well. The opti-MEM medium was used to
dilute the DNA and to prepare a DNA master mix. Both mixture solutions were
incubated for 5 mins in room temperature. Subsequently, Diluted DNA (1:1 ratio) was
added to each tube of diluted Lipofectamine® 2000 reagent and incubated for 15 min at
room temperature. Then, DNA-liposome complexes were added to the cells. Cells were

incubated at 37°C for 72 h, followed by extraction of cellular proteins and mRNA.

3.2.2 DRUGS assay

The WST assay is a colorimetric assay for assessing cell viability. We used this assay to
evaluate the cell proliferation of FFW (peptide) in BT474 WT, BT474R and SKBR3
WT, SKBR3 R cells. We seeded cells in a 96-well plate at five x 10% cells/well and
incubated these for 24 h in 37 °C with 5% CO>. We treated the cells with drugs in
various concentrations and incubated the cells for a further 48, 72, 96, 120 and 168 h.
For FFW, we used concentrations ranging from 1uM to 15 uM. After the designated
duration of drug exposure, we aspirated the cell culture medium. We incubated the cells
with 7%WST reagents diluted with phenol red-free DMEM for 3 h at 37 °C in 5% COa.
We calculated cell viability by measuring the absorbance at 450-650 nm using a
microplate reader (Infinite® M1000 Pro, Tecan Group, Switzerland) and comparing

them with the control cells (treated with drugs carrier DMSO).
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3.2.3 The patient’s derived primary cell culture

HER2+ BC patient’s samples were obtained from Hospital Clinico Universitario de
Valencia, Valencia, Spain. Tissue samples were collected in a 50 ml falcon tube
containing 15 ml media (DMEM-F12) with 1% antibiotics. Tissues were washed
extensively with 1X PBS without centrifugation with 1% penicillin/streptomycin (Life
Technologies, Carlsbad, CA, USA), for 3-4 times for every 10 mins. Tissue specimens
were mechanically dissociated using a scalpel and transferred to an enzymatic solution
of 3mg/ml collagenase 5ml (Thermofisher) and 5 U/mL Dispase (STEMCELL) 5ml, in
a 37 °C water bath for at least 2-4 h, agitating every 10-20 mins. At the end of
incubation, the same amount of DMEM-F12 supplemented with 10% FBS was added to
stop the enzymatic reaction. The tumour cells were centrifuged at 1500 rpm for 5 mins
to pellet down all the cells and tissue. Then the cells were cultured with DT-culture
media (DMEM-F12 media, Gibco by life technologies) supplemented with 10% FBS,
penicillin/streptomycin (1%), L- Glutamine (1%)) in t25 flask and incubated with 5%
CO. at 37 °C. Viable tumour cells attached to the flask within 12-24 h. At the first
medium change, rather than discarding medium containing unattached cells that may
grow and provide a backup culture, put this into a new flask as some of them contain
organoids. Cultures at 75% to 100% confluence were selected for subculture by
trypsinization with 0.05% trypsin-EDTA. The culture medium was changed twice a
week, and cellular morphology evaluated microscopically every 24-48 h. When
possible, early passage and late passage, primary cultures were frozen in 90% FBS and

10% DMSO and stored in liquid nitrogen for further experiments.

3.2.4 Characterization of Primary cell lines

The monolayer primary cells are needed to characterize to obtain a different population
of the cells. Cells growing in 6-well plates were trypsinized and collected in a tube.
After counting the cells, 100,000 cells were put in another small Eppendorf, and 500 ul
of PBS was added. Cells were then centrifuged at 1500 rpm for 5 mins. Pellet down
cells were resuspended with Flow Cytometry Staining Buffer (00-4222-57,
Thermofisher). Soon after, different antibody types were labelled with cells (CD36 for
mesenchymal stem cells, CD326 for epithelial cells, CD140a for cancer-associated
fibroblast, CD24 and CD44 for BC stem cells) and incubated for 30 mins in 4 °C in the
dark. Following that additionally, 500 ul of Flow Cytometry Staining Buffer was added
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to the Eppendorf and acquired and the data were analysed by FACSVerse™ flow
cytometer (BD Biosciences). Cells were initially gated based on forward versus side
scatter to exclude small debris, and ten thousand events from this population were
collected. Control cells were treated with appropriate isotype conjugated IgG (BD

Biosciences).

3.2.5 Collection of Conditioned Medium

For the experiments with conditioned media, HER2+ breast primary cells were plated in
6 well plates until sub confluence; fresh complete culture medium was added, and cells
were incubated with 2 ml of medium for 72 h. The supernatant was recovered, filtered
through a stericup (pore size 0.45 um; Millipore; Billerica, MA, USA), and centrifuged
(1,200 rpm for 5 minutes) to discard unattached cells and cell debris. The conditioned

medium was aliquoted and stored at -80 °C for later experiments in future.

3.2.6 Cell viability studies with condition medium

To determine the concentration of condition medium for experiments, the HER2+
differentiated cells such as BT474, SKBR3 were seeded on 96 well plates (5000 cells
per well). After 24 h of the different seeding concentration (5%-100%) of the cm diluted
with 2%, FBS media were treated with the cells for different periods. 2% FBS with

media was taken as a control for these experiments.

3.3 Results
3.3.1 Assessment of the efficacy of trastuzumab in HER2-positive BC cell
lines

The trastuzumab-conditioned BT-474R and SKBR3R cell lines were established by
culturing the BT-474 and SKBR3 cell lines in the appropriate medium supplemented
with 15 pg/ml of recombinant humanized monoclonal HER2 antibody, trastuzumab
(Herceptin, Genentech, USA). Trastuzumab was dissolved in sterile water at a stock
concentration of 20 mg/ml. Simultaneously, the parental lines were grown without
treatment to maintain their sensitivity to the drug intact to be employed as procedural
controls. Once the establishment of resistance was confirmed, the cells were kept at a 15
png/ml maintenance dose. These results are adopted from a group of Department of
Pathology, 1IS-Fundacion Jiménez Diaz, Madrid, Spain, and they have given us the

resistance cell lines for our experiments?®*, Two trastuzumab-resistant populations were
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generated from each sensitive cell lines such as BT474-BT474R and SKBR3-SKBR3R.
Sensitivity and resistance to trastuzumab were assessed in both cell lines by testing cell
proliferation in the presence and absence of 15 pg/ml trastuzumab for seven days
(Figure 46 A-B). Both the medium and the drug were replenished every three days. On
the other hand, the cells' morphological characteristics remained identical between the

parental and the equivalent resistant cell lines (Figure 46 C-D).
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Figure 46: The effect of trastuzumab in cell proliferation and morphology: (A, B) The effect of
trastuzumab on the BT-474 and SKBR3 (parental and acquired resistance) cell lines for seven days
exposure to trastuzumab 15 pg/ml. Every trastuzumab-treated condition was compared to its
corresponding non-treated one (parental/wild type) phase-contrast images showing cultured monolayers
of parental and trastuzumab-resistant cells for both BT474-BT474R and SKBR3-SKBR3R.
Morphological characteristics did not differ between sensitive and resistant cells of the same line.

Student's t-test was used to analyse the significant differences. ***P < 0.001, **** P < 0.0001.

3.3.2 SALLA4 expression in sensitive vs resistance HER2+ BC cell lines

The quantitative RT-gPCR data revealed that the SALL4 expression was significantly
lower in the BT474-WT as compared to BT474-R at mRNA and the protein level
(Figure 47 A-B). Additionally, the same patterns were observed in SKBR3-WT
compared SKBR3-R protein level. Still, in mRNA level, the expression of SALL4 was
not significantly different (Figure 47 C-D). The observation showed that SALL4

expression in acquired resistance cell lines was much higher than the wild type, which
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concluded that SALL4 might involve in the molecular mechanism of acquired

resistance in HER2+ BC cell lines.
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Figure 47: Expression of SALL4 in sensitive and acquired resistance HER2+ breast cell lines: The
relative expression of the SALL4 was determined in HER2+ cancer cell lines both in parental and
acquired resistance cell lines of BT474 and SKBR3 (A, C). SALL4 protein expression was determined by
western blot in mentioned cell lines (B, D). Student's t-test was used to analyse the significant differences.
***P <0.001.

3.3.3 Expression of SALL4 in HER2+ BC patients and PDX samples

SALL4 is aberrantly overexpressed in various malignant tumours, such as gastric
cancer, lung cancer and AML. Less has been explored in BC and its relation to
resistance. So, SALL4 expression was determined in different BC patients comprised
18 clinical primary tissue samples, of which 7 were responder, and 11 were non-
responded to treatment, i.e., trastuzumab. It showed that the appearance of SALL4 is
higher in non-responding patients to trastuzumab /metastatic compared to the responder
(Figure 48A). To support these results, we obtained PDX (Patients derived xenograft)
samples from trastuzumab non-responder patients. A total of 6 PDX samples originated
from one non-responder patient, denominated as PDX1, PDX2, PDX3, PDX4, PDX5,
and PDX6 respectively. PDXL1 is only one PDX sample, of which the original tumour
was derived from a responding patient to trastuzumab. When we analysed the
expression of SALL4 in different PDX tumour sample derived from one responding

patient and one non-responding patient to trastuzumab, we found that SALL4
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expression was higher in 5 of the PDX samples, especially (PDX2, PDX3, PDX5) as
compared to responder PDX sample (PDX1) (Figure 48B). These data collectively
seemed to suggest that up-regulated SALL4 may be implicated on aggressiveness and a

key regulator of trastuzumab resistance in HER2+ subtype.
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Figure 48: Expression of the SALL4 in BC patients and PDX samples: The relative expression of
SALL4 was determined by RT-gPCR in HER2+ cancer tissue responding to trastuzumab, non-responding
to trastuzumab (A). Relative SALL4 expression was determined in different PDX samples compared to

one responder control. Student's t-test was used to analyse the significant differences (B). *P < 0.05.

3.3.4 SALLA4 expression mRNA analysis in a public database (TCGA)

As it observed that SALL4 expression is related to trastuzumab resistance, we aimed to
know the expression of SALL4 in different molecular subtypes of BC in basal level.
From the TCGA database, we obtained 523 numbers of specimen details; others had
missing SALL4 expression data, no follow-up data, or missing clinical information.
Among them, there were Luminal B (n= 127), Basal-like (n=98), Luminal A (n= 231),
HER2+ (n= 58) and normal-like tissue (n=9), which showed high expression of SALL4
in HER2-enriched tissue samples following Luminal-A, Luminal B and basal-like
subtypes (Figure 49). The low-level expression was observed in normal-like subtypes,
which suggested that high SALL4 expression is required to drive HER2+ cancer

progression and induce resistance to treatments.
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Figure 49: SALL4 expression is indicated in BC tumour or normal like tissues from TCGA dataset:
RT-gPCR analysis indicated the SALL4 expression levels in five main intrinsic or molecular subtypes of
BCs tissues from TCGA dataset.

3.3.5 Survival analyses for SALL4 expression in BC patients and HER2+
BC patients.

The overexpression of SALL4 in BC tissue was highly correlated with poor prognosis
and disease relapse. As we observed the SALL4 expression is higher in resistance in in-
vitro and in patient’s samples, we analysed the OS, RFS and DMFS in all type of cancer
and specifically in HER2+ subtype of cancer. RFS showed different results, suggesting
that high expression of SALL4 extends disease-free survivability in ALL subtypes
while in HER2+, it has opposite results (As expected) (Figure 50 A, D). When looking
at the overall survival, we noted that in both ALL and HER2+, the more expression of
SALLA4 related to less survival significantly, which suggested that SALL4 might act as
tumour oncogene, but its involvement in relapse-free survival is subtype-specific
(Figure 50 B, E). DM-free survival (DMFS) was defined as the duration between
primary local recurrence and distance metastasis. While analysing the DMFS in km
plotter, we noticed that the SALL4 had followed the same like RFS (Figure 50 C, F).
These results explained that SALL4 could act as an independent predictor of the
development of metastases, relapse of the diseases and patient’s survival in breast
HER2+ subtype.
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Figure 50: Prognostic value of SALL4 expression in BC patients: In silico relapse-free survival
(RFS), overall survival (OS) and distant metastasis-free survival (DMFS) of SALL4 in BC patients (A-C)
and HER2+ subtypes patients (D-F) with Kaplan-Meier Plotter.

3.3.6 Knockdown and overexpression of SALL4 in HER2+ WT/R cell
lines using silencers and plasmid.

Previous results showed that high expression of SALL4 is being involved in
trastuzumab resistance and progression of human HER2+ BC. It is crucial to know the
gene's implications in cell proliferation and other phenotypic properties in human
HER2+ cell lines to explore the molecular mechanisms. For this purpose, one of the
strategies employed in this study was the overexpressing SALL4 in sensitive cell lines
by plasmid and silencing of the SALL4 in resistance cell lines by specific siRNA for the
SALLA4. After transfection with plasmid and silencer in respective cell lines with
negative control for each condition, the efficiency of transfection was checked of
MRNA by RT-qPCR from 48 h -96 h and in protein level at 72h (Figure 51 A-H).
Unitedly, these results suggested that the commercially avail plasmid and silencer have
been effectively overexpressed and silenced the mRNA and proteins of SALL4 in
HER2+ BC cell lines so that it is sufficient to check the functional effect on cells.
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Figure 51: SALL4 expression after plasmid and siRNA transfection in HER2+ cell lines: RT-qgPCR
(A, E) and Western blot (B, F) results showing the overexpression efficiency of a plasmid
(pcDNA3.1+/SALL4) for SALL4 in both sensitive cell lines such as BT474WT and SKBR3 WT. The
relative expression of SALL4 using a specific silencer resulting in satisfied downregulation of the
expression at mMRNA (C, G) and protein (D, H) level in both acquired resistance cells lines such as BT-
474R and SKBR3 R.

3.3.7 Silencing SALL4 partially restores trastuzumab sensitivity in
acquired resistance cell lines

Drug resistance is a significant obstacle that affects the overall survival rate for
advanced and recurrent HER2+ BC patients. We sought to analyze whether SALL4 in
BC cells participated in mediating cellular resistance to trastuzumab. It was revealed by
cell viability assay that an ectopically increase expression of SALL4 in BT474 and
SKBR3 parental cells make cells less sensitive to trastuzumab than control (empty
vector) at seven days (Figure 52 A-B) due to high proliferation of the cells, as a
primary effect of overexpression of SALL4. Meanwhile, downregulation of SALL4 in
BT474-R and SKBR3-R through two different silencers showed a significant decrease
in proliferation and more responding to trastuzumab treatment than the negative control

of the silencer (Figure 52 C-D). In summary, these findings indicate that SALL4 is
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involved partially in drug resistance in HER2+ BC cells and helps cells to escape from

treatments.
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Figure 52: Assessment of trastuzumab efficacy through regulation of SALL4: The proliferation of
BT474 and SKBR3 parental cells with overexpression of SALL4 and treatment with trastuzumab (A-B)
was measure by WST assay. The proliferation with silencing of SALL4 by two different silencers in both
acquired resistance cell lines; BT474-R and SKBR3-R was also determined with presence of trastuzumab
by WST assay (C, D) The graph shows the results of three independent experiments, run in triplicate. The
experiments were carried out to 7 days. Student’s t-test compared the results. *P < 0.05, **P < 0.01,
***P < (0,001 and **** P <0.0001.

3.3.8 SALLA4 follows the PIBK/AKT/PTEN pathway for partially restore
the trastuzumab effect.

One of the most potent signalling pathways promoted by HER2 overexpression is the
phosphatidylinositol PISBK/AKT/PTEN signalling cascade, which affects cell cycle
progression and can inhibit apoptosis. It has been reported that activated AKT can be an
indicator of poor prognosis, possibly promoting cell survival. To regulate AKT activity,
PI3K is opposed by PTEN, which converts PIP3 back to PIP2, thus preventing
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phosphorylation and activation of AKT. As a result, cellular proliferation is inhibited,
and tumour formation is suppressed. On the other hand, Lu et al. showed that SALL4,
as a transcription factor, repressed PTEN expression by binding to the promoter regions
in intrahepatic cholangiocarcinoma®®. So, taking together, we hypothesized that SALL4
might play an essential role in regulating trastuzumab resistance through the
PIBK/AKT/PTEN pathway. We overexpressed the SALL4 ectopically in parental cell
lines of BT474 and SKBR3, which showed the results that, with the overexpression of
SALL4 activates PI3K and AKT as an outcome of repression of PTEN expression
(Figure 53 A-B). When AKT phosphorylates, it activates many downstream targets,
such as BCL2, resulting in increased cell survival and proliferation. In contrast, in
acquired resistance cell lines BT474R and SKBR3R ectopically down-regulation of
SALL4 represses PI3K and AKT's activation and overexpress PTEN along with
downregulation of BCL2 (Figure 53 C-D). These results suggested that SALL4
regulates HER2+ pathway through a complicated intracellular pathway
PISBK/AKT/PTEN, which leads to cell growth, tumour proliferation, escape from

trastuzumab and plays a significant role in BC progression and resistance.
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Figure 53: Western blotting of PTEN and PI3K/AKT pathway-associated proteins: Expression levels

tAKT
PAKT ser473

were analysed by western blotting following 72 h of transfection of plasmid for overexpression of SALL4

in parental cell lines and si-RNA for down-regulation of SALL4 in acquired resistance cell lines.
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3.3.9 SALL4 promotes EMT: a crucial regulator of drug resistance

EMT transcription factors might induce enhanced phenotypic plasticity that would
allow HER2+ BC cells to "enter" into and "exit" dynamically from trastuzumab-
responsive stem cell-like states. Considering this hypothesis and being SALL4 as a
transcription factor which plays an essential role in maintaining stem cell-like states, we
hypothesised to investigate EMT markers in all cell lines with the gain-loss expression
of SALLA4. Further, we ectopically overexpressed and downregulated SALL4 in wild
type and resistance cell lines. This results section has used two different siRNAs
specifics to reducing SALL4 expression in transfected cell lines. While SALL4 is
overexpressed in wile type cell lines, the EMT markers such as E cadherin (CDH1)
have significantly reduced its expression compared to empty vector. Whereas
mesenchymal markers expression like B-catenin (CTNNB1), Vimentin (VIM) and
Fibronectin (FN1) and also MYC an essential transcription factor for essential to
regulate EMT and/or CSCs, have increasing acceptably (Figure 55 A, B, E, F).
Meanwhile, we observed the adverse effect in resistance cell lines, when we silenced
the SALL4 expression by two different silencers (Figure 55 C, D, G, H). In summary,
our results uncover that overexpressing of SALL4 promotes EMT, which is required for

the cells to make them follow the resistance pathway in the future.
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Figure 54: SALLA4 regulates EMT in HER2+ BC cells: RT-gPCR and western blot results showing
EMT marker levels after overexpressing and silencing sall4 in parental cells (A, B, E, F) and acquired
resistance cells (C, D, G, H). Student's t-test was used to analyse the significant differences. *P < 0.05,
**P <0.01, ***P < 0.001 and **** P < 0.0001.
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3.3.10 NURD complex can play an essential role in resistance.

In mammalian cells, there are two major histone deacetylation complexes, Mi-2/NuRD
and Sin3. These two protein complexes share four common components, HDAC1,
HDAC2, RbAp46 and RbAp48. Mi-2/NuRD complex additionally includes Mi-2,
MTA-1, MTA-2, p66 and MBD3. Among these eight factors, HDAC1 and HDAC2 are
histone deacetylases, RbAp46 and RbAp48 are histone binding proteins, and Mi-2 is a
chromatin-remodelling ATPase. Therefore, histone deacetylation and chromatin-
remodelling ATPase activities are uniquely linked in this single protein complex Mi-
2/NUuRD, whose function is to produce compactly packed, hypoacetylated nucleosomes
that switch an active, hyperacetylate promoter to its inactivated state?*®. NuRD has also
been implicated in regulating transcriptional events that are integral to oncogenesis and
cancer progression. SALL4 has been reported to act as a repressor by interacting with
the epigenetic HDAC / NuRD complex. It is suggested that the oncogenic role of
SALL4 in cancer development may be due in part to its repressive role in the tumour
suppressor PTEN. In hepatocarcinoma, SALL4 has been shown to physically interact
with retinoblastoma 4-binding protein (RBBP4), part of the NuRD complex, and that a
specifically designed peptide is capable of antagonizing the SALL4-NuRD
interaction?®’. We emphasized that the NuURD complex might be involved in HER2+ BC
progression and trastuzumab resistance based on the present hypothesis. All the NuURD
complex members' protein expression shows different expression in sensitive vs
resistance of BT474 and SKBR3 (Figure 55 A-B). The mediator, who plays an essential
role between SALL4 and NuRD complex interaction and cancer progression in different
types of cancer is RBBP4?%. Therefore, when we tried to check the gene and protein
expression of RBBP4 in both resistance and sensitive cell lines of HER2+ subtypes, we
found that RBBP4 expression is higher in resistance as compared to sensitive in both
levels (Figure 55 C-D). This result has also been confirmed by microarray (Dr Federico
Rojo, laboratory, Molecular Pathology at the Jiménez Diaz Foundation, Madrid). This
also suggested that the RBBP4 expression is higher in resistance cell lines than the
parental cell line (Figure 55E). All together above data suggested that interaction of
SALL4 and RBBP4 (NuRD complex) is required for trastuzumab resistance cell lines,
where they can inhibit the expression of PTEN and activates PTEN/PI3K/AKT pathway

to assist cancer cells in surviving.
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Figure 55: Expression of the NURD complex in HER2+ cancer cell lines and BC patients: All the
units of NURD complex basal level expression were measured by western blot in BT474 WT and BT474
R (A, B). Basal level expression at mRNA and protein level of RBBP4 were measured by gRT-PCR and
western blot in both parental cell line and acquired resistance cell lines (C, D). Microarray data were
analysed of both sensitive and resistant cell lines to evaluate the expression of RBBP4 (E). Student's t-test

was used to analyse the significant differences. *P < 0.05, **P < 0.01.

3.3.11 Analysis of RBBP4 mRNA expression in the TCGA database

After analysing the RBBP4 expression in HER2+ cancer cell lines, we intended to know
the expression of RBBP4 in different molecular subtypes of BC in basal level collected
from the TCGA database. We could obtain 976 numbers of specimen details; others had
missing RBBP4 expression data, no follow-up data, or missing clinical information.
Among them, there were Luminal B (n= 194), Basal-like (n=142), Luminal A (n= 434),
HER2+ (n= 87) and normal-like tissue (n=119), which showed high expression of

RBBP4 in almost all molecular subtype of BC except in normal-like subtype (Figure
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56). The low-level expression in normal-like subtype suggested that high RBBP4
expression is required to drive HER2+ cancer progression along with inducer of
resistance to treatments and also helps SALLA4 in the aggressiveness of the different BC

subtypes.
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Figure 56:RBBP4 expression is indicated in BC tumour or normal tissues from TCGA dataset: RT-
gPCR analysis indicated the SALL4 expression levels in five main intrinsic or molecular subtypes of BCs
tissues TCGA dataset.

3.3.12 Positively regulation of the NURD complex through SALL4 might
play an essential role in HER2+ resistance cell lines.

According to the previous results, we observed NURD complex is overexpressing in
resistance cell lines, and it interacted with SALL4. Therefore, we shouted to know
NuRD complex expression while regulating SALL4 expression in wild type and
resistance cell lines. While overexpressing SALL4 in parental cell lines and silencing
SALLA4 in resistance cell lines of BT474 and SKBR3, showed a modulation in NuRD
complex proteins. It has been observed that expression of RBBP4, MTA1, MBD3 and
HDAC1 has positively regulated by SALL4 gain-loss expression (Figure 57 A-D). It is
already described before that, SALL4 acts as a repressor of PTEN by recruiting the
NuRD complex. So, we also found that while there are changes in NURD complex, it is
also affecting the PTEN expression, which is a direct target of the NuRD complex and
might have a secondary effect on PTEN/PI3K/AKT pathway. The vice versa is
happening in the silencing of SALL4 in resistance cell lines. This novel hypothesis links
interaction between SALL4 and NuRD complex, which is required to suppress PTEN

expression and activate AKT pathway, which is one of the critical pathways in HER2
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signalling trastuzumab mechanism of action as mentioned above. So, altogether this

data showed a novel molecular mechanism of trastuzumab resistance in HER2+ subtype
of cancer.
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Figure 57: The modulation of the NuRD complex through SALL4: Overexpression and
downregulation of the SALL4 in parental and acquired resistance cell lines showed the different
expression pattern of NURD complex core components through western blot (A, B, C, D).

3.3.13 The peptide FFW has an effect on cell proliferation on HER2+ BC
both resistance and WT cell lines

From the above results, we found that SALL4 acts as a repressor of PTEN by recruiting
the nucleosome remodelling deacetylase (NURD) complex in both WT and resistant cell
lines. The retinoblastoma binding protein 4 (RBBP4) is a subunit of NuRD. It is a
WDA40 repeat-containing protein, which consists of a seven-bladed B-propeller domain.
In NuRD, RBBp4 acts as a chaperone in nucleosome assembly by bringing together
histones H3 and H4 onto newly replicated DNAZ%, It has also been proved that SALL4-
NuRD complex interaction happened for RBBP4. Therefore, there is an urgent need to

explore alternative approaches for the treatment of this deadly disease. SALLA4,

however, falls into the class of what is termed as “undruggable” targets, as a nuclear
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factor lacking a typical, druggable pocket for inhibitor binding. In this report, we
discovered that the SALL4— NuRD interaction offers an intriguing potential therapeutic
target by a novel peptide called “FFW” (PEN-FFW: RQIKIWFQNRRMKWKK-
RRKFAKFQWI). Here we have shown that with the treatments of this FFW peptide, we
were able to reduce the proliferation of HER2+ BC in both resistance and wile type of
BT474 and SKBR3.

We found that IC50 of the drugs are changing mostly in BT474S-R compared to
SKBR3 S-R, where BT474 is a Luminal B/HER2+ subtype, and SKBR3 is pure HER2+
subtype. There is different IC50 in BT474 wt (13.4 um in 96 h) vsr (6 um in 96 h). It
is demonstrated that in resistance, the interaction between SALL4-RBBP4 is stronger
than the wild type in BT474. In SKBR3 wt vs r, there are mild changes in 1C50 (Figure
58 A-D). These results suggested that might this peptide increase the efficacy of the
trastuzumab in acquired resistance cell lines. So synergetic study is required with

trastuzumab in both parental and acquired resistance cell lines.
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Figure 58: 1C50 Values for the treatment of FFW on HER2+ cells lines: WST assay was carried out
on both parental cells and acquired resistance cells. Different FFW concentrations were treated on both

kinds of cell lines for 72 h and 96 h. All values are averages of replicates expressed relative to cell

120|Page



viability values in untreated cells normalized to 100%. IC50 of the FFW was calculated through

GraphPad prism.

3.3.14 Mir-33b targets SALL4 based on cell type-specific.

According to literature, miR-33b (results of its evaluation in HER2+ shown in chapter
2) can target SALL4 and reduces its expression, which resulted in the reduction of
stemness and invasion of cancer cells!®. When we checked in our HER2+ BC model,
we found that with the ectopic overexpression of miR-33b has reduced the mRNA
SALL4 expression only in BT474 but not in SKBR3 (Figure 59 A-B). Nonetheless, we
tried different bioinformatics tool to check the physical interaction of miR-33b and
SALLA4. Still, nowhere we did not find any convincing results but in the Freiburg RNA
tools to predict the interactions between miR-33b and SALL4, which showed a weak
physical interaction with less yield of energy -2.94329 kcal/mol (Figure 58C).
Collectively, these results suggested miR-33b might target SALL4 but not in all types

and subtypes of cancer. It acts on cell type-specific.
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Figure 59: miR-33b and SALL4 interaction is cell type-specific: SALL4 expression was analysed at
mRNA level by qRT-PCR in BT474 and SKBR3 parental cell lines post-transfection with miR-33b
mimic (A-B). Schematic description of the hypothesized interaction between the SALL4 3"UTR binding
site from 584-593 with miRNA-33b (C).
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3.3.15 Patient-derived primary cell cultures establishment.

The heterogeneity of BC disease is a disadvantage for in vitro studies. Established
cancer cell lines have been widely used with all the difficulties that come with it. The
development of primary cultures provides an exceptional opportunity to reproduce

cancer conditions and evaluate the proposed and new therapeutic approaches.

Too deep inside our study, more than 20 BC tissues were used to establish primary
cultures. Three of them cancer tissue specimens were from the HER2+ subtypes
patients. The protocol of preparation for patient-derived cells was optimized to obtain a
high yield of viable primary cells. After enzymatically degradation of the tissue, we put
then in complete DMEM-F12 medium, supplemented with 10% FBS, 1% P/S and 1%
L-glutamine. Post 24 h of the seeding; we observed that the small tissue started

attaching to the cells and some of the single cells and coming out from those tissues

called the initiation process (Figure 60A).

Relative expression of alpha-SMA <

Passage 2 passage 10

Figure 60: Establishment of Breast primary 2D cell line: Bright field microscopy shows the stages of
(A) Initiation (B) purification and (C) wholly purified confluent cell line. Relative expression of alpha-
SMA was determined in different passages of the primary cells (D). Student's t-test was used to analyse the
significant differences. **P < 0.01.

Then days after we noticed that those individual cells have a spindle-like structure, they
started doubling and presenting morphological heterogeneity of cells, such as long,
flattened mesenchymal-like cells epithelioid cells with the presence of the occasional
multinucleated cell, which process is called purification (Figure 60B). After 10-15
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days, we found a single layer of confluence primary cells with their appropriate
morphology and reportedly no contamination, and this final process is called completely
purified confluent cell line (Figure 60C). Subsequently, we analysed the alpha-SMA
expression, a marker of activated cancer-associated fibroblasts (CAFs) in a different
passage such as passage 2 and passage 10. We found that with the different passage and
aggressiveness of the trypsinization, the cells are gradually becoming more CAFs than

the early passage (Figure 60D).

3.3.16 Molecular characterization of primary cells.

Breast primary cells early passage is the mixture of a different cell population such as
epithelial, adipose stem cell, BC stem cells and CAFs. We used different markers
conjugated with varying fluorochromes in flow cytometry to demonstrate these
populations in our established primary cell lines. The molecular markers, those have
been used for identifying the population are for stem cell population cd 24- and cd 44+,
for epithelial cells cd 326, for adipose-derived stem cell (ADSC) cd 36 and CAF cd
140a. We found that even though the primary cells are in early passage, in the mixture
of population, the CAF population is higher in percentage than other population of the
different cells (Figure 61A). A significantly higher population of cd 140a and cd 44
were determined (Figure 61B), known as a familiar marker of CAF population
regulates various cellular functions including tumour heterogeneity, resistance to drugs,
and aggressiveness of the tumour. Which is also considered the driver of current anti-
tumour therapies’ failure, involves both the transformed epithelial cells and the stromal

cellular components.
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Figure 61: Characterization of the cell population using different markers by flow cytometer in
breast primary cells. Passage number is 4 and subtype is HER2+. The percentage of the cell population

was calculated based on positive staining of the specific markers.

3.3.17 The conditioned medium (CM) derived from the HER2+ primary
BC cell lines induce cancer cell proliferation

The primary breast cell lines' molecular characterisation showed the highest population
of CAFs having active fibroblasts with positive a-SMA expression and cd140a
expression, so we considered the primary cells as CAFs cell lines. The stromal cells
separated from primary BC tissues were a heterogeneous mixture of various cells in the
primary culture, with fibroblasts being the main component. After different passaging of
the primary cells, uniform fibroblasts started to grow. The stromal fibroblasts showed
positive staining for the mesenchymal marker vimentin in all types of BC subtypes

compared to MCF10a, a non-tumourigenic epithelial cell line (Figure 62A).
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Figure 62: Effect of the CM on HER2+ cancer cells: Relative expression of vimentin, a marker of the
CAF population was determined by qRT-PCR in different subtypes of primary BC cell lines (A). Bright-
field microscopy of BT474 and SKBR3 showed the morphological effect induced by CM (B). The
proliferation of BT474 and SKBR3, co-cultured with conditioned media for 72 h (C, D). Student's t-test

was used to analyse the significant differences. **P < 0.01, **** P < 0.0001.
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Even we observed that HER2+ and TNBC subtypes have more expression of VIM as
compared to control. To investigate the effects of CAFs on BC cells proliferation, we
selected two HER2+ subtypes primary cell lines. We named DT-18 and DT-30 (DT-
dissecting tumour and number denoted the count of tumour tissue samples have been
processed.), the CAF-CM was collected, and 50% of the CM used to culture with
HER2+ BC cell lines BT474 and SKBR3. The cells cultured with CAF-CM showed
more spindle-like shape and cell scattering in 72 h (Figure 62B) than controls, in
addition to morphological changes, we checked the proliferation with 50% treatment of
CM from both patients. It showed that at 72 h, the proliferation is significantly
increased in both CM treated cells compared to control (control was taken 2% FBS with
DMEM-F12 medium) (Figure 62 C-D). All the above results suggested that CAF-
secreted proteins could stimulate these different BC cell lines to change their
morphologies and phenotypes to have more metastatic potential and aggressiveness

characteristics.

3.3.18 The condition media treated cells induce SALL4 expression

After analysing the effect of CM on cell proliferation, we shouted to explore the
expression of SALL4 in mRNA and protein level. As earlier, we explained the SALL4
directly induces cell proliferation of HER2+ cancer. We treated BT474 and SKBR3
with DT 18 and DT 30 CM for 72 h to access the mRNA and protein expression. In
both cell lines after treating with cm, the SALL4 mRNA expression was a 3-fold
increase in SKBR3 and a 2-fold increase in BT474, respectively (Figure 63 A-B). The
protein expression of SALL4 was also higher in both CM treated cells in 72 h (Figure
63, C-D). Together, these results suggested that the cytokines present in the conditioned
medium instigating the expression of SALL4 higher and induced cell proliferation. So,
it would be essential to characterise the CM for the reorganization of the cytokines,
which involved high SALL4 expression, and would open a new link between SALL4

and microenvironment.
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Figure 63: CM induces SALL4 expression in HER2+ cell lines: SALL4 expression was determined in
mRNA (A, B) and protein level (C, D) with the treatment of CM collected from DT18, DT 30 by gRT-
PCR and western blot. Student's t-test was used to analyse the significant differences. *P < 0.05, **** P <
0.0001.

3.4 Discussion
HER2+ BC is an aggressive disease that is more likely to reoccur than luminal A and B.

Still, while HER2+ BC recurrence affects some patients, recent advancements in
targeted therapies and long-term treatment approaches have made relapse less likely
than ever before. To continue with this approach, it is essential to explore the different
molecular mechanism, that will guide to advance the targeted therapies and prevent the
recurrence more effectively. Among them, transcription factors play a vital role in
controlling various direct mechanisms including chromosomal translocations, gene
amplification or deletion, point mutations and alteration of expression, and indirectly
through non-coding DNA mutations that affect transcription factor binding. Multiple
approaches to target transcription factor activity have been demonstrated, preclinically
and, in some cases, clinically, including inhibition of transcription factor—cofactor
protein-protein interactions, inhibition of transcription factor—-DNA binding and
modulation of levels of transcription factor activity by altering levels of ubiquitylation
and subsequent proteasome degradation or by inhibition of regulators of transcription
factor expression. Besides, several new approaches to targeting transcription factors, it
is not adequate to omit the disease completely. These innovations in drug development
hold great promise to yield agents with unique properties that are likely to impact future

cancer treatment.
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It is known that SALL4 plays a vital role in stem cell self-renewal and pluripotency
through different mechanisms, depletion of SALL4 results in early embryonic
development defects?®, Enhanced expression of SALL4 was first found to be associated
with carcinogenesis in acute myeloid leukemia®*l. Subsequently, overexpression of
SALL4 has been demonstrated to promote tumorigenesis, tumour growth, and tumour
progression in various cancers. SALL4 is an important oncofoetal gene in a subset of
different types of cancers with an aggressive phenotype. Blocking this gene's action

with a short peptide could have therapeutic potential.

In recent studies, SALL4 expression was determined in 86.1 % of BC cases?®. This
high level of expression has been detected even in the early stages of tumours, but no
significant correlation was found between the clinicopathological features and SALL4
expression levels?*®. Another study reported that high cytoplasmic expression of SALL4
is directly correlated with worse OS, and determining the expression level has excellent
predictive value. SALL4 cytoplasmic expression is higher in invasive ductal carcinoma,
showing that this gene may be an independent prognostic marker?'. It has also been
demonstrated that SALL4 holds a binding site for the TNF-o gene, which regulates cell
death. It also might be related to PMS2, a mismatch repair protein indicator of poor
prognosis in BC?*L, Dimri et al. revealed the Bmi-1 gene's overexpression, an oncogene
stimulated by SALL4 in human mammary epithelial cells. SALL4 might also induce
telomerase activity during cell transformation®??. As SALL4 acts as a transcription
factor, it has various roles in various types of cancers. It acts as a master regulator of
EMT in different cancer types by targeting CDH1 and overexpressing Beta-catenin,
Vimentin, and MYC. Itou et al. indicated that SALL4 represses E-cadherin gene
(CDH1) expression and maintains cell dispersion in basal-like BC?. In the present
study, we suggested that increased expression of SALL4 promoted metastasis by the
EMT process in both BT474 and SKBR3 wild type cell lines in both protein and gene

level.

In contrast, in resistance cell lines, the downregulation of SALL4 through two different
silencers showed reduced expression of mesenchymal markers and high expression of
E-cadherin in both gene and protein level. SALL4 plays important roles in multiple
tumour-associated processes, including cell metastasis and drug resistance. Metastasis is
not only the leading cause of cancer death but also the malignant properties of cancer.

Cancer cells which undergo EMT process will acquire the invasiveness and metastasis
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ability. The present research showed that SALL4 induced EMT-related proteins,
including decreased cellular adhesion molecules E-cadherin and an increase in
mesenchymal marker N-cadherin, Vimentin and Fibronectin. The expression of E-
cadherin and N-cadherin was closely associated with cancer cells invasive and
metastatic capacity. The recent researches have shown that SALL4 was involved in the
metastasis and progression in colorectal cancer?®, In addition, SALL4 overexpression
induced EMT in gastric cancer cells, with increased expression of Twistl, N-cadherin
and decreased expression of E-cadherin®#. This evidence suggested that SALL4 could
induce EMT and promote invasion in a variety of tumours. More importantly, we
demonstrated that overexpression and downregulation of SALL4 regulated EMT and
control metastasis in HER2+ BC cells.

In our research, we first time demonstrated that SALL4 has expression in HER2+ BC,
but when it gets acquired resistance to trastuzumab, the expression of the SALL4
becomes higher compared to the basal level. Which indicated that targeting SALL4 in
trastuzumab resistance cancer, would assist a novel targeted therapy for HER2+ cancer.
Gain and loss function of SALL4 in wild types and acquired resistance cell lines
showed that, while SALL4 expression is reduced in acquired resistance cell lines, it
restored the trastuzumab's sensitivity to reducing the proliferation of the cells. The
contradictory happened with overexpression of SALL4 in wild type cell lines. The
above results demonstrated that, because of SALL4 involvement directly in cell
proliferation, as justifying Kobayashi et al. theory, Nanog and SALL4 are vital factors
for maintaining undifferentiated state and cell proliferation respectively?®°. So, since
high SALL4 expression, cell proliferation is higher, which hinders the trastuzumab
effect (with optimal concentration) on wild type cell lines. It suggested that SALL4 is

holding back trastuzumab effect partially on cells due to high proliferation rate.

Further, to justify the mechanism of cell proliferation and less effective towards
trastuzumab, we shouted to explore the PISK/AKT/PTEN pathway, as it is one the most
studied pathway precisely for HER2+ BC. This pathway responds to the availability of
nutrients, hormones and growth factor stimulation and has been well established to play
a very significant role in tumour cell growth and proliferation. Additionally, two of the
significant mechanistic hypotheses behind trastuzumab resistance disease have been
mutational activation of the PISK/AKT pathway and changes in the HER2 molecule

itself. In particular, mutational activation in PIK3CA, loss of PTEN, increased
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expression of p95-HER?2, and loss of expression of HER2 have been proposed to
contribute to resistance to trastuzumab as mentioned in the introduction part. So,
making this hypothesis as a link, and considering that SALL4 might have a particular
role in this pathway, we started to look the complete pathway consisting of proteins
which are upstream, downstream and regulator of this pathway through gain- and loss-
of-function of SALL4 in HER2+ BC. In 2017 a research group from China suggested
that silencing SALL4 in glioma cells reduced cellular growth and proliferation
dramatically and resulted in an increase in PTEN expression, which depressed the
activation of PI3K/ AKT pathway and leads to inhibit cancer development?®. We
mimicked the same mechanism in our model, which showed that induced
overexpression of SALL4 in BT474WT and SKBR3 WT conferred phosphorylation of
AKT at serine 473 residue and downregulation of PTEN. The inverse happened in the
silencing of SALL4 in both resistant cell lines. In addition to the PI3K/AKT pathway's
downstream protein, we demonstrated that with overexpression of SALL4, MYC and
BCL2 expression were positively regulated in both wild type cell lines, and vice versa
occurred in resistance cell lines. MYC function activates transcriptional programs that
favour cell growth and proliferation, and suppress programs that cause cell growth
arrest. MYC must favour the induction of crucial programs involved in the
bioenergetics of growing cells?.

SALL4 positively regulates MYC because SALL4 has a binding region on MYC
promoter region®® as described in the introduction part. Likewise, BCL2 is an anti-
apoptotic protein belong to the BCL2 family. BCL2, as a protooncogene, contributes to
malignancy by protecting cells from apoptosis. In 2008, a research group from Harvard
Medical School invented that SALL4 directly binds with BCL2 and positively regulates
leukemic cell growth?®*’. In the other hand, it has been shown that the PI3K/AKT
pathway can mediate cell-survival signals through the BCL2 family. The
serine/threonine kinase mMTOR, the major sensor of cell growth along the PISK/AKT
pathway, can be activated by agents acting on microtubules. Damaged microtubules
induce phosphorylation of the BCL2 protein and lower the threshold of programmed
cell death, which leads the cell to survive and escape from drugs. Altogether, the link
between proteins mentioned above delivered a novel pathway justifying that, SALL4 is
involved in HER2+ cancer cell proliferation, and makes resistance cells more

aggressive through this novel pathway.
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The NuRD complex is one of four major types of ATP-dependent chromatin
remodelling complexes. Like other chromatin remodelling complexes, the NuRD
complex has important roles in transcription, chromatin assembly, cell cycle
progression and genomic stability in different types of cancers. RBBP4 is an essential
subunit of the NURD complex, which plays a key role in maintaining key regulators'
silencing during embryonic development. A deregulated SALL4-RBBP4/NuRD
pathway results in tumour suppressors' silencing, such as PTEN in HCC cell?®.
According to this hypothesis, we intended to dig into the NuRD complex expression
between sensitive and resistance cell lines in HER2+ BC. The microarray data
suggested that RBBP4 expression is significantly higher in the resistance cell line of
HER2+ acquired resistance cell lines than sensitive cell lines. The gPCR and western
blot results confirmed the microarray data, which suggested that SALL4 and RBBP4
interaction might happen in resistance cell lines instead of inhibiting the PTEN
expression and activating BCL2 expression. This interaction might be essential for the
resistance cell line to become a survivor from the drug treatment and worsens cancer
prognosis. Therefore, targeting the SALL4-NuRD pathway in HER2+ BC, mostly in
acquired resistance cell lines would be a promising therapeutic approach and a better
treatment for this specific type of cancer in future. For the first time, Daniel et al. and
his group designed a peptide named FFW with side chains of the SALL4 peptide
intercalating into the grooves of RBBP4, providing an opportunity for an engineered
peptide to inhibit the interaction competitively?®’. We likewise attempted a similar
peptide in our cancer model, which demonstrated that the IC50 of this peptide in
resistance cell lines is lesser than the sensitive cell lines. That explained the competency
of the SALL4-RBBP4 interaction presence in resistance cell lines compared to sensitive
cell lines. More future studies are needed for the complete endeavour of this mechanism
in HER2+ acquired resistance cell lines. And a synergetic study with trastuzumab is
needed to elucidate the peptide efficiency as a pharmacologic approach.

Taken together, we demonstrated that SALL4 expression was upregulated in HER2+
trastuzumab acquired resistance BC cell lines and positively correlated with poor
prognosis and aggressive properties. We identified that SALL4 induced EMT and
increased drug resistance through the PI3K/AKT/PTEN pathway by targeting their
downstream genes such as MYC and BCL2. We further showed that SALL4 regulates
NuRD complex. Blocking its physical interaction with RBBP4 (a member of the NURD
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complex) by a peptide can give an essential pharmacological approach to treat
trastuzumab acquired resistance BC patients. In conclusion, our study provided a
potential molecular mechanism related to SALL4-induced EMT and trastuzumab
resistance in HER2+ BC cells. SALL4 and NuRD complex may be novel therapeutic
targets for this specific subtype of BC.

CAFs are prominent components of the microenvironment in most types of solid
tumours and were shown to facilitate cancer progression by supporting tumour cell
growth, extracellular matrix remodelling, promoting angiogenesis, and mediating
tumour-promoting inflammation. In recent years, CAFs are emerging as central players
in immune regulation that shapes the tumour microenvironment. CAFs contribute to
immune escape of tumours via multiple mechanisms, including secretion of multiple
cytokines and chemokines and reciprocal interactions that mediate the recruitment and
functional differentiation of innate and adaptive immune cells. Moreover, CAFs directly
abolish the function of cytotoxic lymphocytes, thus inhibiting the killing of tumour
cells. In this study, we have used two different HER2+ cancer patients, from where we
collected the tissue and extracted the primary cells. The primary cells were
characterized by gPCR, which indicated that they expressed a large amount of vimentin
and alpha SMA being mainly CAFs. Based on their level of expression, we considered
these cell lines as CAF cell lines. The CM is collected from these cell lines and treated
them in BT474 and SKBR3. With the treatment with CM, the cells' proliferation rate
was higher than control, and SALL4 expression was re-expressed in CM treatment.
Altogether, it suggested that secretion of multiple cytokines and chemokines in the CM,
triggering SALL4 expression in less SALL4 expressed cell lines. That concluded that
the tumour microenvironment could regulate SALL4, and this link can shed light on a

new molecular mechanism, that can lead a novel path for cancer treatment.
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CHAPTER 4
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4.1 MAIN CONCLUSIONS

1) Enhancer of Zeste Homolog 2 (EZH2) acts as an oncogene in HER2+ breast
tumour type. EZH2 downregulation decelerates BC progression and metastasis
through regulating proliferation and EMT process along with that the high

expression of EZH2 is related to worse over survival in BC patients.

2) Mir-33b plays an essential role in inhibiting HER2+ cancer progression through

regulating proliferation, apoptosis and EMT.

3) MiR-33b directly targets MYC, it inhibits the downstream protein EZH2, acting
as a tumour suppressor in HER2+ BC cells. Altogether, we suggest a novel miR-

33b/MYC/EZH2 axis implicated in HER2+ BC cell growth and progression.

4) The oncofoetal transcription factor SALL4, the target of miR33b, was
overexpressed in trastuzumab resistance HER2+ BC cell lines. Highlights the
partial restoration of trastuzumab sensitivity in resistance cell lines via
PIBK/PTEN/AKT pathway and regulating EMT through MYC oncogene.
Interestingly, high SALL4 expression levels were significantly associated with

lower survival in HER2+ BC patients.

5) Considering another novel mechanism of trastuzumab resistance is recruiting the
NuRD complex by SALL4. The interaction of SALL4 with RBBP4, a member
of the NuRD complex, helps cells escape from the trastuzumab treatment by

regulating the downstream proteins PTEN and BCL2.

6) The activated cancer-associated fibroblasts from primary BC patients induce an

increment of SALL4 expression in BC cells lines. This evidence the role of
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microenvironment in response to trastuzumab treatment and highlights the need

for more in-depth evaluation.
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Pineda B, Cabello P, Alonso E, Bermejo B, Hernando C, Martinez MT, Rovira
A, Albanell J, Rojo F, Burgués O, Cejalvo JM, Lluch A, Eroles P. 2020.
MicroRNA-33b Suppresses Epithelial-Mesenchymal Transition Repressing the
MY C — EZH2 Pathway in HER2 + Breast Carcinoma. Front Oncol 10:1-12.

Poster presentation entitled “Micro-RNA 33b inhibits BC migration and
invasion through regulating epithelial-mesenchymal transition in HER2
positive BC cell lines” at MAP international conference, at the Swissotel,
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Poster presentation entitled “Micro-RNA 33b inhibits BC migration and
invasion through regulating epithelial-mesenchymal transition in HER2
positive BC cell lines” Desafio Oncoldgico 8, Valencia in November 29" and
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Poster presentation entitled “Characterization of the different cell population
in primary culture of breast tumour” at MAP international conference, 14-15
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A selected talk entitled “Precision Medicine: From stratified therapy to
personalized therapy” COST Action: CA15204 Meeting Title: Anaesthesia
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Valencia, Spain

A selected talk entitled “Oncofoetal Gene SALL4: a potential marker for
trastuzumab resistance HER2+ breast cancer”, Il Young Researchers
Meeting CIBERONC, Virtual meeting, Spain

The manuscript is in preparation “Oncofetal Gene SALL4: As a potential
marker for T Resistance HER2+ BC.”
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MicroRNA-33b Suppresses
Epithelial-Mesenchymal Transition
Repressing the MYC-EZH2 Pathway
in HER2+ Breast Carcinoma
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baing rvolvad in prol on, and apthokat-masanchymal transtion [EMT).
Furtharmore, the anhiancer of zaste homolog 2-gane (E7H2) i 0 mastor roguisor of
controling tha stom col diiorantntion end tha col profforton procassas. Wo am to

m.:::&: owiunia the impoason of mid-33b in tha EMT pathwary n HERZ . beast cancer (BC)
8 et of Mk, Do 2 oy 40 arelyro the rolo of EZHZ n this procoss as well as tho intaraction betwean thoam.
“Comeponceecs:  ml-33b & downweguiind in HERZ: BC odlis vs hadhy controls, whom EZH2 has

ctteccze el don in vt and in petionts’ samgles. Tha uprapuistion of mil-336

4 proflorztion, inducod roduced masion. migration and mguitod

h-n?-: EMT by an 1 of E-cadharn and & d of Bomann and vmontn. Tho
VerenrCwes 5800 of EZHZ mimicked the impact of miAl-33b oversgrasson. Furthermon, the
smanotmpes  iphibition of mil-33 induces cal proffomtion, imasion, migration, EMT, and EZHZ

e ion in noo ganic colls. n . the Kaplan-Moior analysis showod o
ot 2t aa o Sigpicant nemocition botwaon hich mi-33b axprasion and batisr ovoral zunvial
Putiated 10 Spterter 0 Thaso mdks sugpest miA-33b as @ appresse mANA et coud nhibe tumor
mctastngs and imasion in HER2: BC pertly by impading EMT theough the reprssion

of tha MYC-EZH2 bon.
Kaywords: ssFINA- 238, ENT, MYC, I52, HERD -, braset cancer

INTRODUCTION

Ereast cmarr (B0) = ©e most regaenlly dignosed malignancy among womien  wurkiwade
a=d consderad 25 the most ancer for woemen's heakh {1). Srast ooy mortality
stifl accounted for ahowt 253 per 100,000 women tn 2048 (2), During the recent yeass, ©
better understand BC bology, mamy cffets dave hees performed, leadimg (o clucidae the
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relapse and poor progeoss. Those 2 diferent Legeied agents;
bath mosodonal antibody and tyrostne kmase Shitetors have
mmumyﬂmmmr«m
e rate of

esenid

ey

Jow survtval tn HES2+ HC, whtie 2 high expresson of £ZH2 &
directy 0 tumoe aggressveness 3nd prlikration.
As them .- 330 and EZH2 mokocslar mectassm functions have
bemm less ducidaled tn this subfype of BC, we frisd 10 A the
Jocphiia betwoes them. MiR-33b exerss 2 fusction by

mmmmmn
© cxplore daply Se moleclr mecamEms
for disse progresson and thermy retsance o sty

=2y fanction o 2pp They Bave
been directly wmp = amay or the p
of ancr P tn = of the

(7, ¥), prostale caneer (9), ossoocarcnoma { 19, 1), gastric cancer
(1), and iple-nogative BC (TNEC) (13). However, the ok
and the achon mechamsm of MR-33 in HERZ. 5C aideype
e sl unchar.

Parthermeeg, the endascer of aste domolog Igene (E722)

ety
(). EZHI

Cell Culture and Reagents
fluman BC cel lines BT474, SKAA3, MDA-ME-468, MCIT ad
MCF-12A, and MCF-10A 2on-tumorigenic

sippkmented
10,000 Ul pemiciiin, 10,000 pgms seeplocaycn, and 1% L-
gutamine (200 mM) {x 190). AR cells were Cultered 2 3MC 1

5%-CO; tmosphere

Transfection

The ceb lnes wore transfocted exSer wits 100 nM bsa miR-33b-
S5p marVana mimi (asy 1D MCI2289, Ambiea) or tntobilor
miNAs 292y 1D MH12289, Ambom) 22d 100nM EZH2SIENA
(umcmoum-m:nwmu

—r L

uq- m
mmm:.mmuwmmm;
0 the A% 6 hol
mmm-m-urq.ﬂm:

lm-.kl

= metstaty prostate cance and peomoles cof metstasts and

proltferatin by mm(m 1t ts 2bo Soscrbed 25

2 master regulaior of the EMT by oveszapressing Snaf, 94

xd nd vy E (CDH1)

m-awm-cmm(m l').bubh:b-
the

X4Band 72k post.

RANA Extraction and Quantitative

Real-Time PCR
rommmmmmmmm

expiond = the HER2+ BC sittype.
mmcunmmw;amw
of EZH2 by dilferent mockanisms i severa types of cancers.
MYC might enhaece EZH2 expresdon Srosgh inbbitng the
mICroSNAs miR- 263 2nd mifl- 26b (1) and also by the activation
of the EZH2 expressiom (Brough banding wals E-box, 3 DNA
binang stte of MYC (20). Emerging shrads of evidence aiso
showed @at mill-33b ¥ regulaies MYC tn
w(lmmmmmmwm
binang with fts 3 UTS regon Mercove, there % rocest
substanttal ata which suzgesied that mifl. 333 coud negatvely
EZ22 in cancer prog by direct =
TNBC(21)
Taking afl thest MibmMation: Sogelar, 0i paper aImed 10
expiore moce adoat mil.33b from miR-33 Sxdly & HER2 BC
As HER24 1s 2= aggressve disoase with sgaincam morualey,
¥ regaires massive molecuiar mockanism studies w0 defeat s
aggresstvencss (22). Owr rosults show, for the Brd Gme, tht the
under-cxprosion of miS-33 & selaled 1o the poor prognosss and

mgmzor.mpmnmmmcn.
wmmmmm indructions.
CONA was synithestnd from 1 g of total RNA using 2 High-
Capacsty <ONA Reverse Transcription kot (Apglied Biosystoms)
and 3 TagMme MUINA Revene Transcription kot (Appbed

Etnsystems, Uniiod States). Real-time-qPCR was performed wis
2 TagMans Univenal Maer Mix (Apphied Riospstems) ad
Taghtm® 20 amay (Apphed [

datz were untfoemly normaitaed fo the nicrnad control. For e
MIANA expression, Se endogenoas contml was ENUAS, and for
2 geme exprossion, the endogemots comtrol was GAPDIL ad
relxttve gome and mi-ANA expression was quantifiad estrg e
2-AA Cimethod.

Cell Invasion and Assays
For e mygraton assyy, 5 x 04 cells (72 2 post-transiochon)
were seoded n 200 Wi of serum-free madiem Mio the spper
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chamder of cach msert (353097, Coentnge), and 700 gl of
medium sipplemented Wil [0% FES was 2d3od min the lower
chamber. For S off mvasion 23y, Se membeanes
of the wpper surid@ of the tnsert (353097, Sgma) were
pre-omied with 3 matrtx gel (Coming® Matige!® Sasement
Mambrame Matrix, Hef: 356234). Folowsg egeal Zmowmt of
aove menmoned tramsfeciod cofs were weded & 200 pl of
seram- Soe madium oo the pro coatad tnsert. The lower Chamber
was supplemented with 700 pL of comphete medium and
mcubatiod 3t 37°C. Afer 24 B, 2 calls thal mvaded and migrated
Sroagh B membeane were faad 2ad permeadiitzed Wil 7%
affled eanol for 2 mm and with 100% methamal for 15 min,
Tespectively, 2 room Semperatarz. The nvaded and

calls were further stainad with (L4% orpsta viole! for 10 min at
room lemperatars. The cefls were Uhen Imaged asd cowsted Som
photograpts of ve randomiy sdiecod Scdds of the Bxod ceis.

Wound Healing Assay

To check t3e motdity Gpacitis of the colls afier mifl-33b
mansfection, wound healing assay was performad. Al 72 B st
Tansection, Se cdls were seedad In stx-well piates 1o cbeam
100% confisence tn 24 b After 24 B, the woumd was indaced by
scraichng the monolzyer with 2 maroptpetie Up, and Se dish
was placed &t 37°C In 2 5%-00, tncubatnr chamber. Picsares

was ke tn one fube. The altached cefls were harvesiad by
and were collectad tnto the sxme tube. The colls were

washed Witk 1 PHS twice, and the peBit was resuspended wih

1x annextn dnding daffer. Five micnivers of asexn V-FITC

and 5l of P were 20d0d to the reausp cels and

for 15 mi= at room n thedark. Far L

of £ x binding baffer was added witk DAPI (01 mgiml, 1-2 B

The statmed <ol were acqaired for cell cyde analyss by flow

cytometry usng 2 FACSVerse™ flow cytnmetes (RD Ricscience,

United Stales), and raw data were andlynod by Rowo software.

Western Blot Analysis

Al t3e Indicuad tme (72 B), the whole of tansiociad
cefls was extracied wsing Thermo SOnnc™ K1PA lysts bufer
(Ref: £9900). The lysites were transfersed 1o 2 cean microfuge
tube, piaced on e for 30 min, and cenirfeged for 30 mm 2t
13,000 pen. The sep 02 ey

lube, 3=d e concznTaton was deermized ustg 2
BCA proletn ssy kit (MereT™ BCA Protem Assy Kit, Sef
nmmmmmmwxnmsm
(Ref: 1620115, Blo-
hﬂ] mm“mnwmnlhn
t2en incubated with astibodies of E-cdhetn (D Boscencs,
#610181), S-@lems (BD Ryscionces, #10153), vimentin (8D

were acquered ot O and afer 24 husg 2

WST-1 Cell Proliferation

Afer trmsfection, ool proltiratnn was asesed esmg S WST
-yAWWJAW‘mdm-: [
cals were sooded tm 96-wedl plyios from | 8o 7 dayx On cach of
S menmoned days, ol probioration was measared usng WST-
reagent (BISTMN2, Abcam). Seves percent of the WST roagent
Was added 0 cach well wik phenod rod-Zee madi. The plaie
umuu-rcmmwm

E #550513), E/H2 (CeR Sygnafing, $16749055), and
GAPDE (Thermo Scienmsc™, £MAS-15738) overnight 2t 4+C

dary anta 1 bt roos: e mg thi
tncubation, the membranes were washed and beiefly moutated
with 2 Paesce™ ECL Western Biolting Substrade western botting
detection reagent (Thermo Fisher Scientinic™, St 32106).

Clinical Samples and RNA Isolations

2 450 =3 In 3 muicroplate reader
m-mmusyw-ma-uq
tlest

Cell Cycle Analysis
To analyar ol cycle, 5 x 104 ks were seaded 1 stk widl plates
for cach cmdition = After 43 h of the

calls were harvested by trypsin and washed wih | x phosstais-
butkred sitng (PSS) twice Then, the harvesiad colls were fised
with chiled 70% oamol aod inoebaled 3t -20°C foe 6-7 b
mmmmmmﬂm-‘h
I'Bti\cl.llﬂﬂlm-we

fxed amd -embeddod of huma BC
ttssues from diferent sshiypes of B patients and breast sxmples
from Bealthy domors were séfected 10 analya (Be expression
of mtfl-33b and EXH2 gene. The otal RNA was solated from
tseue blods usmg (he HecoverAll Totd Nedek Acd Kt
(Ambaon) for tamdand mENA/MIRNA analyss. Ome macogras
of total ENA was retro-trasscribed with random peimess (R
geme 2pression) and pectiic primers (for MBNA zxpression)
usng Revens Tramscripton K2t (Azphied Btosysiems), and 5 ng
of CONA w used e quantfiative INE for both gone and
MIANA cxprossion analysss. The guanttative PCH analysts was

= Wove.

ndde (P1) stimeg butfer [HIINI!. Ill.ll'lJNDﬂ'm and
mamwmmmuﬁmmuq&
amatysis by Sow Cysometry using 2 FACSVerse™ Sow cytometer
(HD Moscence, Uniled States), and raw &3t were analyzed by
Flowio saftware.

Apoptosis Analysis

Apoptotic cells were by doble staining usig
TC Anmexis V Apoptnss Detection Kit with FI (ANXVEE
1007, IMMUNOSTER) 0 (e mamufacturers

acmting
mmmulo‘mmm-amm
plate. After 72 b post [ metum

TCGA Data

The expresion 3x3 for mIRNA-33 were obtamed Soa Xena
browser datahase’ for The Cancer Genome Al (TCGA) BC
which cootxmed 1,285 s of diferent BC subtypes sobd
tumoes and mormal. From there, we were ablke o obtatn oaly
211 spectmens with dnical detatls, smclusng luminal 8 (% - 49),
hass Mz (n - 25), lumingd A (8 - 92), HER2+ (2 = 18), =d
noemal sold Gseie (0 ~ 36). For EXZH2 expresson, we used

3¢ sxme data base, which comtamed 1,248 cases of different BC
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subtypes sobd tumors and nommal, we oaly F.vabuaes less thao 0.05 were comsddered Lo be
522 speamens with Climacal detatls, lummal B(n - 127), statisncily sgmthcanl
basal- ke (x ~ 98), lammal A (n - 2531}, HER2 4 (n - 58), and
sormal soitd tssue (n - 8). The statisict anatysss was sone usng - Ethical Approval
Shaptro- Wilk normatity lest, and based on normaley kst restdls, e stndy was n With recog ot
and pon-paramectric Lests were 2ppited to obtam the p ® of and 1t was approved by

paramesric
adae of the T=2tysis

In sifico Survival Analysis
Oweral sizvial asactated with MIRNA and gene expresstom
was amlyzad ising Kaplas- Meter plotier (XM photter) toof.

miormation, with 2 median fdow-1p of 110 monihs. Eased
on METABRIC dxat, by spoceymg the mIENA name and
e gene name on ihe search tool and fwertng down o “a0
brent cancer sabtypes and HER2+ subltype” the sovival rales

% mIENA or were e

12 INCLIVA bstiutional raview board (prolocol nussher:

1R077). ATl the portiipants = Se study synad 3 wittten
informed coosent.

RESULTS

Expression of miR-33b and EZH2 in
HER2+ Breast Cancer Cell Lines, Patient
Samples, and Non-tumorigenic Cells

ME.- 330 expression was determimed in Sour haman 2C @i ines,

one
2azard ratto (HE) with 95% confidence tervas 2ad log-rank
poviue were cikcelaied and shown. The cbtained resulls were
wsed 1o Mentify the prognostic vaiue of miR-33d and EZH2
expeessions on HER2 HC.
Statistical Analysi

The sample and the conEol groups wese Compared wing two-

Qfod Sadey et A daa presented inchede modian and

repmp

g MDA ME 463, MCF-7, BT474, aad SKHRS (HERL),
with the noe- tumorigenic cptihetal cril ltnos MCF12A 3nd MCF-
10A = controls. The quantiative NG (Q-PCR) datz reveaiad
that maR-33b exprosaon was sigmiicaty higher in MNCF-10A =
comgpared to fhat in HER2+ BC cefl hmes (Rgare 1A). An analyss
of tsmi ampies from Department of Oncology, Hospital
(=i de Valescn and the TOGA datatase for 3 HER2. BC
retrospective cohort confrmed 2 signiticatly Jower miR-33%0
caprassion kvel hom the brest coatrod sampies (Figure 1B
and Sapplemestary Flgure 1E). The EXH2 apresion wa
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e ™ rim

i@y Mgher m HERI. 2C cofl Rnes than
10A a5 deiermined 2t the mENA leved

{
0 protetn kewel (Figure 1E). Statarty, 2

data portal (Sapplementary Rgare 1F). The analyss of mill
33b amd EZH2 1 oer BC seiatypes showed as well 3 sigmihcast
Rgher exprosston of ms-33b tn control cefl Tmes vs cascre el
nes and == ope of EZH2

scrambie 1n BT474 and SKHES, and the inhibitory effects ssowad
2 saftstcal symicance ater 7 days (Figares 2CD). A reont
sindy showed (hat miB-330 reguiates ool cyde and Hopuss
(23). To confrm @ ofict tn our model, we cvalaated Zpopiosts
by annexts. V. As shown i Figare 2E, the ecloptc exprassion of
miR-33b indaced ety and late apopiosts tn bot HEE2:
ltnes. To verdy these resuls, we fusther the cefl cycie
by PUIINAse with miR-330 tramsfeciad afl lmes, which showed 2
noese of s @ the seb GOGE

mmunnnmpmmmmmm
Fligarss 1A,C). MIlL-33b and EZH2 expeession

EZHI In HER24 BC

sabtypes
Being one of the important reasons for the igh apTesnoenos
o thos subtype.

m«wdnﬂ&bno&nu
Proliferation and Induces Apoptosis in

HER2+ BC Cell Lines

To determine the potets effect of mtil-33b on afl prolteration

=d poploss M HEN2 + BC, cefls werz trandectad with mtil-

33b mamk o scambie mil (WIR-NC). Bs cpresion was

confrmed by Q-3 B doth afi Ine (Figares 2AR). The

10 the comsrol and 3 reduction imest by half in the nber of
il tn GI asd § piases (Fgare 2F). Collectivly, 2 showad that
miR-33b ¥as an antt-prodeerative ofect on HES2+ HC ol ltnes
and induced apopiosss Witk arrest of S cals 2 sub- GG | phase

Omummdmﬂ-@b&pm
Invasion, Migration, EMT Process, and
Elptusonafnq-BCOoIl

Tmummmmwmm
varioas inchading EMT. Diring EMT, cpeeital cells
wqure mesenchymal characierstics with 2 high cxpression of
vamentin and S Glerm, whereas the cpitheltal profem marker
CDHI = downragulsied It has 2iso been described that miR-
33d & 3 kry regelalee of MYC pathway, and cee of (B
downstream targets of this pattrway s EZH2, which 3 potentnl

WST ol sy was arried out to observe the  regulwor of el proltferxtion, EMT, mvasion, migraton, ad
prolfferstion effect, whch showed that the p of drag (24). The of m%-33 = BT
mis 33b g y docreased ce p 25 e 10 indaced 3 statsticly sgnificmt increese of e expresson of
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CDEfI amd signihant decreasss of 6.cxterim, vameniin, and
211 (Figare 3A). Conststent resulis were obtained wih SKRES
(Figure 3C). To confirm these dat at the peotes lovel, westers
Biot was performed (Figares 38,1D). Howeves, COHI was smabile
%0 detect SKHRS docyase of is deietion of a large
portion of the gene = this adl Ine (252 Aaditionally, migration
= mvason 203ys ware plansad (o explore the =S metistan:
effoct of mi-33b. The SKESS cells wese transfiociod with mifl

If shidtion of this mIRNA In comtsol cofis woald hawe the
oppastic offoct To further trvestygniz i, the mi5-33b tnhitior
was transfected 1 conlrol cll ines. The effctency of tramsfaction
was A 72hpost = both nos- umorgesic
cell lines (Figare 4A 2d Sapplementary Ryare IA). wsrany
was carried out % evaleate the fect in proiferation, whack

showed &2t mhitttion of miR- 33> moeases the prolferation at
3 days 2 well 25 3 5 d2ys tn both comtrod c2fl ¥nes (Figere 4B

33b mamic for 72 & and seedad on maTtgd-based o
check the tnvasion wikin 24 h. The expression of the
matare miS-33b was confirmed by Q-PCH In @ ol hme (data
nol shows) The resulis showad (22 the overexprassion of mill-
33b induced 3 Gocease m SKARS tvasion cpabdity comparsd
0 e catrols (Figere 38 The migration procss was camied
out by i wound heaitng assay. The sesalis showed that miRl-33b
overesprisston symatcnily redaad e mygration peoperties
of HER2+ cefls compared %0 the megative control (Figare 3F)
Takn Ingether, these resalts suggested that miR 330 tridthis ceb
mvason Ind migration and acts 25 2 posshie cractal segalator of
e EMT proces 1 HEN2+ BC. Probably #f G be 2o mdired
fxmoar g ¥ &fecs trough g KZH2
1= the specific BC sehiype

Inhibiting miR-33b Expression Induces
Cell Proliferation, Invasion, and
Migration in Non- Celis

Boczase the overexpeession of mifl- 33b reduced ol proltferaton,
Evaion, migration, and EMT @ HERZ + BC ol we wonderad

and Sapp y Figare 2B) After 72 & of transfection wih
(e miR-33b mhfdtior, (he colls were soaded om Tansweils ©o
eviuale =0 mvason (Rgere 4C 2ad Sapplementary Figere 2C)
and the migraticn (Figare 4D and Sepplementary Figare 2D}
Murmmmrmmmmmmnmdmm

cxfl mig and mvason in bota
nm mawwmmwswmmm:
requirad $o comteod cel tmason, and p

o

of miR-33b Induces EMT

and EZH2 i
To better undensand the molecuiar mechamsm of ation of miR-
mwmmum“wwqﬂmm

ofEMT of EZHI. Controd
mnm::mmnhmmu«mm =d
2t 72 h after Tansfocton, EMT symaling pathway Sciors were
checked tm the level of mENA 3nd protetn expresson. The resuls
showad {hat, with the tnibition of miR-33b, the expresion of
CDHI was sgnatcantly dimimshod, and (2ere was an nose
of S.ctenim, vimeniin, and 5252 . both mANA ad prodon
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leved (Figares 4EF and Sapplementary Figares 2EF). Thas,
 suppocts hat MS-33 an regalate EMT signaling in both
control aad cxmcer colf ines.

Downregulation of EZH2 Inhibits
Proliferation in HER2+ BC Cell Lines
The previoes resdis sugged that miR-33b is raguieting E7H2. I
onder to evaaatr the role of EZH2 = HEN2+ BC ool ines, ST474
and SKRE3 ails were trandocted with two differest 1-EZH2.
Congrmation of gene and peolsin sfieacng was performed
by QFCR and by wesiorm blot, 1 Ho® stiiNAs
EZH2 in HT474 and SKAR3
umummm;mrom«mm
amamammmmwhﬂm

model, we sfienced the EZHI @ BT474 and SKER3 by two
itferent SANAS % 32iyxe S gene st ensichment of EMT. Rols
cxfl Bnes were tramsfected walh two speciiically different SIRNAS
of EZH2. The downroguiaton of the EMT genes was amfrmad
by Q-ICE and the protetn axpresion was evaluaied by wesiem
biot tn beth cdl Ines compared 10 the control (Rgares 6A-D).
The resuls showed that the oy of EZH2 exp

Indaced 2 slatisically stgnificant increase of CDH1 zad 2 decrease
of 5-atenin and vimentin & BT474 af both the mRNA and (e
protetn levels. There were no changss tn B-cnen (CTNNEL at
(3¢ MENA level 1= SKES3 with the stiencing of EZHL Howeves,
3t the prodeim level, there was 2 reduction tn S cxpresson of 5-
tenin and vimentin & doth the gome aad the prosess levels In
adamon, the sfencing of EZH2 affects invasion and migration,

g 1 2 deciase I (Be SKHES cod Ime (Figares 6EF)

showed (hat 2 Jower &xp ¥
m«npmuumna'rmmsnnmumnuwy
efod showad statidyal sgstficance untf] 7 days (Figases SC.D).
Those results mdicaied (hat EXE2 may xl & 2 oot geme
for lumor aggressivesess I HESR2+ BC theogh modutng
ol proftferation.
Downregulation of EZH2 Inhibits EMT,
Invasion, and Migration in HER2+ BC

Cell Lines

Allogether these resalts owed (hat E7H2 mduces EMT 2
promote trvasion and mygration @ HIE2 « BCods

High miR-33b Expression Levels Were

Correlated With Favorable Overall

Survival Outcome in HER2+ BC Patients

To assess the prognostic valee of miR-33b and EXHI, we used

an in sty survavad analysss of BC pattents with the Kaptan-

Mexr ploze. Aum-n.mncmm:pmm
showed 2

High levels of 232 have been invetved 1= [C prograssion by the

regulation ofthe EMT process. To evalisaie If the dovmregalation
of EZ32 modiates Se inhibition of the EMT patway tn our

mmmq-unw HR-O.'I'&?SEGO.GO-
0.97) (Figare 7A), saggedng 2 good progaostc mk of this
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mENA. The, oppostiz resaits were found wil EZH2 when t was  were obtamed = 2 cohort of HERI + BC patienis. We found
evalaaiod among the same st of patients; N was chsorved St Uhat 3 Righ miIR-330 exp 25y ~good
3 high cxpresaon was asoctxied with a womse OS (p ~ 0.0005,  prognosis in lerms o0 OS5 4p ~ 0.039, HR ~ 0.74, 95%.C1 0.55-0.99)
Hil « 134, 95% O L07-167) (Figare 7B). Smiflar realts  (Figare 7). A (he same Sme, high EZH2 expresdon showed
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2 poar progmoss (HIL = 14, p = 0L13). Newertheles, ® was
20! statistically sgaficant, prodabily due (o the low number of
7D). These rasults the

in survtval (Z7), betng an eatty with 2 ixge helerogeneity
at multiple levels (If). I reaul studies, mIANAS are being

2

subjects
of fhis axts 25 2 peognostic factor tn HER24 RC.

A ot of accumuined Sata have pomited cul that several mUINAs
drtve tumorigenests and drug redstance and suppres Qnoer
ProgF geting afforent by (26).

mulipie stadies have boom carried 1o study the roics of mUINAS
= B, most of Sem have focssad on BC & general and sol m

e pecific saitypes. HERZ+ BC mudiype ts one of & cmars
with 3 worse prognaosts 2ad i assoctaied wih inferor outomas

as one of the Xry regulzons % uncover the maleouts
mec of the gesetty tn HERZ 4 BC

The miS-33 mily & oo¢ of the Mghly coserved miENA
famies 12t conssis of two membders miil-332 and miR-
33b (29) They both at 2s 3 tumor ssppeessor in difieent
ancers such 25 non-small ool og cances (30), TNEC (31),
esoptugeal sq allc 132),ana ance
(33) v tageting EMT and Re the Nt ame
In Sis study, we reportad that mii-330 was downregulaied m
breast HERZ+ lamor szmptes when compared (o nomma breast
Ussyes and S (e wmder of MR350 s related
0 3 poor progncsts & HER2. patiemis. We abo foaad that
mIR-33b csprowion was higher In normal breast cptthelal cot
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ines than © HES24 BC cefl Imes. It bas bxen doscribed 25

l
HMCA2(13). mwm-mumnu-m
supprossive MIRNA tn SCprogresdon. To mvestigaie the specific

mechansm of mak-330 tn HER2+ EC progressinn, miR- 33b was
ectopicaity overexpressed in different HER2+ cefl Tmes, where &
was shows B2t the uproguiainn of @ mIRNA =h@vts cncer
<ol mvasion and magration. As i has baes already reporied St
S5 mIRNA segulales EMT (34), we here Semonstrated tht the
overespression of miil-33b Ekttes the EMT peocess = HER24

of EZM2, promoling autnphagy and deceasmg tumor ol
vabiity, migranen, and svasion (41) Additisally, =S 139
Sp tramsciplion i mimbtied by EZH2 through spregalating
HIK27me3; therchy, the downrogulation of fZHI a=d the
upregalation of miRl-139-5p mpede EMT in lymph node

Investigatod the roie of FZH2 spectacally tn HERZ 3C. In 0w

subtype of BC by repuatng EZH2
we reported that the overcaprassion of mifl-33b has an impad
on el proffieration and indaces apopiosts in this HC sabtype.
Bosides th, (hs mISNA 20 arrests the ail cyde = (he s
QUGI phase 35 compared Wil the ofher phases, which 5 &
concordance Wik provious resuls in lung cancer {¥). lecently,
sme auBars that mif-332 = regalate FZH2 by
S direct Mieraction (21). We chacked &1 silio the physict
mirraction betwees miR-33b and EZHI m mRDe-

study, we mmznmwmm‘
BC ail linss 3 widl 25 In sobd famocs In omparson Wik
noemnal epreital c2b tme xnd normal deeast tsue winc show an
trverse corrdation. To dig moee on the molecilar mechasms:
of EZHZ, 1 has dbeen sflesced through two differest sfiescers 1
BC el Itnes, which resiited 1 @3¢ tXibaton of cell proliration,
migration, invasion, and EMT tn HER2+ 3C ais,

122t EZH2 expression bas 2 cructsl roke tn HES24 50 progression
(S 3F). Futare in vho cspermmenis o

MICuRNA Target Prediciion Database, miRNet, millTxrsas,
mifanda anadass, and the Feeidarg RNA toolx 2 the teler
Ge, we found an micraction wild 3 yiid of very low energy.
Hasd om s mformation, we performed the ucirase asay
ad we foend taat there 1s no sach diredt infzracon between
miE33b and EZH2 (dam mot shown), wiich cirtfiad Sat
FRough =R 332 2=d mIR-330 belong 1o the see amily, ey
Tegulaiz the same gone 3= 2 difierenl way. It has hoes previcusy
o MY FLHIp direcsy
mlswn(m ldduln EZH2 cxpression
y = m prostais cncer
051 it tuxy that MYC ts 2 direct
Qrget of miR-33b {10}, Thus, = our preseat stady, we showed
= & cdopic of mS-330 g, MYC =
wmmwl&m-ﬂ&m
of miil-33b hawe binding sties walin the umam MYC IUTRs
(TwgeSan @n, Sepplementary Figare 3E). Consuermg an
ose, we suggest EZH2 32 target of miR-33b via sequlating the
MYC (Sapplementary Rgare 3F).

wmm.:mmm
ﬁmtdw melasss. Encemous
evidences diale that EMT is responsbie for cocer oof
mvaion 3d migration and an Mo step of metastaas. E7H2
s reported to be upregulated = aggrestve BC (36) and mvolved
= cpigenetic, post-trandationd modications and EMT program
by sippreseng CDHI expresion (37). In sasopharymgeat
cranoma, miR- 142-3p was Sowrmeguiated by DNA methylation
Que to EZF2S recrultment of DNMT! wiich occipted the
upstream reghon of S @S- 1422nd ZER
feading %o EMT and meastass (38). Fsthermore, FZH2 s
3 derect target of miR-262 I docetusr] resstance s, which

orl wogue spmmows f Gscmoma, mill-10] inhbis the
expressdon of EZ112 v&1 two transcriplion factors, STt and Shg
(40). In BC, RS2 may megehvely rgulate the Cxpeesin

evalinaie e ke of MR- 33b 18 HER2+ BC mctastasss e nceded.
In samimary, EZH2 might be an tmporset facke of HERZ+
BC progresion and asocdated with 2 doomase = e overald
swvivad of patients sice EMT has deen critiqlly discassed
2e key process In tumor =d melastass (A7)
Crar fimdings = the prasent seady demonsizate for the Brd Bme
122t miR-33b acts 25 2 suppresive MIRNA &= HER24 0O, whch
Coud b tumor mgration and imvasion partly by tmpoding
EMT [2rough the repression of the MYC-EZH2 loop. This stady
sugpess 1 novel MR- 3RMYCEZH2 axs the modulaies e
FFUWE and the progresion of breast cols and aukd he dimcily
usofal o Sosign sew drugs azinst SERL: subtype cncer.
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