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Functional interplay between ER and MAF transcription factors

SUMMARY

Metastatic breast cancer (BCa) is the leading cause of death in BCa patients. Current therapies
for BCa aim at cell proliferation and, therefore, latent disseminated cells are able to escape
treatment. For this reason, there is an urgent need to understand the molecular mechanisms

by which BCa cells invade distant tissues to develop new therapeutic opportunities.

It was recently discovered that the v-maf avian musculoaponeurotic fibrosarcoma oncogene
homolog (MAF) transcription factor drives specifically bone colonization in estrogen receptor
(ER)-positive BCa patients. MAF was shown to transcriptionally regulate genes that support
metastatic functions, thereby emerging as an attractive target for the prevention of BCa
metastasis to the bone. However, the nuclear localization of MAF, its lack of enzymatic activity
and its intrinsically disordered structure made this transcription factor a challenging therapeutic
target and brought to the forefront the potential of MAF-transcriptionally controlled proteins
as well as MAF-interacting partners to become pharmacological targets for the prevention of

bone metastasis.

Membrane proteins are involved in direct interactions between cancer cells and the host tissue
and can be easily targeted. For this reason, in the present thesis, we applied a One-Bead-One-
Compound (OBOC) combinatorial peptide library screening to identify MAF-transcriptionally
controlled proteins located at the plasma membrane as well as new synthetic peptide binders
to target these proteins. We optimized a novel methodology to isolate high-affinity ligands
from OBOC libraries, designed and synthesized different libraries and identified peptide
ligands that specifically recognize metastatic BCa cells. However, further experiments are still

required to unravel the identity of the membrane proteins recognized by peptide binder hits.

Additionally, we performed a proximity-dependent biotin identification (BiolD) screen to
identify MAF-interacting partners that may cooperate with this transcription factor to promote
bone colonization. BiolD proximity labeling captured the MAF interactome in BCa cells,
mainly comprised of chromatin-remodeling proteins that may influence histone modification
to generate transcriptionally active or repressive chromatin structures for gene expression

regulation. Moreover, ER, the main driver of ER+ BCa, emerged as a MAF interactor.

MAF-positive tumors treated with bisphosphonates, a major therapeutic option for the

treatment of bone metastasis, were associated with increased adverse outcomes in pre-
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menopausal patients, thereby supporting a role for estrogen (E2), the main ER ligand, in the
modification of MAF-positive tumors behavior. Given this observation, we considered the
MAF-ER interaction of major interest and explored the molecular mechanisms underlying the

cross-talk of both transcription factors.

Gene expression analyses revealed a MAF-E2 signature, which suggested that MAF modulates
the E2 response either by triggering a switch of target genes or by potentiating the expression
of specific E2-responsive genes. Interrogation of the chromatin landscape in BCa cells led to
the observation that MAF expression was associated with increased chromatin accessibility.
Moreover, assessment of ER binding to chromatin showed an increase in ER recruitment to
DNA regulatory regions depending on MAF presence. Thus, our results demonstrate that
MATF recruits chromatin-remodeling proteins to generate accessible chromatin regions, which
result in an increase of ER recruitment to chromatin potentially to induce the expression of

genes that confer metastatic properties.

11
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1. BREAST CANCER

Breast cancer (BCa) is the most frequent type of cancer in women worldwide. Men can also
suffer from BCa, although they make up less than 1% of all breast cancer diagnoses and it is
considered a rare disease in this population'. The latest data from the Global Cancer
Observatory (GCO) estimated 2,088,849 new BCa cases in 2018, accounting for 25% of all
new cancer cases in women, and 626,679 BCa deaths, accounting for 15% of all cancer deaths

and making BCa the leading cause of cancer death in females®.

BCa wusually gives no symptoms when the tumor is small, and screening is therefore
indispensable for early detection’. BCa screening methods include mammography, digital
breast tomosynthesis (DBT), magnetic resonance imaging (MRI) and breast ultrasound, and
the choice of method depends on the characteristics of the patient. When the tumor grows,
the main physical sign is a painless lump in the breast. However, BCa can sometimes spread
to axillary lymph nodes and cause swelling even before the primary breast tumor can be
detected. When cancer is suspected, the clinical praxis consists of either a needle or a surgical

biopsy, depending on the size and location of the mass, for microscopic analysis.

BCa mortality has declined since 1990 due to improvements in both screening methods and
treatment. Nowadays, the 5-year relative survival rate for women diagnosed with BCa is 90%.
Nevertheless, when metastases are present at the time of diagnosis, this percentage is

dramatically reduced to 27%’.

Metastatic BCa remains an incurable disease. In this regard, current therapeutic goals for this
condition seek to prolong life and palliate symptoms. Therefore, to improve therapeutic
approaches to target cell dissemination and prevent metastatic BCa, there is an urgent need to

understand the mechanisms by which BCa cells invade distant tissues.

1.1 The mammary gland: physiology and pathology

Mammary glands, a synapomorphy that defines mammals, are specialized structures that serve
to produce milk to nourish offspring. It is fundamental to understand the structure and
function of the mammary gland to comprehend normal development as well as the malignant

transformation that occurs during BCa tumorigenesis.
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1.1.1 Structure of the mammary gland

The mammary gland is a branching structure composed of ducts and alveoli (Figure 1A).
Mammary gland development and differentiation is completed during puberty and adulthood,
and the structure of the gland changes during the female reproductive cycle in response to
ovarian and pituitary hormones. During these stages, cells proliferate, differentiate or undergo

apoptosis, resulting in 2 marked remodeling of the tissue architecture®.
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Figure 1. Anatomy and structure of the female breast. (A) Schematic representation depicting the
anatomy of the human breast. The mammary gland is formed by 17-30 individual lobes, each of them
connected to the nipple through a branching duct system embedded in the mammary fat pad. (B)
Structute of a terminal end bud (TEB) during duct extension (top) and midpregnancy (bottom). TEBs
are formed by a layer of cap cells surrounding multiple layers of body cells. Cap cells give rise to
myoepithelial cells and body cells either generate luminal epithelial cells or undergo apoptosis for lumen
generation. Differentiated myoepithelial cells and luminal epithelial cells line the ducts and, during
pregnancy, a basket-like layer of myoepithelial cells surrounds milk-producing alveolar cells, forming

alveoli for milk storage. Adapted from Ali and Coombes (2002), Sternlicht (2005) and Sopel (2010).
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Two compartments compose the mammary gland: the epithelium, formed by ducts and alveol;
and the stroma, called the mammary fat pad. A variety of cell types with diverse functions and
characteristics form these compartments. The vast network of ducts and alveoli is composed
of epithelial cells and is embedded in the stroma, formed mainly by adipocytes, fibroblasts,
hematopoietic cells, blood vessels and neurons. Milk is stored in alveoli, which cluster into

lobules, which in turn group to form a single lobe*”.

Epithelial cells are organized in a bi-layered structure of ducts and alveoli with a central lumen
that drains the milk to the nipple. This branching system is formed by an outer layer of basal
myoepithelial cells, which contract to facilitate the delivery of milk, surrounding an inner layer
of luminal cells divided into ductal luminal cells, which line in the ducts, and alveolar luminal

cells, which produce and secrete milk during lactation™.

During puberty, ducts start to grow and invade the mammary fat pad. The tips of the growing
ducts become specialized structures named terminal end buds (TEBs), which guide duct
extension through the adipose tissue (Figure 1B). TEBs are composed of multiple inner layers
of body cells, which will give rise to the luminal cell compartment, and an outer layer of cap
cells, which will eventually become myoepithelial cells. TEBs will originate new branches and
alveolar buds that will gather around a terminal duct to form a lobule’. Mammary stem cells
(MaSCs) are located at TEBs and have the capacity to give rise to mammary epithelial
progenitor cells, which are crucial for alveolar renewal in each pregnancy. Experiments have
proven that MaSCs are capable of regenerating an entire mammary gland®’. In humans, the
functional part of the mammary gland is called terminal ductal lobular unit (TDLU), which is

formed by the combination of a TEB and alveolar buds®.

Adipocytes comprise an extensive part of the mammary fat pad in the non-lactating gland.
During pregnancy and lactation, adipocytes use their lipid reservoir to supply fat for the
energy-consuming process of milk production’. Adipocytes also regulate the growth and
function of the mammary epithelium by secreting paracrine and endocrine molecules such as
prolactin, estrogen (E2), insulin-like growth factor I (IGF-I), transforming growth factor-3
(TGF-B), hepatocyte growth factor (HGF) and leptin'". Furthermore, adipocytes also

stimulate angiogenesis by secreting vascular endothelial growth factor (VEGF)'.

Fibroblasts are usually located close to the basal side of the epithelium and can interact with

it through growth factors and proteases. Fibroblasts can support epithelial cell survival and
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synthesize extracellular matrix (ECM) components such as collagens, proteoglycans,

fibronectin and matrix metalloproteinases'”.

Endothelial cells form a vast vascular and lymphatic network in the mammary fat pad. The

generation of these vessels is driven by signals from epithelial cells and adipocytes'”.

Immune cells such as macrophages and eosinophils are recruited for the invasion of the
epithelium into the mammary fat pad'®. Macrophages also participate in processes such as

epithelial cell death and adipocyte repopulation during mammary remodeling".

1.1.2 Mammary gland development

During embryonic development, the initial structure of the breast is established. Prior to
puberty, mammary gland growth is independent of hormone signaling and there are no major
differences between males and females. In females, the onset of puberty causes TEBs to
become specialized structures at the tip of the ducts to drive their branching and elongation
until the end of the mammary fat pad. Lobule formation starts, but development and
differentiation of the mammary gland is not completed. After puberty, the mammary gland
undergoes growth and involution during menstrual cycles until pregnancy, when it is largely

remodeled'?.

During pregnancy and lactation, alveolar and ductal cells start to proliferate to form the
lobuloalveolar buds that will produce and secrete milk. At this point, the mammary epithelium
occupies most of the mammary fat pad. Alveolar cells secrete milk into the lumen and
myoepithelial cells contract to facilitate the movement of the milk through the ducts. After
weaning, the accumulation of milk inhibits further milk synthesis, lobuloalveolar buds are
remodeled in an involution process, and cells undergo apoptosis, leaving a mammary gland
similar to that present before pregnancy. In further pregnancies, growth and involution stages

are repeated' .

1.1.3 Hormones that regulate mammary gland development

Mammary gland development is hormone-independent up to puberty, but thereafter it is

rigorously controlled by ovarian and pituitary hormones.
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At puberty, neurons of the hypothalamus secrete gonadotropin-releasing hormone (GnRH),
which stimulates gonadotropic cells in the anterior pituitary gland to produce follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) (Figure 2). Likewise, FSH and LH
stimulate the synthesis of E2 and progesterone by the ovaries in oscillating amounts during
each menstrual cycle. In response to E2 and progesterone release, the duct system of the

mammary gland starts expanding and branching into the mammary fat pad®?'.
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Figure 2. The hypothalamus-pituitary-ovarian axis in mammary gland development.
Gonadotropin-releasing hormone (GnRH) produced by the hypothalamus is sensed by the anterior
pituitary gland and stimulates the secretion of the follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) gonadotropins which, in turn, trigger the production of estrogen and progesterone by
the ovaries. These hormones, together with ovarian inhibins and activins and the pituitary gland-
secreted growth hormone, prolactin and oxytocin, have an important impact on different stages of
mammary gland development. Dotted arrows depict hormonal regulation. Adapted from Brisken and

O’Malley (2010).

During pregnancy, progesterone and prolactin are released and alveoli are formed. E2

stimulates prolactin synthesis and induces the expression of the progesterone receptor (PR).
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In turn, prolactin and progesterone trigger estrogen receptor (ER) expression to enhance
ductal growth. Progesterone interferes with prolactin signaling, thus preventing lactation.
During the first days after childbirth, high progesterone levels lead to the delivery of colostrum,
the first fluid produced by the mammary glands. Days later, a reduction in circulating
progesterone allows prolactin signaling and consequently further alveologenesis and milk
production. Suckling of the baby causes the release of oxytocin, which triggers alveolar cell
proliferation and stimulates the contraction of the myoepithelial cells that surround the alveol,
facilitating milk ejection”. When suckling is stopped, the loss of prolactin signaling leads to
massive luminal cell death and results in the involution of the mammary gland to its original

adult state*?.

The pituitary gland also produces growth hormone (GH), essential for mammary gland
development during both puberty and pregnancy. GH stimulates the mammary stroma to
produce IGF-1, which is recognized by epithelial cells and triggers the formation of TEBs and

d**, Activins and inhibins are members of the

extension of the ducts into the mammary fat pa
TGF-B family and are also important regulators of the menstrual cycle and mammary gland
development. These proteins are produced in the ovaries and they have opposite effects;
activins enhance FSH synthesis and secretion, while inhibins block these processes. Activin

and inhibin signaling is required for duct elongation and epithelial cell differentiation during

puberty and pregnancy™.
In summary, an extensive hormonal network orchestrates mammary gland development and
remodeling by acting on several organs and regulating hormone synthesis and secretion.

1.1.4 Mammary tumorigenesis

Sensing of E2 by epithelial cells of the mammary gland triggers cell division, which is required
for proper mammary development. Some malignant cells in the breast retain this feature and
are dependent on hormone signaling for proliferation. For this reason, the risk of developing

BCa is highly influenced by E2*.
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1.1.4.1 Estrogen in breast carcinogenesis

E2 is the most relevant hormone in BCa progression. E2 is synthesized mainly in the ovaries.
However, it is also synthesized in other organs, such as the adipose tissue, bone, vasculature
and brain, albeit at much lower amounts. E2 is essential for female sexual and reproductive
development but also for the maintenance of bone homeostasis. The arrival of menopause

results in cessation of ovarian E2 production, and E2 synthesis in the adipose tissue is

21,27

therefore important for preserving bone density in postmenopausal women

Figure 3. Mechanism of estrogen receptor (ER) action. In the absence of estrogen (E2), the ER is
located in the cytoplasm bound to heat shock protein (HSP) complexes. Upon E2 binding, the ER
dissociates from HSP complexes, homodimerizes and translocates to the nucleus, where it binds to
specific DNA sequences known as estrogen response elements (EREs) and recruits coactivators or
corepressors to activate or repress target gene transcription. Alternatively, the ER can bind to other
DNA-binding transcription factors (TF) either by binding to EREs near their response element or by

tethering to the partner TF. Adapted from Trevifio and Weigel (2014).
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E2 binds to two nuclear receptors, ERx and ERB, which are encoded by ESR7 and ESR2,
respectively. Epithelial cells of the mammary gland express ERa, which is indispensable for
ductal elongation and alveolar development™. Lower levels of ER are also expressed in the
mammary gland. However, although evidence supports a role of ER@ in the organization,
adhesion and differentiation of epithelial cells, this receptor is not required for ductal growth™.

Because ERB has a minor effect on mammary gland development and on BCa progression,

ERa will be herein referred to as ER.

ER dimerizes upon E2 binding and translocates from the cytoplasm to the nucleus. In the
nucleus, the dimer binds to small palindromic DNA motifs called estrogen response elements
(EREs), located at the promoter of ER target genes, and functions as a transcription factor”
(Figure 3). The transcriptional activity of the ER can be modulated by several coactivators and
corepressors that facilitate recruitment of the general transcription machinery or activate or
repress transcription through chromatin remodeling. Some ER coactivators include nuclear-
receptor coactivator 1 (NCOA1), NCOA2 and NCOA3, the switch/sucrose non-fermentable
(SWI/SNF) and the thyroid hormone receptor—associated protein (TRAP)/ vitamin D
receptor-interacting protein  (DRIP) chromatin remodeling complexes and histone-
acetyltransferases (HATs) such as CREB-binding protein (CBP) and p300/CBP-associated
factor (PCAF). HATs promote histone hyperacetylation, which correlates with chromatin
opening and actively transcribed genes. Conversely, some ER corepressors include nuclear-
receptor corepressor 1 (NCORI1) and NCOR2, which can associate with histone deacetylase

complexes (HDACs) to repress gene expression”.

Epidemiological studies show that many BCa risk factors are related to exposure of the breast
tissue to hormones throughout life. For instance, early menarche, late menopause and the use
of hormonal contraceptives or menopausal hormone therapy, both based on a combination
of E2 and a synthetic hormone with similar effects to those of progesterone called progestin,
are associated with an increased risk of developing BCa*™’. Moreover, evidence demonstrates
that elevated endogenous E2 blood and urinary levels correlate with increased risk of BCa and
that their decrease by either hormonal therapy or ovarian suppression in BCa patients results
in an important reduction of recurrence and death®. Collectively, these data support a causal

role for E2 in BCa.

E2 stimulates the proliferation of mammary cells, resulting in increased DNA replication and

increased probability of DNA damage and mutations, thereby facilitating the appearance of
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malignant cells. Furthermore, E2 metabolism generates E2 metabolites with mutagenic

potential that might contribute to BCa progression™".

Most breast tumors are characterized by ER overexpression and rely on E2 signaling for
proliferation and survival, and they are remarkably sensitive to hormonal therapy. E2
production in the adipose tissue is extremely important for BCa progression, especially in
postmenopausal women. The concentration of E2 in BCa tumors of postmenopausal patients
is significantly higher than that found in plasma due to high expression of aromatase, an

essential enzyme in B2 synthesis, in epithelial cells”.

1.1.4.2 Histology of breast cancer progression

Abnormal proliferation of epithelial cells in the TDLUs of the breast gives rise to atypical
lobular hyperplasia (ALH) or atypical ductal hyperplasia (ADH), depending on whether the
epithelial cells are from a lobe or a duct, respectively. ALH can progress to lobular carcinoma
in sitn (LCIS), which is considered a benign breast condition associated with increased risk of
developing BCa but without the potential to progress to invasive cancer”. The term 7n situ
carcinoma refers to a hyperproliferation of cells confined to cell layer of origin. Alternatively,
ADH can progress to a ductal carcinoma zz situ (DCIS), considered a preinvasive lesion and
defined by the proliferation of ductal epithelial cells with all the morphologic features of
malignancy but without basement membrane penetration (Figure 4). DCIS can progress to
invasive ductal carcinoma if the abnormal cells break through the basement membrane of the
ducts and penetrate the surrounding breast tissue. At this point BCa is considered to be in a
local stage, where cells have broken the myoepithelial cell layer and penetrated the basement
membrane but have not left the breast. BCa cells can then spread to surrounding tissue or

nearby lymph nodes, known as regional stage, and finally reach distant organs™.

Most of the characteristic molecular changes of invasive BCa are already present in DCIS, yet
the lesion does not have a malignant phenotype. Final changes in the expression of genes
involved in adhesion and invasion at the same time as alterations in the surrounding stroma,
such as angiogenesis, fibroblast proliferation and lymphocyte infiltration, are associated with
the evolution from preinvasive DCIS to invasive carcinoma®. Not all DCIS progtess to

invasive BCa, but approximately 50% of recutrence after local therapy for DCIS are invasive*'.
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Although BCa progression has historically been defined as the aforementioned simple pathway
of histologically different stages, nowadays it is perceived as a complex series of stochastic
events that lead to invasive BCa through divergent pathways, with nuances in histological
characteristics”. The World Health Organization (WHO) curtrently classifies precancerous
lesions and invasive BCa into distinct histological subtypes with different prognostic
implications based on cell morphology, growth and architecture patterns to serve as a reference

for pathologists, clinicians and researchers®.

Genetic and Epigenetic Alterations

Ductal Ductal
myoepithelial cell  luminal cell

Lumen

Basement
membrane

Normal Breast Atypical Ductal Ductal Carcinoma Invasive Ductal Metastatic Disease
Epithelium Hyperplasia in sitn Carcinoma

STAGES OF BREAST CANCER PROGRESSION

Figure 4. Schematic outline of breast cancer progression. Breast cancer development goes through
defined histological stages and is driven by the accumulation of genetic, epigenetic and
microenvironmental alterations. Atypical ductal hyperplasia (ADH) is characterized by abnormal ductal
epithelial cell proliferation and can progress to ductal carcinoma 7 sitn (DCIS), defined by a complete
filling of the mammary duct with cancer cells. Once cancer cells break the basement membrane, the
lesion is classified as invasive ductal carcinoma and at this stage cancer cells might be able to colonize

distant tissues. Adapted from Kothari ez a/. (2018).

This histological classification allows categorization of the heterogeneity found in BCa based
on growth patterns and architectural features. However, the lack of a molecular component
limits the ability to predict response to specific therapies. Hence, to help clinicians select the
best therapeutic option, the histological assessment of BCa tumors still needs to be

complemented with the evaluation of certain biological markers.
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1.2 Clinical classification of breast cancer

BCa is no longer conceived as a single disease, but it is considered a group of diseases that
differ in biological and pathological features, clinical presentation, response to treatment and
outcomes, which requires different therapeutic approaches. In clinical management, breast
tumors are currently classified on the basis of the status of three biological markers: ER, PR

and Human epidermal growth factor receptor 2 (HER2/ERBB2).

The hormonal status of the tumor is assessed by immunohistochemistry (IHC). Ttumors are
considered hormone receptor-positive (HR+) if the presence of ER, PR or both represents at
least 1% of the total nuclei in the sample*. When tumors are positive for HRs, their

proliferation rate can be further assessed by the presence of the Ki67 marker®.

HER2 expression is also determined by IHC and positivity is defined by a HER2 score. A
value of 0 indicates no staining or incomplete or faint membrane staining in 10% or less of
tumor cells, 1+ incomplete or faint membrane staining in more than 10% of tumor cells, 2+
weak to moderate complete membrane staining in more than 10% of tumor cells and 3+
complete and intense circumferential membrane staining in more than 10% of tumor cells. A
HER?2 score of 0 or +1 is considered negative and only a score of 3 directly denotes positivity.
When the assigned score is 2 the amplification ratio must be assessed by fluorescence 7 situ
hybridization (FISH) or by chromogenic zz situ hybridization (CISH) in order to confirm
HER? positivity™.

The ER, PR and HER2 biological markers are reliable, inexpensive and effective for
categorizing BCa patients into 3 groups with differences in prognosis, survival and response

to therapy*”:

Hormone receptor positive (HR+) tumors include the luminal A and luminal B subtypes.
These tumors are characterized by ER and PR expression and lack of HER2 expression. HR+
tumors are the most common BCa subtype and they show a remarkable response to hormonal
therapy”. The luminal A and B subtypes differ in their proliferation rate; luminal B tumors are
highly proliferative compared to luminal A tumors and have a poorer outcome. The high
proliferation rate associated with luminal B tumors is defined by the presence of the
proliferation marker Ki67 in at least 20% of the tumor cells* Luminal A tumors have the most

favorable prognosis among all BCa subtypes.
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HER2-overexpressing tumors are characterized by expression of the transmembrane
tyrosine kinase HER2. This protein is a member of the epidermal growth factor receptor
(EGFR) family, which, after activation upon dimerization and transphosphorylation, triggers
numerous signaling pathways involved in cell proliferation, survival, differentiation,
angiogenesis, invasion and metastasis. HER2+ tumors are aggressive and have poor prognosis,
although remarkable advances in targeted therapies for HER2 in recent years have

considerably improved the outcome of these patients*

Triple negative (TN) tumors have no expression of ER, PR or HER2. These tumors are
extremely aggressive and have the worst prognosis with high risk of relapse and short
progression-free survival (PFS) and overall survival (OS). There is a lack of significant

advances in therapeutic treatment for TN BCa®.

Table 1. TNM classification of breast tumors. Adapted from Giuliano e 2/ (2018)30,

Primary tumor size Lymph node involvement Distant Metastasis
TX ‘Tumor cannot be NX Lymph nodes cannot be assessed MX  Metastasis cannot
assessed be assessed
NO No lymph nodes affected
TO No evidence of Mo No distant
primary tumor N1 Micrometastases in axillary lymph nodes metastasis
. o o 1-3 axillary lymph nodes affected . .
Tis Carcinoma #n situ ’ M1  Distant metastasis
Internal mammary lymph nodes affected present
T1 <2 cm but only found on sentinel lymph node
biopsy
T2 2-5c¢m
N2 4-9 lymph nodes affected
T3 >5 cm

Internal mammary lymph nodes affected

T4  Any size but growing
into chest wall or skin N3 >10 axillary lymph nodes affected

Infraclavicular lymph node affected

Internal mammary lymph nodes + =1
axillary lymph node affected

24 axillary lymph nodes + internal
mammary lymph nodes affected found
on sentinel lymph node biopsy

Supraclavicular lymph nodes affected

To fine-tune clinical management, the American Joint Committee on Cancer (AJCC) has
established a pathological prognostic staging for BCa on the basis of to the status of the three
biological markers ER, PR and HER2, in combination with information about the histological

type and grade of the tumor, size, lymph node involvement and distant metastases. These new
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measures add information of the biology of the tumor and allow a refinement of prognosis

and better selection of therapy.

Tumor grade, which ranges from 1 to 3, refers to the differentiation state of the cells compared
with normal tissue. Grade 1 tumor cells are well differentiated and low-proliferating, grade 2
denotes moderately differentiated cells with faster proliferation rates and grade 3 indicates

38,50

poorly differentiated and highly proliferative cells

Tumor size, lymph node involvement and metastasis are evaluated using the Tumor-Node-
Metastasis (TNM) system (Table 1). This system is based on three parameters that measure
the size of the primary tumor (T), the number and location of affected lymph nodes (N) and
the presence of metastasis (M)**". Higher numbers associated with these parameters are

interpreted as a more advanced stage of disease.

With all this information, BCa is classified in different stages that describe the extent of the
cancer within the body at the time of diagnosis, as well as patient prognosis (Table 2). BCa
stages range from 0 to IV, with stage 0 describing non-invasive cancers (i sit4) and stage IV
invasive cancers that have metastasized. The higher the stage of the cancer, the poorer the

prognosis™.

Table 2. Example of the 8th edition of the AJCC pathological prognostic staging with

biomarkers for breast cancer. Adapted from Giuliano ez /. (2018)30.

Then the
When TNM is. .. And Grade And I—IERZ and ZE-JR And I-’R Patholc.)glcal
is... Status is...  Statusis... Statusis... Prognostic Stage
Group is...
T1, N0, M0 G1 Negative Positive Positive TA
T3, N0, MO G3 Positive Negative Negative 1B
T2, N2, M0 G2 Negative Negative Negative 111B
Any T, Any N, M1 Any Any Any Any v

1.3 Molecular classification of breast cancetr

The complexity of BCa is not fully captured by the aforementioned parameters used in clinics
to divide patients into groups with different prognosis and treatment decisions. Gene

expression profiling has revealed distinct gene expression patterns among breast tumors and
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has made it possible to establish five intrinsic molecular BCa subtypes and a normal breast-
like group with remarkable differences in incidence, survival and response to therapy’ . DNA
microarray experiments suggest that tumor subtypes might originate from different cell types.
Molecular BCa subtypes should be contemplated as independent diseases that require different

treatment approaches.

Luminal A is the most common BCa subtype, accounting for 50-60% of all BCas™. Luminal
A tumors are characterized by high expression levels of ER and luminal markers such as
cytokeratins 8 and 18, Forkhead Box Al (FOXA1) and GATA binding protein 3 (GATA3)
and low expression of proliferation-related genes. This group represents the least aggressive

52,53

subtype and is associated with the most favorable prognosis

Luminal B tumors represent 15-20% of all BCas™. Luminal B tumors also express ER and
luminal markers but differ from luminal A tumors in that they show an increased expression
of proliferation-related genes, which translates into a more aggressive clinical behavior and

poorer prognosis™>>.

HER2-enriched tumors comprise 15-20% of all BCas™. This subgroup is characterized by
overexpression or amplification of the tyrosine kinase HER2/ ERBB2 gene or high expression
levels of HER2-related genes. HER2-enriched tumors have high expression of proliferation-
related genes, intermediate expression of luminal-related genes and low expression of basal-
related genes. Moreover, these tumors have the highest number of mutations across the
genome, 72% of them showing mutations in tumor protein p53 (1P53). HER2-enriched

tumors are aggtessive and associated with poor prognosis®.

Basal-like tumors account for 8-37% of all BCas™. The basal-like subtype is characterized by
high expression of proliferation-related genes and basal myoepithelial markers such as
cytokeratins 5, 14, 17 and laminin and very low or no expression of HER2-related genes and
luminal genes such as ER or PR. Of note, mutations in Breast cancer susceptibility gene 1
(BRCAT) mutations are associated with the basal-like tumor subtype and 80% of these tumors
present TP53 mutations. Basal-like tumors are very aggressive and are related to poor clinical

outcome™>*,

Claudin-low tumors account for 7-14% of all BCas>. This subtype was defined later than
the previous subtypes. Claudin-low tumors are characterized by low expression of claudin 3, 4

and 7, tight junction proteins and E-cadherin, all of them involved in cell-cell adhesion
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processes. These tumors also present low expression of luminal differentiation markers and

features of mesenchymal and mammary stem cells, which results in poor prognosis®™".

Normal breast-like tumors comprise 5-10% of all BCas™. These tumors share characteristics
with fibroadenomas and normal breast samples and they are enriched for genes usually
expressed in cells from the adipose tissue. Normal breast-like tumors show low expression of
luminal epithelial genes and high expression of basal epithelial genes, although they are
negative for cytokeratin 5 and EGFR. This subgroup presents intermediate expression of
proliferation-related genes and has the most favorable prognosis after luminal A tumors.
Normal breast-like cancers are poorly characterized, and it is believed that these tumors could

be a technical artifact derived from high contamination with normal tissue during analysis™>>”.

Understanding the molecular profile of BCa tumors provides a more refined stratification and
facilitates the selection of the most appropriate therapeutic treatment. For instance, patients
with HR+ HER2- tumors but with a HER2-enriched profile can benefit from lapatinib, a drug
that inhibits HER2 signaling, in combination with hormonal therapy”. Molecular profiling is
extremely relevant, as these patients would receive only hormonal treatment if classified solely

on the basis of classical clinical parameters.

During BCa progression, cancer cells undergo many genetic alterations that can translate into
a variation of the intrinsic molecular subtype between the primary tumor and the metastatic
lesion. A recent study showed that more than 50% of luminal A primary tumors switched to
a more aggressive luminal B or HER2-enriched subtype in the metastatic lesion. Likewise,
30% of luminal B primary tumors switched to a HER2-enriched subtype at the metastatic site.
Metastatic tumors are enriched for proliferation- and migration-related genes and have a
decreased expression of luminal-related genes. Thus, evaluation of the intrinsic molecular

subtype of the primary but also the metastatic lesion is crucial to predict patient outcome®.

Although molecular profiling has brought about a significant advance understanding BCa
heterogeneity and paved the way to the selection of the most effective therapy, it is still not
routinely implemented in the clinical setting. Some prognostic molecular platforms such as
MammaPrint, Veridex 76-gene, MapQuant Dx/simplified, Oncotype Dx and Endopredict
have been developed to analyze the expression of specific genes and identify patients at high
risk of distant recurrence in order to avoid aggressive therapeutic options in those with a

favorable prognosis®. Moreover, other molecular platforms such as BluePrint and PAMS50
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allow efficient classification of BCa into specific molecular subtypes and serve as an effective
replacement for full microarray analysis, which would be too expensive for regular clinical

practice®*.

1.4 Breast cancer treatment

Many considerations regarding the stage and biological characteristics of the tumor, the
patient’s age and menopausal status, and the risks and benefits associated with each therapeutic

option are made by clinicians for BCa treatment® (Table 3).

Table 3. Prevalence, prognosis and typical therapeutic options for the three clinical subtypes

of breast cancer. Adapted from Waks and Winer (2019)%.

Hormone Receptor  HER2+ / Triple-
(HR) +/ HER2- HR+ or HR- Negative

Percentage of breast cancer cases 70% 15-20% 15%
Prognosis
Stage I (5 year breast cancer =99 294 =85
specific survival)
Metastatic (median overall 4-5 years 5 years 10-13 months
sutvival)

Typical systemic therapies for non-
metastatic disease

Endoctine therapy Yes Yes (if HR+) No
HER2-targeted therapy No Yes No
Chemotherapy Yes (when hormonal Yes Yes
therapy resistance
develops)

Local therapy comprises approaches that target the breast and the nearby tissues and includes
surgery and radiation therapy. On the other hand, systemic therapy consists of treatments
that affect the entire body and includes chemotherapy, targeted therapy, hormonal therapy,
and immunotherapy. Local therapy is the most common approach used for localized tumors
while systemic therapy is the strategy of choice for patients with metastatic disease.

Neoadjuvant therapy refers to a systemic therapy administered to a patient in order to reduce
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the tumor size prior to surgical intervention, thereby facilitating tumor removal, whereas
adjuvant therapy refers to a treatment to reduce the risk of recurrence after the main

therapeutic intervention®.

1.4.1 Surgery

Surgery implies the removal of a tumor and it is the first strategy of choice to treat BCa.

Breast-conserving surgery (BCS) is also known as lumpectomy, quadrantectomy or partial
mastectomy, depending on the area of the breast that is removed. In BCS, only the part of the

breast that contains the tumor and the surrounding normal tissue are removed®.

Mastectomy refers to the removal of the entire breast and sometimes neighboring tissues.
Women who undergo mastectomy can have breast reconstruction with saline or silicone

implants or tissue from another part of the body®.

Both BCS and mastectomy are commonly followed by removal and analysis of axillary lymph

nodes to determine whether the disease has spread and whether further treatment is required.

1.4.2 Radiation therapy

Radiation therapy is generally used after surgery to eliminate tumor cells that remain in the

breast or nearby tissues, thereby reducing the risk of recurrence®’

. Radiation therapy can be
administered as external beam radiation, where the radiation comes from a machine and is
placed on the affected area, or as internal radiation therapy, where radioactive pellets are

administered through catheters®.

1.4.3 Chemotherapy

Chemotherapy targets proliferating cells and the benefit of this therapy is dependent on factors
such as tumor size, lymph node affection, and HR and HER?2 status. This systemic therapy is
usually given in cycles over 3-6 months and is effective in patients with aggressive tumors such
as TN and HER2+%. Patients with metastatic BCa are treated with chemotherapy. Although

metastasis is generally considered incurable, this treatment delays disease progression and can
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result in symptom palliation. For patients with early BCa, chemotherapy is administered after
breast surgery or lymph node resection. However, if the tumor is large, chemotherapy may be
used in the neoadjuvant setting”. Several chemotherapy drugs have been developed for BCa
treatment and can be used as single cytotoxic agents or in combination. Additionally,
chemotherapy drugs can be alternated during BCa progression in order to overcome resistance

to therapy'".

Alkylating agents include cyclophosphamide and platinum analogs such as cisplatin,
carboplatin and oxaliplatin. These compounds act by alkylating the DNA, cross-linking DNA
strands and disrupting DNA replication. They are effective in BCa treatment but their use is
limited due to severe side effects such as gonadal and bladder toxicity, nephrotoxicity,

myelosuppression and neurotoxicity’>”.

Anthracyclines include doxorubicin and epirubicin. Derived from the antibiotic rhodomycin
B, these drugs also disrupt DNA replication through a variety of mechanisms, including DNA
intercalation, inhibition of topoisomerase-II function, and generation of reactive oxygen
species (ROS). These compounds are very effective cytotoxic agents, but their administration

is limited due to high cardiotoxicity™.

Taxanes include paclitaxel and docetaxel and act by inhibiting microtubule depolymerization,
leading to mitotic arrest, chromosome missegregation and abnormal multipolar spindles™.
Docetaxel has superior efficacy to paclitaxel but generates more toxicity. The major toxicity
for both drugs is neutropenia although there are other non-hematologic complications such

as neurotoxicity, fluid retention and fatigue’””.

Antimetabolites include the pyrimidine antagonist 5-fluorouracil, the purine antagonist 6-
mercaptopurine, and the folic acid antagonist methotrexate, among others. These drugs either
mimic the natural purines and pyrimidines required for DNA synthesis or block the production
of major nucleotide metabolites to disrupt DNA synthesis. The major side effects associated

with antimetabolites are bone matrow, kidney and gastrointestinal tract toxicity”™.

Topoisomerase-I inhibitors include the camptothecin analogs irinotecan, etirinotecan and

topotecan and act by blocking the activity of the topoisomerase-1 enzyme, required to relax
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DNA supercoiling generated by transcription, replication and chromatin remodeling. Their

main adverse effects are neutropenia, diarrhea, nausea and vomiting®.

1.4.4 Hormonal therapy

Hormonal therapy is the standard choice for HR+ BCa and it works by blocking E2 signaling,
thereby impairing tumor growth. There are different options for hormonal therapy and the
strategy of choice is guided by menopausal status. Premenopausal women with a high risk of

recurrence are often treated with hormonal therapy combined with ovarian suppression®.

Although hormonal therapy is extremely effective, most HR+ patients develop resistance to
this treatment. This resistance can be de novo, when patients do not respond to the first line
of treatment, or acquired, when resistance appears after an initial response. Hormonal

therapies can be alternated or given in combination to minimize or overcome resistance®.

Selective estrogen receptor modulators (SERMs) include tamoxifen and raloxifene.
Tamoxifen competes with E2 for binding to its receptor, inducing a conformational change
that impairs the function of the receptor. Tamoxifen is effective in pre- and post-menopausal
patients and has been the hormonal therapy of choice for ER+ BCa for the last 30 years. After
5 years of adjuvant tamoxifen treatment the risk of BCa recurrence and death is greatly
decreased”. However, a clinicopathologic tool has recently been developed to estimate risk of
late recurrence in order to identify patients that might benefit from an extension of tamoxifen
treatment™. Tamoxifen has a protective effect on bone mineral density but is associated with
adverse effects such as hot flashes and increased risk of thromboembolic events and
endometrial cancer®. Raloxifen is approved only for postmenopausal women and is mostly
used to prevent osteoporosis as it has more potent antiresorptive capacity compared to

tamoxifen®.

Aromatase inhibitors include letrozole, anastrozole and exemestane and are effective only in
postmenopausal women. All three drugs are equally effective and act by blocking aromatase,
a key enzyme in estrogen synthesis, thus lowering serum E2 concentration. Adverse effects
associated with the use of aromatase inhibitors are hot flashes and arthralgias or myalgias.
These inhibitors are more effective than tamoxifen, although treatment decisions are guided

by menopausal status and adverse effects™.
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Gonadotropin-releasing hormone analogs include leuprolide acetate and goserelin and are
used to suppress ovarian function in premenopausal women, inducing a menopause-like
condition. GnRH analogs downregulate pituitary GnRH receptors and suppress LH and FSH
release, thereby blocking E2 production in the ovaries. An alternative way to induce
menopause is through oophorectomy, although this approach has largely been replaced by
GnRH analog therapy as both approaches are equally effective®’. After inducing menopause,
patients are treated with tamoxifen or aromatase inhibitors, the latter showing higher rates of
benefit. The main adverse effects of GnRH analogs are those of menopause, including hot

flashes and loss of bone mineral density®.

Selective estrogen receptor degraders (SERDs) exert their mechanism of action by binding
to the ER and inducing misfolding, which ultimately leads to proteasome-dependent protein
degradation. SERDs include fulvestrant, the only clinically approved drug of this class.
Fulvestrant is a potent and highly specific ER degrader with no estrogen agonistic effects,
therefore its side effects are more favorable compared to tamoxifen. Fulvestrant is
recommended for postmenopausal women and associated with increased long-term survival,
particularly in patients that receive previous adjuvant hormonal therapy®”. Other SERD
molecules have been successfully developed and some of them, such as AZ1D9496, GDC-0810

and 1.§7.102, are currently being tested in clinical trials as new therapies for metastatic BCa"

92

1.4.5 Targeted therapy

Targeted therapies consist of blocking the action of a specific protein that contributes to cancer

cell growth and survival.

HER2 inhibitors are given to patients with HER2 overexpression and are generally
administered in combination with chemotherapy. The development of HER2-targeted therapy
is considered one of the greatest advances in BCa treatment. In this regard, multiple drugs are
used to treat BCa by blocking HER2 signaling and can be used in combination depending on
acquired resistance to therapy. Trastuzumab is a monoclonal anti-HER2 antibody that targets
the extracellular juxtamembrane domain of the HER2 receptor, thus inhibiting its function.
This drug was the first approved as a HER2 inhibitor after clinical trials demonstrated that it

significantly improved PFS and OS for women with HER2+ BCa”™”. Pertuzumab is a
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monoclonal antibody that targets the HER2 dimerization domain, preventing
heterodimerization and subsequent HER2 signaling. When combined with trastuzumab and
chemotherapy, this drug significantly improves PFS in HER2+ BCa patients”. Given its higher
cost and toxicity, pertuzumab is currently recommended only for high-risk patients”. Lapatinib
is a reversible and selective inhibitor of the intracellular tyrosine kinase domains of EGFR and
HER2 receptors™. Finally, neratinib, an oral small tyrosine kinase inhibitor that irreversibly
binds to the intracellular signaling domain of multiple HER2 family members, has been
approved for patients with advanced BCa that have received two or more prior anti-HER2

treatment regimens’ .

Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors abemaciclib, palbociclib and ribociclib.
These drugs cause cell cycle arrest by targeting CDK4 and CDKO, two enzymes with key roles
in cell division. When used in combination with hormonal therapy, CDK4/6 inhibitors lead
to a significant increase of PFS in HR+ HER2- metastatic BCa and their main possible side

effects include myelosuppression and liver toxicity”'".

Poly (ADP-ribose) polymerase (PARP) inhibitors block PARP enzymes, which are
involved in cellular processes such as transcription, replication, recombination, and DNA
repair. Many tumors rely on PARP-mediated DNA repair to survive and are sensitive to its
inhibition”. PARP inhibitors include olapatib and talazopatib and ate used to treat HER2-
metastatic BCa in people with BRCA7/2 mutations who have received previous chemotherapy

ot hormonal therapy when the tumor is HR+'""'"

Phosphoinositide 3-kinase (PI3K) inhibitors target PI3K, which regulates important
functions such as cell growth, proliferation, differentiation, motility and survival and is
commonly upregulated in cancer cells. Alpelisib is used in combination with hormonal therapy
to treat HR+ HER2- metastatic breast tumors that carry a PIK3CA gene mutation. Adverse

effects of Alpelisib include hyperglycemia, fatigue and diarrhea'”.

Mammalian target of rapamycin (mTOR) inhibitors are directed to the mTOR kinase,
which is upregulated in many types of cancer, including BCa. mTOR integrates multiple
intracellular and extracellular signals in order to regulate cell metabolism, growth, proliferation

and survival. Everolimus is the main mTOR inhibitor and is used in combination with
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hormonal therapy to treat advanced HR+ HER2- metastatic BCa in postmenopausal women.

Possible side effects of everolimus include mouth ulcers, infections, fatigue and diarrhea'"*'".

1.4.6 Immunotherapy:

Immunotherapy is an emerging approach for BCa treatment. It seeks to stimulate the patient’s
immune system to recognize and eliminate cancer cells. At the moment, immunotherapy in
BCa is not as promising as in other types of cancer. However, some breast tumors benefit
from this therapy”. Immunotherapy drugs include atezolizumab, a checkpoint inhibitor that
targets programmed death-ligand 1 (PD-L1) and blocks activation of the T-cell receptor
programmed death 1 (PD-1), which leads to suppression of immune evasion and enhanced T-
cell-mediated immune response. In combination with chemotherapy, atezolizumab shows
prolonged PFS among patients with advanced PD-L1+ TN BCa. The adverse effects of this

therapy include diabetes, thyroid problems, lung inflammation, liver problems and colitis'”.
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2. METASTASIS

Metastasis is the main cause of death in cancer patients and is considered a hallmark of
cancer'”. To colonize distant organs, cancer cells need to acquire several specialized functions
to overcome many different obstacles (Figure 5). Cancer cells must cross endothelial barriers
to leave the primary tumor and enter into the vasculature, survive the mechanical forces of the
bloodstream, arrest in capillaries at distant sites, pass through endothelial barriers again to leave
the circulation, adapt to supporting niches to colonize the host tissue, survive in a latent state
and eventually acquire the ability to proliferate and generate a secondary tumor. Additionally,
during the metastatic process, cancer cells must evade the immune system in order to

survive'™”, This steeplechase that cancer cells undergo to generate distant metastases is

known as the “metastatic cascade”.

Macrometastasis
Micrometastasis

Extravasation

Arrest at distant site

Sutvival in circulation

Intravasation

Local invasion

Immune evasion

Figure 5. The metastatic cascade. Tumor cells from a primary tumor must acquire specific cellular
functions (written in black) in order to progtess through the sequential steps of the metastatic cascade

(illustrated as grey arrows) and colonize distant organs. Adapted from Gomis and Gawrzak (2017).
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All these obstacles make metastasis a highly inefficient process in which most of the cells that
leave the primary tumor die. The number of circulating tumor cells (CTCs) found in the blood
of cancer patients goes far beyond the number of metastatic lesions that these patients
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develop . Moreover, tumor cells can remain in the bone marrow of cancer patients for years
but only half of these patients will develop overt metastases'''. However, despite the
inefficiency of the metastatic process, thousands of cancer cells might have already seeded
distant organs once the primary tumor has been diagnosed, thereby highlighting the

importance of early cancer detection.

Of note, current therapies for BCa focus on cell proliferation and latent disseminated cancer
cells are able to escape treatment. Thus, to design therapies that target cell dissemination and
prevent the development of metastasis, it is important to understand the molecular

mechanisms that enable distant tissue colonization.

2.1 The metastatic cascade

The metastatic cascade includes the following steps: local invasion, intravasation, survival in
circulation, arrest, extravasation, adaptation to supportive niches, tumor dormancy and overt

colonization.

2.1.1 Local invasion

The process by which cancer cells surpass the primary tumor boundaries and penetrate the
surrounding stroma is known as local invasion. Cancer cells must have special characteristics
to achieve invasion and migration through the stroma. For instance, they can secrete matrix
metalloproteinases (MMPs) to degrade and remodel the ECM as a way to facilitate their

movement across the SthIl’l?l.112

. Migration can also occur independently of proteolytic ECM
remodeling through cytoskeletal rearrangements that confer cancer cells a highly motile
amoeboid phenotype'*''*. Malignant cells can migrate as single cells, along collagen fibers or
nerve fibers or collectively as a cohesive group with properties such as collective polarization

and force generation'>",
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The tumor microenvironment plays a relevant role in the invasion process. Cancer cells can
associate with macrophages and use them as a source of proteases to support migration and

119

invasion . Furthermore, fibroblasts can adhere to groups of cancer cells and drag them across

120 The formation

the ECM through physical forces, resulting in cooperative tumor invasion
of new blood vessels, a process named angiogenesis, is essential for the growth of cancer cells
but also for allowing them to reach the circulation and spread to distant tissues. During tumor
progression, an angiogenic switch is activated by factors that bind to vascular endothelial cell
receptors to orchestrate the growth of new blood vessels. These factors, which include VEGF

and members of the fibroblast growth factor (FGF) family, are produced by cancer cells and

also by inflammatory immune cells of the tumor microenvironment'”’.

2.1.2 Intravasation

Intravasation refers to the entry of cancer cells into a blood or lymphatic vessel. To this end,
cancer cells can undergo an epithelial-to-mesenchymal transition (EMT), a physiological
process that is essential in embryonic development where cells lose epithelial features such as
cell-cell adhesion and cell polarity and acquire migratory, invasive and stem cell properties,
characteristic of mesenchymal cells. Cancer cells take advantage of this plastic program to

penetrate the vasculature, resist stress and migrate to distant organs''.

Cancer cells that undergo EMT lose expression of E-cadherin, the core protein of adherens
junctions. This leads to disruption of cell-cell adhesion, loss of cell polarity, disconnection with
the basement membrane and reorganization of the actin stress fibers of the cytoskeleton,
thereby confering cancer cells a spindle-like mesenchymal morphology. Moreover, the
expression of the mesenchymal markers N-cadherin, vimentin and fibronectin is activated.
Cancer cells can trigger EMT through various signaling pathways, including TGF-f, Wnt,
Notch and mitogenic growth factors. However, this transition can also be induced by the

tumor microenvironment'*%

Despite EMT importance in metastatic dissemination, recent studies suggest that it might not
be indispensable for the establishment of metastasis, as dissemination also occurs with
retention of epithelial cell identity such as E-cadherin expression'”'?. It has been proposed

that cancer cells trigger a partial EMT, retaining some epithelial features, or that only those
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cells located at the leading edge of clusters of migrating cells display mesenchymal features

associated with EMT activation'®.

2.1.3 Survival in circulation

Upon entry into the bloodstream, CTCs are highly exposed to mechanical forces, the immune
system and oxidative stress. CTCs associate with platelets to protect themselves from the
mechanical forces of the bloodstream, and rely on platelet-derived signals for efficient

metastasis'*

. Moreover, platelets adhered to the surface of CTCs prevent their recognition by
the immune system'”. Natural killer (NK) cells and macrophages are critical tumor
suppressors; hence, CTCs need to evade their action when traveling through the bloodstream.
For instance, it has been proven that down-regulation of toll-like receptor (TLR) 2 and TLR4,
responsible for NK cell activation, in monocytes of breast and colorectal cancer patients
correlates with increased number of CTCs'®. Other mechanisms of CTC-induced NK cell
inhibition include the production of inhibitory cytokines, the interaction and inhibition of killer
cell immunoglobulin receptors (KIRs) on the NK cell surface, and increased platelet
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activation . The loss of a matrix support and an increased oxygen tension in the circulation

lead to high ROS in CTCs, and to cope with oxidative stress, these cells undergo metabolic
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changes™”. For instance, melanoma cells rely on nicotinamide adenine dinucleotide phosphate

(NADPH)-generating enzymes in the folate pathway to reduce oxidative stress and survive in

the circulation'®!

. Furthermore, in CTCs from breast, prostate and lung cancers, increased ROS
trigger 3-hemoglobin expression to suppress intracellular oxidative stress, thus increasing cell

survival'*.

Interestingly, clusters of CTCs derived from the primary tumor and not from intravascular
aggregation have been found in the blood of cancer patients and it has been demonstrated that

these clusters have a 23-50 fold increased metastatic capacity'”.

2.1.4 Arrest

CTCs arrest on the wall of a blood vessel is caused mainly by the structure of the capillaries.
When capillaries become thinner, CTCs are not able to move freely in the bloodstream and

they arrest before entering a new tissue. A study based on z vivo imaging showed that major
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CTC extravasation occurs in small capillaries and at branch points"!. Additionally, CTCs
associated with platelets can create microemboli, which facilitate arrest and adherence to the

endothelium through recognition of E-selectin expressed on activated endothelial cells'.

2.1.5 Extravasation

Extravasation is defined as the exit of cancer cells from the vasculature to invade distant
tissues. Depending on the structure of the capillaries, extravasation can be challenging.
Capillaries in the bone marrow and liver are fenestrated, with a discontinuous basal lamina that
facilitates CTCs entry into the parenchyma. In contrast, lung capillaries are rich in tight
junctions and have a basement membrane, and the brain has the blood-brain barrier (BBB),

thereby hindering penetration™.

Arrested microemboli formed by CTCs and platelets might start to grow in the lumen of blood

vessels and eventually break the vascular wall and reach a distant tissue'”’

. Alternatively,
arrested CTCs must release extracellular cues, use pairs of ligand-receptor molecules or

associate with other circulating cells in order to extravasate.

CTCs can release extracellular vesicles to deliver microRNAs (miRNAs) that target tight
junction proteins in the BBB, thereby promoting extravasation to the brain tissue’*'*. VEGF

expression by CTCs increases permeabilization in the lung endothelium by disrupting the

vascular endothelial (VE)-cadherin-f-catenin complex at adherens junctions and its blockade

suppresses CTC extravasation iz vivo'"'. Moreover, the release of vascular cell adhesion

molecule 1 (VCAM1) in melanoma cells and angiopoietin-like 4 (ANGPTL4) in BCa cells

disrupts the capillary endothelium and promotes lung colonization'**'*.

Multiple adhesion receptors expressed on the surface of CTCs bind to endothelial cells for
extravasation. The transmembrane glycoprotein Mucin 1 (MUC1) on CTCs binds to
endothelial intercellular adhesion molecule 1 (ICAM1) and mediates cell migration through
the vasculature'. Furthermore, the cell surface glycoprotein CD44 on CTCs binds to E-

selectin expressed by endothelial cells to favor migration across the endothelium'*'*.

Arrested CTCs and endothelial cells themselves can release cytokines and chemokines to
facilitate extravasation, but they also further interact with other circulating cells such as

platelets, monocytes, neutrophils and NK cells, which secrete factors to increase endothelial
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bartier permeability'*’. Platelets secrete adenine nucleotides that activate endothelial purinergic

receptors by adenosine triphosphate (ATP) to increase vascular permeability and also release

TGF-B to trigger EMT in CTCs, which results in a more invasive phenotype suited for

8 Moreover, CTCs recruit

extravasation and subsequent movement through the distant tissue
macrophages through the release of the C-C motif chemokine ligand 2 (CCL2), which in turn

secretes cues to increase vascular permeability'®.

2.1.5 Adaptation to supportive niches

Cancer cells that managed to invade distant organs, called disseminated tumor cells (DTCs),
must adapt to the new harsh environment in order to generate a micrometastasis. Supportive
niches are prone to harboring DTCs by providing specific signals that sustain tumor cell
survival and proliferation. These niches, which include stem-cell niches, perivascular niches,

pre-metastatic niches and ad hoc niches, are used by malignant cells as a shelter.

Stem-cell niches support normal adult stem cells by providing factors to sustain self-renewal
and differentiation and to maintain a balance between proliferation and quiescence. DTCs can
hijack these specialized niches and benefit from their signals to ensure their own survival. For
instance, it has been shown that prostate cancer cells compete with hematopoietic stem cells

in the bone marrow for occupancy of hematopoietic stem-cell niches'.

Perivascular niches surround blood vessels and provide supportive signals for angiogenesis.
Cancer cells remain close to endothelial cells after extravasation and benefit from the
attachment, oxygen, nutrients and paracrine factors that the activated endothelium supplies.
For example, it has been demonstrated that metastatic breast and lung cells express L1 cell
adhesion molecule (L1CAM) to remain close to brain capillaries for metastatic outgrowth and

also high levels of serpins to prevent .L1ICAM inactivation by the reactive brain stroma'".

Pre-metastatic niches are created by signals from the primary tumor that influence the
microenvironment of distant organs and make them more suitable for cancer cells before their
arrival. These signals include tumor-derived inflammatory cytokines, exosomes and ECM-

remodeling enzymes.

Inflammatory cytokines recruit immune cells to prepare a distant tissue for metastatic cells.

Colorectal cancer cells secrete VEGF in order to stimulate tumor-associated macrophages to
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produce C-X-C Motif Chemokine Ligand 1 (CXCL1). An increase in CXCL1 recruits liver-
infiltrating C-X-C Motif Chemokine Receptor 2 (CXCR2)-expressing immune cells, which will
form a pre-metastatic niche in the liver'”. Moreover, C-X-C Motif Chemokine Receptor 4
(CXCR4) expression in colorectal cancer cells controls the expression of interleukin 10 (IL10)

and CXCL1, which favors liver metastasis formation'>.

Exosomes are small membrane vesicles released by fusion of multivesicular bodies with the
plasma membrane that are loaded with proteins, lipids DNA, mRNA or miRNA to mediate
local and systemic cell communication. Melanoma-derived exosomes induce vascular leakiness
and inflammation at pre-metastatic bone marrow sites by delivery of the MET receptor
tyrosine kinase. Moreover, pancreatic-derived exosomes loaded with macrophage migration

inhibitory factor (MIF) promote pre-metastatic niche formation in the liver through

stimulation of TGF sectetion, which triggers fibronectin production by hepatic stellate cells

and subsequent macrophage recruitment'>*'".

Ad hoc niches can be established by DTCs by producing elements of stem-cell niches
themselves. Metastatic BCa cells induce stromal expression of periostin (POSTN) to increase
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Whnt signaling and initiate lung colonization ™. Furthermore, BCa cells that infiltrate the lungs

can express tenascin C (TNC) to enhance the expression of stemness genes and therefore their

own metastasis-initiating capacity'’.

2.1.6 Tumor latency

Tumor latency, also known as tumor dormancy, refers to the capacity of tumor cells to remain
in a latent state at distant tissues without giving rise to an overt metastasis and without
manifestation of clinical symptoms. This concept is supported by the observation that patients
can develop metastases years after the removal of the primary tumor and by the detection of
DTCs in the bone marrow of non-metastatic patients. Dormant cells can go undetected for

long petiods of time and generate resistance to therapies'.

Two models of tumor latency have been postulated: solitary cell dormancy and tumor mass
dormancy. In the former, a single DTC enters a quiescence state by arrest at the GO/G1 phase
of the cell cycle. This arrest can be induced by factors present in the host tissue

microenvironment but can also be self-imposed by the tumor cell®®. Once proliferation has

51



Functional interplay between ER and MAF transcription factors

stopped, DTCs alter signaling pathways to ensure metabolic homeostasis. For instance, DTCs
in BCa display altered lipid metabolism and elevated ROS'. Alternatively, in tumor mass
dormancy, the growth of micrometastases is inhibited by a balance between proliferation and
apoptosis. This balance is regulated by the tumor microenvironment through signals that
inhibit proliferation, through restricted blood supply or by the action of the immune system,
although again, tumor cells can undergo reprogramming to maintain the tumor mass dormant.
One example of the proliferation-apoptosis balance is the release of factors such as VEGF by
tumor cells in micrometastases to induce angiogenesis and sustain proliferation while the
tumor microenvironment compensates with high expression of anti-angiogenic factors such
as thrombospondin 1 (TSP1)"**'*". The proliferation-apoptosis equilibrium is also strictly
regulated by the immune system. T cells and NK cells are recruited to the metastatic site to
control the spread of the tumor mass. However, as a counterbalance, tumor cells evade the

action of these immune cells by expressing several inhibitory signals'®.

The duration of tumor cell dormancy varies between cancer types, being extremely short for
the most aggressive types and lasting several years in the least aggressive. In lung cancer,
metastasis can appear a few weeks after diagnosis whereas breast and prostate cancer cells can

remain dormant for decades'®.

2.1.7 Overt colonization

As mentioned before, EMT favors invasion, migration, intravasation and extravasation, but
the ability of cancer cells to grow when they reach distant organs is likely to be regulated by
the reversion of EMT, known as mesenchymal-to- epithelial transition (MET). Factors that
induce EMT are associated with reduced cell proliferation- Therefore, DTCs reverse the EMT
program in order to enhance proliferation and favor the establishment of macrometastases'®.
Additionally, stromal and autocrine mediators, physical contact with stromal cells and genetic
and epigenetic alterations activate signaling pathways in DTCs to support metastatic growth.
These pathways include stem-cell support pathways such as Wnt, TGFf}, bone morphogenetic
protein (BMP), Notch and signal transducer and activator of transcription 3 (STAT3), cell
metabolism and survival pathways such as PI3K-AKT, mitogen-activated protein kinase

(MAPK) and hypoxia-inducible factor (HIF), positional and mechanical pathways such as
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Hedgehog and Hippo, and inflaimmatory pathways such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) and STAT1'®.

Eventually DTCs acquire the necessary traits to overcome the pressure of the
microenvironment or reprogram to reverse the slow cycling features of dormancy and they are

able to give rise to macrometastases.

2.2 Epigenetic drivers of cancer metastasis

Cancer cells from a primary tumor harbor a wide variety of genetic mutations that could allow

the acquisition of the traits necessary to successfully metastasize'**

. However, only less than
0.01% of the primary tumor cells that reach the circulation are able to metastasize, and
mutations that specifically drive metastasis have not yet been identified'®”. Several studies have
described molecules that endow cancer cells with features to achieve distant tissue
colonization. However, the mechanisms by which these cells acquire these specific metastatic
traits remain poorly understood'*>'®*. Interestingly, it is believed that some metastatic features
might be reversible and therefore not driven by mutations. Evidence shows that metastatic
cells can be reprogrammed by specific microenvironments and that they can reverse their

10719 Moreover, when primary tumors are

metastatic phenotype, thus becoming less aggressive
compared to metastases, there is little heterogeneity in driver mutations but considerable
epigenetic reprogramming, and it has been reported that changes in chromatin accessibility

0 .
16). HCHCC, metastasis seems to

favors distant tissue colonization during metastatic progression
be a complex process involving many pathways, some of which might be activated by
mutations, while others are controlled by epigenetic alterations. To illustrate this statement,
there is evidence that tumor initiation mutations in VHL activate the hypoxia-inducible
transcription factor 2A (HIF2A) transcription factor, but this does not automatically translate
into acquisition of metastatic features. Nevertheless, in later stages of cancer progression,

epigenetic modulation of HIF2A target genes leads to the emergence of metastatic traits'".

To comprehend epigenetic modulation, it is essential to understand DNA structure and
packaging (Figure 6). DNA is packed into chromosomes in order to fit in the nucleus of each
cell but also to prevent DNA damage during cell division. A DNA molecule wraps around the

core histone proteins H2A, H2B, H3 and H4, forming a nucleosome. The linker histone H1
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binds to the nucleosome in order to lock DNA into place and allow nucleosome coiling into
compact fibers called chromatin, which will in turn loop and fold to form chromosomes.
Chromatin structures are divided into euchromatin and heterochromatin and they have
important implications in gene expression. Euchromatin refers to decondensed genome
regions where DNA is more accessible to transcription factors and transcription machinery
and genes can be actively transcribed. In contrast, heterochromatin corresponds to highly
condensed regions of the genome that are hardly accessible to molecules involved in the

transcription process, and therefore transcriptionally inactive'".

@ Acetylation

@ Permissive methylation
Nucleosome Histone modifications
Histone tails @ Repressive methylation

Chromosome

Supercoiled
structure

Methylated cytosine

Figure 6. Schematic representation of DNA packaging and epigenetic modifications. DNA
wraps 1.65 times around a histone octamer formed by four pairs of histone H2A, H2B, H3 and H4 to
form nucleosomes, the basic repeating unit of chromatin. Adjacent nucleosomes are connected through
linker DNA, bound to the histone H1. Nucleosomes fold into a 30nm chromatin fiber structure named
solenoid which is further compacted into chromosomes. Histones have N-terminal tails protruding
from the nucleosome that can undergo post-translational modifications such as acetylation and
methylation and DNA can be methylated at cytosine bases of 5'-cytosine-phosphodiester-guanine
(CpG) dinucleotides. These epigenetic modifications result in modulation of the chromatin structure
that translate in genes expression changes. Genes within tightly packed chromatin regions are silenced
whereas those in decondensed areas can be actively transcribed. The most common epigenetic

modifications of histone lysine (K) residues are depicted. Adapted from Weaver ez a/. (2017).

54



Functional interplay between ER and MAF transcription factors

Chromatin structure can change due to epigenetic alterations, which include DNA methylation
and histone modifications. Epigenetic alterations are defined as heritable changes that modify
chromatin structure without altering the DNA sequence, resulting in modification of DNA
accessibility and subsequent changes in gene expression. Chromatin-remodeling proteins are
responsible for epigenetic alterations and are highly relevant in normal gene regulation, as well
as in pathological processes. In cancer, deregulation of chromatin due to aberrant expression
or epigenetic modulation of chromatin-remodeling proteins confers cancer cells the ability to

reprogram their genome and develop oncogenic traits.

DNA methylation occurs at cytosine bases of cytosine-phosphodiester-guanine (CpG)
dinucleotides. CpG-rich regions, called CpG islands, are located mainly at the 5” end of the
regulatory region of many genes, and their methylation is associated with closed chromatin
and transcriptional silencing. DNA methylation is controlled by DNA-methylating enzymes,
called DNA methyltransferases (DNMTs), and DNA demethylating enzymes. Evidence shows
that alterations in DNA methylation patterns are linked to tumorigenesis and metastasis' " In
BCa, the presence or absence of coordinated hypermethylation at specific genes determines
an epigenomic profile associated with low metastatic risk, and DNA methylation aberrations
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at these specific sites correlate with poorer outcome ”. Moreover, silencing of metastasis

suppressor genes such as cadherin 11 (CDH11) by DNA methylation is found in lymph node

metastases but not in primary tumors of melanoma or in head and neck cancer cells'™.

Histones can be modified at the N-terminal flexible tails as well as in the core domain, to
regulate the compactation state of chromatin. Common histone modifications include
acetylation (ac) and methylation (me) of lysines (K) and arginines (R), phosphorylation of
serines (S) and threonines (T), ubiquitylation, and sumoylation of lysines. These
posttranslational modifications not only have an effect on the histone-DNA interaction but
also generates docking sites or modulate the affinity of nuclear chromatin-associated proteins
for chromatin. Posttranslational modifications are reversible and are regulated by many

different enzymes.

The acetylation of histone lysines neutralizes the positive charge of histone tails, thereby
altering histone-DNA interactions, and it is generally associated with transcriptional activation.
The process of histone acetylation is highly reversible and is tightly controlled by HATs and
HDACGs. The deregulation of HAT and HDAC expression is also associated with

tumorigenesis and poor prognosis. For instance, the HDAC Sirtuin 1 (Sirtl) is involved in the
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acquisition of metastatic traits by cooperating with EMT transcription factors and subsequent

EMT induction!”.

The implications of histone methylation depend on the type of residue - lysine or arginine -
and the specific position of this residue in the histone tail. For instance, methylation at H3K4,
H3K36 and H3K79 is associated with transcriptional activation, whereas methylation at
H3K9, H3K27 and H4K20 is linked to transcriptional repression. Lysine and arginine can be
monomethylated or dimethylated but lysine can also be trimethylated. Histone methylation is
regulated by histone methyltransferases (HMTs) and histone demethylases (HDMs) and their
deregulation is associated with pathological processes. For instance, lysine specific demethylase
1 (LSD1), also known as KDM1A, is upregulated in multiple types of cancer. The association
of LSD1 and the estrogen or the androgen receptor illustrates an example of the coordinate
interaction between chromatin-remodeling proteins with specific transcription factors. LSD1
interacts with these nuclear receptors to form chromatin-associated complexes, where it
removes repressive marks by demethylation of H3K9 in order to de-repress nuclear receptor
target genes' ', LSD1 inhibitors have been reported to attenuate tumor progression i vitro
in many types of cancer and are currently being tested in clinical trials for small-cell lung

carcinoma (SCL.C) and acute myeloid leukemia (AML)'™.

Some histone modifications are associated with DNA regulatory elements. H3K9ac and
H3K9me3 are two common modifications at promoters, which are regulatory elements where
transcription is initiated, and H3K4mel and H3KZ27ac at active enhancers, which are
regulatory elements farther away from the start site formed by clusters of transcription factor
binding sites that amplify the transcription initiated at promoters. Epigenetic alterations at
promoter and enhancer regions regulate gene expression and their alteration is associated with

the acquisition of metastatic traits' .

Most chromatin-modifying enzymes interact with coactivators and corepressors to form
functional complexes that increase their activity. An example of these functional complexes
are the two repressive PcG protein complexes, polycomb repressive complex 1 (PRC1) and
PRC2 and the antagonistic trithorax group (TrxG) protein complexes, associated with the

activation of gene expression'”

. Other chromatin remodeler complexes require energy from
ATP hydrolysis for their functions and include the following families: SWI/SNF, imitation

switch (ISWI), INO80, and chromodomain-helicase DN A-binding (CHD), the latter including
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the Mi-2/ nucleosome remodeling and deacetylase (NurD) complex . Alterations in
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chromatin-remodeling complexes are frequent in cancer. For instance, inactivating mutations
in AT-rich interaction domain 1A (ARID1A), a subunit of the SWI/SNF chromatin
remodeling complex, are frequent in ER+ BCa and loss of ARID1A expression is associated

with loss of luminal cell identity and resistance to hormonal therapy'.

In summary, chromatin structure is rigorously controlled by chromatin remodelers and its
alteration is extremely relevant in cancer metastasis, as it can trigger the activation of pathways
required for metastatic progression such as EMT. Activation of EMT depends on multiple
signals from the tumor microenvironment or on paracrine signaling factors. This signaling
triggers the expression of several transcription factors such as TWIST, SNAIL, SLUG and
zinc finger E-box binding homeobox 1 (ZEB1), which are known to control EMT programs.
However, the acquisition of mesenchymal traits is not permanent, as cells need to reverse to
an epithelial phenotype through MET once established at a distant tissue. This reversibility
requires the reprogramming of gene expression, which involves several epigenetic regulators.
For instance, EMT transcription factors can interact with PcG proteins at the E-cadherin
promoter, which will result in histone methylation and E-cadherin transcriptional repression.
The aforementioned EMT transcription factors can also interact with HDACs from the NuRD
repressive complex or histone demethylases such as LSD1 in order to orchestrate EMT

activation or repression'®

. Moreover, a recent example of acquisition of metastatic traits by
chromatin deregulation is L1CAM expression by cancer cells. When cancer cells detach from
the epithelium in order to reach the blood or lymphatic circulation, the loss of epithelial cell-
cell contacts triggers LICAM expression by transcriptional derepression through the
downregulation of the epigenetic regulator Repressor Element-1 Silencing Transcription
factor (REST). Upon extravasation, cancer cells use LCAM1 to adhere to the surface of blood
capillaries and activate essential pathways for metastatic outgrowth. LCAMI1-dependent

growth is a2 mechanism used for wound healing and it is leveraged by metastatic cells'**.

Epigenetic alterations in cancer have potential clinical use. Detection of hypermethylated
promoters of tumor suppressor genes or specific histone-modification patterns in biological
fluids and tissue biopsies can be used as biomarkers for early detection, prognosis and therapy
response prediction, although its use in routine clinical practice requires cost-effective
techniques'™>'™. For instance, 90% of ptimary prostate tumors have hypermethylation of
regulatory sequences at the glutathione S-transferase pi (GSTP7) gene and evidence shows that

this hypermethylation can be detected in urine samples from prostate cancer patients'**'"".
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Hypermethylation of death-associated protein kinase (DAPK), pl6™** and epithelial
membrane protein 3 (EMP3) are associated with poor outcome in lung, colorectal and brain
cancer respectively, which makes these epigenetic alterations interesting prognosis
biomarkers'. Moreover, hypermethylation of MGMT predicts favorable tesponse to

chemotherapy in patients with gliomas'"".

Cancer is a disease of altered gene expression and it occurs as a result of dysregulation of
transcription factors as well as altered epigenetic regulation. Transcription factors are crucial
for cancer progression. However, their inhibition is challenging because they do not have
enzymatic activity and it is hard to inhibit protein-protein interactions using drugs. Conversely,
chromatin remodelers are ideal drug targets as they either have enzymatic activity or recognize
DNA or histone covalent modifications''. For this reason, inhibitors targeting chromatin-
remodeling proteins are being explored in multiple clinical trials, and seven epigenetic drugs,

targeting DNMTs or HDAC, have already been approved by the US Food and Drug

Administration (FDA) for the treatment of hematological malignancies'”?.

2.3 Metastatic organ tropism

The spread of distant metastases to specific organs is known as metastatic organ tropism and
it is not an aleatory process (Table 4). Some cancer types spread mainly to one particular site,
for example prostate cancer to bone or pancreatic cancer and uveal melanoma to liver, while
other types such as breast and lung cancers or melanoma can colonize many different organs.
Moreover, some types of cancer metastasize at different organs simultaneously, while others
do this in a sequential manner. Colorectal cancer, for example, frequently metastasizes first to
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the liver and after to the lungs and the brain™”. Metastases are rarely found in some tissues

such as the skin, the ovaries and the spleen, whereas other tissues like the bone, the liver, the

lungs and the brain are more frequently colonized by cancer cells'”.

In 1889, Steven Paget proposed the “seed and soil” theory based on the observation that
different types of cancer have a preference to spread to specific organs. This theory
hypothesized that colonization of distant tissues depends on how favorable the host
microenvironment of a certain organ (soil) is to a metastatic cancer cell (seed)™. It is now

known that this hypothesis is not completely accurate, as all distant tissues are harsh for DTCs.
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In fact, the most welcoming tissue for a circulating cancer cell is the same organ from which

the primary tumor arose'”

. Thus, metastatic organ tropism is driven by a combination of
multiple factors, such as the molecular features of cancer cells, the immune cell composition
of the host tissue, and interactions between cancer cells and local cells from the host
microenvironment. Additionally, organ-specific metastases are controlled by blood and
lymphatic circulation patterns, as well as by barriers of the host organ, such as the anatomy of
the capillaries, which ranges from the permissive fenestrated capillaries of the liver or the bone

matrow to the strictly protected brain capillary walls'”.

Table 4. Metastatic organ tropism for solid tumors. Adapted from the National Cancer Institute
2020, Common sites of metastasis, accessed 6 September 2020,

<https:/ /www.cancer.gov/ types/metastatic-cancer>.

Cancer Type  Main Sites of Metastasis

Bladder Bone, liver, lung

Breast Bone, brain, liver, lung

Colon Liver, lung, peritoneum

Kidney Adrenal gland, bone, brain, liver, lung
Lung Adrenal gland, bone, brain, liver, other lung
Melanoma Bone, brain, liver, lung, skin, muscle
Ovary Liver, lung, peritoneum

Pancreas Liver, lung, petitoneum

Prostate Adrenal gland, bone, liver, lung
Rectal Liver, lung, peritoncum

Stomach Liver, lung, peritoneum

Thyroid Bone, liver, lung

Uterus Bone, liver, lung, peritoneum, vagina

2.4 Diversity of breast cancer metastasis

In BCa, metastasis can occur years or even decades after removal of the primary tumor. The
duration of this latency period as well as the patterns of metastatic spread, are dependent on
BCa subtypes. ER- tumors are associated with early relapse. In contrast, ER+ tumors usually

recur after longer periods, which indicates that these tumors need to accumulate colonizing

59


https://www.cancer.gov/types/metastatic-cancer

Functional interplay between ER and MAF transcription factors

metastatic features under selective pressure of the distant tissue. Regarding BCa organ tropism,
the bone accounts for 70% of BCa metastases, followed by the liver and the brain, which
represent around 30% and 20%, respectively'’. The bone is the preferred metastatic site for
all BCa subtypes except for basal-like tumors, which show higher relapse in the lung, brain and

distant lymph nodes'”*

. Among all the subtypes prone to bone metastasis, the luminal subtypes
metastasize to the bone at a much higher rate (80.5%) than HER2-enriched tumors (55.6%)"”.
Unfortunately, adjuvant BCa treatment can have an impact on metastasis patterns in specific
BCa subtypes. For instance, adjuvant chemotherapy in ER- patients leads to a decrease in bone

metastasis but an increase in visceral metastasis™".

Most alterations of the metastatic lesion are already present in the primary tumor and can
define the affinity of BCa cells for certain organs™'. For instance, the expression of a specific
set of genes, called lung metastasis signature, in the primary breast tumor correlates with an
increase in the development of lung metastasis and a decrease in bone and liver metastasis
among basal-like tumors. This signature includes genes that collectively promote growth,
survival and angiogenesis, including epiregulin, cyclooxygenase 2 (COX2), the transcriptional
regulator inhibitor of DNA binding 1 (ID1), MMPs and Retinoic acid receptor responder
protein 3 (RARRES3)*>*”. In contrast, the expression of a different set of genes that include

trefoil factor (TFF) 1 and TFF3, cell adhesion proteins and proteins involved in the FGFR-

204,205

MAPK signaling pathway is specifically associated with bone metastasis

Despite significant advances in our understanding of metastatic BCa, this condition is generally
considered incurable. Therefore, further research in this field is required to improve therapies.
Given that the bone is the foremost BCa metastatic site, affecting a vast number of patients,
the research of this thesis focuses on unraveling the molecular mechanisms involved in BCa

bone metastasis.
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3. BONE METASTASIS

The bone is one of the preferred metastatic sites for cancer cells. Bone metastases occur in
70% of breast and prostate cancer patients and in 15-30% of lung, thyroid or kidney cancer
patients””. Interestingly, bone metastasis is more common than primary bone tumors,

especially in adults®”.

Once bone metastases have been established, there is typically a short-term prognosis. In BCa,
80% of the patients die within the first 5 years after diagnosis of bone metastasis. Although
rarely cured, bone metastases can be treated in order to slow down their growth and palliate
symptoms™”. Bone metastases cause severe pain, impaired mobility, pathological fracture,
spinal cord or nerve root compression, bone marrow infiltration and hypercalcemia, which can
have fatal consequences such as dysfunction of the kidneys, gastrointestinal tract and even the

central nervous system™”

(SREs).

. These complications are collectively called skeletal-related events

Given the high number of patients suffering from bone metastases as well as the associated
costs, there is an urgent need to find new tools to identify those at risk of distant bone

metastasis and to develop new therapeutic options to prevent this condition.

3.1. Structure of the bone

The bone has several essential functions in the human body. It plays a crucial role in structural
support and movement, as it protects vital organs and provides muscle attachments. However,
it also has a metabolic function, serving as a reserve of minerals and energy. Moreover, the

bone contains the bone marrow, which is the main site of hematopoiesis™”.

A variety of cell types, vessels and hydroxyapatite crystals are embedded in a matrix of collagen
fibers and other non-collagenous proteins, forming the porous bone structure. The human
skeleton has two types of bone, namely cortical and trabecular (Figure 7A). These are identical
in chemical composition but differ in structure. The dense and compact cortical bone accounts
for 80% of skeletal mass, forming the outer part of all skeletal structures. Cortical bone
structure confers resistance to bending and tension and makes this type of bone ideal for

structural and protective functions. In contrast, trabecular bone accounts for 20% of the
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skeleton and is found inside long bones and inner portions of large flat bones. This type of

bone is less dense and more elastic and has a major metabolic function®?'.
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Figure 7. Bone anatomy and remodeling. (A) Schematic overview of bone structure. Two types of
bone tissue form the human skeleton: the compact and dense cortical bone and the porous and light
trabecular bone. (B) Physiological bone remodeling. When osteocytes sense old or damaged bone areas,
osteoclasts, derived from hematopoietic stem cells, are recruited to resorb bone. Osteoblasts, osteocytes
and stromal cells trigger osteoclast differentiation by signaling through different molecules. Bone
resorption results in growth factors and calcium release, thereby contributing to osteoblast
differentiation. Osteoblasts, derived from mesenchymal stem cells, are recruited to replace the bone
removed by osteoclasts and, after the new bone has been synthesized, osteoblasts cither differentiate
into osteocytes if butied in the newly formed bone matrix, become bone lining cells, or undergo
apoptosis. M-CSF, macrophage colony-stimulating factor; CSF1R, colony-stimulating factor 1
receptor; RANK, receptor activator of nuclear factor-kB; RANKIL, RANK ligand; OPG,
osteoprotegerin. Adapted from laquinta ez a/ (2019) and Weilbaecher ez a/. (2011).

The bone is a dynamic organ that is continuously remodeled by the coordinated activity of
four specific cell types: osteoblasts, bone lining cells, osteoclasts and osteocytes (Figure 7B).

In addition, the bone microenvironment is formed by other cell types, such as adipocytes,
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fibroblasts, reticulocytes, chondrocytes, endothelial cells, pericytes and nerve cells, as well as

hematopoietic and mesenchymal stem cells™”.

Osteoclasts are large multinucleated cells with a unique ability to resorb bone. These cells
derive from the myeloid lineage of hematopoietic precursors of the bone marrow and their
formation and activation are regulated by cytokines and hormones. Macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL),
produced by osteoblasts, osteocytes or stromal cells, are required for osteoclastogenesis.

Osteoclast precursors display the colony-stimulating factor 1 receptor (CSF1R) and the

receptor activator of nuclear factor-k B (RANK) on their surface, which induce osteoclasts
formation and activation upon M-CSF and RANKL binding, respectively. Both M-CSF and
RANKL are critical for the differentiation of osteoclast precursors but M-CSF is further
required for osteoclast proliferation, survival and the necessary cytoskeletal rearrangements for
bone resorption”””*"%. Osteoclasts adhere to the bone matrix and resotb bone by secreting
hydrogen ions and proteases such as cathepsin K. Hydrogen ions are released to acidify the
extracellular space beneath osteoclasts and dissolve the mineral component of the bone matrix

while proteases are secreted to digest the protein component of the matrix™**'?,

Osteoblasts derive from mesenchymal stem cells (MSCs) in the bone marrow. MSCs
differentiate to osteoprogenitors that give rise to preosteoblasts and eventually to osteoblasts.

All these differentiation processes are regulated by signaling of cytokines and hormones such
as parathyroid hormone (PTH), prostaglandin, intetleukin-11 (IL-11), IGF-1, TGF-8,
fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), Wnt and bone
morphogenetic proteins (BMPs), and expression of transcription factors such as runt-related
transcription factor 2 (Runx2), osterix (Osx) and activating transcription factors (ATFs)*"**".,
Osteoblasts have large nuclei and enlarged Golgi apparatus and are responsible for the
synthesis of new bone matrix to replace the bone removed by osteoclasts and maintain
structural integrity and bone homeostasis. Osteoblasts synthesize the osteoid matrix, the
unmineralized portion of the bone whose main component is collagen, and produce alkaline
phosphatase, osteopontin (OPN) and osteocalcin to mineralize bone. Moreover, they secrete
other factors such as RANKL and M-CSF, which have a direct impact on

osteoclastogenesis®”?'?,
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Bone lining cells are quiescent flattened osteoblasts that cover the bone surface where
resorption or bone formation is not required. These cells, which are joined by adherens
junctions, are located close to osteoblasts, and can reacquire their secretory activity depending
on the physiological status of the bone. The functions of bone lining cells are poorly defined
but evidence shows that they regulate osteoclast differentiation and prevent the interaction

between osteoclasts and the bone mattix when bone resorption is not required***".

Osteocytes are the most abundant cells of the bone and derive from osteoblasts that suspend
their activity once trapped in newly secreted bone matrix. These cells are embedded in
mineralized bone and function as stress sensors that regulate bone metabolism and
homeostasis in response to mechanical and hormonal signals. Osteocytes are connected to
each other and to the bone surface through extensive filopodia and are active during bone
resorption, inhibiting osteoblast differentiation and recruiting osteoclasts where bone
remodeling is required”**". Osteocyte apoptosis is regulated by multiple factors that influence
bone remodeling, such as bone damage, hormone levels and mechanical stimuli and is tightly

209

associated with osteoporosis™ . An example of hormonal control of osteocyte survival is E2,

whose deficiency has been associated with osteocyte apoptosis and subsequent osteoporosis®*.

The bone matrix comprises inorganic salts and an organic matrix and provides structural
support for all the aforementioned cell types. The organic matrix is formed mainly by
collagenous proteins, predominantly type I collagen, but also by noncollagenous proteins such
as osteocalcin, osteonectin, OPN, fibronectin, BMPs and growth factors. The inorganic
component of the bone matrix consists mostly of hydroxyapatite crystals, formed by calcium
and phosphate, which are used for metabolic functions and maintenance of serum
homeostasis. Hydorxyapatite crystals deposit on the organic matrix, conferring the

characteristic stiffness of bone tissue*' >,

3.2. Bone remodeling

Bone remodeling refers to the removal of bone matrix and subsequent replenishment and is
essential for maintaining the structural integrity of the bone, as well as for mineral homeostasis.
This process occurs by the sequential and cooperative action of osteoblasts, bone lining cells,

osteocytes and osteoclasts, which group together in temporary anatomical structures called
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basic multicellular units (BMUSs). Bone remodeling is structured in a cycle of stages: quiescence,

activation, resorption, reversal, formation, and return to quiescence’”.

Normally, bone surfaces are in a quiescent state if remodeling is not required. When osteocytes
recognize old or damaged bone areas, the bone remodeling process is activated and osteoclast
precursors are recruited for differentiation into mature osteoclasts and subsequent bone
resorption. Osteoclastogenesis requires mediators such as M-CSF and RANKL, produced by
osteoblasts, osteocytes and stromal cells, that bind to their respective receptors CSF1R and
RANK at the surface of osteoclast precursors and trigger its proliferation, differentiation and
fusion into active multinucleated osteoclasts. Mature osteoclasts resorb bone matrix until
suppressive signals are released by osteoblasts, osteocytes or lining cells during the reversal
stage. For instance, osteoblasts produce osteoprotegerin (OPG), a decoy receptor that
prevents RANKL binding to RANK, thus inhibiting osteoclast differentiation and activation.
The ratio of RANKL to OPG is critical for osteoclast activation. Furthermore, osteocytes and
lining cells produce prostacyclin (PGL), a potent bone resorption inhibitor. Following the
cease of bone resorption, differentiation of osteoblast precursors and accumulation of new
osteoblasts is mediated by growth factors and chemotactic agents and the resorption cavity is
filled with new bone matrix in a process called formation. After synthesis and mineralization
of the new bone matrix, mature osteoblasts undergo apoptosis, differentiate into osteocytes or
undergo morphologic and functional transformation to lining cells and the bone returns to its

original state of quiescence®”>".

Skeletal integrity is maintained by a balance between bone resorption and bone formation and
is controlled by many local and systemic factors. Deregulation of this mechanism results in
skeletal diseases such as osteoporosis, caused by excessive bone resorption, or osteopetrosis,

resulting from excessive bone formation®"!

. The local factors that regulate bone remodeling
include cytokines, growth factors and prostaglandins produced in an autocrine or paracrine
manner by bone cells as well as factors of the bone matrix released during bone resorption.
Alternatively, systemic factors include PTH, PTH-related protein (PTHtP), calcitonin, 1,25-
dihydroxyvitamin D3 (calcitriol), IGF-1 glucocorticoids, androgens and E2*". The latter has a
critical role in bone homeostasis by decreasing the responsiveness of osteoclast progenitors to

RANKL and by reducing the levels of osteoclastogenic cytokines such as 1L-1, I1.-6, IL-11,
TNF-a, TNF-B, and M-CSF. Moreover, E2 stimulates osteoblast proliferation and upregulates
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the local production of OPG, IGF-1 and TGF-f*’. The decrease in E2 at menopause is the

main cause of bone loss and osteoporosis™®.

3.3. Cancer cell interactions with the bone microenvironment

The discontinuous capillaries and constant remodeling of the bone make this organ highly
permissive and supportive for cancer cell colonization and growth. Cancer cells interact with
the bone microenvironment and benefit from the plethora of growth factors present in the
osteogenic niche. Primary tumors can condition the bone marrow through the production of
circulating factors that target cells in the bone microenvironment, forming a pre-metastatic
niche. For instance, BCa cells from the primary tumor can secrete the enzyme heparanase in
order to cleave heparan sulfate from the bone marrow, resulting in bone resorption and the
release of several factors that support bone colonization and metastatic growth*”’. Calcium
released during bone resorption is detected through the calcium-sensing receptor (CaSR) and
works as a chemoattractant for cancer cells***'. Furthermore, OPN secreted by cancer cells
promotes the recruitment of bone marrow cells and MMPs secretion by osteoblasts, thereby
supporting bone osteolysis in prostate cancer’*>. PTHtP is upregulated in many types of
cancer and promotes bone resorption and the production of supporting factors by the bone

microenvironment**,

Regarding bone homing, DTCs can interact with the bone endothelium in order to extravasate
and compete with hematopoietic stem cells (HSCs) for occupancy of osteogenic niches (Figure
8). Many of the adhesion molecules and chemokines that cancer cells use for extravasation are
involved in physiological mechanisms used by HSC homing to bone. For instance, the
expression of RANK by BCa cells mediates attachment to RANKL in osteolytic areas in the

bone®®

. CXCR4 at the surface of DTCs from different types of cancer binds to its ligand
CXCL12, expressed by osteoblasts, mesenchymal cells and pericytes at the bone, and
inhibition of this interaction sensitizes cancer cells to standard chemotherapy™***. Cancer

cells also express integrins on their surface that interact with ECM proteins such as bone
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sialoprotein (BSP), fibronectin, OPN, VCAMI or type I collagen in the bone, allowing bone

colonization®-%*!,
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Figure 8. Molecules involved in cancer cell bone homing. Different ligand-receptor pairs are used
by cancer cells to enter the bone tissue. CXCL12, C-X-C Motif Chemokine Ligand 12; CXCR4, C-X-
C Motif Chemokine Receptor 4, BSP, bone sialoprotein; VCAMI, vascular cell adhesion molecule 1;
RANK, receptor activator of nuclear factor-kB; RANKL, RANK ligand; OPN, osteopontin. Adapted
from Salvador et al (2019).

DTCs in the bone marrow may remain in a latent state as solitary cells or as a dormant tumor
mass for long periods. During this time tumor cells are not fully adapted to the bone
microenvironment, as they are unable to grow, but they are resistant to treatments aimed at
cell proliferation. Cell-autonomous mechanisms and angiogenic and immunological processes

maintain the latent state of DTCs or micrometastases™ (Figure 9). Stromal signals such as

hypoxia, TGF-B and BMP can trigger DTC quiescence® . Particularly, TGF-B signaling
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confers a dormant state by increasing p38 MAPK signaling in DTCs™*. Mitogen-and stress-
activated kinase 1 (MSK1), a downstream target of p38 MAPK, regulates chromatin marks
that modulate the expression of genes involved in luminal cell differentiation, thus facilitating

dormancy by suppressing metastatic features™

. Cancer cells can express the Wnt inhibitor
dickkopt 1 (DKKI1), which leads to a self-imposed slow-cycling state, as well as

downregulation of NK cell ligands and evasion of immune surveillance®’. The binding of
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prostate cancer cells to annexin II at the surface of osteoblasts triggers the expression of
growth arrest-specific 6 (GASG) receptors, well-known inducers of dormancy in HSCs. GAS6

produced by osteoblasts is sensed by these receptors, resulting in a reduction in cell cycle

progression™”

. Moreover, DTCs inhibit PI3K signaling under nutritional stress to induce
quiescence and autophagy””**. Tumor mass dormancy is sustained by a balance of
proangiogenic and antiangiogenic factors, such as VEGF and TSP1, and a balance of immune

cell presence and tumor cell evasion of their action'.

Immune Surveillance Angiogenesis

MSKl_ — % GATA3 ) —> Cell differentiation

Figure 9. Mechanisms of metastasis dormancy. Bone metastatic cells can remain in a latent state

through cell-autonomous mechanisms and interactions with the bone microenvironment. A balance
between proliferation and apoptosis is maintained during metastatic dormancy through regulation of
angiogenesis and the action of the immune system. In cancer cells, multiple signaling molecules trigger
the activation of pathways that result in cell cycle arrest and cell differentiation. NK, natural killer;
CD8+/CD4+, cytotoxic T-cell; TGEP, transforming growth factor-3; BMP, bone morphogenetic
protein; GASG, growth arrest-specific 6; TSP1, thrombospondin 1; VEGE, vascular endothelial growth
factor ; ERK, extracellular signal-regulated kinase; PI3K, Phosphoinositide 3-kinase; DKK, dickkopf
1; p27/p21, cyclin-dependent kinase inhibitors; MSK1, mitogen-and stress-activated kinase 1; GATA3,
GATA binding protein 3. Adapted from Salvador et al (2019).
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Acquiring the macrometastatic growth capacity in the bone depends on mechanisms such as
DTC evasion of immune surveillance or attenuation of antiproliferative signals from the bone
microenvironment, as well as on the establishment of new interactions between DTCs and the
bone microenvironment*”. For instance, VCAM1 expression by cancer cells promotes the
transition from micrometastasis to overt metastasis by recruiting osteoclast progenitors and
increasing osteoclast activity"'. The growth of metastatic bone lesions involves aberrant bone
remodeling through paracrine crosstalk between cancer cells and the bone microenvironment.

Depending on the mechanism of interference with physiological bone remodeling,

macrometastases can be classified as osteolytic, osteoblastic or mixed lesions.

3.3.1. Osteolytic metastasis

Osteolytic metastases are characterized by the destruction of the normal bone and are typical
in multiple myeloma (MM), adult T cell leukemia, and breast, lung and renal cancer*".
Osteolysis is caused by osteoclast stimulation, not by the direct action of cancer cells on the

bone tissue.

Cancer cells secrete osteolytic factors such as PTHrP, IL-6, IL-8, IL-11, VEGF and TNF-q,
which enhance osteoclast formation by increasing the ratio of RANKL to OPG*'® (Figure 10).
Evidence shows that neutralizing antibodies to PTHrP reduce tumor cell growth and are

effective in the treatment of hypercalcemia®™*

. Moreover, cancer cells can also produce MMPs
that increase the amount of active RANKL either by processing it to an active soluble form or
by cleaving epidermal growth factor (EGF)-like ligands from tumor cells to activate epidermal
growth factor receptors (ERBBs) and suppress the expression of OPG in osteoblasts, resulting
in osteoclast activation”>***. Denosumab, a monoclonal antibody that targets RANKL are an
effective treatment option in patients with bone metastasis*”’. Transctription factors such as
GLI family zinc finger 2 (GLI2) and RUNX2 in cancer cells are associated with osteolysis by
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inducing expression of PTHrP and MMPs, respectively

Upon activation through cancer cell-derived molecules, osteoclasts attach to the bone surface
and release hydrogen ions and proteases to resorb bone, which facilitates cancer cell invasion
through the bone stroma. Bone resorption involves the release of several factors stored in the
matrix into the bone microenvironment. These factors include TGF-B, IGFs, BMPs and

calcium ions and they support cancer cell growth while inhibiting apoptosis. Moreover, stromal
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TGF-B and calcium stimulate PTHrP production by cancer cells, among other osteolytic
factors, further promoting bone resorption, cancer cell growth and subsequent release of bone
matrix factors®**. Therefore, there is a “vicious cycle” in osteolytic metastasis where cancer
cell-driven osteoclast activation and bone resorption results in the release of bone matrix

factors, which in turn support cancer cell growth and lead to further bone resorption.

Cancer cells

1L.-8, PTH<P,
TNFo, TL-11,

1L-6, VEGE EGF hke
1 growth factors .
'* ERBBS .
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Figure 10. The vicious cycle of osteolytic bone metastasis. Cancer cells secrete numerous factors
that facilitate bone homing and induce angiogenesis and osteoclastic bone resorption. Osteoclasts,
directly (solid arrows) or indirectly (dashed arrows) activated by the aforementioned molecules, resorb
bone and cause the release of factors from the bone matrix. These released factors further promote
tumor growth and bone resorption, perpetuating tumor activity. HIF1e, hypoxia-inducible factor 1o
GLI, family zinc finger 2; RUNX2, runt-related transcription factor 2; VEGF, vascular endothelial
growth factor, CXCR4, C-X-C Motif Chemokine Receptor 4; LLPA, lysophosphatidic acid; ADP,
adenosine diphosphate, TGF-g, transforming growth factor-$; IGFEs, insulin-like growth factors; IL-
6/8/11, intetleukin-6/8/11; PTHtP, parathyroid hormone-related protein; TNFa, tumor necrosis
factor; MMPs, matrix metalloproteinases; RANK, receptor activator of nuclear factor-kB; RANKIL,
RANK ligand; OPG, osteoprotegerin; EGF, epidermal growth factor; ERBB, epidermal growth factor
receptor. Adapted from Weilbaecher et al (2011).
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Additionally, other signaling pathways such as HIFla and Jagged 1 (JAG1)-Notch support
osteolytic bone metastasis®* ', HIF1a, together with TGF-, induce the expression of VEGF
and CXCR4, promoting angiogenesis and facilitating bone homing. JAG1 binds to Notch in
osteoblasts and activates a signaling pathway that results in IL-6 release and osteoclasts
activation®”. In patients with bone metastasi, chemotherapy can induce JAG1 expression in
osteoblasts, which provides a pro-survival niche for cancer cells. Pre-clinical data shows that
the use of antibodies against JAG1 in combination with chemotherapy impairs tumor

growth™”.

Finally, platelets can further contribute to osteolytic metastasis by inducing cancer cell
production of osteolytic factors such as IL.-6 and IL-8 through the release of lysophosphatidic
acid (LPA) and adenosine diphosphate (ADP)*>.

3.4.2. Osteoblastic metastasis

Osteoblastic metastases are caused by cancer cell production of factors that stimulate
osteoblast proliferation, differentiation and bone formation not necessarily preceded by bone
resorption. This types of bone metastasis is present in prostate cancer, small cell lung cancer,

Hodgkin lymphoma and medulloblastoma®”.

Although the mechanisms that lead to osteoblastic metastases are less understood than for
osteolytic metastases, some molecules are associated with osteoblast growth and excessive
bone formation. BMP, Wnt and TGFB produced by cancer cells stimulate MSC recruitment
and differentiation into pre-osteoblasts, which will differentiate into osteoblasts owing to the
action of several tumor-derived growth factors such as endothelin 1 (ET-1), platelet-derived
growth factor (PDGF), BMPs, IGFs, FGFs and urokinase (uPA)***** (Figure 11). ET-1
levels are increased in prostate cancer patients with osteoblastic metastasis and preclinical
evidence shows that blockade of the endothelin receptor reduces the growth of this type of

26257 Alternatively, insufficient bone resorption due to the action of cancer cells can

metastasis
also lead to excessive bone formation and osteoblastic metastasis. For instance, prostate cancer
cells produce prostate-specific antigen (PSA) to cleave the amino-terminal portion of PTHrP,

thereby impairing the interaction with the PTH receptor and decreasing bone resorption™”.
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Figure 11. Mechanisms of osteoblastic bone metastasis. Cancer cells can cause excessive bone

formation either by promoting osteoblast differentiation and growth through the release of several
growth factors or by inactivating osteolytic cues. BMP, bone morphogenetic protein; TGF-§,
transforming growth factor-3; ET-1, endothelin 1; IGFs, insulin-like growth factors; PDGF, platelet-
derived growth factor (PDGF); uPA, urokinase; FGF, fibroblast growth factor, PSA prostate-specific
antigen; PTHrP, parathyroid hormone-related protein. Adapted from Weilbaecher ez 2/ (2011) and
Mundy (2002).

3.4.3. Mixed metastasis

Deregulation of the normal bone remodeling process during cancer progression leads to
excessive bone resorption in osteolytic metastasis and excessive bone formation in osteoblastic
metastasis. However, this distinction is not absolute and patients can present mixed bone
metastasis by having osteolytic and osteoblastic lesions or one lesion with both osteolytic and
osteoblastic components. Mixed bone metastases are present in breast, gastrointestinal and

squamous cancers, although most bone metastases in BCa patients are osteolytic.
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3.5. Bone metastasis treatment

The presence of bone metastasis is associated with SREs, which have an important impact on
patient’s quality of life and survival. Bone metastasis management is focused on SRE
prevention and symptom palliation, and it requires a multidisciplinary approach that includes
oncologists, radiotherapists, a pain control team, radiologists, endocrinologists, surgeons and
psychologists”’. The major treatments for bone metastasis are directed to the bone
microenvironment and are used in combination with systemic therapies for advanced cancer

259

to reduce tumor burden at skeletal and extra-skeletal sites™. Bone-targeting treatments include

local approaches and systemic approaches.

3.5.1. Local treatments

Local treatments comprise radiation therapy, ablation techniques and orthopedic surgery, and

they are used to prevent fractures and relieve symptoms such as pain.

Radiation therapy is used to relieve pain and improve patient’s quality of life, as well as to
reduce the need for analgesics. 50% of the patients experience full relief from pain within the

first 2 weeks of radiation therapy treatment®”*".

Ablation techniques are based on the action of cold, heat or chemicals on the bone tissue to
reduce tumor burden. The main ablation techniques used for bone metastasis treatment are

radiofrequency ablation and cryoablation®”.

Orthopedic surgery is performed to fix pathological fractures or to stabilize high-risk lesions.

Surgery depends on life expectancy and metastasis site®”*".

Osteoplasty consists of the injection of polymethyl methacrylate (PMMA), also called bone
cement, into a bone lesion, and it is used to reduce the risk of pathological fracture, relieve
pain and improve mobility. Less invasive than surgery, this technique is used in lesions that are
not eligible for surgery, lesions refractory to radiotherapy and chemotherapy and after ablation

techniques to fill the space left after tumor reduction®”.
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3.5.2. Systemic treatments

Systemic approaches include inhibitors of bone resorption, osteoblast modulators and
radiopharmaceuticals, and they are aimed at restoring the abnormal bone remodeling that

occur in bone metastases™ (Figure 12).

3.5.2.1. Inhibitors of bone resorption

Inhibitors of bone resorption impair osteoclast formation and activity and include the
approved drugs bisphosphonates and denosumab and other molecules that are still not
licensed such as cathepsin K inhibitors and c-Src inhibitors. Moreover, evidence shows that
some systemic cancer treatments such as mTOR inhibitors and proteasome inhibitors also

have an impact on osteoclastogenesis™'.

Bisphosphonates are pyrophosphate analogs that either inhibit essential enzymes for
osteoclast activity and survival or are metabolized to cytotoxic compounds that induce
osteoclast apoptosis. These drugs are used to modify the bone microenvironment by targeting
osteoclasts instead of directly targeting cancer cells. However, evidence suggests that
bisphosphonates might have a direct effect on other cell types such as immune cells,

osteoblasts, endothelial cells or even cancer cells®* 2,

Bisphosphonates are a major
therapeutic option for SRE prevention in metastatic BCa patients and they include zoledronic
acid (ZOL), ibandronate, pamidronate and clodronate, all of them being equally effective®’.
Clinical data from the ABCSG-12 and ZO-FAST clinical trials showed that adjuvant ZOL
significantly improves PFS and OS in BCa patients, although the beneficial effects of this drug
seem to be dependent on a low E2 environment®™**”. Moreover, the AZURE clinical trial
showed that ZOL reduced the development of bone metastasis and, in women who were more

than 5 years postmenopausal, improved disease outcomes™’

. These results prove that the
endocrine environment affects the anticancer activity of ZOL, although the mechanisms
underlying this observation are still under investigation. Close monitoring of patients treated
with bisphosphonates is required, as there is a risk of severe adverse effects such as kidney

damage or osteonecrosis of the jaw. Other common but mild adverse effects include fatigue,

fever, nausea and anemia®’.
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Denosumab is a high affinity antibody to RANKL that prevents its interaction with RANK

2 Clinical trials have

at the osteoclast surface and inhibiting osteoclast maturation and activity
demonstrated that denosumab is superior to ZOL in delaying the first SREs in breast and
prostate cancer patients, although it does not improve PFS or OS”"*" The adverse effects
associated with this drug include nausea, diarrhea, weakness and osteonecrosis of the jaw.

However, it does not affect kidney function®".

Cathepsin K inhibitors, which include odanacatib, dutacatib and balicatib, act by blocking
the function of a lysosomal protease secreted by osteoclasts in order to cleave collagen and
degrade the bone matrix. These drugs have been tested for osteoporosis and osteoarthritis
treatment and odanacatib in particular has proven to reduce bone resorption markers in BCa
patients with bone metastasis’”. Unfortunately, long-term treatment with odanacatib was
associated with atrial fibrillation and stroke, which lead to the discontinuation of its

development**".

c-Src inhibitors block the action of the proto-oncogene tyrosine-protein kinase Src, which is
involved in osteoclast activation and include bosutinib and dasatinib. Clinical trials have shown
promising results in terms of drug safety and tolerance and on bone turnover markers”>"".
However, a phase II study revealed that PES is not significantly improved by treatment with a

c-Src inhibitor?™,

mTOR inhibitors block the action of mTOR, which promotes osteoclast differentiation and
inhibits apoptosis. Clinical trials with everolimus have shown improved PFS and beneficial

effects on bone turnover and SREs?*2!.

Proteasome inhibitors inhibit osteoclast differentiation by preventing the degradation of
inhibitor of kappa B (I-xB) and therefore blocking NF-kB signaling. Bortezomib and

carfilzomib in combination with chemotherapy improve PEFS and OS in patients with

MMZSZ,ZRS

3.5.2.2. Osteoblast modulators

Osteoblast modulators are being explored for bone metastasis treatment, although none have

been approved for the prevention of SREs to date. Osteoblast modulators include PTH, anti-
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sclerostin antibodies, DKK-1 inhibitors, activin-A inhibitors, ET-1 antagonists and tyrosine

kinase inhibitors.

PTH upregulates genes from the Wnt pathway and downregulates DKK-1 and sclerostin,
promoting osteoblast differentiation. Pre-clinical data have shown that PTH improves bone

mineral density; however, clinical data show that PTH is associated with risk factors in patients

with MM2#25

Anti-sclerostin antibodies include romosozumab, blosozumab and BPS804 and they act by
blocking the action of sclerostin, a Wnt inhibitor, to trigger osteoblast differentiation. Clinical

trials show an increase in bone mineral density in osteoporosis patients treated with anti-

286, 261

sclerostin antibodies***”". However, romosozumab is associated with cardiotoxicity™".

DKXK-1 inhibitors promote osteoblast differentiation by blocking the action of the Wnt
inhibitor DKK-1 produced by cancer cells. Phase IB and phase 1I clinical trials with DKK-1

inhibitors report an increase in bone mineral density in patients with MM**%*%,

Activin-A inhibitors block the action of the activin-A cytokine, secreted by osteoblasts,
osteoclasts and stromal cells and involved in osteoclast activation and inhibition of osteoblast
differentiation. A clinical trial with sotatercept, an activin-A analog that blocks the activin-A

receptor, showed an improvement in bone mineral density and bone pain in MM patients™.

ET-1 antagonists block the effects of ET-1, involved in osteoblast differentiation. Although
preclinical data showed that blockade of the ET-1 receptor reduces the growth of osteoblastic
metastasis, clinical trials with the ET-1 antagonists zibotentan and atrasentan did not show
improvement of OS or PFS***". However, atrasentan did have a beneficial effect on bone

pain and SREs in prostate cancer patients™’.

Tyrosine kinase inhibitors impair osteoblast activation by blocking the VEGF receptor.
Cabozantinib was shown to improve SREs in prostate cancer patients and OS and PES in

. . . Q Q
patients with renal cell carcinoma™>*”,

3.5.2.3. Radiopharmaceuticals

Radioisotope-labeled molecules can be selectively delivered to bone lesions to induce DNA
damage and apoptosis. Radium-233  dichloride is an alpha particle-emitting

radiopharmaceutical that works as a calcium mimetic, forming complexes with hydroxyapatite
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in the bone and delivering cytotoxic radiation to bone metastasis sites. A clinical trial has
demonstrated that radium-233 significantly improves OS and SREs in advanced prostate

cancer patients™*
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Figure 12. Mechanism of action of common and potentially novel therapeutic options for bone
metastasis. Proto-oncogene tyrosine-protein kinase Stc  (c-Stc) inhibitors, bisphosphonates,
mammalian target of rapamycin (mTOR) inhibitors, proteasome inhibitors, denosumab and cathepsin
K inhibitors compromise osteoclast activation, differentiation and action. Additionally,
bisphosphonates, mTOR inhibitors, proteasome inhibitors as well as radium-233 dichloride also have
a direct anti-tumor effect. In contrast, parathyroid hormone (PTH), anti-sclerostin antibodies, dickkopf
1 (DKK1) inhibitors, tyrosine kinase (TK) inhibitors, activin-A inhibitors and endothelin 1 (ET-1

antagonists) act by modulating osteoblast activity. Adapted from D’Oronzo et a/ (2019).
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3.6. Predictive biomarkers for relapse and response to bone

metastasis treatment in breast cancer

Despite recent therapeutic advances, bone metastasis is still a major complication with an
important impact on patient’s quality of life. Up to 50% of patients with bone metastasis
treated with anti-resorptive drugs develop new bone metastases, skeletal complications and
disease progression. These observations highlight the need to develop new therapies, as well
as to identify novel biomarkers to predict relapse and response to existing bone-modifying

agents”'’.

Bone turnover biomarkers are currently used to identify bone metastatic patients at high risk
of SREs or death. These biomarkers include type I collagen fragments such as C-terminal
telopeptide of type I collagen (CTX), cross-linked C-terminal telopeptide of type I collagen
(ICTP) and N-terminal telopeptide of type I collagen (NTX), products of collagen synthesis
such as procollagen type 1 N-terminal propeptide (P1NP), and bone alkaline phosphatase
(BALP)*”. High NTX or BALP levels ate associated with an increased risk of skeletal
complications and disease progression in patients undergoing bone antiresorptive therapy™>>".
Moreover, bone turnover biomarkers can provide prognostic information about future bone
recurrence. For instance, high PINP, CTX and 1-CTP serum levels in early BCa patients are
associated with an increased risk of bone metastasis but not metastasis to other distant sites,
thereby indicating the importance of bone turnover to provide a proper niche for BCa cells*”.
Other biomarkers such as dedicator of cytokinesis protein 4 (DOCK4), involved in cell
adhesion processes, peroxiredoxin 4 (PRDX4), an osteoclastogenesis inducer and p21-
activated kinase 4, a repressor of ER transcriptional activity, has also been suggested to identify

BCa patients at high risk of bone recurrence®*".

Preventing metastasis is far better than treating it. The use of adjuvant bone-modifying
treatment was tested in clinical trials and showed that not all patients benefit from treatment™'.
Thus, biomarkers that can predict which patients are most likely to benefit from this treatment
represent an unmet medical need. Macrophage-capping protein (CAPG) and PDZ domain-
containing protein GIPC1 (GIPC1) in primary breast tumors are associated with bone
metastasis and poor OS but can also predict benefit from ZOL treatment. BCa patients with
high CAPG and GIPC1 expression levels show up to 10-fold reduction of bone metastases

and 2.5-fold reduction for death upon ZOL treatment compared to patients with low levels of

78



Functional interplay between ER and MAF transcription factors

these biomarkers™”. Additionally, it has been proved that the v-maf avian musculoaponeurotic
fibrosarcoma oncogene homolog (MAF) transcription factor drives specifically bone
metastasis in early-stage ER+ BCa patients by regulating the expression of a set of genes that
support bone colonization™”. Moreover, MAF status predicts likelihood of benefit from

adjuvant ZOL. treatment in BCa patients™

. Considering these observations, this transcription
factor has emerged as a promising biomarker for bone metastasis prevention and treatment

decision-making for BCa patients.
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4. MAF transcription factor, a novel biomarker for bone

metastasis

The discovery of MAF as a metastasis driver, particularly to the bone, makes this transcription
factor a powerful target for the prevention and treatment of BCa metastasis to bone and

highlights the need of further exploring MAF function in BCa cells.

4.1. The MAF family of transcription factors

MAF transcription factors, together with Fos, Jun, CREB and activating transcription factor
(ATF) families, are part of the activator protein 1 (AP-1) superfamily of basic leucine zipper
(bZIP) proteins (Figure 13A). The MAF family consists of small and large MAF proteins. The
former comprise MAFF, MAFG and MAFK, while large MAF proteins include NRL, MAFA,
MAFB, and MAF (also known as c-maf), the latter alternatively spliced in two isoforms (short

and long) that differ only in their carboxy termini’” (Figure 13B).

Transcription factors from the AP-1 family have a basic domain, which allows binding to 12-
O-tetradecanoyl phorbol 13-acetate-responsive element (TRE) or cAMP-responsive element
(CRE) DNA sequences and a leucine zipper domain, which mediates homo or
heterodimerization with other bZIP transcription factors required for DNA binding (Figure
13C). The MAF family has an additional domain called extended homology region (EHR) that
allows the recognition of longer sequences called MAF-recognition elements (MARES).
MARE:S are composed of a TRE or CRE core, recognized by the basic domain, and a flanking
TGC sequence recognized by the EHR domain. TGC sequences are indispensable for MAF

5,306

binding, but the TRE or CRE core can be more degenerated™>*".

Both small and large MAF proteins have a basic domain, a leucine zipper domain, and EHRs.
However, they differ in an N-terminal transactivation domain that contains binding sites for
transcription coregulators, only present in large MAF proteins®”. Small MAF proteins
homodimerize to bind to MARE sites whereas large MAF proteins homodimerize or

heterodimerize with other bZIP transcription factors 7 vitro, although no relevant partners i

80



Functional interplay between ER and MAF transcription factors

vivo have yet been identified™” ™" . Notwithstanding, large MAF proteins do not heterodimerize
with small MAF proteins™”.

MAF proteins can undergo post-translational modifications such as phosphorylation,

sumoylation and acetylation. For instance, glycogen synthase kinase 3 (GSK3) phosphorylation
of MAFA has a dual function, inducing its ubiquitylation and degradation but also increasing

its transcriptional activity through the recruitment of the P/CAF coactivator’"’. Furthermore,

MAFB sumoylation in myeloid cells results in inhibition of its transactivation capacity and

impaired macrophage differentiation’.
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Figure 13. The MAF family of transcription factors, members of the AP-1 superfamily. (A)
Phylogenetic tree of the activator protein 1 (AP-1) superfamily of proteins. (B) Schematic
representation of MAF family member structures. MAF is alternatively spliced in two isoforms named
short and long. Residues involved in post-translational modifications as well as the kinases responsible
for some of these modifications are illustrated. Mutations related to cataract and retinitis are depicted
in MAF and NRL proteins, respectively. (C) Recognition sequences of AP-1 superfamily members.
MAF transcription factors can bind to a T-MARE, C-MARE, degenerated MARE or half MARE
flanked by AT-rich sequences. TRE, 12-Otetradecanoyl phorbol 13-acetate (TPA)-responsive element;

CRE, cAMP-responsive element; MARE, MAF recognition element. Adapted from Eychene e a/
(2008).
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Large MAF proteins recruit coactivators such as p300, CRE binding protein (CREBBP),
P/CAF or TATA binding protein (TBP) to activate transcription. In contrast, small MAF
homodimers compete with large MAF proteins for binding to target gene promoters, thus
repressing transcription’>’", Hence, transcriptional regulation through MAREs depends on a

balance of large MAF-containing complexes and small MAF homodimers™.

Large MAF proteins can regulate their own expression, as their promoters contain MARE
sequences. This is important during development, where there is a cascade of expression of
various large MAF proteins in which the expression of one member might be implicated in
the expression of the next member in the cascade. Large MAF proteins are important in tissue
specification and act as key regulators of terminal differentiation in many tissues, including
bone, brain, kidney, lens, pancreas, retina and blood™’". For instance, MAFA patticipates in
insulin transctiption and production in pancreatic B cells, MAFB regulates macrophage and
podocyte differentiation and pancreatic endocrine cell commitment and maturation and MAF

is involved in T-cell, lens and chondrocyte differentiation’”.

Mutations in the large MAF proteins NRL and MAF have been associated with diseases such
as pulverulent cataract, clumped pigmentary degeneration and tetinitis pigmentosa™®**"”.
Furthermore, deregulation of MAF protein expression can lead to cancer development and

osteolytic metastasis™>".

4.2. MAF function in cancer cells

Small MAF members are not considered oncogenes but have been reported to participate in
antioxidant responses that might contribute to cancer development. In contrast, large MAF

proteins have been directly implicated in carcinogenesis™>".

Large MAF members are considered oncogenes due to their ability to transform primary cells.
The first MAF family member discovered was v-#af, identified in the AS42 avian retrovirus,
which induces musculo-aponeurotic-fibrosarcoma in chickens’”'*. Additionally, transgenic
mice with MAF overexpression in the T-cell compartment develop T-cell lymphoma’’, and
in humans, 50% of MM and 60% of angioimmunoblastic T-cell lymphomas (AITLs) express
319,320,321

high levels of MAF, which directly contribute to cancer progression

translocations involving MAFA and MAFB are also found in MM****,

. Similarly,
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MAF, MAFA and MAFB can transform fibroblasts 7z vitro and this capacity relies on high
expression levels rather than on activating mutations™”***. MAF and MAFA are more

324326 Tn contrast,

effective at transforming cells, whereas MAFB displays less oncogenic activity
NRL has no transforming activity and, accordingly, its expression has not been found to be
deregulated in human cancer’”. In summary, high expression levels of unmutated MAF have

oncogenic activity in cell culture, animal models and human cancer.

As transcription factors, MAF proteins regulate a series of genes that might be responsible for
malignant transformation. Various studies based on gene expression profiling of MM patients
have reported a MAF gene expression signature in this disease’”**. Some of these MAF target
genes include C-X-C chemokine teceptor type 1 (CXCR1), CXCL12, cyclin D2, integrin 37
and AMPK-related protein kinase 5 (ARKD5) and they have been found to be up-regulated in
MM and AITL with MAF overexpression as well as in MAF transgenic mice’*”* . Thus, MAF
governs important processes in MM cells by regulating the expression of genes involved in cell
proliferation, such as cyclin D2, genes involved in cell migration and invasion processes, such
as CXCL12 and ARKS5, and genes involved in cell-cell interactions, such as integtin 7 and
CXCR177%* However, the specific MAF transcription program and its role in other cancer

types have yet to be defined.

4.3. MAF in breast cancer metastasis to bone

Since bone metastasis is a major complication in BCa patients, the discovery of biomarkers
that specifically predict risk of bone metastasis exhibits a great surge of interest in the field.
Thus, an experimental xenograft mouse model and three rounds of intracardiac injection of
MCF7, human ER+ BCa cells, and subsequent isolation after bone metastasis establishment
was used in our laboratory for the generation of a derived cell line with enriched bone
metastatic capacity, named BoM2™”. Comparative genomic hybridization of parental MCF7
and BoM2 cells allowed the detection of copy number aberrations (CNAs) and the
identification of a substantial 16q23 chromosomal gain in BoM2 compared with the parental
population. Consistently, association of 16q13 chromosomal gain with bone metastasis and
poor outcome was clinically validated in independent BCa datasets with annotated clinical

follow-up. After examination of the 16q23 region, the MAF transcription factor was identified
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as a potential bone metastasis mediator. The association of high MAF expression levels and
incidence of bone metastasis but not metastasis, to extra-skeletal sites such as the brain and

lungs was validated in historical datasets from ER+ BCa patients (Figure 14A).
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Figure 14. MAF promotes breast cancer bone metastasis. (A) Bone, brain and lung metastasis
cumulative incidence plot of estrogen receptor-positive (ER+) primaty breast cancer (BC) patients.
High MAF expression in the primary tumor is associated with high incidence of bone metastasis but
not brain or lung metastasis. (B) Bone colonization incidence of mice with MAF-overexpressing and
control parental MCF7 and T47D BC cells implanted in the mammary fatpad. Mice bearing primary
tumors with similar size were selected for bone metastasis evaluation. (C) Kaplan-Meier cutrves of bone
metastasis-free survival for MAF-overexpressing and parental MCF7 and T47D BC cells inoculated
through intracardiac injection. (D) Bone colonization incidence of MAF-ovetexpressing and parental
T47D and parental and MAF short hairpin-carrying ZR-75 BC cells inoculated through intratibial

injection. Adapted from Pavlovic ez a/ (2015).
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Furthermore, iz vivo experiments based on orthotopical injection into the mammary gland as
well as intracardiac or intratibial injections of different BCa cell lines, showed that MAF-
overexpressing cells had an enhanced capacity to metastasize to the bone, while this capacity

was abrogated upon MAF depletion™ (Figure 14B, C and D).

Gene expression analyses in MAF-overexpressing cells suggested that MAF controls the
expression of a set of genes that collectively support functions required for bone metastasis.
PTHI_H, the PTHrP-coding gene, was identified among these MAF-regulated genes and its
expression correlated with increased osteoclast activation, which is essential for BCa bone

303

metastasis” . Of note, PTHrP expression in T4 primary breast tumors in combination with

positive nodal status is associated with an increased risk of bone metastasis; however, it fails

33(

to predict bone metastasis in early-stage BCa™'. Together, these results suggest that PTHrP
is not sufficient for bone metastasis development, which requires a certain degree of
transformation in BCa cells. MAF-overexpression in tumor cells might provide the acquisition
of necessary functions for bone metastasis development and, in this context, PTHrP
expression would become an advantage for cancer cell colonization of the bone. Taken

together, these results shed light on the potential use of MAF as a therapeutic target for the

prevention or treatment of bone metastasis.

4.3.1. MAF as a predictive biomarker for adjuvant zoledronic acid

treatment in breast cancer metastasis to bone

Meta-analyses of individual patient data from randomized clinical trials have demonstrated that
adjuvant bisphosphonates, especially ZOL, reduce the incidence of bone metastasis and
improve survival only in postmenopausal patients with early BCa™. However, no clear
biological reason explains why treatment benefit is restricted to women with low E2 expression

levels.

Although some biomarkers have been defined as predictors for response to bone-modifying
agents, they are still not used in clinical practice, and patients are selected for adjuvant
bisphosphonate treatment based only on menopausal status. To fine-tune the selection of
patients, a retrospective analysis of the phase III AZURE clinical trial was performed to

investigate whether MAF amplification in primary breast tumors could predict the outcomes
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of treatment with adjuvant bisphosphonates. This study revealed that, indeed, MAF status

predicts response to ZOL treatment (Figure 15A).

A

n (events) HR (95% Cl)
MAF negative (<2-5 copies)
Not postmenopausal 469 (144) —m— 0-79 (0-56-1-10)
Age <50 years 309 (96) —.— 0-88 (0-58-1.32)
Postmenopausal 212 (64) —.— 0-64 (0:39-1-06)
Age =50 years 372 (112) — . 0-71(0-49-1-03)
All patients 681(208) —E— 0-74 (0-56-0-98)
MAF positive (225 copies)
Not postmenopausal 121 (44) = » 247 (1-23-497)
Age <50 years 77 (31) = P 2.61(1-16-5-86)
Postmenopausal 63(30) = 074 (0-35-1.58)
Age 250 years 107 (43) = 0-89 (0-49-1-63)
All patients 187 (74) = 1.34(0-83-2-14)
r T T T T T 1
0.0 05 10 15 2.0 25 30 35
+— — >
B Favours zoledronic acid Favours control
100 — Control n=55; 4 events, competing risks=5 1004 —— Control n=256; 48 events, competing risks=25
—— Zoledronic acid n=68; 28 events, competing risks=7 — Zoledronic acid n=217; 42 events, competing risks=11
HR 6:92 (95% C12-44-19.60) HR 0.81(95% C1 0.57-1-13)
90 90|
8o+ 80
70 70
€ 6o Z
: 4
b= 2
§ 501 § 50|
30+ 30-]
204 4r’_ﬂj 20|
T T T T T T T T T 1 T T T T T T T T T 1
e, 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 n 84 96 108 120
(numiber cansored) Number at risk Time from randomisation (months)
Control 55(0) 50(5) 47(8) 45(11) 44(90) 41(14) 39(24) 31(24) 847 0O (number censored)

Zoledronicacid 68(0) 66(2) 52(16) 49(31) 37(71) 34(34) 33(46) 22(46) 7(61) O

Control 256 (0) 242(14) 223(33) 209(47) 192(64) 176 (80) 159 (97) 123(133) 34(244) 5(251) ©
Zoledronic acid 217(0) 200(17) 184(33) 174(43) 163(54) 160(57) 149 (68) 113(104) 44(173) 1(216) o

Figure 15. Effect of MAF expression on treatment outcomes with adjuvant zoledronic acid in

early breast cancer patients. (A) Effect of High MAF status on association between adjuvant

zoledronic acid (ZOL) treatment and metastasis-free survival, stratified by age and menopausal status.

(B) Cumulative risk of extraskeletal metastasis in patients with MAF-positive tumors (left) and MAF-

negative tumors (right) upon control or adjuvant ZOL treatment. HR, hazard ratio. Adapted from

Coleman ez a/ (2017).

Patients with MAF-negative tumors treated with adjuvant ZOL showed improved disease

outcomes and, importantly, this beneficial effect was independent of their menopausal status.
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This observation suggests that adjuvant bisphosphonate treatment could be extended to
premenopausal women with MAF-negative tumors. In contrast, MAF-positive tumors treated
with ZOL were associated with increased adverse outcomes, extraskeletal recurrence and
mortality in premenopausal women, demonstrating that this subgroup of patients should be
excluded from adjuvant bisphosphonate treatment (Figure 15B). This can be explained by the
fact that ZOL treatment does not affect tumor cell viability’”. Specifically, the primary effect
of ZOL acts on the bone stroma, thus impairing bone resorption. Thus, MAF-positive tumors
become more aggressive in a high E2 environment and, although ZOL treatment stabilizes

the bone, aggressive cells are still able to metastasize to extraskeletal sites.

Collectively, these data highlight the importance of using MAF as a diagnostic tool for ZOL
treatment decisions in early BCa patients and emphasizes the need for additional mechanistic
studies to understand the effect of bisphosphonate treatment on disease outcomes depending

on MAF and hormonal status®*.

4.3.2. Potential therapeutic strategies to target MAF-driven bone

metastasis in breast cancer

Collectively, the ability of MAF to transcriptionally regulate genes that support bone metastatic
functions and the poorer prognosis associated with MAF expression in premenopausal
patients upon ZOL treatment makes MAF an attractive potential molecular target for the
prevention and treatment of BCa metastasis to bone. However, the nuclear localization of
MAF, as well as its intrinsically disordered structure and lack of a catalytic domain, make it a
remarkably challenging therapeutic target. For this reason, further knowledge of the molecular
mechanisms underlying this transcription factor is crucial to identify potentially targetable

proteins required for bone metastasis.

In MM, MAF has been reported to increase the interaction between tumor cells and the bone
marrow stroma by regulating genes such as integrin B7. Integrin B7 can efficiently bind to E-
cadherin expressed by bone stromal cells and this interaction induces the expression of the
pro-angiogenic cytokine VEGF, which favors tumor cell proliferation and survival™.
Morteover, other integrins such as integtin B8 are deregulated in MAF-overexpressing cells and

mouse models knocked out for different large MAF proteins show defects in cell-cell

interactions in pancreatic islets, as well as between somatic and germline cells during gonad
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morphogenesis“0’335’33(’

. Together, these data suggest that disruption of integrin signaling is one
MAF function in oncogenesis. Thus, targeting this specific MAF function might help to
overcome the challenge that targeting MAF itself poses. Integrins under MAF transcriptional
control, among other membrane proteins, are interesting potential candidates for bone

metastasis treatment, as they are involved in tumor cell-bone stroma interactions and are

located at the plasma membrane, which makes them easily accessible pharmacological targets.

Additionally, MAF-transforming activity has proven to be context-dependent. Evidence
shows that the transforming capacity of some large MAF proteins is dependent on culture

conditions and cell type*

. These findings demonstrate the existence of MAF-binding partners
that might positively or negatively modulate MAF-transforming activity. Moreover, MAF
physiological targets are mostly inducers of terminal differentiation during development and
do not explain the oncogenic properties of MAF. None of the physiological targets of MAF
have been found to be deregulated in MAF-overexpressing cancer cells. Therefore, MAF
oncogenic activity is a result of a switch of target genes that allow cancer cells to acquire novel
functions. This switch can be explained by modifications in MAF dimerization and MAF
interacting partners. Therefore, deciphering the MAF-interacting network is crucial to

understand MAF oncogenic activity and to identify potentially targetable proteins that are

necessary for MAF-driven metastasis.

MATF has proven to be a relevant factor for the development of bone metastasis and response
to bisphosphonate treatment in BCa. Nonetheless, further knowledge is required in order to

make a breakthrough in the treatment of bone metastasis, a fatal complication in BCa patients.
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OBJECTIVES

Although MAF has emerged as a potential molecular target for the treatment and prevention
of BCa metastasis to bone, it is a challenging pharmacological target. Thus, to throw some
light on new therapeutic opportunities to prevent bone metastasis, there is a need to
thoroughly dissect the molecular mechanisms of MAF transcription in cancer cells, as well as
the role of MAF target genes. To address the unsolved questions regarding the complex MAF-

driven malignant transformation in BCa cells, the aims of the present thesis are:

1. Toidentify potentially targetable membrane proteins whose expression is regulated

by MAF in metastatic BCa cells

2. To identify MAF-interacting partners and characterize their relevance and

contribution to BCa bone colonization

3. To explore the molecular mechanisms of MAF-dependent transcription
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Chapter I: Optimization of a One-bead-one-compound
combinatorial peptide library screening for the identification of

potentially targetable MAF-regulated membrane proteins

After the discovery of the association of MAF with high risk of bone relapse in patients with
early-stage BCa, this transcription factor arose as a potential molecular target to prevent bone
metastasis. Nevertheless, as a nuclear protein with no enzymatic activity and an intrisically
disordered structure, MAF became a considerably difficult therapeutic target and brought to
the forefront the potential of MAF downstream targets to become therapeutically actionable.
Among MAF downstream targets, we consider membrane proteins of particular interest due
to their involvement in metastatic colonization through direct interactions between cancer cells
and the host tissue and, importantly, because they can be therapeutically targeted with ease.
Therefore, we believe that the identification of membrane proteins under MAF transcriptional

control may pave the way for blocking MAF-driven bone metastasis.

One-bead-one-compound (OBOC) combinatorial peptide library screening methods have
been previously used to identify novel ligands for protein inhibition as well as unique ligands
against cancer cells”’>*". This technology is based on resin beads that bear unique synthetic
peptide ligands on their surface displayed multiple times and offers the possibility to
simultaneously screen many different compounds against membrane proteins by incubation
with living cells***. The main advantage of this technique is the possibility of using non-
natural components such as D-amino acids, cyclic, turned or branched ligands, which are
resistant to proteolytic degradation and facilitate 7z vivo applications™. Additionally, the
possibility to perform the screening in living cells makes OBOC technology ideal for the
identification of membrane protein ligands, as the presence of the plasma membrane and
binding partners may be required for the correct folding and for the display of relevant

epitopes.

Formerly, hits from OBOC screenings were isolated through manual techniques in a
complicated and inefficient process. Thus, in order to increase the throughput, the Complex
Object Parametric Analyzer and Sorter (COPAS) large particle biosorter has been used to

342

isolate hits after incubation with fluorescently labeled living cells™. For an efficient

deconvolution of peptide hits, COPAS sorting can be coupled to a matrix-assisted laser
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desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) approach. This
method is based on the cleavage of the peptide from the beads followed by transfer to the

MALDI target, peptide desorption ionization and sequence determination based on the

342

fragmentation pattern™. Together, these techniques can be used to identify peptides that

efficiently bind membrane proteins of a specific cell population.
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Figure 156. Schematic representation of a cell-based screening of One-bead-one-compound
(OBOC) combinatorial peptide libraries for the identification of i) high affinity ligands to bone
metastatic cell populations, ii) the identity of the membrane proteins recognized by peptide
hits. Beads can be incubated with fluorescently labeled highly and pootly bone metastatic cell
populations and hits with strong interaction with cells can be sorted through a Complex Object
Parametric Analyzer and Sorter (COPAS). After cleavage of the peptide hits from the beads, sequence
can be determined through matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS). Hits can be resynthesized and conjugated to immunoprecipitation beads in
order to precipitate membrane proteins out of bone metastatic cell extracts. The identity of the

precipitated membrane proteins can also be revealed by MS. Adapted from Cho ez a/. (2013).
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We hypothesize that the MAF transcription program includes membrane proteins involved in
cancer cell-bone stroma interactions. Therefore, through a high-throughput screening of
OBOC peptide libraries coupled to a MALDI-TOF MS approach we seek to identify new
membrane proteins differentially expressed in highly versus poorly bone metastatic BCa cells,
defined by their MAF expression levels. The screening will reveal specific synthetic peptide
binders capable of recognizing membrane proteins overrepresented in human cancer cells with
high MAF expression levels. Afterwards, through a reverse deconvolution based on
immunoprecipitation we seek to unravel the identity of the membrane proteins recognized by
peptide binder hits. To this end, peptide hits will be resynthesized and conjugated to
immunoprecipitation beads and used to precipitate membrane proteins from MAF-expressing
cell extracts. Finally, the identity of the membrane proteins will be revealed by mass-

spectrometry (Figure 16).

Hence, this approach will allow both the discovery of MAF-regulated membrane proteins as
well as the identification of specific peptide binders capable of their recognition. Notably,
peptide binders offer the possibility to be conjugated to chemotherapeutic agents and open up
new opportunities for systemic therapies for bone metastasis with site-specific drug delivery

and reduction of off-target effects.

Proof-of-concept experiments for OBOC combinatorial peptide library

screening optimization

Considering the potential of screening OBOC peptide libraries in living cells for the
identification of membrane proteins involved in bone metastasis, we first set up the system in
our laboratory. In order to select the optimal conditions for cell-bead binding and confirm the
capacity of the cell sorting instruments available at IRB Barcelona to isolate positive hits we
focused on integrins and integrin-binding peptides, as they represent well-defined molecules

frequently used in ligand binding assays.

a6B1 integrin expression in the ER+ BCa cell line MCF7 was confirmed by flow cytometry
and different integrin-binding peptides were synthesized on 90um-sized TentaGel beads with
a 4-hydroxymethylbenzoic acid (HMBA) linker by 9-fluorenylmethoxycarbonyl (Fmoc) solid-
phase peptide synthesis (SPPS)** (Figure 17A and B). TentaGel beads consist of a polystyrene
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matrix on which polyethylene glycol is grafted and the HMBA linker serves as a support for
the immobilization of carboxylic acids. The ester bond that results from the coupling of an
amino acid to the HMBA linker is stable to the strong acids used during peptide synthesis but

can be cleaved by nucleophiles like amines for sequence analysis after synthesis.
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Figure 17. Integrin expression and integrin-binding peptides for One-bead-one-compound
(OBOC) peptide library screening optimization. (A) Flow cytometric analysis for a681 integrin
expression in MCF7 breast cancer cells. (B) Design of different integrin-binding peptides synthesized
on TentaGel beads via a 4-hydroxymethylbenzoic acid (HMBA) linker (C) Bright-field microscopy
images depicting association between MCF7 cells and TentaGel beads beating different integtrin-

binding peptides after 1h incubation. Arrows show cell-bead binding. Scale bar, 250pm.

Since the a6f31 integrin is a well-characterized laminin receptor that specifically recognizes the
widely occurring Arg-Gly-Asp (RGD) cell adhesion motif as well as the IKVAV binding
domain on the a-laminin chain***, GRGDSA (RGD-based) and IKVAV peptides were
selected as integrin-binding peptides. Red fluorescent protein (RFP)-expressing MCF7 cells
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were generated, properly dissociated to avoid aggregation and incubated with the beads bearing
the newly synthesized integrin a631 peptide ligands. Unfortunately, only minimal association

of beads and MCF7-RFP cells was achieved.

Considering that the 681 integrin binding domains of laminin might not be reproduced in an
active conformation by short peptides, we continued with the synthesis of longer peptides to
improve cell-bead association. We synthesized a VSWEFSRHRYSPFAVS peptide, with high
affinity for the «6Bl integrin, and its scrambled version RFSVAVSSHYPFWSR™.
Additionally, we synthesized a longer RGD-based peptide with the sequence GRGDSWK,
based on the addition of two amino acids that significantly increase binding to integrins, and
a GAGDSWK negative control peptide with no RGD motive™. Beads with the newly-
synthesized peptides were incubated with MCEF7-RFP cells and subsequent microscopy
revealed a significant increase in cell-bead association compared to the previous GRGDSA
and IKVAV peptides, especially when beads were coated with the GRGDSWK peptide
(Figure 17C). Of note, cell-bead binding was abrogated when beads were coated with control

peptides, confirming the specificity of these integrin-binding peptides.

Upon achieving cell-bead binding, we attempted to sort the beads with cells attached by means
of a COPAS, using control beads with no peptides on their surface to define the sort gate.
Unfortunately, the COPAS was able to sort only a considerably small percentage of beads and
subsequent microscopy revealed that most of the sorted beads were false-positives. We
attempted to stabilize cell-bead interactions through chemical cross-linking prior to sorting in
order to avoid cell dissociation from the beads while passing through the instrument, but it

did not result in an improvement of COPAS efficiency (data not shown).

We next interrogated the capacity of a specialized instrument for fluorescence-activated cell

sorting (FACS) to replace the COPAS. This instrument is designed for accurate single cell
sorting and therefore it is not capable of sorting large particles such as the 90um-sized beads
regularly used for OBOC combinatorial libraries. However, the possibility of adapting a
130pm-sized nozzle to the FACS instrument offered the option of replacing COPAS purpose.
Because 90um-sized beads covered with a layer of cells could cause nozzle clogging problems,
we scaled the synthesis of our strongest binding peptide GRGDSWK and the control peptide
GAGDSWK to 30um-sized beads and subjected the newly synthesized peptide-coated beads

to incubation with fluorescent cells. Fluorescence microscopy confirmed binding of the cells
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to GRGDSWK-coated beads and no association to GAGDSWK-coated beads. Further, we
observed that the new 30um-sized beads possessed blue autofluorescence, which would

facilitate the process of sorting by the FACS instrument (Figure 18A).
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Figure 18. GRGDSWK-coated beads specifically bind to MCF7 cells and can be efficiently
isolated by fluorescence-activated cell sorting (FACS). (A) Schematic representation of
GRGDSWK and GAGDSWK (negative control) peptides followed by bright-field and fluorescence
microscopy images illustrating association between MCE7 cells (red) and peptide-coated TentaGel
beads (blue). (B) Flow cytometric analysis showing beads and cells distribution to define sorting gates
followed by distribution of cell-bead mixtures. Horizontal axis represents red fluorescence intensity and
vertical axis depicts blue fluorescence intensity. (C) Bright-field and fluorescence microscopy images
showing GRGDSWK-beads coated with cells after sorting. Arrows indicate the location of magnified

images. Scale bar, 250pm; inset scale bar, 50pm.
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Washing steps after incubation and chemical cross-linking were removed in order to avoid
partial cell dissociation as well as fixation of unbound cells onto the beads. Hence, the cell-
bead mixture was loaded into the cell sorter and, by plotting red and blue fluorescence, the
bead and cell populations were separated. Gating and thresholds were defined using a

population of beads with no peptides on the surface and a population of red fluorescent cells.

After passing the GRGDSWXK-coated beads and cells mixture through the cell sorter,
significant association was confirmed and positive hits were successfully collected (Figure
18B). Subsequent microscopic examination revealed that all positive hits were coated with
fluorescent cells (Figure 18C). In contrast, when cells were incubated with the control
GAGDSWK-coated beads the percentage of positive hits was dramatically decreased,
indicating the specificity of the GRGDSWK peptide and demonstrating the efficient

functioning of our newly defined system.

Thus, we described a new methodology to isolate high-affinity ligands from OBOC libraries

based on 30um-sized resin beads sorted by a FACS instrument that offered a significant

improvement in terms of accuracy and efficiency compared to COPAS sorting.

Design, synthesis and screen of OBOC peptide libraries

After proving that we could effectively sort cell-bound beads in our laboratory, our objective
was to identify peptides that specifically distinguish between highly and poorly bone metastatic
BCa cell populations. To this end, it was required to generate different OBOC combinatorial

peptide libraries.

Random peptide libraries formed by large number of compounds are used for experimental
screenings when the targets are unknown in order to identify possible binders. However, many
challenging steps such as the synthesis scale to ensure the synthesis of all peptide permutations,
the amount of all members, the sequence deconvolution and peptide structure elucidation after

350

screening arise when using large peptide libraries™. The sequence deconvolution of peptide

hits with similar physico-chemical properties or with the same amino acid composition but
differential positioning in the sequence, which leads to identical masses, is not always

351

possible™’. To overcome this problem, multi-objective genetic algorithms can be used to
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simplify the design of random peptide libraries in order to increase diversity of compounds

while minimizing redundancy.

In computer science, a genetic algorithm is a method based on the idea of natural selection,
where the best characteristics of individuals are selected for reproduction and passed to the
next generation. In a genetic algorithm, a set of solutions for a problem is considered and the
best options are selected following three biologically inspired rules: selection, crossover and
mutation. The algorithm uses two fitness functions that give a score to each candidate solution,
selects those candidates with the highest score to become parents and does a crossover of two
parents to form the next generation. Every time that a generation is formed, random changes
can be applied to individual parents to maintain diversity in a process called mutation™”. This

process is repeated until the algorithm finds the optimal solution.

In collaboration with Dr. Ernest Giralt’s group, a genetic algorithm supported approach was
used to design two different peptide libraries with optimal design to maximize the number of
amino acid permutations and the number of peptides with unique mass while reducing library

size to simplify the chromatographic and MS analysis of complex peptide mixtures™

(Figure
19A). Libraries were made of hexa- and heptapeptides composed of representative D-amino
acids from different categories that are considered relevant for protein-protein interactions”.
Since most protein interactions occur between small domains, hexa- and heptapeptides are
large enough to interact with receptors on the cell surface, offer sufficiently high diversity and

are considerably easy to synthesize. Each library had different amino acid compositions and

properties.

The first library (Library 1) consisted of 32 hexapeptides with unique masses that followed the
sequence Xi-X»-X3-X4-Xs-y. Peptide diversity was achieved through amino acid side chain
diversity, having a representative amino acid from each category: G as an amino acid with no
side chain, » as a hydrophobic-aromatic amino acid, s as a hydrophilic uncharged amino acid,
¢ as a hydrophilic-negatively charged amino acid, « as a hydrophobic-aliphatic amino acid and
r as a hydrophilic-positively charged amino acid. Thus, G, », s, ¢ 2 and r were proposed for
each x; position and the genetic algorithm revealed that an optimal library with unique masses
could be obtained by simplifying the input from G, , s, ¢ 4, rin each position xito{G, w}for

x1, {3, ¢} for xo, {G, r} for x3, {a, r} for x4 and {s, a} for xs.
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Figure 19. Design and synthesis of One-bead-one-compound (OBOC) combinatorial peptide
libraries. (A) Schematic representation of two different OBOC peptide libraries followed by a diagram
of the abundance of each amino acid (B) Schematic overview of the “split-and-mix” synthesis method
used in OBOC peptide library synthesis. Beads are divided into equal portions and each portion is
coupled to one amino acid. After the first reaction, all portions are pooled together, mixed and split
again into different portions. Each new portion is coupled to a different amino acid, generating the
second residue on the beads. These steps are repeated until the desired peptide combinations are

obtained.

For the second library (Library 2), more complexity was introduced by using heptapeptides
and adding 7 as a hydrophobic-aliphatic amino acid with a longer side chain and p as an amino
acid without a primary amino group. This library followed the sequence xi-xo-p-X4-Xs5-X¢-y and
the amino acids G, », 5, ¢, a, r, 7 were proposed for each variable position. The genetic algorithm
produced an output were the variable positions were occupied by {a, w} for xi, {s, 7} for xa,
{a, e} for x4, {7, ¢ s} for x5 and {G, w} for x¢ to obtain a 48 heptapeptide library with 47

permutations unique by mass and one with mass overlapping.

Libraries were constructed by “split-and-mix” synthesis (Figure 19B) and the successful

synthesis of all library components was confirmed by UPLC-MS, high resolution MS and nano
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LC-MS/MS. The complete lists of library members are provided in supplementary information
(Tables S1 and S2) and the full list of their MS spectra can be found in Kalafatovic e a/, 2020.

After characterization of the libraries, beads were incubated with BoM2-REP cells, the MCF7
derivative cell line with high MAF expression levels, to assess their capacity to bind to highly
bone metastatic BCa cells. Following incubation, cell-bead mixtures were loaded into a FACS
instrument in order to sort positive hits. Flow cytometric analysis revealed association between

cells and beads from Library 1, however, few hits were detected when cells were incubated

with beads from Library 2 (Figure 20).
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Since peptides from Library 2 did not seem to strongly bind to BoM2 cells we focused on the
analysis of Library 1 peptides. We incubated Library 1 beads with highly and poorly BCa bone
metastatic cells and screened for affinity interactions in order to select those peptides capable
of specifically recognizing the highly bone metastatic population. MCF7 was selected as the
poorly bone metastatic cell population and MAF-overexpressing MCF7 as well as BoM2 were

selected as highly bone metastatic cell populations. We performed three different experiments
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consisting of two rounds of incubation with cells and sorting in order to collect the necessary
amount of positive hits for subsequent MS analysis. Interestingly, when Library 1 beads were
incubated with BoM2 and MAF-overexpressing MCF7 cells, which show high MAF
expression levels and therefore have more bone metastatic capacity than parental MCF7 cells,
the number of sorted events was higher, indicating that bone metastatic BCa cells are more

prone to associate to Library 1 beads (Figures 21A and B).
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Figure 21. The number of positive hits after incubation of beads from One-bead-one-
compound (OBOC) peptide library 1 with breast cancer cell lines is higher when cells show
high MAF expression levels. (A) MAF mRNA expression levels in MCE7 cells, MAF-overexpressing
MCE7 cells and the bone metastatic derivative BoM2. (B) Number of sorted events after incubation of

breast cancer cell lines with Library 1 beads.

Identification of peptide hits that target bone metastatic breast cancer cell

populations

After screening and collection of positive hits, cells were eliminated from the beads surface by
means of a highly concentrated NaCl solution. Then, since peptides where conjugated to the
resin through an HMBA linker sensitive to nucleophilic reagents, peptides were cleaved with

ammonia vapors prior to determining their sequence through UPLC-MS.

The optimized UPLC-MS method for the analysis of complex peptide mixtures that allowed
the detection of all peptide sequences from the libraries after synthesis was used for sequence

deconvolution of sorted hits. Unfortunately, the accuracy of sequence deconvolution was
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compromised upon bead incubation with living cells and subsequent sorting. Even adding
thorough washing steps, the purity of the sample was affected and led to MS spectra with high
noise, which made peptide hits deconvolution extremely challenging. However, we were able
to detect some masses by UPLC-MS and analyzed the peptide fragmentation pattern by high

resolution MS in order to confirm peptide hits identity (Table 5).

Table 5. List of detected Library 1 peptides after incubation with breast cancer cells. UPLC-MS
detected masses (m/z) at specific retention times after library synthesis and detected masses after beads
incubation with cells and subsequent sorting of positive hits are shown. Blue, masses of hits detected
by UPLC-MS whose MS/MS fragmentation pattern was confirmed by high resolution MS; Red, masses
of hits detected by UPLC-MS whose fragmentation pattern did not fit with their expected
fragmentation; Gray, masses of hits detected by UPLC-MS in samples where the background noise was

too high to draw conclusions.

Detected mass after incubation with breast cancer cells

Experiment1  Experiment 2 Experiment 3
. . Retention " EC" MCE7 BoM2 MCF7 Bomz MCFT- MCE7-
Permutations  MOROIsOtopic g MS  jo20 5185 3731 11835 TPy MAF
mass (min) L events events events events Lo k)
mass events events
wsGaay 653,280975 7,03 653,14 653,21 653,21 653,21
Geraay 665,313375 1,83 665,15 665,34
wsGasy 669,275875 6,9 669,21 669,27
weGaay 695,291525 7,1 695,09 695,09
Gsrray 708,3669 0,45 708,22 708,21
weGasy 711,286425 7,03 711,22 711,28 711,28
wsGray 738,34505 6,68 738,1 738,28
wsraay 752,3607 6,73 752,23 752,35 752,28 752,45 752,41
wsGrsy 754,33995 6,58 754,23 754,28 754,22
wsrasy 768,3556 6,68 768,23 768,16
weGray 780,3556 6,73 780,17 780,3
werasy 810,36615 6,73 810,18 810,3 810,24
wstray 837,424775 6,4 837,37 837,37 837,17 837,18 837,29 837,18
WSITSY 853,419675 6,4 853,06 853,25 853,17 853,37 853,29 853,31

We observed that low numbers of sorted events negatively impacted sequence deconvolution.
Although we managed to detect some masses in samples with low sorted events, the
background noise of MS spectra was very high and the fragmentation pattern of the
corresponding peptides either did not fit the expected pattern or could not be assessed. In
contrast, despite having some background noise as well, peptide masses of samples with higher
number of sorted events were detected by UPLC-MS and their correct fragmentation pattern

was confirmed by high resolution MS (Figure 22).
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Figure 22. UPLC-MS and high-resolution MS data for Library 1 peptides after incubation with
BoM2 cells and subsequent sorting (Experiment 2). (A) Photodiode array (PDA) chromatogram
and total ion chromatogram (TIC) from 6 to 8.5min retention time (Rt) region. Arrows in TIC indicate
the representative peaks for which MS spectra are shown. Detection wavelength 214nm. (B) Example
of MS spectra at Rt=6.56min (red) and Rt=7.05min (green). Peptide masses found at Rt=06.57min,
[H+1]": 754.22 (wsGrsy), 837.29 (wsrray) and 853.29 (wsrrsy); Peptide masses found and at Rt=7.05min,
[H+1]*: 653.21 (wsGaay), 711.28 (weGasy). (C) Example of high-resolution MS spectra corresponding

to wsGrsy and wsrray sequences.

Although further experiments must be performed in order to endorse our observations,
detected masses confirmed by high resolution MS suggested that wsrray and wsrrsy peptides
were able to equally bind highly and poorly bone metastatic cells whereas wsGray, wsGrsy, wsrasy,
wsGasy, weGaay, Gsrray peptides seemed to be specific of highly metastatic BoM2 cells. wsraay,
wsGaay and weGasy peptides were also found in both highly and poorly bone metastatic cell

populations, although their presence in MCF7 cells was not confirmed by high resolution MS.
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In order to obtain samples with higher purity we tested different methods to remove bound
cells from isolated beads. We attempted to remove cells by treating the beads with ethanol or
boiling them in a 1% SDS solution for 5min but, unfortunately, we could not eliminate the
background noise of the obtained MS spectra. Moreover, considering that the major part of
the bead surface does not directly interact with cells, which leaves sufficient peptides on the
bead surface for cleaving and deconvolution, we also attempted to sort beads in tubes with
cellulose membranes. We expected that cellulose membranes ensured the necessary molecular
weight cut-offs to keep cleaved peptides that were not directly involved in cell binding while
discarding cells and beads without using any reagent for cell removal. Nevertheless, the

background noise of the MS spectra was not reduced.

In summary, despite optimizing an efficient method to search for affinity interactions between
several compounds and BCa cells and effectively sorting and collecting the positive hits, we
faced technical difficulties to obtain reliable peptide deconvolution data due to sample
complexity. Although we were able to generate some promising results, further technique
optimization would be required in order to consider OBOC libraries viable for high-

throughput cell-based screenings.
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Chapter II: Characterization of the MAF interactome by

proximity-dependent biotin identification (BioID)

The transforming activity of MAF has proven to be dependent on cell type and culture
conditions. This finding suggests that MAF interacts with proteins that might modulate its
oncogenic activity'. Furthermore, the expression of MAF physiological targets is not
deregulated in cancer cells, which indicates that oncogenic MAF activity results from a switch
of targets genes, probably due to modifications in MAF dimerization with other transcription
factors and interacting partners”. This set of observations prompted us to explore the MAF
interactome to gain some insight into the molecular mechanisms by which MAF regulates gene
expression in BCa cells, thereby favoring metastasis. This bottom up approach represents a
different strategy to identify potential targets to tackle MAF-driven bone metastasis, since it

might reveal novel druggable proteins with the ability to modulate MAF-transforming activity.

Proximity-dependent biotin identification (BiolD) is a unique method for the identification of
physiologically relevant protein-protein interactions that occur in living cells. The BiolD
approach makes use of a promiscuous biotin ligase (Escherichia coli-derived BirA R118G*) fused
in-frame to a bait protein to covalently label proximal proteins with biotin. Biotinylated
proteins can be purified by conventional biotin capture methods and identified by MS® (Figure
23). Traditional approaches such as yeast-two-hybrid (Y2H) or co-immunoprecipitation (co-
IP) are either performed in a non-natural cellular environment, often lacking the presence of
associated binding partners and the machinery for post-translational modifications required
for proper folding, or demand harsh conditions to solubilize bait proteins, resulting in the
disruption of weak interactions with partner proteins due to stringent lysis and washings. The
BiolD technique allows to overcome these limitations and the subsequent loss of candidates
by allowing the assessment of protein interactions under physiological conditions. Moreover,
since proteins are labeled with biotin before solubilization, BiolD allows for harsh lysis and

yet offers the possibility to detect weak and transient interactions.

Thus, we believe that the description of the MAF interactome by means of a BiolD screen will
provide knowledge on the molecular mechanisms of MAF-driven bone metastasis and will

open up new possibilities for the treatment of this condition.
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Figure 23. Schematic representation of the proximity-dependent biotin identification (BioID)
method. Expression of a promiscuous biotin ligase (BiolD2) fused to a protein of interest (MAF) in
live cells leads to biotinylation of proximal and interacting proteins upon biotin addition. Following
stringent cell lysis and protein denaturation, biotinylated proteins are captured by streptavidin-

conjugated beads and identified by mass spectrometry. Adapted from Roux ez 2/ (2012).

Generation and functional validation of BioID2-MAF fusion proteins

The first requirement for applying the BiolD system was to fuse MAF (short and long
isoforms) to a promiscuous biotin ligase. We decided to use a second-generation biotin ligase
called BiolD2, derived from _Aguifex aeolicus, instead of the original ligase for BiolD. BiolD2
is very similar to the original BirA R118G* ligase but lacks the DNA-binding domain, which
makes it smaller, thereby allowing a more-selective targeting of fusion proteins*. BiolD2
requires less biotin supplementation than BirA R118G* to achieve similar biotinylation and
enables enhanced labeling of proximate proteins. Thus, a tagged BiolD2 ligase was fused in-
frame to either the N-terminus (myc-BiolD2-MAF) or the C-terminus (MAF-BiolD2-HA) of
the two MAF isoforms, short (S) and long (L). Since we had little information as to how N-
or C-terminal fusions would affect MAF function and interaction with other proteins, we tried

both fusions in parallel.

Another requirement for the correct functioning of the BiolD method was to ensure that the
newly generated fusion proteins were functional. Functional validation is challenging for

proteins that do not have a well-known phenotypic outcome. Therefore, this validation is

107



Functional interplay between ER and MAF transcription factors

typically approached by comparing the localization of the fusion protein to that of the

endogenous protein by immunofluorescence (IF).
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Figure 24. Functional validation of BioID2-MAF fusion proteins. (A) Representative

Streptavidin
| -HRP

immunofluorescence images of MCE7 cells transfected with the myc-BiolD2 tag alone or the myc-
BiolD2-MAFL construct. The myc-BiolD2 tag alone is distributed throughout the nucleus and
cytoplasm (top), whereas the myc-BiolD2-MAFL fusion protein localizes primarily in the nucleus
(bottom). Biotinylated proteins, detected with fluorescently-labeled streptavidin, colocalize with BiolD2
when cells are cultured with excess biotin (50M). DNA is labeled with DAPI. Scale bar, 50m. (B)
Representative immunoblot showing the expression of either the myc-BiolD2 tag alone and BiolD2
fused to MAF (N- and C-terminal fusion, MAF short and long isoforms) in MCE7 cells analyzed after
24 h incubation in medium with or without excess biotin. Expression of the BiolD2 biotin ligase leads

to biotinylation of endogenous proteins, detected using HRP-conjugated streptavidin.

Hence, MCF7 cells were transfected with the newly generated expression plasmids and a
control plasmid (myc-BiolD2) for the expression of the biotin ligase without a fused protein
of interest. After transfection, cells were cultured with or without supplemental biotin for 24
h prior to fixation and IF microscopy analysis to assess the localization of the control and
fusion proteins as well as their ability to biotinylate proximal proteins upon biotin addition.

Myc-BiolD2 tag alone was distributed throughout the nucleus and cytoplasm, while BiolD2-
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tagged MAF showed a clear nuclear localization, thereby suggesting that the BiolD2 tag did
not hinder the biological function of MAF (Figure 24A). Moreover, biotinylated proteins were
detected only after biotin supplementation and colocalized with BiolD2, confirming the
capacity of both myc-BiolD2 tag alone or BiolD2-tagged MAF proteins to biotinylate upon

biotin addition.

Consistently, immunoblot analysis of MCF7 cell extracts after transfection with control and
BiolD2-tagged MAF and biotin addition confirmed the expression of the fusion proteins as
well as biotinylation of endogenous proteins, probed by HRP-conjugated streptavidin (Figure
24B). Of note, myc-BiolD2 alone biotinylated a wider range of endogenous proteins compared
to BiolD2-tagged MAF proteins. Fluorescence microscopy data indicates that myc-BiolD2
biotinylates both nuclear and cytoplasmic proteins while BiolD2-tagged MAF only labels
nuclear proteins. It is worth to mention that the electrophoretic mobility, and therefore the

identity, of most biotinylated proteins in myc-BiolD2 and BiolD2-tagged MAF differ.

Identification of the MAF interactome

Following validation of the N-terminal and C-terminal tagged MAF S and MAF L proteins,
BiolD was conducted on MCF?7 cells. To this end, cells were transfected with the four plasmids
for the expression of MAF fusion proteins but also with the myc-BiolD2 control plasmid. The
latter was used to identify proteins that may be randomly biotinylated or proteins that adhere
to the beads used for purification, which is important for an accurate selection of interactors
after the BiolD pull-down. After transfection, cells were cultured in the presence of biotin for
24 h and biotinylated proteins were isolated with streptavidin-conjugated magnetic beads,
washed and subjected to trypsin proteolysis. The released peptides were identified by nano-
LC-MS/MS and high-confidence interactors were defined by comparing the myc-BiolD2
control spectral counts with the BiolD2-tagged MAF spectral counts of 2 independent
biological replicates and filtering those with a Bayesian false discovery rate (BFDR) less than
0.02 and a 3-fold enrichment.
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Figure 25. Characterization of the MAF interactome in MCF7 cells. (A) Network diagram of high-

confidence MAF interactors (proteins identified with a Bayesian false discovery rate (BFDR) <0.02 and

spectral counts at least 3-fold higher in BiolD2-MAF fusion protein samples compared to the myc-

BiolD2 control) identified in MCF7 cells using the BiolD system. Four BiolD2-MAF fusion proteins

(N- and C-terminal fusion, MAF short and long isoforms) were used as baits. Venn diagrams show

MAF interactors discovered with each bait. Protein names were imported into the Search Tool for the

Rettieval of Interacting Genes/Proteins (STRING) database for visual representation using publicly

available protein interaction data. The thickness of the line in the network edges indicates the degree of

confidence prediction of the interaction. Disconnected nodes in the network are hidden. The Markov

Cluster (MCL) algorithm was used to cluster the proteins displayed in the network. n=2 biological

replicates. Protein-protein interaction enrichment p-value < le-'0. (B) Biological process, molecular

function and cellular component gene ontology analysis of MAF interactors.
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The analysis identified 139 high-confidence proximity interactors using the N-terminal-tagged
MATF S isoform and 119 interactors using the C-terminal-tagged MAF S isoform (Figure 25A).
The MAF L isoform was similarly analyzed and the experiment revealed 174 high-confidence
interactors using the N-terminal-tagged isoform and 154 interactors using the C-terminal-
tagged isoform. Since both MAF S and L isoforms were reported to equally promote bone

relapse in BCa cells™”

, we selected the high-confidence interactors identified in both N- and
C-terminal-tagged MAF S (92 common interactors) and those identified in both N- and C-
terminal-tagged MAF L (105 common interactors) to obtain a shortened list of 126 MAF-
proximal proteins (71 common in the 4 conditions), thus reducing experimental noise. The

complete list of MAF-proximal proteins in MCEF7 cells is provided in Supplementary table 1.

CREBBP, a well-characterized MAF interactor’™, was found among the defined MAF-

>
proximal proteins, which confirmed the correct functioning of the BiolD experiment and a
proper selection of MAF high-confidence interactors. Moreover, the set of 126 protein was

strongly enriched (p-value < e

) for known protein-protein interactions among themselves,
which indicates the existence of biologically relevant complexes among MAF interactors.
These included some of the major chromatin-remodeling complexes such as SWI/SNF,
INO80, NurD and CoREST. Biological functions such as chromatin modification and
transcriptional regulation are regulated through these complexes and their alteration has been
implicated in cancer. Consistently, the group of MAF-proximal proteins was statistically
enriched for well-known molecular functions that influence gene expression such as
transcription cofactor activity, chromatin binding and histone acetyltransferase activity (Figure
25B). Thus, our data show that MAF associates with several protein complexes in the nucleus

that may influence histone modification to generate transcriptionally active or repressive

chromatin structures, thereby fine-tuning gene expression regulation.

Notably, gene ontology (GO) analysis revealed that a subset of the identified MAF interactors
were involved in steroid hormone receptor signaling pathways (Figure 25B). Consistently, one
of the statistically enriched molecular functions of MAF interactors was nuclear hormone

receptor binding. In fact, ER itself emerged as a MAF interactor (Figure 25A).

Clinical data had demonstrated that patients respond differently to bisphosphonates treatment
for metastatic BCa depending on their menopausal status as well as on MAF status. Tumors
with high MAF expression levels become more aggressive after bisphosphonates treatment in

pre-menopausal patients. Thus, given that this observation supports a potential role for E2,
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the main ER ligand, in the modification of MAF-positive tumors behavior and that ER is the
main driver of ER+ BCa, we considered the MAF-ER interaction of major interest. Our BiolD
data opened up the possibility of a cooperation between MAF and ER transcription factors.
Additionally, interaction with known ER cofactors further supported the potential regulation

of a joint transcriptional program that might contribute to BCa tumor aggressiveness.

Reciprocally, we wanted to investigate whether the presence of ER influences MAF interaction
with other partners. Thus, we also explored the MAF interactome in an ER- setting. To this
end, we transfected MDA-MB-231 cells with the previously used myc-BiolD2 control and the
four BiolD2-tagged MAF plasmids, cultured them in medium supplemented with biotin for
24 h and validated the expression of the fusion proteins and their ability to biotinylate

endogenous proximal proteins by immunoblot analysis (Figure 26A).
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Figure 26. Characterization of the MAF interactome in MDA-MB-231 cells. (A) Representative
immunoblot showing the expression of myc-BiolD2 alone and BiolD2-tagged MAF proteins (N- and
C-terminal fusion, MAF short and long isoforms) in MDA-MB-231 cells analyzed 24 h after biotin
supplementation. Expression of the BiolD2 biotin ligase leads to biotinylation of endogenous proteins,
detected using streptavidin-HRP. (B) Venn diagrams showing high-confidence MAF interactors
(proteins identified with a Bayesian false discovery rate (BFDR) <0.02 and spectral counts at least 3-
fold higher in BiolD2-MAF fusion protein samples compared to the myc-BiolD2 control) detected by
BiolD in MDA-MB-231 cells for each bait. n=1 biological replicate.

After validation, we performed a BiolD pull-down that revealed 143 high-confidence

proximity interactors using the N-terminal-tagged MAF S isoform, 81 interactors using the C-
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terminal-tagged MAF S isoform, 156 high-confidence interactors using the N-terminal-tagged
MAF Lisoform and 230 interactors using the C-terminal-tagged MAF L isoform (Figure 26B).
The complete list of MAF-proximal proteins in MDA-MB-231 is provided in Supplementary
table 2.

Next, among the identified MAF-proximal proteins in MDA-MB-231, we analyzed the
presence of representative components of the major chromatin-remodeling complexes that
were found to interact with MAF in MCF?7 cells as well as the presence of ER and some of its

known coregulators.
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Figure 27. Bait-pray dot plot for selected MAF proximity interactors in MCF7 and MDA-MB-
231 cells. Selected high-confidence MAF interactors discovered by BiolD in the estrogen receptot-
positive (ER+) cell line MCEF7 atre organized by protein complexes or according to their known
functions and their abundance is visualized in both MCF7 and in the ER- cell line MDA-MB-231. Venn
diagrams show MAF interactors detected by BiolD in MCEF7 and MDA-MB-231 cells for each bait.
Dotplot was generated using ProHits-viz. Briefly, the color of the dots shows the average spectral count
for each indicated interactor, the size of the dot represents the relative abundance of the interactor
across the 4 different baits (MAF short and long isoforms, N- or C-terminal tag), and the edge color

reflects the Bayesian false discovery rate (BFDR) value associated with each bait-pray interaction.

We observed that, in an ER- setting, MAF retained the ability to interact with some
components of the SWI/SNF, INO80, NutD and CoREST chromatin-remodeling
complexes. However, there was a significant loss of a subset of interactors described in MCEF7

cells (Figure 27). As expected, no interaction with ER was detected in MDA-MB-231 cells.

Collectively, these data suggest that MAF interaction with specific partners is dependent on
cell type and that the presence of ER might influence MAF association with other proteins in
BCa cells.

Characterization of the MAF-ER interaction

To validate some of the interactions revealed by the BiolD approach we employed co-
immunoprecipitation (co-IP) in MCF7 cells with MAF overexpression. We tagged MAF S and
L isoforms with a double hemagglutinin (HA) tag to facilitate MAF detection, isolation and
purification. Both HA-tagged MAF S and L isoforms were captured and pulled down using
magnetic beads coated with anti-HA-tag antibodies and co-immunoprecipitated selected
members of important chromatin remodeling complexes such as ARID1A, a subunit of the
SWI/SNF complex, and MTA1 and KDM1A, subunits of the NurD complex (Figure 28A).
Moreover, both HA-tagged MAF isoforms also co-immunoprecipitated ER as well as its well-
known cofactors NCoR1 and NCoA3.

Next, to further validate the selective association of MAF with ER, we performed a proximity
ligation assay (PLA) in MCEF7 cells. This technique allows 7 situ detection of protein

interactions by using species-specific secondary antibodies conjugated to single-stranded
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oligonucleotides which, when in close proximity, are ligated to form a circular DNA template.
This circular DNA can be amplified and visualized by means of fluorescently labeled

oligonucleotides and fluorescence microscopy.

Although the MAF-ER interaction seemed to be enriched for the MAF L isoform in the BiolD
experiment, this interaction was validated by Co-IP for both S and L isoforms. Yet, to simplify
future experiments, we selected the L isoform.
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Figure 28. MAF interacts with the Estrogen Receptor (ER). (A) Immunoblot of HA co-
immunoprecipitation of HA-tageed MAF (short (S) and long (L) isoforms) with endogenous ARID1A,
NCoR1, NCoA3, KDMI1A, MTA1 (top) and ER (bottom). (B) Proximity ligation assay (PLA) of HA
or ER antibody alone or both antibodies together in stable MAF I-overexpressing MCE7 cells treated
either with DMSO or a PROTAC against ER (1 M) 24 h prior to fixation . Representative confocal
microscopy images for PLLA red signal and DAPI nuclear staining with magnified inset are shown. Scale
bar, 50m; inset scale bar, 10m. (C) PLA signal quantification. Each dot represents the average PLA
signal from 123 to 201 nuclei per condition per biological replicate (n=3). Bars represent mean = SD.
Asterisks show statistical significance. (D) Representative immunoblot showing ER degradation by
PROTAC (1M) in MCE7 cells at different timepoints. GAPDH was used as a loading control. (E) PLA
of HA or ER antibody alone or both antibodies together in stable MAF L-overexpressing MDA-MB-
231 cells. Representative confocal microscopy images for PLA red signal and DAPI nuclear staining

with magnified inset are shown. Scale bar, 50m; inset scale bar, 10m.

Significantly higher fluorescence signal was detected in cell nuclei with both HA and ER
antibodies compared to the single antibody controls, thus supporting an interaction between
MAF and endogenous ER (Figures 28B and C). To verify PLA specificity, we treated the cells
with a proteolysis targeting chimera (PROTAC) against ER prior to evaluating the MAF-ER
interaction. PROTACS are an emerging tool for targeted elimination of specific proteins.
These molecules consist of a target protein ligand attached to an E3 ubiquitin ligase recognition
motif by a flexible linker, thereby mediating ubiquitination of the target protein and subsequent
proteasome degradation™. In collaboration with Dr. Antoni Riera’s group, we synthesized a
PROTAC against ER and confirmed that it remarkably decreased ER protein levels after 24 h
(Figure 28D). Consistently, PLA signal was abrogated in MCE7 cells treated with this ER-
PROTAC (Figures 28B and C). These results validate PLLA specificity and further support the
MAF-ER interaction.

Additionally, the MAF-ER specific interaction was corroborated in the ER- cell line MDA-
MB-231. Coherently, no fluorescent PLA signal was observed neither when cells were probed

with specific antibodies against HA or ER alone nor after addition of both antibodies (Figure

28D).
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The elimination of key protein domains is a useful tool to map the protein region that interacts
with a specific partner protein. Thus, to further explore MAF interaction with endogenous
ER, we generated different plasmids for the expression of truncated MAF proteins as well as
a control plasmid for full-length MAF L expression. Truncated MAF proteins included MAF
(AC-t), which lacks the DNA-binding domain, MAF L. (AN-t 1), which lacks part of the
transactivation domain and MAF L (AN-t 2), which lacks the entire transactivation domain

(Figure 29A).

First, we assessed protein localization by IF to test whether MAF truncation affected
subcellular localization. We observed that deletion of the MAF C-terminal domain led to
improper localization. MAF (AC-t) truncated form was detected throughout the nucleus and
cytoplasm, thereby suggesting the presence of a nuclear retention signal within the C-terminal
domain (Figure 29B). In contrast, deletion of either part or the entire transactivation domain

did not affect MAF nuclear localization.

Then, full-length and truncated MAF proteins were tested for interaction with ER using the
PLA technique. Significant PLA signal was detected in all samples probed with both HA and
ER antibodies compared to single antibody controls (Figures 29B and C). All MAF truncated
proteins seemed to retain the ability to interact with ER in the nucleus, even the MAF (AC-t)
truncated form, despite its expression was not confined to the nuclear compartment. However,
although not significant, PLLA signal in cells expressing truncated MAF proteins was not as
strong as in cells expressing full-length MAF. This reduction in the detected fluorescent signal
was more pronounced and consistent in cells expressing the MAF L (AN-t 2) truncated form,
thereby indicating a potential requirement of the region between amino acids 85 and 120 of

the transactivation domain for binding to ER.
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Figure 29. Mapping of the domain through which MAF interacts with the Estrogen Receptor
(ER). (A) Schematic representation of full-length MAF (long isoform) and truncation constructs. (B)
Proximity ligation assay (PLLA) of HA or ER antibody alone or both antibodies together in MCE7 cells
transiently transfected with HA-tageed MAF full-length and truncation constructs 24 h prior to fixation.
Representative confocal microscopy images for HA-MAF expression (green), PLA signal (red) and
DAPI nuclear staining with magnified inset are shown. Scale bar, 50m; inset scale bar, 10m. (C) PLA
signal quantification. Each dot represents the average PLA signal from 66 to 129 nuclei per condition

per biological replicate (n=3). Bars represent mean SD.
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Chapter III: The molecular interplay of MAF and ER

transcription factors in breast cancer cells

ER has a key role in the onset and progression of ER+ BCa by enhancing the expression of
genes related to cell proliferation and survival®. This protein can regulate transcription
through direct binding to DNA after E2 stimulation or by being tethered to DNA through

interaction with other transctiption factors™’

. Bvidence show that ER can directly interact with
members of the AP-1 family of transcription factors such as c-Fos and c-Jun and that genes
containing AP-1 sites in their promoters are regulated by ER™. However, how these
interactions affect transcriptional activity and how this supports cancer metastasis is not yet

fully understood.

MAF, a transcription factor from the AP-1 family, acts in synergy with other transcription
factors such as GATA3, STATG6 and Nuclear factor of activated T-cells (NFAT) to regulate

the expression of specific genes in T-cells™”

. Moreover, MAF has been reported to physically
associate with SRY-related HMG box (SOX) family members to bind and activate the
promoter of certain genes’”. Further MAF amplification was reported to trigger a genetic

program to support BCa metastasis™”.

We revealed a novel interaction between ER and MAF, which suggests a cross-talk of both
proteins in BCa cells. Since previous findings showed that AP-1 factors such as c-Fos and C-
Jun are cooperating factors for ER, we hypothesize that MAF may also modulate ER function
in BCa cells, triggering the expression of a genetic program that might have an impact on ER+
BCa progression and in bone metastasis development. To this end, a detailed understanding
of the cooperation between MAF and ER is crucial to understand the mechanisms of E2-
mediated cancer progression and might lead to the identification of potential new targets,

thereby facilitating the discovery of approaches to ultimately target BCa metastasis.
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Gene expression profiles in response to MAF overexpression and estrogen

stimulation

We first assessed whether the presence of MAF modulates E2 response in BCa cells. Control
(Mock) and MAF-overexpressing MCEF7 cells were cultured in hormone-deprived media
containing charcoal-stripped serum for 72h to deprive cells of E2 (Figure 30A). Then, cells
were stimulated with 10nM E2 for 6 hours and gene expression changes were analyzed by

RNA sequencing (RNA-seq).

Principal component analysis revealed that MAF-overexpressing cells diverged from control
cells before and after E2 stimulation (Figure 30B). Consistently, different gene expression
patterns were observed in MAF-overexpressing cells compared to control cells before and
after E2 administration (Figure 30C). Some genes were up-regulated (cluster 1) or down-
regulated (cluster 2) in MAF-overexpressing cells in comparison to control cells independently
of E2 stimulation, thereby indicating that the expression of these genes is regulated by MAF.
In contrast, two large sets of genes were up-regulated (cluster 3) or down-regulated (cluster 4)
in response to E2 administration in both control and MAF-overexpressing cells. These groups
reflect E2-dependent genes whose expression in independent of MAF. Interestingly, the
presence of MAF and E2 had a synergistic effect on the up-regulation (cluster 5) or down-
regulation (cluster 7) of two groups of genes. Moreover, some genes were up-regulated (cluster
6) or down-regulated (cluster 8) exclusively in the presence of both MAF and E2. These results
show that there is a transcriptional modulation through the interactions of E2-ER with MAF.

The complete list of the genes from each cluster can be found at Supplementary table 3.

Analysis of GO annotations revealed that the set of genes that were up-regulated in the
presence of MAF (cluster 1), contained a significant overrepresentation of genes involved in
hypoxia and epithelial to mesenchymal transition, which are important processes in cancer
metastasis. Interestingly, genes down-regulated in the presence of MAF (cluster 2), were
enriched for GO terms related to cell-cycle, including G2M checkpoint, E2F targets and
mitotic spindle. These observations indicate that MAF overexpression confers metastatic traits
to BCa cells but does not favor cell proliferation per se in this cellular context. Strikingly, genes
involved in early and late estrogen response were also overrepresented, thereby indicating that,
although in this specific cellular context these genes did not respond to E2 stimulation, MAF

has the ability to control their basal expression levels (Figure 31A).
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Figure 30. Gene expression profiles upon MAF overexpression and E2 stimulation. (A)
Schematic representation of the experimental design. (B) Principal component analysis (PCA) on the
rlog normalized expression matrix (showing first two components). Batch effect was adjusted gene-wise
using a linear model. (C) RNA-seq heatmap of differentially expressed genes in MAF-overexpressing
compared to control MCF7 cells upon administration of vehicle (HD) or 10nM estradiol (E2).
Expression profiles were grouped in 8 clusters based on comparisons between the four conditions.
Cluster 1, MAF up-regulated genes; cluster 2, MAF down-regulated genes; cluster 3, E2 up-regulated
genes; cluster 4, B2 down-regulated genes; cluster 5, E2 and MAF up-regulated genes; cluster 6, up-
regulated genes when E2 and MAF; cluster 7, E2 and MAF down-regulated genes; cluster 8,
downregulated genes when E2 and MAF. Red indicates up-regulation and blue shows down-regulation.
n=2 biological replicates. (D) RNA-seq expression of a selected gene from each cluster represented by

fold change of RPKM values.
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E2-induced genes (cluster 3) included several well-known ER target genes such as GREBT,
PGR, CCND7 and CXCL172 (Figure 30C and D). This panel of genes were enriched for GO
terms involved in E2 response pathways and were also myc targets. Consistently, genes down-
regulated by E2 (cluster 4) included BMF, IGFBP3, NR3C7 and BRB7, whose expression is

361

typically reduced upon E2 addition in MCF7 cells’. Together, these data confirmed a

successful E2 stimulation.
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Figure 31. MAF modulates the estrogen (E2) response in MCF7 cells. (A) Associated gene
ontology (GO) terms for genes present in the indicated clusters. Clusters 5 and 6 were considered a
single group of E2-induced and MAF-dependent genes. (B) Name of the genes contained in clusters 5
and 6.

Genes in clusters 5 and 6 reached their maximum expression levels upon E2 stimulation and
in a MAF-overexpressing context. Since clinical data revealed that MAF-positive tumors

behave more aggressively in the presence of E2, we considered this panel of genes of major

122



Functional interplay between ER and MAF transcription factors

interest to find a biological rationale for this observation. Interestingly, among the MAF-ER
synexpression group, there were some genes whose expression in BCa cells is associated with
enhanced migration and EMT, such as FGF78”, maintenance of a stem cell-like state, such
as SOX9%, or metastatic colonization of the bone, such as JAG7 and PTHLH**" (Figure
31B).

ER and MAF coregulated genes were mainly enriched in E2 response pathways (Figure 31A).
These results suggest that, in response to E2, MAF cross-talks with ER and modulates the
transcriptional activity of this transcription factor either by triggering a switch of target genes

or by potentiating the expression of specific E2-responsive genes.

GO analysis in clusters 7 and 8 did not identify overrepresented families of genes involved in
any specific hallmark. However, the limited number of genes in these groups precluded any

statistically significant analysis due to insufficient power.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) of selected target
genes confirmed the RNA-seq results in MCF7 cells (Figure 32). The expression of FGF78,
JAGT and PTHILH was significantly higher in MAF-overexpressing cells after E2 stimulation
compared to control MCF7 cells. Although it did not reach significance, SOX9 showed the

same expression pattern in these cells.

Next, we interrogated whether our findings in MCF7 cells were cell-line specific or could occur
in other ER+ BCa cell lines such as T47D or ZR75. To this end, we generated MAF-
overexpressing T47D and ZR75 cell lines and examined the expression of ER and MAF-
coregulated genes after 6h of 10nM E2 stimulation.

MAF expression in T47D and ZR75 cells showed a higher fold increase over basal levels
compared to MCF7 cells. FGF18, |AGT and PTHI.H were strongly dependent on MAF
expression in both T47D and ZR75 cells lines. However, the effect of E2 on the expression
of these target genes was not as clear as in MCF7 cells. SOXY expression levels were only
slightly increased in MAF-overexpressing ZR75 cells. Together, these data show that high
MAF expression is associated with an increase in FGF18, JAG1 and PTHI.LH mRNA levels in
three different BCa cell lines.
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Figure 32. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) validation

of selected RINA-sequencing (RNA-seq) targets in MCF7 cells and its evaluation in the

estrogen receptor-positive (ER+) breast cancer cell lines T47D and ZR75 (A) MAF expression

analysis in MCF7, T47D and ZR75 cell lines before (HD) and after 10nM E2 administration. (B)
Expression analysis of the MAF and E2-coregulated genes FGF78, [AGT1, PTHI.H and SOXY9 in MCF7,
T47D and ZR75 cell lines. Expression was normalized to the housckeeping gene GAPDH. Data

represent the average of 3 to 6 independent experiments. The symbols *, ** and *** indicate significant

differences with p < 0.05, p < 0.01 and p < 0.001, respectively.
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Changes in chromatin accessibility in response to MAF overexpression

and estrogen stimulation

Our data supported that MAF is functionally involved in E2-mediated gene regulation in BCa
cells. However, the mechanism by which MAF alters the E2 response remained unclear. Since
BiolD proximity labeling revealed that MAF interacts with several chromatin remodelers
besides ER, we interrogated whether modulation of the E2 response in a MAF-overexpressing

context was a consequence of changes in chromatin accessibility.

Because changes in chromatin architecture occur before differences in gene transcription, we
stimulated hormone-starved control and MAF-overexpressing MCF7 cells with E2 for only 1
h and then mapped the chromatin landscape by assay of transposase accessible chromatin

sequencing (ATAC-seq).

Data from three independent experiments revealed that chromatin was dynamic depending on
both E2 induction and MAF overexpression (Figure 33A). Remarkably, chromatin accessibility
was broadly increased in MAF-overexpressing compared to control MCE7 cells. Analysis of
the distribution of differential peaks showed that chromatin opening occurred mainly at
intronic and intergenic regions, but there was an overrepresentation of promoter regions for

MAF-overexpressing samples compared to control samples (Figure 33B).

364

It has been shown that chromatin is largely remodeled upon E2 signaling™’. Thus, to confirm

a successful E2 induction, we interrogated ATAC-seq peaks £ 50 kb from genome wide
transcription start sites (ISS) and assessed whether changes in chromatin accessibility
correlated with gene expression. Indeed, the majority of ATAC-seq peaks associated to genes
up-regulated by E2 identified in RNA-seq experiments became more accessible after E2
stimulation (Figure 33C). We also observed some chromatin opening in peaks associated to
genes down-regulated by E2. However, closed chromatin regions were more representative in

this set of genes.

Furthermore, we assessed whether MAF-dependent chromatin opening correlated with the
expression of MAF-dependent genes. Strikingly, integrated RNA-seq and ATAC-seq analysis
revealed that chromatin accessibility did not correlate with MAF-dependent gene expression.
Both MAF up- and down-regulated genes correlated with increased chromatin opening (Figure

33D). This observation indicates that the regulation of MAF-dependent genes is not only
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regulated by changes in chromatin accessibility but potentially requires the recruitment of

coactivator and corepressor proteins.
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Figure 33. Accessible chromatin landscape induced by MAF and estrogen (E2). (A) Overview
of ATAC-seq normalized data for most variable peaks. (B) Annotation of differential peaks (only
chromatin opening) showing overrepresentation of promoter regions for MAF-overexpressing samples
against Mock samples. (C) RNA-seq E2-responsive genes (both down- and up- regulated) enrichment
in ATAC-seq peaks (distance to transcription start site (TSS) < 50kb). The number of E2-target genes
with an average test statistic (for comparisons Mock E2 vs Mock and MAF E2 vs MAF) greater than 1
(in absolute value) in the ATAC-seq data is shown. E2-targets correlate moderately with chromatin
opening intensities. Statistical significance was assessed via a gene randomization test. (D) RNA-seq
MAF-responsive genes (both down- and up- regulated) enrichment in ATAC-seq peaks (distance to
transcription start site (ISS) < 50kb). The number of MAF-target genes with an average test statistic
(for comparisons MAF vs Mock and MAF E2 vs Mock E2) greater than 1 (in absolute value) in the
ATAC-seq data is shown. MAF-targets do not correlate with chromatin opening intensities. Statistical

significance was assessed via a gene randomization test.
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Acetylation of histone H3 on lysine 27 (H3K27ac) has been shown to mark active enhancers
and it is commonly used to map active chromatin regions’”. Thus, we assessed the overlap of
ATAC-seq peaks with previously published chromatin immunoprecipitation followed by
sequencing (ChIP-seq) data of H3K27ac™ to determine if chromatin opening was associated
to enhancer regions. Interestingly, ATAC-seq peaks that overlap with H3K27ac present higher
coverage in samples with MAF overexpression compared to control samples at promoters,
introns and exons, thereby indicating that MAF-induced chromatin opening in these particular

regions is stronger when peaks are located at enhancers (Figure 34).
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Figure 34. MAF-dependent chromatin opening is more pronounced at enhancer regions. MAF
vs Mock (left) and MAF E2 vs Mock E2 (right) log2-fold change for peaks in intergenic, promoter-TSS,
intron and exon regions. Peaks ovetlapping with H3K27ac (published data), a marker of active
enhancers, present higher coverage in MAF samples than Mock samples, especially for promoters,

introns and exons (in green).

Collectively, these results support a role of MAF in orchestrating chromatin accessibility to
allow the recruitment of transcription factors and coregulatory proteins that may lead to the

induction of an ER-dependent gene program in response to E2.

MATF potentiates ER recruitment to enhancers

Next, in collaboration with Dr. Luciano Di Croce’s group, we investigated whether the
presence of MAF was associated with changes in ER binding to chromatin. To address this

question, we performed ChIP-seq on ER in control and MAF-overexpressing MCF7 cells
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stimulated with E2 for 1 h after being cultured in hormone-deprived media containing

charcoal-stripped *“ for 72h.

Genome-wide mapping of ER identified 594 ER binding sites (ChIP-seq peaks) in hormone-
deprived MCF7 cells and, after E2 stimulation, the number of ER binding sites rose to 3380
(Figure 35A). Most of the peaks found in hormone-starved cells were conserved after E2
administration (543 common peaks). Notably, there was a significant gain in ChIP-seq signal
in these common peaks, thereby indicating that E2 largely increased ER recruitment to these
regions. In contrast, only 51peaks were specific of hormone-starved MCF7 cells and

disappeared upon E2 administration, which suggests that these peaks may be possible artifacts.
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Figure 35. Estrogen receptor (ER) recruitment to chromatin after E2 administration (A) Venn
diagrams showing ER binding sites (ChIP-seq peaks) identified in control MCF7 cells before (HD) and
after 1 h E2 stimulation (left). Boxplots showing ER ChIP-seq signal intensity for common and new
ER binding sites after E2 administration (right). Asterisks show statistical significance (p-value < 10716,
Wilcoxon test, two-sided) (B) Venn diagrams showing ER binding sites identified in MAF-
overexpressing MCE7 cells before and after 1 h E2 stimulation (left). Boxplots represent ER ChIP-seq
signal intensity for common and new ER binding sites after E2 stimulation (right). Asterisks show
statistical significance (p-value < 10710, Wilcoxon test, two-sided) (C) Pie charts showing the

distribution of ER binding sites in the indicated genomic regions for each condition.
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In MAF-overexpressing cells, E2 also triggered a global increase in ER recruitment, with ER
binding sites rising from 657 to 5264 (Figure 35B). This large increase was substantially bigger
than in control MCF7 cells, which suggests a role for MAF in facilitating ER recruitment to
chromatin. Again, most ER binding sites found in hormone-deprived conditions were
conserved after E2 stimulation (614 common peaks) and ChIP signal was strongly increased

in these regions.

Analysis of peak distribution showed that, in all conditions, a small percentage of all peaks
were located in promoters but the majority of ER binding sites appeared in intergenic or
genomic regions, thereby suggesting that ER is mainly recruited to enhancer regions (Figure
35C). Consistent with our results, earlier research reported that about 95% ER binding sites
are located at enhancer elements located at distant sites form the TSS of regulated genes instead

of at promoter proximal regions®”’

. Thus, to confirm ER binding at enhancers we assessed
overlap of our defined ER binding sites with previously published ChIP-seq data of the histone
acetyl transferase p300, a well-established marker of enhancer location®®. p300 is a
transcriptional coactivator that acetylates histone H3 at lysine 27, required for enhancer activity
and expression of enhancer-driven transcriptional programs. ChIP-seq data from MCF7 cells
treated with vehicle or E2 was downloaded, processed in the same manner as our samples and

the number of p300 reads was counted in our sets of ER binding sites found in control and

MAF-overexpressing MCE7 cells after E2 stimulation.

Notably, a significant enrichment of p300 was found in the set of 3380 ER peaks found in
control cells as well as in the set of 5264 ER peaks identified in MAF-overexpressing cells after
E2 administration (Figure 36A). In fact, almost all of the ER binding sites overlapped with
p300, whose recruitment was also potentiated to these sites upon E2 stimulation (Figure 36B
and C). The strong correlation between p300 and ER ChIP-seq peaks confirmed that the
majority of the ER binding sites identified in our control and MAF-overexpressing MCF7 cells

were located at enhancer regions.
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Figure 36. Estrogen receptor (ER) binds to enhancer regions (A) Boxplots showing enrichment
of p300 (published data), a marker of active enhancers, in ER binding sites identified in control (left)
and MAF-overexpressing MCF7 cells (right) after E2 administration. Asterisks show statistical
significance (p-value < 10716, Wilcoxon test, two-sided) (B) Venn diagrams showing the overlapping of
p300 and ER binding sites found in control (left) and in MAF-overexpressing MCFE7 cells (right) upon
E2 stimulation. (C) ChIP-seq heatmap showing the distribution of ER reads (in control and MAF-
overexpressing MCE7 cells) and p300 on the 5264 ER binding sites found in MAF-overexpressing cells
after E2 stimulation (peak summit +1 kb). Enrichment levels were normalized for the total number of
mapped reads of each sample. Peaks were ranked by the intensity of ER signal in MAF-overexpressing

cells after E2 stimulation.

We next assessed the effect of MAF in ER recruitment upon E2 administration. Comparison

of ER binding sites identified in the presence of E2 in control and in MAF-overexpressing
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cells revealed that most ER binding sites (3101 peaks) found in control cells were conserved
upon MAF overexpression (Figure 37A). However, 2163 new sites appeared exclusively in
cells with MAF overexpression. Strikingly, the presence of MAF not only triggered a large
expansion of ER binding sites but it also increased ER recruitment to common sites found in
both control and MAF-overexpressing cells, as shown by an increase in ChIP-seq signal in
these regions (Figure 37A and B). Considering that MAF was associated with increased
chromatin accessibility, these observations strongly support a role for MAF as a pioneer

transcription factor that creates accessible chromatin regions to allow ER recruitment.
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Figure 37. Estrogen receptor (ER) recruitment to chromatin is enriched in the presence of MAF
(A) Venn diagrams showing ER binding sites (ChIP-seq peaks) identified in control and MAF-
overexpressing MCE7 cells after 1h E2 stimulation (left). Boxplots represent ER ChIP-seq signal
intensity for common ER binding sites in both conditions and specific ER binding sites in MAF-
overexpressing cells (right). Asterisks show statistical significance (p-value < 10716, Wilcoxon test, two-
sided) (B) Scatter plot showing correlation of ER ChIP-seq reads in control versus MAF-
overexpressing MCE7 cells. Each dot in the plot represents the number of ChIP-seq reads normalized
by the total number of reads of each sample for each peak discovered in MAF-overexpressing cells after
E2 stimulation (5264 peaks). Boxplots show the corresponding distribution values. A significant
increase in ER signal is observed in MAF-overexpressing compared to control MCE7 cells (p-

value < 10716, Wilcoxon test, two-sided) (right).

We then explored how changes in ER binding to chromatin correlate with the expression of
genes from the MAF-E2 signature. Thus, we interrogated ChIP-seq peaks + 50 kb from
genome wide TSS and analyzed signal intensity in those peaks associated to ER and MAF up-
regulated genes identified in RNA-seq experiments (clusters 5 and 6). Genes that were actively

transcribed in the presence of E2 and MAF exhibited a significant increase in ER recruitment
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in MAF-overexpressing cells after E2 administration (Figure 38). Interestingly, integrative
analysis of ChIP-seq and RNA-seq data from ER and MAF down-regulated genes (clusters 7
and 8) also showed a milder increase in ER recruitment in peaks associated to those genes.
These results suggest that MAF contributes to create ER-chromatin interactions and these

interactions potentiate activating or repressing ER functions.
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Figure 38. Estrogen receptor (ER) recruitment to chromatin is enriched in peaks associated to
ER/MAF-deregulated genes in MAF-overexptessing MCF7 cells after E2 stimulation. (A)
ChIP-seq signal intensity for ER binding sites associated to genes that are up-regulated (clusters 5 and
6) or down-regulated (clusters 7 and 8) in the presence of MAF and E2. Distance to transcription start

site (TSS) < 50kb. Asterisks show statistical significance (p-value < 10716, Wilcoxon test, two-sided).

Since ER-DNA interactions in BCa cells were increased in the presence of MAF, we explored
whether MAF can assist in tethering ER to the DNA. To address this question, we performed
an 7n szfico analysis to assess the presence of MAF consensus DNA binding motifs within the
regions bound by ER in MAF-overexpressing cells after E2 administration (5261 ER binding
sites). Two different position-weight matrices were used for analyzing the presence of MAF

binding sites, one corresponding to a half MARE sequence, recognized by all MAF family
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proteins, and the other specific for the MAF transcription factor (Figure 39A). Both matrices
were obtained from MatBase, the Genomatix software transcription factor database. Indeed,
we identified an overrepresentation of MAF binding motifs around the set of ER binding sites
found in MAF-overexpressing cells after E2 stimulation (Figure 39B). These results support a
role for MAF as an associated protein with the ability to interact with DNA and ER to stabilize

the ER complex on the chromatin.
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Figure 39. MAF binding motifs are enriched within estrogen receptor (ER) binding sites. (A)
Position-weight matrices of two described MAF binding motifs obtained from the MatBase database
(Genomatix software). MARE, MAF response element (half sites). (B) Prediction of MAF binding sites
in the vicinity of ER ChIP-seq peaks identified in MAF-overexpressing cells after E2 stimulation
generated with the Matlnspector program from Genomatix. The number of input sequences with at
least one match of the MARE or MAF matrix, the total number of matches in all input sequences, the
expected match numbers in an equally sized sample of the genome and the standard deviation, the
overrepresentation and the Z-score are shown. The Z-score represents the distance from the population
mean in units of the population standard deviation (a Z-score below -2 or above 2 can be considered

statistically significant).

ChlIP-seq tracks at specific genome regions show that the intensity of ER ChlIP-seq peaks in
close proximity to GREBT is higher upon E2 administration, confirming a successful E2

stimulation (Figure 40). Accordingly, novel targets that were subject to cross-talk between
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MAF and E2 signaling, such as FGF18, J[AGT1, PTHIL.H and $OXY, have proximal ER ChIP-

seq peaks.
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Figure 40. Genome browser screenshots of ChIP-seq profiles at representative target genes.

Estrogen receptor (ER) ChIP-seq tracks from control and MAF-overexpressing MCE7 cells before

(HD) and after E2 stimulation are shown. p300 ChIP-seq tracks (published data’%) depict active

enhancer regions. Predicted MAF binding sites (using the MAF or MARE matrices) within ER peaks

are represented in black.

Although some of the ER ChIP-seq peaks are located at considerable distances from the

putative target gene, they all correlate with p300 peaks in MCE7 cells after E2 stimulation.

These observations further corroborate that these ER binding sites are located at active

enhancer regions that potentially affect target gene expression. Notably, predicted MAF
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binding sites are located within the majority of ER ChIP-seq peaks identified in MAF-
overexpressing cells after E2 administration associated to the aforementioned MAF and ER
targets. Collectively, our results indicate that ER and MAF converge on the same
transcriptional regulatory regions and E2 enhances this recruitment, potentially to induce the

expression of genes that are known from the literature to confer metastatic properties.
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Figure 41. Correlation of MAF expression with representative target genes in ER+ HER2-
breast cancer (BCa) patients. Gene expression data was retrieved from a public data cohort
containing four micro-array studies (GSE2430, GSE2603, GSE5327 and GSE12276) from The Cancer
Genome Atlas (TCGA) and from the Molecular taxonomy of breast cancer international consortium

(METABRIC) datasets. The correlation was determined using the Sperman’s cortelation test.

Next, we validated the association between MAF expression and E2 and MAF-coregulated
genes in three independent BCa patient sample cohorts. Of note, analysis focused on ER+
HER2- BCa patient samples from The Cancer Genome Atlas (TCGA) cohort dataset revealed
a significant correlation between MAF and PTHIH, JAGT and FGF18 expression (Figure 41).
The correlation between MAF and both FGF78 and PI'HI.H was corroborated by analysis of
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the Molecular taxonomy of breast cancer international consortium (METABRIC) data from
1026 patients with ER+ HER2- BCa. The METABRIC cohort dataset did not provide [ AG7
expression data and therefore its correlation with MAF expression could not be assessed.
Finally, analysis of patient sample cohorts from which we had the primary tumor expression
profiles (GSE2430, GSE2603, GSE5327 and GSE12276) further confirmed the correlation of
MAF with PTHILH and JAGT expression in ER+ HER2- BCa patients. Together, this data

show that our findings are not confined to 7z vitro models but are also clinically relevant.
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Discussion
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DISCUSSION

Optimization of a One-bead-one-compound combinatorial peptide library
screening for the identification of high-affinity ligands against metastatic

breast cancer cells

After the discovery of the MAF transcription factor as a bone metastasis mediator in ER+
BCa patients, this protein became a very attractive target for the treatment and prevention of

303

bone relapse™. However, the lack of enzymatic activity and binding pockets for small molecule

design make transcription factors difficult to target’®

. Additionally, their activity depends on
association with other nuclear proteins and its structure may be disordered when isolated from
their binding partners, which makes even harder the development of chemical inhibitors. Thus,
one possibility to target MAF function in BCa cells was to identify proteins under MAF
transcriptional control with the potential of being therapeutically targeted. Among MAF-
regulated proteins, those located at the plasma membrane represent ideal drug targets, since

they play crucial roles such as cell signaling, are involved in interactions with the stroma and

are extremely accessible on the cell surface™.

The OBOC technology allows to rapidly synthesize hundreds of compounds using the “split-

and-mix” synthesis method and screen for interactions using living cells®”

. One advantage of
this approach is the possibility to introduce non-natural amino acids into the peptide libraries,
which are resistant to proteolytic degradation and suitable for 7z vivo applications. Moreover,
OBOC screenings do not require prior knowledge of the target molecule, which can be

identified later.

A frequent problem when targeting membrane receptors is the necessity of detergents or other
reagents that may affect their structure due to the poor solubility of such proteins. Using this
methodology, the receptor is displayed in native conditions and peptide hits that would bind

the receptor in its natural environment are eliminated.

Considering all the advantages that the OBOC technology offers, our objective was to use a
OBOC peptide library screening to discover membrane proteins under MAF transcriptional

control that mediate bone metastasis in BCa cells while identifying synthetic peptide binders
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to block them. The OBOC combinatorial library screening method had been previously used
to optimize the specificity and selectivity of peptide binders for known receptors™*****™ but
never applied to the cancer metastasis field to identify novel drivers of bone metastasis. For
this reason, it was a challenging strategy that entailed a high risk but also a high reward if

successful, representing an innovative approach with the potential to have a broad impact on

bone metastasis treatment.

Previous work reported successful isolation of high affinity ligands through a COPAS after
incubation with OBOC library beads with living cells™. COPAS sorting represented a
significant improvement in terms of efficacy compared to the labor-intensive and time-
consuming manual isolation of positive hits under a microscope. Thus, we attempted to
implement this system in our laboratory using integrins and selective integrin-binding peptides,
which are molecules typically used in ligand binding assays. Unfortunately, after selecting the
best conditions for cell-bead association, we were unable to propetly sort positive hits by

means of a COPAS. However, we developed a novel and more efficient methodology based
on the incubation of 30um-sized resin beads with fluorescent living cells and subsequent

sorting through a FACS instrument.

After technique optimization, two different libraries of 32 and 48 compounds were designed
to identify peptide ligands against highly metastatic BCa cells. Large OBOC libraries prepared
using the “split and mix” synthesis method result in a variety of peptides consisting on
permutations of amino acids with similar or identical masses, which hamper the sequence

deconvolution process™

. Thus, to simplify chromatographic and MS analyses, a multi-
objective genetic algorithm-supported approach was used for the design of smaller libraries.
Peptide diversity was prioritized rather than library size, thus achieving libraries with maximal

number of peptides with maximal mass or sequence diversity’”>*.

Libraries were synthesized by Fmoc SPPS™ using D-amino acids, which are resistant to
proteolysis iz vive, and the successful synthesis of all library components was confirmed by MS.
When using UPLC-MS technology, peptides are separated according to their hydrophobicity.
The detection of very hydrophobic peptides is challenging due to solubility problems,
sustained non-covalent interactions with the stationary phase in the liquid chromatography
column or insufficient separation prior to MS analysis™**>. On the contrary, the detection of
very hydrophilic peptides might fail due to insufficient retention on the liquid chromatography

column prior to MS analysis. Besides hydrophobicity, polarity and net charge also have an
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impact on sequence analysis. In this study, all these properties were considered during the
library design to facilitate the detection process. Moreover, a liquid chromatography method
was adapted by adjusting the solvent polarity gradient to allow an accurate detection and

separation of all peptide components from each library.

Through screening the two OBOC peptide libraries against highly and poorly bone metastatic
live populations of BCa cells, six peptide ligands with affinity for highly metastatic BCa cells,
defined by MAF overexpression, were identified. Nonetheless, further experiments should be

performed to increase the robustness of our observations.

Analysis of the identified peptides revealed that D-Tryptophan (w) and D-Serine (s) at
positions 1 and 2, respectively, are crucial for MAF-overexpressing BCa cell binding.
Moreover, Glycine (G) and D-Serine (s) in positions 3 and 5, respectively, are preferred for
binding to this cell population. On the basis of this information, new highly focused OBOC
libraries should be designed incorporating these features to further optimize those peptides
that selectively bind highly metastatic BCa cell populations. Focused libraries with the
identified crucial amino acids fixed at the appropriate positions while other non-essential
positions containing several amino acids could be screened under harsher conditions, such as
shorter incubation times, lower bead surface substitution or addition of receptor competitive
antagonists to identify derivative peptides with higher affinity and higher specificity in a hit-

to-lead selection process.

The interaction of the identified peptide ligands against highly bone metastatic BCa cells
should be validated by resynthesis on beads and exposure to both highly and poorly metastatic
cell lines. Moreover, to determine whether the efficiency and specificity of the discovered
peptides is maintained in an zz vive setting, peptides could be conjugated to a fluorescent dye

and injected into mouse models to track tumor uptake®”

. Then, the localization of peptide hits
could be evaluated in mice bearing MAF-overexpressing xenografts by fluorescence optical
imaging. Peptide accumulation in the tumor tissue and demarcation of tumor margins would
indicate peptide specificity. If proven specific, fluorescent peptide conjugates would have the

potential to be used as probes for 7 sitn detection of bone metastatic lesions from BCa patients

in the clinics.

Moreover, the most specific and high-affinity ligands for bone metastatic BCa cells could be

conjugated to nanoparticles with loading of therapeutic agents for precise-targeting
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nanotherapeutics’”. For instance, previous work showed the successful development of
paclitaxel-loaded nanoparticles coupled to peptide ligands against ovarian cancer cells’™.
Paclitaxel-loaded nanoparticles exhibited higher cytotoxicity in zz vitro studies, higher tumor
localization, intracellular uptake, antitumor efficacy and lower systemic toxicity profile iz vivo
when coupled to targeting-peptide ligands compared to nontargeted nanoparticles. Thus,
selective peptides against MAF-overexpressing BCa cells have a strong translational potential
in tumor-specific chemotherapeutic drug delivery. This class of targeted therapy with reduced

systemic toxicity should be delivered after removal of the primary tumor to prevent or treat

disseminated bone metastasis.

We identified six peptide hits capable of binding to MAF-overexpressing BCa cell populations.
However, the identity of the receptors that recognize these peptides remains to be elucidated.
To this end, the six peptide ligands should be resynthesized and conjugated to specific 1P
beads. Then, to achieve protein-peptide interactions, IP beads would be incubated with
membrane extracts from MAF-overexpressing cells and the receptors with high affinity for
the discovered peptide ligands would be precipitated, washed and analyzed by MS. Results
should be confirmed by Western Blot or IP analyses using specific antibodies against the newly
identified membrane protein. Moreover, these specific antibodies could be used in competitive

binding assays to test for peptide binder specificity.

Once MAF-transcriptionally controlled membrane proteins are identified, their contribution
to the development of bone metastasis in BCa patients should be characterized. To this end,
candidates should be clinically validated by examination of their expression levels in publicly
available BCa datasets and histological sections of BCa primary and bone metastatic samples.
Following clinical validation, mechanistic functional analyses of the candidates in different 7
vitro and in vivo BCa models should be conducted. Gain- and loss-of-function experiments may
allow to unravel relevant cell-autonomous traits as well as cancer cell-stroma interactions to

expand our knowledge on MAF-mediated BCa metastasis to bone.

It is worth to mention that, although we could identify specific ligands for highly bone
metastatic cell populations, our approach has some limitations that make high-throughput cell-

based screenings impractical.

Firstly, to identify peptides differentially expressed between highly and poorly bone metastatic
BCa cells, we fluorescently labeled both cell populations with RFP and screened OBOC
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libraries against each of them. Then, by comparing the peptide hits identified in both
populations, we selected those that were specific for the highly metastatic. Previous work
showed the utility of an On-Bead-Two-Color (OBTC) cell screen for high throughput

screening to identify peptides specific for lung cancer cells’”

. This technique is a modification
of the OBOC method, where two cell populations are labeled with two different fluorophores,
mixed in a 1:1 ratio and incubated with peptide library beads. After incubation, only beads
coated with one color cells are manually picked under a fluorescence microscope. This
approach is optimal for the selection of peptides that recognize cells that express a target
receptor while ignoring almost identical cells that do not express this receptor and was used to
successfully identify specific ligands for lung cancer cells compared to normal epithelial cells
from the same patient. We believe that this strategy could be implemented in our technology
by labeling highly and poorly bone metastatic BCa cells with a different fluorophore. Then,
the screening of OBOC libraries based on 30pum-sized resin beads could be performed against
both cell populations simultaneously and the FACS system would be used to sort only those
beads associated to highly metastatic BCa cells. Thus, labeling our two cell populations of
interest with a different fluorophore would save significant time in the sorting process and

make our technology more efficient.

Secondly, peptide mass detection and sequence deconvolution were extremely challenging.
Previous work had reported efficient deconvolution of hit peptides using MS after sorting the
cell-bound beads through the COPAS™. However, the authors used a small library of 7
peptides that were tested independently, not as a peptide mixture, which considerably
facilitated sequence determination by MS. In our study, 32 and 48 compounds from two
OBOC libraries were tested simultaneously, thereby increasing sample complexity. Only the
32-component library showed significant binding, and the MS spectra of library peptides to
identify the positive hits was performed by manual isolation and fragmentation of each
component. Since it was not possible to automatize the process of isolating and fragmenting

peptide hits, mass detection and sequence deconvolution became tedious and time-consuming.

Peptides cleaved from the beads after library synthesis could be successfully identified using
the optimized UPLC-MS method. However, cell-bead incubation and subsequent sorting
interfered with accurate sequence determination using MS due to a significant increase in
background noise. We hypothesize that the buffers used for sorting and for removal of bound

cells from isolated beads may generate impurities that hamper sequence deconvolution. Thus,
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to prepare the hit peptides for MS analysis, we attempted to either boil the sorted beads, use a
highly concentrated NaCl solution to strip off the cells before cleaving the peptide from the
beads or directly sort the beads into tubes with nitrocellulose membranes to cleave the peptides
without using buffers to remove bound cells. Moreover, several washing steps were performed
after removal of bound cells. However, we obtained poor sequencing results due to high
background noise. We believe that a systematical exploration of alternative cell dissociation
buffer treatments, such as 8 M guanidine hydrochloride, which has been previously used to
remove binding cells from OBOC libraries*’, may lead to a reduction of the background noise

in MS analyses, thereby facilitating sequence deconvolution of the sorted hits.

Finally, we observed that the number of sorted events correlated with success in sequence
deconvolution. This information indicates that the amount of each positive hit needs to reach
a threshold to stand out against the background noise for successful sequence identification,
which would substantially extend the sorting time when using bigger libraries. Together, these
observations make our approach not feasible for higher throughput library screenings and

highlight the need of further technique optimization.

In conclusion, we report a novel OBOC technology based on the synthesis of peptides on

30pum-sized resin beads to facilitate automated and efficient sorting through a FACS
instrument after incubation with living cells. For the first time, coupling of this technique to
MS analysis has allowed the identification of specific peptides against MAF-overexpressing
BCa cells with the potential to become therapeutic agents for the treatment and prevention of
bone metastasis. Our data highlights the potential of using this methodology to circumvent
the amount of time and resources used by conventional drug lead discovery approaches, where

knowing the identity of the targeted protein is a prerequisite.

Our methodology combines cell-based assays with automated sorting, which is essential for
high-throughput screening of combinatorial libraries. However, further optimization of the
peptide sequence deconvolution process is indispensable for the identification of positive hits

from big OBOC libraries.
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Characterization of the MAF interactome by proximity-dependent biotin

identification (BiolD)

Cofactor interactions specify the transcriptional activity of transcription factors. Previous work
has demonstrated that MAF activity is dependent on cell type and interaction with binding
partners that modulate its function. For instance, the synergism between MAF and the nuclear
factor for activated T cells (NFAT1) control II.-4 expression in T-cells’. In contrast,
interaction of MAF with c-Myb results in repression of Aminopeptidase N (CD13/APN)

77 These observations indicate that MAF

expression during hematopoietic cell development
can act both as transcriptional activator and repressor and that the association of MAF with

specific partners has an important impact in gene expression regulation.

A different strategy to target the activity of transcription factors is to interfere with the function
of their cofactors. In this study, we performed an unbiased proteomic screen using BioID to
define the MAF interaction landscape in BCa cells. The characterization of the MAF
interactome provides insight into the binding partners that modulate MAF activity in this
particular context and offers the possibility to increase available therapeutic options for this

difficult-to-drug oncogene.

BiolD has emerged as a powerful tool for the accurate identification of protein-protein
interactions in their natural environment. This technique is based on the fusion of a protein of
interest to a mutated biotin ligase that, upon biotin addition, releases reactive biotinyl-AMP
from biotin and ATP, which covalently interacts with adjacent amines on proximal proteins®”.
Since biotinylation is a rare modification and biotin can be selectively isolated by streptavidin
affinity purification, BiolD allows the identification of proteins in close proximity to the bait
protein via MS. The main advantage of this method is that it allows for the detection of low

affinity and transient interactions in a cellular environment of choice.

In our experiments, we used a second-generation biotin ligase named BiolD2, which is 30%

smaller than the original BirA R118G*, allows a more-selective targeting of fusion proteins

and shows enhanced labeling of proximal proteins’. Other methods had been recently

developed to upgrade this technology. For instance, BASU, another promiscuous biotin ligase,
380

was recently engineered from Bacillus subtilis™. This enzyme has higher activity and faster

kinetics than BiolD, and has allowed the direct study of RNA-protein interaction in living
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cells. Moreover, ancestral BirA for proximity-dependent biotin identification (AirID) has been
recently developed using an ancestral enzyme reconstruction algorithm®'. AirID and BiolD
show high sequence similarity but the former has higher biotinylation activity than the latter.
BiolD, BASU and AirID require 18-24 h of incubation with biotin for a proper labeling. In
contrast, other biotin ligases such as TurbolD and miniTurbo have faster labeling kinetics and
biotin can be added 10 min or less in cell culture, which allows to detect dynamic biological
processes with higher temporal resolution™. TurbolD has higher biotin affinity than

383

miniTurbo, which, in some cases can cause cellular toxicity™. Thus, it could be worth to

consider these novel tools for future protein-protein interaction studies.

Our work identified unique and shared interacting partners for MAF S and L isoforms in
MCF7 cells. Since both MAF S and L were reported to equally promote bone metastasis in
BCa cells’”, we focused on the shared interactors for both isoforms, defining a network of
126 high-confidence MAF proximity interactors mainly involved in transcriptional regulation
and chromatin modification. However, our work offers a deep characterization of the MAF
interactome and provides a list of isoform-unique binding partners for future studies to expand

insight into functional differences of each isoform, which are still unclear.

Previous clinical data showed that bisphosphonates treatment in premenopausal patients with
MAF-positive tumors is associated with increased extra-skeletal recurrence, adverse outcomes

and poorer overall survival™*

. The association of menopausal status with worse outcome in
these patients supports a role for E2, the main ER ligand, in contributing to MAF-positive
tumor aggressiveness. Thus, among the 126 high-confidence MAF interactors discovered by

BiolD proximity labeling in MCF7 cells, ER captured our full attention.

The robustness of the MAF-ER interaction was supported by co-IP and PLLA experiments.
Moreover, we attempted to map the region of MAF that interacts with ER by eliminating
critical protein domains prior to PLA. Our data strongly suggest that the transactivation
domain is the point of MAF-ER interaction. Notwithstanding, this approach had some
limitations that should be addressed. Deletion of the MAF C-terminal region (MAF AC-t),
which contains the DNA-binding domain, resulted in nuclear and cytoplasmic MAF
localization, thereby suggesting a nuclear retention signal within this domain. Although MAF
(AC-t) truncated form retained the ability to interact with ER, a nuclear retention signal should
be added for a more accurate quantification of PLA signal. Moreover, PLA experiments to

map the domain required for interaction with ER used transiently expressed full-length and
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truncated MAF plasmids that led to high protein expression levels. Since the PLA approach
detects proteins in close proximity, namely direct interactors, indirect interactors or vicinal
proteins that do not physically interact with the protein of interest, excessive levels of protein
expression can lead to an increase in non-specific PLA signal. To address this issue, truncated
MAF sequences should be cloned into viral plasmids for the generation of stable cells lines
that exhibit lower protein expression levels. Thus, performing these experiments in cells whose
MAF expression is closer to physiological levels would reduce background signal and result in

more reliable data.

Since ER has a pivotal role in the onset and progression of BCa and MAF drives bone
metastasis in ER+ BCa patients™”, we priotitized the identification of the MAF interaction
landscape in MCF7 cells, an ER+ BCa model. Nonetheless, we also explored the MAF
interactome in MDA-MB-231 cells, a model for ER- BCa. In this study, we show that there
are common proximal proteins identified in both models. However, a large number of
interactions found in MCF7 cells are lost in MDA-MB-231 cells, which indicates that part of
the MAF interactome is cell line-specific and that the presence of ER may modulate MAF
interaction with specific partners. Although we only analyzed the presence of representative
components of the major chromatin remodeling complexes found to interact with MAF in
MCF7 cells, our work provides a resource of MAF-proximal proteins in MDA-MB-231 cells
to explore cell line-specific binding partners that might provide insight into MAF function in

an ER- setting.

The molecular interplay of MAF and ER transcription factors in breast

cancer cells

The classical ER mechanism of action involves dimerization upon E2 binding, translocation
to the nucleus and binding to EREs to regulate the expression of specific genes™. However,
ER can be recruited to the genome at non-canonical sites through being tethered to the DNA
by other transcription factors. For instance, FOXA1, GATA3, PBX1 and AP2y can assist in
tethering ER to the DNA™. Moreover, ER binding at assisted-loading sites has been shown

to be dependent on AP-1 transcription factors™>".
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ER has been reported to cooperate with a large collection of cofactors for gene expression

regulation™

. These cofactors associate with the ER complex either to recruit other cofactors,
regulate ER protein structure or directly modify chromatin accessibility. Thus, alteration of the

expression levels of key ER-associated factors might lead to altered ER transcriptional activity.

In this study, we demonstrate a novel functional association of MAF, a member of the AP-1
family of transcription factors, and ER. Our findings reveal that E2-mediated effects are
influenced by MAF overexpression in BCa cells and suggest a model in which MAF recruits
chromatin remodelers to increase chromatin accessibility, thus allowing ER recruitment and

modulating the expression of MAF-ER coregulated genes.

We report a panel of genes regulated by both MAF and ER transcription factors, some of
them known to confer metastatic properties in BCa, among other cancer types. For instance,
FGF18 overexpression has been associated with the progression of gastric, ovarian, colorectal
and breast cancers by inducing EMT and by promoting neoangiogenesis, thereby modulating
the tumor microenvironment’*>*”**, Moreover, FGF18 enrichment predicts poor survival in
gastric and ovarian cancers™”. High levels of JAG1 expression in BCa cells are associated
with bone metastasis development through activation of the Notch pathway in osteoblasts,
which triggers 1L-6 production and subsequent activation of osteoclasts, thus aggravating
osteolytic lesions®. SOX9, a stem-cell related transcription factor, has been related with the
acquisition of metastasis-seeding abilities in cancer cells and is associated with poor survival in

391,363

BCa patients . Finally, PRHtP, encoded by the PTHI.H gene, promotes osteoclast

formation and has a key role in osteolytic bone metastasis™'. PTHI.H had previously been

reported to be under MAF transcriptional control™”

. Our results expand upon this knowledge
and indicate that, indeed, PRHtP expression is regulated by MAF, but is also potentiated by
E2 signaling. Additionally, MAF and E2 also cooperate to down-regulate genes such as
kynureninase (IKYNU) and B-cell translocation gene 1 (BTG1), which have been reported to

. O O
act as tumor suppressors in BCa™**,

The robustness of the association of MAF expression with some the MAF-ER coregulated
genes (FGF18, JAGT1 and PTHI_H) is supported by a validation in 3 different BCa cell lines as
well as in patient samples from 3 different ER+ BCa datasets, demonstrating the clinical

relevance of our findings.
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Future studies for the identification of the critical targets by MAF and ER cooperation might
provide new targets for therapeutic intervention. Of note, preclinical data proved that
neutralizing antibodies against JAG1 show an excellent safety profile and are associated with

252

a significant reduction of bone metastasis burden®<. Moreover, it has been shown that PRHrP-

targeting antibodies inhibit osteolysis caused by metastatic BCa cells and decreases tumor
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burden in bone™". Thus, it is tempting to think that JAG1 or PTHrP antibodies in combination

with hormonal therapy could impair the growth of MAF-overexpressing BCa cells.

Regarding the molecular mechanisms of the MAF-ER crosstalk, we provide evidence that
MAF facilitates the selective access of ER to specific genomic sites by maintaining an
accessible chromatin configuration. Our results are consistent with previous work showing
interactions between AP-1 family members with nuclear receptors. For instance, this exact
cooperative mechanism has been described between AP-1 and the glucocorticoid receptor
(GR)™. AP-1 occupancy maintains chromatin accessibility and is a pre-requisite for the
attraction of GR to specific regulatory regions. We demonstrate that this mechanism of
chromatin priming by AP-1 transcription factors is extended to MAF and ER to mediate the

regulation of a specific transcriptional program.

ER typically binds enhancer elements that can be at considerable distances from target genes™’.
We have shown a genome-wide interaction between MAF and ER that occur mainly at
regulatory elements located in accessible chromatin regions and is enhanced after E2
stimulation. Moreover, through 7 silico analyses, we identified overrepresentation of MAF
consensus DNA binding motifs in ER binding sites, which implies a functional connection at
regulatory elements occupied by ER. However, previous work has reported MAF binding sites
that considerably differ to consensus sequences and show that MAF can also interact with the
DNA via other DNA-binding proteins’”. These observations highlight the complexity of
predicting MAF recognition sites. Thus, investigation of genome-wide MAF binding profiles
by ChIP-seq and assessment of the overlap with the ER binding sites observed in MAF-
overexpressing cells would allow a more accurate analysis of the genomic regions co-occupied

by both MAF and ER transcription factors.

Our findings reveal a prerequisite for chromatin opening by one transcription factor for the
subsequent recruitment of other regulatory factors. MAF orchestrates the ER binding profile
and therefore the response program mediated by ER upon E2 signaling. Nevertheless, some

additional mechanistic studies could contribute to fully dissect the mechanism of MAF and
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ER cooperation. Further investigations should attempt to analyze ER binding profiles in cells
with overexpression of a MAF truncated form with no DNA binding domain (MAF AC-t) to
determine whether interference with the binding activity of the transcription factor impedes
chromatin opening, thus reducing ER binding. Moreover, to determine whether MAF can
assist in tethering ER to the DNA, ChIP-seq analysis could be performed with an ER mutant
without DNA binding domain to assess whether ER binding sites described in MAF-

overexpressing cells are abolished.

FOXAT1 is a well-known determinant of ER function and has been reported to act as a pioneer
transcription factor that can directly bind to compacted chromatin without the requirement of
additional proteins to facilitate the interaction between ER and the DNA™. Similarly, our data
points at MAF as a pioneer factor that binds to specific chromatin sites and recruits chromatin
remodeling proteins, thereby creating access for ER within those specific regions. We show
that chromatin accessibility is broadly increased in the presence of MAF. Thus, ER occupies a
small fraction of its DNA binding sites due to restrictive effects of chromatin architecture and
MAF-dependent chromatin opening as well as E2 signaling dictates ER binding at specific
sites. MAF contributes to create ER-chromatin interactions that potentiate ER activating or

repressing functions depending on the recruitment of additional coregulatory proteins.

Targeting the pioneer factor instead of ER represents an opportunity to block ER
transcriptional activity. However, transcription factors are difficult therapeutic targets and the
identification of regulatory enzymes that influence MAF function may be a more feasible

option.

The observation that MAF maintains an accessible chromatin environment indicates that MAF
requires additional partners to facilitate interactions between ER and the DNA. Chromatin-
remodeling proteins are critical regulators of the activity of transcription factors, and may
represent an unexploited option to disrupt oncogenic MAF function. Consistently, our work
offers a variety of chromatin remodelers captured by BiolD proximity labeling, some of which
are involved in cancer and targetable with small-molecule inhibitors. Thus, the exploration of
additional nodes in the MAF-proximal protein network may represent an option for novel

therapeutic opportunities for MAF-overexpressing tumors.

KDM1A is a chromatin remodeling enzyme that demethylates histone 3 at lysine 4 (H3K4) or

lysine 9 (H3KD9), acting as a corepressor or a coactivator, depending on the context. KDMI1A
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overexpression has been found in several types of cancer and increased KDM1A activity is
associated with increased metastatic potential™. Interestingly, KDM1A has been reported as
a critical regulator of ER transcriptional activity. This chromatin-remodeling protein is
recruited to a significant fraction of ER target genes to demethylate H3K9, a specific mark for

transcriptional repression, and allow ER-mediated transcription™’

. Moreover, it has been
shown that inhibition of KDM1A demethylation impairs ER recruitment to regulatory regions
of E2-responsive genes, compromising ER transcriptional activity, and has an impact on BCa
cell proliferation™®. Hence, among all chromatin remodelers found to interact with MAF, we

prioritize the study of KDM1A for its ability to regulate ER function.

On the basis of these observations, it is tempting to speculate that MAF recruits KDM1A to
orchestrate the chromatin accessibility changes that result in a modulation of ER recruitment
to chromatin. Thus, we believe that exploring the role of KDMI1A in MAF-overexpressing
BCa cells may broaden our knowledge on MAF-dependent modulation of the E2 response as

well as our understanding of MAF oncogenic activity.

Work is currently underway in our laboratory to evaluate the role of KDM1A on MAF-
dependent modulation of the E2 response. Preliminary data show that KDMI1A is required
for the expression of part of the MAF and ER coregulated genes and that KDM1A depletion
or inhibition with ORY-1001, a selective covalent inhibitor, reduces growth of BCa cells in the
bone. Interestingly, a phase I clinical trial has shown a good safety profile for ORY-1001 in
AML patients and a phase II trial is ongoing™”. Nevertheless, further experiments to
understand the contribution of KDMIA in the increase of ER occupancy in a MAF-
overexpressing context are still required. The chromatin landscape as well as ER binding
patterns in MAF-overexpressing cells still need to be interrogated in the absence of KDM1A.
However, we hypothesize that disrupting the MAF-KDMI1A transcriptional activation axis

may be a compelling strategy to target MAF-overexpressing tumors.

In summary, in this study we show that MAF modulates the chromatin landscape for ER
access and stabilizes the ER complex on the chromatin. These interactions of MAF and ER
are functionally significant in BCa cells, which reaffirms the importance of considering MAF
status to guide the treatment of BCa patients. Our data emphasizes the complexity of gene
expression regulation in the ER pathways but provides tools for exploring novel ways of

targeting BCa, particularly in a MAF-overexpressing context.
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Conclusions
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CONCLUSIONS

The MAF interactome in BCa cells includes components of different chromatin-remodeling

complexes such as SWI/SNF, INO80, NurD and CoReEST.

MAF interacts with ER in MCF7 cells.

MAF expression modulates the E2 response in MCF7 cells

Genes involved in metastatic processes, such as FGF1S8, JAGT and PTHI.H are subject to
cross-talk between MAF and E2 signaling.

MATF expression is associated with a global increase in chromatin accessibility.

MAF increases ER recruitment to enhancers.

ER recruitment is increased in DNA regions proximal to MAF and ER-deregulated genes.

MATF binding motifs are enriched within ER binding sites in MAF-overexpressing MCF7 cells.

MAF expression correlates with the expression of MAF and E2-dependent genes in patient

sample cohorts of ER+ HER2- BCa.
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METHODS

Cell culture

MCF7 and MDA-MB-231 human breast cancer cell lines were purchased from the American
Type Culture Collection (ATCC) and the BoM2 bone metastatic cell line was derived from
MCF7 by three rounds of mouse intracardiac injection and subsequent isolation after bone

metastasis establishment.

All cell lines were maintained in standard conditions (37°C, 5% CO>) in Dulbecco's Modified
Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS), glutamine
0.29 mg/ml., penicillin 100 units/ml. and streptomycin 0.1 mg/mlL (all supplements from
Biological Industries). Cells were split every 2 to 3 days and routinely tested to be free of

mycoplasma infection.

In experiments to evaluate the effect of E2 stimulation, MCF7 cells were maintained in phenol-
red free DMEM (Gibco) supplemented with 5% charcoal-stripped FBS (Capricorn Scientific)
for 72h before E2 (10nM, Sigma-Aldrich) or ethanol (vehicle) addition.

Generation of MAF overexpressing cells

For stable MAF overexpression, HA-tagged MAF (short and long isoforms) was PCR
amplified using primers containing Hpal restriction sites and cloned into the retroviral plasmid
MSCV-neo (See tables 6 and 7). To produce retroviruses, human embryonic kidney 293-T cells
(HEK 293T) were seeded at 80% confluence in 150 cm” plates and transfected 16 h later with
12 pg of MSCV-Empty or MSCV-MAF, 1.2 pg of VSVG-R, 10.8 ug of GAG-POL plasmids
using polyethylenimine (PEI) in a 150 mM sodium chloride (NaCl) solution. The viral
supernatant was collected 72 h after transfection, passed through a 0.45 um cellulose acetate
filter (Whatman) and used to infect MCF7 and MDA-MB-231 cells. Specifically, 3x10° cells
wete seeded into a 6-well plate followed by the addition of vital medium with 8 ug/uL
polybrene (Sigma-Aldrich), centrifugation at 2250 rpm for 45 min and overnight (O/N)

incubation. Viruses were removed and medium was added for cell recovery. Selection was
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petformed 24 h after recovery with 1 mg/mL neomycin (G418) (Santa Cruz Biotechnology)
for 10 days.

To produce red fluorescent protein (RFP)-containing lentiviruses, HEK293-T cells were
seeded at 80% confluence in 150 cm® plates and transfected 16 h later with 6 ug of FUW-
ubiquitin-SV40-RFP (Addgene plasmid 65448), 6 pg of RRE, 6 ug of RSV and 6 ug VSVG
using polyethylenimine (PEI) in a 150 mM NaCl solution. Virus collection and MCF7 and
BoM2 infection were performed as explained above. For selection, cells were sorted for REP-

expression.

For expression of full-length and truncated MAF proteins, short, long and truncated MAF
sequences were PCR amplified using primers with EcoRI and BamHI restriction sites

incorporated and cloned downstream of an N-terminal 2xHA tag of a pCMV5 plasmid (See
tables 6 and 7). Truncated MAF sequences included MAF (AC-t), encoding MAF amino acids
1 to 283 and lacking the DN A-binding domain, MAF L. (AN-t 1), encoding MAF amino acids
85 to 404 and lacking part of the transactivation domain, and MAF L (AN-t 2), encoding MAF

amino acids 120 to 404 and lacking the entire transactivation domain. MCF7 cells were
transfected with the generated plasmids using GenJet DNA transfection reagent (SignaGen

Laboratories) according to the manufacturer’s protocol.

Flow cytometry

For integrin expression analysis, single cell suspensions of MCF7 breast cancer cells were
stained with fluorescent conjugated antibodies (See table 8) diluted in PBS for 30 min on ice.
Data was analyzed by flow cytometry using a FACSAria (Becton Dickinson) cell sorter with

Flow]Jo software.

Library design based on a Non-dominated Solutions Genetic Algorithm

(NSGA-II)

Library design was defined by the number of positions and the number of each amino acid in

each position. The selection of each amino acid was based on their physicochemical properties

155



Functional interplay between ER and MAF transcription factors

and a NSGA-II was used to optimize peptide library design. The genetic algorithm
transformed each set of possible amino acids into a bit-string, where each bit represented
inclusion (1) or exclusion (0) of each amino acid, and searched for the optimal subset of amino
acids through defined fitness functions based on total number of peptides for a specific

variability and number of peptides with unique mass.

The parameters of NSGA-II were set as follows: individual: single library, population size: 500,
representation: bit-string, generations: 100 multiplied by bit-string length or 50 generations
without an average relative change in the best fitness function value, crossover rate: 80%,
crossover function: scattered, mutation rate: 1%, mutation function: bitflip, selection function:
stochastic uniform, elitism: 5%, Pareto fraction: 20%, distance measure function: distance

crowding, fitness functions: library size and percentage of peptides without mass ovetlap.

Solid-phase peptide synthesis

Fluorenylmethoxycarbonyl (Fmoc)-(D)-amino acids (Iris Biotech GmbH) were used to build
peptides up on TentaGel M NH2 Monosized Amino TentaGel Microspheres (Rapp Polymere,
M30352. Loading: 0.24 mmol/g) preloaded with a 4-hydroxymethylbenzoic acid (HMBA)
linker. All reactions were performed manually in polyptopylene syringes with a polyethylene
porous disk. TentaGel beads were swollen in water for 24 h. The first amino acid was coupled
to the HMBA linker from the beads through ester bond formation in dichloromethane (DCM)
(Schatrlau) using a four-fold excess of amino acid, 4 equivalents of N,N"-
Diisopropylcarbodiimide ~ (DIC)  (Novabiochem) and 0.4 equivalents of 4-
(Dimethylamino)pyridine (IDMAP) for 30 min. This reaction was repeated three times and was

followed by a washing step to remove byproducts and excess reagents.

After coupling the first amino acid, a small portion was separated to calculate the loading
capacity of the resin. Fmoc was removed in 5 mL 20% v/v piperidine/ N,N-
dimethylformamide (DMF) (Carlo Erba reagents), the supernatant was collected and Fmoc
absorbance was measured at 301 nm using UV spectroscopy. Loading was calculated using the
equation: X = A - V- e - m * b, where A stands for Fmoc absorbance, V stands for the solvent
volume, ¢ stands for the molar extinction coefficient of Fmoc at 301 nm (7800 M™' cm™'), m

stands for the mass of the resin in g and b stands for the loading in mmol/g.
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After loading determination, peptide chain was elongated through peptide bond formation in
DMF using three-fold excess of F-moc protected amino acid. 2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) (Novabiochem) was used to activate
the carboxyl group of the incoming amino acid and N,N-Diisopropylethylamine (DIPEA)
(Sigma-Aldrich) was used as a coupling reagent in a 1:2 ratio relative to the amino acid.
Following amino acid coupling, washes and Fmoc deprotection with 20% (v/v) piperidine
(Scharlau) solution in DMF were performed to allow the reaction with the next amino-acid.
Side chains were cleaved by a 95% Trifluoroacetic acid (TFA) (Sigma-Aldrich), 2.5%
Triisopropylsilane (TIS) (Sigma-Aldrich), and 2.5% water solution. Coupling completion and
Fmoc deprotection were monitored by Kaiser colorimetric test assay by detection of primary
amines. The coupling-washing-deprotection cycle was repeated until the desired peptide chain
was formed and final washes with water, DMF, DCM and diethyl ether were carried out. After
synthesis, peptides were cleaved from the resin by means of ammonia vapors to obtain C-
terminal amidated peptides and dissolved in 20% (v/v) acetonitrile (Schatlau)/water. Beads
were removed by centrifugation at 13,000 rpm for 30 min and peptide sequence was verified
by UPLC-MS, high-resolution mass spectrometry and nano LC-MS/MS to confirm the

detection of all the library components.

Peptide libraries were synthesized by SPPS using the “split and mix” method. Peptides from
Library 1 followed the sequence x1-x2-x3-x4-x5-y, where the variable positions were occupied
by G, win x1, 5, ein x2, G, rin x3, 4, rin x4 and s, 2 in x5. Peptides from Library 2 followed
the sequence x1-x2-p-x4-x5-x6-y, where the variable positions were occupied by 4, » in x1, s,
rin x2, a, ein x4, 7, ¢, sin x5 and G, w in x6. After coupling of the first residue y in all TentaGel
beads, beads were divided into equal parts by adding DMF to the reaction vial and dividing
the volume into two different new vials. Each portion was coupled to the following amino
acid as previously described, Fmoc was removed and beads were washed and pooled together,
mixed and split again into different portions (two or three, depending on the library). This
cycle was repeated until synthesis was completed and the desired peptide combinations were

obtained. Finally, beads from each library were mixed together.
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Ultra-high-performance liquid chromatography-mass spectrometry

(UPLC-MS)

The UPLC system used for the detection of cleaved peptides with C-terminal amidation
consisted of an Acquity H-class quaternary solvent manager and flow-through-needle sample
manager with a photodiode array detector coupled to a Micromass Z(QQ Mass Spectrometer
(electrospray ionization) (Waters). Chromatographic separation was performed on a BEH C18
column (50 mm x 2.1 mm, 1.7 pm) and analyzed using Masslynx 4.1 software. Compounds
were separated with an isocratic flow consisting of 0% acetonitrile with 0.07% formic acid
(FA) in the first 5 min followed by a linear gradient of 100% H>O with 0.1% FA to 100%

acetonitrile in the following 10 min at a flow rate of 0.6 mL/min.

Detection was performed at 214 nm using positive electrospray ionization mode. The
mass/charge ratio (m/z) range was set to 500 to 1000 or 600 to 1200 amu for Library 1 and

Library 2, respectively, and MS scan rate was set to 1 sec.

High-resolution mass spectrometry

Samples were diluted 1:2 in acetonitrile with 1% formic acid. A TriVersa NanoMate chip-based
automated ion source platform (Advion Biosciences) allowed direct infusion electrospray
ionization of samples into an LTQ-FT Ultra mass spectrometer (Thermo Fisher Scientific).
Spray voltage was set to 1.7 kV, delivery pressure was set at 0.5 psi in positive mode and the
voltage and temperature of the ion transfer tube were maintained at 35 V and 200°C,
respectively. All mass spectra were acquired across the m/z range 100-2000 amu. Elemental
compositions from experimental exact monoisotopic mass were acquired with a dedicated

algorithm integrated into the Xcalibur software, vs.2.0SR2 (Thermo Fisher Scientific).
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Nanoscale liquid chromatography-tandem mass spectrometry (NanoLC-

MS/MS)

1 uL of sample was introduced into NanoAcquity columns (trap column: 180 um A~ 2 cm
C18 Symmetry; analytical column: BEH130 C18 75 mm A~ 25 cm, 1.7 um) (Waters). Flow
rate was set at 250 nL./min. Mobile phase A and B consisted of H,O with 0.1% FA and
CH3CN with 0.1% FA, respectively. Gradient ranged from 1% B to 35% B over 60 min
followed by a gradient of 35% B to 50% B over 5 min and a gradient of 50% to 85% over 2
min. Eluting metabolites were ionized by electrospray ionization with a TriVersa NanoMate
chip-based ion source platform (Advion Biosciences) with the voltage set at 1.7 kV and
delivery pressure set at 0.5 psi in positive mode. The ion source was coupled to an LTQ-FT
Ultra mass spectrometer (Thermo Fisher Scientific) for high-precision mass determinations
with the Xcalibur software 2.0, vs. SR2 (Thermo Fisher Scientific). All mass spectra were
acquired across the m/z range 350-2000 amu at the operating mode “data-dependent
acquisition 1TMS1 + 6MS2”. Heated capillary voltage was set at 40 V and temperature was

maintained at 200°C.

One-bead-one-compound (OBOC) peptide library cell binding assay

MCF7, MAF-overexpressiong MCF7 and BoM2 breast cancer cells were labeled with red
fluorescent protein (RFP). Beads were equilibrated with phosphate-buffered saline (PBS) in a
polypropylene tube O/N at 4°C. Breast cancer cells were detached from the petri dish with a
1:1 mixture of Trypsin (Sigma-Aldrich) and enzyme-free cell dissociation buffer (Gibco),
washed, resuspended in DMEM and counted. One million cells were added to polypropylene
tubes containing 2.5 mg of library beads in a final volume of 5 mlL and the mixture was
incubated on a rotator for 4 h at room temperature (RT). After incubation, the cell-bead
mixture was either imaged under a Nikon TE200 inverted microscope or prepared for flow
cytometry analysis. To cover the necessary amount of beads for subsequent analysis, the cell

binding assay was performed twice for each condition.

159



Functional interplay between ER and MAF transcription factors

Sorting of positive hits

Cell-bead mixtures were inserted into a Complex Object Parametric Analyzer and Sorter
(COPAS) large particle flow cytometer (Union Biometrica) or a FACSAria cell sorter (Becton
Dickinson) and sorted into Amicon Ultra centrifugal filters (Merck Millipore). Sorting
threshold and gating were established with Empty TentaGel beads that had never been
incubated with cells and a population of RFP-expressing cells. Only those events with blue
fluorescence (detection wavelength 450 nm) and red fluorescence (detection wavelength 610
nm) above the defined thresholds, representing the population of beads with strongest
association with cells, were isolated. Isolated beads were treated with a 500 uM NaCl solution
to remove bound cells, washed three times with H,O and freeze-dried to eliminate the
remaining liquid. Peptides were cleaved from the beads using ammonia vapors O/N and eluted
in 50 uLL 20% (v/v) acetonitrile/water. The sequence of cleaved peptides was analyzed by

UPLC-MS and high-resolution mass spectrometry.

Immunofluorescence

A total of 1x105 cells were seeded onto glass coverslips. The next day, cells were fixed with
formalin for 20 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min, blocked with
1% BSA in PBS for 45 min and probed with primary antibodies O/N at 4°C (See table 8).
Primary antibodies were detected using Alexa Fluor 488-conjugated secondary antibodies
(Invitrogen). Biotinylated proteins were detected using Alexa Fluor 546-conjugated
streptavidin (Invitrogen). DAPI for nuclear staining was contained in the ProLong™ Gold

antifade mounting solution (Invitrogen).

Confocal images were taken on the Zeiss LSM780 microscope (Zeiss, Jena, Germany) using a
Plan Apochromat 63x/1.4 oil immersion objective, 405- and 488-nm laser excitation at a pixel

resolution of 132 nm. Z-stacks were acquired every 500 nm.
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Immunoblotting

Trypsinized cell pellets were resuspended in lysis buffer (50 mM Tris/HCI pH 7.4, 1% Triton
X-100, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 1mM Na;VOy,)
containing protease inhibitor cocktail (Roche), incubated 30 min on ice and centrifuged at

15000 rpm for 10 min at 4°C. Supernatant was kept as protein extract and concentration was

determined by standard Bradford assay (BioRad). 40 pg of protein lysate per sample were
mixed with sample buffer (45 mM Tris pH=06.8, 10% glycerol, 1% SDS, 52 mM DTT and 1%
bromophenol blue) and heated at 95°C for 5 min. Proteins were separated by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). Membranes were
blocked in 5% BSA in TBS-Tween (0.1%) for 1 h at RT and incubated at 4°C O/N with
primary antibodies (See table 8). Next, membranes were washed three times with TBS-Tween
(0.1%) and incubated 1h at RT with horseradish peroxidase (HRP)-conjugated secondary
antibodies or HRP-conjugated streptavidin for biotin detection (See table 8). Finally,
membranes were washed three times again and developed with ECL western blotting substrate

(Pierce) according to the manufacturer’s protocol.

Proximity-dependent biotin identification (BiolD)

Short and long MAF isoforms were PCR amplified from pBabe-puro-MAF retroviral vectors
using primers containing EcoRI and Kpnl (N-terminus tag) or Nhel and Hpal (C-terminal
tag) restriction enzyme sites (See table 7) and cloned into myc-BiolD2-MCS (Addgene plasmid
#74223) and MCS-BiolD2-MCS (Addgene plasmid #74224).

MCF7 or MDA-MB-231 cells were transfected with control (empty myc-BiolD2) and MAF
plasmids using GenJet DNA transfection reagent (SignaGen Laboratories) according to the
manufacturer’s instructions. Five 15 cm plates per condition were grown to 70% confluence
prior to treatment with biotin (50 pM) for 24 h. MCF7 samples were performed with 2
biological replicates and MDA-MB-231 cells with 1 biological replicate. Trypsinized cell pellets
were washed with ice-cold PBS and lysed in 5 mL of lysis buffer (50 mM Tris-HCI pH=8, 150
mM NaCl, 0.1% SDS, 2 mM MgCl,, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM
NaF, 1 mM NasVO,, protease inhibitor cocktail (Roche)) with 1:2000 benzonase (Sigma-

161



Functional interplay between ER and MAF transcription factors

Aldrich) by rotating for 1 h at 4°C. Samples were sonicated 3x30 s with Bioruptor (Diagenode)
and centrifuge at 16,000 g for 30min at 4°C. Byotinilated proteins were isolated by affinity
putification with Dynabeads® MyOne Streptavidin C1 beads (Thermo Fisher Scientific) with
rotation for 3 h at 4°C. Beads where washed once with lysis buffer and three times with 50

mM NH4HCO; and snap-frozen prior to tryptic digestion.

Samples wete on bead tryptic digested at 0.1 pg/pl. enzyme concentration in 50 mM
NHHCO;5 at 37°C O/N. The following morning, additional 1.08 pg trypsin (both replicates
1 and 2) were added and incubated 2 h at 37°C. To stop the digestion formic acid was added
to 1% final concentration. Samples were cleaned up though polyL.C C18 tips and peptides
were eluted with 80% acetonitrile 1% TFA. Next, samples were diluted to 20% acetonitrile
0.1% TFA, loaded into strong cation exchange columns (SCX) and peptides were eluted in 5%
NH,OH 30% methanol. Finally, samples were evaporated to dryness, reconstituted in 50 plL

and diluted 1/8 with 3% acetonitrile 1% formic acid aqueous solution for MS analysis.

The nano-LC-MS/MS set up was as follows. Digested peptides were diluted in 3% ACN 1%
FA. Sample was loaded to a 300 um X 5 mm PepMap100, 5 um, 100 A, C18 u-precolumn
(Thermo Scientific) at a flow rate of 15 pl/min using a Thermo Scientific Dionex Ultimate
3000 chromatographic system (Thermo Scientific). Peptides were separated using a C18
analytical column NanoEase MZ HSS T3 column (75 pm X 250 mm, 1.8 um, 100 A) (Waters)
with a 90min run, comprising three consecutive steps with linear gradients from 3 to 35% B
in 60min, from 35 to 50% B in 5min, and from 50 % to 85% B in 2min, followed by isocratic
elution at 85 % B in 5min and stabilization to initial conditions (A=0.1% FA in water, B=0.1%
FA in CH;CN). The column outlet was directly connected to an Advion TriVersa NanoMate
(Advion) fitted on an Orbitrap Fusion Lumos™ Tribrid (Thermo Scientific). The mass
spectrometer was operated in a data-dependent acquisition (DDA) mode. Survey MS scans
were acquired in the Orbitrap with the resolution (defined at 200 m/z) set to 120,000. The
lock mass was uset-defined at 445.12 m/z in each Otbitrap scan. The top speed (most intense)
ions per scan were fragmented by CID and detected in the linear ion trap. The ion count target
value was 400,000 and 10,000 for the sutvey scan and for the MS/MS scan respectively. Target
ions already selected for MS/MS were dynamically excluded for 15 s. Spray voltage in the
NanoMate source was set to 1.60 kV. RF Lens were tuned to 30%. Minimal signal required to
trigger MS to MS/MS switch was set to 5,000. The spectrometer was working in positive

polarity mode and singly charge state precursors were rejected for fragmentation.
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A twin database search was performed with two different softwares, Thermo Proteome
Discoverer v2.4.1.15 (PD) and MaxQuant v1.6.14.0 (MQ), using Sequest HT and Andromeda
search engine nodes for PD and MQ), respectively. The database used in the search was
SwissProt Human (released in October 2020) including contaminants and MAF proteins
(short and long isoforms). Search was run against targeted and decoy databases to determine
the false discovery rate (FDR). Search parameters included trypsin enzyme specificity, allowing
for two missed cleavage sites, oxidation in M and acetylation in protein N-terminus as dynamic
modifications. Peptide mass tolerance was 10 ppm and the MS/MS tolerance was 0.6 Da.
Peptides were filtered at a FDR of 1 % based on the number of hits against the reversed

sequence database.

For the quantitative analysis, contaminant identifications were removed and only unique
peptides (those that are not shared between different protein groups) were used for the
quantitative analysis with SAINTexpress-spc v3.6.1*". SAINTexpress compares the prey
control spectral counts with the prey test spectral counts for all available replicates. For each
available bait and for each available replicate, we took as prey count the maximum count result
between PD and MQ. Once we obtained this combined dataset, we ran the SAINTexpress
algorithm with BioID2-MAF samples (N- and C-terminal fusion, MAF short and long
isoforms) and the corresponding control samples. The algorithm was independently executed
for MCF7 (2 biological replicates with 3 technical replicates) and MDA-MB-231 (3 technical
replicates) samples. For MCF7 samples, an “-R3” parameter was used in order to select the 3
replicates with the highest spectral counts. High confidence interactors were defined as those
with a Bayesian FDR =< 0.02 and a fold change = 3. Output SAINTexpress data is provided
in Supplementary tables 1 and 2.

Network analysis

Protein-protein interaction data was downloaded from the STRING v11 database*” with the
following settings: meaning of network edges, confidence; active interaction sources,
experiments and databases; minimum required interaction score, 0.9. Disconnected nodes in
the network were hidden and the Markov Cluster (MCL) algorithm was used with an inflation

parameter of 2.2.
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Dot plot analysis

SAINTexpress output files of MAF-BiolD2 baits (N- and C-terminal fusion, MAF short and

402

long isoforms) or controls were processed through ProHits-viz"* with the dot plot generator

tool (default options) for visualization of selected high-confidence proximity interactors.

GO enrichment analysis for BiolD interactors

Statistically enriched GO terms for BiolD high-confidence interactors were identified using
the standard hypergeometric test; Background population was defined by all MAF interactors
that were observed in the BiolD proteomics experiment. Significance was defined by the

adjusted p-value using the Benjamini and Hochberg (BH) multiple testing correction.

Co-Immunoprecipitation (Co-IP)

Cells were transfected with pCMV5 plasmids for HA-tagged MAF expression (short and long
isoforms) or an empty plasmid control using GenJet DNA transfection reagent (SignaGen
Laboratories) according to the manufacturer’s instructions. 48 h post-transfection cells were
harvested in lysis buffer (50 mM Tris-HCI pH=7.4, 100 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM EGTA, 50 mM NaF, 2 mM Na;VO,, 10 mM -glycerophosphate)
supplemented with a protease inhibitor cocktail (Roche), incubated 30 min on ice and
centrifuged at 15000 rpm for 10 min at 4°C. Supernatant was kept as protein extract and
concentration was determined by standard Bradford assay (BioRad). Input (20 pg of protein
lysate) was mixed with 2x sample buffer (45 mM Tris pH=6.8, 10% glycerol, 1% SDS, 52 mM
DTT and 1% bromophenol blue) and heated at 95°C for 5 min prior to immunoblot analysis.
500 pg of the remaining protein lysate were incubated with 25 pLL of anti-HA magnetic beads
(Pierce) overnight at 4°C with gentle agitation. The next day, beads were washed 5 times with
lysis buffer using a magnetic stand and eluted by boiling with 2x sample buffer. Proteins were

separated by SDS-PAGE before immunoblot analysis.
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Proximity ligation assay (PLA)

A total of 1x10° cells were seeded onto glass coverslips. The following day, cells were fixed
with formalin, permeabilized with 0.5% Triton X-100 in PBS, blocked and probed with
primary antibodies O/N at 4°C (See table 8). PLA experiment was performed with Duolink

PLA reagents (Sigma-Aldrich) following the manufacturer’s protocol.

For PLA experiments with MAF truncation constructs, cells were transfected 24h prior to
fixation with GenJet DNA transfection reagent (SignaGen Laboratories) according to the
manufacturer’s instructions. Then, PLA experiment was performed with Duolink PLA
reagents followed by immunofluorescence using anti-HA primary antibodies (Sigma-Aldrich)

and Alexa Fluor 488-conjugated secondary antibodies (Invitrogen) to detect transfected cells.

Confocal images were taken on the Zeiss LSM780 microscope (Zeiss, Jena, Germany) using a
Plan Apochromat 63x/1.4 oil immersion objective, 405-, 488-, 543-nm laser excitation at a
pixel resolution of 132 nm. Z-stacks were acquired every 500 nm to ensure a count of the PLA
puncta over the whole cell volume. The percentage of cells with PLA punctate structures was
obtained by counting at least 100 cells in each working condition from 3 independent
experiments. Puncta detection was performed using a Fiji tailor made macro****. Briefly, the
macro segmented the nuclei thresholding the DAPI signal and using the Analyze Particles
Image] plugin. Then, the nuclei mask was applied on the PLLA channel and puncta were
detected using the Find Maxima plugin (red channel). Finally, the number of dots and nuclei

were automatically counted.

For PLA experiments with MAF truncation constructs, the Fiji tailor made macro was
modified to select the green nuclei after segmentation by thresholding the DAPI signal in order
to ensure the quantification of specific signal from transfected cells. Then, the green nuclei

mask was applied on the PLA channel (red) to count the number of dots.

For statistical analysis, PLA signal/nucleus quantifications with a 0.1 added constant were log2
transformed. A linear mixed effects model was fitted with the R package ImerTest*” using the
transformed values as response variable, the different conditions as covariate of interest, the
biological replicate as adjusting factor and the technical replicate as random effect to account
for the technical replicates variability. Adjustment for multiple testing (single-step correction

method) was performed using the R package multcomp™”.
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Treatments

Proteolysis Targeting Chimera (PROTAC) ER degrader was prepared in DMSO. Vehicle
control (DMSO) or PROTAC 1 uM was added to the cell culture media and different

timepoints were tested for the selection of the optimal treatment duration. Final experiments

were performed by treating the cells with DMSO or PROTAC 1 uM for 24 h prior to

immunoblot or PLA analyses.

RNA-sequencing (RNA-seq)

RNA-seq experiments were performed with two biological replicates of control or MAF-
overexpressing MCF7 cells treated with 10nM E2 or vehicle for 6 h. RNA was extracted using
PureLink RNA mini kit (Invitrogen) following the manufacturers’ instructions. RNA samples
were quantified using Qubit Fluorometric Quantification (Thermo Fisher Scientific) and the
quality was evaluated using Bioanalyzer (Agilent). Libraries were prepared at the Institute for
Research in Biomedicine (IRB Barcelona) and sequencing was performed at the Centre for
Genomic Regulation (CRG) Genomics Unit, using 1ug of total RNA and the Illumina
HiSeq2500 sequencer.

Bioinformatics analysis:

Reads were aligned to the hgl9 genome wusing STAR 2.7.0¢", with
outFilterMismatchNoverLmax = 0.05 and all others parameters set to default values. Counts
per genomic feature were computed with the R*® package Rsubread"”, function
featureCounts. Differential expression between conditions, taking the sequencing round as
adjusting factor, was performed using the DESeq2 R package*”. Comparisons MAF vs Mock,
Mock E2 vs Mock, MAF E2 vs MAF, MAF E2 vs Mock E2 and MAF E2 vs Mock (with
condition vs control labeling) were all considered for hypothesis testing. The regularized log

transformed matrix was used for both selecting candidates and visualization purposes.

Genes with less or equal than an average of five reads were filtered out. We considered 8

different clusters of genes following the next criteria:
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Cluster 1 : MAF positive — Genes with both test statistic of MAF vs Mock and MAF E2 vs
E2 greater than 2 ; Cluster 2 : MAF negative — Genes with both test statistic of MAF vs Mock
and MAF E2 vs Mock E2 smaller than -2; Cluster 3: E2 positive — Genes with both test statistic
of Mock E2 vs Mock and MAF E2 vs Mock greater than 2.5; Cluster 4: E2 negative — Genes
with both test statistic of Mock E2 vs Mock and MAF E2 vs Mock smaller than -2.5; Cluster
5: E2 and MAF positive — Genes with test statistic of MAF vs Mock, MockE2 vs Mock, MAF
E2 vs Mock E2 and MAF E2 vs MAF greater than 1.5, and normalized expression rlog(MAF
E2) > rlog(any other condition) + 0.05; Cluster 6: ES positive when MAF — Genes with test
statistic of MAF E2 vs MAF > 2 and logfc difference between MAF E2 vs MAF and Mock
E2 vs Mock > 0.2, and expression rlog(MAF E2) > rlog(any other condition) + 0.05; Cluster
7: E2 and MAF negative — Genes with test statistic of MAF vs Mock, Mock E2 vs Mock, MAF
E2 vs Mock E2 and MAF E2 vs MAF smaller than -1.5, and normalized expression rlog(MAF
E2) < rlog(any other condition) - 0.05; Cluster 8: ES negative when MAF — Genes with test
statistic of MAF E2 vs MAF < -2 and logfc difference between MAF E2 vs MAF and Mock
E2 vs Mock < -0.2, and expression rlog(MAF E2) < rlog(any other condition) - 0.05.

For each cluster of genes, statistically enriched GO terms were identified using the standard
hypergeometric test; Significance was defined by the adjusted p-value using the Benjamini and

Hochberg (BH) multiple testing correction.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA from control or MAF-overexpressing MCEF7 cells treated with 10nM E2 or vehicle
for 6 h was extracted using a PureLink RNA mini kit (Invitrogen) following the manufacturers’
instructions. RNA quality and quantity was evaluated using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific). cDNA was generated by reverse transcription
from 1lug of RNA wusing the high capacity cDNA reverse transcription kit (Applied
Biosystems) and a C1000 Touch Thermal Cycler (Bio-Rad). Real-time PCR reactions were
performed using TagMan universal PCR master mix and specific TagMan probes (both from
Applied Biosystems) (See table 9). Expression values were normalized to the housekeeping
gene GAPDH using the comparative CT method. Statistical significance was assessed using a
two-tailed unpaired Student’s t-test. The symbols *, ** and *** indicate significant differences

with p < 0.05, p < 0.01 and p < 0.001, respectively.
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Assay of transposase accessible chromatin sequencing (ATAC-seq)

ATAC-seq experiment wete performed as described in Buenrostro e# a/, 2013""". Briefly, 50,000
control or MAF-overexpressing MCE7 cells treated with 10nM E2 or vehicle for 1 h were
collected and treated with transposase Tn5 (Nextera DNA library preparation kit, Illumina).
DNA was purified using a PureLink quick gel extraction and PCR purification combo kit
(Invitrogen). All samples were PCR amplified using NEBNextHigh-Fidelity 2x PCR Master
Mix (New England Biolabs) with primers containing a barcode to generate libraries and a
C1000 Touch Thermal Cycler (Bio-Rad). Then, DNA was purified again using a PureLink
quick gel extraction and PCR purification combo kit. Samples were quantified using Qubit
Fluorometric Quantification (Thermo Fisher Scientific) and the quality was evaluated using
Bioanalyzer (Agilent). Sequencing was performed at the CRG Genomics Unit, using the

Illumina HiSeq2500 sequencer.
Bioinformatics analysis:

Cleaning of adapters was completed using Trimmomatic v0.38"*. Cleaned reads were then
aligned to the hg19 human genome using Bowtie2 v2.2.2*" with “very sensitive” option and
the remainder parameters set to default values. Genrich v0.5*"* was employed to call peaks,
separately for samples in Mock, samples in Mock E2, samples in MAF and samples in MAF
E2 (options -j -y -r -e chrM). Duplicate sequences were filtered out, sorted and indexed using
sambamba, v-0.6.7*". The union of called peaks by Genrich (consensus peaks) were annotated

with Homer*®

and used for downstream analysis. Counts per consensus peaks were obtained
for every sample using the featureCounts R*® function, package Rsubread"”, ignoring

duplicated reads.

For differential analysis of consensus peaks, comparisons between pairwise conditions (Mock,

Mock E2, MAF and MAF E2) were assessed using DESeq2 v1.22.1*"] considering the

bl

sequencing pool as adjusting variable.

For integration of and RNA-seq and ATAC-seq data, RNA-seq E2-responsive genes (both
up- and down-regulated) and MAF-responsive genes (both up- and down-regulated)
enrichment in ATAC-seq peaks was evaluated. E2-dependent chromatin opening was defined
by peaks (distance to TSS < 50 kb) that had a test-statistic larger than 1 in both Mock E2 vs
Mock and MAF E2 vs MAF comparisons, DESeq2 results from ATAC-seq data. MAF-

168



Functional interplay between ER and MAF transcription factors

chromatin opening was defined by peaks (distance to TSS < 50 kb) that had a test-statistic
larger than 1 in both MAF vs Mock and MAF E2 vs Mock E2 comparisons, DESeq2 results
from ATAC-seq data. The rotation-based approach for enrichment"” implemented in the R

package limma*'®

was used to represent the null distribution. The maxmean enrichment
statistic proposed in Efron, 2007*”, under restandardization, was considered for competitive

testing.

Chromatin immunoprecipitation followed by sequencing (ChIP-seq)

Four 15cm plates per condition were prepared at 70-80% confluency. After treating control
or MAF-overexpressing MCF7 cells with 10nM E2 or vehicle for 1 h, cells were crosslinked
in 1% formaldehyde in DMEM for 10 min at RT. Then, glycine was added to a final
concentration of 0.125 M and cells were incubated for 5 min at RT to stop the fixation. After
two washes with ice-cold PBS, cells were harvested by gently scrapping on ice and centrifuged
at 3,000 x g for 5 min. Cell pellets were stored at -80°C until use. Chromatin preparation and
ChIP experiments were performed with the ChIP-IT High Sensitivity Kit (Active Motif)
according to manufacturer’s protocol. ChIPs were petformed using 5 pg/ChIP on ER
antibodies (See table 8) and control IgG (Abcam). Library preparation was performed at the

CRG Genomics Unit using the Illumina HiSeq2500 sequencer.
Bioinformatics analysis:

ChIP-seq samples were mapped against the hgl9 human genome assembly using Bowtie with
the option —m 1 to discard those reads that could not be uniquely mapped to just one region*”.
MACS was run with the default parameters but with the shift-size adjusted to 100 bp to

perform the peak calling against the cotresponding control sample*.

The genome distribution of each set of peaks was calculated by counting the number of peaks
fitted on each class of region according to RefSeq annotations™. Promoter is the region
between 2.5 Kbp upstream and 2.5 Kbp downstream of the transcription start site (TSS).
Genic regions correspond to the rest of the gene (the part that is not classified as promoter)
and the rest of the genome is considered to be intergenic. Peaks that overlapped with more

than one genomic feature were proportionally counted the same number of times.
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To identify a list of putative targets of each ChIP-seq peak, we gathered all the genes in the
vicinity of that peak at 50 Kbp. As a random control, we repeated the same operation over
equivalent lists of peaks in which their position was shifted 1 Mbp. To identify a list of putative
enhancers of each differentially expressed gene, we associated the ChIP-seq peaks of one

experiment in the vicinity of that gene at 50 Kbp.

The aggregated plots showing the average distribution of ChIP-seq reads of a collection of
peaks were generated by counting the number of reads around the summit of each peak and

normalizing for the total number of peaks in the particular gene set.

The heatmaps displaying the density of ChIP-seq reads around the summit of each ChIP-seq
peak were generated by counting the number of reads in this region for each individual peak
and normalizing this value with the total number of mapped reads of the sample. Peaks on
each ChIP heatmap were ranked by the logarithm of the average number of reads in the same
genomic region. Values corresponding to pairs of comparable heatmaps were normalized

together by the maximum value within both experiments.

Boxplots showing the ChIP-seq level distribution for particular ChIP-seq experiments on a set
of genomic peaks were calculated by determining the maximum value on this region at this
sample, which was assigned afterwards to the corresponding peak, and normalizing for the

total number of reads of each experiment.

Each point on the scatterplots of ChIP-seq intensities between MAF E2 and Mock E2 was
calculated by determining the maximum value of the sample inside each peak at each condition.

Values were normalized by the total number of reads of each ChIP-seq experiment.

The Matlnspector program*™ from the Genomatix software was used to identify MAF binding
motifs (MARE half and MAF) within ER ChIP-seq peaks identified in the MAF E2 sample.
The number of input sequences with at least one match of the MARE (half) or MAF matrix
and the number of matches in all input sequences was calculated. The expected match numbers
in an equally sized sample of the genome was calculated assuming that the matches were
equally distributed in the genome. Motif overrepresentation was computed as the fold factor
of match numbers in regions compared to an equally sized sample of the genome. A Z-score
of motif overrepresentation was calculated with a continuity correction using the formula z=
(X-E-0.5)/S, where X is the number of found matches in ER ChIP-seq peaks identified in the
MAF E2 sample, E is the expected value and S is the standard deviation.
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The UCSC genome browser was used to generate the screenshots of ChIP-seq profiles*.

Correlation analyses of transcriptomic datasets

A public data cohort containing four micro-array studies (GSE2430, GSE2603, GSE5327 and
GSE12276) was processed and merged as detailed in Gawrzak ez a/, 20187°. Expression values

> and the

were adjusted genewise by HER2 status, data set under study, Eklund’s metrics®
interaction between data set and Eklund’s metrics. If all samples were used, ER status was

considered as an adjusting variable as well.

TCGA breast cancer counts data*®

were log2 (+ 0.25 to avoid zero misspecifications)
transformed and quantile normalized. Only Stage I, IT and III tumors were considered for the
analysis. Expression values in log scale were adjusted genewise by HER2 status and tumor

stage information. If all samples were used, ER status was also used as an adjusting variable.

Metabric expression matrix*"***, for Stage I, II and III tumors only, was adjusted genewise by
HER?2 status, tumor grade, lymph nodes (in log scale), breast surgery status, chemotherapy
status, tumor stage and hormone therapy status. ER status was also considered as an adjusting

variable when suitable.

The Spearman correlation between MAF and several target genes was estimated using the three
corrected expression matrices (public cohort data, TCGA and Metabric). Assessing the
statistical significance of the estimated correlation values was performed with the cor.test R

function*®,
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MATERIALS

Table 6. List of plasmids.

Name Selection Supplier Notes

Flow Addgene  Plasmid for stable RFP expression.

FUW-ubiquitin-SV40-REP citometry  (#65448) Lentviral vector

pBabe-puro Puromycin Empty pBabe plasmid. Retroviral vector
Babe-puro-MAF S Puromvein Plasmid for stable MAI S expression.
p P ) Retroviral vector
pBabe-puro-MAF L Putomycin Plasmid for stable MAF L. expression.

Retroviral vector

Addgene  Plasmid to fuse a protein of interest to the

LV R (#74223)  C-terminus of BiolD2

Addgene  Plasmid to fuse a protein of interest to the
(#74224)  N-terminus of BiolD2

Plasmid for BiolD2-MAF S fusion protein

MCS-BiolD2-HA

myc-BioID2-MAF S

expression
MAF S-BioID2-EIA Plasmid for MAF S-BiolD2 fusion protein
© expression
mve-BioID2-MAF L Plasmid for BioID2-MAF 1. fusion protein
y expression
MAF L-BioIlD2-HA Plasmid for MAF L-BiolD2 fusion protein
expression
pCMV5-HA pCMV5 modified to contain 2xHA tags
CMV5-HA-MAF S Plasmid for 2xHA-tagged MAF §
P expression
CMV5-HA-MAF L Plasmid for 2xHA-tagged MAF L
P expression
Plasmid for 2xHA-tagged truncated MAF
pCMV5-HA-MAF (AC-t) expression (Amino acids 1-283. No DNA-
binding domain)

Plasmid for 2xHA-tagged truncated MAL' L
pCMV5-HA-MAF L (AN-t 1) expression (Amino acids 85-404. Without
patt of the transactivation domain)

Plasmid for 2xHA-tagged truncated MAF L
pCMV5-HA-MAF L (AN-t 2) expression (Amino acids 120-404. No
transactivation domain)
MSCV-Neo Neomycin Empty MSCV plasmid. Retroviral vector
Plasmid for stable 2xHA-tagged MAF S
expression. Retroviral vector

Plasmid for stable 2xHA-tagged MAF L,
expression, Retroviral vector

MSCV-Neo-HA-MAF S Neomycin

MSCV-Neo-HA-MAF L Neomycin
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Table 7. List of primers.

Name Primer Seauence (5" to 3"

Notes

Primers to clone MAF into myc-BioID2-MCS plasmid

EcoRI-MAF ATATGAATTCATGGCATCAGAACTGGCAAT
MAF S-Kpnl TTTTGGTACCTCACATGAAAAACTCGGG
MAF L-Kpnl TTTTGGTACCTCATTTTGTGAACACACTGG

Primers to clone MAF into MCS-BioID2-HA plasmid

Nhel-MAF ITTTGCTAGCATGGCATCAGAACTGG

MAF S (No STOP
codon)-Hpal

MAF L (No STOP GTTAAC GTGAACACACTGGTAAGTACAC
codon)-Hpal

TTTTGTTAACCATGAAAAACTCGGGAGAGG

Primers to clone MAF into pCMV5 modified to contain 2xHA tags
EcoRI-MAF ATATGAATTCATGGCATCAGAACTGGCAAT
MAF S-BamHI ITTTGGATCCTCACATGAAAAACTCGGGA

MAF L-BamHI ITTTGGATCCTCATTTTGTGAACACACTG

MAF283-BamHI ITTGGATCCTCACTTGCTGACCCCGC
EcoRI-MAF85 AAAAGAATTCAAGGCGCACCTGGAAGAC
EcoRI-MAF120 AAAAGAATTCAACAGCCACCAGCTCCAG

Primers to clone 2xHA-tagged MAF into MSCV-Neo plasmid
Hpal-HA AAAAGTTAACATGGATTATCCGTATGATGTTCCTG

MAF S-Hpal TTTTGTTAACTCACATGAAAAACTCGGGAGAG

Primer for MAF amplification with N-terminal EcoRI
testriction site

Primer for MAF S amplification with C-terminal Kpnl
restriction site
Primer for MAI' L. amplification with C-terminal Kpnl
restriction site

Primer for MAI amplification with N-terminal Nhel
restriction site

Primer for MAF § amplification with C-terminal Kpnl
testriction site (No STOP codon)
Primer tor MAF 1. amplification with C-terminal Kpnl
restriction site (No STOP codon)

Primer for MAF amplification with N-terminal EcoRI
restriction site

Primer for MAF § amplification with C-terminal
BamHI restriction site

Primer for MAF I, amplification with C-terminal
BamHI restriction site

Primer for truncated MAF (AC-t) amplification with C-
terminal BamHI restriction site at amino acid 283

Primer for truncated MAF (NC-t 1) amplification with
N-terminal icoRI restriction site at amino acid 85

Primer for truncated MAF (NC-t 2) amplification with
N-terminal EcoR1 testriction site at amino acid 120

Primer for HA-tagged MAF amplification with N-
terminal Hpal restriction site

Primer for HA-tagged MAT* S amplification with C-
terminal Hpal restriction site
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Table 8. List of antibodies.

Antigen ID Supplier Source Application  Dilution
CD29-APC (Integrin 31) 559883 BD Pharmingen Mouse  Flow citometry 1:1000
CD49{-PE/Cy7 (Integrin «6) 313621 Biolegend Rat Flow citometry 1:1000
MAF 130(5) Inbiomoton Rabbit WB 1:50

HA-Tag H3663 Sigma-Aldrich Mouse WB 1:1000
IF / PLA 1:500
ERax ab16660 Abcam Rabbit WB 1:1000
IF / PLA 1:500
MYC-Tag 2272 cell signaling Rabbit wB 1:1000
ARIDI1A HPA005456 Sigma-Aldrich Rabbit WB 1:1000
KDMI1A/LSD1 ab17721 Abcam Rabbit WB 1:1000
MTA1 sc-17773 Santa Cruz Mouse WB 1:200
NCoR1 sc-515934 Santa Cruz Mouse WB 1:200
NCoA3 sc-5305 Santa Cruz Mouse WB 1:200
o-Tubulin T6199 Sigma Aldrich Mouse WB 1:1000

ERa sc-543 Santa Cruz Rabbit ChIP

IgG ab172730 Abcam Rabbit ChIP
Rabbit IgG HRP-conjugated NA934 GE Healthcare Donkey WB 1:5000
Mouse IgG HRP-conjugated 31452 ThermoFisher Scientific ~ Rabbir WB 1:5000
Streptavidin HRP-conjugated ab7403 Abcam WB 1:1000
Streptavidin Alexa Fluor 546-conjugated S11225 Invitrogen 1033 1:500
Rabbit IgG Alexa Fluor 488-conjugated A-11008 Invitrogen Goat IF 1:500
Mouse IgG Alexa Fluor 488-conjugated A-11001 Invitrogen Goat 1 1:500

Table 9. List of TagMan probes.

Gene Symbol ID Suppliet
GAPDH Hs02786624_g1 Applied Biosystems
MAF Hs00193519_m1 Applied Biosystems
FGF18 Hs00818572_m1 Applied Biosystems
JAG1 Hs00164982_m1 Applied Biosystems
PTHLH Hs00174969_m1 Applied Biosystems
S0X9 Hs00165814_m1 Applied Biosystems
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