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Abstract

Breast cancer, a common and often aggressive malignancy, presents significant
challenges due to its ability to develop resistance to therapies. This resistance is
intricately linked to the function and regulation of the estrogen receptor, a key driver
of breast cancer cell proliferation. Our research focuses on unraveling the complex
mechanisms underlying this resistance by investigating the roles of estrogen
receptor isoforms, epigenetic modifications, and microRNAs (miRNAs). Through
comprehensive analyses, we demonstrate that the estrogen receptor undergoes
alternative splicing, producing multiple isoforms with distinct functional properties.
These isoforms vary in their sensitivity to breast cancer therapies, potentially
leading to differential treatment outcomes. Additionally, we explored how DNA
methylation in regulatory regions of the estrogen receptor gene influences the
expression and function of these isoforms, revealing a crucial layer of epigenetic
control that could contribute to therapy resistance. Furthermore, our study identifies
the miRNA miR-4728-3p, encoded by the ERBB2 oncogene, as a significant
regulator of estrogen synthesis in breast cancer cells. By modulating the levels of
aromatase and other estrogen-related enzymes, miR-4728-3p plays a pivotal role in
the intricate network of factors driving breast cancer progression and resistance to
treatment. These findings enhance our understanding of the multifaceted
mechanisms of breast cancer resistance, providing valuable insights that could
inform the development of more effective therapeutic strategies.



Popularvetenskaplig sammanfattning

Brostcancer dr en av de vanligaste cancerformerna som drabbar kvinnor virlden
over. Trots betydande framsteg inom behandling stdr manga patienter fortfarande
infor utmaningen att deras cancer blir resistent mot behandlingarna. Att forsté
orsakerna till denna resistens dr avgorande for att forbattra behandlingsresultaten.
Var forskning &r inriktad pa tre nyckelomraden: olika former av dstrogenreceptorn,
fordndringar i DNA-regleringen och den roll som sma molekyler, sd kallade
mikroRNA, spelar.

Ostrogenreceptorn #r ett protein som normalt bidrar till att uppritthalla den
kvinnliga reproduktiva vivnaden genom att reagera pad hormonet dstrogen. Vid
brostcancer kan denna receptor dock frimja tumortillvéxt om den blir 6veraktiv eller
forlorar sina normala regleringsmekanismer.

Den gen som ansvarar for att producera 0strogenreceptorn kan generera flera olika
versioner av proteinet, s kallade isoformer, genom processer som alternativ
splicing och anvidndning av olika promotorer. Dessa isoformer kan ha olika
funktioner och reagera olika pa brostcancerbehandlingar som tamoxifen och
fulvestrant. I arbete I identifierade vi flera nya isoformer av strogenreceptorn och
fann att vissa av dem kan bidra till terapiresistens. En sérskild variant uppvisade ett
dominant-negativt beteende, dvs. den kan stora aktiviteten hos den “korrekta”
Ostrogenreceptorn och dirmed eventuellt minska effekten av behandlingar. Vi
upptickte ocksa att vissa isoformer ackumuleras mer i kirnan, vilket kan paverka
deras interaktioner med andra cellulira komponenter och péverka
behandlingsresultaten.

I arbete II undersokte vi hur fordndringar i DNA-regleringen, framfor allt genom en
process som kallas DNA-metylering, kan paverka Ostrogenreceptorns aktivitet och
dess protein. DNA-metylering innebér att kemiska markorer laggs till DNA som
kan sla pé eller av gener utan att 4ndra den underliggande genetiska koden. Vi fann
att hogre nivaer av metylering i en specifik region av dstrogenreceptorgenen var
forknippade med ldgre receptoruttryck och forlingd resistens mot likemedlet
fulvestrant i brostcancerceller. Detta tyder pa att metyleringsmdnster kan spela en
avgorande roll for att uppratthélla resistens.

I arbete III analyserade vi mikroRNA:s roll, sma molekyler som reglerar
genuttrycket genom att binda till budbérar-RNA. Vid brostcancer kan vissa
mikroRNA paverka koncentrationen av dstrogenreceptorisoformer, vilket i sin tur
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kan paverka effekten av behandlingar. Vi fokuserade pé ett specifikt mikroRNA
kallat miR-4728-3p, som kodas av ERBB2-genen, en gen som ofta forknippas med
aggressiv brostcancer. Var forskning visade att miR-4728-3p spelar en viktig roll i
regleringen av Ostrogenproduktionen genom att rikta in sig pd enzymer som &r
involverade i biosyntesen. Blockering av miR-4728-3p ledde till 6kad produktion
av aromatas, ett nyckelenzym i dstrogensyntesen, vilket kan frimja tillvixten av
cancerceller och bidra till behandlingsresistens.

Genom att undersdka samspelet mellan dstrogenreceptorisoformer, epigenetiska
fordndringar och mikroRNA ger vér forskning djupare insikter i utvecklingen av
terapiresistens vid Ostrogenreceptorpositiv brostcancer. Dessa resultat dr ett viktigt
steg mot att forstd de biologiska mekanismer som ligger bakom resistens. Aven om
det fortfarande finns mycket kvar att upptécka bidrar vara studier till utvecklingen
av nya behandlingar som kan forbattra utfallet for dem som drabbats av brostcancer.

11



Popular scientific summary

Breast cancer is one of the most common types of cancer affecting women
worldwide. Despite significant advances in treatment, many patients still face the
challenge of their cancer becoming resistant to therapies. Understanding the
underlying mechanisms of this resistance is essential to improve treatment
outcomes. Our research focuses on three important areas: different forms of the
estrogen receptor, changes in DNA regulation and the role of small molecules called
microRNAs.

The estrogen receptor is a protein that normally contributes to the maintenance of
female reproductive tissue by responding to the hormone estrogen. In breast cancer,
however, this receptor can promote tumor growth if it becomes overactive or loses
its normal regulatory mechanisms.

The gene that is responsible for producing the estrogen receptor can generate
multiple versions of the protein, known as isoforms, through processes such as
alternative splicing and the use of different promoters. These isoforms may have
different functions and respond differently to breast cancer treatments such as
tamoxifen and fulvestrant. In Paper I, we identified several new isoforms of the
estrogen receptor and found that some of them may contribute to therapy resistance.
For example, one variant showed a dominant-negative behavior, which could
interfere with the activity of the “proper” estrogen receptor and thus potentially
reduce the efficacy of therapies. We also discovered that certain isoforms
accumulate more in the nucleus, which could influence their interactions with other
cellular components and affect treatment outcomes.

In Paper 11, we investigated how changes in DNA regulation, particularly through a
process called DNA methylation, can affect estrogen receptor activity and its
protein. DNA methylation involves adding chemical markers to DNA that can turn
genes on or off without altering the underlying genetic code. We found that higher
levels of methylation in a specific region of the estrogen receptor gene were
associated with lower receptor expression and prolonged resistance to the drug
fulvestrant in breast cancer cells. This suggests that methylation patterns may play
a critical role in maintaining resistance.

In Paper III, we investigated the role of microRNAs, small molecules that regulate
gene expression by binding to messenger RNA. In breast cancer, certain
microRNAs can affect the concentration of estrogen receptor isoforms, which in
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turn can influence the efficacy of treatments. We focused on a specific microRNA
called miR-4728-3p, which is encoded by the ERBB2 gene, a gene commonly
associated with aggressive breast cancer. Our research revealed that miR-4728-3p
plays an important role in regulating estrogen production by targeting enzymes
involved in the biosynthetic pathway. Blocking miR-4728-3p led to increased
production of aromatase, a key enzyme in estrogen synthesis, which could promote
cancer cell growth and contribute to therapy resistance.

Our research provides new insights into the development of therapy resistance in
estrogen receptor-positive breast cancer based on the interplay between estrogen
receptor isoforms, epigenetic changes and microRNAs. These findings are an
important step towards understanding the biological mechanisms underlying
resistance. While there is still much to discover, our studies are contributing to the
development of new therapies that could improve outcomes for those affected by
breast cancer.

13



Popularwissenschaftliche
Zusammenfassung

Brustkrebs ist eine der hdufigsten Krebsarten, von denen Frauen weltweit betroffen
sind. Trotz erheblicher Fortschritte in der Behandlung stehen viele Patientinnen
immer noch vor der Herausforderung, dass ihr Krebs gegen die Therapien resistent
wird. Um die Behandlungsergebnisse zu verbessern, ist es von entscheidender
Bedeutung, die Ursachen fiir diese Resistenz zu verstehen. Unsere Forschung
konzentriert sich auf drei Schliisselbereiche: verschiedene Formen des
Ostrogenrezeptors, Verénderungen in der DNA-Regulation und die Rolle kleiner
Molekiile, so genannter microRNAs.

Der Ostrogenrezeptor ist ein Protein, das normalerweise zum Erhalt des weiblichen
Fortpflanzungsgewebes beitrigt, indem es auf das Hormon Ostrogen reagiert. Bei
Brustkrebs kann dieser Rezeptor jedoch das Tumorwachstum fordern, wenn er
iiberaktiv wird oder seine normalen Regulationsmechanismen verliert.

Das Gen, das fiir die Produktion des Ostrogenrezeptors verantwortlich ist, kann
durch Prozesse wie alternatives Spleilen und die Nutzung von unterschiedlichen
Promotoren mehrere Versionen des Proteins erzeugen, die als Isoformen bezeichnet
werden. Diese Isoformen konnen unterschiedliche Funktionen haben und
unterschiedlich auf Brustkrebsbehandlungen wie Tamoxifen und Fulvestrant
reagieren. Im Paper I haben wir mehrere neue Isoformen des Ostrogenrezeptors
identifiziert und festgestellt, dass einige von ihnen zur Therapieresistenz beitragen
konnen. So zeigte eine bestimmte Variante ein dominant-negatives Verhalten, d. h.
sie konnte die Aktivitit des ,richtigen” Ostrogenrezeptors beeintrichtigen und
damit méglicherweise die Wirksamkeit von Therapien verringern. Wir entdeckten
auch, dass sich bestimmte Isoformen stirker im Zellkern anreichern, was ihre
Interaktionen mit anderen zelluldren Komponenten beeinflussen und sich auf die
Behandlungsergebnisse auswirken konnte.

Im Paper II untersuchten wir, wie Verdnderungen in der DNA-Regulierung,
insbesondere  durch einen Prozess namens DNA-Methylierung, die
Ostrogenrezeptoraktivitit und dessen Protein beeinflussen konnen. Bei der DNA-
Methylierung werden der DNA chemische Marker hinzugefiigt, die Gene an- oder
abschalten konnen, ohne den zugrunde liegenden genetischen Code zu veridndern.
Wir fanden heraus, dass hohere Methylierungswerte in einer bestimmten Region des
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Ostrogenrezeptor-Gens mit einer geringeren Rezeptorexpression und einer
verldngerten Resistenz gegeniiber dem Medikament Fulvestrant in Brustkrebszellen
verbunden waren. Dies deutet darauf hin, dass Methylierungsmuster eine
entscheidende Rolle bei der Aufrechterhaltung der Resistenz spielen kdnnten.

Im Paper III untersuchten wir die Rolle der microRNAs, kleiner Molekiile, die die
Genexpression durch Bindung an Boten-RNA regulieren. Bei Brustkrebs konnen
sich bestimmte microRNAs auf die Konzentration von Ostrogenrezeptor-Isoformen
auswirken, was wiederum die Wirksamkeit von Behandlungen beeinflussen kann.
Wir haben uns auf eine bestimmte microRNA namens miR-4728-3p konzentriert,
die vom ERBB2-Gen kodiert wird, einem Gen, das héufig mit aggressivem
Brustkrebs in Verbindung gebracht wird. Unsere Forschung ergab, dass miR-4728-
3p eine wichtige Rolle bei der Regulierung der Ostrogenproduktion spielt, indem
sie auf Enzyme abzielt, die am Biosyntheseweg beteiligt sind. Die Blockierung von
miR-4728-3p fiihrte zu einer erhohten Produktion von Aromatase, einem
Schliisselenzym der Ostrogensynthese, was das Wachstum von Krebszellen fordern
und zur Therapieresistenz beitragen konnte.

Durch die Untersuchung des Zusammenspiels zwischen Ostrogenrezeptor-
Isoformen, epigenetischen Verdnderungen und microRNAs liefert unsere
Forschung tiefere Einblicke in die Entwicklung von Therapieresistenz bei
Ostrogenrezeptor-positivem Brustkrebs. Diese Erkenntnisse sind ein wichtiger
Schritt zum Verstiandnis der biologischen Mechanismen, die der Resistenz zugrunde
liegen. Auch wenn es noch viel zu entdecken gibt, tragen unsere Studien zur
Entwicklung neuer Therapien bei, die die Ergebnisse fiir die von Brustkrebs
Betroffenen verbessern konnten.
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Background

Introduction to cancer

Cancer represents a group of genetic diseases that affect different cell types and
organs and is a major cause of death worldwide which can originate anywhere in
the human body. Usually, human cells grow and multiply through a process known
as cell division to form new cells whenever the body needs them. But when cells
become old or damaged, they die and new cells take their place. However,
occasionally this regulated process collapses and abnormal or damaged cells may
grow and multiply even when they should not, leading to uncontrolled proliferation
and changes in the surrounding microenvironment through paracrine signaling. In
other words, the tumor itself becomes a ‘micro-ecosystem’ that is selecting for
beneficial traits.

Cancer develops through the stepwise creation of genetic and epigenetic changes,
allowing normal cells to divide and grow beyond normal tissue boundaries and
become malignant. These malignant abnormal cells can form into tumors, which are
lumps of tissue. The tumors can be cancerous (malignant), a condition where the
cells become more aggressive, invade and metastasis, or non-cancerous (benign)
(1). This transformation occurs when various growth control and differentiation
programs are disrupted, leading to tumor development as cancer cells keep gaining
modifications to adapt to their altering environment. This change from a normal cell
to a malignant tumor and finally to a lethal metastatic tumor is well characterized.
Once cells lose these control mechanisms, they rapidly acquire changes. Such
adaptability is the reason why cancer therapies often fail and why cancer relapses
frequently grow back more severe and more difficult to treat by spreading to other
organs.

Such cells inactivate apoptotic pathways as normal cells do, but they develop
independence from growth signals by interacting with surrounding tissues and the
immune system in a different way than normal cells. Different molecular and
pathological characteristics are used to classify various tumors into subtypes, which
helps to determine prognosis and treatment. However, on an individual level, the
challenge lies in the genetically and phenotypically distinct nature of each tumor,
requiring precision medicine. It is challenging within an individual tumor due to
intratumorally clonal diversity, which makes it difficult to accurately assess the
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tumor in the clinic due to sampling bias. Indeed, a single biopsy might not be
representative of the whole tumor, and more aggressive clones potentially exist
elsewhere in the tumor or in separate foci (2,3).

Over the years, increasing understanding of the complexity of cancer biology has
incorporated the study of the Hallmarks of Cancer (Figure 1) which are a collection
of functional capabilities that human cells acquire during the transition from normal
to neoplastic states initially reported in 2001 and then updated in 2011 and 2022 (4—
6). These abilities are essential for the formation of malignant tumors and underlie
stringent control mechanisms that prevent normal cells from switching towards
selfish survival behavior.
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PHENOTYPIC SUPPRESSORS
PLASTICITY —
= ® NONMUTATIONAL
EPIGENETIC
DEREGULATING
o 222 REPROGRAMMING
CELLULAR % 3
METABOLISM v,
7" AVOIDING IMMUNE
Vad DESTRUCTION
RESISTING CELL +
DEATH XD ENABLING
REPLICATIVE
IMMORTALITY
GENOME A@? @
INSTABILITY & TUMOR-
MUTATION . PROMOTING
I~ N INFLAMMATION
A/ .
SENESCENT gﬁ}% ﬁi POLYMORPHIC
CELLS - MICROBIOMES
oSN nsons
METASTASIS

Figure 1 The hallmarks of cancer highlight key biological capabilities that enable cells to grow
uncontrollably, evade death, and metastasize, driving tumor development and progression
(modified image from (4-6)).

Their characteristics are the following: The sustaining of proliferative signaling
where cancer cells undergo continuous self-signaling to divide, the evasion of
growth suppressors enabling cells to avoid mechanisms that normally suppress cell
growth, the resistance to cell death, avoiding apoptosis, which is the programmed
process of cell removal that normally removes damaged or excess cells, the
facilitation of replicative immortality, escaping the normal limitations of cell
division, the induction of angiogenesis enabling cancer cells to stimulate the
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development of new blood vessels to supply nutrients, and the activation of invasion
and metastasis, promoting the spread (4).

Other features since 2011 include the deregulation of cellular metabolism to inhibit
growth and survival, the prevention of immune destruction, genomic instability and
mutation to promote growth, and the tumor-promoting inflammation (5). Finally,
since 2022, the proposed hallmarks additionally include the unlocking of phenotypic
plasticity allowing the cell to change in phenotype and adapt, non-mutational
epigenetic reprogramming, the polymorphic microbiome involving the diversity of
microbial communities linked to tumors affecting oncogenesis and treatment
responses, and finally, the senescent cells resulting in an accumulation of cells that
stop dividing but do not die, leading to tumor progression and therapy resistance

(6).

The hallmarks of cancer provide a comprehensive framework for understanding the
key features that enable tumor growth, evasion of immune responses and metastasis.
Improving this understanding is essential for improving cancer diagnosis,
developing targeted therapies, predicting patient outcomes and further refining
research towards more effective treatments.

The female breast and female sex hormones

The female breast is a glandular organ on the woman chest with the important
function of producing milk, formed by a system of ducts and lobules regulated by
female sex hormones. The female breast consists of three types of tissue: glandular,
adipose and connective tissue (Figure 2). Among these tissues, communication is
critical to breast function, and it is well-established that hormone signaling actively
influences breast development and function. The mammary glands have 15-20 milk-
productive glands that are connected to ducts transporting milk to the nipple. The
functional unit of the breast is the terminal duct lobular unit (TDLU), which consists
of a collection of alveoli with surrounding ducts. Breast tissue is repeatedly
remodeled during the fertile years, triggered by puberty, menstrual cycles,
pregnancy and breastfeeding. In connection with menopause, the mammary gland
normally undergoes involution, during a process whereby the TDLUs age and
shrink. Incomplete involution is one of the biological processes associated with the
development of breast cancer (7).
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Figure 2 Anatomy of the female breast, showing the internal structures including the skin,
fatty tissue, lobes, ducts, lymph nodes, pectoral muscle, and rib (Image created with
BioRender).

As mentioned, the female breast is stimulated by the most important female sex
hormones, the steroid hormones estrogen and progesterone. In addition to this, these
hormones control the processes of female secondary sexual features and
reproduction.

Estrogen is responsible for the development of the mammary glands and has a major
role in triggering prolactin secretion by the pituitary gland. There are four estrogen
hormones: estrone (E1), estradiol (E2), estriol (E3) and estetrol (E4), whereby E2 is
considered the dominant hormone and is a powerful mitogen during the fertile years.
The key enzyme for the synthesis of estrogen is aromatase (CYP1941), which has
been identified to be expressed and active in many human tissues, including
endometrium, brain, bone, skin and adipose tissue (8). The biosynthesis of estrogens
in women of reproductive age takes place primarily in the ovaries, but is also
synthesized in extraglandular tissues and in the breast itself (9,10).

However, other tissues such as adipose tissue, osteoblasts, chondrocytes and the
vascular endothelium also provide a significant contribution to estrogen production
and estrogen metabolism (11). Through direct ovarian glandular secretion into the
bloodstream, estradiol is released into the breast via an endocrine mechanism in
premenopausal women. Estrogens stimulate the proliferation of normal and
malignant cells via the induction of proteins involved in nucleic acid synthesis and
the activation of growth-regulating genes. Increased cell proliferation may increase
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the likelihood of errors in DNA repair, causing an accumulation of mutations over
time. These mutations can contribute to the transition from normal cell growth to
hyperplasia to neoplasia (12—14).

E2 is involved in controlling the growth of many breast tumors and is present in
significant amounts in postmenopausal breast tumors, whereby their estrogens are
produced by aromatase-mediated conversion of androgens from the adrenal glands
and ovaries into estrogens in normal tissues (adipose tissue, muscle, liver or brain)
as well as in breast tumors (8,15,16).

The second major sex hormone is progesterone, a small lipophilic steroid hormone
with 21 carbon atoms, which is involved in the female menstrual cycle, pregnancy
and embryogenesis by binding to progesterone receptors. Furthermore, it plays a
fundamental role in normal female biology (17). The breast is a primary target of
progesterone, where it regulates the development of the branching epithelial duct
and the expansion of the milk-producing alveoli during lactation.

Progesterone acts via the progesterone receptor (PR), and estrogen acts via the
estrogen receptor (ER), both belonging to the superfamily of nuclear steroid
hormone receptors which will be described in more detail below.

Historical information

The first documented association between estrogens (produced in the ovaries) and
breast cancer was observed by George Thomas Beatson in 1896. In a case report, he
described a premenopausal breast cancer patient with metastasizing disease.
Although not understanding the exact mechanisms of hormonal action in human
physiology, he was aware of a method in bovine animals in which prolonged
lactation was achieved by removing the ovaries. Inspired by this, Beatson removed
the ovaries on both sides of his patient (oophorectomy), leading to a complete
remission of the disease, due to the decreased level of estrogen (18).

Breast cancer

Epidemiology and risk factors

Worldwide, female breast cancer has overtaken lung cancer as the most frequently
diagnosed type of cancer. This trend is expected to accelerate. By 2040, an estimated
28.4 million new cases of cancer are predicted, representing a significant increase
of 47% in relation to estimates for 2020. In 2022, 10,952 women were diagnosed
with breast cancer in Sweden, according to cancer statistics (19). However, as a
result of early detection and treatment, the number of people who survive after a
cancer diagnosis has increased over time (20).
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Breast cancer is a heterogeneous disease characterized by several classification
systems, ranging from invasive or in situ tumors, intrinsic subtypes, the detection of
receptors including the ER, the PR and the human epidermal growth factor receptor
2 (HER?2), the grade and the staging. Generally, breast cancer develops either in the
ducts (80-85% of cases) or in the lobules (10-15% of cases) of the breast. The
supportive tissue between the ducts and lobules is the stroma, which can also be the
site of cancer development, resulting in sarcomas. Precancerous lesions are limited
to the ducts or lobules and are unable to spread beyond the basement membrane;
they are termed in situ or intraductal cancer (DCIS) (21,22). In contrast, true cancer
cells can spread through the blood and lymph vessels as soon as they have invaded
the basement membrane and are referred to as invasive or infiltrating cancer due to
their infiltration through the ducts or lobules (1).

Approximately 90% of breast cancers occur as sporadic cases, defined as cases
without a clear family history and are affected by specific risk factors, which can be
classified into non-modifiable factors such as gender, age, genetics, breast density,
benign breast diseases and endogenous hormones, and modifiable factors such as
breastfeeding, alcohol consumption, smoking, childbirth, obesity and exogenous
hormones (15,23-27).

In order to illustrate how risk factors influence breast cancer risk, I will explain an
example from each group of factors to help to understand the association between
risk factors and the development of breast cancer. Among the non-modifiable
factors, one known risk factor for breast cancer is increased breast density. While
the causes of increased breast density are not yet fully understood, they have been
linked partly to genetic factors. Research with twins has shown that breast density
has a hereditary component. Furthermore, estrogen levels are also involved, as
external estrogens have the potential to increase breast density, while anti-estrogens
can decrease it. High breast density not only makes mammography more
challenging, but also increases the risk of developing breast cancer (28).

One other relevant risk factor among the modifiable factors is obesity, especially in
post-menopausal women (26). Obesity is linked to a higher risk of breast cancer, as
adipose tissue is an important source of estrogen production after menopause.
Increased estrogen production can promote the growth of estrogen-dependent tumor
(29-31). On top of this, obesity is often associated with chronic inflammation and
insulin resistance, which can both further contribute to cancer risk (32,33).

Approximately 10% of breast cancer cases that are not sporadic are related to
genetic mutations and/or hereditary breast cancer with a genetic predisposition (34—
36). In this context, pathogenic mutations of the BRCAI and BRCA2 genes are
commonly referred to as high-risk genetic factors, significantly increasing the
likelihood of developing breast and ovarian cancers. Approximately 5-10% of all
breast cancer cases are linked to hereditary factors, specifically due to pathogenic

26



mutations in genes such as BRCAI and BRCA2 (37,38). These mutations are referred
to as pathogenic germline variants (PGV). Pathogenic mutations found in the
BRCA1I and BRCA2 genes contribute significantly to hereditary breast cancer cases,
representing around 20% of hereditary cases. There are significant risks associated
with PGVs as women carrying these mutations in these genes have a 45-65%
lifetime risk of developing breast cancer (39,40).

Diagnosis and symptoms

The most prominent symptom of breast cancer is the development of a new lump in
the breast, which is usually detectable from about 1 to 2 centimeters in size, although
this also depends on the location of the lump and the density of the breast tissue.
Besides lumps, changes in breast dimensions, shape and texture, such as skin rashes,
fever or redness, can also be a sign of breast cancer. But the incidence of large
tumors (more than 5 cm) has decreased significantly compared to the past (41).

Awareness of breast cancer has increased significantly, and self-examination has
often been promoted by the media over the last ten years. Additionally, many
countries have introduced screening programs in which mammography is used for
early detection. In Sweden, for example, it is recommended for women to have a
mammogram every two years between the ages of 40 and 74. In comparison to self-
examination, mammography is a more accurate method for the early detection of
tumors as it lowers the rate of advanced breast cancer and consequently reduces
mortality. A clinically detectable tumor size of about 1 cm?, which corresponds to
about one gram, already contains around one billion tumor cells, indicating that a
tumor may contain millions to billions of cells at diagnosis (42). Within the
mammogram, small calcifications, so-called microcalcifications, which often reflect
the first signs of cancer or precancerous changes, can be visualized. The
mammography results are categorized in is normal, benign, unspecific/investigation
case, suspected malignancy and malignant (43).

However, breast characteristics such as tissue density can affect the sensitivity of
mammograms because the density influences the clarity of underlying
abnormalities, making it harder to detect potential cancerous lesions. Other imaging
techniques, such as ultrasound, are particularly helpful in detecting tumors in dense
breast tissue, as they provide better differentiation between tissue types and tumors.
Magnetic resonance imaging (MRI) is mainly used for women at very high risk, for
undiagnosed primary tumors or for tumors in underlying areas of the breast but is
associated with a high rate of false positives (43).

Currently, histopathological methods are used in combination with molecular tests
to classify the different molecular subtypes of breast cancer more appropriately.
Molecular diagnosis has an important impact on the management and personalized
treatment of breast cancer.
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Sampling — histopathology

Once a suspicious lump is found that could indicate breast cancer, a biopsy is
performed using a needle guided by imaging. This procedure helps determine
whether the lump is cancerous, if the cancer has spread or is localized, its type (such
as ductal, lobular, or mucinous), its grade, and which receptors it expresses. When
a suspicious nodule is detected through imaging that may indicate breast cancer, a
biopsy is performed to confirm the diagnosis. Core needle biopsy, the most
commonly used technique, involves using a hollow needle to extract a tissue sample
from the nodule for further analysis.

After a biopsy is taken, the sample is processed in the pathology department through
a series of steps, including dehydration, fixation, embedding, and staining. The most
common staining technique used is Hematoxylin and Eosin (short H&E), which
shows the structure and cellular details of the tissue. Beside the H&E, additionally
incubation with a panel of specific biomarkers to assess the presence of receptors
and other molecular features is done (44). Pathologists then evaluate the biopsy for
key characteristics such as cellular morphology, presence of dysplasia, and receptor
expression, all of which contribute to determining whether the nodule is benign or
malignant and to guiding appropriate therapy recommendations.

Anatomic staging

The TNM staging system (45) is a globally standardized classification system for
the staging of cancer, which includes breast cancer. It was developed by the Union
for International Cancer Control (UICC) and the American Joint Committee on
Cancer (AJCC) and is used to assess the spread and progression of cancer (46). The
ranking system stands for Tumor, indicating the size and spread of the primary
tumor, Node, describing the occurrence and extent of spread to the local lymph
nodes and Metastasis, describing whether distant metastases are present.

Table 1 TNM staging classification system.

TNM Staging

Tumor size Lymph Nodes

TO: in situ = pre-invasive NO: negative

T1: <2 cm N1: 1-3 positive

T2:2-5 cm N2: 4-9 positive

T3:>5cm N3: 10 or more positive

T4: inflammatory, invasion through Metastases

muscle or skin = aggressive tumor MO: none

type M1: distant (outside of breast and
lymph nodes)
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T4 includes the invasion of the skin and chest wall, subdivided based on whether
the cancer has spread to the chest wall, skin, both, or in the case of inflammatory
carcinoma.

The nodes category includes the lymph nodes in the armpit, behind the breastbone
(sternum) and around the collarbone. Within this category, the focus is also on the
sentinel lymph node, i.e. the lymph node closest to the primary tumor site most
likely to harbor metastases due to fluid drainage. For this reason, it is also of
prognostic relevance for breast cancer patients, and the results of lymph node
biopsies can have a significant influence on surgical and treatment
recommendations. Lymph node biopsies can be classified with positive referring to
tumor cells in the node (i.e. macro metastases over 2 mm or micro metastases of 0.2
to 2 mm) or negative (where even isolated tumor cells are under 0.2 mm) (43). The
metastases category retains unchanged its core definitions and indicates whether
distant metastases are present or not. The most common metastases in primary
breast cancer include brain, bone, lungs and liver (47). Patients are then classified
based on TNM in four different prognostic groups.

Prognostic staging

Besides the commonly used TNM classification (anatomical staging), additional
indicators are used to classify the tumor more precisely. Such additional factors
include the grade, the receptor status (biomarkers) and genomic tests such as
Oncotype DX (48), MammaPrint (49), PAMS50 (50), and the Breast Cancer Index
(51) and others. All of these have been implemented into the staging system to
improve treatment.

Grading

Besides the TNM system, the grading is an important additional indicator based on
the semi-quantitative Nottingham grading system (52). It indicates the extent of
tubular formation along with the status of nuclear pleomorphism and mitoses of the
cancer cells. By comparing breast cancer cells with normal breast epithelial cells
using three morphological features, the microscopic analysis assigns a score from 1
to 3 to each feature and then combines these scores to produce three levels: Grade 1
(well differentiated), Grade II (moderately differentiated) and Grade III (poorly
differentiated). The tumors of grade I, commonly referred to as low-grade tumors,
appear similar to normal breast tissue and tend to grow and spread more slowly. As
opposed to this, grade III tumors, referred to as high-grade tumors, typically show
more rapid growth and spread (53).
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Biomarker

Biomarkers are another factor in prognostic staging. The term refers to a measurable
parameter of a biological process and can range from small molecules such as
glucose in diabetes to proteins like the estrogen receptor in ER positive breast
cancer. The purpose of biomarkers enables the diagnosis of diseases and/or provides
information on disease progression, enabling treatment to be adapted, for example.
They are prognostically or diagnostically significant and therefore act as important
indicators in the clinic.

Biomarkers are a prognostic tool based on quantitative assessment of the hormone
receptors (HR) including ER and PR, human epidermal growth factor receptor
(HER2, originating from the ERBB2 gene), and Ki-67 in addition to the
clinicopathological information (54,55). It is of important relevance in the diagnosis
of breast cancer based on biopsy samples.

Using an antibody detection method, immunohistochemistry, the tumor can be
assessed according to whether it expresses the specific protein or not (in other
words, whether it is positive or negative). Briefly, a positive ER and PR status in
Sweden means that more than 10% of the cells express the receptor (43), indicates
that the cancer cells are likely to respond to hormone therapies (56). A positive
HER?2 status is represented by different levels, which indicate different levels of
aggressive cancer growth and often require targeted therapy with antibodies.
Approximately 15-20% of breast cancer cases do not express any of these three
proteins and are classified as triple-negative breast cancer (TNBC; negative for ER,
PR, and HER?2) (57).

The Ki-67 marker is used to assess cell proliferation (58), with high values
indicating strong cell proliferation, which correlates with more aggressive tumors.
All together give a strong indication of protein expression and tumor behavior which
is needed for treatment prediction.

Genomic tests and molecular subtypes

The final element of prognostic staging includes the application of genomic testing,
typically gene expression profiling using RNA sequencing or microarrays to detect
gene amplification.

In Sweden, these tests are used in postmenopausal women with node-negative, ER-
positive and HER2-negative breast cancer with unclear risk assessment, regardless
of tumor size, before the determination of the chemotherapy schedule. While several
validated tests are available like MammaPrint (49), Oncotype DX (48), or Prosigna
PAMS50 (50) (Table 2), where the last two multigene signature tests are recommend
to use in Sweden (43).
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Table 2 Gene expression profiling tests, their results and use.

Test Number Result Use/Prediction
of genes
analyzed
Prosigna 50 Risk of ePredicts the risk of distant
(PAMS50) Recurrence recurrence and classifies tumors
(ROR) Score into intrinsic subtypes: luminal
and Intrinsic A, luminal B, HER2-enriched,
Subtype and basal-like.

ePrimarily used for early-stage,
hormone receptor-positive
(HR+), HER2-negative breast

cancer.
Oncotype 21 Recurrence ePredicts the risk of breast cancer
DX Score recurrence and the potential

benefit from adjuvant
chemotherapy in early-stage,
HR+, HER2-negative breast
cancer.

e(Guides decisions on whether
chemotherapy is needed in
addition to hormone therapy.

MammaPrint 70 Risk of ePredicts the risk of distant
Recurrence recurrence in early-stage breast
Score cancer for both hormone

receptor-positive and hormone

receptor-negative cases.
eHelps determine the need for

adjuvant chemotherapy.

Along with the availability of affordable microarray and high-throughput
sequencing technologies, there are increasing efforts to define subtypes based on
mutational signatures or gene expression profiles (50,59).The PAMS50 classification
system is the most important as it divides breast tumors into five molecular
subtypes: luminal A, luminal B, HER2-enriched, basal and normal-like (Figure 3).
The correlation between molecular subtypes and immunohistochemistry (IHC)
phenotypes by using biomarkers is relatively high at approximately 75-90% (60).
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Figure 3 Intrinsic breast cancer subtypes (ranging from normal-like, luminal A and B, HER2-
enriched, and basal-like), as well as prognosis and corresponding biomarker status by IHC.

Gene expression profiling has enabled the assignment of a distinct biological unit to
each subtype, characterized by differences in cancer incidence, prognosis and
treatment outcome (50,59).

Treatment of breast cancer

Multidisciplinary tumor conference

At the beginning of breast cancer treatment, the Swedish national guidelines
recommend a preoperative multidisciplinary tumor conference to discuss the
treatment strategies for all breast cancer cases. Typically, these conferences are
attended by radiologists, pathologists, surgeons, oncologists and specialized nurses.
The purpose of this collaborative approach is to optimize the individual treatment
strategy both before and after surgery (43). After this conference, various local and
systemic therapies are administered, including surgery, radiotherapy,
chemotherapy, immunotherapy and targeted therapies. The therapeutic approaches
differ clearly between early and advanced breast cancer as well as depending on
hormone receptor and HER2 status (43).
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Surgery

Surgery is the first main treatment for stage I-III primary breast cancer to control
the tumor in the local and surrounding areas. Historically, a more aggressive
approach to removing tumor tissue was believed to result in better outcomes. This
led to radical mastectomy procedures, where the entire breast and surrounding
muscles were removed. Unfortunately, these procedures often caused significant
deformities and were frequently associated with painful arm swelling after the
complete removal of lymph nodes in the armpit. More recent research has shown
that more conservative techniques like lumpectomy along with radiotherapy are
equivalent in effectiveness to mastectomy, leading to a transition in favor of breast-
conserving surgery preferred approach. (61-63). In the past few years, an average
of 70% of patients with invasive breast tumors underwent breast-conserving
surgery, resulting in more favorable aesthetic results (64,65). In patients with a
family history of breast cancer who have PGVs in genes that are susceptible to breast
cancer, a prophylactic mastectomy can be performed to reduce the risk of
developing breast cancer in the future (66—68).

Besides tumor removal, another focus is on the lymph nodes. The axillary lymph
node removal, which was once routinely performed, is replaced by sentinel node
biopsy, which is a more patient beneficial and advanced technique (69—72). The
sentinel lymph node is the primary lymph node into which cancer cells are most
likely to spread from the first primary tumor until they can be detected in the axilla.
The sentinel node biopsy identifies the first lymph nodes draining the breast tumor
and these are removed for pathological analysis (71). If a negative biopsy is
obtained, it means that cancer cells have not yet spread to nearby lymph nodes or
other organs. This technique has replaced axillary dissection as the standard
procedure and offers comparable results with significantly fewer side effects.

Radiotherapy

Radiotherapy uses high-precision radiation to destroy cancer cells, shrink tumors,
and reduce the risk of recurrence. The type and timing of radiotherapy depend on
factors like cancer type, tumor size, location, and the patient's health. For breast
cancer, post-operative radiotherapy is standard, particularly after breast-conserving
surgery, to minimize recurrence (43,73). This tailored approach maximizes
treatment effectiveness while minimizing side effects. Radiotherapy can be used
before surgery to shrink tumors or after surgery to prevent cancer from returning. In
some cases, radiotherapy is applied during surgery (intraoperative radiotherapy) to
target the tumor immediately.
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Chemotherapy

An additional option to treat breast cancer is chemotherapy, which aim is to stop the
growth of cancer cells that are actively dividing by either killing them or preventing
them from dividing, in order to prevent invasion, metastasis and recurrence.

Since cancer cells multiply more frequently than most normal cells, chemotherapy
aims to kill them while sparing intact cells that are not actively dividing. Different
chemotherapeutic agents achieve this in different ways, e.g. by damaging the cell's
control center that regulates division, by disrupting the chemical processes involved
in cell division, by damaging the cells during replication of their genes or by
damaging the cells at the site of division (74). Conventional chemotherapeutic
agents disrupt the synthesis and function of macromolecules in cancer cells by
attacking DNA, RNA or protein synthesis or by interfering with the function of
already formed molecules. This disruption can either lead directly to cell death or
trigger apoptosis. The cell death may be prolonged, requiring repeated treatments to
achieve a response. The most cytotoxic drugs target either the S phase (DNA
synthesis phase) of the cell cycle, or the M phase and block mitotic spindle
formation (74,75). Often, a combination of chemotherapeutic agents is given to
patients to target cells at multiple stages of cell division, improving the likelihood
of killing more cancer cells. However, this can also lead to toxic effects on normal
cells.

Nowadays, the standard protocol for chemotherapy includes both anthracyclines
(type of antibiotic with DNA intercalation function) and taxanes (cytostatic
disrupting of microtubule function) (43,76), applied in both the neoadjuvant and
adjuvant phases, giving equivalent results (77). For example, according to the
Swedish guidelines, adjuvant chemotherapy is recommended for patients under 35
years of age (43). The standard treatment for patients with inoperable primary
tumors and for patients with certain subtypes such as HER2-positive breast cancer
and TNBC is neoadjuvant chemotherapy (43,78,79).

Immunotherapy

Immunotherapy is a treatment option for breast cancer that aims to activate the
immune system by recognizing and fighting cancer cells. Using the natural ability
of the immune system, this therapy helps it to fight tumors more effectively. There
are several different approaches to immunotherapy, which include:

Immune checkpoint inhibitors which are designed to block immune checkpoints that
normally prevent the immune response from becoming excessive. By blocking
checkpoint receptors such as CTLA-4 and PD-1, the T cell activity against cancer
cells is enhanced. Recent developments in the treatment of TNBC include the use
of immune checkpoint inhibitors that target PD-1 or its ligand PD-L1, since this
specific protein is in some cases express (80,81). They are monoclonal antibodies
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that block the PD-L1/PD-1 complex to promote the T cell-mediated destruction of
cancer cells (82). The use of such inhibitors is established internationally and also
in Sweden (43).

Endocrine therapy

Endocrine therapy, also called hormonal therapy, is one of the most important
treatment possibilities for hormone receptor-positive breast cancer. The estrogen
receptor is the main target of endocrine therapy since it is expressed in between 75%
in all breast cancer patients worldwide (83,84). Around 50% or more of patients
with ER-positive breast cancer benefit from adjuvant endocrine treatment (85,86),
meaning that this treatment reduces recurrence and increases survival (87,88).

In Sweden, nearly all patients with ER-positive tumors receive endocrine therapy,
excluding those with the smallest tumors (< 10 mm) and without lymph node
involvement (43), since good results are already achieved by surgical removal.

Estrogen is one of the main regulators of breast tissue growth through activation of
the ER and the resulting growth programs. Targeting these signaling pathways as a
form of cancer therapy has revolutionized the treatment of ER-positive breast cancer
(89). Understanding the estrogen receptor mechanism is essential for the successful
treatment of ER-positive breast cancer. The natural ligand estradiol binds to the
estrogen receptor in the cytoplasm, dimerizes and translocate into the cell nucleus.
Once there, it binds to a specific DNA sequence known as the estrogen response
element (ERE) and activates the transcription of the target gene (90,91).

For the treatment of ER-positive breast cancer, there are three classes of anti-
hormonal endocrine agents (Figure 4). These include the selective estrogen receptor
modulators (SERMs), competing with estrogen for ER binding and exhibiting
tissue-specific mixed agonist/antagonist capabilities, acting directly at the receptor
and blocking ER activity; a good example is tamoxifen. Secondly, the aromatase
inhibitors (Als), which inhibit estrogen synthesis; one example is letrozole. Finally,
the selective estrogen receptor downregulators (SERDs), which lead to
destabilization and degradation of the ER; one example is ICI 182,780 (fulvestrant)
(92,93). All three treatments were applied in paper I-111.
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Figure 4 The classical mechanisms of ER action (ligand binding, dimerization, translocation,
and DNA binding) along with the mode of action of endocrine therapies: Als block estrogen
synthesis, SERMs inhibit transcription by competing with estrogen for ER binding, and
SERDs promote the degradation of the ER.

These approaches have been shown to be clinically effective in women with ER-
positive breast cancer. The standard duration of endocrine treatment with tamoxifen
for pre- and perimenopausal women with low-risk tumors is currently five years and
10 years for high-risk tumors (T3-4 or lymph node-positive). For postmenopausal
women with low-risk tumors it is five years of Al or two years Al and three years
tamoxifen and for high-risk tumors previously treated with tamoxifen it is five years
with Al (43).

SERMSs - Tamoxifen

Tamoxifen is a selective estrogen receptor modulator (SERM) that has both
antagonistic and agonistic effects on the estrogen receptor. First discovered in the
late 1960s, it was progressively introduced for the treatment of breast cancer from
the 1970s onwards (94). It has proven to be effective in reducing the risk of
recurrence by 39% and continues to be the first-line treatment for primarily
premenopausal women at low risk of recurrence in cases where ovarian suppression
is either not required or contraindicated (62). For premenopausal women, tamoxifen
induces anti-estrogenic effects on the breast similar to those resulting from surgical
removal of the ovaries followed by estrogen withdrawal. The estrogen agonistic

36



characteristics of tamoxifen in premenopausal women are minimal. In
postmenopausal women, tamoxifen acts as an anti-estrogen in the breast tissue, but
has estrogen agonistic effects on the uterus, breast, vagina, bone, pituitary and liver
(56,95,96). Clinical trials on adjuvant treatment have demonstrated that five years
of therapy with tamoxifen reduces the recurrence of breast cancer and the incidence
of contralateral second primary breast tumors by 50 % (97). The long-term use of
tamoxifen has also been associated with an increased incidence of endometrial
cancer in breast cancer patients (98—100).

The SERMs are able to bind to the intracellular ER and compete with estrogen for
binding. At the beginning it is important to highlight that tamoxifen is extensively
metabolized by the cytochrome P450 enzymes (CYPs) present in the liver and breast
tissue (101). Two major CYPs, CYP3A4/5 and CYP2D6, can convert tamoxifen to
N-desmethyl-tamoxifen, 4-hydroxy-tamoxifen (4-OHT) and endoxifen through
demethylation and hydroxylation (102). However, endoxifen and 4-hydroxy-
tamoxifen are reported to be responsible for the antitumor effect of the drug in vivo
(103,104), but I will just focus on 4-OHT in the following explanation.

Mechanism: The ER-4OHT binding is triggered by the dissociation of heat shock
protein 90 (HSP90), resulting in the formation of ER-4OHT complexes that can
translocate into the cell nuclei (105). The active metabolite 4-OHT matches the
hydrophobic pocket of the ligand-binding domain of the receptor to which estradiol
usually binds. The anti-estrogenic side chain of 4-OHT blocks the reorientation of
helix 12, required to lock the ligand in the receptor before coactivators can bind and
form a transcriptional complex, interfering with the receptor complex (106).

Similar to the classical mechanism, the ER-4-OHT dimers in the nucleus bind to the
ERE in the promoter region of estrogen-dependent genes. However, in contrast, the
ER-40HT complexes block the binding of ER coactivators and reduce or inhibit the
transcriptional activation of estrogen-dependent genes in breast cancer (103,106).
As a result of these nuclear effects, cell cycle arrest, inhibition of proliferation and
apoptosis occur in tamoxifen-responsive breast cancer cells.

The permanent presence of corepressors in the complex explains the anti-estrogenic
properties of tamoxifen. Indeed, the relative amounts of corepressor and coactivator
in specific tissues and the presence of other factors control whether tamoxifen acts
as an agonist or antagonist.

Aromatase inhibitors

The aromatase inhibitors are one of the main types of endocrine treatment and are
prescribed especially to postmenopausal women. Although ER inhibitors have been
used in the clinic since the early 1980s, aromatase inhibitors act differently by
lowering plasma estrogen levels by inhibiting or inactivating aromatase (CYP1941),
which is the enzyme that synthesizes estrogens from androgenic precursors
(107,108).
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In other words, these drugs inhibit the enzyme aromatase, which synthesizes
estrogen in the liver, muscles and adipose tissue. Since aromatase inhibitors can
only sufficiently inhibit extra glandular estradiol production, they are ineffective in
premenopausal patients without simultaneously ovarian suppression. Currently used
aromatase inhibitors can be divided into two classes: irreversible steroidal
inactivators such as exemestane and reversible non-steroidal inhibitors such as
anastrozole and letrozole (109-111).

Mechanism: The aromatase enzyme is responsible for catalyzing the key step in the
conversion of androgens to estrogens. The steroidal aromatase inhibitor exemestane
and the two non-steroidal inhibitors anastrozole and letrozole are extremely potent
and specific. The two classes of inhibitors reduce aromatase activity to 1% to 2.5%
of baseline in postmenopausal women (112), significantly lower plasma estradiol
levels, suppress tissue concentrations of this steroid in breast tumors and provide no
estrogen agonistic properties. The benefit of aromatase inhibitors is limited to
postmenopausal patients, since the interruption of the negative feedback of estradiol
leads to a response-induced increase in luteinizing hormone (important for the
processes in the reproductive system) and follicle-stimulating hormone (important
for sexual development and fertility), resulting in the bypassing of aromatase
blockade in premenopausal women (107,113).

SERDs — Fulvestrant

Fulvestrant, a steroidal 7a-alkylsulfinyl analogue of estradiol, is structurally distinct
from the non-steroidal anti-estrogen tamoxifen and other selective SERMs.
Fulvestrant has a significantly higher affinity for the ER compared to tamoxifen,
with 89% versus 2.5% of the binding affinity of estradiol (114,115). This higher
affinity leads to a more complete blockade of the ER (116). Clinical studies confirm
that fulvestrant can reduce ER levels after both short-term (21 days) and long-term
(6 months) treatments, although ER expression is not completely eliminated (117).
Fulvestrant is considered a significant therapeutic approach to treat ER-positive
breast cancer in both early stage and more advanced drug-resistant cases (118).

Mechanism: The mechanism of action of fulvestrant involves several steps. The
binding of fulvestrant to the ER impairs receptor dimerization and energy-
dependent nucleocytoplasmic transport, resulting in the blocking of nuclear
localization of the receptor (119,120). At the same time, any fulvestrant-ER
complex that enters the nucleus is transcriptionally inactive, as both the activation
functions (AF1 and AF2) are deactivated. Finally, the fulvestrant-ER complex is
unstable (121), leading to accelerated degradation of the ER protein by the
ubiquitin-proteasome system in comparison to estradiol- or tamoxifen-bound ER
(121-124).

Such downregulation of the cellular ER protein occurs without a reduction in ER
mRNA. Therefore, fulvestrant binds to, blocks, and accelerates the degradation of

38



the ER protein, leading to a complete inhibition of estrogen signaling through the
ER (122). Disruption of both AF1 and AF2 sites means that, unlike SERMs, which
do not inhibit AF1 activity and therefore have partial estrogenic agonist activity,
fulvestrant has no estrogenic agonist activity in animals or humans. Additionally, it
is important to mention the difference between SERMs and SERDs in expression,
while fulvestrant eliminated completely the estrogen regulated expression, in the
presence of tamoxifen, some genes remained partially transcriptionally responsive
to estrogen which highlight the different properties and mode of actions (125).

Targeted therapy

Targeted therapy is a way of treating cancer using specific molecules designed to
identify and attack cancer cells while minimizing damage to normal cells. They
target specific biomolecules involved in the growth, progression and proliferation
of cancer cells, such as proteins, genes or the surrounding environment contributing
to cancer growth and survival. In approximately 20-30% of cases of breast cancer,
endocrine therapies are not applicable since these patients do not express the ER
(126). In addition to the mentioned therapy options, a targeted therapy is available,
which primarily benefits patients with HER2-positive breast cancer.

For HER2-positive tumors, anti-HER2 therapies such as monoclonal antibodies or
antibody-drug conjugates are the treatment of choice. The first commercially
available HER2-targeted drug was the humanized monoclonal antibody
trastuzumab, an effective treatment for human breast cancer with antiproliferative
effects on cells transformed by HER2 overexpression (127,128). The binding of
trastuzumab to HER2 inhibits ligand-independent HER2 signaling and prevents
proteolytic cleavage of the extracellular domain, an activation mechanism of HER2.

Along its remarkable clinical success, additional HER2-specific drugs have been
developed and approved, for example pertuzumab which is an anti-HER
monoclonal antibody that prevents dimerization of the HER2 receptor with other
members of the HER family (129). In addition, more advanced molecule like
antibody-drug conjugates such as trastuzumab-emtansine (T-DM1), which uses an
active agent as ‘cargo’ and binds the tubulin inhibitor emtansine to trastuzumab or
trastuzumab-deruxtecan (T-DXd) covalently linked to the topoisomerase | inhibitor
(130). Other receptors of tyrosine kinase inhibitors are lapatinib, neratinib and
tucatinib. Randomized clinical trial data has demonstrated that following adjuvant
treatment with trastuzumab, the recurrence rate in HER2-positive patients decreased
by approximately 50% (131,132).

Recently, it has been developed a three-tiered framework for classifying the HER2
status, covering the “HER2-low” status, defined by a positive IHC result with no
associated gene amplification (130,133). More attention is being paid to this
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classification since new evidence suggests that anti-HER2 therapies may offer
potential benefits in advanced HER2-low breast tumors.

Treatment resistance in breast cancer

Even the best therapy carries the risk that the patient will develop resistance. Drug
resistance describes the condition in which the treatment is initially or gradually
becomes ineffective over time, shows no improvement or reaches a stagnation point.
Several factors can influence resistance, including drug inactivation, changes in the
drug target, DNA repair mechanisms, inhibition of cell death, cell heterogeneity,
epigenetic effects, or a combination of these mechanisms.

Many studies are exploring the mechanisms of endocrine resistance, and several
underlying mechanisms are known today. These include loss of ER expression,
altered expression of microRNAs (microRNAs), ER interactions with signaling
pathways, epigenetic changes and genomic aberrations.

While ER expression is the main indicator of the response to endocrine therapy, it
does not guarantee treatment success. The first-line treatment for ER-positive breast
cancer is tamoxifen. In more than 30% of cases of hormone therapy with tamoxifen,
de novo (initial resistance) or acquired resistance may occur (134-136). Despite
resistance, ER often remains expressed, leading to a second therapeutic option of
fulvestrant (137,138). Fulvestrant is often used when resistance to tamoxifen
develops, as it has a different mechanism of action (described in the chapter on
endocrine therapies). Approximately 20% of patients respond to second-line therapy
with aromatase inhibitors or fulvestrant, suggesting that patients who have acquired
resistance to tamoxifen continue to express ER.

However, it is frequent that resistance to fulvestrant is also developed, often
characterized by a complete loss of ER expression (139). This loss is often
associated with hypermethylation of the promoter of the ER gene. Epigenetically
modified ER signals can trigger new, often ligand-independent transcriptional
programs without the activation of established ER-induced genes. Consequently,
epigenetic regulation is considered an important regulator of the ER activation
network and is clinically relevant for resistance in breast cancer.

An additional aspect in the development of resistance to endocrine therapy is the
correlation between the loss of ER and the expression of the epidermal growth factor
receptor (EGFR). Increased EGFR expression occurs in parallel with the loss of ER
expression in breast cancer cells (140,141). This upregulation of EGFR can activate
alternative signaling pathways promoting cell growth and survival, bypassing the
need for ER signaling and promoting resistance to ER-targeted endocrine therapies.
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Moreover, mutations promote drug resistance, although it is rare in the ER in
primary tumors, occurring in about 1% of cases. In advanced ER-positive cases,
however, these mutations occur more frequently, especially in patients treated with
aromatase inhibitors. Up to 20% of these patients exhibit ER mutations (142,143).
Mutations can further impact the efficacy of endocrine therapies by altering the
functionality or expression of the receptor, leading to a reduced response to
treatment. In such cases, the increased expression of EGFR is often a mechanism by
which the cancer cells adapt and continue to proliferate despite therapeutic pressure
from endocrine treatments. Understanding and targeting both ER and EGFR
signaling pathways is therefore critical to overcoming resistance and improving
treatment outcomes in ER-positive breast cancer.

In the case of HER2-positive breast cancer, however, the treatment with
trastuzumab can also potentially lead to primary or acquired resistance. The
resistance is significantly associated with hypermethylation of the promoter region
of the tumor suppressor gene Transforming Growth Factor Beta Induced (TGFBI).
When TGFBI is hypermethylated, it can inhibit its expression, contributing to the
development of resistance by enabling cancer cells to evade the effects of
trastuzumab. Additional resistance mechanisms include mutations or amplifications
in the HER? gene itself, activation of alternative signaling pathways, or changes in
the tumor microenvironment that reduce the efficacy of trastuzumab. Gaining an
insight into these resistance mechanisms is important for the development of new
strategies to overcome therapy resistance and improve treatment outcomes.

Future perspective of breast cancer treatment

Since up to 30% of ER-positive breast cancer have an intrinsic potential to develop
hormone resistance at the time of diagnosis, it is extremely important to understand
this potentially non-responsive phenotype, which is complex and often unclear.

Recently, the addition of cyclin-dependent kinase 4/6 inhibitors (CDK4/61) to
endocrine treatment has emerged as treatment option (43). The combination has
improved the prognosis of patients with advanced luminal breast cancer compared
to endocrine therapy alone (144). But also other combinations with inhibitors of
other signaling pathways (e.g. PI3K/AKT/mTOR pathway) have shown promising
results in preclinical studies and early clinical trials (43).

In development are new-generation (ng) SERDs in the form of oral pills instead of
injections (121). The ng-SERDs can significantly reduce the expression of ER
protein and block both estrogen-dependent and -independent ER signaling
compared to fulvestrant which is less potent in degrading and blocking in signaling.
Therefore, ng-SERDs are considered a promising approach therapeutic approach for
the treatment of ER-positive breast cancer in both early-stage and advanced, drug-
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resistant cases since they have better efficacy, with the potential to overcome
resistance (93,121). An additional innovative approach involves PROTACs
(PROteolysis TArgeting Chimeras). Such molecules can stimulate ER degradation
by targeting the cell's protein degradation mechanism, which represents a novel
approach for the treatment of ER-positive breast cancer (145).

The future of cancer treatment is personalized medicine, focusing also on the
development of new biomarkers to identify indicators that predict response to
treatment or treatment combinations. At the same time, the monitoring of resistance
is important, for example by monitoring circulating tumor DNA (ctDNA), which
could lead to the early detection of processes like disease progression.

What is a receptor and why are they important?

A receptor is a protein that is commonly found on the surface of cells (cell
membrane) or inside cells (intracellular) receiving and responding to chemical
signals from both outside and inside the cell. If these signals, frequently molecules
known as ligands, such as hormones, neurotransmitters or growth factors, bind to
the receptor, it triggers a series of cellular reactions (1).

Receptors can be broadly categorized into cell surface receptors, such as the receptor
tyrosine kinases (e.g. HER2), and intracellular receptors, such as the nuclear
receptors (e.g. ER and PR). They fulfil various essential functions. For example,
they enable signal transduction, involving communication between the cell and its
environment by transforming extracellular signals into intracellular signals (1,146).
They also regulate cellular activities, including gene expression through acting as
transcription factors switching genes on or off (147,148), and regulate various
metabolic pathways by regulating enzyme activity or cell metabolism (149). They
also play a role in cell growth and differentiation and in the immune response
(1,147,150,151).

There are several key explanations why cells express receptors. Most importantly,
receptors enable cells to adapt to their environment by recognizing and responding
to conditions like the presence of nutrients, toxins or other cells (149). They are
important for maintaining homeostasis by reacting to hormonal and other signals to
maintain internal cellular and systemic balance by provide coordinated functions in
tissues and organs.

Beyond this, they help to identify stress signals and initiate protective responses,
including the activation of repair mechanisms or inducing apoptosis in cases where
damage is unrepairable (152). Finally, specific receptors play an important role in
the specific functions of different cell types (153,154). Receptors are important for
cells since they enable them to recognize and respond to their environment, adjust
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internal processes, interact with other cells and maintain overall function and
survival. Previously, in the chapter describing biomarkers in breast cancer, |
mentioned the estrogen receptor, the progesterone receptor and HER2. In the
following section I explore in more detail these receptors' structure and function.

Estrogen receptor alpha

Between 70% and 80% of breast cancers express estrogen receptors, primarily ER
alpha (ER), which is encoded by the ESRI gene. Additionally, there are other
estrogen receptors such as ER beta (155), encoded by the ESR2 gene, and the G-
protein coupled estrogen receptor 1 GPER1 (156), but these are not the focus of this
discussion.

ER beta, while less studied than ER alpha, plays a significant role in modulating the
effects of ER alpha, often exerting opposing actions on gene expression and cell
proliferation. ER beta is involved in inhibiting cellular proliferation and has been
associated with tumor suppressor functions, making it a potential therapeutic target
for certain subtypes of breast cancer (155). The GPERI1, also known as GPR30, is
distinct from the classical nuclear estrogen receptors and mediates rapid, non-
genomic signaling pathways in response to estrogen. GPER1 is implicated in
various cellular processes, including the regulation of cell proliferation, apoptosis,
and migration, and has been linked to the progression of hormone-dependent
cancers. The roles of ER beta and GPER1 are increasingly recognized as critical in
understanding the diverse and complex effects of estrogen signaling in both normal
physiology and cancer.

ER alpha is considered a critical driver of breast cancer progression, particularly in
luminal-type breast cancers, and serves as a primary target for endocrine therapies
aimed at blocking estrogen signaling, which is essential for tumor growth. This
receptor type is the focus of the present work and will be referred to as the ER.

Mechanism of ER activation and function

The ER is a member of the nuclear hormone receptor family that regulates
transcription in a hormone-dependent manner through sequence-specific DNA
binding. The ER is stimulated by the binding of its natural ligand, estradiol, to the
ligand-binding domain of the receptor. This binding leads to dissociation from the
chaperone protein Hsp90 and facilitates ER-chromatin interactions, enabling
transcription.

ER functions through both genomic and non-genomic mechanisms. The genomic
pathway involves direct binding to DNA at EREs, while the non-genomic pathway
involves rapid signal transduction through cytoplasmic ERs interacting with
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membrane-bound receptors and kinases, contributing to cell proliferation and
survival.

When estradiol is not present, a fraction of ER resides in the nucleus, loosely bound
as dimers to specific DNA sequences (consensus sequence GGTCAnnnTGACC),
called EREs, which regulate estrogen-responsive genes (genomic pathway). The
binding of estradiol to the ER promotes the translocation of the estradiol-ER
complex to the nucleus and increases its binding to the EREs, regulating gene
expression.

This regulation is not limited to direct DNA interactions (non-genomic pathway).
ER also modulates gene expression through interaction with other transcription
factors like AP-1 and impacting a broader range of cellular functions (157,158). The
transcriptional control by ER involves two activating functions, AF1 and AF2,
recruiting co-activator and co-repressor proteins to the transcription complex and
resulting in the expression of target genes. Furthermore, the ER activity is also
regulated by phosphorylation through several pathways, among them the epidermal
growth factor receptor family, the insulin-like growth factor receptor and the
chemokine receptor pathways (159,160). Both canonical and non-canonical ER
signaling mechanisms are complementary and synergistic contributing to the
regulation of estrogen signaling and the cellular reaction to hormonal therapies.

Structure and functionality of ER

The ER is a modular protein with six functional domains, A to F (Figure 5). The
A/B domain is the amino-terminal domain encoding a hormone-independent
transcriptional activation function 1 (AF1), responsible for protein-protein
interactions and transcriptional activation of target gene expression. The domain C
is a highly conserved DNA-binding domain (DBD) consisting of two functionally
distinct zinc finger motifs responsible for the specific binding of receptors to the
ERE or ERE-like sequences in the promoter of target genes (161). This is followed
by region D, the hinge region separating the DBD and the ligand-binding domain.
One hypothesis is that the flexibility of the secondary structure of this region allows
conformational changes of the receptor molecule during activation and plays a role
in dimerization. The region E/F encodes the ligand-binding domain (LBD), located
in the carboxy-terminal part of the receptors (162).
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Figure 5 Estrogen receptor protein domains (full-length) encoded by the ESR7 gene with a
short explanation of each domain (modified from (163)).

An essential feature of ER structure is its ligand-binding capability, where the ligand
is locked into a hydrophobic pocket that is closed by helix 12. The position of helix
12 above this pocket is necessary for the recruitment of co-activators to the
activation function 2 (AF2) site and the initiation of RNA polymerase activity.
Repositioning of helix 12 after ligand binding is an important mechanism for
achieving the full estrogenic effect of ER (164,165). The structural integrity and
functionality of these domains are vital for the precise regulation of gene expression
and the subsequent physiological effects mediated by ER.

Role of ER in breast cancer

ER drives the proliferation and growth of luminal-type breast cancer and is the target
of endocrine therapies for this disease. Although the ER is primarily expressed in
the mammary glands and female reproductive tract (including ovaries, fallopian
tubes, uterus, and cervix), it is also present in various other tissues such as the liver,
muscle, adipose tissue, and the pituitary gland. The functions mediated by ER
include fertility regulation, cancer progression, osteoporosis, and endometriosis. In
breast cancer, ER's role is multifaceted, involving the activation of pathways that
promote cell proliferation and survival. ER is involved in the up- and
downregulation of a wide range of genes. It stimulates cell cycle progression
through the transcriptional upregulation of key genes such as CCNDI, CCNAI or
CCNA2, and MYC. Additionally, ER targets transcription factors and cofactors such
as PR or GREBI, as well as genes related to growth hormone signaling, including
VEGFA, IGF1, and EGFR. The dysregulation of these pathways by ER contributes
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to the oncogenic processes in breast cancer, making it a pivotal target for therapeutic
intervention.

Progesterone receptor

The progesterone receptor (PR) is a multidomain protein which is a highly regulated
target gene of the ER, exhibiting estrogen-dependent expression and can modulate
the action of the ER (166). The PR represents one of the best characterized ER target
genes. Because it is often expressed together with ER in breast cancers, PR also
serves as a useful prognostic biomarker. Therefore, PR testing is often combined
with ER testing to evaluate the hormone receptor status of a breast tumor. However,
PR expression status is not a robust predictor of response to endocrine therapy,
indicating that PR expression is not exclusively controlled by ER activity (167).
Research studies show that 70% of ER-positive/PR-positive tumors respond
effectively to tamoxifen, while only 34% of ER-positive/PR-negative tumors
respond to tamoxifen therapy (168). One potential explanation for this result could
be that PR-positive tumors may retain a functional ER signaling pathway.
Especially since PR expression is an estrogen-regulated event, ER might be present
in these tumors at a level beneath the detection limit for ligand binding or
immunohistochemical assays.

The PR shares conserved functional domains with other members of the nuclear
receptor family of transcription factors. Such domains include an N-terminal region
modified extensively post-translationally and containing transcriptional activation
functions, a central DNA-binding domain with two cysteine-linked zinc fingers and
a C-terminal ligand-binding domain (169-171).

AF-3 AF-1 AF-2
PR-B [ NTD IDBD LBD ]
! AF-1 AF-2 92
PR-A [ NTD IDBD LBD ]
165

Figure 6 Progesterone receptor PRA and PRB protein domains, PRB is a full-length isoform,
PRA lacks 164 amino acids at the N-terminal domain (NTD), ligand-binding domain (LBD),
hinge region (H), DNA-binding domain (DBD), and activation function domains (AFs)
(Modified from (172)).

In humans, there are two major isoforms of PR expressed from a single gene on

chromosome 11q22.1: the full-length, 933 amino acid PR-B and a truncated, 769
amino acid PR-A which is transcribed from an internal start site (Figure 6) (173).
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The PR gene is stimulated by estrogens, and both PR-A and PR-B are expressed in
approximately one third of the luminal epithelial cells of the normal breast. There is
also evidence of PR expression in basal-like epithelial cells (174).

Human Epidermal Growth Factor Receptor 2

The receptor HER2 (Human Epidermal Growth Factor Receptor 2) encoded by the
gene ERBB2 (Erythroblastic Oncogene B), is overexpressed in about 15-20% of all
breast cancers and is associated with more aggressive tumors and poor prognosis
(175,176).

The HER2 belongs to the human epidermal growth factor receptor (HER or ErbB)
family, which consists of four members including HER1 (EGFR, ERBB1), HER2
(Neu, ERBB2), HER3 (ERBB3) and HER4 (ERBB4) (177,178). The ligand-
induced homo- or heterodimerization of HER proteins induces a downstream
phosphorylation signaling cascade that stimulates cell growth, proliferation and
differentiation. The four HER proteins are strongly associated with tumorigenesis,
with EGFR and HER?2 considered to be the most potent oncoproteins. Indeed, their
overexpression is associated with many types of cancer, including breast and lung
cancers. Within the HER family, HER2 is a unique protein since it has no known
ligands and is unable to form ligand-dependent homodimers. Moreover, HER2 is
unusual among ErbB receptors in that it is able to transform cells in a ligand-
independent manner when overexpressed (177,178).

In order to promote downstream signaling, HER2 must either form heterodimers
with other HER proteins once they have bound specific ligands or combine into
homodimers in a ligand-independent way under conditions of overexpression. The
most relevant combinations of HER2-containing heterodimers are EGFR/HER2 and
HER2/HER3 based on their impact on cellular function and disease (178,179).
While the mechanisms of HER family homodimerization in terms of extracellular
ligand binding and intracellular kinase domains are well characterized, the
molecular mechanisms of heterodimerization of HER2 with other family members
remain relatively unclear.

Regulation mechanisms

The regulation of cellular mechanisms is essential for normal cell growth,
differentiation and adaptation to environmental influences. This includes all
processes that affect the frequency, relative proportion or level of cellular activity.
Although these processes can occur at the cellular level, they are not restricted to a
single cell. Accurate regulation is fundamental to the survival and viability of the
cell, regardless of whether it is normal or malignant. In the field of proteins, several
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regulatory mechanisms have been researched over the years. Among these are
splicing such as alternative splicing, epigenetics such as methylation and
microRNAs. Those mechanisms help to contribute to maintaining the correct
function and balance in the cell and play a key role in cell physiology.

For cancer cells, these mechanisms are mostly disruptive structures using abnormal
splicing patterns to promote cancer growth and create a supportive environment.
This also includes changes in epigenetic regulation to activate genes for cell
proliferation or to deactivate tumor suppressors. Moreover, cancer cells can have a
specific microRNA profile that further promotes gene expression and tumor
progression.

Splicing and alternative splicing

Splicing describes a process that removes the non-coding sequences (introns) from
the pre-mRNA and connects the coding sequences (exons). It is a fundamental part
of the eukaryotic genome and is required to generate a functional mature mRNA
that contains only exons which is suitable to translate it into a protein (1).

Alternative splicing is a specialized mechanism of splicing that combines the exons
and introns of a pre-mRNA in distinct ways to produce various mRNA transcripts
(180). It enables a single gene to produce several unique proteins by combining
exons, introns and alternative splice sites in different ways. This leads to different
mRNA transcripts, also called isoforms, that originate from the same gene locus but
differ then in the transcription start sites, protein coding sequence, 3' untranslated
region (UTR) and/or 5' UTR (181,182).

The different mRNA transcripts produce different protein variants with potentially
different functions that enhance the genetic diversity and the ability of an organism
to respond to different needs and environmental influences. Essentially, it allows
cells to produce specific proteins in different tissues or developmental stages to
regulate the amount and type of proteins produced. Different protein isoforms may
contain or lack different functional domains, which also affects protein function
(181).

Mechanism

Splicing is a complex, multi-step process carried out by a large complex of proteins
and RNA molecules, the spliceosome. First, the spliceosome recognizes specific
sequences at the boundaries of exons and introns. These include the 5' splice site
(donor site), the 3' splice site (acceptor site) and the branching site within the intron.
This recognition is essential for the correct splicing process. The next step is the
assembly of the spliceosome. It consists of several small nuclear ribonucleoproteins
(snRNPs) and other associated proteins, whereby the snRNPs U1, U2, U4, U5 and
U6 play a central role (1,183,184).
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Figure 7 Simplified representation of the splicing process and its key sequences for intron
removal, recognized by snRNPs. The image highlights the 5' splice site, containing the GU
sequence, and the 3' splice site, containing the AG sequence, as well as the branch point
sequence (YURAC). The exon junction complex (EJC) is formed after the intron is removed,
joining the exons together (modified from (1)).

Then, the spliceosome catalyzes the cutting of the RNA at the 5'- and 3'-splice site.
Two simultaneous interactions are involved in this process: First, the 2'-OH of the
branch site attacks the 5'-splice site and forms a loop from the intron, the so-called
lariat. Afterwards, the free 3'-OH of the exon at the 5'-end attacks the 3'-splice site,
whereby the two exons are joined together and the lariat is separated. Once the
splicing reaction is complete, the lariat intron is degraded. Now the mature mRNA,
which consists only of exons, is ready for export from the cell nucleus and
subsequent translation (Figure 7) (1,183,184).

The decision to use alternative splicing is influenced by several factors and
mechanisms. Splicing regulators such as serine/arginine-rich (SR) proteins and
heterogeneous nuclear ribonucleoproteins (hnRNPs) play a central role (183). These
regulatory proteins bind to specific RNA sequences and influence whether and how
the spliceosome is recruited to specific splice sites. Furthermore, cis-regulatory
elements on the pre-mRNA play an important role. While exonic splicing enhancers
(ESEs) and intronic splicing enhancers (ISEs) promote spliceosome recruitment to
splice sites, exonic splicing silencers (ESSs) and intronic splicing silencers (ISSs)
can inhibit this process (185). Also the chromatin structure and the speed of
transcription influence the splicing pattern. Slow transcription gives the
spliceosome more time to recognize and process weaker splice sites. Changes in the
environment and external signals such as stress, hormones or growth factors can
also activate signaling pathways that influence the activity of splicing factors and
thus modulate alternative splicing. Alternative splicing occurs in different patterns
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(Figure 8). The most frequent type is exon skipping, in which certain exons in the
pre-mRNA are skipped to generate different mRNA transcripts and thus different
protein variants.
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Figure 8 Major types of alternative splicing include exon skipping, intron retention, and
alternative 5' or 3’ splice sites. Dark blue boxes represent exon sequences, light blue boxes
indicate possible exons included in only one mRNA variant, and red lines show where introns
(grey) are removed (modified from (1)).

Alternative splicing of the estrogen receptor alpha - ESRI

Since the beginning of the 1990s, several splice variants of the estrogen receptor
have been identified and multiple alternative protein isoforms have been
characterized in structure and function (186). Among these are the common
isoforms of 46 kDa and 36 kDa (187-190) in size as a well as several isoforms
comprising cryptic alternative exons (Figure 9). The 46 kDa isoform is an example
of exon skipping which lacks the N-terminal (173 amino acids) because it arises
from a downstream promoter and results from splicing exon 1 directly to exon 2,
skipping the region that codes for the N-terminal domain (190). Functional analyses
showed that the 46 kDa isoform is an effective ligand-inducible transcription factor
in a cell context responsive to the transactivation function AF-2. On the other hand,
in a cell context in which the transactivation function of AF-1 dominates, the 46
kDa isoform is a strong inhibitor of the full-length, 66 kDa isoform (190). The
identification of a 36 kDa isoform was first reported in 2006 (191). For the 36 kDa
isoform, an alternative start codon is used that leads to translation of a truncated
protein and additionally several exons are skipped, including those coding for the
transcriptional activation domains AF-1 and AF-2 but retains the DNA binding
domain. It translocates primarily between the cytoplasm and the cell membrane
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(192) and it has been shown that the 36 kDa isoform can interact with the 66 kDa
isoform and inhibit gene expression, making it a negative modulator of the full-
length protein (187,193,194). In this context, the regulation of the 36 and 66 kDa
isoforms differs because they have different promoters.
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Figure 9 ER protein encoded by the ESR7 gene, showing the full-length ER (66 kDa) and
two protein isoforms (46 kDa and 36 kDa). They by the absence of certain domains, indicating
variations in their structure and potentially their function (modified from (195)).

While these isoforms originate from the same ESR/ gene, each of them has its own
amino acid sequence and distinct biological function as a result of different
promoters and alternative splice sites. The majority of these naturally occurring
variants are mRNA splice variants and are characterized by the deletion of one or
more exons in the ER mRNA. Apart from variants without exon 3 or 4, in most ER
splice variants, the translation downstream of the splice site happens out of frame
and leads to a truncated protein (196,197).

The ERA7 mRNA has been reported as the main alternative splice form in most
human breast tumors and cancer cell lines (198-200). ERA7 is of specific interest
as the LBD, AF-2 and DBD domain are found partially located in exon 7 and works
as dominant negative isoform which inhibit the 66 kDa the full-length protein
(198,200,201).

However, splice variants represent a challenge when it comes to ER diagnosis in the
clinic in terms of IHC, since they are a potential source of false-positive cases. Since
the antibodies used for ER in IHC often recognize epitopes encoded by the first exon
of'the ER gene (202), these splice variants may be recognized as ER positive, despite
potentially differing in function from the normal ER protein. The alternative ER
proteins can exhibit functional activities that are either negative, dominant negative,
or dominant active on ER target genes. The dominant negative variants are not only
inactive themselves, but they also inhibit the full-length ER through
heterodimerization (198). The expression of the dominant-negative ER variant
ERA7 may help to clarify why tumors show the basal molecule type while staining
immunohistochemically as ER-positive. Potentially, these tumors may lack a
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functional response to estrogen and consequently may not respond to hormonal
therapies.

Epigenetics - DNA methylation

Epigenetics describes a heritable molecular mechanism with modifications in gene
expression or function not caused by changes in the DNA sequence itself (1,203). It
is an important regulatory mechanism as it controls gene expression by adjusting
the accessibility of DNA to the transcription machinery. By adding or removing
chemical groups to the DNA or histones, it is possible for the cell to determine which
genes should be activated or deactivated. Such epigenetic modifications are
necessary for adapting gene activity to different requirements and are heritable
during cell division. However, epigenetic mechanisms are also a consequence of
environmental factors, since they can be affected by factors such as nutrition, toxins
and stress. It also enables more differentiated cells to express their specific genes
and repress the genes of other cell types, which is important for the maintenance of
tissue and organ function.

Key epigenetic regulatory mechanisms involve DNA methylation, histone
modifications and RNA-mediated gene targeting (203,204). DNA methylation
describes the addition of a methyl group to cytosine bases of DNA, resulting in the
long-term silencing of genes (Figure 10) (1,205,206). By contrast, chemical
modifications to histone proteins affect the tightness of the DNA wrapped around
the histones, which determines the accessibility of the DNA to the transcription
machinery and enables a more dynamic adjustment of gene activity, allowing it to
be modified if necessary (207,208).
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Figure 10 DNA methylation in normal tissue vs. tumor tissue (red = methylated, white =
unmethylated). In normal tissue, CpG islands are usually unmethylated, allowing gene
expression, whereas in tumor tissue, hypermethylation can silence genes (modified from
(209)).
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DNA methylation

The DNA methylation represents the process of adding methyl groups to the 5'
position of the cytosine ring in a CpG dinucleotide by enzymes called DNA
methyltransferases (DNMTs) (205,210). There are three catalytically active DNA
methyltransferases: DNMT1, DNMT3A and DNMT3B (205,206,210), that do not
alter the DNA sequence. While DNMT1 maintains previous DNA methylation
patterns after DNA replication, DNMT3A and DNMT3B are involved in de novo
methylation, which is stimulated by DNMT3L (205,211-214).

The CpG dinucleotides, consisting of a cytosine and a guanine, are commonly
located at higher frequencies in the promoter regions (215,216), leading to CpG
islands or large repetitive sequence regions such as centromeres and retrotransposon
elements (217-219). They are defined as regions with a GC content of more than
55% and a ratio of observed to expected sequences of greater than 0.65 with a
minimum size of 500 base pairs (220). Almost 70% of CpG islands are known to be
linked to human genes, most of them are found in the promoter regions (221).

DNA methylation has been reported to be dysregulated in many malignant diseases
(222,223) and inhibits transcription by either directly blocking transcription factor
binding sites or by recruiting methyl-CpG binding proteins (206,224). The
mentioned molecular subtypes of breast cancer are linked to particular DNA
methylation patterns. It was found that basal-like, luminal A and luminal B tumors
had distinct methylation profiles, whereas tumors of the normal-like and HER2-
enriched molecular subtypes lacked distinct methylation profiles (225,226). If a
CpG island is methylated its DNA becomes inaccessible to the transcription
machinery, resulting in induced gene silencing. Within normal cells, CpG islands
remain mostly hypomethylated, while the whole genome is methylated including
repetitive sequences to prevent chromosome instability (227). In contrast, cancer
cells often show hypermethylation of CpG islands, which is associated with global
genome hypomethylation. This inhibits tumor suppressor genes and contributes to
genomic instability (227).

Comparing methylation analysis of tissue samples from healthy controls, DCIS and
invasive breast cancer, a striking change in methylation profiles was observed from
one cellular disease progression to the other (228,229). Most of the methylation
changes were observed during transition from healthy breast tissue to DCIS,
supporting the hypothesis that methylation changes play an early role in the
development of breast cancer and represent a reasonable target to improve early
detection. In fact, abnormal methylation occurs in a variety of cancers including
thyroid cancer, lung cancer, liver cancer, stomach cancer, prostate cancer, bladder
cancer, ovarian cancer, colorectal cancer and breast cancer (230). This highlights
the importance of epigenetics in cancer research, since nearly all cancers are linked
to abnormal DNA methylation.
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Regulation by microRNAs

MicroRNAs (miRNAs) are small, non-coding single-stranded RNAs with a length
of between 18 and 25 nucleotides (231). They regulate gene expression by blocking
mRNA translation or by inducing mRNA transcripts to degrade by binding to the
3'UTR within the target mRNAs in the cytoplasm. Their function is to regulate the
expression of a broad range of genes directly involved in important cellular
processes including growth, homeostasis, differentiation and apoptosis (232-234).
Through perfect or incomplete base-pairing within the 6 to 8 nucleotide seed
sequence each miRNA is capable of targeting many mRNAs (235,236). Indeed,
each miRNA can modulate the expression of hundreds of genes at the same time,
with around 30% of human proteins believed to be regulated by miRNAs (237).
MicroRNAs can function as oncogenes (oncomiRs) or tumor suppressors (238),
could provide cancer biomarkers and are also being tested as cancer therapeutics in
clinical trials (235).

Biogenesis of miRNAs

There are three main steps in the biogenesis of miRNAs. Illustrated in Figure 11 is
the canonical pathway of miRNA biogenesis. There are also additional alternative
pathways leading to miRNA generation, but these will not be discussed further.

The initiation of the process involves transcription by RNA polymerase II (239) or
IIT (240), which generates primary miRNA transcripts (pri-miRNAs) of
approximately 3000 to 5000 bases in length . Many miRNAs are encoded within
host genes, often located in introns or exons. The pri-miRNA is processed by the
microprocessor complex, including DROSHA and the DiGeorge syndrome critical
region gene 8§ (DGCRY), to form short hairpin precursor miRNAs (pre-miRNAs) of
approximately 70 bases in length. Together with Ran-GTP, the resulting pre-
miRNAs are exported from the nucleus to the cytoplasm via exportin 5 (XPOS5).
Once exported, they are processed by Dicer (DICER1) assisted by the TAR RNA
binding protein (TRBP) and transformed into mature miRNAs of 21-25 nucleotides
in length. After separation into single-stranded RNAs and binding to Argonaute
proteins (AGO1-4), miRNAs form the RNA-induced silencing complexes (RISC).
When incorporated into the RISC complex, the miRNA hybridizes with the 3°’UTR
of a target mRNA. As a result, it blocks protein synthesis post-transcriptionally by
inhibiting translation and/or degrading the mRNA (241).
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Figure 11 The canonical miRNA biogenesis pathway involves pri-miRNA being processed by
the microprocessor complex into pre-miRNA, which is exported to the cytosol and further
processed by Dicer into a mature miRNA strand, then incorporated into Argonaute (AGO)
protein complexes (modified from (242)).

MicroRNA functions and their contributions to cancer development

The interaction of miRNAs with their target genes is dynamic depending on many
factors, including the subcellular localization of miRNAs, frequency of miRNAs
and target mRNAs, as well as the affinity of miRNA-mRNA binding (243).

A critical component of this interaction is the seed region, a sequence typically
spanning nucleotides 2 to 7 at the 5' end of the mature miRNA, which plays a pivotal
role in target recognition. This region determines which mRNAs a miRNA will
target, but perfect complementarity between the seed and the target mRNA is not
necessary for effective gene silencing. A canonical miRNA target site can be
established with as few as 6 nucleotides, and the efficiency of silencing generally
improves with increased base pairing beyond the seed region (244). Given the
compactness of the seed sequence and the vast diversity of miRNAs in humans,
most protein-coding genes contain conserved miRNA binding sites within their 3'
UTRs. This allows for a single mRNA transcript to be regulated by multiple
different miRNAs, while a single miRNA can target the 3' UTRs of various mRNAs
(245,246). This interaction results in a complex, interconnected network of post-
transcriptional gene regulation.

The mature miRNA that is incorporated into an AGO-protein complex is able to
bind to mRNAs and can activate a series of regulatory activities. In the event of
perfect or near-perfect complementarity occurring between the miRNA and the
mRNA, AGO?2 is able to catalyze the slicing of the mRNA, resulting in the induction
of its degradation (247). However, it is rare in most animals, compared to plants
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(245). An imperfect base pairing between the miRNA and the mRNA occurs much
more frequently.

Abnormal regulation of miRNAs during tumorigenesis could lead to a role for
miRNAs in cancer. In fact, miRNAs influence several stages of breast cancer,
including tumor development, metastasis and treatment escape. In the last 15 years,
research has highlighted the role of miRNA regulation in contributing to the risk or
prevention of ER-positive breast cancer. More recently, studies have highlighted
that miRNAs function not only as targets of ER/hormonal signaling, but the ER is
also a regulatory target of multiple miRNAs (248). As an example, miRNA
microarray analyses revealed that estradiol can upregulate the expression of a large
set of individual miRNAs and miRNA families (249). Importantly, a unique miRNA
expression profile could be potentially associated with certain subtypes.

The most prominent oncomiR is miR-21 (250,251), which is commonly
overexpressed in various human tumors and cancer cell lines, including
glioblastoma, ovarian carcinoma, cervical carcinoma and lung cancer (250,252). It
is overexpressed in TNBC breast cancer and correlates with poorer disease-free
survival and overall patient survival (253). Also functional studies with cancer cell
lines have demonstrated that miR-21 plays a role in the oncogenesis process (254).
Underlining the importance of miR-21 is the strong association with increased cell
proliferation, low apoptosis, enhanced invasion and increased metastatic potential
(255-257).

MicroRNAs significantly influence the development, progression, and therapy
resistance of cancers, including breast cancer. Aberrant expression of specific
miRNAs is linked to oncogenesis, often resulting from methylated CpG sequences
in promoter and enhancer regions that regulate miRNA expression. This epigenetic
modification indirectly affects the expression of cancer-related genes and proteins
(258,259).

In breast cancer, certain miRNAs modulate the estrogen signaling pathway and ER-
dependent gene expression, contributing to resistance against anti-estrogen
therapies (249,260). Notably, hypomethylation of ER-targeted miRNAs correlates
with dysfunctional ER activity (261). Altered miRNA expression levels are pivotal
regulators of oncogenic signaling pathways, impacting therapeutic outcomes. For
instance, variations in specific miRNAs are associated with tamoxifen resistance
and can predict patient prognosis and response to treatment (262,263). Given the
roles of estrogen and miRNAs in tumor dynamics, exploring how ERs influence
non-coding miRNAs offers valuable insights into mechanisms underpinning
endocrine treatment resistance (260).
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mir-4728

The discovery and understanding of the biological functions of miRNAs has wide-
ranging relevance for cancer research, which includes the relatively unexplored
miRNA mir-4728. This miRNA is encoded in an intron of the ERBB2 oncogene and
was discovered in 2011(264). It is encoded directly upstream of exon 24 and is an
example of a "mirtron", a type of miRNA created by a special splicing process.

The main mature miRNA product is miR-4728-3p, it is found at much higher levels
than its 5Sp counterpart, which emphasizes its primary role in regulation. Moreover,
the observation that mir-4728 is encoded in an ERBB?2 intron implies that this locus
not only produces the receptor protein, but also generates a regulating miRNA that
may contribute to the development of cancer. Research reveals that miR-4728-3p
is associated with downregulation of the poly(A) polymerase TENT4B, which
affects the degradation of miR-21 (265). The tumor suppressor PTEN is a target of
miR-21-5p potentially influencing the effectiveness of anti-ERBB2 therapies (266).

At the same time, miR-4728-3p also regulates ER, which highlights its role in the
regulation of hormone signaling (267-269). This suggests the potential role of miR-
4728-3p in the mechanism of ERBB2- and ER-mediated signaling. The
characterization of miR-4728-3p could provide an important insight into the
development of resistance to anti-ERBB2 therapies. The interaction of miR-4728-
3p with the regulation of miR-21 and ER suggests that it may be involved in
developing resistance to treatments like trastuzumab (266).

Targeting miR-4728-3p could potentially enhance treatment effectiveness and help
address existing resistance to therapy. However, to be noted is that miR-4728-3p
may also have tumor-suppressive effects, as demonstrated in studies of colorectal
cancer and other tumor types (270,271). Together, these two conflicting findings
highlight the complexity and context-dependence of microRNA functions.

Future perspective from regulatory mechanisms to the
clinic

Advancements in the understanding of regulatory mechanisms such as DNA
methylation, alternative splicing, and miRNAs hold significant promise for the
future of breast cancer treatment, especially in overcoming therapeutic resistance.
These mechanisms play important roles in regulating gene expression and cellular
behavior, which are central to cancer development and treatment response.

Recent research has underscored the potential of Differentially Methylated Regions
(DMRs) as biomarkers for breast cancer. These regions, which exhibit distinct
methylation patterns in cancerous versus healthy tissues, could lead to more precise
diagnostic tools. However, the variability across studies, with minimal overlap in
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identified DMRs (272,273), highlights the need for more standardized approaches
to identify clinically relevant methylation biomarkers. Moreover, while epigenetic
drugs like 5-aza-2'-deoxycytidine and histone deacetylase inhibitors like
trichostatin A have shown potential in reactivating silenced genes such as the ER in
ER-negative breast cancer (274), their clinical success is highly dependent on the
specific context and levels of gene expression (275). This suggests that further
research is essential to optimize these therapies and to understand better how
epigenetic modifications can be manipulated for therapeutic benefit.

Alternative splicing affects the production of different protein isoforms, which can
significantly impact therapy effectiveness. In breast cancer, splicing variants of key
receptors like ER, PR, and HER2 may contribute to resistance to targeted therapies.
Identifying and characterizing these variants are critical areas for future research, as
they could lead to the development of more personalized treatment strategies and
improve therapeutic outcomes.

MicroRNAs are key players in the regulation of gene expression and can contribute
to cancer progression and therapy resistance. For instance, the overexpression of
miR-221/222 also associates with fulvestrant-resistance confirming that they are
essential for cell growth and cell cycle progression and in conclusion also resulted
in deregulation of multiple oncogenic signaling pathways previously associated
with drug resistance (276). Changes in miRNA expression correlate with diagnostic
and prognostic markers in breast cancer therapy (277).

By targeting specific miRNAs to modulate their expression, it may be possible to
restore sensitivity to existing therapies or develop new therapeutic strategies.
However, the complexity of miRNA interactions and their broad regulatory effects
necessitate deeper investigation to translate these findings into clinical practice.

Overall, while significant progress has been made, further research is still needed to
standardize the identification of methylation biomarkers, understand the effects of
alternative splice variants, and explore the therapeutic potential of miRNA
modulation. Addressing these research needs will be critical to integrating these
regulatory mechanisms into the clinic and ultimately lead to more effective and
personalized treatments for breast cancer.
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Aims of this thesis

Overall aims

The studies in this thesis aimed to investigate how different regulatory mechanisms
including alternative splicing, promoter methylation and differential promoter
usage, as well as miRNAs affect the ER and ER signaling in breast cancer.

Specific aims

Paper 1

The ER has multiple transcripts where the splicing pattern may influence breast
cancer biology and clinical outcomes. The aim of this paper is to comprehensively
understand the diversity of ER isoforms in breast cancer, reveal novel mRNA
isoforms generated through alternative promoter usage and splicing, and
functionally characterize several protein isoforms. Our goal is to provide insights
into the role of alternative mRNA splicing in breast cancer, enable the identification
of mechanisms of endocrine therapy resistance, and uncover novel therapeutic
targets.

Paper 11

Resistance to endocrine therapy in ER-positive breast cancer patients is a major
challenge, with mechanisms that are complex and still under extensive
investigation. We use a panel of six different ER-positive breast cancer cell lines,
including matched sensitive and fulvestrant-resistant cells, as well as resistant cells
cultured without the drug, which differ in characteristics. We study the methylation
of several different promoter regions of the ER to identify the mechanisms behind
the stability changes of resistance and determine if the methylation status correlates
with the stability of resistance. We measure how the expression of the ER changes
between these cell lines and compare this to the methylation of CpG dinucleotides
in promoter regions. Our aim was to determine whether the promoter methylation
of different alternative first exons of the ER correlates with the stability of
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resistance, thereby enhancing our understanding of the underlying mechanisms
driving resistance in ER-positive breast cancer.

Paper I11

The miRNA mir-4728, located in the ERBB2 (HER?2) oncogene, was identified by
the research group in 2011. In HER2-positive breast cancer, mir-4728 is co-
amplified with its host gene, making it a potential biomarker for predicting HER2
status. In our manuscript, we aim to examine the overall impact of this miRNA on
gene expression and translation. We use antisense oligonucleotides to block the
function of miR-4728-3p in a HER2-negative breast cancer cell line and use
polysome fractionation and RNA sequencing (RNA-Seq) to study the genes and
pathways affected by miR-4728-3p. Our research indicates that miR-4728-3p is
associated with steroid hormone biosynthesis, indicating a potential role in
regulating estrogen synthesis.
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Materials and methods

Listed below are the main methods used in papers I-III of this thesis.

Cancer cell lines

Cancer cell lines are used to study the biological and molecular mechanisms of
cancer in a simplified and reproducible environment. Those valuable models are
useful to understand the behavior of cancer cells such as proliferation, migration
and response to different treatments or to study resistance without the complexity
of a whole organism.

Cancer cell lines are derived from tumors and have the ability to multiply
indefinitely without entering cellular senescence. These cell lines represent
populations of cells that can be maintained in culture for extended periods while
retaining stability in certain phenotypes and functions. This stability allows
researchers to manipulate the cells for studying various aspects of cancer biology,
including gene expression, drug response, and cell signaling pathways. In this thesis,
we primarily used common breast cancer cell lines obtained from the American
Type Culture Collection (ATCC), expressing different receptors, such as MCF7
(ER+, HER2-), T-47D (ER+, HER2-), BT-474 (ER+, HER2+), and SK-BR-3 (ER-
, HER2+), as well as one human liver cancer cell line, HepG2 (ER-, HER2-). These
cell lines were used for both functional in vitro assays and in silico analysis to
investigate the role of different receptors in breast cancer, explore mechanisms of
drug resistance, and validate findings from other experimental approaches. We also
analyzed fulvestrant-resistant cell lines developed by Kaminska et al. (278), which
will be explained in the results section. We chose these specific cell lines because
they reflect the diversity of breast cancer subtypes and provided a solid foundation
for exploring mechanisms of drug resistance and other aspects of cancer biology.

One limitation of using cancer cell lines is that they may not fully reflect the
complexity of human tumors, as they lack the tumor microenvironment and may
undergo mutations or other changes during long-term culture. While human cell
lines are suitable for laboratory work and are widely used in cancer research, the
results obtained with these cell lines do not necessarily translate directly to clinical
outcomes.
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Cloning

Bacterial cloning is an important molecular biology technique for producing
multiple copies of a specific DNA sequence. This technique is used to generate
assembled plasmids containing specific promoters, coding sequences and resistance
markers for use in cell line experiments.

In bacterial cloning, the desired DNA fragment is inserted into a bacterial plasmid
using restriction enzymes and DNA ligase. The plasmid, which now contains the
desired DNA sequence, is then introduced into a competent bacterial cell, e.g. by
heat shock, a method that allows the bacteria to take up foreign DNA through
temperature changes. Once the bacterium containing the plasmid multiplies and
recovers, the plasmid can be isolated. This isolated plasmid can then be transfected
into a cancer cell line, where “transfected” means that the cell takes up the plasmid
and subsequently produces the desired protein.

Using bacterial cloning, we have produced composite plasmids with specific
promoters, coding sequences and resistance markers for use in cell line experiments.
In this way, we were able to introduce these plasmids into cancer cell lines so that
the cells could express the desired proteins and we could better study the functions
of these proteins and their role in cancer biology. This method allows precise control
over the DNA sequences introduced into the cancer cell lines and ensures that the
desired genes are accurately expressed in our experiments.

A limitation of bacterial cloning is that the process can be time-consuming and
requires multiple steps to ensure that the correct DNA sequence is inserted and
expressed. In addition, the method depends on the efficiency of the bacterial cells
in taking up the plasmid, which can sometimes be low.

Validating ER gene activity

Luciferase assay

The luciferase assay is a reporter gene assay that can be used to detect and measure
the activity of transcription factors, like the ER. It determines whether a protein can
activate or repress the transcription of a gene of interest by quantifying the resulting
expression of luciferase reporter genes.

In this method we use two plasmids where one is expressing the ER and the other
one which is a dual luciferase plasmid. It contains two genes which is the Renilla
luciferase gene, always expressing at a constant level and serves as an internal
control for normalization and the luciferase gene, regulated by an ERE promoter.
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When a ligand, such as estrogen or tamoxifen, binds to the ER, the dimerized
receptor binds to the ERE, leading to the expression of the firefly luciferase gene. If
the ER does not bind to the ERE, the firefly luciferase gene is not expressed (Figure
12).
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Figure 12 The mechanism of the luciferase assay involves a plasmid that expresses the ER
protein, and a second plasmid containing a Renilla gene that is continuously expressed and
used for normalization. Additionally, there is a firefly gene regulated by 3xERE sequences.
Without a ligand firefly luciferase is lowly expressed (A). When the ER binds with the ligand
to the ERE, the transcription of the firefly gene is activated (B).

Luminescence signals from both Renilla and firefly luciferases are measured using
a luminometer. The ratio of these signals reflects the activity of the ER as a
transcription factor and its response to various ligands.

In Paper I, we used the luciferase assay to understand how ER isoforms behave in
cells, expressing endogenous ER (ER-positive cell line) or transfected with
exogenous ER (ER-negative cell line). This technique allowed us to analyze and
measure the transcriptional activity of ER isoforms in response to different
treatments, such as estrogen or tamoxifen. The use of reporter genes allows for
accurate normalization and differentiation of specific transcriptional activity,
making it ideal for studying the functional impact of ER isoforms and their
interactions with ligands. One limitation of the luciferase assay is that it relies on
the efficiency of the transfection process and the expression levels of the reporter
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genes, which can vary between experiments. Additionally, the assay measures only
the transcriptional activity of the ER and does not provide information on other
aspects of ER function or its interactions with co-regulators.

Alternatives to the luciferase assay is a chromatin immunoprecipitation (ChIP),
which can provide more detailed information on protein-DNA interactions and ER
binding to specific genomic regions.

Western blotting

Western blotting is a technique widely used in molecular biology for the detection
and identification of specific proteins in complex protein mixtures. It is suitable for
determining protein expression and for detecting specific target proteins in
biological samples.

The method starts with the extraction of proteins from cells that can be expressed
endogenously or by transfection with a plasmid. The protein concentration is
measured using a protein assay kit. The quantified protein samples are then loaded
onto a gel and separated according to size by electrophoresis. After separation, the
proteins are transferred from the gel to a membrane. The membrane is blocked and
washed to prevent non-specific binding. Specific primary antibodies are used to
detect the target protein. After incubation with the primary antibodies, a horseradish
peroxidase (HRP)-conjugated secondary antibody is applied to facilitate
visualization. The detection reagent is then added to trigger a luminescence reaction
catalyzed by the HRP-conjugated antibody. The resulting luminescence is captured
and quantified using an imaging system (Figure 13). Additional confirmation
proteins, such as anti-a-tubulin or anti-Lamin B2, are used to verify sample quality
and equal loading.

1. Separation on a SDS gel 2. Transfer on the membrane
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Figure 13 Western blot workflow includes protein separation by gel electrophoresis, transfer
to a membrane, incubation with primary antibodies to detect the target protein, followed by
secondary antibodies for signal amplification, and finally, visualization of the detected
proteins.
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In Papers I and II, western blotting was used to detect full-length ER and ER
isoforms using C-terminal and N-terminal anti-ER antibodies. For Paper I1I, it was
used to detect the CYP19A1 protein with a mouse anti-CYP19A1 clone H4
antibody.

Western blotting allowed us to quantify and identify these specific proteins and
confirm their expression levels and localization in the samples. It provides a reliable
method for the detection and quantification of specific proteins in complex
mixtures. For example, we were able to distinguish between different ER protein
isoforms, protein expression and localization in different cell compartments, making
it an ideal experiment for our research questions.

However, Western blotting has some limitations, including the potential for non-
specific binding and the need to optimize antibodies and detection conditions. It is
also relatively time-consuming and requires careful handling to avoid errors.
Alternatives to Western blotting include techniques such as mass spectrometry,
which allow for more comprehensive identification and characterization of proteins.
We tested mass spectrometry in paper I, but as mentioned in the paper, each isoform
generated only a single peptide, and in general the sensitivity in our initial tests was
not sufficient to detect them. However, in theory, these methods may offer
advantages such as higher throughput or greater detail in protein analysis, but they
may also involve more complex protocols or higher costs.

Real time RT-PCR

Real-time reverse transcription polymerase chain reaction (RT-PCR) is used to
amplify and simultaneously quantify a specific RNA molecule, providing a measure
of gene expression. It indicates the amount of mRNA copies of a particular gene
transcript in a given sample (279).

The RT-PCR process begins with the extraction of RNA from cell lines and its
conversion into complementary DNA (cDNA) by reverse transcription. For this
purpose, oligo(dT) primers, nucleotides and reverse transcriptase are used, which
are incubated in a thermal cycle to produce cDNA from the RNA template. The
primers are added in the quantitative PCR step. These primers are complementary
to the sequences at the beginning and end of the specific cDNA segment of interest.
The cDNA sample is mixed with nucleotides, specific primers and a reagent
containing a polymerase and a fluorescent dye, such as SYBR Green (Figure 14).
The mixture is incubated to repeated heat cycles in a PCR thermocycler, during
which the polymerase amplifies the specific DNA segment flanked by the primers.
The fluorescent dye binds to the double-stranded DNA, and the emitted
fluorescence signal is detected. The number of cycles required to produce a
detectable fluorescence signal is inversely proportional to the initial concentration
of the target RNA in the sample.

65



T T
TT dNTPs TT dNTPs

Oligo dTs 1 Gene specific primers

Reverse transcriptase DNA polymerase

it
] oo
Rl B

Reverse
transcription

RNA cDNA Amplified
template template cDNA

Figure 14 RT-PCR workflow includes the extraction of RNA, reverse transcription to convert
RNA into cDNA, followed by the amplification of the cDNA using specific primers, allowing for
the detection and quantification of target sequences.

Additionally, mRNA expression levels can be compared across different samples
by normalizing the results to the total mRNA content using housekeeping genes —
genes that are expressed consistently across all cells (e.g., MRLP19 from Paper I or
ACTB from Paper II). This normalization helps account for variations in RNA input
and ensures accurate comparison of gene expression levels.

In our studies, we used RT-PCR to measure the gene expression of specific ER
mRNA transcripts. By quantifying the amount of cDNA corresponding to the target
genes, we were able to assess the expression levels of these genes under different
experimental conditions. By choosing this method, we were able to achieve a precise
and quantitative measurement of gene expression. The sensitivity and specificity of
RT-PCR make it an effective tool for assessing changes in mRNA levels in response
to different treatments or conditions.

However, a major limitation of RT-PCR is the quality and integrity of the RNA
sample (e.g. whether it is degraded or not), which can be affected by variations in
RNA extraction or reverse transcription efficiency. In addition, the method requires
careful optimization of primers and reaction conditions to avoid non-specific
amplification. Alternatives to RT-PCR include techniques such as RNA-Seq, which
provide a more comprehensive overview of gene expression and can detect a wider
range of RNA species, but are more complex and expensive compared to RT-PCR.

Polysome fractionation

Polysome fractionation is used to study the translation of mRNA into proteins in
cells. It specifically detects which mRNAs are actively being translated into proteins
by separating ribosomes and associated mRNAs based on their size and density in
gradient (280).
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This method works by isolating ribosome-mRNA complexes from cells. The
process begins with cell lysis performed under conditions that preserve the
ribosome-mRNA interactions. The lysate is then applied to a sucrose gradient,
which ranges from low to high concentration (Figure 15). During an
ultracentrifugation step, ribosome-mRNA complexes are separated based on their
size and density. The gradient is collected in small volumes, allowing for the
distinction between monosomes (single ribosomes), light polysomes (few
ribosomes), and heavy polysomes (many ribosomes). These fractions can be
analyzed using techniques such as real-time RT-PCR (Paper I) or RNA-Seq (Paper
10).
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Figure 15 Polysome fractionation workflow includes the separation of ribosome-mRNA
complexes using a sucrose gradient (A), followed by the analysis of MRNA distribution across
the gradient (B) to assess the effect of treatments on translation (Images from Paper IlI).

We used polysome fractionation to gain insights into the distribution of mRNAs
across different fractions of the gradient, where we were able to determine the
translational activity of specific mRNAs. It provides detailed information about the
efficiency of translation and helps to understand the regulation of gene expression
at the translational level.

Polysome fractionation has its limitations including the risk of sample loss, the need
for specialized equipment such as an ultracentrifuge and the careful handling to
preserve the integrity of the ribosomal mRNA complexes. Additionally, the method
may not fully capture the dynamics of translation in vivo due to the extraction and
separation process.
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Sequencing

Sequencing has redefined molecular biology by moving from Sanger sequencing to
massively parallel sequencing, which generates huge amounts of biological and
medical data. It enables the precise identification of nucleotide sequences in DNA
molecules. These base sequences (labeled with the letters A, T, C and G) contain
the essential biological information required for the development and function of
cells.

Illumina - sequencing by synthesis

Illumina sequencing is a method designed to sequence large quantities of DNA or
RNA rapidly and accurately. It detects the nucleotide sequence of DNA or cDNA
by incorporating fluorescently labeled deoxyribonucleotide triphosphates (ANTPs)
into DNA strands and measuring the emitted fluorescence signals (Figure 16).

The process begins with library preparation, where DNA, RNA or cDNA samples
are processed depending on the specific application. This may involve random
fragmentation of the samples or the use of pre-amplified PCR products, followed by
ligation of adapter oligonucleotides to the ends of each fragment or amplicon. These
adapters serve several purposes, such as providing priming sites for amplification
and sequencing, including sequencing primer sequences that contain unique
barcodes for sample identification and capture sequences for binding to the flow
cell. The fragmented DNA sequences are then immobilized on a flow cell, a solid
surface coated with oligonucleotide probes complementary to the adapter
sequences, where each fragment binds to a probe and is hybridized. This is followed
by bridge amplification, in which the DNA fragments are amplified by bridge
amplification and form clusters of identical molecules on the surface of the flow
cell. Each cluster contains thousands of copies of the same DNA fragment (Figure
16).

The sequencing itself, known as sequencing by synthesis, involves cycles of
nucleotide incorporation and detection. Illumina sequencing typically generates
short reads ranging from 50 to 300 base pairs (bp), although advancements have
allowed for longer read lengths in some applications. Paired-end sequencing can be
employed to read both ends of each DNA fragment, providing paired-end reads,
which improve the accuracy of alignment and variant detection by capturing
additional context from both ends of the fragment. Each cycle of sequencing
includes the introduction of fluorescently labeled ANTPs and DNA polymerase.
DNA polymerase incorporates a complementary dNTP into the new strand, and if
the insertion is correct, a fluorescent signal is emitted, which is captured by a
camera, indicating the nucleotide added to each cluster. After each cycle, the
fluorophore and terminator are removed in a deblocking step, and the template is
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prepared for the next cycle with a new set of dNTPs. This process is repeated for
multiple cycles to sequence the entire fragment (Figure 16) (281).

In Papers I and II, Illumina RNA-Seq data was used to analyze gene expression and
investigate transcriptome-wide changes. In Paper 1I, DNA sequencing (DNA-Seq)
was applied to explore methylation status of ER promoter target regions.

A. Library Preparation

Genomic DNA
l Fragmentation
— Com
—
Adapters _— - .
-—
l Ligation
L —
Sequencing  S—
Library

NGS library is prepared by fragmenting a gDNA sample and
ligating specialized adapters to bath fragment ends.

C. Sequencing

Sequencing Cycles )
-Dlgital Image

Data is exported to an output Me

Cluster 1 > Head 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAG...  Text File

Sequencing reagents, including fluorescently labeled nucleo-
tides, are added and the first base is incorporated. The flow

cell is imaged and the emission from each cluster is recorded.

The emission wavelength and intensity are used to identify
the base. This cycle is repeated “n” times to create a read
length of “n” bases.

B. Cluster Amplification

l Flow Cell

Bridge Amplification
Cycles

Clusters

Library is loaded into a flow cell and the fragments are
hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification.

D. Alignment and Data Anaylsis

ATGGCA‘ITGCAAT]TGACAT
TGGCATTGCAA
Read AGATGGTATTG
cads GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Reference

Cahatie AGATGGTATTGCAATTTGACAT

Reads are aligned to a reference sequence with bioinformatics
software. After alignment, differences between the reference
genome and the newly sequenced reads can be identified.

Figure 16 lllumina sequencing workflow for Next-Generation Sequencing includes four key
steps, including library preparation, cluster generation, sequencing, and alignment with data

analysis (From (281)).

69



We chose Illumina sequencing because it offers high throughput, accuracy and cost-
effectiveness for high-volume sequencing. Its ability to provide high-resolution data
and support paired-end sequencing enhances our ability to obtain comprehensive
and reliable genomic and transcriptomic information. However, the technique also
has its limitations, such as the need for high-quality samples and the requirement
for expertise in sequencing protocols to achieve optimal results. The method
generally produces shorter reads compared to some other technologies, which can
affect the assembly of complex genomes.

Pyrosequencing

Another sequencing method we used is pyrosequencing which is a DNA sequencing
technology designed to rapidly and accurately determine DNA sequences by
detecting the release of pyrophosphate (PPi) during nucleotide incorporation
(282,283). It provides real-time data on the DNA sequence as each nucleotide is
added to the growing DNA strand.

Pyrosequencing begins with sample preparation, where the DNA is first amplified
by PCR to produce double-stranded DNA. These double-strands are then separated
to obtain single-stranded DNA templates. The single-stranded DNA is prepared
with specific biotinylated primers at the 5' end, ensuring that only one strand of
DNA is bound to the surface during sequencing as the complementary strand is
removed.

Forward primer

Bictinylated reverse PCR primer ._.

Sulfuryl
Biotinylated single- uiurylase )
stranded template Light
. APS + PP ATP
Polymerase luciferin  oxyluciferin
3 CGTCCGGAGGCCAAGTT 5
8 GCAGGCCT S Luciferase
Palymerase ATP q
light

(DNA),+dNTP — | (DNA),., +PPi T

Figure 17 The Pyrosequencing workflow involves annealing primers to a single-stranded
DNA template, followed by nucleotide incorporation by DNA polymerase. The release of PPi
triggers a reaction that produces light, which is detected and measured to determine the DNA
sequence (modified from (284)).
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Following preparation, the sequencing reaction is initiated by mixing the single-
stranded DNA with various components, including DNA polymerase, beads,
luciferase, and substrates necessary for nucleotide incorporation. The sequencing
progresses through nucleotide incorporation, where matching nucleotides are added
to the growing DNA strand, releasing pyrophosphate (PPi) as a byproduct. This
release of PPi triggers a series of enzymatic reactions, beginning with ATP
sulfurylase converting PPi to ATP (285). In the presence of luciferase, ATP is then
used to produce light, with the intensity of the emitted light corresponding to the
nucleotide added. This light is detected and recorded by a camera, providing the
sequence data with a read length of around 150 bp (Figure 17) (282).

Pyrosequencing was used as a validation method to Illumina sequencing to
determine DNA sequences and analyzing methylation status in the target ER
promoter region. It is particularly useful for applications requiring high-throughput
sequencing with accurate real-time data, such as mutation detection and sequencing
of small genomic regions.

We chose pyrosequencing because it is simple, cost-effective and able to accurately
quantify methylation at a limited number of sites, making it an ideal method for
validating our previous Illumina sequencing results. While pyrosequencing provides
detailed sequence information quickly, it is limited by low throughput and shorter
read lengths, making it less suitable for capturing complex or larger sequences.
Developing effective assays for pyrosequencing can also be a challenge. Illumina
sequencing would have required more work, higher costs and provided far more
data than was required for this particular aspect of our study. Therefore,
pyrosequencing was the more practical and efficient choice.

Long-read sequencing

Long-read sequencing is a genomic technology designed to generate extended
sequences of DNA fragments, often few kilobases (kb), compared to short-read
sequencing methods that typically produce shorter reads of up to 300 bp (286). This
method is used to obtain comprehensive information about complex genomes,
including accurate assembly of repetitive regions, detection of structural variants,
and full-length transcript visualization.

Oxford Nanopore Technology (ONT) and Pacific Biosciences (PacBio) are the two
main long-read sequencing methods. In ONT, DNA molecules are passed through
a nanopore, and as the DNA travels through the pore, changes in electrical
conductivity are measured to determine the DNA sequence. This real-time
measurement of electrical changes enables long-read sequencing.

PacBio, on the other hand, uses single-molecule real-time sequencing (SMRT), in
which the DNA polymerase incorporates nucleotides into a growing DNA strand in
real time. The technology detects the incorporation of nucleotides by measuring the
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fluorescence emitted as each nucleotide is added, which also enables long-read
sequencing.

In Paper I, we used ONT to generate long reads for mRNA isoform annotation. This
approach allowed us to visualize full-length transcripts, which cannot be achieved
with short-read sequencing methods. We chose long-read sequencing to generate
extended sequence information that improves the assembly of full-length ER
isoforms.

However, long-read sequencing methods have significant limitations. Especially
ONT can have higher error rates compared to short-read technologies. Long-read
sequencing has a lower throughput compared to short-read sequencing methods.

In conclusion, Illumina sequencing is recognized for its high accuracy and cost-
efficiency in generating short reads, though it may be limited in resolving complex
genomic regions and full-length transcripts that are better addressed by long-read
sequencing platforms such as ONT and PacBio. Pyrosequencing, offering
intermediate read lengths, represents a compromise but has seen decreased
utilization with the development of more advanced sequencing technologies. The
selection of a sequencing method should be guided by the specific objectives of the
study, with careful consideration of factors such as read length, accuracy, and cost.

Study Cohorts

SCAN-B

The Sweden Cancerome Analysis Network — Breast (SCAN-B) initiative is
designed to enhance the understanding of breast cancer biology through
comprehensive genomic characterization and to establish a detailed, population-
based archive of breast cancer cases in southern Sweden by analyzing patient
samples (287). This population-based study, conducted across nine hospital centers,
invites patients with newly diagnosed breast cancer to participate by providing
blood and tumor tissue samples. The SCAN-B study adheres to the ethical principles
outlined in the Declaration of Helsinki and has received approval from the Regional
Ethical Review Board of Lund (2007/155, 2009/658, 2009/659, 2014/8), the county
government’s biobanking center, and the Swedish Data Inspection Group (364-
2010) (287).

The genomic characterization component of SCAN-B involves RNA-Seq of tumor
samples, enabling a thorough analysis of gene expression and molecular
characteristics specific to each patient’s cancer. In Papers I and II, RNA-Seq data
and clinical information from the SCAN-B study were utilized to explore breast
cancer biology. For Paper I, data from 3,478 breast tumors with varying ER, PR,
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and HER?2 statuses were analyzed. For Paper II, we selected a subset of 1,429
patients from the original 3,478 for survival analysis, focusing specifically on
postmenopausal women with ER-positive breast cancer who received endocrine
therapy but no chemotherapy or anti-HER2 treatment. The SCAN-B dataset was
chosen for its comprehensive, population-based approach, offering a broad and
detailed analysis of cancer-specific genetic and molecular features, enabling robust
investigation of breast cancer biology and treatment responses within a real-world
clinical context. However, the SCAN-B data's specificity to southern Sweden may
limit generalizability to other populations, and the availability of specific patient
subgroups can affect the scope of analysis.

TCGA data

The Cancer Genome Atlas (TCGA), a landmark cancer genome program funded by
the National Cancer Institute and the National Human Genome Research Institute
in the United States, provides molecular characterization of over 20,000 primary
cancer and matched normal samples from 33 cancer types including breast cancer
(288). It is a key initiative in cancer research, beginning with the collection of
samples from patients with various cancers. These samples undergo analysis using
multiple high-throughput technology platforms, including DNA sequencing, RNA
sequencing, and methylation arrays, to generate detailed molecular profiles. The
resulting data are used to characterize the genetic, epigenetic, and transcriptomic
features of tumors and normal tissues.

In Papers I and II, we utilized the TCGA-BRCA dataset to examine breast cancer-
related molecular features and validate findings from other datasets. The extensive
molecular data provided by TCGA enabled us to expand and deepen our research
on breast cancer biology, facilitating robust analysis and comparison across
different technologies. We selected TCGA data for its comprehensive, multi-
platform approach to cancer characterization, including methylation data that were
not available for SCAN-B. The large dataset and broad scope offer valuable insights
into the molecular mechanisms underlying breast cancer. However, the use of
TCGA data comes with limitations, such as its representation of a wide range of
cancer types, which may lack specific focus on certain subtypes or patient
demographics, and the possibility of incomplete or missing data in some patient
samples.

Comparison SCAN-B and TCGA

The SCAN-B initiative and TCGA are both important data platforms for advancing
breast cancer research through molecular characterization, but they serve different
purposes and offer unique strengths. SCAN-B, with its population-based approach
focused on southern Sweden, provides highly relevant, context-specific data
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reflecting the real-world incidence and progression of breast cancer within a specific
population. This specificity makes SCAN-B particularly valuable for local research,
enabling detailed studies of gene expression and molecular profiles that are directly
applicable to patient care in this region. However, SCAN-B results may be less
generalizable to other populations due to its limited geographic scope.

On the other hand, TCGA provides a large and diverse dataset that supports a broad
range of molecular analyses for different cancer types, including breast cancer. This
breadth enables comprehensive comparative studies across different cancer types
and research into general cancer mechanisms. However, the extensive and diverse
nature of TCGA data can result in a diluted focus on a single cancer type or
population, making it less suitable for highly targeted breast cancer research. In
addition, some samples in TCGA may have incomplete data, limiting the depth of
analysis possible for certain breast cancer subtypes.

The difference in RNA sequencing between the two initiatives illustrates this
contrast: SCAN-B uses RNA sequencing to generate detailed gene expression
profiles specific to breast cancer in a given population, while TCGA applies RNA
sequencing more broadly to multiple cancer types, resulting in less detailed data
specific to breast cancer. While SCAN-B is characterized by providing detailed,
population-specific insights that are important for understanding regional clinical
scenarios, TCGA is better suited for broad, comparative studies aimed at identifying
novel biomarkers and exploring cancer mechanisms in different cancer types and
populations. SCAN-B is thus characterized by providing detailed, population-
specific data, while TCGA offers comprehensive, cross-cancer insights, each with
their own advantages and limitations.
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Results and discussion

Paper I: Alternative promoters and splicing create
multiple functionally distinct isoforms of oestrogen
receptor alpha in breast cancer and healthy tissues

Background

The ER is an oncogene in breast cancer and acts as an important prognostic factor,
therapeutic target and predictor of response to treatment. The gene encoding the ER,
ESRI, generates multiple transcripts through alternative splicing and promoter
usage. While these transcript variants may not alter breast cancer biology or clinical
outcomes dramatically, their differentiated effects on ER function and signaling
pathways remain important and worth careful consideration.

We identified significant gaps in the GENCODE and RefSeq databases commonly
relied upon for transcript annotation in genomic research. Notably, many splicing
events detected in the SCAN-B breast cancer cohort were not included in these
databases, making it difficult to comprehensively analyze the ER transcriptome. For
example, we identified an isoform known as ERA7 in RefSeq but missing in
GENCODE, and another isoform reported as EROE3 missing in both databases but
here were also many novel exons and splice junctions that had not been previously
described.

Our aim was to expand the understanding of ER isoform diversity in breast cancer
by discovering novel mRNA isoforms resulting from alternative promoter usage and
splicing, followed by functional characterization of several identified protein
isoforms. Through this comprehensive analysis, we intended to gain insights into
the role of alternative mRNA splicing in breast cancer and provide the basis for
investigating mechanisms of endocrine therapy resistance and discovering novel
therapeutic targets.

Results

In this study, we focused on creating a comprehensive annotation of ER transcripts
by integrating short-read and long-read RNA sequencing data from breast tumors,
cell lines, and normal tissues and investigating biological effects of a subset of
protein coding isoforms by experimental approaches. Short-read data is highly
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effective for annotating individual features due to its depth and the large number of
samples, but it cannot be used for complete isoform annotation. Long-read
sequencing, on the other hand, allows for the mapping of whole transcripts, though
it is comparatively shallow.

Through this combined approach, which integrated known annotations from
GENCODE and RefSeq, we identified numerous novel first, internal, and last exons,
as well as splice junctions and splice sites, significantly expanding the known
transcript map of ER. This resulted in the identification of 146 exons, 74 exon starts,
77 exon ends, and 326 splice junctions.

We then assessed the expression patterns of these extended exons and splice
junctions across ER-positive and ER-negative tumors, discovering varied
expression levels. Some novel exons and splice junctions showed weak expression,
while others exhibited patterns inconsistent with previously annotated events. To
further explore these features, we performed long-read sequencing of RT-PCR
products to assemble them into full-length transcripts. This approach unveiled
numerous alternatively spliced isoforms, including some with novel protein-coding
sequences that were differentially expressed.

Among these full-length transcripts, we searched for open reading frames to
compare with the known coding sequences and alternative protein isoforms. Among
these, six were selected for experimental validation studies (Figure 18, Table 3). We
called the protein-coding isoforms 'cds', which stands for 'coding sequence' together
with an arbitrary numbering.

For instance, cdsl results from an exon-skipping event leading to a frameshift that
produces a truncated protein; cds11 uses an alternative splice donor that inserts two
amino acids into the DBD; cds13 has a 39-amino acid deletion in the DBD; cds16
has a single-amino acid deletion in the DBD, while cds38 and cds60 have larger
internal deletions affecting multiple domains. Notably, cds13 and c¢ds60 were not
present in existing databases, although cds13 has been previously described, while
the others could be translated from GENCODE or RefSeq transcripts.

To investigate whether these selected isoforms have transcription factor activity, we
cloned six isoforms and tested them in luciferase assays. The results showed that
two isoforms, cdsl1 and cds16, exhibited transcription factor activity, although this
activity was lower than that of the full-length ER. We further examined the impact
of co-expressing these alternative isoforms with the full-length in ER-negative
HepG2 cells. One isoform, cds13, displayed dominant-negative behavior, while
others, like cdsl, cds38, and cds60, either enhanced or reduced transcriptional
activity when co-expressed with the full-length ER.
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Table 3 Characteristics of protein isoforms selected for functional validation, including
differences in coding sequence according to HGVS nomenclature, number of amino acids,
correspondence to annotated transcripts and underlying alternative splicing events.

Amino Annotated Transcriptional
acids  transcripts event

cdsl Gly457Valfs*10 466 NM 001385570,  Skipping exon 7
NM 001385571,

NM_001385572

cdsll  Gly215 His216ins 597 NM 001291230  Alternative donor

Isoform Alteration

AsnArg exon 2
cds13  His216_Gly254del 556 Novel Skipping exon 3
cdsl6  Gly254del 594 NM 001291241 Alternative donor
exon 3
cds38  Prol52 Arg4l2del 334 ENSTO0000040659 Skipping exons 2-5
9.5
cds60  Gly254 Pro365del 483 Novel Skipping exon 4

AF-1 DBD Hinge LBD C-terminal
1 180 263 302 552 595

ERfl full-length protein [as JEB] E | 5952a

cds1 Gly457Valfs*10 | A/B - D | EI 466 aa
cds11 Gly215_His216insAsnArg [ A/B - D] E |F 5972a
cds13 His216_Gly254del | AB l_| D | E H 556 aa
cds16 Gly254del (a8 80| E [f| 5942a

cds38 Pro152_Arg412del _ 334 aa
cds60 Gly254_Pro365del E 483 aa

Figure 18 Schematic illustration of the domain structure of the selected CDS isoforms,
showing the unique alterations of each isoform (Image from paper I).

In addition to their functional properties, these isoforms also exhibited differences
in subcellular localization. For instance, cds11 showed greater accumulation in the
nucleus, as determined by subcellular fractionation followed by western blotting,
which assessed the relative distribution of these isoforms between the cytoplasm
and nucleus using both N-terminal and C-terminal anti-ESR1 antibodies (Figure
19).
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Figure 19 Subcellular fractionation followed by western blotting to determine the relative
distribution between cytoplasm and nucleus for each isoform using (A) an N-terminal or (B)
a C-terminal anti-ESR1 antibody. Quantitation of nuclear fraction in vehicle control and after
30min treatment with 10nM E2. Bars indicate the mean of n=3 replicates + standard deviation.
T=total lysate, C=cytoplasmic fraction and N=nuclear fraction, vehicle control=0.1% ethanol.
**p<0.001 (Images from paper I).

Lastly, we tested the sensitivity of these isoforms to fulvestrant. Isoforms lacking
parts of the ligand-binding domain were resistant to fulvestrant, which correlated
with their lack of transcriptional activity. In contrast, the isoforms that retained
transcriptional activity were sensitive to fulvestrant. These findings suggest that
isoforms lacking transcriptional activity due to alterations in the ligand-binding
domain could contribute to resistance to endocrine therapy in breast cancer,
underscoring the importance of understanding the functional diversity of ER
isoforms in the context of breast cancer treatment.

Our study highlights the complexity of ER transcript variants in breast cancer and
demonstrates that combining short-read sequencing for depth with long-read
sequencing for isoform completeness is important for accurate annotation. This
work lays a strong foundation for advancing our understanding of ER’s role in breast
cancer and its implications for treatment strategies.

Limitations

One limitation of this study is our reliance primarily on tumor data, with only some
normal tissue samples included. Tumors are known to have a more chaotic
transcriptome, which can complicate the analysis of isoforms and their biological
relevance. However, this challenge reflects a broader issue in the field of gene
expression analysis which is the incompleteness and inconsistency of databases like
GENCODE and RefSeq. These databases often lack comprehensive annotation, as
demonstrated by our isoform cds13 (identified as EROE3 in other studies) being
unannotated. Additionally, databases sometimes include predicted transcripts
without biological evidence, making functional interpretations more complex and
less reliable.

In terms of experimental design, we initially planned to use mass spectrometry for
protein identification to validate that the alternative isoforms were expressed at the
protein level as an alternative method to western blotting. However, this approach
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proved ineffective due to the production of only one unique peptide per isoform.
Mass spectrometry typically requires multiple unique peptides for reliable isoform
identification, as a single peptide peak may not provide sufficient evidence to
distinguish between closely related isoforms, particularly when peptides are short
or shared among multiple proteins. Our preliminary tests showed that the sensitivity
was insufficient to detect these peptides, even in cells transfected to overexpress the
isoforms at high levels. This limitation highlights the technical challenges of
quantifying protein isoforms, especially when using less efficient digestion enzymes
like chymotrypsin for mass spectrometry.

The selection of antibodies also presented a challenge. Our experiments revealed
that the ability and sensitivity to detect different ER isoforms using N- or C-terminal
anti-ER antibodies varied significantly depending on the specific protein domains
included in the isoforms. For example, cdsl was detected with an N-terminal
antibody but not with a C-terminal antibody, as it lacked the C-terminal region.

Additionally, our study focused on only six selected CDS isoforms, offering a
limited view of the diverse behaviors of the full spectrum of ER isoforms. The co-
transfection experiments, which involved only the full-length ER, may not fully
capture the complex interactions between different isoforms. Investigating these
interactions, especially when multiple isoforms are present simultaneously, is a
significant technical challenge. Transfection efficiency can decrease, and cells may
respond unfavorably to the introduction of multiple plasmids, complicating the
analysis.

Discussion

The ER holds significant prominence in breast cancer research, having been
extensively studied since the early 1960s. However, ongoing challenges in transcript
annotation continue to hinder the performance of high-quality research. A major
problem lies in the lack of comprehensive and consistent data on transcript isoforms,
as well as discrepancies across databases like GENCODE and RefSeq. These issues
were evident in our study, where different database versions yielded varying
transcript annotations, leading to potential misunderstandings and misinformation
that could compromise the reproducibility and validity of research findings. This
problem is increased by the presence of predicted transcripts that lack biological
evidence, which further complicates functional interpretation.

We used long-read sequencing to achieve an in-depth analysis of full-length ER
transcripts. This method, unlike short-read sequencing, enabled us to accurately map
all exons simultaneously, offering comprehensive insights into transcript isoforms,
alternative splicing events, and potential promoter usage. While long-read
sequencing is proficient at detecting large structural variants, it is not without its
limitations, including higher error rates and lower read depth compared to short-
read sequencing. Despite these weak spots, our approach provided critical insights
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into the complexity of ER transcriptomes, particularly the identification of novel
exons, splice junctions, and protein isoforms.

Our study also highlighted the differential expression of ER isoforms across breast
cancer subtypes, which may play a role in therapy response and the development of
resistance to endocrine treatments. However, these results should be viewed
carefully as the full-length ER protein shows the highest expression level and the
exact significance of the alternative isoforms is not yet fully understood. It is
challenging to determine their impact on the biology and treatment of breast cancer
without a comprehensive understanding of the isoforms produced, their expression
levels and their functional role. Continued research is therefore needed to clarify the
significance of these alternative isoforms.

One important conclusion from our study is the variability in antibody detection,
which is a potential challenge in the clinical treatment of breast cancer. IHC is
routinely used in pathology laboratories to determine ER expression and serves as
a basis for treatment decisions (83). However, the use of different antibodies can
lead to substantial differences in the detection of alternative isoforms. For instance,
two commonly used N-terminal antibodies (EP1 and 6F11) are capable of detecting
all six alternative isoforms included in our functional studies, while the C-terminal
antibody SP1 would miss isoforms like cds1 (289). Indeed, such variability could
have significant clinical implications, indicating that some tumors classified as ER-
negative may actually express alternative isoforms that could influence treatment
response. Using a more refined approach to ER detection, potentially including
isoform-specific expression analysis, could improve diagnostic accuracy and help
to tailor treatment strategies to individual patients.

Our results also emphasize the potential of alternative ER isoforms to contribute to
resistance to endocrine therapies. Isoforms lacking parts of the LBD, showed
resistance to fulvestrant. These findings suggest that these isoforms may provide
alternative survival pathways for cancer cells when conventional ER-targeted
treatments are used. Together, these findings emphasize the importance of isoform-
specific research for the development of more effective therapeutic strategies.

By identifying a previously unexpected complexity in the expression of alternative
ER mRNA isoforms, our research provides a comprehensive functional
characterization of six alternative protein isoforms. Among these, two isoforms
exhibit transcription factor activity, one functions as a dominant-negative receptor
when co-expressed with the full-length ER, and three are transcriptionally inactive
but resistant to fulvestrant-induced degradation. These insights may aid in the
interpretation of clinical and experimental data and support future studies aimed at
improving our understanding of the ER in health and disease.
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Paper II: Dynamic methylation and expression of
alternative promoters for oestrogen receptor alpha in cell
line models of fulvestrant resistance

1. Background

Resistance to endocrine therapies in ER-positive breast cancer patients remains a
serious challenge in treatment and often leads to more aggressive tumor behavior
and a poor prognosis (290). The mechanisms of resistance are complex and
multifaceted and include mutations in the ER, kinase activation, phosphorylation of
the ER and epigenetic changes such as DNA methylation. Such alterations can lead
to altered ER signaling and activation of alternative growth pathways that contribute
to the development of resistance. One important epigenetic mechanism is the
methylation of cytosines in CpG dinucleotides, which occurs characteristically in
promoter regions and can repress gene expression and contribute to resistance.

In our study, we focused on the investigation of the role of DNA methylation in the
regulation of ER expression in six different ER-positive breast cancer cell lines that
have developed resistance to fulvestrant. Among these were fulvestrant-sensitive
cells (P), fulvestrant-resistant cells (FR) and fulvestrant-resistant cells cultured
without fulvestrant (FR-F), in which was resistance either maintained or lost (Table
4). Those cell lines, previously studied by Kaminska et al., were associated with
overexpression of cyclin E2 as a biomarker for prolonged resistance and shorter
progression-free survival in patients (278).

Table 4 Characteristics of cell line panel receptor expression and fulvestrant resistance
stability

Cell line Receptor expressed Stability of resistance
CAMA-1 ER+ HER2- long term

ZR-75-1 ER+ HER2- long term

EFM-19 ER+ HER2- moderate

HCC1428 ER+ HER2- moderate

MCF7 ER+ HER2- low

T-47D ER+ HER2- low

These cell lines showed striking differences in resistance stability under various
culture conditions. For example, the HCC1428 cell line exhibited moderate
resistance stability and returned to sensitivity after a few weeks, while the T-47D
cell line became sensitive again within only one week. These results emphasize the
dynamic and potentially reversible nature of resistance mechanisms.

The aim of our study was to investigate the methylation of different ER promoter
regions to uncover the mechanisms underlying variations in resistance stability,
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specifically focusing on how methylation of alternative promoter regions within the
ER gene correlates with changes in ER expression and resistance stability in breast
cancer cell lines. Indeed, our results showed that DNA methylation plays a distinct
role in regulating ER expression, with high methylation levels often leading to
downregulated ER expression and sustained drug resistance. Vice versa, reduced
methylation has been associated with ER re-expression and loss of resistance.

Besides expanding our understanding of the molecular basis of endocrine resistance,
these findings suggest that targeting DNA methylation and alternative promoter
usage may be effective strategies to potentially improve cancer prognosis and
therapy. Through the integration of these findings, our study contributes to a more
comprehensive understanding of epigenetic regulation in endocrine resistance and
lays the basis for future research to develop more effective treatment strategies for
ER-positive breast cancer.

Results

We explored the dynamic methylation and expression of alternative ER promoters
in breast cancer cell lines resistant to the selective ER degrader fulvestrant. We
analyzed six ER-positive breast cancer cell lines as well as their fulvestrant-resistant
(FR) sublines and resistant cells cultured without fulvestrant (FR-F). Interestingly,
we found that the HCC1428 cell line showed increased ER expression under
resistance conditions, while the other five cell lines showed decreased ER
expression, matching the results of Kaminska et al.

We used bisulfite conversion together with Illumina sequencing to analyze DNA
methylation in the ER promoter regions. In this method, DNA is treated with sodium
bisulfite, which converts unmethylated cytosines to uracil, while methylated
cytosines remain unchanged. We designed 12 primer pairs targeting multiple first
exons of ER, covering a total of 108 CpG sites in the ER promoter regions. For each
cell line, 12 amplicons of approximately 400-450 bp each were generated, pooled,
purified and sequenced after PCR amplification to allow accurate identification of
methylated cytosine positions.
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(Images from paper Il and (291)).
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Analysis revealed significant differences in promoter methylation between cell lines
and between different subline groups (P, FR, FR-F). Prolonged resistance and ER
downregulation were linked in particular to high methylation levels in certain
promoter regions (regions 11 and 12) close to the main promoter. Conversely, loss
of resistance was associated with re-expression of ER and reduced methylation
levels, indicating that methylation status is closely related to the stability of
resistance.

In order to validate these results, we performed pyrosequencing on two selected cell
lines, ZR-75-1 and HCC1428, focusing on regions 10-12. The results were
consistent with the Illumina sequencing data and confirmed the observed
methylation patterns. Analysis in comparison with published data on tamoxifen-
resistant cell lines showed similar methylation changes, underlining further the
pattern of consistency of these epigenetic modifications across different endocrine
therapies.

Besides validating these epigenetic changes, we performed functional annotation of
CpG sites and identified that methylation at sites overlapping with binding sites of
transcription factors such as ETS2 and GATA3 correlates with changes in ER
expression. This indicates that methylation could directly interfere with
transcription factor binding, thereby influencing gene expression and contributing
to the resistance phenotype. Moreover, evolutionary analysis revealed that CpG
sites within ER promoter regions are evolutionarily less conserved among other
genes, highlighting their potential role in species-specific regulation of ER
expression.

We analyzed methylation data from 1095 breast cancer patients from TCGA cohort
to assess the clinical relevance of our findings. According to this analysis, CpG sites
within ER promoter regions, particularly those with higher methylation levels, were
associated with lower ER expression, further linking methylation status to clinical
outcomes. We also extended our findings to a subset of the SCAN-B cohort, which
included 1429 post-menopausal women with ER-positive breast cancer who
received endocrine therapy. Survival analysis performed in this cohort showed that
higher expression of certain alternative ER exons, particularly promE and promC
(Figure 21), was associated with poorer overall survival (OS), indicating that these
exons may be markers of aggressive tumor behavior. On the other hand, increased
expression of promA correlated with better patient outcomes, including longer OS
and recurrence-free interval (RFI). These results suggest that specific methylation
patterns and alternative uses of the promoter have a significant impact on patient
prognosis.
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Figure 21 Representation of the 12 regions with CpG sites together with the different first
exons of the ESR1 locus analyzed by real-time RT-PCR, labeled with promA-F (Image from

paper II)

This study provides a comprehensive analysis of how DNA methylation of ER
promoter regions influences ER expression and the stability of resistance in breast
cancer. By linking these epigenetic changes to transcription factor binding and
clinical outcomes, we may provide critical insights into the molecular basis of
endocrine resistance. These findings not only strengthen our understanding of
resistance mechanisms, but also suggest potential biomarkers and therapeutic
targets to improve patient prognosis in ER-positive breast cancer.

Limitations

Our study focused on fulvestrant, which is not the first line treatment for ER-positive
breast cancer. Usually, tamoxifen is the initial treatment, followed by fulvestrant if
resistance or disease progression occurs. Having directly compared the effects of
tamoxifen and fulvestrant in a similar experimental context may have been
insightful. Although we included a number of published studies that provided
insights into methylation patterns in tamoxifen-resistant ER-positive cell lines, they
often lacked the comprehensive extent of our work, which covered a broader panel
of cell lines and conditions.

Our study uses an extensive cell line panel extending beyond the usual two to three
cell lines found in most other studies and incorporates fulvestrant-resistant lines
both with and without continuous drug exposure over time. Nevertheless, the study
could have benefited from an even broader inclusion of ER-positive cell lines and
from sampling at additional time points during the development of resistance,
particularly in the FR-F state. Fulvestrant is administered over longer durations in
the clinical setting, and studying temporal differences could have provided deeper
insights into the dynamics of resistance.

Another important starting point for future research would be to examine whether
demethylation of ER promoter regions can restore ER function in resistant cell lines
or even in TNBC cell lines, where the ER is often epigenetically silenced.
Furthermore, while we have focused on methylation, resistance to endocrine therapy
relies on a variety of other mechanisms, including mutations. Although Kaminska
et al. examined some ESRI mutations, our study did not address these other
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potential resistance factors, which may be important for a more integrated
understanding of resistance mechanisms.

Experimentally, one limitation of our study was the size of the amplicons, which
were kept to a maximum of 450 bp. This cut-off was necessary to ensure complete
coverage of the amplicon during sequencing and to maintain the reliability of the
bisulfite-converted PCR, given the maximum read length of the MiSeq kits used.
However, a known challenge with PCR amplification of bisulfite-converted DNA
is its low efficiency, which can be influenced by both DNA fragmentation and
secondary structure formation. This limitation meant that some CpG sites were
excluded from our analysis despite their potential significance. Although a design
with more, shorter amplicons could have been used, this would have required
running more PCRs with fewer CpG sites covered in each region. Additionally,
primer design would still have been challenging since we aimed to avoid placing
primers in CpG positions, not necessarily making the process easier. Despite this,
the chosen approach was validated as it helped avoid the increased risk of errors and
unreliable results associated with longer amplicons.

In addition, while the inclusion of the SCAN-B methylation data for primary tumors
would have provided valuable insights, the methylation data from the SCAN-B
project, particularly regarding the association between DNA methylation and
clinical outcomes, is still in production and has not yet been released for analysis.
This limitation currently prevents us from fully investigating how methylation
correlates with clinical outcomes in ER-positive breast cancer. Once these data are
available, they may provide a more complete understanding of the role of
methylation in resistance and its impact on patient prognosis.

Overall, while our study makes an important contribution to the understanding of
epigenetic regulation of ER in breast cancer, these limitations and challenges
highlight areas for further exploration and refinement. Future studies that include a
broader range of cell lines, additional time points, and incorporation of clinical
outcome data will be critical to better understanding mechanisms of resistance and
improving therapeutic strategies for ER-positive breast cancer.

Discussion

Breast cancer cell line models are essential resources for studying the mechanisms
of resistance to endocrine therapies and provide valuable insights into how
resistance develops and progresses. Several models, including those involving cells
cultured in increasing concentrations of drugs such as tamoxifen or fulvestrant, and
those exposed to long-term estrogen deprivation, have been developed to mimic
clinical settings. In particular, the MCF7 cell line is a well-established model for
tamoxifen resistance, in which tamoxifen can stimulate paradoxical growth in
resistant cells, highlighting the complexity of endocrine resistance. Altered growth
factor receptor signaling, such as upregulation of ERBB2, is often associated with
these resistant phenotypes, particularly in cells that remain hormone independent.
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Fulvestrant-resistant MCF7 and T-47D cells, for example, typically exhibit
downregulated ER expression, further complicating the therapeutic landscape.

Addressing this, our study focused on fulvestrant-resistant ER-positive breast
cancer cell lines to investigate the epigenetic mechanisms underlying resistance. We
focused in particular on the methylation patterns in the promoter regions of the ER
using NGS on the Illumina MiSeq platform. This approach offers several key
advantages over conventional methylation arrays. By targeting more CpG sites in
the regions of interest, we achieved higher sensitivity and single-base resolution,
which allowed us to detect subtle but potentially significant methylation changes
that might have been missed by other methods. Moreover, by identifying
methylation patterns within DNA fragments, we were able to investigate the
clonality and heterogeneity of cell populations, which gave us insights into the
dynamics of resistance. Importantly, the cost per sample was also significantly
lower compared to methylation arrays, as our focus on specific regions of interest
allowed for more efficient and targeted analysis.

Our findings showed significant differences in the methylation patterns of the
different cell lines, with methylation proving to be a potential biomarker for
monitoring disease progression. In contrast to mutations, which are permanent
changes in the DNA sequence, methylation is an epigenetic modification that can
be reversible, making it an attractive target for therapeutic intervention. The
correlation between specific CpG site methylation and ER expression in our study
suggests that methylation may play a role in regulating gene expression during
resistance development.

The validation of our sequencing results was performed by pyrosequencing,
focusing on key regions of interest. While expanding the number of samples and
regions analyzed would have provided a more comprehensive picture, our approach
was limited by time and cost considerations.

Furthermore, our data analysis suggests that methylation at CpG sites within ER
promoter regions may affect transcription factor binding, particularly at sites that
overlap with ETS2 and GATA3 binding sites, thereby affecting ER expression and
contributing to the resistance phenotype.

Future research should aim to incorporate in vivo samples to validate these findings
in a clinical context. While population cohorts such as SCAN-B and TCGA were
used in our study, direct examination of in vivo tumor samples, particularly
comparisons between primary and recurrent tumors, would provide deeper insights
into the role of methylation in the clinical setting and could potentially lead to more
effective therapeutic strategies if such material were available. In addition, the
inclusion of a broader range of ER-positive cell lines and the investigation of more
time points during resistance development could further elucidate the dynamics of
methylation and resistance.
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Overall, our study makes an insightful contribution to the understanding of
epigenetic regulation of ER in breast cancer, particularly in the context of fulvestrant
resistance. By integrating detailed methylation analyses with protein expression
studies and considering potential therapeutic interventions, our research provides
valuable insights that could ultimately improve treatment outcomes in ER-positive
breast cancer. The methodological advantages of our approach have set the stage for
future studies that could lead to further clarification of resistance mechanisms and
the development of new therapeutic strategies.

Paper Il The ERBB2-encoded miRNA miR-4728-3p
regulates estrogen signaling in SK-BR-3 cells

Background

The miRNA miR-4728, specifically its mature form miR-4728-3p, was discovered
in 2011 within an intron of the ERBB2 gene. In HER2-positive breast cancer, miR-
4728-3p is co-amplified with its host gene, potentially playing a significant role in
cancer biology. In our study, we found that this miRNA regulates crucial cancer-
related pathways. MicroRNAs, such as miR-4728-3p, are known to regulate gene
expression post-transcriptionally, often leading to the suppression of their target
genes. Given its co-amplification in HER2-positive breast cancer, miR-4728-3p is
hypothesized to influence critical pathways involved in cancer progression,
including those related to steroid hormone biosynthesis. The regulation of enzymes
like aromatase (CYP19A41), which is essential for estrogen synthesis, is particularly
significant in this context, as it may impact breast cancer progression and contribute
to potential resistance to therapy.

The study aimed to investigate the broad effects of miR-4728-3p on gene expression
and translation, with a focus on its potential as a therapeutic target in breast cancer.
By understanding the specific pathways and targets affected by miR-4728-3p, the
research seeks to provide insights that could lead to the development of novel
treatment strategies for breast cancer, particularly in cases with ERBB2
amplification.

Results

Our study aimed to understand the role of miR-4728-3p in ERBB2-positive breast
cancer cells, focusing on its effects on gene expression and translation. Therefore,
we used antisense oligonucleotides (ASO), short synthetic nucleic acid strands that
specifically bind to their target miRNA and block its function. By blocking miR-
4728-3p in the HER2-positive, ER-negative breast cancer cell line SK-BR-3 we
were interested in exploring the broader biological functions of this miRNA.
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After blocking miR-4728-3p, we used polysome fractionation to separate mRNAs
based on ribosomal content, which allowed us to distinguish between actively
translated mRNAs (polysomally bound) and less actively translated or untranslated
mRNAs (monosomally bound). Afterwards, we performed RNA-Seq analysis on
these fractions as well as on total RNA to obtain a comprehensive overview of
transcriptional and translational changes.

Our analysis revealed a significant upregulation of genes involved in the
biosynthesis of steroid hormones, especially those related to estrogen synthesis.
Among these, aromatase (CYPI19A41), an important enzyme responsible for the
conversion of testosterone to E2, showed the most distinct upregulation. This
indicates that miR-4728-3p normally represses these genes and thus affects the
biosynthesis of estrogen.

We performed an experiment with conditioned medium to further investigate
whether the increased expression of aromatase leads to functional biological
outcomes. We transferred medium from miR-4728-3p-inhibited SK-BR-3 cells to
ER-positive MCF7 cells. The results indicated that the conditioned medium from
miR-4728-3p-blocked cells stimulated the proliferation of MCF7 cells, suggesting
increased estrogen production. This proliferative effect was removed when we
added the aromatase inhibitor letrozole to the SK-BR-3 cells, supporting that the
observed effect could indeed be caused by estrogen. Moreover, the proliferative
effects were recovered when the conditioned medium was enriched with additional
estrogen after letrozole treatment, which provides further evidence for the role of
miR-4728-3p in the regulation of estrogen synthesis.

Blocking miR-4728-3p resulted in positive enrichment of targets for both miR-
4728-3p and miR-21-5p. The co-enrichment of miR-21-5p targets suggests a
functional interplay between the two miRNAs, whereby miR-4728-3p may increase
the activity of miR-21-5p. These findings suggest a complex regulatory network in
which miR-4728-3p influences not only its direct targets but also broader gene
expression pathways, thereby contributing to the regulation of processes in breast
cancer cells.

Beyond the role of miR-4728-3p in steroid hormone biosynthesis, our differential
gene expression analysis revealed further effects of miR-4728-3p on cellular
processes. We found that miR-4728-3p affects pathways involved in development,
cytoskeletal organization, and mRNA metabolism. The enrichment of miR-4728-3p
targets in these processes suggests that this miRNA may have far-reaching effects
on cell behavior, potentially influencing cancer cell growth and invasion.

Our study highlights the regulatory role of miR-4728-3p in HER2-positive breast
cancer, not only in estrogen synthesis but also in other important cellular processes.
These results form the basis for further research on the potential of miR-4728-3p as
a therapeutic target in breast cancer.
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Limitations

The main limitation of our study is the exclusive use of the SK-BR-3 cell line for
polysome fractionation. Even though this is relevant for HER2-positive, ER-
negative breast cancer, it limits the extent to which our results can be generally
applied. The time-consuming approach of polysome fractionation, where only six
samples can be processed at once, and the high cost of RNA-Seq analysis also
limited the possibility of including additional cell lines. However, extending the
analysis to other breast cancer cell types would give a more comprehensive
understanding of the role of miR-4728-3p.

One additional limitation is the lack of in vivo validation. While our experiments
with conditioned media provide insights into the functional outcomes of miR-4728-
3p inhibition, these results may not fully reflect the role of miR-4728-3p in vivo.
Using in vivo models, such as mouse xenografts, would provide stronger validation
and deeper insights into the clinical relevance of miR-4728-3p-mediated regulation
of estrogen synthesis and cell proliferation.

Finally, we focused on transcriptional and translational changes without
investigating possible post-translational modifications or protein interactions
affected by miR-4728-3p. For example, miR-4728-3p can bind to the mRNA of a
kinase, an enzyme responsible for adding phosphate groups to proteins
(phosphorylation). By binding to this mRNA, miR-4728-3p can either inhibit its
translation or lead to its degradation, reducing the kinase's levels in the cell. This
reduction could decrease the phosphorylation of target proteins, potentially altering
their activity, stability, or interactions with other proteins, which could impact key
cellular pathways involved in breast cancer progression. Future studies should target
these areas to gain a more global understanding of the role of miR-4728-3p in breast
cancer biology.

Discussion

We have demonstrated that miR-4728-3p plays an important role in HER2-positive
breast cancer by regulating estrogen synthesis and promoting cell proliferation. The
involvement of this miRNA in the biosynthesis of steroid hormones emphasizes its
potential impact on estrogen production. Our results suggest that miR-4728-3p
normally represses genes related to estrogen synthesis, such as CYP19A41, indicating
a potential association between this miRNA and the modulation of estrogen levels.

The use of antisense oligonucleotides to block miR-4728-3p in the SK-BR-3 cell
line allowed us to observe the wider biological consequences of its blockage. RNA-
Seq analysis following polysome fractionation revealed significant upregulation of
genes involved in estrogen synthesis, suggesting that miR-4728-3p exerts its
regulatory effects by repressing these targets. The conditioned media experiments
also suggested that increased expression of aromatase led to increased estrogen
production, which in turn stimulated proliferation of ER-positive MCF7 cells. This
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effect was estrogen-dependent, as shown by inhibition of cell proliferation with
letrozole, an aromatase inhibitor, and subsequent restoration with added estrogen.

Furthermore, blocking miR-4728-3p resulted in target enrichment for both miR-
4728-3p and miR-21-5p, suggesting a functional interplay between these miRNAs.
This co-enrichment suggests that miR-4728-3p may enhance the activity of miR-
21-5p, contributing to a broader regulatory network that affects not only its direct
targets but also other gene expression pathways. These findings point to the complex
role of miR-4728-3p in regulating processes critical for breast cancer cell behavior,
including development, cytoskeletal organization and mRNA metabolism.

We provide a basis for future research on the potential of miR-4728-3p to act as a
therapeutic target in breast cancer. However, to completely understand the range of
regulatory roles of miR-4728-3p, it is essential to include additional breast cancer
cell lines, especially HER2-negative ones, and to perform in vivo studies that could
validate these findings and evaluate their clinical relevance.

Overall, miR-4728-3p is an active regulator in HER2-positive breast cancer,
affecting both estrogen synthesis and broader cellular processes. Our findings
highlight the need for further research to explore its therapeutic potential and to
develop targeted strategies that could improve outcomes for patients with breast
cancer.

Future perspective

Our research highlights the fundamental roles of alternative splicing, miRNA-
mediated regulation, and epigenetic modifications such as methylation in breast
cancer progression and resistance to therapy. The study of ER alternative splicing
isoforms has revealed their potential impact on tumor behavior, particularly in terms
of how they influence the response to endocrine therapies such as tamoxifen and
fulvestrant. While we have identified different ER isoforms in our work, the extent
of their influence on breast cancer complexity and treatment resistance requires
further exploration. This complexity is underscored by our ongoing project, which
emphasizes the need to integrate findings from our isoform expression studies, with
a particular focus on their role in fulvestrant-resistant breast cancer cells. In this
study, we analyzed RNA-Seq data from the ER-positive breast cancer cell line
HCC1428, including both the parental and fulvestrant-resistant (FR) lines. The
resistant cell line overexpresses the full-length isoform (ERfl) at both RNA and
protein levels, along with some alternative transcripts, including three truncated
isoforms (Figure 22). These truncated isoforms lack either the entire LBD or
additional exons.
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Figure 22 Splicing patterns of the truncated isoforms of the ER identified in HCC1428 breast
cancer cell line, highlighted are the locations of selected siRNA binding sites that were used
to target these isoforms.

All of the truncated isoforms had been detected in RNA-Seq data for breast tumors
from SCAN-B but were not further studied in Balcazar Lopez et al. where we
focused on functional studies of alternative isoforms with changes in internal exons.
While the protein sequence of the full-length ER has 595 amino acids (aa) these
transcripts would encode proteins of 220, 413, and 483 aa, respectively. All three
isoforms have alternative last exons that begin with a cryptic splice site in intronic
transposable elements which leads to the introduction of an early stop codon and a
truncated protein.

The literature search indicated that the three isoforms have not been reported
directly as such. However, the results of Hattori ef al. show isoforms that are similar
but not identical to ours. For example, while there is no exact match for Truncl,
they report ERai45bL (GenBank LC120325), which utilizes the same intronic splice
acceptor sites as the first novel alternative exon described in our study. The ER0i67
variant (GenBank LC120330) appears to correspond to Trunc2 (197). Similarly, H.
Dotzlaw et al. report an mRNA transcript corresponding to our Trunc3 that contains
the splice site but has a much longer last exon than what we see (292). As mentioned
in the first paper, not all transcripts are consistently in the databases, so it is
challenging to verify with absolute certainty that the same transcripts have been
annotated.

At first, we hypothesized that the two longer isoforms were more likely to be
functional due to their extended coding sequences. To test this hypothesis, we
designed isoform-specific siRNAs to target the alternative exons and cloned the
coding sequences of these isoforms into an expression vector (Figure 22). The
presence of both isoforms was confirmed through real-time RT-PCR. However,
Western blot analysis performed after siRNA-mediated knockdown revealed that
neither isoform was expressed at the protein level in HCC1428 FR cells line (Figure
23). Specifically, the proteins were expected to appear as bands at approximately 46
kDa and 54 kDa, respectively. The absence of these bands suggests that, despite the
transcription of these isoforms, they are not being translated into detectable protein
products in this cell.
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Figure 23 Expression of ER in HCC1428-FR cells, transfected with siRNA-control, siRNA -
ERfl, siRNA-trunc1, and siRNA -trunc2, was determined by immunoblotting. Band intensities
were normalized to total protein content per lane and expressed relative to the untreated or
control.

However, there was a clearly visible band corresponding to an approximately 25
kDa protein that may represent the third, shortest truncated isoform (Figure 23).
This isoform is now referred to as ERtr. To further investigate this isoform, we
designed two isoform-specific siRNAs for ERtr (Figure 22, siERtr]1 and siERtr2).
Typically, siRNA binding sites are strategically positioned in unique regions of
alternative exons or intronic sequences, allowing for isoform-specific silencing and
aiding in understanding the role of these variants. However, developing effective
siRNAs proved challenging due to the high copy number of the LINE1 element
harboring the alternative last exon, which complicated the targeting process. By
using two siRNAs with distinct sequences, we aimed to evaluate their efficacy and
compare their effects on ERtr isoform expression.

We then analyzed the effect of knocking down ERfl and ERtr in HCC1428 FR cells,
on resistance to fulvestrant using the alamarBlue assay to measure cell proliferation.
AlamarBlue is a redox indicator that assesses cell viability by changing color in
response to cellular metabolic activity, with the color change from blue to pink
reflecting dye reduction by cellular reductases.

Interestingly, knockdown of both ERfl and ERtr led to significantly decreased
proliferation in the absence of fulvestrant (p = 0.0002 for siERfl, p = 0.02 for
siERtrl, p = 0.008 for siERtr2) (Figure 24). This finding is particularly interesting
as, considering the fulvestrant resistance of the HCC1428 cell line, we initially
expected that knockdown of these isoforms would primarily affect fulvestrant
resistance.
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Figure 24 AlamarBlue assay measuring the proliferation of HCC1428-FR cells after siRNA
knockdown of ERfl and ERtr isoforms, with absolute emission values recorded at increasing
concentrations of fulvestrant (blank corrected).

However, the results were inconsistent between repeated experiments, sometimes
showing increased toxicity of fulvestrant upon knockdown and sometimes not,
which makes it difficult to draw any definitive conclusions. Since ERfl is the target
of fulvestrant, we would expect to see an added effect (i.e., increased sensitivity)
when fulvestrant is used in combination with siRNA.

Western blotting of cells transfected with the different siRNAs confirmed the
efficient knockdown after 48 hours. In contrast to our expectations, the analysis
showed that knockdown of ERtr not only reduced ERtr expression, but also led to a
concomitant decrease in ERfl expression. Furthermore, knockdown of ERfl led to
an unexpected increase in the expression of the truncated isoform ERtr. We had
assumed that each siRNA would specifically affect only the target isoform without
affecting the expression of other isoforms (Figure 25).

HCC1428-P HCC1428-FR 25
)
520 ERfl
Ctrl iRNA  siERfl siERtr1  CtisiRNA  siERfl  siERtr1 5 <
% ERtr
________ S 515
e et 30w (0]
S o
210 | ]
ke _
05
* I
0,0

ctrl siRNA SiER(l siERtr1

Figure 25 Expression of ER in HCC1428-P and HCC1428-FR cells transfected with siRNA-
control, siERfl, and siERtr1 was determined by immunoblotting (n=2). Band intensities were
normalized to total protein content per lane and expressed relative to the control.
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To validate this result, we also measured the mRNA levels of the full-length and
truncated isoforms in cells transfected with siRNAs at 24 and 48 hours using real-
time RT-PCR. This analysis confirmed that the observed effects were already
present at the RNA level (Figure 26).
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Figure 26 Real-time RT-PCR of ERfl and ERtr in cells transfected with siRNA-control, siERfl,
siERtr1, and siERtr2 for 24 and 48 hours, normalized against MRPL19.

The effects observed from siRNAs on the non-targeted isoform are difficult to
interpret, raising the question of whether these effects are caused by experimental
artifacts or reflect true biological processes. Since RNA interference (RNAI) is a
cytoplasmic process, it is unclear how siRNA directed against ERtr targeting an
intronic region in the canonical transcript could affect the expression of ERfl.

The siRNA against ERfl targets a region downstream of the end of the truncated
isoform. Still, the downregulation of the full-length protein observed after
transfection with siRNA against ERtr could possibly explain the reduced
proliferation observed in the alamarBlue assay.

These unexpected results suggest that there may be more complex interactions
between the isoforms than originally thought. It is possible that the silencing of ERtr
could affect the stability or translation of ERfl through indirect mechanisms, such
as changes in cellular signaling pathways or protein interactions.

Cloning and overexpression of ERtr

Since functional studies of ERtr with siRNAs were problematic, we decided to test
for overexpression by cloning the coding sequence of the isoform into an expression
vector. We used restriction enzymes to cut both the ERtr coding sequence and the
expression vector at compatible sites so that we could efficiently insert the isoform
into the vector. The recombinant plasmid was then confirmed by Sanger sequencing.
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We transfected the ERtr vector into MCF7 cells, which do not naturally express
ERtr, and into HCC1428-FR cells, which express it endogenously. We also included
pEGFP-C1, a control vector that does not express ERfl or ERtr, as well as a plasmid
expressing ERfl. Western blot analysis confirmed successful protein expression
from the plasmid, with greater overexpression observed in MCF7 cells compared to
HCC1428-FR cells (Figure 27).

MCF7 HCC1428-FR
pEGFP-C1 ERfl ERtr pEGFP-C1 ERfl ERt
s OfES.

Figure 27 Expression of pEGFP-C1, ERfl and ERtr in MCF7 and HCC1428-FR cells, n=2,
after 24h, was determined by immunoblotting. Band intensities were normalized to total
protein content per lane and expressed relative to peGFP-C1 per cell line.

Overexpression of ERtr in MCF7 cells resulted in a lower level of ERfl (p = 0.07),
while in HCC1428-FR cells it resulted in a higher level of ERfl (p =0.07). However,
neither result reached statistical significance. In contrast overexpression of ERfl in
MCF7 cells show no visible ERtr protein, as expected due to the absence of
endogenous ERtr (Figure 27, Figure 28).
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Figure 28 Quantification of the expression of pEGFP-C1, ERfl and ERtr in MCF7 (left) and
HCC1428-FR cells (right), n=2, after 24 h, was determined by immunoblotting. Band
intensities were normalized to total protein content per lane and expressed relative to
pEGFP-C1 per cell line, p=plasmid.
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This was followed by the measurement of mRNA levels using real-time RT-PCR,
which showed that overexpression of either isoform had no effect on the other
(Figure 29). For this experiment, we used primers targeting the 3' UTR to measure
the effects on the expression of endogenous ERfl.

The effects observed in the siRNA knockdown experiment were inconclusive, since
they mostly looked like experimental artifacts, but could possibly also represent a
biological phenomenon. Compared to the siRNA knockdown experiment, we did
not observe the same effects in the overexpression experiment.

In the case of HCC1428-FR, we know now that the expression levels are higher
after 48 hours than after 24 hours. The western blot only included a 24-hour time
point, therefore this experiment should be repeated to allow a more accurate
conclusion and comparison (Figure 27).
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Figure 29 Real-time RT-PCR was performed on HCC1428-FR cells transfected with ER(l,
ERtr, pEGFP-C1, and a mock control at 24 and 48 hours, normalized to MRPL19. The left
panel shows the full range of relative expressions, while the right panel provides a zoomed-
in view since the high expression of ERtr at 48 hours.

Next, we repeated the proliferation experiment using alamarBlue with HCC1428
parental cells and FR cells overexpressing ERtr. The two cell lines showed different
behavior due to their different sensitivity to fulvestrant. In particular, the plasmid
itself was toxic to the parental cells, resulting in only a modest additional effect on
cell survival at the highest fulvestrant doses used. Surprisingly, no protective effect
of ERfl or ERtr was observed after a 4-day treatment with different fulvestrant
concentrations (Figure 30).
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However, this experiment was conducted to explore the function of ERtr without
the specific expectation that it would increase resistance to fulvestrant, although it
would have been quite remarkable if it had. The ERfl plasmid was included as a
form of a positive control based on the assumption that its higher expression would
lead to increased resistance due to its role as a target of fulvestrant. The absence of
the expected effects seems to indicate that there may have been technical problems
with the experiment, making it difficult to draw definitive conclusions about the role
of ERtr.
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Figure 30 AlamarBlue assay measuring cell proliferation in HCC1428-FR cells (left) and
HCC1428 parental cells (right), overexpressed with pEGFP-C1, ER(l, ERtr, or a mock control.
Both cell lines were exposed to increasing concentrations of fulvestrant for 4 days.

We wanted to investigate the effects of ER degradation to understand how it is
regulated. We performed an experiment to measure the degradation of endogenous
ERfl after treatment with fulvestrant in HCC1428-FR cells with and without
overexpression of ERtr by using two different time points (6 hours and 24 hours).
After 6 hours, cells were treated with DMSO, 100 nM or 10 uM fulvestrant to
observe the behavior of ERtr at different concentrations. After 24 hours, the cells
were treated with DMSO and 100 nM fulvestrant (Figure 31). This approach
allowed us to evaluate the effects of different fulvestrant concentrations and time
points on ER degradation in the presence or absence of ERtr overexpression.
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Figure 31 Expression of ERfl and ERtr in HCC1428-FR cells after transfection with pEGFP-
C1 and ERtr plasmids and treatment with DMSO, 100 nM fulvestrant, or 10 uM fulvestrant at
6 hours was determined by immunoblotting (left); expression of ERfl and ERtr after
transfection and treatment with DMSO or 100 nM fulvestrant at 24 hours was determined by
immunoblotting (right). Band intensities were normalized to total protein content per lane and
expressed relative to the pEGFP-C1 veh per cell line / blot. F= fulvestrant.

Fulvestrant led to strongly decreased levels of ERfl at both 6 and 24 h and
overexpression of ERtr did not mitigate this effect. Different concentrations of
fulvestrant at the 6 hour time point showed no differences. We have also attempted
to perform this experiment in the parental HCC1428 cells, but the western blot failed
for unknown technical reasons.

Finally, we investigated the effect of ERtr on the regulation of a luciferase reporter
gene with a promoter containing three EREs. The experiment in parental HCC1428
cells was difficult to interpret, as it unexpectedly did not produce any response to

99



estradiol (E2). However, overexpression of ERtr in HCC1428-FR cells resulted in
higher expression of the reporter gene in response to E2 (Figure 32).
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Figure 32 Luciferase assay left in HCC1428-FR and right in HCC1428-P, overexpressing
ERfl and ERtr and combination, treated with vehicle (EtOH), 10 nM E2, 10 nM E2 + 100 nM
40HT, 100 nM 40HT, n=3, relative to pEGFP-C1 veh.

In addition to HCC1428, we also tested the plasmid in two other cell lines, HepG2
and MCF7, as both have previously provided reliable and reproducible results for
this assay. Specifically, we tested the ER-negative hepatoma-derived cell line
HepG2 and the ER-positive breast cancer cell line MCF7 (Figure 33).
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Figure 33 The luciferase assay was conducted in HepG2 cells (left) and MCF7 cells (right),
each overexpressing peGFP-C1, ERfl, ERtr, or a combination of ERfI/ERtr. Treated with
vehicle (EtOH), 10 nM E2, 100 nM 40HT+ 10 nM E2, 100 nM 40OHT, n=3, relative to pEGFP-

C1 veh.
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In both cell lines, co-transfection of ERfl and ERtr led to significantly higher
expression of the reporter gene in response to E2 compared to transfection of either
isoform alone. Similar to the dominant-negative ERAexon3 isoform (201,293),
which also lacks most the DNA-binding domain, we did not expect ERtr to have
any transcriptional activity. More careful examination of the sequence revealed that
there is one intact zinc finger that could potentially interact with DNA and affect
transcriptional activation. Interestingly, some of our luciferase assay experiments
show a very modest increase in reporter gene activity above background levels
(~20%) for the ERtr and ERAexon3 isoforms in the ER-negative HepG2 cell line.

The results presented are preliminary, indicating potential biological effects of ERtr
that require further validation and optimization. Insights into the function of this
truncated isoform will help us to better understand its potential role in the
development of breast cancer. These results need to be confirmed through repeated
experiments under optimized conditions. For example, subcellular fractionation
could be employed to elucidate the localization and function of these isoforms.
Proliferation experiments should be repeated with improved conditions, and
degradation studies should be conducted using multiple concentrations.
Additionally, RNA-Seq could be utilized to compare the activation of target genes
between cells expressing only full-length ER and those expressing ER alongside the
truncated isoform.

Parallel to our studies on splice variants, our investigation of miR-4728-3p has
highlighted its role in modulating estrogen receptor pathways independently of its
well-known protein-coding host gene. This miRNA is implicated in regulating both
ER and aromatase, suggesting its potential as a therapeutic target for altering
estrogen synthesis in HER2-positive breast cancer. Furthermore, the dynamic
methylation patterns of ESR] promoter regions across different breast cancer cell
lines and resistance conditions introduce another layer of complexity. Our research
indicates that methylation patterns are not only cell-specific (considering that tissues
are composed of a mix of cell types) but also vary with resistance status. These
variations influence ER expression and may impact the efficacy of epigenetic
therapies.

Future research should focus on elucidating the detailed mechanisms by which these
isoforms and epigenetic factors contribute to treatment resistance. This includes
functional studies of alternative ER isoforms, investigation into the role of miRNAs
like miR-4728-3p in estrogen receptor signaling, and comprehensive analysis of
methylation changes in breast cancer subtypes. Such studies could lead to the
identification of novel biomarkers for resistance and the development of more
precise therapeutic approaches, including the potential reactivation of ER
expression through targeted epigenetic modifications.
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Conclusion

The main aim of this work was to investigate the complex regulatory mechanisms
that modulate ER signaling in breast cancer, with a particular focus on alternative
splicing, differential promoter usage, promoter methylation and miRNAs. Through
a combination of in vitro functional assays and high-throughput sequencing
analyses, our research has provided critical insights into how these regulatory
elements contribute to the complexity of ER expression and function and their
impact on breast cancer progression and therapy resistance.

Our studies have identified several ER isoforms resulting from alternative splicing
and alternative promoter usage that respond differently to endocrine therapies such
as tamoxifen and fulvestrant. These isoforms may play a role in mediating resistance
to standard treatments, emphasizing the importance of isoform-specific analyses in
clinical diagnostics. In addition, we have demonstrated that promoter methylation,
by modulating ER expression, can influence ER activity and therapeutic response.
This may have important insights for the development of epigenetic therapies aimed
at modulating ER expression through targeted methylation sites.

In addition, our study of miR-4728-3p has shown that it has a regulatory effect on
ER signaling independent of canonical protein-coding sequences, providing
evidence that miRNAs may serve as both biomarkers and therapeutic targets in ER-
positive breast cancer.

Altogether, these findings expand our understanding of the molecular mechanisms
underlying ER signaling in breast cancer and prepare the long way for the
integration of these findings into clinical practice. By considering the specific ER
isoforms, methylation status and miRNA profiles of individual tumors, there is an
opportunity to refine patient stratification and tailor therapeutic approaches to
ultimately improve the clinical outcomes of breast cancer treatment.
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Ethical considerations

The studies presented in this paper involve the use of RNA-Seq, DNA-Seq and other
raw genomic data obtained from patients' tumors, normal tissue and breast cancer
cell lines, which raises important ethical considerations related to patient privacy,
informed consent and data security. The SCAN-B initiative, which focuses on
comprehensive genomic characterization of breast cancer cases in southern Sweden,
and TCGA provided the primary datasets used in this study. Both SCAN-B and
TCGA adhere to strict ethical guidelines for the protection of patient data.

In SCAN-B, the ethical considerations revolve around the use of patient samples
collected from newly diagnosed breast cancer patients at nine hospitals in southern
Sweden. These samples include both tumor and normal tissue. The study strictly
follows the ethical principles of the Declaration of Helsinki and has been approved
by the regional ethics committee in Lund and other relevant authorities. Informed
consent will be obtained from all participants to ensure that they know how their
samples and data will be used. Given the sensitive nature of the genomic data,
measures will be taken to ensure that the data is stored securely and that only
authorized personnel have access to it. The focus of the SCAN-B study on a specific
population provides detailed insights into breast cancer biology in this region, but
also requires careful consideration of the generalizability of the results.

The handling of TCGA data is also subject to a high degree of ethical control.
Although TCGA's processed data is publicly available, access to sensitive raw data
such as RNA-Seq, DNA-Seq and Whole Genome Sequencing (WGS) data,
including tumor and normal tissue data, is tightly controlled through a project-
specific approval process. Researchers must obtain permission to access this data
and may only use it for the approved purposes, with an obligation to delete the data
upon completion of the project. TCGA uses a “whole consent” model in which
patients provide broad consent for the use of their anonymized genetic data in any
cancer research approved by TCGA. While this approach facilitates wide-ranging
research, it raises questions about the specificity and scope of patient consent.

Ethical considerations also apply to the use of human breast cancer cell lines in our
studies that involved DNA sequencing. Although the data from these cell lines are
not as sensitive as patient data, they still raise important ethical issues. Many widely
used cell lines were produced before current standards for informed consent were
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introduced, requiring reflection on the ethical implications of using biological
material for which proper informed consent may not have been obtained.

The research conducted in this thesis follows strict ethical guidelines to ensure the
protection of patient data and respect for patient autonomy. The use of SCAN-B and
TCGA data as well as DNA sequencing of both normal tissue and breast cancer cell
lines emphasizes the need for constant ethical vigilance in the handling and use of
sensitive genetic information.
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