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Chapter 2

Abstract

The breast epithelium, vital for mammary gland function, is influenced by
oestrogen through the oestrogen receptor (ER) signalling pathway. Luminal
breast cancer (BC), characterised by ER expression, comprises the majority
of all BCs, and presents significant clinical challenges due to therapy
resistance and recurrence. Despite advancements in understanding luminal
disease, improving long-term survival and reducing relapse of BC patients
by predicting therapy efficacy and understanding resistance mechanisms
remain critical challenges. This review discusses luminal BC biology, focusing
on molecular classification of the primary disease, metastatic spread, and
experimental models.
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General introduction: The complex landscape of luminal breast cancer

Introduction

The epithelium found within the mammary gland is primarily involved in
milk production during lactation. It comprises two main cell types: luminal
epithelial cells, which line the ducts and are involved in milk production,
and myoepithelial cells, which provide structural support and contract to
facilitate milk release '2. Steroidal hormones, oestrogens, play a key role
in development, particularly in relation to female sexual characteristics,
including the formation and function of the breast epithelium 3¢, These
cholesterol-based molecules can interact and thereby activate the Oestrogen
Receptor (ER; refers to ERaq), affecting the proliferation and differentiation of
luminal epithelial cells 4. By activating this Steroid Hormone Receptor (SHR),
oestrogens contribute to ductal growth and branching during puberty, the
menstrual cycle, and pregnancy 72,

Throughout the lifetime, alterations accumulated within cells of the mammary
epithelium may alter the signalling pathways leading to the formation of breast
cancer (BC) in 1 out of 8 women, despite preventative mechanisms °. Hormone
receptor-positive (HR+) BC, characterised by expression of ER, holds particular
significance due to its high prevalence (approx. 70% of all breast cancers) and
the complexities it presents in clinical management °. Importantly, within the
first 5 years of diagnosis, a hormone receptor-negative (HR-) subtype poses
more risk of death, however, after that period the balance shifts with the
majority of patients succumbing to HR+ disease . While research efforts have
deepened the understanding of HR+ disease, numerous clinical challenges
persist. Particularly, long-term survival in BC patients is still hampered with
many patients experiencing relapse of the disease, as we still lack definitive
understanding of what cancer features predict therapy efficacy, recurrence,
and which mechanisms control on-treatment progression. For instance, while
many patients with HR+ BC initially respond well to endocrine therapies that
disable the ER axis, a significant number of patients exhibit either intrinsic or
acquired resistance . Importantly, endocrine therapy resistance is a major
cause of recurrence and often coincides with metastatic spread, significantly
impacting patient outcomes.

Numerous of these challenges stem from the intrinsic heterogeneity that
HR+ BCs present. In this review, we discuss the research advances in
our understanding of HR+ BC biology. More specifically, we focus on the
molecular diversity, the biology and patterns of metastatic spread observed in
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HR+ BC, as well as contemporary experimental models used by the scientific
community.

Diversity and Biology of Primary HR+ BC Biology

Molecular Classification of Luminal BC

Inherent diversity of HR+ BC is obvious even on a histopathological
level. While most breast cancers originate from the ducts and invade the
surrounding tissue (invasive ductal carcinoma (IDC); approximately 70% of all
HR+ cases), a smaller portion arises from the lobules and has a diffuse growth
pattern (invasive lobular carcinoma (ILC) 10-15% of all HR+ cases) . In addition
to these two prevalent forms, BC can also be mucinous (1-4%), cribriform
(0.1-0.6%), or present as medullary, micropapillary, papillary or apocrine
carcinoma "', Each of these histological subtypes has been linked to either
favourable (e.g. IDC, mucinous, cribriform, medullary) or poor (e.g. ILC,
micropapillary) long-term survival, however a high degree of variability exists
within each of these groups ™. This variability can, in a significant part, be
explained by the molecular classification that arose from a pioneering effort
to stratify breast cancers on the basis of transcriptional programs (Figure 1).

Toward the end of the last millennium, the Botstein group profiled gene
expression of 42 different BC specimens using the then-emerging microarray
technology . By means of hierarchical clustering they identified four groups
of samples with different molecular features of mammary epithelial biology:
ER+/luminal-like, normal-like breast, basal-like and HER2+ subtypes. A further
refinement based on analysis of 78 cancers, led to the discovery of two
distinct subclasses of HR+ BCs (luminal A and B), characterised by differential
long term outcomes, with luminal B tumours being more aggressive .
Particular genes involved in this stratification of BC became known as the
PAM50 signature, a derivative of which has been approved by the FDA under
the trademark name ProsignaTM, and may be utilised to assess a patient’s
risk of distant recurrence of disease, as well as benefit from adjuvant therapy
819 A recent single-arm trial has shown that PAM50-derived ProsignaTM
altered adjuvant treatment decisions across the risk groups of early BC
patients, preventing unnecessary chemotherapy and reducing treatment
decision discrepancies between hospitals. While the study demonstrates
changes in treatment recommendations, it does not report any observed
changes in survival outcomes at this stage, focusing primarily on improving
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decision-making and patient quality of life 2°. Subsequent efforts led by the
Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)
offered a detailed analysis of approximately 2000 BCs, providing further
insight into the PAM50 subtypes 2'. On the basis of copy number profiling and
gene expression analysis, ten integrative clusters were defined (Figure 1). Of
particular interest is the Integrative cluster 2, found in very aggressive luminal
A and B cancers linked to poor survival 2. These cancers may be driven by
genes found within the long arm of chromosome 11 (q13/14), including CCND1
and RSFI1. Further insights into HR+ BC came from The Cancer Genome Atlas
(TCGA) initiative ?2. This revealed that luminal cancers generally express ESR1,
GATA3, and FOXAT at high levels, and that the majority of these cancers have
mutations in the PI3K pathway, including the PIK3CA, MAP3K1, and MP2K4
genes (Figure 1). Additionally, CCND1 amplifications were found in 58%
luminal B and 29% luminal A cancers 22. The TCGA, importantly, reported
that luminal B cancers exhibit a higher degree of MYC and FOXM1 activity,
as well as more TP53 mutations in comparison to the luminal A counterparts
22 In terms of biology, luminal A tumours are generally characterised by high
expression of ER-target genes and low expression of proliferation-associated
genes, explaining the better prognosis observed in initial studies 23. Luminal
B tumours, on the other hand, exhibit higher proliferation rates, leading to a
more aggressive clinical course and may benefit from additional therapeutic
interventions beyond endocrine therapy ?*. The aforementioned differences in
ER-target and proliferation-associated gene expression, serve as markers to
classify tumours into luminal A and B subtypes using immunohistochemistry
(IHC). Particularly, ER+/HER- tumours that show Progesterone Receptor
(PR) expression (>20% of all cells) with less than 20% of cells having Ki67
expressed (varying cutoffs used by different centres) are considered luminal
A 2525 |n contrast, luminal B cancers are characterised by low expression
of PR, high expression of Ki67, and may potentially express HER2. Clinical
categorization using IHC is, however, still difficult as a standardised scoring
system does not exist 25?7, Despite this, Ki67 status is often used to inform
clinicians about prognosis, and even therapy response, of HR+ breast cancer
patients. In addition to IHC and the above-mentioned ProsignaTM, various
other expression-based signatures have been proposed and are used
for prognostication of luminal BCs. Particularly important is MammaPrint,
one of only a few FDA-cleared microarray assays available to date 8. The
MammaPrint prognostic signature consists of 70 genes, and may inform
clinicians of the likelihood of postoperative recurrence/metastasis within 5
to 10 years. Initially, MammaPrint was designed only for patients with luminal
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disease, however, nowadays it is used for any early detected HER2- cancer,
regardless of ER status. While not FDA-approved, EndoPredict emerged as
a very useful tool to aid clinical decision making due to its ability to estimate
the risk of BC recurrence up to 15 years, as well as provide insight into
whether individuals with early-stage HR+/HER- disease would benefit from
chemotherapy 2°3°, Lastly, another commonly used gene expression assay is
the Oncotype Dx® useful in providing a likelihood of recurrence within the first
10 years of diagnosis in individuals who will be treated with endocrine therapy
for at least 5 years 332, While Oncotype Dx® is generally accurate, studies
have suggested that its accuracy may be lower in minority populations,
implying that this issue may not be limited only to this gene expression
assay ¥34 While the classification of luminal BC works for the majority of
cases, there are exceptions that further complicate the therapeutic decision
making landscape. About 2-5% of all BCs present with low HR positivity
(1-9%). These cancers have been suggested to resemble HR tumours on a
molecular level, and generally have poorer survival outcomes compared
to those with high receptor positivity 3%3¢. Furthermore, HR+/HER2+ cases
(#10% of all breast cancers) present a significant clinical challenge, as they
are often associated with oestrogen independence, decreased sensitivity to
chemotherapy, resistance to CDK4/6 inhibition, and, thus, poor outcomes.
Therefore, for these cancers targeted therapies, such as EGFR/HER2 tyrosine
kinase inhibitors, are considered and offered as a treatment strategy *’. The
molecular classification of luminal BC provides valuable insights into the
disease’s heterogeneity and has through the years had a positive impact
on clinical decision making. Continued research, refinement, and clinical
implementation of these classifications are essential for improving prognostic
predictions and clinical outcomes for luminal BC patients.

Steroid Hormone Receptors Shape Luminal Breast
Cancer Biology

General Aspects of Steroid Hormone Receptors

The biology, treatment response, and metastatic potential of luminal BC is
tightly regulated by members of the SHR sub-family of nuclear receptors
(Figure 2). Specifically, ER, PR, Androgen Receptor (AR), and Glucocorticoid
Receptor (GR), play a pivotal role in the pathophysiology and management
of luminal BC. These receptors act as ligand-activated transcription factors
that regulate gene expression and are thus critical for cell proliferation,
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Chapter 2

differentiation, and survival, making them central to the development and
progression of luminal BC %,

In brief, SHRs have a modular structure, harbouring three distinct domains
3940 The amino-terminal domain, i.e. transactivation domain, is involved
in co-regulator recruitment and has sites that can be post-translationally
modified thereby affecting the receptor’s function 4°#. The central part of the
SHR protein is represented by the DNA-binding domain with its zinc-finger
functions responsible for direct interaction of SHRs with their DNA binding
elements 394, This domain is connected to the ligand-binding domain via a
flexible hinge region that also may serve a function in fine-tuning receptor
activity. The ligand binding domain contains a pocket that may structurally
accommodate the respective ligand. Upon ligand binding, allosteric
shifts in the protein occur, ultimately leading to activation of the receptor,
engagement of DNA binding elements, recruitment of co-regulators and
transcriptional modulation of their target genes “°. In terms of their genomic
action, the members of the SHR group predominantly bind enhancers,
regulatory elements located far away from the promoters of target genes
(Figure 2) 04244 Across the genome, SHRs bind thousands of enhancers that
are brought in proximity to gene promoters by the 3D genome machinery to
ultimately regulate the expression of hundreds of targets. Due to their role, as
well as structure, the members of the SHR family are attractive drug targets,
especially in the context of BC. Mapping of ligand binding pocket structures
facilitated the design of various agonists and antagonists that have been in
clinical use for decades, with new drugs still being developed and clinically
tested. This makes SHRs, along with other nuclear receptors, a compelling
proof-of-concept that transcription factor modulation, either activation or
inhibition, can be successfully achieved in clinical settings, challenging
the prevailing belief that targeting transcription factors therapeutically is
unfeasible.

Oestrogen and Progesterone Receptors

A crucial driver of luminal BC, ER, serves both as a therapeutic target and
a response predictor to anti-oestrogen therapy “°. Luminal BCs are typically
treated with endocrine therapies that include direct antagonists, degraders,
or selective oestrogen modulators, as well as aromatase inhibitors that
block oestrogen signalling (an overview of current therapies has recently
been published by “¢). In the adult mammary gland, ER action is essential for
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Figure 2: Steroid Hormone Receptors in BC

lllustration of steroid hormone receptor (SHR) signalling pathway. SHRs (including ER, GR, and AR)
translocate to the nucleus upon ligand binding, where they bind to specific genomic elements
within enhancers to ultimately regulate gene expression of hundreds of genes (top). In breast
cancer ER binding is altered due to changes in co-interactors such as FOXAT and GATAS3, this
drives a target gene program that supports cell cycle progression and proliferation. Conversely,
GR and AR can engage in a cross-talk with ER to move it across the genome supporting a genetic
program related to tumour suppression and thereby exit from the cell cycle.

differentiation, organisation and function of the epithelium, characterised
by a distinct pattern of ER genomic engagement (Figure 2). In the process
of tumourigenesis, it is suggested that GRHL2 can drive ER reprogramming
and move it around the genome to drive a transcriptional program related to
cancer-driving features #.
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In general, the interactions of ER with chromatin, and thereby its function,
is facilitated by pioneer factors such as GATA3 and FOXA1 #8-5°, Alterations
in binding of ER have been related to changes in both GATA3 and FOXA1
genomic interaction, suggesting that these pioneer factors are responsible
for determining ER transcriptional programs #8-%°. This is not only true for
GATA3 and FOXA1, as various other proteins have been shown to modulate
ER binding events, including PR, GR, and AR, as further discussed below. Of
particular interest is PR, as it is also an ER target gene, which was previously
described to alter binding locations of ER, and its expression in BC to be
related to better outcomes 5. However, this is opposed by several other
studies showing that PR action augments tumour proliferation and metastatic
spread 5253, Furthermore, alterations of ER co-regulators (e.g. SRC-3 and
MED1) may also modulate ER-driven transcription, thereby influencing
tumour growth and therapy response. In addition to this, evidence suggests
that genomic engagement, co-regulator recruitment, and transcriptional
activity of ER can also be modulated by inputs from various signalling
pathways such as PI3K/AKT and MAPK. Understanding the cross-talk of ER
with other factors may open new avenues for therapeutic intervention and
has been discussed elsewhere in detail >*. Several studies have shown that
patterns of ER engagement may relate to outcomes of luminal BC patients,
especially in relation to endocrine therapy response %, These observations
are supported by in vitro studies, as experiments in cell line models have
suggested that resistance to ER-targeted therapies may also be mediated
via changes in the ER genomic binding profiles and thereby target gene
regulation 5758, Particularly interesting in terms of therapy resistance and
disease progression, is the emergence of constitutively active ER mutants as
well as fusions with other proteins, which seem to drive proliferation of BC,
despite ER-inhibitor treatment and potentially drive alternative transcriptional
programs that support metastatic cancer 5°-®'. The above-discussed changes
and versatility of ER action have been proposed to underpin insensitivity to
current therapeutic approaches, urging us to better understand ER signalling
and develop new ways to target the ER axis. One of the approaches that has
emerged relies on combining multiple drugs that target several pathways
simultaneously, suggesting this would effectively overcome endocrine
resistance 6293,
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Glucocorticoid Receptor (GR)

Mammary gland development and physiology is related to the action of the GR,
with its expression ubiquitously reported across all cell types %45, Expression
of GR is diminished during cancerogenesis, implying it negatively impacts
tumour development %7, These implications have indeed been supported
by various in vitro studies that show the negative effect of GR activation on
cell cycle progression of luminal BC cell lines and xenograft models 7,
Numerous mechanisms have been proposed to underpin glucocorticoid-
induced growth arrest across cancer models (the GR axis in cancer has been
reviewed in detail by 7'), however in context of luminal BC the cross-talk of
GR and ER is of particular interest and has been highlighted in numerous
studies 7°7273, Of importance is a recent study that has identified GR to be
crucial in determining luminal status of the disease 7°. Specifically, luminal A
cancers have high GR activity, while luminal B cancers have low activity or
even inactive GR signalling. The aforementioned cross-talk of GR and ER may
underpin the growth suppressive features of responses to glucocorticoids.
Specifically, upon treatment with glucocorticoids, both GR and ER were
detected to occupy an enhancer element within an intron of the ZBTB16 gene.
This subsequent upregulation of ZBTB16 may be a key to the diminished
growth rates of BC once GR is activated. In terms of molecular classification,
the observation that GR activity is, on average, higher in luminal A than B
cancers may provide insight into further sub-stratification. Particularly, a
predictive 8-gene classifier linked to GR activity has been derived from
PAM50 7°. This classifier allows identification of luminal A cancers that will
have an unfavourable outcome and ultimately succumb to the disease. These
lethal luminal A cancers are marked by loss of GR target-gene expression
as well as loss of CDH3, KRT17, KRT5, KRT14, EGFR, FOXC1, MIA, and SFRP1
expression. From the therapeutic standpoint, the majority of cancer patients
are prescribed synthetic glucocorticoids to combat side effects related to
chemotherapy. However, in vitro studies using BC cell lines suggest that
adjuvant glucocorticoids may reduce chemotherapy effectiveness 7*. While
clinical proof in BC is still missing, an open-label phase Il study in ovarian
cancer has indeed shown that inhibiting GR with Relacorilant augments
chemotherapy response and improves survival outcomes in comparison to
the monotherapy arm, warranting investigation in other cancer types 7576,
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Androgen Receptor (AR)

Androgens have been reported to inhibit mammary cell proliferation, and
affect ductal structures as well as the stromal compartments of the breast
7778 Expression of AR, which mediates the effects of androgens, has been
observed in the majority of HR+ BC 7® . Tumours with expression of AR
have, in general, been shown to be less aggressive and have been linked
to favourable survival outcomes, while tumours that are AR- often present
as larger and are of higher grade and thereby more often lead to death 72,
Similar to GR, it has been hypothesised that AR engages ER to modulate its
action, therefore diminishing the proliferation-related signalling driven by
ER. This is accompanied by upregulation of direct AR-target genes, including
multiple genes related to tumour suppression . Interestingly, AR action in BC
has been shown to depend on GATA3, enabling it to control luminal epithelial
cell differentiation 82, In relation to AR activity, a transcriptional gene signature
has been shown to be predictive of disease survival across multiple cohorts
implying that it could be of use in patient stratification across luminal cancers,
in a similar fashion as the ones related to GR activity ®'.

The activation of AR to treat BC has emerged as a potential therapeutic
concept, however natural or synthetic steroidal androgens often induce side
effects ®3. Thereby a focus has shifted on selective AR modulators (SARMs)
as they usually exhibit fewer side-effects, and have also shown promise
in preclinical settings 828 A clinical trial performed on 136 advanced
HR+/HER2- BC patients has demonstrated that Enobosarm may have
clinical benefit, strongly supporting future clinical studies in this setting 2.
Paradoxically, inhibition of AR has also been shown to have a therapeutic
effect on HR+ BC progression %88 This is particularly seen in the case of
enzalutamide, a second generation anti-androgen. A recent study suggested
that this intriguing finding is due to the direct inhibition of ER by enzalutamide,
which is able to partially compete with oestrogens for binding to the ER pocket
88 This was observed in BCs that express low levels of AR, but not the ones
with high levels of AR. Conversely, activation of AR by SARMs led to inhibition
of growth in models that expressed high levels of AR. These findings were
supported by data from a cohort of 97 patients treated with endocrine therapy
after metastatic recurrence, where it was observed that relative expression
of AR and ER was predictive of outcome, and further suggesting supporting
continuation of clinical investigation of AR agonism in BC 28,
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Other Nuclear Receptors

Beyond the classical steroid hormone receptors, several other nuclear
receptors significantly influence HR+ disease through both ER-dependent
and ER-independent mechanisms. Particularly, there evidence is emerging
that peroxisome proliferator-activated receptor gamma (PPARY), retinoic
acid receptors (RARs), vitamin D receptor (VDR), liver X receptors (LXRs),
farnesoid X receptor (FXR), and oestrogen-related receptors (ERRs) affect
HR+ BC cells, changing their growth and/or affecting therapy response.
Particularly interesting are nuclear receptors that control cellular metabolism
and differentiation. Each regulating a different facet of lipid-associated
metabolism, LXRs, FXR and PPARYy, have all been shown to engage in a
crosstalk with the ER, but also affect BC cells via ER-independent pathways
8992 While activation of these receptors has been related to growth inhibition,
there is some evidence that they also may influence effectiveness of
hormonal treatments %394 The latter, however, should be the focus of future
studies. Furthermore, nuclear receptors involved in cell proliferation and
differentiation may also significantly influence BC biology. The interaction
between ER and RARs, which mediate the effects of retinoic acid, modulates
cell proliferation and can enhance the efficacy of anti-oestrogen therapies,
while also exerting independent effects on gene expression related to
growth and differentiation °5. Similarly, activation of the VDR by vitamin D
reduces ESR1 gene expression, affecting ER signalling and enhancing tumour
growth inhibition through both ER-dependent and independent mechanisms
97, Research efforts around ERRs (a group of nuclear receptors that share
structural similarities with ER but are unable to bind oestrogen) suggest that
these may influence BC progression °°°. By engaging in crosstalk and thereby
modulating ER signalling, ERRs may affect ER-related target gene expression
%0 In particular, ERRa, has been implicated in disease progression and may
contribute to resistance to endocrine therapies !, while also independently
regulating energy metabolism and mitochondrial function 2,

Collectively, nuclear receptors beyond the SHR family may impact cell
proliferation, apoptosis, and differentiation through multiple pathways,
highlighting their potential as additional therapeutic targets to improve BC
treatment.
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Luminal Breast Cancer Metastasis

Emergence of Luminal Breast Cancer Metastasis

Although the majority of luminal cancers are initially sensitive to therapy,
resistance often develops due to genetic and epigenetic alterations leading
to disease progression and ultimately metastatic spread. Metastatic relapse
in BC can occur regardless of the primary tumour’s clinical and molecular
characteristics. As highlighted above, patients with ER+ BC initially have
a better prognosis, but they remain at significant risk for late recurrence
and may present with metastatic disease decades later %4, Studies have
identified four late-recurring integrative subtypes in luminal tumours, which
are associated with high risks of recurrence up to 20 years post-diagnosis '°.
The extended latency period in luminal tumours is thought to be due to their
ability to survive in a quiescent, therapy-resistant state until they re-enter
proliferation and form detectable metastatic lesions (Figure 3).

Metastasis is a dynamic process in which cancer cells acquire specialised
traits that enable them to evade the immune system, resist cell death, and
establish growths in distant organs. This process involves several steps:
migration from the primary tumour, engagement with the stromal environment,
penetration of blood vessels, and adaptation to new microenvironments
(Figure 3) '°5, The initial step of the metastatic cascade involves cancer cells
breaching the extracellular matrix (ECM) and migrating. Specifically, BC can
disseminate via the lymphatic system, with lymph node metastasis being
a crucial parameter in BC staging '°°. In addition, BC cells can escape the
primary tumour site and enter the bloodstream as Circulating Tumour Cells
(CTCs), either singly or in clusters 7. CTC clusters exhibit genome methylation
patterns indicative of a stem-like state, characteristic of metastasis-initiating
cells 8. A small proportion of CTCs in BC patients are bound to neutrophils,
which enhances their proliferative and metastatic potential '°°"°. Patients with
CTC-neutrophil clusters exhibit faster disease progression compared to those
without such clusters °°"°, Importantly, CTCs can home to secondary organs
as Disseminated Tumour Cells (DTCs) and eventually form macrometastases
(Figure 3).

ER+ dormancy

Circulating cells that extravasate at the target site face harsh conditions
that challenge their survival and notably most cancer cells that manage to
extravasate do not lead to metastases ™", Instead, these cells often remain
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Figure 3: BC Metastasis

Schematic representation of the metastatic cascade and tumour microenvironment in cancer
progression. The figure details the journey of cancer cells from the primary tumour to distant sites,
including the formation of pre-metastatic niches and micrometastases. Key cellular components,
such as cancer cells, immune cells (neutrophils, macrophages, T cells), extracellular matrix,
tumour-secreted factors, red blood cells, platelets (inactive and active), circulating tumour cells
(CTCs), and disseminated tumour cells (DTCs), are illustrated, showing their roles and interactions
within the tumour microenvironment.

isolated or form small clusters called micrometastases, entering a state
of dormancy ™"2, Dormancy in cancer cells can be maintained through
several mechanisms: (1: cellular dormancy) the absence of growth factor
signalling and the presence of metastatic suppressor genes, (2: angiogenic
dormancy) the lack of an activated angiogenic switch, and (3: immunologic
dormancy) the influence of immunological factors "3. During this dormant
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phase, cancer cells adapt to their environment by downregulating certain
proteins, enabling them to survive in a quiescent state with reduced reliance
on typical growth and survival pathways. In patients with HR+ BC, dormant
cells pose a significant challenge as they can evade treatment and persist for
extended periods. Various studies have elucidated mechanisms and factors
contributing to dormancy in HR+ disease. For instance, an in vitro evolutionary
study demonstrated that endocrine therapies induce non-genetic cell state
transitions into dormancy in a stochastic subset of cells via epigenetic
reprogramming "*. Functional genomics has revealed that cis-regulatory
elements play context-dependent roles in dormancy and endocrine
therapy resistance, with their perturbation showing specific impacts on
these processes . Profiling the epigenome of luminal BC specimens has
identified key regulatory elements, such as the transcription factor YY1, which
regulates ER activity and contributes to endocrine treatment resistance,
underscoring the role of epigenetic mechanisms in phenotypic heterogeneity
"6, Additionally, signalling through the leukaemia inhibitory factor receptor
(LIFR) has been associated with inducing dormancy in luminal BC cells ",
Metabolic adaptations are also crucial for dormant ER+ BC cells, which evade
anti-oestrogen therapies by upregulating fatty acid oxidation (FAO) and
activating the AMPK pathway. Hypoxia further allows these cells to resist
ER-targeting therapies through ERK activation, and inhibition of FAO and ERK
improves the efficacy of anti-oestrogen drugs ""8, The microvascular niche
protects dormant cells from chemotherapy via integrin-initiated signalling,
although inhibition of integrins 31 and avB3 can sensitise these cells to
treatment "9'2°, Additionally, angiopoietin 2 (ANGPT2) is linked to hormone
therapy resistance in dormant cells, with bone marrow endothelial niches
inducing dormancy that can be reversed by ANGPT2 signalling '?'. Tamoxifen
and fulvestrant induce dormancy by reducing oxidative phosphorylation
(OXPHOS), potentially by affecting complex | of the respiratory chain 2, Some
cells, although, may exit dormancy through mitochondrial DNA transfer via
extracellular vesicles, restoring OXPHOS and proliferation 23, The kinase
p38a—-MSK1 axis has been identified as a regulator of metastatic dormancy,
with low MSK1 expression correlating with early metastasis. Particularly,
downregulation of MSK1 enhances bone homing and growth capacities by
controlling genes required for luminal cell differentiation '?*. The p38 mitogen-
activated protein kinase (MAPK) pathway plays a crucial role in maintaining
tumour cell dormancy in breast cancer. Activation of p38 signalling induces
a quiescent state in DTCs, allowing them to survive in distant organs like the
bone marrow for extended periods. This dormancy contributes to endocrine
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resistance, as dormant cells are less susceptible to therapies targeting
proliferating cells. It has been demonstrated that sustained p38 activation
leads to growth arrest in carcinoma cells, highlighting its role in dormancy
regulation 2525 Furthermore, targeting the p38 pathway has been shown to
awaken dormant cells, potentially sensitising them to chemotherapy ™. In
addition, amplification of MAF in luminal BC promotes a chromatin landscape
favouring metastasis, with KDM1A playing a key role in this epigenomic
reprogramming. Loss of KDM1A activity prevents metastasis, indicating
the interplay of genetic, epigenetic, and hormonal signals in metastasis '?’.
These studies collectively highlight the complex and multifaceted nature of
dormancy in luminal BC, emphasising the importance of targeting dormant
cells to prevent disease recurrence and improve patient outcomes.

Genetic Profile of Metastatic ER+ BC Cells

The genetic landscape of metastatic HR+ BC cells reveals a range of molecular
alterations associated with their metastatic capability and resistance to
therapy. Receptor expression changes during disease progression, with ER+
to ER- conversion occurring in approximately 10-20% of cases, and gene
expression subtype discordance occurring even more frequently 26134 Loss
of ER expression at relapse is linked to driver mutations in TP53 and ARIDI1A,
with ARID1TA mutations being more common in relapse and associated with
HR loss 2. ARIDIA and other SWI/SNF complex components appear crucial
for responding to ER antagonists, with ARIDTA deletion resulting in endocrine
resistance and increased sensitivity to bromodomain inhibition ™. Through
the analysis of genomic and clinical data across 50 tumour types, significant
correlations between chromosomal instability and metastatic burden have
been identified, notably in ER+ BC. Specifically, in ER+/HER2- BC, TP53
mutations show a strong correlation with metastatic burden, highlighting its
critical role in guarding against chromosomal instability '*¢. Additionally, other
studies highlight the significance of chromosomal instability and specific
genetic alterations, such as CBFB mutations, in determining metastatic
patterns and burden ¢. Other genomic analyses of metastatic lesions reveal
modestly increased frequencies of known pathogenic variants like PTEN, RB1,
and altered mutational signatures 67, ESR1, PIK3CA, and GATA3 mutations
are more frequent in HR+ metastatic BC, with PIK3CA mutations particularly
prevalentin luminal BC that have lost ER expression 38, Other studies identified
nine driver genes more frequently mutated in ER+/HER2- metastatic BC,
with ESR1 mutations enriched in liver metastases ™° and generally enriched
in metastatic sites regardless of ductal or lobular status 6. ESRT mutations,
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particularly in the ligand-binding domain, appear to be significant drivers of
therapeutic resistance, appearing in 20-40% of previously treated metastatic
tumours. These mutations are predominantly acquired under oestrogen
deprivation, enabling oestrogen-independent expression of ER target genes
140144 " Structural variants of ESRT, including fusions with YAP1 or PCDH11X,
also contribute to resistance but can be countered by CDK4/6 inhibitors
15146 - Additionally, functional studies have shown that CYP19A7 amplification,
causing increased aromatase activity, arises in aromatase inhibitor-resistant
metastatic patients, promoting local autocrine oestrogen signalling .

Alterations in the growth factor pathways including MAPK, ERBB2 and NF1, are
also enriched in endocrine-resistant tumours. These alterations often predict
limited benefit from endocrine therapies and suggest alternative therapeutic
targets, such as ERBB2-activating mutations and NF1 loss "&%° Additionally,
the FGFR4 pathway has been implicated in subtype switching from luminal
A to HER2-enriched metastases. Inhibition of FGFR4 signalling reversed this
switch, suggesting its role in metastasis and therapeutic resistance '%°.

Interaction of Luminal BC Cells with the Metastatic Environment

Luminal BC cells exhibit distinctinteractions with their metastatic environments,
which influence dormancy and outgrowth dynamics across different organs.
Notably, the bone is the most frequent site of metastatic spread for luminal
BC, and this preference may be due to several factors. Firstly, breast cancer
cells may thrive in environments sharing similar molecular properties to their
tissue of origin; for instance, the prominence of RANK/RANKL signalling,
vitamin D, and RUNX2 expression in bone tissue creates a conducive
environment for these cells ™. Secondly, the bone microenvironment could
influence the accumulation of ESRT mutations, potentially fostering endocrine
resistance; however, current evidence is insufficient to confirm a specific
role of these mutations in bone metastasis. Moreover, while DTCs often lose
ER expression '®?, most overt bone metastases remain ER+ and respond
to endocrine therapies, although resistance frequently develops 3. This
paradox suggests that the bone microenvironment may confer endocrine
resistance, particularly through interactions with osteogenic cells, implying
that additional mechanisms are involved '®*. Furthermore, the bone marrow
microenvironment has been suggested to significantly contribute to the
dormancy of breast cancer cells. Mesenchymal stem cells (NG2+/Nestin+)
in the bone marrow produce TGFB2 and BMP7, which activate quiescence
pathways in DTCs, supporting their dormancy ™°. The interaction between
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cancer cells and their microenvironment during invasion and metastasis
involves complex signalling pathways, including calcium flux, which has been
implicated in the progression of luminal BC to bone metastasis '*¢. Bone
marrow biopsies can identify DTCs in early-stage BC patients, aiding in the
detection of microscopic disease %8 The osteogenic niche transiently
reduces ER expression in bone micrometastases, leading to endocrine
resistance mediated by EZH2, which drives these cells towards a basal and
stem-like state "' Although no FDA-approved therapies specifically target
dormant cells, clinical trials are exploring autophagy inhibitors, CDK4/6
inhibitors, and checkpoint inhibitors to eradicate dormant cells in the bone
marrow (www.clinicatrials.gov; NCT04841148, NCT04523857, NCT03032406).

On the other hand, the delayed development of brain metastasis in HR+
BC suggests that luminal tumour cells may uniquely adapt to the brain
environment, unlike ER- cells, which metastasise faster and have shorter
survival times after brain metastasis. Recent findings indicate that luminal
tumour cells undergo extensive transcriptional remodelling, which may
provide them with intrinsic characteristics that enhance their ability to
metastasize to the brain ™. Charting the m6A-methylome has revealed
global methylation changes in ER+ metastasis, with FTO inhibition reducing
tumour growth, offering new therapeutic strategies ™. Metastatic brain
cancers of luminal origin often exhibit a mutational signature associated with
homologous recombination deficiency . In these metastases, frequent TP53
mutations and NFT deletions are observed, which are linked to endocrine
resistance and tumour progression ', Recently, RET (a known ER target gene)
has been implicated in controlling the colonisation and expansion of BC
brain metastases '92'%3, Additionally, targeting ADAM22 and ER co-regulators
AIB1 and SRC1, which regulate pro-metastatic pathways, showed promise
in managing HR+ brain metastasis '%4'%¢. The immune compartment also
significantly regulates the balance between DTC dormancy and metastatic
outgrowth. Sustained lung inflammation, caused by factors such as tobacco
smoke or lipopolysaccharide exposure, can convert dormant cancer cells
into aggressively growing metastases by inducing neutrophil extracellular
traps (NETs) '®’. NETs remodel the extracellular matrix through proteases like
neutrophil elastase and matrix metalloproteinase 9, which activate integrin
a3p1 signalling and induce proliferation of dormant cancer cells %7,

The aged stroma, including immune cells, fibroblasts, and extracellular matrix
components, plays a crucial role in promoting tumourigenesis. Older patients
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are more likely to experience late-onset relapse, with 80% of recurrences at
>10 years post-diagnosis occurring in patients older than 60 '8¢ Studies
using mouse models of luminal BC have shown that DTCs display a dormant
phenotype in young mice but exhibit accelerated metastatic outgrowth in
aged or fibrotic microenvironments. The aged microenvironment promotes
DTC proliferation through PDGF-C signalling, which can be blocked by
PDGFRa inhibitors or PDGF-C-blocking antibodies '°. Collectively, these
studies highlight the intricate interactions between HR+ BC cells and their
metastatic environments, emphasising the need for targeted therapies that
address the specific mechanisms driving dormancy and metastatic outgrowth.

Disease Modelling for Luminal Breast Cancer

Cell line models

Since the establishment of BT-20 cells in 1958, and after overcoming technical
difficulties in extracting viable tumour cells and their long-term propagation,
a growing number of BC cell lines have been generated (Figure 4) 773, Cell
line models are appealing as they provide an unlimited, homogeneous, and
cost-effective material source, making them excellent models for studying
various aspects of BC tumour biology (Figure 4) 745 To date 115 human BC
cell lines are described in the Cellosaurus database, 92 are available in the
DepMap portal (Broad Institute), 74 are classified in Cell Model Passports
(Wellcome Sanger Institute) and 69 lines are genomically analysed in the
COSMIC project (Wellcome Sanger Institute). These efforts alongside large-
scale genomic characterisation projects of cancer cell lines lead to the
establishment of large annotated cell line collections (Supporting Table
1) enabling preclinical breakthroughs such as the identification of lineage,
genetic, and gene-expression-based markers of drug sensitivity retro- and
prospectively 76177,

Luminal BC cells, like luminal BC patients, are characterised by ER and/or PR
expression, as well as gene or protein markers indicative of luminal features
(e.g., luminal keratins KRT8/18/19, and transcription factors such as GATA3
and FOXA1). Despite over 75% of BC patients presenting with HR+ disease,
only 21% (19/92) of characterised BC cell lines are classified as luminal, with
no distinction made between luminal A or luminal B subsets. Additionally, 14%
(13/92) are annotated as HER2+ based on HER2 amplifications. This strong
bias towards the establishment of ER- cell lines was observed early on. Ethier
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hypothesised that extracellular matrix proteins and an autocrine feedback
loop, supported by secreted growth factors, facilitate cell adherence and
growth of ER- cells in vitro 8. Moreover, luminal cell lines are generally more
differentiated with reduced migratory propensity, which is suggested to be
due to tight cell-cell junctions consistently observed at the tumour level as
well 179,

Cell lines, despite their extensive usability and utility, present significant
limitations beyond their misrepresentation of clinical subtype incidence. Many
BC cell lines, especially those of luminal identity, are derived from metastatic
sites rather than primary tumours. In fact, 41% (38/92) of all characterised
cell lines and only 16% (3/19) of established luminal cell lines originate from a
primary breast tumour. In contrast, 57% (52/92) of all lines and 84% (16/19) of
luminal lines, including the widely used MCF-7 line, stem from metastatic sites
and pleural effusions. This introduces a potential bias toward more aggressive
cells with high invasion potential, compared to primary tumours. Moreover,
cells are known to accumulate mutations during initial establishment and
subsequent cultivation, further introducing a bias toward more aggressive
disease culturing in vitro. Alterations in cell lines are approximately twice as
frequent compared to tumours ®%'®', This may, for example, explain the variable
sensitivities to tamoxifen observed in MCF-7 cell lines and is reflected in the
different categorizations of cell lines in literature '®2. Luminal cells in particular
seem prone to developing distinct populations under different culture
conditions, as evidenced by differences reported in ER, PR, or HER2 status
171180183185 - Additionally, cell line assays lack the tumour microenvironmental
factors shown to influence cell signalling and alter cell molecular features.
For instance, fibroblasts have been shown to stimulate the expression of
luminal keratins in basal cells and basal keratins in luminal cells . Similarly,
culture conditions with high or low EGFR activity can render previously ER+
cells ER- and vice versa %'’ Most studies, including the aforementioned
comprehensive cell encyclopaedic initiatives, do not further distinguish
between luminal cell subtypes. Stratification into luminal A and B cell lines
would improve tumour modelling and specifically enhance the outcomes of
drug response studies that depend on ER/HER2 status or cell proliferation.
This distinction is particularly vital as luminal B cells, characterised by a
higher proliferation index, are more aggressive and invasive than luminal A
types. Comprehensive characterisation and library creation, as described by
Barretina et al. and Garnett et al.,, along with the efforts of projects like the
Broad Institute’s DepMap cell line collection and the Sanger Institute’s Cell
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Model Passports and COSMIC database, are crucial 77, These initiatives aim
to achieve better molecular subtyping and classification of existing cell lines,
thereby enabling more informed use in future exploratory and preclinical
studies.

Primary and Patient-derived xenograft organoids (PDXOs)

Although previously mentioned in vitro models have contributed
tremendously to BC research, they also harbour various drawbacks.
Overcoming limitations of cell lines as prevalent modelling platforms, three-
dimensional organoid technology gained popularity over the past decade,
offering an elegant solution to model organ development as well as various
pathologies in a dish whilst maintaining some of the complexity of spatial
growth metrics (Figure 4) ¥, Mammary gland organoids were lacking behind
gastrointestinal, reproductive tract, and lung tissues until Linnemann et al.
described the first freshly isolated human mammary epithelial cell cultures,
maintained in floating collagen gels and resembling TDLUs astonishingly
closely '®. Within the following three years, tissues from over 150 women with
BC resulted in the generation of a large living biobank encompassing more
than 100 BC organoid lines and the establishment of their culture conditions
90 Remarkably, the established organoids resemble histologic and genetic
features of the primary tumours they were sampled from and successfully
mirrored the diagnostic BC spectrum observed in clinical practice. The lasting
hurdle of maintaining these mammary organoids in culture long-term could
be overcome by further improvement of their culture conditions, enabling
culture expansion and with this the opportunity for large-scale manipulation,
screening and xenografting studies, rendering organoid technologies an
important new tool in BC research "', In addition to primary human organoids,
recent work by Guillen et al. reports 40 established Patient-Derived Xenograft
Organoid (PDXO) lines with various clinical parameters, including 13 ER+ lines
amongst which 11 also stained positive for PR 2, Interestingly, the authors
were able to test 16 different culturing conditions and established that PDXO
growth was mainly supported by a Rho kinase inhibitor (Y-27532) with the
addition of N-acetylcysteine (NAC) for ER+ organoid culturing, allowing for
simplified medium composition from the one previously described by Sachs
et al. and used for primary organoid culturing. Established ER+ lines only
insignificantly downregulated ER and its target genes over several culture
passages. Upon re-engraftment, outgrown tumours responded to fulvestrant
treatment indicating that even long-term ER+ PDXO cultures could maintain
functional ER signalling whilst retaining endocrine therapy sensitivity.
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Cell line-derived xenograft (CDX) models

Interpreting cell line-derived data within the context of a complex
microenvironment, which encompasses intricate signalling cascades and
the interplay of various cell types and lineages, adds a crucial dimension to
cancer research. To achieve this, BC cell lines are often transplanted into
immunodeficient mice, resulting in Cell line-Derived Xenograft (CDX) models
that remain valuable assets in preclinical BC research (Figure 4) 75179193,
These human cell line xenografts provide opportunities to study tumour-host
interactions in fields such as endocrinology, immunology, and tumour-stroma
cross-talk and are predominantly used in preclinical drug efficacy studies.
Humanised mouse models, which involve immunodeficient mice co-engrafted
with human tumour cell lines and innate immune populations, have emerged
as a promising tool to further enhance tumour-host interaction studies 4.
Despite the availability of numerous published BC cell lines, most studies rely
on a limited set of models that fail to capture the heterogeneity of human
BC. Specifically, only six models (MCF-7, MDA-MB-231, T-47D, SK-BR-3,
MCF10A, and MDA-MB-468) account for over 90% of studies employing
BC cell lines, with MCF-7 alone representing more than half of all studies
95 Moreover, they require supplementation with oestradiol, resulting in
non-physiologically high serum oestradiol levels 598 Furthermore, most
CDX modelling studies rely on systemic delivery approaches, subcutaneous
injection, or the transplantation of cells into the mammary fat pad of immune-
compromised mice. These approaches tend to introduce a bias towards the
outgrowth of predominantly ER- cell clones and result in tumours that grow
much faster than their human counterparts 992, |njecting tumour cells into
adipose tissue does not accurately mimic human BC, which originates from
the Terminal Ductal Lobular Units (TDLUs) of mammary ductal epithelial
cells 29", Additionally, these approaches tend to model late-stage aggressive
invasive disease, selecting for metastatic cells rather than representing initial
and primary breast carcinoma 292,

To overcome these limitations, the Mouse Intraductal (MIND) model was
developed, which involves injecting tumour cells directly through the nipple
into the mammary gland ductal system 2°. Initially used to study Ductal
Carcinoma in situ (DCIS), this model has proven effective in orthotopically
mimicking early disease onset. The MIND model has since demonstrated
its ability to recapitulate various stages of BC and successfully maintain cell
line characteristics after xenografting in vivo. Comparative analysis between
non-orthotopic and MIND-transplanted breast cancer tumour cell outgrowths
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highlights the importance of the tissue microenvironment, particularly for
the engraftment and growth of luminal BC cells 2°92°4 |ntraductal xenografts
allow tumour cells to grow in the presence of physiological hormone levels,
closely resembling human conditions, and resulting in better preservation of
luminal cell characteristics, including HR status 2°°.

Patient-derived xenograft (PDX) models

Patient-Derived tumour Xenograft (PDX) models are especially appealing due
to the preserved tumour heterogeneity and patient tumour features in an in
vivo modelling system (Figure 4) 2°5. Although PDX models are propagated
through successive in vivo passaging in mice, molecular changes that occur
in long-term in vitro culture are mostly avoided and tumour intrinsic features
remain present over numerous in vivo passages '°92°2, As these models exhibit
similar responses to treatment as observed in the clinic, significant efforts have
been made to create a well-characterised collection of breast cancer PDX
models covering various clinical subtypes and molecular features 92:206.207,

However, mouse transplantation models have several limitations. They often
exhibit low engraftment rates, particularly for luminal BC subtypes, and tend
to favour more aggressive, HR- disease subtypes. Additionally, these models
frequently require supplemental oestradiol, as endogenous mouse oestrogen
levels are typically inadequate to support xenograft growth 2°8, Currently, most
transplantation models represent HR- BC, with only a limited number available
for HR+ BC. Even fewer models exist for the luminal A subtype, which is the
most prevalent in clinical settings 2°°. In fact, luminal tumour engraftment
rates are typically reported to be below 5%, compared to over 25% for HR-
counterparts 2'°. This disparity is particularly pronounced for lower-grade,
less aggressive, treatment-naive luminal A tumours 9202, Similarly, ductal
and lobular carcinomas in situ, despite their increasing incidence, are
underrepresented in current PDX models 2". These ER+ non-obligatory
precursors to human luminal tumours still lack reliable prognostic biomarkers
to determine when treatment is necessary to prevent progression to invasive
luminal breast cancers. Non-orthotopic transplantation techniques, where
cells are injected subcutaneously or xenografted into the mammary fat pad,
as used in CDX and most PDX models, exhibit higher expression of basal
markers as well as EMT and TGFB/SLUG signalling 209294 This research
suggested that the fat pad microenvironment therefore induces xenografted
luminal tumour cells to undergo basal differentiation, inhibiting the growth
of luminal cells and potentially explaining the engraftment bias toward HR-
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tumours or the loss of ER expression 20020321 However, this TGFB-induced
basal cell differentiation appears to be circumvented in MIND models, where
it is suppressed by the intraductal environment, which has shown significantly
improved engraftment rates for HR+ patient tumour samples (average of 74%)
whilst maintaining hormone receptor expression 2°°2", Leveraging the MIND
technology to develop models for in situ stages of luminal breast disease, a
biobank of DCIS-PDX mouse models was recently established. This biobank
characterised 115 patient-derived mouse-intraductal DCIS models, including
two novel distributable luminal A and four luminal B DCIS models 22,

Genetically and somatically engineered mouse models (GEMMS &
SEMMs)

Studies in the aforementioned models have yielded significant insights into
the pathogenesis and therapy response of luminal BC 232" Despite these
advances, the inherent limitations of these models in fully capturing immune-
microenvironmental interactions necessitate alternative approaches. Cancer,
being fundamentally a genetic disorder, can be more effectively studied
using Genetically Engineered Mouse Models (GEMMs) (Figure 4). Mice are
advantageous for this purpose due to their ease of breeding, relatively
short generation times, homogeneous genetic background, and amenability
to genetic manipulation. The exploration of cancer biology is enhanced by
using GEMMs, which allow for detailed investigations of immune responses to
tumourigenesis and enable targeted manipulation of genes involved in specific
cancer types. To date, 24 different GEMMs for modelling of ER+ BC have been
published, ranging in their strain background, lesion penetrance, tumour
latency, and ER positivity. These models were previously neatly reviewed
215217 and can be classified into 6 different categories: (1) Models with direct
overexpression of ER in mammary epithelium cells, (2) Genetic perturbation
of oestrogen signalling pathway members, (3) Genetic perturbations in
non-canonical oestrogen related pathways, (4) Pharmacologically-induced
tumours in models harbouring genetic alterations impacting oestrogen
signalling, (5) Chemically-induced mammary tumour models in animals with
genetic perturbations altering oestrogen signalling, and (6) Spontaneously
developing ER+ mammary tumours resulting from sibling matings in nude
mice.

Models from the first and second categories predominantly employ the

mouse mammary tumour virus (MMTV) promoter to overexpress ER or viral
oncoproteins such as the polyomavirus middle T (PyMT) antigen in mouse
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mammary epithelium 282" However, these models frequently develop
tumours that either lack ER expression or lose ER expression at later stages
218220 Furthermore, GEMMs developed through genetic alterations in
oestrogen signalling molecules or oncogenes, relay on the rat neu-related
lipocalin (Nrl) or Whey Acidic Protein (WAP) promoters, primarily produce
mammary tumours that are HR- or lose ER expression under endocrine
therapy 221223,

To date, only four GEMMs have been reported to develop lasting HR+
mammary tumours: the Statf-knockout, BLG-Cre;Kras®?V, NRL-PRL, and
Wap-Cre;Pik3cat047r 224227 \Nhile the Statl-knockout, BLG-Cre;Kras®?V, and
NRL-PRL models produce HR+ mammary tumours that respond to hormonal
changes such as ovariectomy and anti-oestrogen treatment, they are
constrained by their driver mutations 225226, Specifically, ER+ breast tumours
in patients typically exhibit low or undetectable STAT1 expression levels and
rarely possess activating KRAS mutations 22°. Moreover, mutations in the
KRAS pathway can confer resistance to endocrine therapy in ER+ tumours,
making these models less suitable for studying the effects of such treatments
228, The Wap-Cre;Pik3ca™4®R model addresses this limitation, as PIK3CA
mutations are commonly observed in human ER+ BC 22, However, this model
necessitates continuous oestradiol supplementation before and after tumour
onset, which does not accurately represent the low physiological oestradiol
levels found in post-menopausal patients 224,

The advent of whole genome sequencing technologies has significantly
expanded our understanding of genetic tumour drivers, leading to the
discovery of numerous new (breast) tumour drivers and suppressors. This
progress contrasts sharply with the laborious process of generating GEMMs,
which involves multiple steps of precise gene editing in Embryonic Stem
Cells (ESCs), implantation into surrogate animals, germline transmission,
genotyping, breeding, and colony expansion to produce an experimental
cohort. Establishing concurrent genetic perturbations further extends
this timeline by requiring repeated crossbreeding of strains with the
desired genetic permutations. Ideally, a GEMM would develop tumours in
specific tissues as a result of acquired somatic mutations, mirroring human
carcinogenesis, with mutations arising post-development, puberty, and
early adulthood. This requirement is only partially addressed by conditional
models utilising Cre-recombinase or Tet-inducible allelic systems. Recently,
Somatically Engineered Mouse Models (SEMMs) have emerged as a viable
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alternative to traditional GEMMs. SEMMs enable genetic perturbations to
be introduced into specific somatic cells of targeted organs in vivo 22°. This
is typically achieved using viral vectors such as adeno-associated viruses
(AAVs), adenoviruses (Ads), or lentiviral vectors (LVs) that express the gene
of interest. By employing CRISPR/Cas9 technology, these vectors can
be equipped with specific single guide RNAs (sgRNAs) to knockout any
preferred gene in Cas9-tolerant mouse strains. The primary advantage of
SEMMs over GEMMs is their significantly shorter generation time, as SEMMs
require minimal breeding and genotyping, thus avoiding the disposal of
mice with unfavourable genotypes. Furthermore, SEMMs enable tissue- and
time-specific induction of tumourigenesis, closely mimicking human disease
by targeting single somatic cells instead of the entire germline lineage. Lastly,
SEMMs offer versatility in introducing genomic aberrations, facilitating higher
throughput modelling approaches.

Rat models

The concept of SEMMs is not formally limited to mouse models but can be
extrapolated to other species (Figure 4) . Rats, in particular, have proven
challenging to genetically engineer due to the difficulty of maintaining
their embryonic stem cells (rESCs) in vitro, which has made pronuclear
microinjections into rat oocytes inefficient. Subsequent embryo survival
of successfully injected oocytes also presented itself with much lower
incidence than previously observed in mice 23°. Improved ESC derivation and
expansion protocols as well as the emergence of the CRISPR/Cas9 system
allowed easier in vitro genetic manipulation of spermatogonial cells and
subsequent establishment of germline mutations 23232, Due to its versatility,
somatic engineering can readily be applied to rats as already demonstrated
by Wang et al. and the subsequent rat ‘infusion’ models 233235, Compared to
mice, rats are more similar to humans in terms of hormone receptor signalling
and mammary gland architecture. Importantly, rats are known to develop
breast carcinomas of ductal origin with lasting ER (and PR) expression,
presenting, like the majority of human tumours, as luminal cancers responsive
to oestrogen. These differences are hypothesised to result from species-
specific pioneer factor usage. Mice exhibit species-specific differences in the
distribution of FOXA1 motifs in ER binding sites, though the fundamental role
of FOXA1 in hormone receptor signalling and mammary duct morphogenesis
appear to be conserved between humans and mice 236, Intriguingly, in mouse
mammary glands, the transcription factor GATA3, an essential driver and
prognostic biomarker in human luminal BC, is expressed at low levels 237238 |n
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contrast, rats express these factors and show greater similarity to human HR
signalling, explaining their luminal tumour formation and treatment response
237239 Rats, in addition, have higher biological oestrogen levels than mice,
where oestradiol is barely detectable 24°24, | ijke humans, branched mammary
ductal trees with delicate TDLU-like structures are seen in rats. These are
believed to be the site of origin of human mammary carcinomas and appear
to be absent in mice 20"242,

In the context of luminal BC research advances, the similarities between
rat and human mammary gland biology, along with the ability to model
pathologically similar luminal tumours, make rats a promising alternative for
in vivo modelling, addressing several limitations of mouse models. All efforts
undertaken to model luminal BC in rats were recently comprehensively
described elsewhere 243,

Conclusions and Discussion

Since the establishment of the first BC cell line in 1958, advances in
experimental models, organoids, CDX/PDX biobanks, GEMMs, patient data
acquisition, large-scale sequencing studies, and numerous clinical trials
have profoundly expanded our understanding of BC. These innovations have
allowed for characterisation of BC subtypes and illuminated the mechanisms
underlying luminal BC biology, laying the foundation for personalised
treatment approaches. Yet, despite these strides, critical challenges remain in
improving patient outcomes.

The inherent heterogeneity of luminal BC poses significant challenges for
clinical management, particularly in addressing therapy resistance and
relapse. While molecular classifications have improved, our understanding of
the biological drivers that differentiate luminal A from luminal B subtypes is
still evolving. Emerging factors, such as the GR, have been implicated as key
differentiators, but the exact mechanisms underlying these distinct behaviours
remain elusive. Current transcriptomic classifications provide valuable
prognostic information, but they fail to capture the functional complexity
seen in patient disease trajectories. Large-scale genomic efforts have
identified integrative clusters that hint at genomic alterations and intricate
signalling interactions as critical factors in defining the aggressiveness and
therapeutic response of luminal subtypes. However, the biological correlates
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of these clusters remains poorly understood. To refine treatment regimens
and accurately predict patient outcomes, we need a deeper understanding of
these clusters and their impact on luminal A and B phenotypes.

The metastatic potential of luminal BC adds another layer of complexity to
long-term disease management. Despite an initially favourable prognosis,
luminal cancers are prone to late recurrences, often years or even decades
after the initial diagnosis. This persistence is largely due to the ability of ER+
BC cells to enter a dormant state, evading therapy and leading to eventual
relapse. Metabolic adaptations, epigenetic reprogramming, and cues from
the tumour microenvironment may help sustain this dormancy. Understanding
how the metastatic niche supports dormancy and facilitates reactivation is
critical to advancing therapeutic strategies aimed at preventing relapse and
managing metastasis effectively.

The tumour microenvironment plays a pivotal role in shaping nuclear receptor
activity and luminal BC behaviour, including contributions from immune cells,
fibroblasts, and metabolic factors. Ligands within distinct metastatic niches can
either activate or suppress nuclear receptors, profoundly influencing tumour
progression, dormancy, and therapy resistance. Understanding and targeting
nuclear receptor cross-talk in various tumour microenvironments, including
metastatic sites like bone, brain, and lung, could reveal novel therapeutic
strategies. By disrupting nuclear receptor interactions or employing selective
modulators, there is potential to overcome both dormancy and endocrine
resistance, ultimately improving patient outcomes.

Moreover, endocrine resistance remains a formidable challenge in managing
HR+ BC. The adaptability of ER signalling, influenced by co-regulators and
other SHRs, contributes to both intrinsic and acquired resistance. Mechanisms
such as reprogrammed ER binding, constitutively active ER mutants, and
altered cross-talk with pathways like PI3K/AKT and MAPK drive resistance.
Addressing these challenges requires identifying actionable targets within
these pathways and developing effective combination therapies. Furthermore,
broadening our understanding of the roles of nuclear receptors - including AR,
GR, PPARYy, and LXRs - will be critical in addressing resistance and metastasis.
Of interest, lifestyle factors like diet and exercise can modulate nuclear
receptor activity potentially influencing their action and how they shape BC
biology. Future research into the nutritional modulation of nuclear receptors,
combined with targeted therapies, could broaden therapeutic strategies to
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overcome endocrine resistance and enhance treatment outcomes for patients
with luminal BC.

Experimental models are indispensable for advancing our understanding
of these complex processes. While traditional cell line models have been
foundational, they are limited in capturing the dynamic interplay between
tumour progression and the microenvironment. Advanced models, including
organoids, CDX/PDX models, GEMMs, and rat models with orthotopic tumour
induction methods like MIND, show promise in more accurately replicating
the biology of BC and preserving tumour characteristics. However, challenges
persist in creating models that genuinely reflect the heterogeneity of primary
luminal cancers, particularly in terms of molecular features, endocrine therapy
response, and metastasis. Future efforts must focus on integrating diverse
model systems and leveraging their unique strengths to bridge the gap
between preclinical findings and clinical applications. Advances in genetic
engineering, 3D cultures, and refined in vivo models will require collaborative
efforts to standardise protocols, enhance reproducibility, and ensure that
new insights effectively translate into clinical improvements. Integrating
omics data - including genomics, epigenetics, transcriptomics, proteomics,
and metabolomics - with advanced computational models holds the potential
to unveil new therapeutic targets and address the heterogeneity of luminal
BC. Furthermore, applying artificial intelligence and machine learning to
these datasets can provide insights into patient-specific responses, helping
to develop personalised treatment strategies. This integrated approach is
essential for refining therapeutic interventions, mitigating recurrence, and
ultimately improving survival outcomes for patients with HR+ BC.
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