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Summary

Breast Cancer (BCa) is the most prevalent cancer among women worldwide. Itis a
very heterogeneous disease at the histological, molecular and clinical level.
Consequently, different classifications are used for stratifying patients. The
histopathological classification is used in patient clinical management. Itis based on
the expression of three different markers: Estrogen receptor (ER) and progesterone
receptor, both hormone receptors, and the human epidermal growth factor receptor
2 (HER2). Recent technical advances have developed a novel classification based on
the gene expression profile of the tumors. Four intrinsic molecular subtypes are
defined by the expression of 50 specific genes, this gene signature is called PAM50.
Accordingly, BCa is classified in Luminal A, Luminal B, HER2-enriched (HER2-E)
and Basal —like. These subtypes have critical differences in incidence, survival and
response to treatment and have a predictive and prognostic value at the treatment
level. The histopathological classification and the molecular classification are
independent.

In February 2015, the FDA approved a new drug for postmenopausal women with
metastatic ER+/HER2-negative BCa, CDK4/6 inhibitors (CDK4/6i). CDK4/6 are
serine-threonine kinases that have a key role in cell cycle regulation by allowing S
phase progression. These inhibitors have provided clinical improvement in terms of
progression-free survival and overall survival compared with endocrine therapy
alone. CDK4/6i are now standard of care for treating metastatic ER+ BCa patients.
PAMS50 has been used to predict benefit from CDK4/6i in retrospective analysis of
clinical trials. According to these retrospective analyses, CDK4/6i are only beneficial
in luminal A and B. Thus, HER2-E tumors, which were a big proportion of treated
tumors, did not benefit from CDK4/6i.

Understanding mechanisms responsible for primary or secondary resistance to
CDK4/6i in advanced ER+ BCa is crucial to improve patient outcome. We aim to
identify new candidate genes responsible for resistance to palbociclib (CDK4/61)
treatment in the HER2-E intrinsic subtype of ER+/HER2- BCa by combining an
unbiased CRISPR-Cas9-based genome-wide screening approach and the analysis of
clinical data.

To approach this question, we characterized CDK4/6i response in ER+ BCa cell lines. We
determined ER+ BCa cell lines that are palbo-resistant or palbo-sensitive based on
palbociclib IC50. Next, we subjected the palbo-resistant cell lines to CRISPR-cas9 sgRNA
pooled genome-wide screening. We identified different genes that confer resistance to
palbociclib 7z vitre. In parallel to the unbiased CRISPR/Cas9 knock-out screening, we
interrogated which genes were associated with worse response to CDK4/6i using two
different patient cohorts (CDK patient cohort and CORALEEN data set). We integrated all
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the data and we identified eleven common genes out of the three analyses. Nine out of the
eleven genes were related to cell cycle progression machinery such as E2F1 and CCNEI],
whereas the other two genes were membrane molecules associated with signal transduction.
We selected one of these membrane molecules for further validation based on its tight
association with HER2-E molecular subtype.

High expression of this gene was associated with worst progression-free survival and
overall survival in the CDK patient cohort. The patients that had progression disease
presented a higher mRNA level of this resistance driver. Similar observations were
found in samples from the CORALEEN dlinical trial. Patients that did not respond
to CDK4/6i treatment showed an increased expression of this gene. At the cellular
level, different in vitro strategies were followed to determine the effect of the
expression of this gene in palbociclib response. We developed acquired resistant cell
lines from palbo-sensitive MCEF7 cells and used them to validate our candidate.
Moreover, loss- and gain-of-function approaches confirmed the association of this
gene with an increased resistance to palbociclib treatment.

Finally, we study how mechanistically this gene drives resistance to palbociclib. To
this end, we interrogated alterations in gene expression of different genes after
silencing this membrane protein in different cell lines. We detected reduced CCNE1
expression levels. CCNE1 gene was identified through the CRISPR/Cas9 screen and
it was assoclated with no response and progression disease in both CDK and
CORALEEN patient cohorts. Importantly, when we silenced CCNE1 in ZR75 cells
we successfully increased CDK4/6i sensitivity. In addition, we optimized a
proximity-dependent labeling approach, BiolD, in order to describe the interactome
of our gene of interest in parental and acquired resistant MCEF7 cells. We found
interesting downstream signaling transducers to further analyzed as a mechanism of

action.

In conclusion, we succeed identifying a new driver of CDK4/6i resistance in
ER+/HER2-negative advanced BCa classified as HER2-E molecular subtype.
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Resumen

El cancer de mama es el tipo de cancer mas prevalente en mujeres en todo el mundo.
Es una enfermedad heterogénea a nivel histologico, molecular y clinico. En
consecuencia, tenemos diferentes clasificaciones para estratificar las pacientes de
cancer de mama. La clasificacién histopatologica es una de las mas utilizadas en el
manejo clinico del paciente. Se basa en la expresion de tres marcadores diferentes:
receptor de estrogeno (ER, por sus siglas en inglés) y receptor de progesterona,
ambos receptores de hormonas, y el receptor del factor de crecimiento epidérmico
humano 2 (HER2, por sus siglas en inglés). Los avances técnicos recientes han
desarrollado una clasificacién novedosa basada en el perfil de expresion génica de
los tumores. Esta clasificacion molecular diferencia cuatro subtipos moleculares
intrinsecos, definidos por la expresion de 50 genes especificos (firma genética
llamada PAMS50). En consecuencia, el cincer de mama se clasifica en Luminal A,
Luminal B, HER2-enriched (HER2-E) y Basal-like. Estos subtipos tienen diferencias
criticas en incidencia, supervivencia y respuesta al tratamiento y tienen un valor
predictivo y prondstico a nivel de tratamiento. La clasificacion histopatolégica y la
clasificacion molecular son independientes.

En febrero de 2015, la FDA aprobé un nuevo fiarmaco para mujeres
posmenopdusicas con cancer de mama metastasico ER+/HER2-negativo, los
inhibidores de CDK4/6 (CDK4 / 6i). CDK4/6 son serina-treonina quinasas que
tienen un papel clave en la regulacion del ciclo celular al permitir la progresion a la
fase S. Estos inhibidores han proporcionado una mejora clinica en la supervivencia
de las pacientes en comparacién con la terapia endocrina como monoterapia. Los
CDK4/6i son ahora un tratamiento estindar para las pacientes con ciancer de mama
metastasicos ER+/HER2-negativo. PAMS50 se ha utilizado para predecir el beneficio
al tratamiento con CDK4/6i en andlisis retrospectivos de diferentes ensayos clinicos.
Segin estos analisis retrospectivos, CDK4/6i solo es beneficioso en tumotes con
subtipo molecular Luminal A y B. Por lo tanto, los tumores con subtipo molecular
HER2-E, que constituyen una gran proporciéon de los tumores tratados, no se
beneficiaron del tratamiento con CDK4/6i.

Comprender los mecanismos responsables de la resistencia a CDK4 / 61 en cancer
de mama metastasico ER+/HER2-negativo es crucial para mejorar el resultado de
las pacientes. Nuestro objetivo es identificar nuevos genes responsables de la
resistencia al tratamiento con palbociclib (un CDK4/6i) en tumores de ciancer de
mama ER+/HER2-negativos con subtipo molecular HER2-E mediante la
combinacién de un enfoque de cribado de todo el genoma basado en CRISPR-Cas9
y el analisis de datos clinicos.
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Para abordar esta pregunta, caractetizamos la respuesta a CDK4/6i en lineas
celulares tumores de cancer de mama ER+. Determinamos qué lineas celulares ER
+ BCa son palbo-resistentes o palbo-sensibles basandonos en la IC50 de palbociclib.
A continuacién, sometimos las lineas celulares resistentes a palbociclib a un cribado
de todo el genoma usando la tecnologia CRISPR-Cas9. Identificamos diferentes
genes que confieren resistencia a palbociclib 7z vitro. En paralelo al cribado de
CRISPR/Cas9, interrogamos qué genes estaban asociados con una peor respuesta a
CDK4/6i utilizando dos cohortes de pacientes diferentes (cohorte de pacientes
CDK y conjunto de datos del ensayo clinico CORALEEN). Integramos todos los
datos e identificamos once genes comunes de los tres analisis. Nueve de los once
genes estaban relacionados con la maquinaria de progresion del ciclo celular, como
E2F1 y CCNE]1, mientras que los otros dos genes eran moléculas de membrana
asociadas con la transduccion de sefiales intracelulares. Seleccionamos una de estas
proteinas de membrana para validar su funcién en generar resistencia a CDK4/6i
basandonos en su estrecha asociacion con el subtipo molecular HER2-E.

Altos niveles de este gen se asociaron a peor supervivencia en la cohorte de pacientes
CDK. Los pacientes que tenfan enfermedad en progresion presentaron un nivel de
ARNm de este gen mas elevado. Se encontraron observaciones similares en muestras
del ensayo clinico CORALEEN. Los pacientes que no respondieron al tratamiento
con CDK4/6i mostraron un aumento de la expresién de nuestro gen de interés. A
nivel celular, se siguieron diferentes estrategias iz vitro para determinar el efecto de la
expresion de este gen en la respuesta de palbociclib. Desarrollamos lineas celulares
con resistencia adquirida a palbociclib a partir de células MCF7 sensibles y las usamos
para validar nuestro candidato. Ademas, los enfoques de pérdida y ganancia de
funcién confirmaron la asociaciéon de nuestro candidato con una mayor resistencia
al tratamiento con palbociclib.

Finalmente, estudiamos el mecanismo por el cual este gen induce la resistencia a
palbociclib. Con este fin, investigamos las alteraciones en la expresion génica de
diferentes genes después del silenciamiento del gen en diferentes lineas celulares.
Detectamos niveles reducidos de expresion de CCNE1 al silenciar nuestro candidato.
El gen CCNE1 se identificé mediante el cribado CRISPR/Cas9 y se asoci6é con
resistencia a CDK4/6i y con progresion de la enfermedad en ambas cohortes de
pacientes CDK y CORALEEN. Es importante destacar que cuando silenciamos
CCNE1 en células ZR75 aumentamos la sensibilidad a CDK4/6i. Ademais,
optimizamos un enfoque de marcaje por proximidad, BiolD, para describir el
interactoma del gen que genera resistencia a CDK4/6i en células MCF7 patentales y
con resistencia adquirida. Encontramos proteinas interesantes que participan en la
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transduccion de sefiales intracelulares. Estos mecanismos tienen que ser analizarlos

mas a fondo.

En conclusién, logramos identificar un nuevo mecanismo de resistencia a CDK4/6i
en cancer de mama metastasico ER+/HER2-negativo con el subtipo molecular
HER2-E.
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1. Breast Cancer

Breast Cancer (BCa) is the most commonly diagnosed cancer among women
worldwide. According to GLOBOCAN2020, female BCa is the leading cause of
global cancer incidence in 2020, surpassing lung cancer. It represents 11.7% of all
cases with 2.3 million estimated new cases. It is the fifth leading cause of cancer
mortality with 6.9%, translated to 685.000 deaths. BCa represents 1 in 4 cancer cases
and 1 in 6 cancer deaths among women, with the highest incidence and mortality in
most of the countries.

In Spain, 32.953 new cases of BCa were estimated in 2020. One every eight Spanish
women will develop BCa (www. Seom.org). Highest incidence is above 50 years old,
but around 10% of the cases are diagnosed in women under 40 years old. BCa relative
survival after 5 years is 89.2%, hugely influenced by the stage of diagnosis. Early
detection and advances in treatment lead to a high survival rate, however when
metastasis is present at the time of diagnose (stage 1V), the picture is completely
different. The survival in tumors diagnosed at stage I is more than 98%, whereas in
tumors at stage IV it decreases to 24%. BCa can be detected by physical examination,

mammography, ultrasound, magnetic resonance imaging, blood studies and biopsy.

BCa is a complex disease, hugely heterogeneous at various levels, representing a
challenge for researchers and clinicians. What determines the aggressiveness of the
tumors? Could we find biomarkers that allow us to predict the spread of tumor cells
around the body? Which tumors will respond to the treatments and which ones will
develop resistance? Many questions are still unsolved and urge to be addressed. In
this thesis we aim to tackled some of these in order to better understand why and
how some patients develop resistance to specific treatments.

1.1 Physiopathology of the mammary gland
1.1.1 Mammary gland: structure and development

The mammary gland is a glandular tissue responsible for the production and
secretion of milk during lactation. Both males and females have a similar glandular
tissue within the breasts after birth and during the first years. However, female’s
mammary gland begins to develop during puberty in response to ovarian hormone
signaling, mainly estrogen (E2) and progesterone.

The main structure of the mammary gland consists in a branching duct system and
the fat pad tissue that covers the ducts (Figure I1A). Ducts are formed by two layers
building a tubular structure: a myoepithelial cell layer surrounding a monolayer of
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differentiated luminal epithelial cells that grow forming a tube (Figure I1B). These
tubes flow to the terminal end bud (TEB), the proliferative part of the duct that
penetrates the fad pad and allows the elongation of the ducts (Robinson, 2007).
Mammary gland stem cells are located in this region and allow the dynamic changes
that occur during female puberty and pregnancy. TEB consists of 2 cell types
arranged in two layers: inner epithelial layer (body cells) and outer undifferentiated
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Figure I1. Organization and cellular structure of the mammary gland.

(A) Breast illustration showing the basic structure of the mammary gland. This exocrine glad is
formed by 15-20 lobes that produce and secrete milk through a duct system to the nipple. The
lobes and the ducts are covered by the mammary fad pad (stroma). (B) Duct section
representation. The duct is formed by a monolayer of luminal cells surrounded by a myoepithelial
cells layer. This structure is supported by a basement membrane dividing the ducts from the
surrounded stroma. The stroma is mainly composed by fibroblasts, adipocytes and cells from the
immune system. (C) TEB representation during duct extension. In the TEB the luminal cells that
were forming the duct become body cells and the myoepithelial cells, the cap cells. The
vasculature is important during mammary gland expansion. Adapted from Ali and Coombes,
2002 and Fu ez al., 2020.
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cap cells that will develop in myoepithelial cells (Hinck and Silberstein, 2005) (Figure
I1C).

Once the branching system has developed after puberty, the mammary glands keep
stable with minor changes during menstrual cycle until pregnancy. Pregnancy induces
a massive remodeling in the gland: the TEBs extend, generating new branches and
developing alveolar buds where the production of milk will occur during lactation
(Hennighausen and Robinson, 1998). Alveolar cells produce milk into the lumens,
where the contractile force of myoepithelial cells drives the secretion through the
ducts. Alveoli group forming lobes and each mammary gland can have between 15
to 20 lobes, that secrete milk to the nipple. During pregnancy and lactation, alveoli
can increase 10-fold and new lobes are formed until the whole breast is filled with
the epithelial tree (Russo and Russo, 2004). Once the nursing period is finished, the
mammary epithelial cells undergo a massive apoptotic process, leading to the
involution of the tissue in order to return to a pre-pregnancy state. The dynamism
of the mammary gland morphology, including cycles of growth and involution,
increases the susceptibility of epithelial cells to acquire new mutations and
consequently, experience transformation. Additionally, the ability of the mammary
gland to induce angiogenesis makes it suitable for malignant selection. Good
vascularization is key to avoid eatly involution and apoptosis during pregnancy and
lactation, leading to an adequate microenvironment for tumor cells to adapt (Ali and
Coombes, 2002; Smalley and Ashworth, 2003; Sternlicht, 2006; Warburton ez a/,
1982; Wiseman and Werb, 2002). The mammary gland stroma is formed by different
cell types including fibroblasts, adipocytes, immune cells, hematopoietic cells and
neurons ( Hennighausen and Robinson, 1998; Hennighausen and Robinson, 2005;
Tiede and Kang, 2011). Stromal cells have been found to create a supportive niche
used by malignant cells to favor tumor outgrowth, induce vascularization and avoid
immune surveillance (Finak et al., 2008).

1.1.2 Hormone control

Development and homeostasis of the mammary gland is under strict hormonal
control by both ovarian and pituitary hormones. The menstrual cycleis driven by the
hypothalamus-pituitary-ovary axis (Figure 12). First, hypothalamic neurons produce
gonadotropin-releasing hormone (GnRH), that activates gonadotropic cells in the
pituitary gland to secrete follicle-stimulating hormone (FSH) and luteinizing
hormone (LH). These two factors stimulate the release of E2 and progesterone by
ovaries, the amount of secreted hormones vary depending on the day of the
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menstrual cycle. E2 and progesterone induce the elongation and branching of the
duct system through the mammary fat pad.

Growth hormone (GH) produced by the pituitary gland is another important player
regulating both ovarian and pituitary hormonal control during pubertal ductal
growth. Its function is mainly mediated by IGF-I production in mammary stromal
cells. IGF-I affects the surrounding epithelial cells in a paractine manner triggering
the formation of TEB and ductal morphogenesis (Cannata et al., 2010; Kleinberg,
1998; Walden et al., 1998).

During pregnancy, the formation of alveoli is stimulated by progesterone and
prolactin secreted by the ovaries and the pituitary gland, respectively. Both hormones
are induced by the release of E2 and, at the same time activate the expression of
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Figure I2. The hypothalamus-pituitary-ovary axis.

Graphic representation of the hormone secretory system during mammary gland development.
The hypothalamus secretes GnRH, stimulating the anterior pituitary gland to release FSH and
LH. Gonadotropins are responsible for E2 and progesterone production by the ovaries. GH,
prolactin and oxytocin are three hormones secreted by the pituitary gland that play a important
function during development and pregnancy. Finally, IGF-I induces a paracrine regulation for
the ovary secretory function. Adapted from Brisken and O’Malley, 2010.
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estrogen receptor (ER), generating a positive feedback loop and enhancing ductal
expansion. Until birth, lactation is prevented with progesterone blocking of prolactin
signaling. After birth, high progesterone levels start to decrease allowing prolactin
function in alveogenesis and milk production. With the suckling of the baby, the
pituitary gland secretes oxytocin facilitating the ejection of the milk by contracting
myoepithelial cells that surround the ducts and the alveoli (Brisken and O’Malley,
2010). Once the baby stops suckling, prolactin secretion decreases inducing luminal
cell death and mammary gland involution to a pre-pregnancy state (Hennighausen
and Robinson, 2005; Wagner ef al., 1997).

The hormone crosstalk has a key role in proper mammary gland development during
puberty and pregnancy. The importance of hormones is not limited to the
homeostasis of the normal mammary gland, since they have a huge impact in cell
transformation and tumor development. Some BCa tumors develop dependance on
hormone function to facilitate their growth and expansion.

1.1.3 Estrogen function in homeostasis and BCa

Mammary epithelial cells need E2 for proper division during development of the
gland during puberty and pregnancy. E2 is secreted mainly by the ovaries of pre-
menopausal females, but other tissues have also the capacity to synthesize this
hormone. Adipose tissue, bone, vasculature, smooth muscle and the brain can keep
the E2 production after menopause, but to a lower extend. Epithelial cells of the
mammary gland express two main receptors for E2: ERa and ERJ, which are
encoded by ESR1 and ESR2, respectively. Although ERB plays a role in organization,
adhesion and differentiation of mammary epithelial cells, its expression is not
necessary for ductal growth (Forster et al., 2002). ERwa is essential for ductal
elongation, branching and alveolar formation (Mueller et al., 2002), thus it will be
referred as ER duting this thesis. E2 is a cholesterol-based molecule that can pass
through cellular membranes to bind ER receptors. When the receptor binds to E2 it
dimerizes and goes to the nucleus. The complex is recruited to small palindromic
DNA motifs called estrogen response elements (ERE) that can be found in many
gene promoters and enhancer regions. When ER binds these regions, it facilitates
the recruitment of transcription regulatory proteins. Transcription outcome depends
on the coactivators or corepressors that partner with ER.

Changes in the hormonal status such as late menopause (Barnard et al., 2015; Howell
et al.,, 2014; Sun et al., 2017), use of birth control contraceptives, menopausal
hormone replacement therapy or early menarche have been associated with increased
risk of developing BCa (Britt, 2012), which indicates an important role of E2 in BCa
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tumorigenesis. Proliferation induced by E2, together with the generation of
genotoxic metabolites from E2 metabolism, can result in increased DNA replication
damage and mutations that lead to uncontrolled growth (Reviewed in Yager and
Davidson, 2006). The overexpression of ER in most of BCa tumors and their
dependency in E2 signaling for proliferation and survival make these tumors
extremely sensitive to hormonal therapy.

1.2 Breast cancer tumorigenesis and progression

Carcinomas are the result of uncontrolled growth in epithelial cells of the ducts or
lobes and they comprise most of the tumors generated in the mammary tissue.
Sarcomas develop from mutations in stromal cells such as myofibroblasts and blood
vessel cells and they constitute less than 1% of total primary BCa tumors. Clinicians
can classify carcinomas based on their invasiveness relative to the primary tumor site,
presenting differences in prognosis and treatment. These tumors can be divided into
three major subgroups: non-invasive (i sitz), invasive and metastatic BCa (Veronesi
et al., 2005). These groups correspond to the evolution of the tumor through the
accumulation of genetic and epigenetic changes. The hyperproliferation of luminal
epithelial cells that are confined in a specific location (the duct or the lobe) produces
an /n sitn hyperplasia (atypical ductal hyperplasia) that can develop into a pre-
neoplastic phase (ductal carcinoma 7z si#z) limited by the basal membrane (Figure 13).
Eventually, there is a rupture of the basal membrane and the subsequent invasion of
the adjacent tissue (invasive ductal carcinoma) (Rivenbark et al., 2013). In the most

aggressive tumors, malignant cells can spread through the circulatory system and
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Figure 13. Stages of BCa progression.

Histological stages that BCa undergo to produce a metastatic disease. The acquisition of genetic
and epigenetic alterations induces the tumor progression from an early stage called atypical ductal
hyperplasia to a ductal carcinoma. First, the carcinoma grows limited by the basement membrane,
but eventually cells break the layer towards an invasive phenotype. Ultimately, malignant cells
reach a distant tissue and generate a secondary tumor. Adapted from Kothati ez a/. 2018.
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migrate to distant organs generating metastasis (Allison, 2012; Polyak, 2007). The
sequential steps presented above when translated to the clinic present a lot of
heterogeneity in their histological characteristics. The World Health Organization
(WHO) currently classifies pre-malignant lesions and invasive BCa in different
histological subtypes defined by their morphology, together with clinical,
epidemiological and molecular characteristics (Sinn and Kreipe, 2013).

BCa initiation is normally due to sporadic mutations or genomic alterations in
different oncogenes or tumor suppressor genes. However, around 5-10% of BCa
tumors are linked to inherited gene mutations. The most common hereditary
mutated genes in BCa are BRCAT and BRCAZ genes (Thull and Vogel, 2004). Both
genes are tumor suppressor genes that play an essential role in DNA repair by
homologous recombination (Narod and Foulkes, 2004). Additionally, BRCA1 plays
a role in other cell processes to maintain genomic integrity during cell cycle. BRCA7
mutation rises the probability to develop BCa to 55-65%, whereas if BRCAZ2 gene is
mutated the increase is up to 45% (Kuchenbaecker et al., 2017; Rebbeck et al., 2018).

1.3 Breast cancer classification

The intrinsic clinical and biological heterogeneity of BCa have led clinicians to
develop different classifications to stratify patients. In patient clinical management,
the expression of hormone receptors (HR) (ER and progesterone receptor (PR)),
and Human epidermal growth factor receptor 2 (HER2) are commonly used as
biomarkers to assess four main histopathological-based groups: HR- positive and
HER2-negative  (HR+/HER2-negative), HR-positive and HER2-positive
(HR+/HER2+), HR-negative and HER2-positive (HR-negative/HER2+) and
triple negative (TN).

In the histopathological classification, the hormonal status of the tumor is
determined by the expression of ER and PR assessed by immunohistochemistry
(IHC) in tumor samples. Clinicians consider HR+ those tumors with at least 1% of
the malignant cells with a positive nucleus for ER or PR staining. The expression of
these molecules is crucial to determine if a patient will benefit or not from endocrine
therapy (Hammond et al., 2010). They are considered luminal tumors and are the
most frequent tumors diagnosed.

The second main histopathological biomarker is HER2. HER2 is an EGFR family
member encoded by ERBB2 proto-oncogene that triggers uncontrolled
proliferation. When HER2 IHC staining is positive for more than 10% of the cells,
a fluorescent 7z sitn hybridization (FISH) is performed to check the copy number of
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ERBBZ2 gene in each nucleus. If the ERBB2 amplification ratio is more than 6 copies
per cell, the tumor is considered HER2+. These tumors are very aggressive, however
when monoclonal antibodies against HER2 were developed as a therapeutic strategy,
the overall survival (OS) for HER2+ patients completely changed.

TN subtype is a very heterogeneous group, and it includes tumors lacking the
expression of HR or the amplification of HER2 signal. TN is the most aggressive
subtype with the highest early relapse rate.

Advances in gene expression profiling techniques have allowed a deeper
understanding of BCa biology. Parker and colleagues defined a clinically applicable
gene expression-based test, called PAMS50 that stratified BCa tumors based on their
molecular phenotype (Parker et al., 2009). Five different intrinsic molecular subtypes
of BCa have been characterized based on the relative expression of 50 genes related
to ER function (luminal cluster), HER2 pathway, proliferation and genes associated
with the basal phenotype. The five subtypes are Luminal A (LumA), Luminal B
(LumB), HER2-Enriched (HER2-E), Basal-like and Claudin-low. They added a sixth
group, Normal-like, to include those samples containing few to no tumor cells and
therefore discern normal tissue from malignant samples. The five intrinsic subtypes
have shown differences in incidence, prognosis and treatment response, providing
additional predictive information beyond histopathological classification (Cheang et
al., 2012, 2015; Aleix Prat et al., 2013).

At the expression level, LumA and B differ from each other specifically in two main
biological pathways: cell cyce genes related with proliferation and hormone-
regulated pathways. Compared to LumB, LumA shows a lower expression of
proliferation genes such as CCNE1 and UBE2T and a higher luminal-related gene
profile with genes such as PR and FOXA1, except for ER whose levels are similar
in both subtypes. At the DNA level, LumA and B also show a different profile, being
LumB the subtype presenting a higher rate of mutations and chromosomal copy
number alterations (CNA) (Prat e al, 2015).

HER2-E subtype is defined by the high expression of HER2 signaling-related genes
and the proliferation cluster, intermediate expression of luminal-related genes and a
low expression of the basal cluster. The DNA of HER2-E tumors present the highest
rate of mutations, as an example TP53 is mutated in 72% of the patients and PIK3CA
in 39%. Most of HER2-E classified tumors present HER2 amplification (68%),
however there are tumors HER2-E according to PAM50 that show no amplification
nor overexpression of HER2.

Basal-like tumors show high expression of the proliferative cluster, keratins (KRT)
associated with the basal layer of the epithelium (KRT5, 14 and 17), medium
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expression of HER2-related genes and very low luminal-related gene expression.
Basal-like tumors also show a high mutation rate across the genome, being TP53 the
most recurrent mutated gene (80% of the tumors). BRCA7-mutated BCa is mainly
classified as Basal-like disease and the majority of Basal-like tumors show a global
hypomethylation of the genome.

Claudin-low subtype is characterized by the enrichment in epithelial-to-
mesenchymal transition (EMT) markers, immune response genes and cancer stem
cell-like phenotype, combined with the low to no expression of luminal-related
genes. Most of the claudin-low tumors are poor prognosis invasive TN BCa tumors.
In the clinical context, it is extensively used the basal-like molecular subtype to define
these tumors. Considering the resemblance between the basal-like and claudin-low
subtype, in this thesis we consider four intrinsic subtypes when mentioning PAM50
molecular classification.
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Figure I4. Intrinsic subtype distribution within IHC-based groups.

(A) Molecular subtypes distribution in all the samples of the cohort (21.113 samples). (B) Intrinsic
subtypes in HR+/HER2-negative by histopathological classification. (C) Intrinsic subtypes in
HR-/HER2-negative by histopathological classification. (D) Intrinsic subtypes in HER2+
(including both HR+/HER2+ and HR-/HER2+) by histopathological classification. Amplified
data from Cejalvo ez al. (2018).
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PAMS50 has been used to identify the molecular subtypes in a large number of
studies. A meta-analysis from 31 independent cohorts (21.113 samples) determined
the concordance between histopathological classification (by IHC evaluation for HR
and/or FISH for HER2) and intrinsic molecular subtypes (by PAMS50). Each tumor
was classified with both systems (Figure 14A). Interestingly, this meta-analysis
pointed out that both classifications are independent, and they should be considered
individually. The four molecular subtypes were found in each histopathological
group in different proportions, highlighting the heterogeneity of BCa disease. In the
luminal tumors (HR+/HER2-negative), HER2-E (5,64%) and basal-like (2.24%)
molecular subtypes were identified (Figure 14B). Similar results were found in TN
tumors (HR-/HER2-negative), where HER2-E (10.59%), LumA (3.53%) and LumB
(2.06%) were present (Figure I4C). The highest heterogeneity was found in HER2+
tumors (including samples HR+/HER2+ and HR-/HER2+), with only 54.65% of
them identified as HER2-E (Figure 14D, Prat ¢# al., 2013).

The majority of BCa tumors that are newly diagnosed are classified as luminal BCa.
Thanks to endocrine therapy, these tumors present good prognosis after treatment.
However, between 10-15% of them develop resistance and relapse (Dowsett et al.,
2010). PAM50 assessment has showed predictive value when determining the benefit
that luminal BCa patients have from hormone therapy in adjuvant setting, indicating
a new path for a more personalized treatment based of the gene expression of each
tumor (Harris et al., 2016).
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2 Metastasis

Advances in detection, prevention, risk stratification and therapeutic strategies
against BCa primary tumors have prompted important improvements in reducing
mortality and cancer relapse. However, overt metastasis persists on being the major
cause of cancer-related death (Senkus et al., 2015). Advanced BCa is still an incurable
disease and the median OS is around 3 years, with a 5-year survival reached only in
25% of the patients (Cardoso et al., 2018). The metastatic process encompasses a
series of stochastic events that lead the malignant cells spread from the primary
tumor to a distant organ. The disseminated tumor cells (DTCs) acquire different
abilities that enable them to finally produce a dlinically detectable metastasis.
Biological, genetic and clonal heterogeneity of cancer cells in the primary and
secondary tumor, together with the complex tumor-microenvironment interactions
are the main limitations that research in metastasis face (Chambers et al., 2002). In
addition, the distinct organ-tropism and time-specificity of this sequence of events
introduces a new perspective of complexity that needs to be untangled. Addressing
the molecular, cellular, genetic and clinical mechanisms underlying metastatic

progression is key to develop new therapies to prevent and treat this complex disease.

2.1 The metastatic cascade

Millions of cancer cells are shed into the bloodstream by malignant tumors.
However, many patients never experience relapse nor have clinical disease for a long
period. Researchers have found a big amount of circulating tumor cells (CTC) in
patients’ blood at early stages of the disease, but only a fraction of patients will
develop an overt metastasis, indicating that the successful rate for distant
colonization is very low. This suggests that metastasis is a very inefficient process.
The estimation reported in animal models indicates that only the 0,02% of the
tumors cells entering circulation will be able to finally form a secondary tumor in a
distant tissue (Cameron et al., 2000; Luzzi et al., 1998). DTC will have to confront
adverse environments, adapt and colonize the host organ in order to form clinically

relevant lesions.

Malignant cells have to overcome a restrictive bottleneck in a process named the
metastatic cascade (Gupta and Massagué, 2006; Massagué and Obenauf, 2016;
Valastyan and Weinberg, 2011). During the metastatic cascade, only cells
phenotypically prepared are able to form an overt metastasis, driving clonal selection.
This complex procedure has been simplified in a sequence of basic steps (Figure 15):
(1) migration to the adjacent tissue, (2) intravasation into the blood vessels, (3)
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immune system avoidance and survival through the circulatory system, (4) arrest at
a distant site, (5) extravasation in the new host tissue, (6) survival in a hostile
environment (micrometastasis) and (7) formation of a secondary lesion

(macrometastasis).
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Figure I5. The metastatic cascade.

Schematic representation of the different steps that the malignant cells achieve during the
metastatic colonization. Cells from the primary tumor develop migration capacities in order to
invade adjacent tissue (1) and intravasate to the circulatory system (2). CTCs survive to the
bloodstream mechanical forces and the immune system surveillance (3) to reach different distant
organs such as lungs, brain, liver or bones. CTCs get arrested at distant capillaries (4) and
extravasate in the new tissue (5). Then, the cell starts growing with the help of the new metastatic
niche and form a micrometastasis (6). The final step of this process is the macrometastasis
formation (7) after completely adapt to the new environment. Adapted from Massagué and
Obenauf, 2016.
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Changes in the cellular motility give metastatic cells the advantage to start invading
adjacent tissue. The mechanisms that allow the cell to migrate from the primary
tumor niche and enter the circulation have been widely studied (Chaffer and
Weinberg, 2011; Nguyen ez 4/, 2009). A mixture of cytoskeleton reorganization (Hall,
2009), disruption of adhesive interactions between cells and the secretion of
extracellular-matrix (ECM) remodelers like metalloproteinases (MMPs) and
cathepsins (Kessenbrock et al., 2010) let the cell infiltrate through the surrounding
tissue.

Different migration dynamics used by tumor cells have been reported to influence
in this step. Cancer cells can travel as single cells opening a path through the ECM,
taking advantage of collagen fibers. They can also migrate as a group forming a tumor
invasion front, showing a cooperative behavior (Friedl and Gilmour, 2009). The
malignant cells also stimulate the generation of tumor-associated blood microvessels
through a process called angiogenesis (Folkman, 2002), allowing the cell to reach
more easily the circulatory system.

The tumor-associated stroma, composed by endothelial cells, leukocytes,
macrophages, fibroblasts and bone-marrow progenitors, can actively support tumor
growth and invasion by promoting neo-angiogenesis, immunosuppression and local
inflammation (Kalluri and Zeisberg, 2006; Mantovani e al., 2008; Qian and Pollard,
2010). This cell network have been found to release cell-signaling proteins such as
TGF-8, driving malignant cells to undergo EMT (Celia-Terrassa and Jolly, 2020;
Giampieti ¢f al., 2009; Seoane and Gomis, 2017). EMT is a development program
inactive in differentiated cells that can be exploited by tumor cells. EMT allows
malignant cells to change strong adhesions with neighbor cells and switch epithelial
polarization in order to gain motility and invasiveness (Celia-Terrassa et al., 2012;
Mani et al., 2008; Tsuiji et al., 2008). Moreover, EMT can promote the induction of
a stem-cell phenotype. The reversion of EMT in the distant organ, named
mesenchymal-to-epithelial transition (MET), can promote colonization and growth
in the distant organ, maintaining their tumor-initiating ability and stemness (Celia-
Terrassa and Kang, 2018). However, some studies suggest that EMT is not necessary
for metastasis despite contributing to the aggressiveness by increasing the resistance
to different therapies (Fischer et al., 2015; Zheng et al., 2015). Epidermal growth
factor (EGF) and colony-stimulating factor (CSF)-1 secreted by perivascular
macrophages of the mammary tumor also support tumor cell invasion (Wyckoff et
al., 2007).

Once the cancer cell enters the bloodstream, it is exposed to intense mechanical
forces, the surveillance of the innate immune system and oxidative stress. There is
massive cell death during this step, but CTCs develop different strategies to survive.
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It has been shown that CTCs can associate with platelets to trick the innate immunity
(Gay and Felding-Habermann, 2011; Gupta and Massagué, 2006; Joyce and Pollard,
2009; Labelle et al, 2011; Malladi e al., 2016). They can also experience reversible
metabolic changes to cope with oxidative stress (Le Gal et al., 2015).

CTCs may exit the circulatory system when they get trapped in small capillary beds
with insufficient diameter to let them flow through. Tumor cells can either start
growing in the lumen to form an embolus that will eventually disrupt the microvessel
or penetrate vascular walls in order to extravasate in a distant tissue. Platelets can
help supporting extravasation of CTCs to secondary sites (Gay and Felding-
Habermann, 2011; Massagué and Obenauf, 2016). Each organ has a particular
parenchyma which facilitates or not tumor extravasation. Bone and liver have
fenestrated vessels with gaps between cells called sinusoids. In these organs the
malignant cells can easily penetrate increasing the incidence of metastasis (Aird,
2007). In organs where the endothelial wall is a physical bartier, the CTC secretes
different factors, such as angiopoietin-like-4 (ANGPTL4) or parathyroid hormone-
related protein (PTHLH), to increase the permeability or the capillary (Padua et al.,
2008; Urosevic et al., 2014). The most difficult organ to access is the brain because
of the additional boundary of the blood-brain barrier (BBB) that protects the central
neural system from variations in blood composition (Bos etal., 2009). To this, cancer
cell may acquire specific functions (Valiente et al., 2014).

Migration through the circulatory system and colonization of the distal organ are
pivotal steps of the metastatic cascade where most of the cells die. Unlike the primary
tumor niche, the new environment is hostile to DTCs (Cameron et al., 2000), being
major players in metastatic blockade cytotoxic T cells and natural killer (NK) cells.
In experiments with mice where researchers depleted the immune function of
cytotoxic T cells or NK cells, the metastatic outgrowth was increased (Bidwell et al.,
2012; Smyth et al., 1999). Therefore, the specific immune-cell composition of an
organ can determine the organ’s susceptibility to secondary lesions. Consequently,
immunotherapy has been reported to have different outcomes depending on which
metastatic organ is targeted (Sharma and Allison, 2015).

In order to overcome all the obstacles found in the new organ, DTCs suffer
molecular signaling changes such as increasing SRC tyrosine kinase or p38 and ERK
MAPK signaling pathways (Aguirre-Ghiso et al., 2003; Zhang et al., 2009) that help
them adapt to the new environment. DTCs create a secondary niche by secreting
components related with stem-cell niches which allows them to home, survive and
tinally generate a new tumor. BCa cells that metastasize to the lung have been found
to produce tenascin C, an ECM protein that amplifies Notch and Wnt signaling
(Oskarsson et al., 2011). Metastasis suppressor genes such as RARRES3 or PCGla
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repress stem-cell-like phenotype (Morales et al., 2014; Torrano et al., 2016), whereas
the expression of genes such as SOX2 and SOXO9 transcription factors allows the
cells to interact with the microenvironment and increases metastatic burden (Malladi
et al., 2016). BCa DTCs can also stimulate the secondary niche stroma (fibroblasts)
by means of TGF-§ signaling to produce periostin (POSTN), partner of tenascin C,
which recruits Wnt molecules and therefore increases Wnt pathway activation in
tumor cells (Malanchi et al., 2011). Tumor cells educate the new host stromal cells in
order to survive and successfully form a secondary lesion.

The induction of a supporting niche development may occur before the arrival of
the malignant cells to the distant organ, the pre-metastatic niche. Experimental
models have shown that primary tumor contributes to prime the secondary niche by
secreting systemic signals before the CTCs arrive (McAllister and Weinberg, 2014).
In diverse cancer types this priming can be achieved through the production of
different mediators, such as inflammatory cytokines (Cox ¢ al., 2015; Urosevic et al.,
2014, 2020), exosomes (Peinado et al., 2012) and ECM remodelers that recruit bone-
marrow-derived cells to pre-condition the tissue for CT'Cs (Wculek and Malanchi,
2015).

DTCs show different growth dynamics in the new host tissue. Tumor cells with
tumor-initiation properties can expand immediately, however others may get arrested
and remain dormant for a period of time (days, months or even years) in a process
called metastatic latency (Section 2.2.2 Metastatic latency).

In summary, metastasis is a complex, heterogeneous and inefficient process.
Although researchers have described many mechanisms used by malignant cells

during the metastatic cascade, many details of the process remain unknown.

2.2 Metastatic patterns

The different steps of the metastatic cascade are found, to a certain degree, common
in most types of carcinomas. Interestingly, the place to metastasis and the kinetics of
the process depends on the primary tumor characteristics.

2.2.1 Organ specificity

Different cancer types show different tropisms when metastasizing. The organ
tropism of metastasis has been extensively debated in the cancer field. In 1928, James
Ewing pointed at the circulatory system as the factor that determines the malignant
cell spread, but the theory could not fully explain the patterns reported in research
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and in the clinic (“Neoplastic Diseases: A Treatise on Tumours. By James Ewing,
AM., M.D., Sc.D., Professor of Pathology at Cornell University Medical College,
N.Y; Pathologist to the Memorial Hospital. Third Edition. Royal 8vo. Pp. 1127, with
546 Illustrations. 1928. Phil,” 1928). Organs with comparable vascular and lymphatic
circulation presented different colonization behaviors among different tumor types.
One hypothesis developed to explain this disparity was the “seed and soil” theory by
Stephen Paget. This hypothesis compared the effect of the metastatic site supporting
malignant cells growth with the way that fertile soil favors the growth of seeds
(Fidler, 2003; Paget, 1989). Intrinsic cancer features and the crosstalk of malignant
cells with the microenvironment of the new tissue are factors that Paget proposed
to be crucial for the metastatic process. However, even though some environments
are less harmful to DTCs than others, all the host tissues are potentially harmful to
malignant cells.

Circulation patterns and the structure of the vasculature influence CTCs
extravasation. However, in each organ CTCs will find different physical barriers,
vascular and nutrient availability and stromal composition (Budczies e al, 2015;

Disibio and French, 2008).

Depending on the organ of origin, the metastatic process has a predominant pattern
behavior: some cancer types spread preferentially to one organ (e.g. prostate cancer
to the bone or pancreatic cancer to the liver); other types have sequential organ-
specific colonization (e.g., colorectal cancer (CRC) generally colonize the liver first
and then the lungs (Urosevic et al., 2014)). There is a third group that can colonize
different organs either sequentially or at the same time, which is the case of BCa,
lung cancer or melanoma (Budczies ez al,, 2015; Chen ez al., 2017).

In BCa, different BCa tumor subtypes colonize distinct organs. ER- BCa tumors
(basal-like and HER2-E) spread first to extraskeletal tissue and lately to the bone,
whereas ER+ BCa tumors (mainly lumA and B) have preference to form bone
metastasis, followed by extraskeletal tissues metastasis (Figure 16)(Kennecke et al.,
2010; Soni et al., 2015).

Gene expression patterns in the primary tumor have been found to predict the organ
where the metastasis will occur. In ER- BCa tumor, the expression of a group of
specific genes, called lung metastasis signature, in the primary tumor was associated
with increased lung metastatic burden and reduced bone colonization (Minn et al.,
2005; Morales et al., 2014). On the other hand, there are gene expression profiles in
the primary tumor associated with bone metastasis such as cell adhesion proteins and
proteins involved in the FGFR-MAPK signaling pathway (Kang et al., 2003; Smid et
al., 2006). 16923 gain CNA was also associated with bone metastasis after analyzing
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primary BCa tumors. Within the amplified region associated with bone metastasis,
the v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog (MAF)
transcription factor was found to be the driver of bone colonization in ER+ BCa
patients (Pavlovic et al., 2015). Additionally, MAF expression levels were found to
predict likelihood of benefit from the bisphosphonate treatment zoledronic acid.
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Figure 16. Organ specificity patterns in BCa metastasis.

Depending on the ER status, metastasis appear more frequently in certain organs. In ER- BCa
primary tumors, metastasis normally appear in extraskeletal tissues. However, in ER+ BCa
primary tumors, metastasis is usually developed in the bone and secondly in extraskeletal tissues.
Adapted from Kennecke ez al,, 2010.

Zoledronic acid is used to inhibit bone resorption in BCa patients, avoiding
metastatic niche formation in the bone tissue (Coleman ez al., 2017; Coleman et al.,
2005; Paterson et al., 2021).

2.2.2 Metastatic latency

Tumor latency or dormancy has been defined as the period of time compressed
between the primary tumor detection and the metastatic relapse. When the metastasis
will occur highly depends on the tumor type (Gomis and Gawrzak, 2017). Most
aggressive cancer types show a short latency period with a high relapse frequency
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linked with an increased mortality following diagnosis. Lung cancer is an example of
a short metastatic latency. The interval time comprises few weeks, leaving a 2-year
survival of 35% (Howlader etal., 2020). This type of tumors acquires metastatic traits
fast, leading to massive malignant cell dissemination and multiple distant organ
colonization. Medium latency periods are observed in colorectal tumors with a
sequential metastasis to liver and lungs. The majority of recurrences in CRC are
diagnosed within the first 3 years after treatment in advanced tumors (Nguyen et al.,
2009), with a 5-year survival rate of 65% (Siegel et al, 2017). Finally, a known
example for longlatent cancer type is prostate cancer, with 97% of patients surviving
10-years from diagnose (Siegel ef al, 2020). These differences in metastatic time
window suggest that how the malignant traits for succeeding in distant organ
colonization are acquired may differ among tumor types. Whereas in lung cancer this
capacity is probably obtained already in the primary tumor, enabling a rapid overtake
of the distant organ; in prostate cancer DTCs need time to adapt and gain the
functions that allow tumor initiation and expansion to form overt metastasis in the
secondary site. Therefore, in long latent metastasis the microenvironment that the
DTC encounters in the new organ will play a very important role in the acquisition
of these functions (Gomis and Gawrzak, 2017; Obenauf and Massagué, 2015).
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Figure 17. Different time-to-metastasis depending on the hormonal status of the tumor
in BCa.

ER- BCa metastasis normally develop in a time window of 5 years (eatly relapse), whereas ER+
BCa metastasis can relapse eatly or late (after 5 years from tumor resection and treatment).
Dashed line shows the threshold of 5 years between early and late relapse. Adapted from Gomis
and Gawrzak, 2017.
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BCa metastasis can be considered both medium and long latent disease (Figure 17).
Time of diagnose of BCa metastasis after the primary tumor resection can vary. This
time window depends on the ER status, volume, stage and molecular subtype of the
primary tumor (Gomis and Gawrzak, 2017; Salvador ez a/, 2019). The lack of ER
expression in the primary tumor is associated with a more aggressive spread, with a
time to recurrence at around 2 years after diagnosis, however the risk of relapse
(ROR) after 5 years is very low (Darby et al., 2011; Hess et al., 2003; Zhang et al.,
2013). On the other hand, ER+ tumors have a lower risk of recurrence the first 5
years after detection and half of the metastasis occur after 5 or more years from the
detection and removal of the primary tumor. In some patients, the relapse can
happen after more than 20 years (Hess et al., 2003). However, some ER+ BCa
patients show a rapid metastatic progression, indicating a huge heterogeneity in time-
to-relapse patterns (Gomis and Gawrzak, 2017; Salvador ef al., 2019).

2.2.3 Molecular subtype evolution through metastasis

The metastatic process is a complex and dynamic process in which cells have to adapt
to different obstacles in order to succeed. Many studies have tried to understand how
this process affect the phenotype of malignant cells. Additional somatic mutations,
copy number alterations (CNA) and genomic alterations occur during the metastasis,
yet most of the original genetic alterations were present in the primary tumor (Meric-
Bernstam et al., 2014). In contrast, the phenotype that metastatic cells show differs
from the primary tumor. When evaluating the expression of the three
histopathological biomarkers (ER, PR and HER2) between primary and metastatic
tumors, alterations in the expression of these markers were detected: 13-15%
conversion for ER, 28-31% for PR and 3-10% for HER2 (de Dueifas et al., 2014,
Grinda et al., 2021).

Intrinsic molecular subtype characterization during metastasis showed similar results
to the histopathological analysis (Ding et al., 2010; Harrell et al., 2012; Aleix Prat et
al., 2011). Interestingly, a group characterized the intrinsic molecular subtype of 123
paired primary and metastatic BCa samples, according to PAMS50 (Figure I8A). They
showed that BCa tumors present gene expression profile changes during the
metastatic process. Consequently, they found molecular subtype switches towards a
more aggressive subtype. The higher rate of subtype conversion was detected in
LumA tumors (55,3%), followed by LumB (30%), HER2-E (23,1%) and finally
Basal-like with a 0% of conversion rate (Cejalvo et al., 2017). The majority of LumA
tumors switched towards LumB subtype (40,2%) and 14,3% of LumA and B tumors
changed to HER2-E subtype (Figure I8B). Proliferation and migration genes were
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enriched in metastatic samples whereas the expression of luminal-related genes was
reduced (Figure I8C). These results suggest that tumors adapt during metastasis and
acquire more aggressive phenotypes to colonize the distant tissues. This study
detected 47 genes differentially expressed comparing the paired samples. In
conclusion, although the molecular subtypes are largely maintained thought the
metastatic process, luminal/HER2-negative BCa tumors switch to a LumB or
HER2-E subtype, reflecting the loss of ER-dependency towards tumor evolution.
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Figure I8. Molecular subtype evolution thought metastasis.

(A) PAM50 classification of 123 BCa patient cohort of paired primary tumor samples (left) and
metastasis samples (right). (B) Table of subtype concordance comparing primary BCa samples
with paired metastatic BCa samples. FDR < 5% for the differentially expressed genes.
(C) Expression changes in LumA Signature (left), HER2-E Signature (center) and the
proliferation score Signature (right). Statistical analysis was performed with paired 7 test. Adapted
figure from Cejalvo ez al., 2017.
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3 Breast Cancer Treatment

The diagnosis and treatment of BCa involve the collaboration among multiple
disciplines. In the diagnosis of BCa, image scanning and tissue biopsies have a key
role for establishing localization of the primary tumor and spread to the proximal
lymph nodes. BCa treatment can be approached locally by chirurgic intervention
and radiation of a localized tumor or systemically where the whole body is affected
and comprises chemotherapy, hormone therapy, targeted therapy and
immunotherapy. Sutrgery is normally combined with adjuvant and/or neoadjuvant
treatment. An adjuvant treatment is a local and/or systemic therapy after surgery,
given to reduce the risk of primary tumor recurrence or metastasis. On the other
hand, neoadjuvant treatment is a systemic approach administered before the surgery
to reduce tumor volume and facilitate the local intervention

3.1 Local intervention

The main approach against localized BCa is to resect as much as possible of the
primary tumor and the adjacent tissue with a chirurgic intervention. Breast-
conserving surgery refers to the partial removal of the breast tissue and, depending
on the breast area that is resected it can be a lumpectomy, quadrantectomy or partial
mastectomy (Matsen and Neumayer, 2013; Waks and Winer, 2019). Mastectomy is
the resection of the whole breast and, depending on the tumor spread, the
neighboring tissues. Patients can have a breast reconstruction with implants from
different materials.

Surgery is normally complemented with post-operatory radiotherapy, in order to
eliminate all the remaining tumor cells adjacent to the primary tumor (Darby et al.,
2011). The radiation used is called ionizing radiation because it generates ions that
transfer the energy to the cells of the tissues where it passes through. High-energy
radiation damages genetic material in the cell nucleus, blocking the ability to replicate.
Radiation damages both malignant and normal cells surrounding, therefore one of
the main objectives of radiation therapy is to improve the specificity against tumor
cells by using targeted drugs (Begg et al., 2011). It has been demonstrated that whole
breast radiation therapy reduces the 10-year ROR by 15% and the 15-year risk of
BCa-related mortality by 4% (Darby et al., 2011).
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3.2 Systemic interventions

3.2.1 Chemotherapy

Chemotherapy refers to the administration of different compounds that target
proliferating cells in order to interfere with the cell cycle progression and induce cell
dead. Patients with more aggressive tumors such as TN and HER2+ subtypes are
the ones having a higher benefit from this therapy, because of the increased
proliferative rates (Cortazar et al., 2014). Metastasis is also treated with chemotherapy
for delaying disease progression. Chemotherapy can be used as a neoadjuvant
treatment for big size tumors (Murphy et al., 2018) with the objective of reducing
tumor volume before surgery. After chirurgic intervention, patients are normally
administered chemotherapy as an adjuvant approach to eliminate the remaining cells
surrounding the tumor or those cells that were able to disseminate.

Cytotoxic agents are classified according to their mechanism of action, including
alkylating agents, anti-metabolites, topoisomerase inhibitors, antibiotics, mitotic
inhibitors, and protein kinase inhibitors. They can be administered individually, in
combination or they can be alternated in order to overcome possible resistance
generation to therapy (Andreopoulou and Sparano, 2013). Chemotherapy causes a
variety of side effects (nausea, vomiting, immunosuppression, impaired growth of
healthy cells, etc.) mainly related with those tissues that have a high renewal rate.

Adversely, some agents can increase the risk of secondary tumor development
(Karagiannis et al., 2018; Tarella et al., 2010). Together with radiation, these systemic
cytotoxic agents induce an acute inflammatory response that promote the
recruitment of several immune cells to the tumor microenvironment (Karagiannis et
al., 2018). As an example, cancer associated fibroblasts (CAFs) and endothelial cells
secrete pro-inflammatory molecules such as intetleukin-6 and 8 (IL-6/8) (Toste et
al., 2016), that affect the activity of myeloid cells promoting tumor immune evasion
(David et al., 2016; Ham et al., 2019).

3.2.2 Hormone therapy

BCa tumors that depend on ER to grow (ER+ tumors) are treated with hormone
therapy (HT), also known as endocrine therapy. This therapy can be administered in
adjuvant setting after surgery or as neoadjuvant treatment to help control the primary
tumor before surgery. This treatment is usually maintained for at least 5 to 10 years
after surgery. There are several types of endocrine therapy for BCa with the aim of
reducing E2 levels or stop E2 function in BCa cells. The development of drugs that
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target ER either directly (tamoxifen) or indirectly (aromatase inhibitors) has led to an
improvement in healthcare and BCa prognosis.

Selective ER modulators (SERMs) block E2 function in breast tissue while
activates/inhibits other E2-responsive tissues. Tamoxifen selectively binds to ER
competing with E2 inside the cells. Tamoxifen was the first hormone-based
treatment for both pre- and post-menopausal patients and has been the endocrine
therapy of choice for ER+ BCa patients for many years. However, a deeper
evaluation of tamoxifen-treated patients revealed significant side effects such as
blood clots, endometrial cancer and the development of acquired resistance.

Aromatase inhibitors (AI) are included in the clinic for post-menopausal ER+ BCa
patients. These inhibitors target the aromatase enzyme and prevent the conversion
of androstenedione to estrone and subsequently estradiol, thus decreasing E2
concentration. Both steroid (exemestane) and non-steroid (letrozole and
anastrozole) third-generation Al have shown promising results in a large meta-
analysis published in 2006 by Mauti ¢# a/. compared to Tamoxifen (Mauri et al., 2000).
However, the treatment of chose will be decided depending on the menopausal
status and adverse effects (Dowsett et al., 2010).

Selective ER degraders (SERDs) are molecules that bind to ER, inducing protein
misfolding and accelerating ER degradation. The only SERD approved in the clinic
is fulvestrant which is administered in post-menopausal BCa patients. There are
other promising SERDs such as SAR439859 in clinical trials for metastatic BCa
setting (Tolaney et al., 2020). SERDs lacks E2 agonistic effects, downsizing the
adverse effects induced by other drugs such as Tamoxifen.

GnRH analogs are short peptides that cause a strong inhibition of E2 synthesis by
suppressing the ovarian function in pre-menopausal women. Moreover, it has been
shown that GnRH analogs have a direct anticancer effect over tumor cells by
reducing tumor growth and cell invasion (Everest etal., 2001). Triptorelin is a GnRH
analog approved by the EMA as an adjuvant HT in combination with Tamoxifen or
Al to treat early-stage ER+ BCa patients (Frampton, 2017; Huerta-Reyes et al.,
2019). After GnRH analog therapy, patients suffer from an induced menopause-like
condition.
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3.2.3 Targeted therapy

During the past decades, our understanding of malignant cells biology has grown
exponentially. This has allowed the development of drugs directed to block specific
signaling cascades used by tumor cells to proliferate and survive. Targeted therapies
are systemic approaches that aim to tackle each tumor in a more specific and
personalized way.

Tumors that rely on HER2 signaling

HER?2 inhibitors were introduced in the clinics in 1998 and changed completely the
landscape of HER2+ BCa patients (Drebin et al, 1986). Trastuzumab and
pertuzumab are monoclonal anti-HER2 antibodies that target extracellular domains
of the HER2 receptor in order to avoid activation and signal transduction. Both
antibodies have shown a significant increase in progression-free survival (PFS) and
OS in HER2+ BCa patients (Slamon ez al, 2001; Swain ef al, 2013), however
pertuzumab is given to those patients with high ROR due to the higher cost and side
effects (Waks and Winer, 2019). Lapatinib and neratinib are tyrosine kinase inhibitors
(TKI) that bind to the intracellular domain of HER2 receptor to block the signal
pathway. The two inhibitors are mainly administered after previous anti-HER2
treatments in advanced HER2+ BCa (Blackwell et al., 2009; Rabindran et al., 2004).
Phase III NALA clinical trial showed that neratinib plus capecitabine (a
chemotherapeutic agent) had an improved PFS versus lapatinib plus capacitabine in
metastatic HER2+ BCa patients that had already received 2 or more lines of HER2-
directed treatments (Saura et al., 2020).

In 2013, the FDA approved a new treatment for metastatic HER2+ BCa patients.
This new treatment consists in the chemical combination of the trastuzumab
antibody with the chemotherapeutic drug emtansine or DM1 (Phillips ez al, 2008).
This T-DMT1 antibody-drug conjugate not only blocks the activity of HER2 receptor
but also delivers emtansine directly to tumor cells. In 2019, the FDA expanded the
approval to treat early stage HER2+ BCa patients in adjuvance. The new approval
was based on the results from the KATHERINE clinical trial that compared the
effect of T-DM1 with trastuzumab as adjuvant treatments (von Minckwitz et al.,
2018). In the trial, T-DM1 treated patients showed a 50% reduced risk of invasive
disease or death compared with patients treated with trastuzumab alone (von
Minckwitz et al., 2018).

Advanced ER+ HER2-negative tumors

In ER+ BCa tumors, HT is the first line of treatment with very good results.
However, some patients can present intrinsic resistance to HT or develop resistance
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after an initial response, which is called acquired resistance. The first clinical strategy
to overcome this resistance is to combine or alternate different therapeutic drugs
(Waks and Winer, 2019).

Different drugs have been developed to target signaling cascades associated with
proliferation and survival of malignant cells. Phosphatidylinositol 3-kinase/protein
kinase B (AKT)/mechanistic target of rapamycin complex 1 (PI3K/AKT/
mTORCI) pathway controls many cellular functions and has been found altered in
some BCa patients (Janku et al., 2018). Aberrant signaling through this cascade has
been found associated with endocrine resistance (Crowder et al., 2009; Miller et al.,
2010, 2011). Alpelisib is the only PI3K inhibitor approved in combination with
endocrine therapy for advanced PIK3CA mutated HR+/HER2-negative BCa
tumors (André et al., 2019). Everolimus is an mTORCI1 inhibitor that, in
combination with Al, has become a standard treatment for patients with metastatic
HR+/HER2-negative BCa resistant to prior HT (Baselga et al., 2012). A
comparative study of alpelisib and everolimus clinical trials showed that alpelisib is
only effective in patients with PIK3CA-mutated tumors, while everolimus improves
Al therapy independently of PIK3CA mutational status (Vernieri et al., 2020).

Other strategies to overcome HT resistance include Poly (ADP-ribose)
polymerase inhibitors (PARPi) which impair the function of the PARP protein.
PARP is a key player in the repair of DNA single-strand breaks. This treatment is
administered to HR+/HER2-negative advanced BCa with BRCA1/2 mutations,
being the first clinically approved drug designed to take advantage of synthetic
lethality. Tumors cartying mutations in BRCA7/2 ate sensitive to PARPi because
they already have a DNA repair machinery malfunctioning, thus the amount of DNA
damage is unbearable for the cell and enters in apoptosis (Lord and Ashworth, 2017).

Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) are small molecules that
target CDK4/6 proteins which are key players for cell cycle progression, therefore
inducing cellular arrest in malignant cells. The approval of abemaciclib, palbociclib
and ribociclib for advanced ER+/HER2-negative BCa treatment represents a
milestone in target-directed therapies. The three inhibitors have shown a significantly
improved PFS when combined with endocrine therapy in different clinical trials
(Section 4 CDK4/6 inhibitors in breast cancer).

3.2.4 Immunotherapy

One of the most important obstacles that tumor cells have to bypass is the immune
system. Taking the premise that malignant cells use different mechanisms to avoid
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immune surveillance, researchers have developed strategies to tackle these
mechanisms and stimulate the immune system of the patient against the tumor cells.
Clinical immune-oncology treatments can be broadly grouped into checkpoint
inhibitors, vaccines and cell-based therapies. Checkpoint inhibitors are monoclonal
antibodies that block the interaction of checkpoint molecules with their ligands.
Immune checkpoints are proteins on the surface of immune cells, such as T cells,
that help modulate the function of the immune response. Two immune checkpoints
expressed by malignant cells to overcome and inactivate the immune response are
programmed cell death ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) (He and Xu, 2020). In the clinical context, the benefits in BCa
treatment with checkpoint inhibitors are more modest than in other tumor types
such as melanoma, and they are limited to TN BCa. Currently approved therapies
are pembrolizumab and atezolizumab, immune checkpoint inhibitors that are
administrated with chemotherapy in previously untreated, locally recurrent
unresectable or metastatic PD-L.1+ TN BCa (Cortes et al., 2020; Schmid et al., 2018,
2020).

Other studies show promising results concerning the effect of the vaccines in TN
BCa in animal models (Niavarani et al., 2020; Pack et al., 2020). Recently, a clinical

trial has been started to test the effect of a-lactalbumin vaccine in TN BCa patients
(NCT04674300).

Adoptive cell transfer (ACT) therapies involve the isolation of patients’
lymphocytes and ex vivo activation and expansion to attack malignant cells. ACT has
shown positive results for treating several malignancies. How to improve the design,
feasibility and ease of manufacturing is under active research. However, BCa
treatment with ACT showed to be limited by the lack of known neoantigens that can
be targeted.
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4 CDK4/6 inhibitors in Breast Cancer

CDK4/6i development is possibly one of the most important recent innovation for
ER+/HER2-negative advanced BCa. There are three CDK4/6i approved to treat
patients: palbociclib (Ibrance®), ribociclib (Kisqali®) and abemaciclib (Verzenio™).
These inhibitors prevent malignant cells proliferation and induce cell cycle arrest.
CDK4/6i are administered in combination with Al, fulvestrant or as monotherapy
(abemaciclib). Up to the present, many Phase II and III clinical trials have assessed
CDK4/6i benefit in ER+/HER2-negative metastatic BCa treatment. Palbociclib
was evaluated in three randomized clinical trials: PALOMA-1 (Richard S Finn et al.,
2015), PALOMA-2 (Finn ez al., 2016, 2020) and PALOMA-3 (Cristofanilli ez al., 2016;
Turner ez al., 2018). Ribociclib was evaluated in MONALEESA-2 (Hortobagyi et al.,
2018), MONALEESA-3 (Slamon ¢7 al.,, 2018) and MONALEESA-7 (Tripathy et al.,
2018), and abemaciclib in MONARCH 1 (Dickler et al., 2017), MONARCH 2
(Sledge et al., 2017) and MONARCH 3 (Goetz et al., 2017). Together, these clinical
trials reported the beneficial effect of adding CDK4/6i to HT in terms of PES in
ER+/HER2-negative metastatic BCa patients compared with HT alone (Di Leo ez
al., 2018; Gao et al., 2020). Prolonged OS was also observed for CDK4/6i treatment
arm in some of these clinical trials. Recently, different meta-analysis including these
clinical trials have further established the improvement in PFS and OS of CDK4/6i
combined with HT compared to HT alone (Kunwor ez al., 2020; Li ¢t al., 2020; Piezzo
et al., 2020; Schettini et al., 2020).

4.1 Mechanisms of resistance to CDK4/6 inhibitors

PES in advanced ER+ BCa patients has been significantly prolonged thanks to
CDK4/6i, however not all the patients respond to these inhibitors and most of the
patients that responded at the beginning will eventually develop acquired resistance.
Cells adapt through different mechanisms and bypass the cytostatic effect of
CDK4/6i. In this section, I will shortly explore the different biomarkers that have
been described associated with resistance to CDK4/6i in advanced ER+ BCa. We
can classify them in two groups: cell cycle specific and cell cycle non-specific
mechanisms.

4.1.1 Cell cycle specific mechanisms

The main regulator of the G1-S phase transition of the cell cycle is the cyclin D —
CDK4/6 — INK4 — RB axis (Choi and Anders, 2014). Proliferation signals activate
cyclin D, allowing the formation of a complex with CDK4/6 kinases. The active
complex phosphorylates RB, promoting the dissociation of RB from the inactive
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E2F. The release of E2F induces an early transcription cascade, which is required for
DNA replication and the progression to the S phase (Weinberg, 1995). The cyclin
D-CDK4/6 complex is inhibited by p16INK4A, a protein from the INK4 family of
cell cycle inhibitors, through the blockage of CDK4 catalytic activity (McConnell et
al., 1999). Other important inhibitors of the complex are p21 and p27 from the
Cip/Kip family proteins (Denicourt and Dowdy, 2004). Some mechanisms that
affect this axis and its interacting network are summatrized hereunder.
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Figure I9. Cell cycle specific mechanisms for CDKG6/6i resistance.

Different molecules that regulate cell cycle are involved in CDKG6/6i tesistance. The loss of
CDK4/6i target genes, such as RB (1) is one of the main mechanisms. The overexpression of
cyclin E/CDK2 (2), E2F (3) or CDK4/6 (4), which are genes that induced cell cycle
progtession, is also associated with increased CDK4/6i resistance. The amplification of p16 (5),
a molecule that inhibits CDK4/6 complex, reduces the target for CDK4/6i and generates
resistance. Adapted from Pandey ez a/, 2019.

Loss of RB checkpoint

RB is a tumor suppressor protein that avoids E2F release and therefore maintains
the cell in G1. When it is phosphorylated and subsequently inactivated by CDK4/6,
E2F can proceed with cell cycle progression (Weinberg, 1995). Hence, the loss of
RB is one of the most important causes that drives resistance to the CDK4/6i
(Figure 19-1). In preclinical and clinical studies, mutations in RB have been reported
to cause CDK4/6i resistance (Cen et al.,, 2012; Condorelli et al., 2018). A gene
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expression signature of RB loss (RBsig) showed prognostic value between
palbociclib-sensitive and resistant BCa cell lines (Malorni et al., 2016). RB was also
associated with sensitivity to abemaciclin in the neoMONARCH clinical trial
(Hurvitz et al., 2020). After RB loss, the cell starts depending on cyclin E-CDK2
complex to keep proliferating, which introduces a new therapeutic approach.

Amplification of cyclin E1/2-CDK2 axis

The complex cyclin E-CDK2 has a similar function to cyclin D-CDK4/6 in G1/S
phase transition. CDK2 upon complex formation and activation can phosphorylate
RB protein and allow E2F function (Gladden and Diehl, 2003). Many studies
demonstrated that CCINET7 overexpression (cyclin E gene) is associated with
CDK4/6i resistance in cancer cell lines and in the clinic (Figure 19-2) (Chandatlapaty
and Razavi, 2019; Guarducci e al., 2017, 2018; Taylor-Harding ez /., 2015; Turner et
al., 2019).

Amplification of E2F

The RB-E2F complex is essential for the proper regulation of G1-S phase transition.
E2F release enhance the transcription of different key proteins for this process,
including cyclin E1, starting a positive feedback loop (Mortis et al., 2000; Ohtani et
al., 1995). Overexpressing E2F allows the cell to bypass the inhibition by CDK4/6i
and depend on other cell cycle pathways instead of cyclin D-CDK4/6 (Figure 19-
3)(Dean et al., 2010). Moreover, E2F has many other functions such as the activation
of AKT signaling cascade through Gab2, which may contribute to the resistance
(Chaussepied and Ginsberg, 2004).

Amplification of CDK4 and CDK6

Gene amplifications, mutations and epigenetic alterations may activate cyclin D-
CDK4/6 complex, forcing the pathway activity and limiting the efficiency of the
inhibitors. Overexpression of CDK4 has been reported to happen in many cancer
types (Wu ez al., 2011) and has been linked with resistance to CDK4/6i (Figure 19-
4)(Cen et al., 2012; Olanich et al., 2015). Similarly, CDK6 overexpression was
obsetved to drive CDK4/6i resistance in preclinical models (Yang et al., 2017).
Additionally to the kinase function, CDKG6 plays a role in the transcription of
different genes such as p16 when STAT3 and cyclin D are present or VEGF-A in
the presence of c-Jun (Kollmann et al.,, 2013; Tigan et al., 2016). This gives new
mechanisms of action through which CDKG6 could be driving resistance to
CDK4/6i.
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Amplification of p16

P16 is a tumor suppressor molecule in charge of inhibiting CDK4 function. The
tumor suppressor function of this gene requires from the proper activity of RB
molecule. However, p16 is overexpressed during oncogenic stress independently of
the RB presence. It has been observed that p16 overexpression, even with functional
RB protein, leads to resistance to CDK4/6i because of the reduction of CDK4/6i
target CDK4 (Figure 19-5)(Romagosa et al., 2011).

Alternative cell cycle specific mechanisms that have been observed in CDK4/6i
resistance are the overexpression of CDK7 (Guarducci ez a/, 2019), that has a similar
function as CDKG6 but in G2/M phase transition. Overexpression of WEE1, which
is an important protein involved in G2/M checkpoint (Matheson et al., 2016).
Overexpression of the p53 inhibitor MDM2 which disrupts the senescence
associated phenotype induced by CDK4/6i, causing a resistance to CDK4/6i
(Efeyan et al., 2007; Laroche-Clary et al., 2017). Histone deacetylases (HDACs) are
proteins that remove acetyl groups from histone lysins and regulate the expression
of many genes. One of these genes is p21, a CDK inhibitor, which is suppressed due
to HDAC regulation (Zupkovitz et al., 2010). This function could lead to resistance,
however the specific mechanism that drive HDAC activation to CDK4/6i resistance
is still unknown. These mechanisms are some of the most important pathways
associated with cell cycle related resistance to CDK4/6i.

4.1.2 Cell cycle non-specific mechanisms

Additionally, to cell cycle key players, there are many other proteins that have been
reported to be implicated in CDK4/6i resistance. I shortly described some of these
cell cycle non-specific mechanisms below. FGER signaling cascade which is one of
these alternative resistance drivers will be more extendedly described in Section 4.2
FGFRs in BCa treatment resistance.

MAPK pathway activation

MAPK cascade has been demonstrated to regulate cyclin D1 expression and
considered as a therapy with synergistic function with CDK4/6i (Figure 110-2)
(Meloche and Pouysségur, 2007; Yamamoto e al, 2006). In preclinical research
MAPK pathway inhibition through RAF inhibitors, revealed a combinational effect
with abemaciclib in xenograft mouse models mutated in KRAS, NRAS or BRAF
(Chen et al., 2018). MEK inhibitors were also reported to affect CDK4/6i-resistant
cell lines, which opens the door to a promising combination treatment (de Leeuw et
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al., 2018). All the ongoing clinical trials involving CDK4/6 and MAPK dual blockade
are summarized in the review Scheiblecker ¢ a/., 2020.

PI3K/AKT /mTOR pathway activation

In 30% of BCa tumors PI3K/AKT/mTOR signaling cascade is activated, especially
in ER+ tumors (Herrera-Abreu et al., 2016; Takeshita et al., 2018). As commented
previously (Section 3.2.3 Targeted therapies), mutations in this pathway are
associated with endocrine therapy resistance. Recently, this pathway has also been
reported to be associated to CDK4/6i resistance (Figure 110-3)(Herrera-Abreu ez al,
2016; lida et al, 2018; Jansen ef al, 2017; O'Btien et al, 2017). As an example, BCa
cell lines resistant to CDK4/6i relied on this pathway more than on ER function
(lida et al., 2018). In ribociclib-resistant BCa cell lines it was reported that CDK4/6i
activate this pathway through AKT phosphorylation. This phosphorylation was
PDK1-specific. PDK1 phosphorylated AKT in a residue reported to be CDK2-
dependent phosphorylation target (Jansen et al., 2017). Moreover, preclinical results
showed that inhibiting mTORC1/2 blocked pRB/E2F progtession in CDK4/6i-
resistant cell lines, restoring the inhibitors sensitivity (Michaloglou et al., 2018). A
study reported that treating different BCa cell lines with PI3K inhibitors decrease
cyclin D1 expression and prevents eatly adaptation to CDK4/6i (Hetrera-Abreu et
al., 20106). In addition, this group demostrated that combined therapy of CDK4/6i
plus PI3Ki showed complete tumor progression compared to single treatments in a
CDK4/6i-sensitive PDX model (Herrera-Abreu et al., 2016). These studies suggest
that adding PI3K/AKT/mTOR inhibition to CDK4/6i would increase the
therapeutic benefits in overcoming CDK4/6i resistance.

ER loss

In ER+ BCa, ER is a key activator of cyclin D-CDK4/6-RB axis. However, the loss
of dependence on ER signaling is normally associated with a more aggressive
phenotype. Clinical and preclinical studies have suggested that the loss of ER and
the subsequent decrease of estrogen-regulated genes, together with a reduced
sensitivity to endoctrine therapy can induce CDK4/6i acquired resistance
development (Figure 110-4)(Iida ez al., 2020; Pancholi ez al., 2020; Yang et al., 2017).
Changes in ER dependence would lead the cells to escape CDK4/6i action,
suggesting that taking a similar approach to the ER- BCa tumors’ treatment could
benefit those patients with CDK4/6i acquitred resistance.

AP-1 increased activity

AP-1 family of transcription factors, which encompasses Jun, Fos, ATF and MAF
sub-families, regulates the correct transcription of many genes, including cyclin
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Figure I10. Cell cycle non-specific mechanisms for CDK6/6i resistance.

The hyperactivation or overexpression of proteins involved in signaling cascades upstream cell
cycle such as FGFR (1), MAPK (2), PI3K/AKT/mTOR pathway (3) and AP-1 (5), can push
cell cycle progression, increasing the resistance of CDK4/6i. The reduction of ER dependency
(4) leads to CDK4/6i resistance. Adapted from Pandey ez a/., 2019.
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D1(Shaulian and Karin, 2001). These transcription factors have been found altered
in different BCa tumors and some of them have been associated with treatment
resistance (Figure I10-5). In MCF7 cells, c-Jun was described to contribute to HT
resistance (Smith ef a/, 1999). Furthermore, MCF7 with acquired resistance to
palbociclib and tamoxifen showed increased activity of AP-1 and higher levels of c-
Fos (De Angelis et al., 2018). How AP-1 is associated with resistance to CDK4/6i is
still unknown. However, different theories have pointed out c-Jun function in
suppressing ER activity (Smith ez a/, 1999) or overexpressing cyclin D1 as
mechanisms of CDK4/6i resistance. Genetic suppression of c-Jun, together with
palbociclib led to a combined lethality on BCa cells (De Angelis et al., 2018). The
blockade of AP-1 has been found to have a synergistic effect when added to
palbociclib and fulvestrant, showing an increased efficiency than the single
treatments or the combination of palbociclib plus fulvestrant. Much effort is being
made in the development of AP-1 inhibitors (Brennan e a/, 2020; Ye et al., 2014),
but at the moment only one c-Fos/AP-1 inhibitor is in clinical trials (Makino et al.,
2017).

Many alternative cell cycle non-specific mechanisms have been described to be
associated with CDK4/6i resistance: the EMT process, suppression of Smad3 by
cyclinE-CDKZ2, activation of autophagy, immune-related pathways such as IFNa and
IFNB, among other mechanisms. Studying each individual tumor setting with the
help of specific biomarkers would lead researchers to better understand CDK4/6i
resistance, allowing clinicians to choose the appropriate therapeutic strategy in each

situation.

4.2 FGFRs in BCa treatment resistance

FGFR family contains four members (FGFR1-4) with a single-pass transmembrane
and an intracellular tyrosine kinase domain. Their ligands are FGF molecules, which
bind to three immunoglobulin (ig)- like domains exposed in the extracellular domain.
The first group of ligands contain 15 canonical FGFs (FGF1-14/18) that require
binding to heparan sulfate proteoglycans to function as a paracrine signal. The
second group of FGFR ligands are endocrine FGFs (FGF19/21/23), which bind to
Klotho proteins (KLB) to help stabilizing the ligand-receptor interaction. FGFs from
this second group are able to diffuse to the bloodstream and act as hormones (Katoh,
2019). Tissue-specific expression, the ligands availability and the alternative splicing
variants of the four FGFRs would determine the specific cellular outcome. FGF-
FGFR signaling regulates many physiological processes such as tissue development,
homeostasis, metabolism, tissue repair and angiogenesis. The downstream activation
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of pathways involved in cell proliferation, cellular survival and differentiation make
FGFR susceptible proteins to be associated with malignancy acquisition.

Aberrant FGFR activation induced by genetic alterations have been widely
associated with tumor development and progression in different cancer types such
as breast, liver and lung among others (Katoh, 2019). Interestingly, a study
characterized the genetic alterations of FGIFRs in 4853 tumors and they found
alterations in 7,1% of the tumors, mainly amplifications and point mutations. FGFR1
was the most frequently mutated (3,5% of the patients), followed by FGFR3 (2%),
FGFR2 (1,5%) and FGFR4 (0,5%)(Helsten et al., 2016).

[Eliminated section - confidential information]

4.2.2 FGFR-driven CDK4/6i resistance

As mentioned previously, FGFRs are involved in proliferation, differentiation and
survival, mechanisms that lead to tumor formation and progression (Turner and
Grose, 2010). FGFR1 and 2 have been associated with HT resistance and CDK4/6i
resistance. There are two mutations in FGFR2 gene (M538I and N550K) that have
been related with palbociclib and/or fulvestrant resistance in HT-resistant ER+
advanced BCa patients (Mao et al., 2020).

FGFR7 amplification activates PI3K-AKT and MAPK signaling pathways in
malignant cells resistant to HT (Turner e# al, 2010). Clinical data analysis also
supported these findings. Through the analysis of blood samples from patients
included in the MONALEESA-2 clinical trial, researchers could detect FGFR7/2
amplifications or mutations in 41% of the patients that progressed after CDK4/6i
therapy (ribociclib plus fulvestrant treatment) (Formisano et al., 2019).

[Eliminated figure - confidential information]

Reduced PFS was associated with FGFR7 amplification in circulating DNA samples
from these MONALEESA-2 patients compared with wild-type FGFR7 (Formisano
et al., 2019). Other studies showed that FGFR1 amplification, together with TP53
mutation, showed worse survival in a cohort of 521 ER+/HER2-negative advanced
BCa after palbociclib plus fulvestrant treatment (O’Leary et al., 2019).
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Moreover, molecules involved in FGFR signaling cascade have been associated with
CDK4/6i resistance. In a recent report presented at ASCO 2020 meeting, the
analysis of MONALEESA-2/3/7 patients pointed out potential tibociclib plus
letrozole resistance biomarkers: YYYY, MDM?2, PRKCA, AKI, BRCA1/2 and
ERBB2 (O’Leary et al., 2019). Additionally, another study showing the alterations
enriched in CDK4/6i resistance highlighted PI3K/AKT, RB7, Hippo signaling
genes, CDKN2A and FGFR7 (Razavi et al., 2019). In summary, all these studies
show the key role of the FGF/FGFR axis during CDK4/6i resistance.

4.2.3 Targeting FGFR to overcome CDK4/6i resistance

The importance of FGFR deregulation in tumor progression and CDK4/6i
resistance, indicates a new therapeutic target to explore. Formisano and colleagues
showed the effect of the TKI lucitanib, which targets FGFR among other tyrosine
kinases, in reversing the CDK4/6i plus fulvestrant acquired resistance in FGFR1-
overexpressing ER+ BCa cells (Formisano et al., 2019). They also developed a
patient-derived xenograft model (PDX) with ER+ metastatic BCa cells with FGFR1
amplification. When the selective FGFR TKI erdafitinib was added to palbociclib
and fulvestrant treatment, established tumors were reduced more 50% in their size
(Formisano ez al, 2019). NanoString expression analysis in patients treated with
palbociclib plus fulvestrant showed a reduction of most of cell cycle genes, whereas
the expression of FGFR1/2/3 and genes of the MAPK cascade were increased
(Formisano et al., 2019). Collectively, these results indicate that cell proliferation is
maintained with a CDK4/6-independent mechanism during CDK4/6 inhibition
combined with HT and points towards a role of the FGFR-MAPK signaling in this
process. At the moment, a phase Ib clinical trial is evaluating the combined effect of
fulvestrant, palbociclib and erdafiinib in ER+/HER2-negative advanced BCa
patients with any amplification at FGFR1-4 genes (NCT03238196). All the
information concerning the latest developed treatments and clinical trials targeting
FGFR has been recently reviewed in Krook ¢7 /., 2021.

In lung cancer cells resistant to palbociclib, the inhibition of FGFRs by LY2874455
reduced the expression of CDKGO, cyclin D1, and cyclin D3 (Haines et al., 2018). The
induced effect oh FGFR inhibitor was similar to MEK and mTOR inhibitors in these
cells. In the same study, the authors showed that FGF2 secretion was able to
promote palbociclib resistance and MEK sensitivity by activating FGFR1 cascade
through ERK1/2 activation. Remarkably, FGF2-stimulated cells showed no changes
in their cell cycle expression profile with palbociclib presence. These results suggest
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that FGFR activity induces cell cycle progression independently of CDK4/6
activation (Haines et al., 2018).

In conclusion, many studies point at FGFR pathway as a promising therapeutic target

to overcome CDK4/6i resistance.

4.3 HER2-E molecular subtype in ER+/HER2-negative breast
cancer

Increasing evidence has shown clinical value from stratifying patients according to
PAMS50 classification. Differences in treatment response between the non-luminal
(HER2-E and Basal-like) and luminal subtypes (LumA and B) have been observed
in ER+/HER2-negative tumors. A considerable proportion of ER+/HER2-
negative patients are classified as non-luminal subtype. Basal-like molecular subtype
represents a small proportion of non-luminal classified ER+/HER2-negative BCa
patients, however HER2-E subtype can represent around the 19% of this patients
(Figure 111, Finn et al, 2016) Further, it is important to consider the changes in
molecular subtype that tumors acquire during the metastatic process. HER2-E
subtype frequency have been found to double from 5% to 10% in metastatic
ER+/HER2-negative BCa compated to eatly disease. This molecular subtype switch
can be due to patient selection, tumor evolution through metastasis and treatment
bottleneck. Some genetic alterations can be acquired during the tumor cells spread
to a secondary location, but metastatic lesions share most of the genetic alterations
with their primary tumor. Thus, the phenotypical adaptation found in secondary
tumor is mainly due to changes at the transcription level, which is captured with gene
expression analysis such as PAM50. ER+/HER2-negative BCa patients classified as
HER2-E showed a higher likelihood of relapsing than the luminal subtypes when
treated with HT (Finn e al, 2018a; Prat ef al., 2012, 2016). Therefore, patients that
have relapsed are enriched in HER2-E intrinsic subtype compared to early BCa
patients. In line with this observations, the analysis of 123 paired primary and
advanced BCa samples, around 13-15% of LumA or LumB primary tumors switch
towards a HER2-E molecular expression profile during the metastatic evolution,
despite being HER2-negative (Section 2.2.3 Molecular subtype evolution through
metastasis, Cejalvo ez al, 2017). In conclusion, changes towards HER2-E intrinsic
subtype might show an increased estrogen-independent profile in tumors that were
luminal in the early disease. The phenotypical differences between HER2-E and
luminal subtypes are translated in different treatment outcomes, even though these
tumors are all histopathologically classified as ER+/HER2-negative.
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4.3.1 ER dependency and chemotherapy sensitivity

Different studies evaluated changes in Ki67 expression level before and after
different treatment lines including HT in ER+/HER2-negative tumors (Dunbier et
al., 2011; Ellis et al., 2011; Ma et al., 2017). Tumors PAM50 classified as HER2-E
subtype showed little changes in Ki67 expression levels after endocrine therapy
compared with luminal tumors, despite being classified as ER+ by IHC.

On the other hand, many studies have reported the increased sensitivity to
chemotherapy of HER2-E subtype compared with luminal tumors (Fujii ef a/, 2017,
Prat ¢t al., 2016) in ER+/HER2-negative BCa. A recent retrospective study evaluated
the chemotherapy effect in ER+/HER2-negative BCa tumors (Prat e al, 2015). In
this study, 451 ER+/HER2-negative BCa patients treated with neoadjuvant mult-
agent chemotherapy were classified by PAM50. Pathological complete response
(pCR) rates varied through the different intrinsic subtypes: LumA (6%), LumB
(16%), HER2-E (37%) and Basal-like (38%) (Prat ¢z al., 2015). Compared to luminal
tumors (8.9% pCR), non-luminal tumors (HER2-E and Basal-like subtypes) showed
a 30% pCR after chemotherapy treatment (Prat ez al, 2015). In another study that
included 180 biopsies from ER+/HER2-negative BCa patients treated with
neoadjuvant chemotherapy (Prat e a/, 2016). PAM50 intrinsic subtypes were
correlated with pathologic response such as residual cancer burden. There was
variability found between subtypes: residual cancer burden 0/1 in LumA was 9.3%
rate, LumB 20%, HER2-E 14.3% and Basal-like 50%. Moreover, SOLTI-
NEOERIBULIN phase II clinical trial showed HER2-E subtype ER+/HER2-
negative BCa patients to have the highest benefit from eribulin chemotherapeutic
agent (Prat ez al, 2017).

Globally, these studies suggest that HER2-E subtype, which represents an important
proportion of ER+/HER2-negative BCa tumors, shows a lower sensitivity to HT
and an increased sensitivity to chemotherapy (Prat ez a/, 2017).

4.3.2 CDK4/6 inhibitors sensitivity

Sensitivity to palbociclib varies depending on the luminal status of BCa cell lines.
Non-luminal cell lines showed less sensitivity to the drug 7# vitro compared to luminal
cells (Finn e al,, 2016). At the 2017 San Antonio Breast Cancer Symposium (SABCS),
Finn and colleagues presented an exploratory retrospective analysis of the
PALOMA-2 clinical tral, stratifying with PAMS50 455 patients. In the analyzed
samples, 80% of the ER+/HER2-negative BCa tumors were LumA or B, 19% of
were HER2-E and <1% of Basal-like molecular subtype (Figure I111A). The median
PES of the palbociclib plus letrozole arm was 27,6 months compared with 14,5
months of the letrozole alone (Finn ez a/, 2016). The intrinsic subtypes that benefit
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from the combined treatment were LumA (30.4 months vs 17 months) and LumB
(19.6 months vs 11 months). Non-luminal subtypes (20% of the total population)
showed little to any benefit from palbociclib plus letrozole compared with letrozole
monotherapy: Notably, HER2-E showed little benefit from palbociclib plus
letrozole (13.8 months vs 11 months) (Figurel12, Finn ez a/., 2018).

Interestingly, in a recent study Bras6-Maristany and colleagues explored changes in
molecular subtype after anti-HER2 therapies in HER2+ BCa cell lines (HER2-E
PAM50 molecular subtype) (Bras6-Maristany et al., 2020). The inhibition of HER2
pathway switches the HER2-E molecular subtype towards a low-proliferative LumA
phenotype both in patient’s tumors and 7z vitro models (Bras6-Maristany et al., 2020).
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Figure I11. Retrospective analysis of CDK4/6i effect in PALOMA-2.

(A) PAMS0 classification of 455 ER+/HER2-negative advanced BCa samples from PALOMA -
2 clinical trial. (B) Median PE'S in months of each intrinsic subtype after letrozole treatment or
Palbociclib plus letrozole. Number of samples analyzed is noted under each condition. Adapted
from Finn ez al., 20106.
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This switch towards the luminal phenotype after anti-HER2 therapy returns
sensitivity to CK4/6i. When HER2 blockade was discontinued 77 vitr, cells switched
back to HER2-E intrinsic subtype and increased resistance to CDK4/6i. Moreover,
sustained anti-HER2 treatment caused the development of acquired resistance,
which abolished subtype switch and sensitivity to CDK4/6i (Bras6-Maristany et al.,
2020).

In line with these results, an exploratory study analyzed the PAM50 subtype in 29
samples of NeoPalAna trial that included 50 postmenopausal women with
ER+/HER2-negative eatly BCa treated with neoadjuvant Al plus palbociclib. Non-
luminal subtypes, including HER2-E subtype, showed no response in Ki67
reduction. This result reinforce the association of HER2-E subtype with HT
resistance phenotype and resistance to CDK4/6 inhibition (Ma et al., 2017).

Collectively, these data suggests that the analysis of intrinsic subtype in patients’
samples may become a potential predictor of CDK4/6i response. The molecular
subtypes of ER+/HER2-negative BCa tumors correlate with the different CDK4/6i
treatment outcomes. Of note, in the case of HER2-E subtype tumors these
observations need to be addressed, because they represent a big proportion of
ER+/HER2-negative BCa tumors and they present increased resistance to luminal
treatments such as endoctine therapy and CDK4/6i. Therefore, understanding
which mechanisms drive CDK4/6i resistance in HER2-E subtype ER+/HER2-
negative metastatic BCa tumors is key to develop new therapeutic strategies to
overcome this resistance.
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Objectives

CDK4/6i treatment improves the PFS and OS in ER+/HER2-negative advanced
BCa patients, as demonstrated in different clinical trials. This changed the standard
of care for treating metastatic ER+/HER2-negative BCa patients. However, an
important proportion of ER+/HER2-negative advanced BCa patients are PAMS50
classified as HER2-E molecular subtype. In different retrospective analyses, HER2-
E subtype has been associated with increased CDK4/6i resistance. Therefore, these
patients have no benefit from CDK4/6i treatment. Unraveling which factors
determine CDK4/6i response or resistance in ER+/HER2-negative advanced BCa
patients classified as HER2-E by PAMS50 is central to improve these patients’
outcome. In this thesis, we tried to characterize mechanisms that drive CDK4/6i
resistance in HER2-E subtype advanced ER+/HER2-negative BCa.

1 - To identify gene drivers of CDK4/6i resistance by genome-wide CRISPR-Cas9

screen in palbociclib-resistant cell lines.

2 —To integrate the different molecular and clinical analyses and select the candidate

gene driver of CDK4/6i resistance.
3 —To clinical and functionally validate XXXX-induced CDK4/6i resistance.

4 — To unravel the molecular mechanism downstream of XXXX driving CDK4/6i

resistance.
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Methods

Cell culture

Human metastatic BCa cell lines T47D, MCF7, ZR75, BT474, MD A-231 and SKB+3
and human embryonic kidney 293T cells were purchased from American Type
Culture Collection (ATCC, USA). MCF7-derived palbociclib-resistant (MCEF7-PR)
cell line was generated by treating with increasing doses of palbociclib (#S1116,
Selleckchem) in each passage for 6 months. BT474 with acquired resistance to anti-
HER2 dual therapies lapatinib or tucatinib, together with trastuzumab were
developed in Prat Lab following the protocol described in Bras6-Maristany ef al,
2020 (BT474-L'TR and BT474-TTR).

All cell lines were cultured in DMEM medium supplemented with 10% Fetal Bovine
Serum (Gibco), 100 units/mL Penicillin, 100 ug/mL Streptomycin and 5% L-
glutamine at standard conditions (37°C, 5% CO2). MCF7-derived cell line was
maintained in complete medium with 500nM palbociclib. Cells were routinely tested
for mycoplasma. Transgene selection in genetically modified cell lines was induced
using puromycin (2 pg/ml) or blasticidin (10 pg/ml).

Immunocytochemistry

Cell pellets were embedded in paraffin blocks. For staining with antibodies, paraffin
sections were deparaffinized and rehydrated through a series of decreasing alcohol
dilutions (Xylene-96-90-80-70-50-25% ethanol and distilled water). For ER staining,
antigen retrieval was performed with Tris-EDTA at pH=9 with PTLink 20 min at
97°C and then, permeabilized with 1X PBS - 0,1% triton 10 min at RT. For HER2
staining, antigen retrieval was performed with citrate at pH=06 with PTLink 1h 15min
at 97°C and then, permeabilized with 3 washes with Tris buffered saline containing
0.1% Tween (TBS-T). Both stainings were blocked with peroxidase-blocking
solution (#52023, Dako) for 10 min at RT. Primary antibody (1/100) were diluted
in antibody diluent (#S0809, Dako) for 45 min at RT. Secondary HRP-conjugated
antibody was added for 45 min at RT. Sections were incubated with DAB from 10
sec to 3 min. Hematoxylin was used as a counterstaining dye. Slides were dehydrated
and mounted with DPX (06522, Merck).

Fluorescent in situ hybridization (FISH)

Cell pellets deparaffinated with the described protocol and were autoclaved with
citrate pH=0 for 4 min at 120°. Slides were incubated with Proteinase K (Dako) for
5 min at RT. Cells were fixed with 10X formalin 10 min at RT. Formalin was
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removed with 2X SSC Pre-hybridization Buffer (20X stock solution consists of 3 M
sodium chloride and 300 mM trisodium citrate pH=0,2) and then dehydrated with
growing ethanol dilution. Slides were dried and 10 ul of ERBB2/Conl7 probe
(#ERBB2-CHR17-20-ORGR, BioTrend) was added in a dark and humid chamber.
For probe hybridization, samples were denaturized for 5 min at 83°C and incubated
O/N at 37°C. Samples were washed first with 0.4X SSC-0.3% NP-40 (#CA-630
Igepal, Sigma) for 2 min at 73°C and then with 2X SSC-0.1%NP-40 for 2 min at RT.
Slides were washed with H,O and dehydrated with growing ethanol concentrations.
Finally, ProLong Gold antifade mounting medium with DAPI was added.

Proliferation assay and IC50 estimation

A total of 5.000 tumor cells per well were seeded in 96-well plates. Next day,
palbociclib was added in increasing doses for 4 days. Proliferation was assessed with
CyQUANT NF (No Freeze) Cell Proliferation (#C35007, ThermoFisher Scientific)
according to manufacturer’s instructions. Fluorescence measurements were taken
using FLL800 Fluorescence plate reader with excitation at 485 nm and emission
detection at 520 nm. Each reading was normalized with the non-treated value of the
appropriate cell line. IC50 was estimated manually.

B-galactosidase staining

Tumor cells were seeded in 24-well plates and treated with palbociclib at different
time points. Then, they were washed in PBS, fixed for 15 min at RT in fixing solution
(bmM EGTA, 2mM MgCl2, 0.2% glutaraldehyde in 0,IM phosphate buffer),
washed, and incubated O/N at 37°C (without C02) with fresh Img/ml x-gal in
dimethylformamide added to stain solution (40mM Citric acid, 5mM potassium
cyanoferrate (II), 5mM potassium cyanoferrate (I1I), 150mM sodium cloride, 2mM
magnesium chloride in phosphate). After a final wash, images were taken with a
brightfield microscope. This protocol was adapted from Dimri ez a/., 1995.

Genome wide CRISPR/Cas9 drop out screening

The Human CRISPR Knock-out Pooled Library (Brunello) (#73178-LV, Addgene,
Doench et al., 2016) was used for gene knock-out screen. Viral particles were

purchased ready to use.
Screening optimization

We selected ZR75 and BT474 ER+ BCa palbo-resistant cell lines for performing the
genome wide CRISPR/Cas9 drop out screening. Following Doench e al., 2016
protocol, we first determined the appropriate multiplicity of infection (MOI) for each
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cell line. Three million cells were seeded into each well of a 12-well plate. Viral
particles were added at volumes that ranged from 0 to 500ul. from a 10"TU/ml
provided stock, supplemented with 8ug/ml polybrene (#H9268-5G, Sigma). Cells
were then centrifuged at 2000 g for 2 hours at 37°C. After centrifugation the cells
were incubated 48h with the virus and then the media was changed. Next day, the
cells were trypsinized and treated with 2ug/ml puromycin for one week until non-
infected cells were dead. Media with fresh puromycin was changed every 48h. We
selected the MOI of 0,4 to have one viral particle infecting one single cell. The
minimum number of cells seeded in the experiment was determined by:

Min. cells needed = 76,441 sgRNAs x 500 cells/sgRNA x (1/0,4) = 95.5x10° cells

Viral infection was performed in 34 wells of a 12 well plate at 3:10°cells per well with
8ug/mL polybrene and 1,25- 10° TU/well for ZR75. For BT474, MOI was
optimized to 50 wells of a 12 well plate at 2:10° cells per well and 1,25+ 10° TU /well
for 48h infection. Infected cells containing the pooled sgRNA library were under
selection for one week and expanded to 6x107 cells per condition, minimum 500x
representation was always maintained. Palbociclib (#S1116, Selleckchem) was added
to the medium at a concentration of 50 nM. Vehicle was added to the control
condition. After 4 days of drug treatment, cells were trypsinized, pellet, and stored
at -80° C.

DNA extraction and library preparation

Genomic DNA was extracted using Gentra Puregene Cell Kit (#158788, Qiagen).
Frozen pellets containing 5-107 cells were lysate and purified using the protocol
indicated by manufacturers. The gDNA concentration was measured using
NanoDrop One (ThermoFisher).

Two-step PCR reactions were used to amplify and attach sequencing tails. Primer
sequences are available in Table M3. Previously to the libraries preparation the
sequence of the amplicon from the PCR2 was checked by Sanger sequencing. A
custom sequencing primer of 44 nucleotides for the Illumina run was designed from
the chromatogram. The low complexity of this kind of libraries is increased with the
start of the sequence at the first nucleotide of the sgRNA, so the diversity is high at
the 20 first nucleotides and drops later. In the first PCR (PCR1) the region
encompassing the integrated sgRNA is amplified from the genomic DNA with
custom primers. The forward primer has only the part needed to bind to the flowcell
(P5) without the Illumina sequencing primer binding site and vector specific
sequence upstream the sgRNA insert. The reverse primer contains a partial adaptor
sequence of the NEBNext adaptor and the vector specific sequence downstream the
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sgRNA insert. To maintain 500x representation we performed 12X PCR1 reactions
per condition, obtaining a total amount of 200 ug of amplified DNA (17 ng DNA
per reaction). Premix Ex Taq™ DNA Polymerase Hot Start Version (#RRO0G6A,
Takara) was used to amplify the gDNA. The program used for the PCR1 was: 1 min
at 95 °C; followed by 30 s at 95 °C, 30 s at 55°C, 30 s at75 °C, for 18 cycles; and a
final 10 min extension at 72 °C. Twelve PCR1 reactions for each condition were
pooled in each sample and quantified with Qubit dsDNA HS Assay Kit (#Q32851,
Invitrogen). The second PCR reaction (PCR2) was used to add Illumina sequencing
tails with unique indexes (Table M3) for each library.

The PCR2 was carried out at similar conditions as PCR1 except for the number of
cycles. The optimal number of cycles is determined for each sample by qPCR with
SYBR Green in order to maintain the relative representation of each sgRNA
avoiding the over-amplification. Amplicons from PCR2 were purified with Mag-
Bind® Total Pure NGS (Omega BIO-TEK) beads in a PCR-product-to-bead ratio
of 1:1.1. The resulting libraries were quantified with Invitrogen Qubit dsDNA HS
Assay and the nmolar concentration and the sizing were determined by
electrophoresis with Agilent DNA 1000 chips.

Sequencing and data processing

Cells after selection (time 0), Vehicle-treated cells and Palbociclib-treated cells (three
conditions per cell line) were sequenced as a pool on Illumina HiSeq2500 by 50-bp
single-end sequencing with the custom sequencing primer (CGATTTCTTGGC
TTTATATATCTTGTGGAAAGGACGAAACACCG). The desired output was a
library representation threshold of 500X (40 million reads per sample).

All the computational analyses of CRISPR/Cas9 screening data were performed with
the MAGeCK-VISPR software (Li e al, 2015). Data pre-processing consisted
on i) alignment of sequencing reads to the Brunello sgRINA library, ii) sgRNA count,
and iil) sgRNA count normalization using a list of 1000 non-targeting control
sgRNAs. Then, we used the MAGeCK-RRA (Li e al, 2014) module from
MAGeCK-VISPR to assess the sgRNA count differences between the Palbociclib-
treated and the corresponding control sample within each condition (i.e. cell line and
sampling  time). Namely, MAGeCK-RRA  yields, for each gene within a
condition, a robust rank aggregation (RRA) score, as well as a consensus sgRNA
log fold change. We also employed the MAGeCK-MLE (Li ¢7 al., 2015) module to
estimate a beta score (B) that indicate a significant (FDR <0.25 after 10
permutations) increase (positive 3) or decrease (negative ) in sgRNA counts with
respect to the Time 0 sample. Genes that are potential conferors of resistance to
palbociclib have negative 3 scores in the Palbociclib-treated samples, while in control
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samples their B scores are either positive or, in any case, non-significantly different
from 0. Both measurements showed whether the treated sample has lower sgRNA
counts than the control, which could mean that knocking-out a specific gene is
negatively selected exclusively in the presence of palbociclib, therefore suggesting
that the gene provides resistance to the drug. GSEA (Subramanian et al., 2005) was
determined using the B scores provided before. Using Broad Institute GenePattern
(Reich et al, 2006) and Bioconductors' R package org.Hs.eg.db, genes were
annotated according to GO terms labels.

Statistical analysis of patient’s data sets
Patient’s data set

CDK patient cohort includes 162 samples from 147 HR+/HER2-negative
metastatic BCa patients. Patients were treated with CDK4/6i (including palbociclib,
ribociclib and abemaciclib) at Hospital Clinic of Barcelona between 2014 and 2021.
Samples collected at baseline (134 samples) included 61 primary tumor and 73
metastatic tissues. Additionally, 28 samples from progressive disease (PD) were
available for molecular characterization. The hospital institutional ethics committee
approved the study in accordance with the principles of Good Clinical Practice, the
Declaration of Helsinki, and other applicable local regulations. The medical records
were retrospectively reviewed to obtain the clinical data analyzed in the study.

CORALEEN data set was obtained from patients participating in a phase I clinical
trial (completed clinical trial registered with ClinicalTrials.gov, NCT03248427 Prat ez
al., 2020) that included post-menopausal patients with primary operable LumB
subtype HR+/HER2-negative BCa. The clinical trial randomized patients (1:1) to
get administered neoadjuvant treatments either six 28-days cycle of ribociclib (oral
600 mg daily for 3 weeks on, 1 week off) plus daily letrozole (twice a day oral 5 mg)
ot four cycles of chemotherapeutic agents doxorubicin (intravenous 60 mg/m?) and
cyclophosphamide (intravenous 600 mg/m?) every 21 days followed by weekly
paclitaxel (intravenous 80 mg/m?) for 12 weeks. The neoadjuvant therapy lasted for
24 weeks. Samples were collected at baseline, day 15 of treatmentand time of surgery
of the primary BCa tumors.

The TCGA RNAseqV2 gene expression data (“Comprehensive Molecular Portraits
of Human Breast Tumours.,” 2012) and clinical data were obtained from the
cBioportal (Gao e al., 2013). Altogether, we collected and analyzed 1,096 female BCa
from the TCGA with normalized gene expression and specific clinical status.
Molecular subtype based on PAMS50 score was available for 981 BCa tumors.
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The METABRIC cohort includes 1026 ER+/HER2-negative BCa patients. Gene
expression was standardized within subtype and ER status (Curtis et al., 2012). This
cohort was downloaded from the cBioportal for Cancer Genomics (Cerami et al.,
2012).

Statistical analysis

PFS was referred to the period between treatment start and the time of relapse,
whereas OS was defined as the period between the start of the treatment and death
or last follow-up. Kaplan-Meier curves and the log-rank test determined the survival
estimation. Prognostic significance of each variable was assessed using univariate and
multivariable Cox models. Significant differences were considered with a p-value
<0.05. Differential gene expression was identified using unpaired and paired
significance analysis of microarrays (SAM) with a false discovery rate (FDR).
Statistical analysis was petformed in R 3.6.3. (http://cran.t-project.org).

In the TCGA cohort, the correlation between the 11 candidate drivers of CDK4/6i
resistance was examined using the Pearson correlation test one by one. P<0.05 was
considered to be a significant correlation.

In the METABRIC cohort, the expression of the CDK4/6i resistance candidates’
signature was associated with overall survival using Cox proportional hazards models
where samples' cohort of origin was included as covariate for statistical control.
Hazard Ratios (HR) were computed as measures of association and statistical
significance was assessed by means of Wald tests for pairwise comparisons. For
creation of gene signatures scores, expression values were centered and scaled gene-
wise to produce z-scores, which were then averaged across all genes included in the
given gene signature. The resulting scores were in turn centered and scaled across
samples that were included in the dataset. For each gene, sample groups of low,
medium and high expression levels were defined using tertiles as cutoffs. Also, Cox
proportional hazard ratios smoothed by continuous sighature expression levels were
graphically represented using smoothing splines with a p-spline basis (Eilers and
Marx, 1996) as implemented in the R package phenoTest.

Gene expression analysis

RNA samples of the CORALEEN cdlinical trial and CDK cohort were extracted
using High Pure FFPET RNA isolation kit (Roche) following manufacturer’s
instructions. From 1 to 5 10-um FFPE slides from each tumor sample were used and
macrodissected, if needed, to avoid normal tissue contamination. RNA from cell
lines was extracted with Pure Link RNA MiniKit (Invitrogen) and quantified with
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NanoDrop spectrophotometer (Thermo Fisher Scientific). For clinical samples, a
minimum of 100ng of total RN A was analyzed at the nCounter platform (Nanostring
Technologies) using the Breast Cancer 360™ Panel, which measures the expression
of 771 breast cancer-related genes and 5 housekeeping genes (ACTB, MRPL19,
PSMC4, RPLPO, and SF3A1). For cell lines samples, a custom nCounter panel of 72-
gene set including PAM50 genes was used to assess the molecular classification
(Wallden et al., 2015). Using custom scripts in R 3.6.3, expression counts were
normalized and all tumors and cell line samples were assigned to an intrinsic
molecular subtype of BCa (LumA, LumB, HER2-E, Basal-like and Normal-like)
using PAM50 subtype predictor (Parker et al., 2009)

CRISPR Cas9 genetic knock-out

The CRISPR/Cas 9 backbone plasmid vector used for generating XXXX KO was
the lentiCRISPRv2 (#52961, Addgene). All sgRNAs sequences were designed using
Synthego crispr design tool (Table M3, https://design.synthego.com). The top 4

target sites for XXXX [Eliminated ID sequence — confidential information] were
assessed consideting exon number, on target and off targets scores. The protocol for
cloning the top ranked single guide RNAs (sgRNA) into the lentiviral transfer
plasmid followed was the one vector system, described in Sanjana ef a/. (2014) and
Shalem e al. (2014). We designed oligos carrying a BsmBI digestion site in the 5’ end
of 20 nucleotide sgRNA sequences for each target site. Each pair of synthesized
oligos was annealed, phosphorylated and ligated to BsmBI linearized vector using
FastDigest Esp3I kit (#FD0454, ThermoFisher). We checked the final construct by
sequencing with hU6 promoter primer. We generated lentivirus carrying the sgRNA-
Cas9 plasmid and infected cell lines of interest to generate stable XXXX knock-out
cell lines. After puromycin selection, we obtained a pool of mutated cells without
XXXX. The pool of XXXX KO GFP+ cells was trypsinized and collected and single
sorted for GFP expression by FACS Aria 2.0 into a P96 well plate.

Protein extraction and Western Blot

Cells were lysed with RIPA buffer composed of 25 mM Tris-HCI (pH= 7.5), 150
mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS, 10 mM NaF, ImM
Na3;VOys, supplemented with protease and phosphatase inhibitors cocktail (Roche)
and sonicated 10 minutes on ice with a 30s interval at medium intensity using
Bioruptor Standard sonication device (Diagenode). Sonicated samples were
centrifuged at maximum speed for 10 min at 4°C and supernatant was stored at -
80°C. Protein concentration was assessed by Protein Assay (BioRad), based on the
Bradford method. The same amount of protein for all samples was mixed with
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sample buffer (45 mM Tis pH 6.8, 10% glycerol, 1% SDS, 52 mM DTT and 1%
bromophenol blue) and denaturalized at 95°C for 5 min. Proteins were loaded and
separated by standard SDS-PAGE gel and transferred to PVDF membranes
(Immobilon-P). In order to avoid unspecific antibody binding membranes were
blocked with TBS-T and 5% bovine serum albumin (BSA, #A7906, Sigma) for 1h
shaking at RT. Primary antibodies were incubated overnight at 4°C or 1 h at RT
(Table M1). Membranes were washed for 5 min 3 times with TBS-T and incubated
1h at RT with animal specific HRP-conjugated secondary antibodies (1/5000).
Membranes were washed with TBS-T for 5 min 3 times and 1 min with Pierce™
ECL Western Blotting Substrate (#32106, Thermo Fisher Scientific). HRP activity
was developed using super RX-N films (Fujifilm). Protein bands density was
calculated using Image ] software.

RNA extraction, reverse-transcription and quantitative real-time
PCR analysis

RNA was extracted from frozen cell pellets using Pure Link RNA MiniKit
(#12183018A, Invitrogen) as indicated by manufacturer’s instructions.
Concentration and quality of the mRNA was assessed by a NanoDrop
spectrophotometer. cDNA was obtained by reverse transcription reaction using 1 pg
of total RNA and a high-capacity cDNA reverse transcriptase kit (Applied
Biosystems). Quantitative PCR was performed using TagMan gene expression assay.
The expression of different genes of interest was measured with specific TagMan
proves (Table M2) mixed with TagMan Universal PCR Master Mix (Applied
Biosystems) as indicated in the datasheet. Three technical replicates were measured
per reaction. Depending on the experiment, BZM or GAPDH were used as
housekeeping genes using comparative CT method.

siRNA-induced gene silencing

In order to induce transient silence of XXXX expression siGENOME SMARTpool
targeting XXXX (#XXXX, ThermoFisher Scientific) was transfected into the
different cell lines. Negative control used was Silencer® Select Negative Control #1
(#4390843, ThermoFisher Scientific). The transfection of the siRNA was performed
with 20 nmol/L siRNA using Lipofectamine RNAiMax transfection reagent
(#13778-075, Invitrogen), following the manufacturer's instructions.
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Viral production and infection with silencing shRNA and

overexpression plasmids

pLKOlentiviral vectors with human shRNA sequences were obtained from
MISSION TRCI library (Table M4). Precision LentiORF Human XXXX (#XXXX,
Horizon) was used for XXXX overexpression experiments. The amplification of all
the plasmids was done in DH5a E. co/ bacteria strain. After plasmid isolation with
PureLink HiPure™ (#K210017, Invitrogen), 3 pg of shRNA/XXXX OE plasmid
was mixed in 1:1 ratio with third generation packaging vectors V-SVG, RRE and
RSV in NaCl (150 mM) supplemented with PEI (5,8 ug/ml). HEK-293T cells were
transfected with the mix and left O/N. Next day, fresh medium was added and the
cells were incubated at 37°C for 48h in order to allow viral production. Medium with
viral particles was collected, filtrated (0,45uM) and stored at -80°C. Polybrene (8
ug/ml) was added to me medium containing the virus before the transduction.
Recipient cells in 50% confluence were incubated with the mix for 24h and passed
adding puromycin antibiotic (2 pg/ml) for shRNA infection and blasticidin (10
ug/ml) for XXXX OE infection to the fresh medium to select for stable cell lines.

XXXX side-directed mutagenesis

We mutated XXXX from Precision LentiORF Human XXXX using QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (#210515-5, Agilent). We designed
the mutagenesis primers per each specific mutation (Table M3). For the XXXX
constitutively active (CA) form, we changed XX that is translated into XX mutation.
For the XXXX kinase dead (KD), we changed XX that is translated in XX. We
performed a PCR according to the kit’s datasheet to amplify the plasmid carrying the
mutated region. Then, we added Dpnl restriction enzyme to the PCR product and
incubated 5 min at 37°C to digest parental non-mutated ds-DNA. Finally, we
transformed the digested PCR product into DH5-a E. Co/i bacteria and seeded them
into agar plates with ampicillin. Next day, we selected different individual colonies,
let them grow O/N and extracted the plasmids using Miniprep. We sequenced
XXXX gene with sequential primers (Table M3) to validate that the only mutation
we generated was the expected one.

Proximity-dependent biotin identification (BioID)

XXXX was amplified by PCR from Precision LentORF Human XXXX using
primers designed to have Nhel and Hpal restriction enzyme sites (Table M3) and
cloned into MCS-BiolD2-HA (#74224, Addgene).
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MCF7 cells were transfected with empty myc-BiolD2 as a control and XXXX-
BiolD2-HA plasmids using Gen]ET DNA transfection reagent for MCEF7 cells
(#SL100489-MCF7, SignaGen Laboratories) following manufacturer’s instructions.
Five P150 plates per condition were treated with 50 uM Biotin in the medium
overnight. Next day cells were trypsinized and cell pellets were lysated using 5 ml of
lysis buffer (50 mMTris-HCl pH=8, 150 mMNaCl, 0.1% SDS, 2 mM MgCl,, 1%
Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 1 mM Na;VO,, protease
inhibitor cocktail (Roche)) with 1:2000 benzonase (Sigma-Aldrich) by rotating for 1
h at 4°C. Then, samples were sonicated with 3 rounds of 30 sec ON/OFF with
Bioruptor (Diagenode) and centrifuged at 15000g for 30 min at 4°C. Byotinilated
proteins were captured by immunoprecipitation (IP) protocol using Dynabeads®
MyOne Streptavidin C1 beads (#65002, Thermo Fisher Scientific). After isolation,
proteins-bead complexes were washed once with lysis buffer and three times with 50
mM NH,HCO; before digestion. Tryptic digestion was performed directly on beads
by incubating them with 2 pg of trypsin dissolved in 300 uL. of 50 mM NH4HCO3
at 37°C overnight (200 pL. were added to the delivered 100 pL. volume). The
following morning, an additional 1 pg trypsin was added and incubated for 2 h at
37°C.

Beads were pelleted by centrifugation at 2,000g for 5 min, and the supernatant was
transferred to a fresh Eppendorf tube. Beads were washed once with 100 uL. of 50
mM NH4HCO3, and then pooled with the first supernatant. Formic acid was added
to the eluates to a 1% final concentration. Complete separation of the beads is
performed with a litte magnet. Samples were cleaned up through C18 tips (polyL.C
C18 tips) and peptides were eluted with 80% acetonitrile - 1% trifluoroacetic acid.
Next, samples were diluted to 20% acetonitrile - 0.25% trifluoroacetic acid, loaded
into strong cation exchange columns and peptides were eluted in 5% NH4OH, 30%
methanol. Finally, samples were evaporated to dry, reconstituted in 50 uL. 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 resuspended in
50 pL of 3% acetonitrile - 1% formic acid and diluted 1:8 in 0.1% formic acid
aqueous solution. Sample was loaded to a Evotip C18 u-precolumn (Evosep),
MSPCEF Protocol_70 (SampleLoading_forEvotips). Peptides were separated using a
C18 analytical column EV1106 column (150 um X 150 mm, 1.9 pm) (Evosep) using
a Evosep One (EV-1000, Evosep) chromatographic system with an 88 min run. The
column outlet was directly connected to an Orbitrap Eclipse™ 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 user-defined at 445.12 m/z
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in each Orbitrap 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 survey scan and for the MS/MS scan respectively. Target ions
already selected for MS/MS were dynamically excluded for 15 s. RF Lens were tuned
to 30%. Minimal signal requited 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.

A DDA label free search was performed using MaxQuant software v1.6.17.0 (MQ)
and its Andromeda search engine (Cox e al, 2011, 2014; Cox and Mann, 2008;
Schaab ez al, 2012; Turner et al., 2019; Tyanova e/ al., 2015, 2016). Human protein
database from SwissProt (released on 2021/06) was used as a database along with
our proteins XXXX and BiolD2 sequences and the list of common contaminants
included by default in MQ. The search was run against the target and the decoy
databases in order to determine the false discovery rate (FDR). Only peptides with
an FDR below 1% were considered as positive identifications. Some of the most
relevant search parameters were trypsin (allowing for two missed cleavage sites) as
digesting enzyme; oxidation in methionine and methyl group loss with and without
acetylation in protein N-terminus as dynamic modifications; 10 ppm as precursor
mass tolerance; and 0.6 Da as MS/MS mass tolerance.

The SAINTq algorithm was used for the interactome analysis (Teo et al., 2014, 2016)
using the protein groups MS1 intensities provided by MQ. Contaminant and decoy
identifications were removed and only unique peptides for protein groups were sent
to SAINTq. The resulting list with potential interactors was initially filtered by
requiring a fold change (FC) greater than or equal to 3 and a Bayesian false discovery
rate (BFDR) lower than or equal to 0.02. However, in order to get a preliminary (and
slightly broader) interactome landscape, we decided to relax the BEFRD = 0,21. This
threshold was chosen based on the known XXXX interactor YYYY. In MCF7-PR
cell lines the positive control YYYY showed an BFDR=0,21, therefore we decided
to relax the variable up to that point.

Immunofluorescence

Cells were seeded in round glass coverslips in 12-well plates and let them attach
O/N. Cells were treated with specific protocols depending on the experiment. Then,
cells were fixed with formalin for 20 min at RT. Cells were permeabilized with PBS-
0,5% Triton X-100 for 10 min and blocked with PBS-1% BSA for 45 min at RT.
Coverslips were incubated with specific the primary antibody for 1h at RT or O/N
at 4°C. Then, animal specific secondary antibody was incubated 1h at RT. DAPI
counterstain for nuclear detection was included in the ProLong Gold antifade
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mounting medium (# P36935, Thermo Fisher Scientific). Stack images were taken
with confocal Zeiss LSM780 microscope with 63X/1. oil immersion objective.
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Materials

Table M1. List of Antibodies.

Antigen ID Supplier Source  Application Dilution
Primary Antibodies
HER2 A0485 Dako Rabbit 1CC 1:200
ER sc-543 Santa Cruz Rabbit 1CC 1:100
XXXX XXXX Cell Signaling Rabbit WB 1:1000
CCNE1 05-363 Merck Mouse  WB 1:500
Tubulin T5168 Sigma Aldrich Mouse  WB 1:5000
GAPDH G8795 Abnova Mouse  WB 1:5000
HA-Tag H3663 Sigma Aldrich Mouse  WB 1:1000
IF 1:500
MYC-Tag Cell Signaling Rabbit  WB 1:1000
IF 1:500
Secondary Antibodies
gg:jlrgtigj HRP- NA934  GE Healthcare ~ Donkey WB 1:5000
iﬁi‘;j;lig HRP- 31452 ggigﬁgfmher Rabiit ~ WB 1:5000
f;r;jit;’tljén HRP- ab7403  Abcam WB 1:1000

Streptavidin Alexa Fluor
546-conjugated

Rabbit IgG Alexa Fluor A-

S$11225  Invitrogen IF 1:500

488-conjugated 11008 Invitrogen Goat 1:500
Mouse IgG Alexa Fluor A- .
488-conjugated 11001 Invitrogen Goat 1:500
Table M2. List of Tagman probes.

Gene Symbol ID Supplier

CCNE1 Hs01026536_m1 Applied Biodydtems

XXXX XXX Applied Biodydtems

GAPDH Hs02786624_g1 Applied Biodydtems

81



Table M3. List of primers.

Name

Primer sequence (5' to 3')

Information

Primers for CRISPR/Cas9 screening library preparation

P5+vector

Adaptor+vector

P5

NEBNext + adaptor

AATGATACGGCGACCACCGAGATCTCGAT
TTCTTGGCTTTATATATCTTGTGGAAAGG
ACG

GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTCCAATTCCCACTCC CAAGACCT

AATGATACGGCGACCACCGAGATCT

CAAGCAGAAGACGGCATACGAGATiIndex
GTGACTGGACTTCAGACGTGTGCTCTTCC
GATC

Index

Time 0 - NEBNext Index 37 - CGGAAT
Vehicle- treated - NEBNext Index 30 - CACCGG

Palbo-treated - NEBNext Index 41 - GACGAC

[Eliminated section - confidential information)]

Forward PCR1 primer

Reverse PCR1 primer

Forward PCR2 primer

Reverse PCR2 primer
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Table M4. List of plasmids.

Name Supplier Information

Precision LentiORF Plasmid used for overexpressing XXXX (WT, CA,
XXXX

Human XXXX KD) and clone XXXX in MCS-BioID2-HA

lentiCRISPRv2 Addgene (#52961) Plasmid to generate CIRSPR/Cas9 KO in XXXX

XXXX siGENOME ThermoFisher Scientific Plasmid including siRNA used to silence transiently

SMARTpool (HXXXX) XXXX

Silencer® Select Negative
Control #1

pLKOlentiviral vectors

PRSV-Rev
pMDLg/pRRE

pCMV-VSV-G

myc-BiolD2-MCS

MCS-BiolD2-HA

XXXX-BiolD2-HA

pLKOlentiviral vectors

ThermoFisher Scientific

(#4390843)

MISSION TRC1 library

Addgene (#12253)
Addgene (#12251)

Addgene (#8454)

Addgene (#74223)

Addgene (#74224)

MISSION TRCI1 library

Plasmid used as a negative control for siRNA XXXX

silencing

Plasmids including shRNAs used to silence specific

genes
3rd generation lentiviral packaging plasmid
3rd generation lentiviral packaging plasmid
3rd generation lentiviral packaging plasmid

Plasmid used as a negative control in the BiolD

experiment
Plasmid to fuse XXXX to the N-terminus of BiolD2

Plasmid for XXXX-BiolD2 fusion protein expression

Gene Clone ID Target Sequence

shXXXX-1 TRCNOO000OXXXX XXXX

shXXXX-2 TRCNOO000OXXXX XXXX

shCCNE1-1 TRCN0000045301 GCAATTCTTCTGGATTGGTTA
shCCNE1-2 TRCN0000045302 CGACATAGAGAACTGTGTCAA
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Experimental design to identify molecular mechanisms involved
in CDK4/6i resistance in ER+ BCa

To unravel the molecular mechanisms that confer resistance to CDK4/6i in
advanced HER2-E subtype ER+ BCa we designed a workflow integrating molecular
and clinical data. The project was subdivided in 5 different parts (Figure R1): (1)
Molecular strategy, (2) clinical data analysis, (3) integration of the candidates, (4)
validation of the driver, (5) mechanism of resistance. We designed each step to tackle
the biological problem (See objectives) in an unbiased and comprehensive manner.
Further details will be described in the following sections of the thesis.

The molecular strategy (1) to identify resistance drivers consisted in the performance
of a drop out screen. To this, we first had to select the appropriate model that
recapitulated CDK4/6i resistance phenotype in HER2-E subtyppe ER+/HER2-
negative BCa. A comprehensive characterization of different metastatic ER+ BCa
cell lines was petformed to select CDK4/6i-resistant cell lines, showing high HER2-
E score. Next, we optimized the technical procedure to performe the screen. We
used an unbiased whole genome knock-out screen. This approach is based on the
induction of single mutations in each cell that globally targets most of the coding
genes. The use of CRISPR/Cas 9 technology allow us to find CDK4/6i resistance
driver genes through a functional 7z vitro screen. Importantly, we designed the
workflow adjusting time and drug concentration to observe phenotypic effects but
without inducing cell toxicity. Finally, we implemented next-generation sequencing
coupled to the screen, and through bioinformatic analysis, we deconvoluted the
sequenced sgRINA associated with CDK4/06i resistance. In parallel, we analyzed two
clinical cohorts (2), using different statistical strategies, and selected the genes
associated with poor response to CDK4/6i.

In the third step we consolidated the previous observations. We seek for
convergence of the two independent strategies and selected by common candidate
drivers. The integration was crucial for the reliability of the selected gene driver of
CDK4/6i resistance.

We then functional and clinically validated the effect on CDK4/6i resistance of the
selected gene. We designed and optimized different iz vitro tools to validate the
resistance driver. Loss- and gain-of-function strategies and the generation of an
acquired resistance cell line were some of the tools used for this purpose. Further
analysis using clinical data from well anotated patient samples were performed to

interrogate the association of the selected gene with poor response to CDK4/6i.
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Finally, in the last step we aimed to understand the molecular mechanism involved
in CDK4/6i resistance in advanced HER2-E subtype ER+ BCa. We developed a
proximity labeling technique to unravel the interactome of the selected gene in cells
with acquired resistance to CDK4/6i.

In sum, the workflow followed had the objective to optimize and explore different
perspectives in order to identify the most relevant gene driver responsible for the
CDK4/6i resistance in HER2-E molecular subtype metastatic ER+/HER2- BCa

tumotrs.

1. Molecular approach 2. Clinical approach

2R%

3. Data integration
and gene selection

4. Selected gene
validation

b~
[IRe}

5. Molecular CDK4/6i
resistance mechanism

= DO

Figure R1. Project design overview.

Five main steps comprise the workflow to interrogate CDK4/4i resistance in metastatic ER+
BCa. (1) First step includes molecular strategies to obtain drivers of resistance 7z vitro. (2) In
parallel, interrogation of clinical data from two patient cohorts to find genes associated with worst
prognosis. (3) Integration of the different analysis and selection of a driver candidate. (4)
Validation of the driver gene using different tools. (5) Exploration of the molecular mechanism
leading to CDK5/6i resistance in metastatic HER2-E ER+ BCa.

88



CHAPTERI1

Identification of CDK4/6i gene drivers using
CRISPR/Cas9 KO screen and clinical data analysis
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Genome-wide CRISPR/Cas9-based KO screen identifies
potential CDK4/6i resistance drivers

a. Characterization of ER+ BCa cell lines

To study the genes responsible for CDK4/6i resistance 7z vitro, we determined the
response of metastatic ER+ BCa cell lines to palbociclib treatment. We characterized
different features of MCF7, T47D, ZR75 and BT474 cell lines. First, we verified the
ER levels by immunocitochemistry (ICC, Figure R2A). We confirmed that MCEF7
cells express the highest amount of ER, followed by T47D cells. ZR75 and BT474
cell lines express ER but at a lower level. As a negative control we used a well
stablished ER- BCa cell line, MDA-231-MD cells (Figure R2A). Next, we tested
HER2 amplification, as a main histopathological BCa marker. We used ICC and
fluorescent 7z sitn hybridization labelling (FISH) to determine HER2 expression in
the membrane and ERBB2 gene amplification, respectively. For performing the
FISH method, we hybridize a probe at ERBBZ2 genomic loci of the cell nucleus and
then detected the fluorescence emitted. We used a probe targeting chromosomal
centromeres (CEN probe) as a control for chromosomal number in each cell nuclei.
As expected, BT474 cells presented more than 10 copies of ERBBZ in most of the
nuclei, translated in a high expression in the cell membrane (Figure R2B/C). The
ratio ERBB2/CEN showed that BT474 cell line had more than 4 times the amount
of ERBB2 per each chromosome. BT474 cells are classified as HER2+ or HER2
amplified, whereas the rest are HER2 non amplified (Figure R2B). The rest of the
cell lines did not present ERBB2 amplification, although ZR75 presented higher
expression of HER2 compared to MCF7 and T47D cells (Figure R2A).

Next, we characterized the molecular subtypes and the response to CDK4/6i of
ER+ BCa cell lines. Throughout our expetiments we used palbociclib, a CDK4/6i
that has shown to display cytostatic growth inhibition in a panel of molecularly
profiled BCa cells in vitro (Finn et al., 2009). Initially, we determined the molecular
subtype of BT474, MCF7, T47D and ZR75 cells using nCounter technology and
classified them according to PAM50 score. The PAM50 score compares the relative
expression of 50 genes related with ER signaling, HER2 function, proliferation and
basal-like phenotype. BT474 cells were classified as HER2-E molecular subtype,
whereas the rest of the cell lines were classified as LumB subtype. Interestingly, when
we focused on T47D and ZR75 PAM50 scores, we observed that HER2-E subtype
scored higher than in MCF7 cells, which are the most luminal-like cells (Figure R3A
and R3B). This suggests that the gene expression profile of ZR75 and T47D cells
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was in a more intermediate state between HER2-E and LumB subtypes than the
MCF7 cells. Next, we charactetized the BCa cell lines response to CDK4/61. To this,
a palbociclib dose-response assay was performed and the relative half maximal

inhibitory concentration (IC50) calculated.
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Figure R2. Defining ER and HER2 status in a cell line panel.

(A) ER ICC staining (left), HER2 ICC staining (center) and ERBB2 (ted)/CEN (green) FISH
detection (right) in paraffin-embedded cell pellets. Nucleus were stained in blue with Hematoxylin
counterstaining in ICC and fluorescent DAPI in the FISH experiment. (B) Manual quantification
of ERBBZ signal (up) and ERBB2/CEN ratio calculation (down). Scale bat: 50 pm (black line), 10
um (white line).
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We determined cell viability based on DNA content after 4 days of palbociclib
treatment. Then, we established the palbociclib concentration required to inhibit
50% cell growth (IC50). MCF?7 cells were the most sensitive cells to the drug (IC50
of 50 nM), followed by T47D cells (IC50 of 80 nM). It was previously described that
BCa cell lines classified as HER2+ and TN showed increased resistance to CDK4/6i
(Finn et al, 2009), therefore we used BT474 cell line as a control for resistant
phenotype in our experimental design. Indeed, BT474 cell line was the most resistant
cell line IC50 = 2 uM). Unexpectedly, ZR75 cells showed resistance to palbociclib
without HER2 amplification with an IC50 of 600 nM (Figure R3C). In summary, we
identified palbo-sensitive cell lines (MCF7 and T47D) and palbo-resistant cell lines
(BT474 and ZR75), which serve the purpose of the subsequent studies.
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Figure R3. Characterization of molecular classification and palbociclib effect.
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(A) Molecular classification assessment by PAM50; BT474 cells were classified as HER2-E
subtype and T47D, MCF7 and ZR75 cells for LumB subtype. (B) PAM50 scores assessed in
every subtype for the four cell lines. (C) Palbociclib dose-response and IC50 measurement in all
the cell lines.
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Next, we established the Time variable for palbociclib treatment in order to have a
functional outcome from the treatment without inducing massive senescence in the
cells. To this, we tested the senescence status in our cell lines during palbociclib
treatment by means of a time-course approach. Of note, the aim of the project was
to identify molecular mechanisms that confer resistance to palbociclib cytostatic
effect, but not to CDK4/6i induced senescence. For this reason, we selected a time
point that allowed an effect on cell growth without major senescence associated -
galactosidase (B-gal) activity accumulation for our ulteror experiments. We treated
the different cell lines with 50 nM palbociclib for 2, 4 and 6 days and compared the

Palbociclib treatment
50nM

Vehicle Day 2 Day 4 Day 6

Figure R4. Palbociclib induction of senescence through time.

B-gal staining of the four cell lines at time 2, 4 and 6 days of 50 nM palbociclib treatment incubation
compared with a vehicle-treated condition. Scale bar: 50 um (black line).

93



B-gal production to the vehicle condition. There were differences in 3-gal staining
among cell lines. T47D cells already showed B-gal staining in the vehicle condition
and morphological changes with increasing incubation times of palbociclib (Figure
R4). The latter cell morphology changes are associated with the acquisition of the
senescence features (Collado and Serrano, 2006; Dimri ef al., 1995). MCEF7 and ZR75
cells also showed increase 3-gal activity accumulation with the strongest effect at 6
days of incubation with the drug. Interestingly, palbociclib showed little $-gal activity
measured in BT474 cells. We selected the 4 days timepoint as an adequate incubation
time for the functional screen.

Taking together all the experiments, MCF7 cells were selected palbo-sensitive and
ZR75 and BT474 as palbo-resistant cell lines, respectively.

b. Optimization of screen workflow

High-throughput sequencing screening strategies have been extensively used to study
molecular mechanisms related with drug resistance in many human cancers. In the
laboratory, we previously took advantage of 7z vivo genome-wide loss-of-function
shRNA screen to identified a novel regulator of metastatic dormancy in BCa
(Gawrzak et al., 2018). However, shRNA-based screenings present some limitations
addressed in the discussion. Recent advances in genome editing technologies that
have opened new opportunities in the field of functional genomic research. In 2005,
Francisco JM Mojica described for the first time the function of clustered regularly
interspaced short palindrome repeats (CRISPR)/Cas9 system. These sequences wete
used by procaryotes as an adaptive immune mechanism to fight against viral DNA
invasion (Mojica et al., 2005). This finding lead to the development of the
CRISPR/Cas9 system. This technology has been improved and modified to become
an easy, cheap and an efficient tool to generate specific mutations in genes of interest.
Because of all the advantages in using the CRISPR/Cas9 system, it has been
implemented and applied for the study of gene function in a variety of biological
processes. The most recent advance in CRISPR/Cas9 methodology has been the
development of genome-wide libraries carrying pooled sgRNAs that target most
protein coding genes (Chen ez al, 2015; Shalem ez al., 2015; Zhou et al., 2014).
Genome-wide CRISPR/Cas9 screen has been implemented for identifying key genes
for cancer cell proliferation, survival, transformation and resistance to treatments in
different 7z vitwo and in vivo models (Shalem ez al., 2015; Zhou et al., 2014).

In this project, we used a genome-wide CRISPR/Cas9 knock-out screen in
metastatic palbo-resistant ER+ BCa cells to unravel the potential drivers of
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palbociclib resistance. To this end, ZR75 and BT474 cell lines were selected as
palbociclib-resistant 7z vifro model to perform the screen. The human Brunello
CRISPR knock-out pooled library containing 76,441 sgRINAs, which targets 19,114
genes (four different shRNA per each gene) was used to generate a mutant cell pool
where each cell carried one single mutation. The human Brunello pooled library was
optimized to maximize activity and minimize CRISPR/Cas9 off-target effects
(Doench et al.,, 2016). The screening process consisted in four main steps (Figure
R5A). ZR75 and BT474 cells were infected with the virus encoding sgRNA pooled
library (1). Next, a functional phenotype selection after four days of palbociclib
treatment was performed (2). Genomic DNA was isolated and the amplified library
was generated (3). Finally, a bioinformatic analysis of the sequencing results was
performed to obtain the resistant drivers of palbociclib resistance (4).

First, we assessed the adequate viral concentration for cell transduction to establish
a single insertion of each sgRNA in a single tumor cell. The recommended
representation is 400 cells per each sgRNA. For optimization purposes, we seeded
both palbo-resistant cell lines in 12-well plate with high confluence (3x10° cells /well)
and infected each cell line with increasing concentrations of viral particles to calculate
the appropriate multiplicity of infection (MOI). The infection efficiency increases
proportionally to the MOI, therefore we used an MOI of <0,4, to infect <30% of
the cells (Figure R5B). The previous proportion of infected cell ensures that only
one sgRNA is inserted in each cell. The infection of ZR75 cells was established with
the recommended conditions from the manufacturers (Figure R5B). Contrarily, the
conditions to infect BT474 cells needed further optimization because of the low
infection efficiency. We adjusted the seeding number and the infection time in order
to increase the infection rate. BT474 cells showed an appropriate MOI with 1,5x10°
seeded cells per well and 48h of incubation time.

The screen was performed in 10® tumor cells based on the improved conditions per
each cell line at MOI = 0,4 to ensure that we reached around 30% of the cells
infected. Next, we used 50 nM palbociclib for the treated condition, a concentration
that effectively suppressed cell proliferation in palbo-sensitive cells but did not have
any effect in palbo-resistant cell lines (Figure R3C).

We generated the sgRNA library from the isolated genomic DNA using a two-step
PCR reaction. This protocol was used to amplify the sgRNA sequence and attach
sequencing tails (Figure R5C). In the first PCR, the region encompassing the
integrated sgRNA is amplified from the genomic DNA with custom primers.
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Figure R5. Genome-wide CRISPR/Cas9 screen optimization.

(A) Graphical representation of the screen workflow: (1) Viral infection of palbo-resistant cell
lines with the sgRNA pooled library, (2) functional selection after four days palbociclib treatment,
(3) genomic DNA isolation and library generation, (4) bioinformatic analysis of the sequencing
results. (B) First test for MOI determination for ZR75 and BT474 cell lines (up) and optimization
of BT474 conditions to improve infection efficiency (down). (C) Two-PCR library preparation
scheme for high-throughput sequencing analysis.

The forward primer provides the binder to the flowcell (P5) and vector specific
sequence upstream the sgRNA insert. The reverse primer contains partial adaptor
sequence for the NEBNext adaptor and vector specific sequence downstream the
sgRNA insert. The second PCR added Illumina sequencing tails (P7), together with
unique indexes for each library (Table M3).

Next generation sequencing was performed at the Center for genome regulation
(CRG) in Barcelona.
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€. Analysis of CRISPR-Cas9 screen results

We compared in each palbo-resistant cell line the abundance of each sgRNA. We
had two different conditions: a vehicle-treated condition (Control) and a palbociclib-
treated condition (Palbociclib). The aim of the drop-out screen was to detect the
sgRNAs that disappeared or decreased from the initial population (Time 0) after
palbociclib treatment, with 0 or little effect on the vehicle-treated condition. We
analyzed the sequencing results with MAGeCK-VISPR software (Li e al, 2014,
2015). The principal component analysis (PCA) A and B separated the samples
according to T0, Control and Palbociclib conditions (Figure R6A). Using MAGeCK-
MLE module we estimated the beta score (). The {8 score is calculated normalizing
each treated condition (Control and Palbociclib) to Time 0. Therefore, this score
measures gene selection and provides a similar evaluation than the term of ‘log fold
change’ in differential expression analysis. When the B score is positive (3>0)
indicates that the cell population carrying one specific sgRNA was enriched in that
condition. On the other hand, when the score is negative (3<0) indicates that the
cells with a mutation in one specific gene are reduced from the initial population.
The latter situation in palbociclib-treated cells provided the genes that were
conferring resistance to palbociclib in palbo-resistant cell lines. A mutation in
resistant driver genes induces a sensitivity to the drug, thus cells carrying mutations
on driver genes get arrested. Consequently, we identified all the sgRNAs with a
negative {3 score after palbociclib treatment. The combined analysis for both cell lines
showed many candidate gene drivers of resistance based on the negative 8 score in
the treated condition. In order to avoid losing important candidates, we decided to
keep a generous threshold: B palbo =-0.9 (palbociclib treated condition) and 3
control < 0.9 (vehicle treated condition). In ZR75 cells, 1,563 genes were selected
and 2,386 genes in BT474 cells. We found 219 genes shared between ZR75 and
BT474 cell lines (purple dots, Figure R6B). Notably, gene ontology (GO) analysis of
the genes selected in ZR75 cells highlighted pathways associated with PI3K activity,
cell adhesion, growth hormone signaling and cell cycle mitosis were conferring
resistance (Figure R6C). In BT474 cells the GO pathways associated with resistance
were related with FGFR signaling, WN'T signaling, nucleotide-excision repair (NER)
machinery and CDK activity.

Next, we interrogated GO Biological pathways from common genes in both cell
lines, we averaged the 8 scores of each common gene and we performed the analysis.
The highlighted GO biological pathways were a mix of the previous analysis, except
for the BMP signaling cascade (Figure R6C).
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Figure R6. Bioinformatic analysis of CRISPR/Cas9 screening from BT474 and ZR75
palbo-resistant cell lines.

(A) Principal component analysis (PCA) A and B divide the samples depending on conditions
T0, Control and Palbociclibin both palbo-resistant cell lines. (B) Essentiality score graph showing
all the sgRNA plotted according to the B palbo score. Dashed lines indicate the selected
threshold. Purple dots indicate common sgRNA negatively selected in ZR75 and BT474. (C)
GSEA of GO biological processes associated with resistant candidate genes in ZR75 (top) and
BT474 (center) and common genes (bottom).



FGFR and CDK signaling cascades were the most enriched biological pathways in
the analysis of the common candidates between both palbo-resistant cells lines.
Remarkably, these two pathways, together with PI3K activity, have been previously
associated with resistance to CDK4/6i. Consistently, the screening was able to
capture previously desctibed CDK4/06i resistance mechanisms.

Genes associated with worse response to CDK4/6i in two different
clinical cohorts.

Gene expression changes associated with resistance to CDK4/6i treatment plus
endocrine therapy were interrogated in two different clinical cohorts. In both patient
data sets, we had access to formalin fixed paraffin embedded (FFPE) tumor tissue
from patients treated at early stage and metastasis. We characterized gene expression
of 771 genes using the nCounter Breast Cancer 360™ panel (Nanostring
Technologies).

The first patient data set includes 134 baseline samples and 28 progressive disease
(PD) samples from pre- and post-menopausal metastatic ER+/HER2-negative BCa
patients treated with CDK4/6i (including palbociclib, ribociclib or abemaciclib) and
endocrine therapy at any line of treatment (named CDK patient cohort, from
Hospital Clinic of Barcelona, Figure R7A). To test the prognostic significance of
each gene expression, we used univariate Cox models. From the 771 tested genes,
we identified 8 genes associated with worse PES upon high expression and 23 genes
whose high expression was associated with worse OS (Supplementary table 1). Then,
we performed unpaired and paired significance analysis of microarrays (SAM) to
determine differences in gene expression between baseline and progress disease (PD)
samples. There were 92 genes upregulated in PD samples compared to baseline
samples with unpaired SAM analysis and 44 genes with paired SAM analysis
(Supplementary table 2). In summary, 119 genes were highlighted significantly
associated with non-responding phenotype.

The second clinical cohort analyzed was obtained from the CORALEEN clinical
trial (Prat et al, 2020). Samples from CORALEEN clinical trial included
postmenopausal ER+/HER2-negative and LumB by PAMS50 eatly-stage BCa
patients treated with ribociclib plus letrozole (Figure R7B). We characterized
treatment response in 49 samples at baseline, day 15 of treatment and surgery.
Tumors with a Risk of Relapse score (ROR) < 50% after treatment were classified
as responders, whereas tumors with ROR = 50% as non-responders. Differential
gene expression between responders and non-responder was assessed using unpaired
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SAM analyses at baseline, day 15 and surgery samples. At baseline and day 15 any
significant gene expression was associated with response to treatment, however 145
genes from the 771 panel were found overexpressed in surgery samples from non-
responders compared with responders (Supplementary table 3). In summary, we
developed three experimental approaches to identify genes associated with CDK4/6i
resistance. We next seek to unravel which genes are common through the three

experiments.

A
CDK patient cohort

Selection parameters Treatment

CDK4/6i (palbociclib, ribociclib or
E— abemaciclib) + endocine therapy > >

Any line of treatment

A A

Baseline Progression
n=28

Gene expression profiling (Breast360™)
CORALEEN clinical trial

Selection parameters Treatment (6 months)

Ribociclib + letrozole 3/4 weeks

n=52
Baseline 15 days Surgery
n=49

Gene expression profiling (Breast360™)

Figure R7. Description of the two clinical cohorts used to obtained candidate genes
associated with poor response to CDK4/6i.

(A) CDK patient cohort representation. Samples were extracted at two different points: baseline
and during disease progression (green and blue arrows, respectively). (B) CORALEEN clinical
trial representation. Samples obtained at baseline, 15 days from the treatment beginning and
surgery (green, purple and blue arrows, respectively).
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CHAPTER2

Integration of the CDK4/6i rtesistance driver
candidates from the CRISPR/Cas9 drop out screen

and clinical data analysis
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Integration of the screen resistant candidates and the genes

associated with poor response in patients

The potential resistance drivers obtained through the three analyses where then
integrated together to find common candidates that are conferring resistance to
CDK4/06i (Figure R8A). Out of 3730 genes identified in CRISPR/Cas9-based screen
associated with resistant phenotype (ZR75 and BT474 cell lines together), 152 were
interrogated in the clinical cohorts (genes profiled with nCounter Breast360™ panel,

Supplementary table 4).
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Figure R8. Integration of the candidates obtained with CRISPR/Cas9 screen, CDK and
CORALEEN patient cohorts’ analysis.

(A) Venn diagram of the common candidates between the different strategies. (B) Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) network graph of the eleven common
candidates in the three strategies. Gray lines show high-confidence protein-protein associations. The
Markov Cluster (MCL) algorithm was used to cluster the proteins. (C) Hypergeometric test of GO
biological pathways for the 4 intersections using BH-adjusted values. (D) Co-expression analysis of
the eleven candidates in TCGA BCa tumors dataset.
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CDK/

SO any CRISPR sereen | CRISPR
/ CRISPR CORALEEN (51)
screen (11) (11) screen (13)
BLM ANLN KIF23 CDHI1 AGT
CCNE1 ASPM KIF2C BMPSA B3GNT3
CDC25A AURKA KIFC1 DLL3 BNIP3
CDKN3 BIRC5 KNTC2 1L22RA2 CDH2
CKS1B CCNA2 MCM2 ITGBG6 DSC2
DLGAP5 CCNB1 MCM3 PAXS EGLN3
E2F1 CCNEZ2 MELK SMC1B HIF1A
XXXX CDC20 MKI67 DUSP4 LFNG
POLQ CDC25C MYBL2 ATP10B MT1G
PTTG1 CDCA5 MYCN FZD9 NETO2
TSPANI1 CDK1 PRC1 GNLY PIK3R3
CEACAM5 PSAT1 PLCB1
CEACAMG RAD51 STAT1
CHEK2 RAD54L
CXCL10 RASGRF1
CXCL9Y RFC4
DEPDCI1 RRM2
ELF3 SPC25
EXO1 SUV39H2
FAMS3D TOP2A
FOXM1 TRIP13
FUT3 TTK
GGH TYMS
HIST1H3H UBE2C
HIST3H2BB UBE2T
KIF11

Table R1. Candidate drivers of CDK4/6i resistance obtained from the integration of the
three analyses. These genes form the Union signature.

Eleven genes were found highlighted in the three analyses individually. CDK and
CORALEEN patient cohorts had 51 genes in common. CRISPR/Cas9 screen
shared 13 candidate genes with CDK patient cohort and 11 genes with CORALEEN
clinical trial (Table R1). We mainly focused on the intersection of the three strategies
and interrogated the molecular function of the eleven candidates. Nine out of the
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eleven genes in the intersection play a role in cell cycle progression and replication
determined by an hypergeometric test of GO biological pathways (BLM, CCNET,
CDC25A4, CDKN3, CKS1B, DLGAPS5, E2F1, POLQ and PTTGT), the other two
genes were membrane proteins involved in signaling transduction (XXXX and
TSPANT) (Figure R8B). We then checked the gene expression correlation between
the eleven candidates in primary BCa samples of the TCGA dataset (Figure R8D).
We could cleatly see a cluster of cell cycle-related genes, but XXXX and TSPANT
showed a poor correlation with the rest of the candidates. The alteration of cell cycle
mediators have been previously associated with resistance to CDK4/6i (reviewed in
Alvarez-Fernandez and Malumbres, 2020, McCartney ez al., 2019; Pandey et al., 2019),
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Figure R9. E2F1 gene candidate as positive control of palbociclib resistance in our
models.

(A) B scores comparison between control (vehicle) and palbo-treated condition in ZR75 (left)
and BT474 (right) cell lines. (B) PFS and OS analysis of CDK patient cohort dividing baseline
samples in high and low expression of E2F1 gene. (C) E2F1 expression comparison between
tumors that responded to ribociclib plus letrozole and the tumors that did not respond.
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supporting our findings. As a positive control of our results, E2F1 gene was one of
the top hits from the CRISPR/Cas9 screen in BT474 cell line (Figure R9A).
Corroborating the performance of the unbiased 7z vitro screen, we confirmed that
high expression of E2F1 was significantly associated with worst PEFS and OS in CDK
patient cohort (Figure R9B). In addition, non-responder tumors in CORALEEN
clinical trial also showed higher expression of E2F1 compared to responder tumors
(Figure R9C). E2F1 is a transcription factor from E2F family downstream of RB,
that has an important role in the G1-S phase transition in cell cycle progression
(Clark et al., 2016; Diehl, 2002). The phosphotylation of RB by CDK4/6 induces
RB inactivation and allows E2F release, leading to the transcription of different
proteins required for cell cycle progression, including cyclin E. Then, cyclin E-CDK2
phosphorylates RB, inducing more E2F release and promoting S phase transition.
The overexpression of E2F1 bypasses CDK4/6 inhibition and causes the cell to
depend on other signaling pathways instead of cycin D-CDK4/6 for cell cycle
progression (Dean etal., 2010). Additionally, we decided to group any gene candidate
common in at least two of the three analyses in a gene expression signature, named
Union signature (Table R1). The association of this gene signature with OS in
METABRIC BCa tumors was interrogated. The expression of this group of genes
(classified by their high, medium and low expression) in ER+ BCa tumors showed
significant differences in OS (Figure R10A). High expression of these genes was
associated with worst OS (Figure R10A). In ER-negative BCa tumors no differences
were observed. We next classified the tumors by PAM50 molecular subtypes and
tested how this gene signature was associated with the molecular subtypes’ outcome.
We observed that high expression of these genes is related with worst OS only in
LumB subtype BCa tumors (Figure R10B). These results could be explained, in part,
by the significant enrichment in cell cycle related genes. Thus, this CDK4/6i
resistance gene drivers’ signature could be a surrogate of increased proliferation,
therefore worst OS. To clarify this, further analysis is needed.

Collectively, the integrative analysis of molecular and clinical strategies identified
previously described mechanisms of resistance as well as novel potential CDK4/6i

resistance drivers.

Figure R10. OS analysis of METABRIC BCa tumor data set.

(A) Interrogation of the effect of Union signature expression on OS in METABRIC BCa dataset
stratified depending on ER expression (B) Interrogation of the effect of Union signature
expression on OS in METABRIC BCa dataset stratified depending on PAMS50 molecular
subtypes. Cox models on standardized gene expression (centered and scale within subtype) and
on gene signature with global signature adjustment.
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CHAPTER3

Validation of XXXX-driven CDK4/6i resistance
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XXXX is associated with HER2-E and worse response in patient

cohorts

Nine out of the eleven gene drivers of CDK4/6i resistance obtained with the

CRISPR/Cas9 screen and the clinical data analysis are part of the cell cycle

machinery. The other two genes are membrane molecules that induce signaling

transduction. TSPANT encodes for the Tetraspanin 1 protein, a member of the

transmembrane 4 superfamily, that plays a

role in many biological processes

including proliferation, cell adhesion, migration and motility. TSPANT is upregulated
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Figure R11. XXXX expression was associated with worse response to CDK4/6i treatment
in CDK and CORALEEN clinical cohorts.

(A) CDK patient cohort samples acquisition design. (B) XXXX gene expression in baseline and
PD samples in CDK cohort. (C) PFS and OS univariate analysis, dividing high and low XXXX
expression in baseline samples in CDK patient cohort. (D) CORALEEN clinical trial samples
acquisition design. (E) XXXX gene expression after letrozole plus ribociclib treatment comparing
those tumors that responded vs those that did not respond.

in different tumor types such as colorectal adenocarcinoma (Chen ez a/, 2009) and
ovarian carcinoma (Scholz et al., 2009).

[Eliminated section — Confidential Information]

In the CDK patient cohort (Figure R11A), baseline tumor samples with high levels
of XXXX expression were significantly associated with worse PFS ([HR]=1.46) and
OS (HR=2.01) (Figure R11C). In addition, PD samples showed an increased XXXX
expression compared with baseline samples, indicating a positive selection of this
protein through the treatment process and a correlation with the non-responder
phenotype (Figure R11B). Data from the ribociclib and letrozole arm of the
CORALEEN clinical trial showed that XXXX expression was also increased in
sutgical samples of tumors that did not respond to treatment (Figure R11D/E).

In conclusion, these observations suggest that XXXX plays a relevant role in
CDK4/6i resistance in HER2-E molecular subtype tumors.

Validation of XXXX as a CDK4/6i resistance mediator

To interrogate XXXX function during CDK4/06i treatment, we used different 7 vitro
models. We first generated an acquired resistance cell line to palbociclib by treating
palbo-sensitive MCF7 cells with increasing doses of the drug in every passage (until
reaching 1uM palbociclib in the media, MCF7-PR, Figure R12A). We characterized
the palbociclib dose-response and PAMS50 molecular subtype in these cells (Figure
R12B/C, respectively).

As expected, MCF7-PR showed increased resistance to palbociclib, together with an
increase in XXXX expression (Figure R12C) compared to parental. XXXX gene
expression was upregulated. (Figure R12C). Interestingly, the PAMS50 score showed
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a switch from LumB to HER2-E molecular subtype in MCF7 cells after the
resistance acquisition, in line with the previous observations.
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Figure R12. Development of acquired resistance to palbociclib cell model in MCF7
palbo-sensitive cell line.

(A) Acquired resistance cell line model. (B) Dose-response to palbociclib treatment. IC50
measurement is anotated next to the cell lines (C) PAMS50 assessment classified parental MCE7
as LumB and derived MCF7-PR as HER2-E.

a. XXXX loss-of-function strategies

Next, we interrogated the effect of XXXX loss in ZR75 and BT474 palbo-resistant
cell lines. We designed a CRISPR/Cas9 knock-out (KO) strategy with 4 different
sgRINA targeting XXXX gene. We cloned the sgRNAs into lentiCRISPRv2 plasmid
(Figure R13A) and selected sgRINA3 as the most efficient sgRNA (Figure R12B left).
However, after infection and puromycin selection, we were not able to fully eliminate
XXXX protein expression (Figure R13B right).
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This strategy was aimed to obtain a pool of XXXX-mutated clones, therefore the
efficiency of the process needed to be optimal. XXXX KO cells after different
passages adapted to recover XXXX expression, which suggests that not all cells
induced a KO mutation in XXXX gene. Clonal selection was not possible due to

technical problems. We are repeating this experiment to obtain single XXXX KO
clones.
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Figure R13. XXXX CRISPR/Cas9 KO generation.

(A) LentiCRISPRv2 plasmid design containing sgRNA for XXXX gene. (B) WB validation of
the XXXX expression silencing of the 4 different sgRNA (left). ZR75 and BT474 XXXX KO
(sgRNA3) cell lines showed a band at 95 KDa. (C) Cell proliferation assay for ZR75 WT and
XXXX KO (up) and BT474 WT and XXXX KO (down). (D) Dose-response assay comparing
ZR75 WT and XXXX KO (up) and BT474 WT and XXXX KO (down). IC50 was annotated
next to the cell lines.
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We determined cell growth (Figure R13C) and palbociclib dose-response (Figure
R13D) of the mutated XXXX KO pool cells compared with the WT condition (cells
infected with the lentt CRISPRv2 plasmid without sgRNA) for each cell line. There
were no differences in cell growth nor response to palbociclib in XXXX KO cells
compared to WT.

Because of the technical problems we had to completely KO XXXX in palbo-
resistant cell lines, we decided to use 2 different downregulation strategies to
determine XXXX effect during palbociclib treatment: siRNA and shRNA. We used
transient siRNA to analyze the immediate effect of XXXX silencing in cell growth.
Apart from the MCF7-PR cells we generated, we took advantage of two BT474-
derived cell lines with acquired resistance to well established anti-HER2 therapies
(protocol described in Bras6-Maristany e al, 2020): BT474 lapatinib and
trastuzumab resistant (BT474-LL'TR) and BT474 tucatinib and trastuzumab resistant
(BT474-TTR). Both cell models are HER2-E by PAM50 and palbociclib resistant
(Bras6-Maristany et al., 2020). Non-targeting (NT) siRNA were used as negative
controls (Figure R14A-B). XXXX downregulation significantly reduced cell growth
in 5 out of 8 cell lines tested: MDA-MB-453 (XXXX-mutated cell line used as
positive control for XXXX dependency), ZR75, MCF7-PR, BT474-LTR, BT474-
TTR cells (Figure R13B and C). Derived cell lines (MCF7-PR, BT474-LL'TR, BT474-
TTR), which presented an increased resistance to palbociclib effect, had a stronger
dependence on XXXX signaling cascade than parental (Figure R14C).

The second downregulation strategy used to help us decipher XXXX role in
palbociclib resistance was shRNA. Silencing with shRNA have a stable effect,
maintaining the downregulation for several passages. We first tested the
downregulation after shRNA infection by WB and then we analyzed the palbociclib
dose-response effect in cell lines with different sensitivity to palbociclib (Figure
R15A/B, respectively). Cell lines defined as palbo-tesistant, showed a reduction in
the palbociclib IC50, whereas the palbo-sensitive MCEF7 cells showed small or no
decrease in this measurement after XXXX silencing. Interestingly, the strongest
effect in sensitivity increase upon XXXX downregulation was detected in ZR75 cells.

Figure R14. Effect of XXXX silencing with siRINA in cell growth.

(A) Protein validation by WB of XXXX silencing induced by transient siRNA. GAPDH is used

TNV

(NT). (C) Growth arrest waterfall plot comparing XXXX siRNA with control (NT).
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Figure R15. Changes in palbociclib IC50 upon XXXX silencing in different cell lines.

(A) WB validation of XXXX silencing by two independent shRNA. GAPDH is used as a loading
control. (B) Dose-response curves and IC50 measurement in each cell lines comparing

shScrambled (shC) and shXXXX. (C) Normalization of the IC50 to the shScrambled.
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b. Gain-of-function experiments

Next, we developed a gain-of-function approach enhancing the biological function
of XXXX. To this, we generated cells that overexpress XXXX (OE), XXXX
constitutively active (CA) and XXXX kinase dead (KD) proteins. To generate CA
and KD isoforms we induced a point mutation for each condition: Y367C in the
case of the CA isoform and K504M for the KD. We infected ZR75 palbo-resistant
and MCF7 palbo-sensitive cell lines with the indicated constucts and tested XXXX
activation by Y642 phosphorilation (Figure R16A). The control for the infection was
the backbone of the plasmid with the RFP molecule. We detected the XXXX
overexpression in ZR75 and MCF7 OE, CA and KD cells. Of note, ZR75 showed
a higher overexpression of the three isoforms. We also assessed the XXXX
activation based on the phosphorylation of TyrXX, a residue located in the
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Figure R16. XXXX gain-of-function effect over palbociclib response in ZR75 and MCF7
cells.

(A) XXXX total and phosphorylated XXXX (Tyr642) WB detection. GAPDH is used as a
loading control. (B) Response to palbociclib in ZR75 and MCF7 cells control (REP),
overexpressing XXXX (OE), a constitutively active form of XXXX (CA) and a kinase dead form
(KD). We measured IC50 per each cell line.
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intracellular domain of the protein that gets phosphorylated upon acctivation of the
receptor. Cell lines overexpressing WT and CA XXXX showed increased
phosphorylation, whereas the KD isoform had basal XXXX activation. Next, we
tested the functional outcome of overexpressing XXXX in the different isoforms.
We performed a palbociclib dose-response assay to measure the palbociclib effect in
XXXX overexpressing cells compared to parental cells (Figure R16B). In ZR75
palbo-resistant cells, the overexpression of XXXX in any of the three isoforms
doubled the palbociclib IC50 (ZR75 RFP IC50 = 120 nM vs. ZR75 OE/CA/KD
IC50 = 230-300 nM), suggesting an increase in palbociclib resistance. In MCF7
palbo-sensitive cells, we added a positive control for resistance, the derived MCF7-
PR cells. We detected a 4-fold increase in palbociclib IC50 in MCF7 OE,CA and KD
(MCF7 RFP IC50=10 nM vs. MCF7 OE/CA/KD = 38-45 nM). However, the
increase did not reach the IC50 for the acquired resistance cell lines MCF7-PR (IC50
=120 nM). Remarkably, KD isoform overexpression showed the same effect on the
IC50 than the other two overexpressing isoforms, suggesting that the effect of
XXXX in CDK4/6i resistance may be induced through a kinase independent
manner. Further experiments have to be performed to unravel the specific molecular
mechanism by which XXXX drives CDK4/6i resistance.

Collectively, these results confirm the contribution of XXXX to CDK4/6i
resistance.
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CHAPTERA4

Characterization of the XXXX-driven mechanism

that induces CDK4/6i resistance
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Characterization of the XXXX-driven mechanism that induces
CDK4/6i resistance.

For the identification of protein-protein interactions we optimized a unique method
called Proximity-dependent biotin identification (BioID). It consists on the fusion of
a promiscuous biotin ligase (Escherichia coli-derived BirA R118G*) to our protein of
interest to covalently label with biotin proteins that are in close proximity. A co-
immunoprecipitation with streptavidin beads is performed to purify the proteins that
are biotinylated. Finally, protein interactors are identified by mass spectrometry
analysis (Figure R17).
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Figure R17. Proximity ligase approach to unravel which signaling cascade is activating
XXXX to induce CDK4/6i resistance.

Graphic representation of BiolD methodology. Cells are transduced with a plasmid containing
the protein of interest fused with a promiscuous biotin ligase. After incubating O /N with biotin,
all the molecules that were close to our protein of interest were biotinylated. Then, cells are lysed
and protein fraction is obtained. By immunoprecipitation using streptavidin magnetic beads,
biotinylated proteins are isolated and purified to further analysis by mass spectrometry (MS).

a. Optimization and validation of XXXX-BioID2 fusion protein.

The first step to adapt the BiolD methodology to our setting was to generate the
plasmids carrying our protein of interest fused with the BiolD2 molecule. To this,
we introduced XXXX transcript in frame before the BiolD2 protein in MCS-
BiolD2-HA backbone. Herein, we used second-generation biotin ligase (BiolD2),
which is smaller and allows a more selective biotinylation (Kim ¢4/, 2016) compared
with first generation BirA. BiolD2 also needs less biotin in the media than BirA
R118G* to perform the labelling, enhancing its function. When applying the BiolD
technique, the protein of interest is normally fused to N-terminus (myc-BiolD2-
protein) and C-terminus (protein-BiolD2-HA) in parallel to capture all possible
interactions and avoid interferences from the BiolD molecule. Since XXXX is a
membrane protein and we were interested in the intracellular pathways that are
activated within palbociclib treatment, we decided to simplify the experimental
design and use only the N-terminus construct (XXXX-BiolD2-HA). The negative
control used for our experiments is myc-BiolD2, due to lack of expression of
BiolD2-HA protein after transfection. We decided to use MCF7 and MCF7-PR to
compate the molecular interactors of XXXX that may change upon CDK4/6i
resistance. MCEF7-PR cells were cultured with 200 nM palbociclib in the medium.
MCF7 cells transfection was very efficient, thus suitable for the large number of
transfected cells required for performing the BiolD experiments. We validated
through IF staining the biotinylation function of the BiolD2 in both constructs
(Figure R18A) upon biotin addition. We also determined the differences in cellular
localization of XXXX-BiolD2-HA compared to myc-BiolD2. XXXX-BiolD2-HA
was strongly detected in the membrane and vesicle compartments but did not stained
the nucleus. Myc-BiolD2 was stainned spread through all the cell compartments
without distinction, which indicated XXXX-BiolD2-HA construct specificity.
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b. XXXX interactome identification in MCF7 and MCF7-PR cells

We performed the BiolD experiment to identify XXXX interactors in MCF7 and
MCEF7-PR cells. To this, we transfected these cells with myc-BiolD2 and XXXX-
BiolD2-HA plasmids. The myc-BiolD2 was used as a control to identify proteins
that are randomly biotinylated, therefore excluding unspecific interactions, whereas
XXXX-BiolD was used as a bait. Cells were incubated with 50 uM biotin O/N,
biotinylated proteins were purified using streptavidin-conjugated beads and analyzed
by mass spectrometry (MS). Protein cell extracts were obtained after biotin pull down
experiments to determine global biotinylation (HRP-streptavidin antibody) and the
transfection efficiency (HA/myc tags and XXXX antibodies) (Figure 18B). As
observed in the streptavidin WB (Lower panel, Figure R18B), the control plasmid
(myc-BiolD2) biotinylates more proteins than XXXX-BiolD2-HA. These results are
explained by the presence of the myc-BiolD2 molecule in all the compartments
compared with the membrane-specific localization of the XXXX-BiolD2-HA
protein. Of note, MCF7-PR transfection efficiency was much lower than parental
and it translated to lower number of interactors in the MS analysis (Supplementary
table 5). Interactors were identified using two biological replicates comparing
XXXX-containing conditions with the controls and filtering the interactor
candidates with a Bayesian false discovery rate (BFDR) less than 0.02 and a 3-fold

enrichment.

The MS analysis identified 86 interactors in MCF7 cells and 9 in MCF7-PR (BFDR
< 0,02, fold change > 3, Supplementary table 5). We used YYYY, a protein related
with our candidate, as a BiolD positive control. In MCF7 cells it is one of the top
identified molecules with a 11262,4-fold change compared with the control
condition. In MCF7-PR cells YYYY show a fold change of 335,3 but a BFDR =
0,21. This result is not significant, however based on the previous information, we
decided to relax the BFDR threshold to 0,21 in both cell lines. With the new
threshold, 101 proteins were detected in MCF7 and 78 in MCF7-PR cells
(Supplementary table 5). Fifteen proteins were common in both cell lines. XXXX
interactome characterization identified three signaling cascades in MCF7 and MCF7-
PR: RSK, mTOR and PLCy pathways. Many interactors found in both cell lines were

proteins involved in vesicle
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Figure R18. Validation of XXXX-BioID2-HA construct.

(A)  Representative images obtained with immunofluorescence labeling of MCF7 cells
transfected with the indicated plasmids. Nucleus were stained with DAPI. Scale bar: 50 um (white
line). (B) WB validation of the BioID experiments (two biological replicates) we performed with
MCE7 and MCEF7-PR cell lines.
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trafficking and membrane functions such as cell-cell interactions. The compartment
localization of these interactors fit with the XXXX immunofluorescence signal
which situated the receptor specifically in the vesicle-like intracellular organelles and

the cell membrane.

We specifically focused on those interactors with signal transduction function. In
both MCE7 cell lines, XXXX was interacting with YYYY, RSK1, RICTOR, and
PLCGI, proteins involved in important biological pathways such as proliferation,
differentiation and survival. According to DAVID bioinformatic tool (Huang ez a/,
2009), the unique proteins identified in MCF7-PR were related with transcription
regulation (BRD7, EHMT1, MBD1, LGR4 and UIMCI), rRNA processing
(EXOSC5, EXOSCY9, MPHOSPH10 and NOLG), mRNA stability (EXOSCS5,
EXOSCY9 and PSMD5), vesicle-mediated transport (AP3S2, JAGN1 and SAR1A)
and G2 DNA damage checkpoint (TAOK2 and UIMC1).

XXXX induces CCNE]T activity promoting cell cycle progression

We further analyze gene expression changes after XXXX silencing, as an alternative
method to find interesting downstream mechanisms that explain how XXXX is
driving CDK4/61 resistance. We interrogated the expression of a nCounter panel,
including the 50 genes of the PAM50 gene signature upon XXXX silencing (knocked
down with siRNA and shRNA). Using SAM analysis, we identified 15 genes that
were differentially expressed (FDR<5%) without XXXX expression (Supplementary
table 6). CCNET was significantly downregulated upon XXXX knock-down (Figure
R19A and B), together with other cell cycle associated genes such as CDCAT and
CDC20. Consistent with previous reported data, silencing XXXX reduced the
HER2-E signature in these cell lines (Figure R19B). CCNE7 was a CDK4/6i resis-

Figure R19. CCNEI1 association with CDK4/6i resistance.

(A) Gene expression analysis measured with nCounted panel including PAMS50 gene signature
from different cell lines that downregulated XXXX expression using siRNA and shRNA.
Significantly upregulated genes (blue) and downregulated genes (orange) with FDR<5%. (B)
Interrogation of HER2-E signature and CCNET7 expression levels in the previous cell lines.
Upregulation (black) or downregulation (pink) of HER2-E signature (left) and CCNET1
expression (right) upon XXXX silencing in different cell lines. (C) CCNET gene expression in
baseline and PD samples in CDK cohort. (D) CCNET gene expression comparing tumors that
responded vs tumors that did not respond to letrozole plus ribociclib treatment. (E) Palbociclib
effect on ZR75 cells with and without CCNET silencing.
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tance candidate driver gene obtained after the integration of the three analyses
(Figure R8A). High expression of CCNET7 was previously associated with resistance
to palbociclib and HT (Guarducdi e# al, 2017; Herrera-Abreu ez al., 2016; Ma ef al.,
2017; Turner ef al, 2019). In the CDK patient cohort, tumors from patients that
relapsed after CDK4/6i treatment showed a significantly increased expression of
CCNET compared to baseline samples (Figure R19C). Similar results were found
when analyzing CORALEEN clinical trial, tumors that did not respond to tibociclib
plus letrozole showed a significantly higher expression of CCNET than the
responders (Figure R19D). Collectively, these evidences suggest CCNE1 as a
potential downstream effector of XXXX. To this, we measured changes in
palbociclib capacity to inhibit proliferation in ZR75 cells with and without CCNE1
expression. Downregulation of CCNE1 levels with two independent shRNA
showed a reduction in palbociclib IC50 from 200 nM to 50 nM in shCCNE1#1 and
100 nM in shCCNE1#2 (Figure R19E).

CCNE1 encodes for cyclin El1 that generates a complex with CDK2 to
phosphorylate RB, among other proteins, in order to induce cell cycle progress
(Chandarlapaty and Razavi, 2019). These preliminary results suggest that XXXX
might be inducing CCNE1 expression and therefore bypassing G1 checkpoint,
independently of CDK4/6 function. Further experiments are being performed 77
vitro and in vivo to confirm this hypothesis.
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Discussion

The development of CDK4/6i has had a substantial impact on luminal advanced
BCa therapy. However, some studies have shown differences in treatment efficiency
depending on the molecular subtype of the tumor (Finn ¢z a/, 2018b; Ma ez al., 2017).
HER2-E subtype, together with Basal-like, showed little to no response to CDK4/6i
therapy compared with the benefits that luminal subtypes obtained from the
treatment. Additionally, during the metastatic process around 14% of the luminal
tumors evolve towards a HER2-E intrinsic subtype (Cejalvo e al, 2017), which
suggests that these tumors are unlikely to benefit from the treatment. Unravelling
which mechanisms drive the resistance to CDK4/6i in this situation is pivotal to
maximize treatment outcome. Herein, we aimed to undetlie these mechanisms in
order to eventually overcome CDK4/6i resistance in HER2-E subtype advanced
ER+/HER2-negative BCa.

Identification of CDK4/6i gene drivers using CRISPR/Cas9
screen and clinical data analysis.

Since the outstand of the CDK4/61 as a standard of care to treat ER+/HER2-
negative BCa, several reports have pointed to resistance as the eventual driver of
therapy failure. To this, many studies have identified mechanisms that explain this
resistance, mainly pointing at cell cycle proteins. However, although mutations in cell
cycle-related genes may account for a subset of the patients, they fail to systematically
explain CDK4/6i resistance. To unravel the mechanisms that confer CDK4/6i
resistance in HER2-E ER+/HER2-negative BCa tumors we designed different
strategies. We implemented a genome-wide screen in CDK4/6i-resistant cell lines
and analyzed two different patient data sets in order to identify genes associated with
CDK4/6i resistance.

High-throughput sequencing screening strategies are a very powerful tool to identify
molecular mechanisms related with drug resistance in cancer research. During the
last decade, different whole genome screening technologies have been developed.
Gene silencing with shRNA has been commonly used for functional genomics, but
with the refinement of the CRISPR/Cas 9 genetic tool, a new genetic strategy for
functional screenings has emerged. The main difference between both approaches is
that shRNA produces a knock-down of the gene expression, whereas CRISPR/Cas
9 introduces point mutations, generating a knock-out of the targeted gene. ShRNA
interferes at the post-transcriptional level targeting mRNAs, yet residual protein
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expression could remain after the knock-down, which may mask certain phenotypes.
This effect could be prevented with a complete knock-out with CRISPR/Cas 9
which modifies the DNA, inducing permanent effects. Both shRNA and
CRISPR/Cas 9 tools produce off-target effects that can introduce false positives.
Moreover, shRNA display a sequence-independent off-target effect based on the
addition of RNA molecules that trigger the interferon-regulated genes and can alter
protein expression (Bridge e al, 2003). The off-target activity produced by
CRISPR/Cas 9 has been mitigated by the improvement of sgRNA design tools and
selecting the most efficient guides for the libraries. A recent comparative study
showed that CRISPR/Cas 9 present lower susceptibility to off-targets than shRNA
(Smith ez al, 2017). Based on all the previous information, we decided to use
CRISPR/Cas 9 screen to identify the drivers of CDK4/6i resistance in palbociclib
resistant cell lines. Additionally, we chose a genome wide targeting approach to
identify novel candidates that were not previously associated with CDK4/6i
resistance. This way, our experimental design could screen for the functional effect
of any protein in an unbiased manner.

We chose ER+/HER2-negative ZR75 cell line to petform the screening because of
the increased palbociclib IC50 (IC50 = 600nM), compared to sensitive cells MCEF7
(IC50 = 50nM) or T47D (IC50 = 80 nM). ZR75 cells sensitivity to palbociclib is in
line with resistant cells such as BT474 (IC50 = 2000nM). BT474 cell line was chosen
as a positive control of CDK4/6i resistance. BT474 cells are HER2-E by PAMS50
and present ERBB2 amplification. We also performed the screening in BT474 cells
to help differentiate those candidates that are associated with HER2 amplification

and the ones that are not.

Collectively, we designed an unbiased genome wide CRISPR/Cas 9 sctreen to
functionally identify drivers of CDK4/6i resistance in two ER+ BCa cell lines that
showed resistance to palbociclib 7 vitr.

A limitation of whole genome screen are confounders. The functional selection
petformed to identify driver genes of CDK4/6i resistance needed to be simple
enough to rule out genes that are involved in other cellular responses such as
senescence. Cell cycle atrest produced by CDK4/6i can result in quiescence,
senescence or apoptosis. Senescence is a phenotype acquired by the cell as a response
to stress that can be induced by different stimuli such as oncogenic activation,
chemotherapy, irradiation and other therapies like CDK4/6i treatment. Duting
senescence, cell cycle is arrested, and cells produce a secretome that boost the
microenvironment and engages the immune system. In BCa, senescence has been
detected in pre-clinical research, i vitro and in vivo (Goel et al., 2017; Vijayaraghavan
et al., 2017). If senescent cells are found in patients after treatment, is still unknown
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due to the lack of appropriate diagnostic tests. Since our focus was not the effect of
the senescence phenotype after palbociclib treatment, we explored at which time
point ER+ BCa cells express $-gal, a biomarker of senescence, and started to change
the morphology. Consequently, we could focus only in the CDK4/6i cytostatic
effect in tumor cells. At day 4 after starting palbociclib treatment, ZR75 cells began
to show morphological changes and at day 6 of treatment, they increased the
expression of 3-gal. Considering these observations, we decided to use a 4-day time
point to run our functional selection.

For the sequencing analysis of the CRISPR/Cas 9 drop out screen results, we
implemented two different methodological approaches using MAGeCK-VISPR:
Maximum likelihood estimation (MLE) and Robust rank aggregation (RRA). Based
on the straightforward design of our experiment, we could use both modules, yet the
new algorithm implemented in the MAGeCK-MLE model also considers the sgRNA
KO efficiency. This efficiency can vary depending on different variables such as the
sequence content and chromatin structure (Wu e al, 2014; Xu et al, 2015). This
information was considered relevant in our context, thus we focused on the results
analyzed by MaGECK-MLE module to select our candidate genes. Once we had the
B score for all the genes, we selected the genes based on a -0,9 palbociclib 8 score.
We observed that the top hit candidate resistant genes were cell specific. As a result
of relaxing the threshold, common candidates between BT474 and ZR75 resistant
cell lines were captured. Moreover, the relaxed threshold allowed us to fish out more
drivers to explore after integrating the screen results along with the patient data sets.
Expression profiles from patient samples was performed using a panel of 771 genes
called Breast Cancer 360™. These were the genes that we could interrogate in our
three analyses. Only 152 out of 3.730 gene candidates from the screen (when pooling
BT474 and ZR75 cells together) were included in Breast Cancer360™ panel, leaving
the majority of the candidates obtained out of the analysis.

Integration of the CDK4/6i resistance driver candidates from the
CRISPR/Cas9 screen and patients data sets analysis

When integrating the data obtained with the CRISPR/Cas 9 screen with the gene
expression analysis of two patient data sets (CDK patient cohort and CORALEEN
data set), we identified 11 CDK4/06i resistance candidates: BLM, CCNE1, CDC25A,
CDKN3, CKS1B, DLGAP5, E2F1, XXXX, POLQ, PTTG1, TSPANI1. This
included nine genes associated with cell cycle progression. Remarkably, some of
them were previously characterized as drivers of CDK4/6 resistance. In addition,
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the other two candidates were cell signaling proteins involved in the regulation of
important cell functions such as growth and migration.

Cell cycle related candidates

BLM, DLGAP5, POLQ, PTTG1, CDKN3, and CDC25A are genes included in a
gene expression signature of RB loss-of-function that includes 87 genes, named
RBsig (Malorni ez al., 2016). This signature have prognostic value in ER+ BCa tumors
from the METABRIC dataset (Malorni ¢ a/., 2016). Additionally, the RBsig identified
which BCa cell lines were resistant or sensitive to palbociclib (Malorni ez al., 2016).
Consistently, CDC25A was previously associated with HT resistance in luminal BCa
tumors. The phosphatase CDC25A dephosphorylates and activates cyclin-CDK
complexes. It is an unstable protein generated at G1 and degraded at mitosis. The
overexpression of this phosphatase accelerates the G1/S and G2/M transitions,
inducing genomic instability and tumor formation. When DNA damage is detected
by the DNA damage sensor ATM, CHK2 is activated and phosphorylates CDC25A
to be degraded. ATM-CHK2-CDC25A axis has been found crucial for the efficacy
of HT in luminal tumors and defects in single strand break repair in ER+ BCa can
drive endocrine therapy resistance (Anurag e# al, 2018; Haricharan ez al., 2017). In
addition, CDC25A dephosphorylates CDK4/6 complex inducing its activation,
which would suggest a function in controlling CDK4/6i outcome in ER+ BCa
tumors. CKS1B is a regulatory subunit of cyclin-dependent kinase and plays an
essential role in cell cycle progression. Many studies have associated CKS1B to
different cancer types such as myeloma and retinoblastoma. This protein has also
been related with chemotherapy resistance through the activation of STAT3 and
MEK signaling in multiple mieloma (Huang ez a/, 2015; Shi ez al., 2020).

E2F1 has been widely associated with CDK4/6i resistance in different pre-clinical
models and patients’ data. CDK-RB-E2F axis is central for cell cycle progression.
E2F function is regulated at many levels, such as transcription, mRNA stability, post-
translational modifications, interaction with regulatory proteins and protein stability
(Kent and Leone, 2019). Cyclin D-CDK4/6 and cyclin E-CDK2 complexes regulate
the dissociation of RB-E2F, allowing E2F transcription activity (Johnson ef 4/, 2010).
E2F is commonly upregulated in cancer and is associated with poor prognosis (Kent
and Leone, 2019). The overexpression of E2F can bypass cyclin D-CDK4/6
function and escape from CDK4/6i-induced cell arrest (Dean ez al, 2010).

Another interesting cell cycle-associated candidate was Cyclin E1. As introduced
before, cyclin E-CDK2 complex phosphorylate RB after it is phosphorylated by
cyclin D-CDK4/6, inducing E2F release. Upon CDK4/6 inhibition, endogenous
levels of cyclin E-CDK2 cannot efficiently phosphorylate RB, decreasing E2F
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release. To overcome this situation, tumor cells have been found to upregulate cyclin
E1, cyclin E2 and CDK2 in different CDK4/6i resistance models (Bollard 7 al,
2017; Herrera-Abreu et al., 2016; Martin ef al., 2017; Taylor-Harding ez al, 2015; Yang
et al., 2017). Silencing cyclin E1 or CDK2 restores sensitivity in resistant cells to
palbociclib-induced cell cycle arrest (Herrera-Abreu ez al., 2016).

Collectively, identifying genes that were previously reported to be involved in
CDK4/6i resistance validates the results we obtained with the integration of the
different strategies. Contrarily, any of these cell cycle-related proteins introduces
novel CDK4/6i resistance mechanisms.

Cell cycle non-related candidates

Unexpectedly, genes that are not associated with cell cycle progression machinery
were also highlighted. These genes were not previously reported to be drivers of
CDK4/6i resistance, hence representing promising unappreciated mechanisms of
resistance. This includes TSPAN1 and XXXX membrane proteins.

TSPANT is a cell-surface protein member of the tetraspanin family. This molecule
mediates signal transduction that regulates cell development, growth and migration.
TSPANT has been associated with tumor progression in different cancer types such
as pancreas, head and neck and prostate cancer (Chen e a/, 2009; Garcia-Mayea e#
al., 2020; Munkley ez al., 2017; Ye et al., 2021). TSPAN1 was identified in a proteomic
study that interrogated genes involved in cisplatin acquired resistance in head and
neck squamous carcinoma (HNSCC) (Garcia-Mayea ef al., 2020). They validated
TSPANT induction of cisplatin resistance HNSCC 7z vitro, in vivo and in patients
samples. Upon TSPANTI silencing in cisplatin-resistant cells, proliferation and
autophagy were reduced, apoptosis was induced, and cells were sensitized to
chemotherapy. Cisplatin-resistant tumors presented EMT phenotype that
disappeared after the inhibition of TSPAN1, indicating a relation between TSPAN1,
EMT and metastasis (Garcia-Mayea e7 al., 2020). TSPAN1 has not previously been
associated with CDK4/06i resistance, however some evidence suggested that EMT is
related with this resistance. The inhibition of CDK4/6 has been reported to induce
EMT via Smad-dependent TGF signaling (Liu and Korc, 2012; Tobin ez a/, 2011).
Consistently, the inhibition of CDK2-mediated phosphorylation of Smad3 decreases
cell migration and invasion in TN BCa through modifying EMT signaling (Thomas
¢t al., 2017). Consequently, CDK4/6i resistance may be induced from suppression
of Smad3 which is associated with cyclin E-CDK2 and EMT pathways (Franco ez al,
2014; Herrera-Abreu et al., 2016; Liu and Korc, 2012).

In summary, TSPANT1 is associated with EMT and chemotherapy resistance, and
EMT has been related with CDK4/6i resistance through Smad3 and Cyclin E-CDK2
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axis. Therefore, TSPANT could be another interesting driver of CDK4/6i resistance
to further explore in the future.

XXXX was the second molecule identified that was not part of the cell cycle
machinery. Although XXXX was not a top hitin the CRISPR/Cas9 screen, the two
clinical cohorts showed a strong significant association between XXXX and poor
response to CDK4/6i in patients. Interestingly, in the analysis of the CORALEEN
clinical trial, XXXX was the most significantly increased gene in tumors with no
response to ribociclib plus letrozole.

[Section eliminated — Confidential information]

Finally, we decided to select XXXX for further validation instead of TSPAN1. We
based our decision on the novelty of the association between this gene and CDK4/6i
resistance (i), the strong association between XXXX and the HER2-E molecular
subtype (i) and because of the cell membrane localization (iif) that provides an
accessible target to develop inhibitors against it.

Validation of XXXX-driven CDK4/6i resistance

Remarkably, HER2-E resistant cells expressing XXXX are refractory to XXXX-
depletion. Extended passaging of pool CRISPR/Cas 9 XXXX KO selected cells is
not viable and XXXX-expressing clones take out the KO pooled cell population.
This suggests that CDK4/6i resistance selects for XXXX addiction. Alternatively,
we used XXXX knockdowns (shRNA) to interrogate the effect of the gene in
palbociclib response. Downregulation of XXXX showed a partial restorage of
palbociclib sensitivity in ZR75, BT474 and MCF7-PR, whereas parental MCF7 were
unaffected. On the other hand, overexpression of XXXX in ZR75 cells increased
the resistance to CDK4/6i. In MCF7 cells overexpressing XXXX, resistance was
increased, but it did not reached MCF7-PR resistance, showing an intermediate state.
We could also appreciate that the increased resistance was found in the 3 isoforms
(OE, CA, KD), suggesting that XX XX induction of resistance could be independent
of its kinase activity. Further experiments to test changes in signal transduction
pathways upon XXXX overexpression are ongoing.

Given the different effects that CDK4/6i treatment has in patients, it is challenging
to validate XXXX-mediated CDK4/6i resistance 7z vitro. To this, i) we are currently
optimizing two xenograft mouse models for testing palbociclib effect 7z vivo. MCEF7
cells expressing luciferase are injected intracardially in athymic mice, to avoid
immune system clearance of human tumor cells. After malignant cells spread, we
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measure bone lesions in the legs through the luciferase activity in the malignant cells
using IVIS. When the metastatic outgrowth reaches the 10% from day 0, we start
treating the animals with daily gavage administration of palbociclib. Alternatively, we
are measuring the palbociclib effect on mammary fat pad injections of MCFE7 cells
in athymic mice. The optimization of both models is ongoing. We are determining
the appropriate time to start the treatment, the palbociclib dosage and frequency of
treatment of the mice. ii) We aim to use XXXX-depleted cells or XXXX-directed
mAD against XXXX to test the role of XXXX in CDK4/6i resistance. iii) We plan
to compare MCF7 and MCF7 XXXX OE cells to see metastatic burden and tumor
growth during CDK4/6i treatment.

Characterization of the XXXX-driven mechanism that induces
CDK4/6i resistance

To unravel key signaling mediators of XXXX in HER2-E context a protein-protein
interaction screening was completed. We used proximity labeling assay BiolD
approach to identify XXXX interactors in MCF7 cell lines (MCF7 and MCF7-PR).
Characterization of XXXX downstream interactome may allow us to better discern
what signaling cascades are key to drive palbociclib treatment resistance.

BiolD is a unique technique to identify physiologically relevant protein interactions.
This method fuses a promiscuous biotin ligase to the protein of interest in order to
biotinylate proteins that are in close proximity (Roux ef a/, 2018). Biotinylation is a
physiologically rare protein modification, therefore this method allows a selective
isolation and identification of BiolD-biotinylated molecules. The interactome of the
protein of interest is determined by standard biotin-affinity capture using
streptavidin beads and subsequent mass spectrometry peptide analysis. Importantly,
interactors must be validated through alternative techniques such as co-IP or
proximity-ligation assay (PLA). Remarkably, the BiolD enables the detection of low
affinity and transient interaction in the cellular context. This has offered a more
comprehensive view of the XXXX potential partners.

We used a second-generation biotin ligase (BiolD2) for developing our BiolD
experiments. This molecule is smaller than the first biotin ligase BirA R118G*, which
increases selectivity and enhances labeling of close proteins to the fused target
molecule (Kim ez a/, 2016).

We used two different cell lines for the BiolD: MCEF7 and MCF7-PR (two replicates
each). The results showed that in both cell lines XXXX is interacting with RSK1,
RICTOR and PLCG1, which were previously reported and serve as positive
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controls. We next focus on XXXX interactome in palbo-resistant cells incubated
with palbociclib. Out of the 63 unique interactors in MCF7-PR cells, RHEB and
LLGR4 were highlighted based on their association with important signaling cascades

related with tumor cell growth and metastasis.

RHEB is a conserved small GTPase that belongs to the Ras superfamily and activates
cell growth through mTORCI activation. It requires signals from metabolites such
as amino acids, glucose, oxygen, ATP and growth factors (cytokines and hormones
like insulin) to stimulate mMTORC1 complex (Dibble and Cantley, 2015). RHEB has
been found overexpressed in human carcinomas with a crucial function in
carcinogenesis (Lu ez a/, 2010). Interestingly, a study showed that the activation of
mTORC1 and mTORC2 induces CDK4/6i resistance in PDAC tumors. They found
that the combinatorial effect of both complexes increase cyclin D1 and cyclin E1
expression, therefore enhancing cell cycle in PDAC cells (Knudsen e7 @/, 2019). In
our context, XXXX could be activating mTORC1 and 2 through RHEB in MCF7-
PR cells, inducing gene expression changes, such as CCNE1 upregulation, and
bypassing CDK4/6i effect.

LGR4, together with LGR5 and 6, stabilizes Wnt receptors, inducing Wnt signaling
cascade. A recent article showed that LGR4 was able to enhance BCa metastasis
independently of Wnt signaling (Yue ef al, 2021). In a multiomics screening analysis
they identified EGFR as a key mediator of LGR4 activity in BCa progression (Yue
et al., 2021). LGR4 interacts with EGFR, avoiding EGFR degradation and enhancing
the activation of the molecule. In our CDK4/6i resistant cells, LGR4 interaction
with XXXX could be inhibiting its degradation in CDK4/6i resistant cell lines

enhancing its function and leading to cell cycle progression.

We hypothesize that XXXX, enhanced by LGR4 function in the membrane, might
be activating PI3K/AKT/mTOR signaling to ultimately phosphorylate CDK2.
CDK2-cyclin E1 complex might be phosphorylating RB and releasing E2F1
transcription factor. Preliminary experiments have pointed towards a decrease in
phospho-RB after silencing XXXX, translated in cell cycle arrest. The XXXX-
mediated effect on RB phosphorylation and E2F1 activation may explain CCNE1
expression changes in XXXX-depleted cell lines. Of note, cyclin E1 was one of the
candidates found in the integration of the CRISPR/Cas 9 screen and the two clinical
cohorts. The expression of this gene was highly associated with PD samples in CDK
cohort and with no response to ribociclib plus letrozole in CORALEEN clinical trial.
Moreover, downregulation of CCNE1 in ZR75 palbo-resistant cells increased
sensitivity to palbociclib. However, CCNE1 has widely studied associated with
CDK4/6i resistance
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Figure D1. XXXX drives CDK4/6i resistance in HER2-E ER+/HER2-negative BCa
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Schematic representation of the mechanism involved in CDK4/6i resistance in cells that are
sensitive (top) and resistant (center) to palbociclib based on our research. XXXX inhibitors would

be a new therapeutic strategy (bottom) to overcome XXXX-mediated CDK4/6i resistance.
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All together, we suggest a working model in which XXXX is the driver of CDK4/6i
resistance in HER2-E ER+/HER2-negative metastatic tumors by increasing cyclin
E1-CDK2 function and evading CDK4/6 inhibition. We hypothesize that the
inhibition of XXXX would restore CDK4/6i sensitivity in HER2-E subtype
metastatic ER+/HER2-negative tumors (Figure D1). Further expetiments must be
petformed to validate the activation of PIP3K/AKT/mTOR and CDK2 upon
XXXX activation in the context of CDK4/61 treatment.

[Section eliminated — Confidential information]

In summarty, this thesis describes a potential driver of CDK4/6i resistance in HER2-
E subtype ER+/HER2-negative BCa tumors. Based on these results, XXXX-
ditected mAb therapy to treat HER2-E subtype ER+/HER2-negative advanced
tumors with poor response to CDK4/6i might be beneficial and could improve
treatment outcome. We propose XXXX-targeted therapy in combination with HT
and CDK4/6i as a testable therapeutic strategy in metastatic ER+/HER2-negative
BCa tumors with HER2-E molecular subtype that have poor response to first line
HT plus CDK4/6i.
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Conclusions

Integration of a genome wide CRISPR/Cas 9 screening in palbo-resistant cell lines,
with the analysis of two patients’ data sets identified eleven candidate gene drivers of
CDK4/6i resistance: BLM, CCNE1, CDC25A, CDKN3, CKS1B, DLGAPS5, E2F1,
XXXX, POLQ, PTTG1 and TSPANT. Nine out of the eleven candidates are part of
the cell cycle machinery and were previously associated with CDK4/6i resistance.

XXXX was significantly associated with progression disease in the CDK patient
cohort that included tumors treated with different CDK4/6i lines.

In patients that did not respond to ribociclib plus letrozole treatment in the
CORALEEN dlinical trial, XXXX expression was significantly upregulated
compared with baseline samples.

XXXX depletion increased sensitivity to palbociclib in palbo-resistant ER+ BCa cell
lines.

XXXX interactome in MCEF7 parental and palbo-resistant include RSK1, RICTOR
and PLCG1 signaling mediators.

XXXX interactome in MCF7 palbo-resistant show 63 unique interactors. LRG4 and
RHEB are signaling mediators that could explain XXXX-driven mechanism of
CDK4/6i resistance.

XXXX silencing reduces CCNET1 expression in different ER+ BCa cell lines.

CCNET1 silencing increases sensitivity to palbociclib in ZR75 ER+/HER2-negative
BCa cell lines.
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Supplementary tables

Supplementary table 1. List of genes from Breast Cancer 360™ whose high expression is
associated with worst PE'S (up) and OS (down) in CDK patient cohort. p-value < 0,05.

UNIVARIATE PFS

GENE HR (95% CI) p-value
XXXX 1.46 (1.19-1.78) 0,0002
RASGRF1 | 14 (1.16-1.71) 0,0006
LAD1 1.37 (1.09-1.71) 0,0063
BAIAP2L1 | 1.3 (1.02-1.65) 0,0309
SUV39H2 | 129 (1.06-1.58) 0,0129
PLCB1 1.26 (1.03-1.55) 0,022
ELF3 1.25 (1.01-1.56) 0,0434
SHMT?2 1.25 (1.03-1.53) 0,0262

UNIVARIATE OS

GENE HR (95% CI) p-value
XXXX 2.01 (1.49-2.72) 0,0000
SFN 1.65 (1.18-2.31) 0,0036
LAD1 1.65 (1.14-2.38) 0,0081
BNIP3 1.52 (1.12-2.07) 0,0073
RPS6KB2 1.48 (1.11-1.96) 0,0073
VEGFA 1.46 (1.1-1.95) 0,0086
MYCN 1.44 (1.06-1.96) 0,0191
GPR160 143 (1.01-2.03) 0,0459
E2F1 1.42 (1.07-1.9) 0,0169
TWIST1 1.42 (1.01-1.99) 0,0459
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CXCL9

DLL4

TMEM45B

EIF4E2

FST

OCLN

INHBB

RASGRF1

SHMT?2

LFNG

MT1G

CTSW

MS4A2

1.4 (1-1.96)
14 (1.02-1.92)
1.4 (1.01-1.94)
1.4 (1.05-1.85)

1.39 (1.04-1.88)

1.39 (1.03-1.87)
1.38 (1.01-1.9)
1.38 (1.05-1.81)
1.37 (1.02-1.85)

1.37 (1-1.87)

1.37 (1.02-1.83)

1.36 (1.03-1.81)

1.36 (1.01-1.83)

0,0473
0,0374
0,0451
0,0201
0,0284
0,0302
0,0445
0,0218
0,0373
0,0467
0,0343
0,0329

0,0407
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Supplementary table 2. List of genes with increased expression in PD compared to Baseline
samples in CDK patient cohort. Unpaired (up) and paired (down) SAM analysis. q-value < 5%.

UNPAIRED SAM ANALYSIS OF CDK BASELINE VS PD

GENE ID Score(d) Numerator Denominator  Fold q-value(%o)
(63) (s+s0) Change
GGH 4,1600 1,6580 0,3986 3,1559 0,0000
DLGAP5 3,4514 1,2275 0,3557 2,3416 0,0000
CYP4F3 3,3356 2,0731 0,6215 4,2078 0,0000
DSC2 3,2957 1,1330 0,3438 2,1931 0,0000
PCK1 3,2736 2,3919 0,7307 5,2486 0,0000
CDC25C 3,1679 1,0441 0,3296 2,0620 0,0000
KIF2C 3,1490 1,1672 0,3707 2,2458 0,0000
PGK1 3,1194 0,8063 0,2585 1,7488 0,0000
FAMS3D 3,0718 1,0840 0,3529 2,1199 0,0000
RRM2 3,0313 1,1160 0,3682 2,1675 0,0000
UBE2C 3,0031 1,1336 0,3775 2,1941 0,0000
PTTG1 2,9754 0,9956 0,3346 1,9939 0,0000
CCNB1 2,9260 0,8720 0,2980 1,8302 0,0000
SPC25 2,8406 0,9605 0,3382 1,9460 0,0000
DEPDC1 2,8204 0,8788 0,3109 1,8389 0,0000
ALDHI1A1 2,8194 1,3371 0,4743 2,5265 0,0000
MCM2 2,7567 0,7728 0,2803 1,7085 0,2416
CCNA2 2,7448 0,8739 0,3184 1,8326 0,2416
ASPM 2,7417 0,9835 0,3587 1,9772 0,2416
CDK1 2,7333 0,9821 0,3593 1,9754 0,2416
PRC1 2,7261 0,8909 0,3268 1,8544 0,2416
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PSMB?7
CEACAMG
CKS1B
RADS51
TYMS
TSPAN1
CDKN3
CCNE2
EGLN3
TRIP13
TTK
CCNE1
EXO1
TOP2A
ENO1
AURKA
STAT1
BLM
HGF
PIK3R3
HIST3H2BB
CXCL10
MKI67
MCM3
ANLN
MELK
FUT3
UBE2T

MET

2,7215
2,7070
2,6764
2,6552
2,6165
2,6159
2,6041
2,5226
2,4768
2,4703
2,4646
2,4253
2,4130
2,4103
2,4083
2,3338
2,3227
2,3026
2,2995
2,2940
2,2910
22814
22741
22718
2,2693
2,2406
2,2059
2,1801

2,1540

0,5910
1,9467
0,6532
0,8003
0,9146
13727
0,8244
0,8272
0,9654
0,7515
0,8224
0,7463
0,8150
0,9190
0,5482
0,7172
0,6826
0,6960
0,8478
0,6859
0,7020
0,9572
0,7997
0,5562
0,7726
0,7341
0,9782
0,7007

0,8484

02172
0,7192
0,2441
0,3014
0,3496
0,5247
0,3166
0,3279
0,3898
0,3042
0,3337
0,3077
0,3378
0,3813
0,2276
0,3073
0,2939
0,3023
0,3687
0,2990
0,3064
0,4196
03517
0,2448
0,3404
0,3276
0,4435
0,3214

0,3938

1,5063
3,8550
1,5726
1,7415
1,8851
2,5895
1,7708
1,7742
1,9525
1,6836
1,7683
1,6775
1,7594
1,8909
14623
1,6440
1,6051
1,6200
1,7998
1,6087
1,6268
1,0416
1,7408
1,4704
1,7083
1,6634
1,9701
1,6253

1,8004

0,2416
0,2416
0,2416
0,2416
02416
0,2416
02416
0,2416
0,2416
0,2416
0,2416
0,2416
0,2416
0,2416
0,2416
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,5759
0,8377
0,8377

0,8377
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SLPI
POLQ
FOXM1
LAD1
CDC20
CDC25A
UBB
PSAT1
HER2
HDACI
MARCO
AGT
HIFIA
PLA2G2A
CLDNI1
ORC6
CXCLS
ITGB1
CEACAM5
OAZ1
XXXX
RFC4
CXADR
CDH2
KNTC2
FGFR2
FLRT3
CHEK2

RAD54L

2,1399
2,1346
2,1217
2,171
2,1018
2,0739
2,0628
2,0511
2,0196
2,0184
2,0144
1,9903
1,9705
1,9561
1,9460
1,9424
1,8937
1,8653
1,8648
1,8555
1,8549
1,8504
1,8439
1,8415
1,8276
1,8141
1,7898
1,7719

1,7641

1,1801
0,7007
0,7176
0,8556
0,7004
0,7341
0,4896
0,8634
0,3061
0,4883
1,0806
1,1493
0,5573
1,1173
0,8625
0,6116
0,9783
0,4733
1,2058
0,3798
1,0248
0,4650
0,8352
0,8635
0,6137
0,7025
0,8585
0,4504

0,5628

0,5515
0,3282
0,3382
0,4041
0,3332
0,3539
0,2373
0,4210
0,1516
0,2419
0,5364
0,5775
0,2828
0,5712
0,4432
0,3149
0,5166
0,2537
0,6466
0,2047
0,5525
02513
0,4529
0,4689
0,3358
0,3873
0,4797
0,2542

0,3190

2,2659
1,6252
1,645
1,8095
1,6250
1,6633
1,4040
1,8194
1,2364
1,4028
2,1148
2,2181
14715
2,1694
1,8181
1,5279
1,9702
1,3882
2,3066
1,3012
2,0347
1,3803
1,7841
1,8194
1,5302
1,6274
1,8132
1,3664

14771

0,8377
0,8377
0,8377
0,8377
0,8377
1,5321
1,5321
1,5321
1,5321
1,5321
1,5321
1,5321
1,9591
1,9591
1,9591
1,9591
1,9591
2,8188
2,8188
2,8188
2,8188
2,8188
2,8188
2,8188
2,8188
2,8188
2,8188
3,9689

3,9689
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KIF23
IL13RA1
BIRC5
CDCA5
SUV39H2
TMEM45B
PREP
SKP2
TFRC
B3GNT3
NETO2

KIF11

1,7509
1,7419
1,6815
16718
1,6672
1,6592
1,6484
1,6405
1,6348
1,6064
1,5922

1,5867

0,5469
0,3757
0,6515
0,5270
0,3987
0,7651
0,3704
0,3652
0,4746
0,6638
0,6058

0,5127

0,3123
02157
0,3875
0,3152
0,2391
04611
0,2247
0,2226
0,2903
0,4132
0,3805

0,3231

1,4609
1,2974
1,5708
1,4409
1,3183
1,6995
1,2927
1,2880
1,3895
1,5842
1,5219

14267

3,9689
3,9689
49513
49513
49513
49513
49513
49513
49513
49513
49513

49513

PAIRED SAM ANALYSIS OF CDK BASELINE VS PD

GENE ID

UBE2C

GGH

DLGAP5

FAMS3D

CDK1

RRM2

TYMS

SPC25

TOP2A

PTTG1

Score(d) Numerator

2,2494
2,1562
2,1347
2,0646
1,0979
1,9869
19775
1,9516
1,0410

1,9366

()
1,4884
1,6431
1,5199
1,3821
1,2640
1,2430
1,2278
1,2387
1,3281

13123

Denominator
(s+s0)
0,6617
0,7620
0,7120
0,6694
0,6327
0,6256
0,6209
0,6347
0,6842

0,6776

Fold
Change
2,8057
3,1234
2,8676
2,6066
2,4017
2,3668
2,3420
2,3598
2,5107

2,4834

q-value(%)

1,2462
1,2462
1,2462
1,2462
1,2462
1,2462
1,2462
1,2462
1,2462

1,2462
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CCNB1

PRC1

CYP4F3

ASPM

CDC25C

EXO1

MKI67

CXCLS8

MCM2

CDKN3

TTK

TRIP13

AURKA

HIST1H3H

FOXM1

DEPDC1

SFN

CXADR

CCNA2

BLM

PGK1

CCNE2

ANLN

KIF2C

MYBL2

CCNE1

S100A7

KIF11

CKS1B

19130
1,0044
1,8881
1,8770
1,7799
1,7738
17272
1,6967
1,6788
1,6602
1,6424
1,6394
1,6134
16133
1,5573
1,5446
1,5378
1,5373
1,5314
1,5206
1,5174
1,5088
1,5041
1,5016
1,4967
1,4959
14917
1,4842

1,4750

1,0927
1,1696
2,3376
1,2886
1,1837
1,0834
1,1639
1,4994
0,8791
1,0580
10767
0,9959
1,0749
1,0460
1,0140
1,0141
0,9631
0,8044
0,0478
09128
0,7998
0,9620
1,0089
0,9998
0,9901
0,9297
1,5891
1,0078

0,7466

0,5712
0,6141
1,2381
0,6865
0,6650
0,6108
0,6738
0,8837
0,5237
0,6373
0,6556
0,6075
0,6662
0,6484
0,6512
0,6565
0,6263
0,5232
0,6189
0,6003
0,5271
0,6376
0,6708
0,6658
0,6615
0,6215
1,0653
0,6790

0,5062

2,1327
2,2495
5,0547
2,4428
22716
2,1191
2,2406
2,8272
1,8392
2,0820
2,1093
1,0944
2,1065
2,0648
2,0196
2,0196
1,9495
1,7464
1,9289
1,8827
1,7408
1,9479
2,0124
1,9997
1,0864
1,9049
3,0087
2,0109

1,6779

1,2462
1,2462
1,2462
1,2462
1,7361
1,7361
22477
22477
22477
3,0403
3,0403
3,0403
3,0403
3,0403
3,0403
3,0403
3,0403
3,0403
3,0403
3,7992
3,7992
3,7992
3,7992
3,7992
3,7992
3,7992
3,7992
3,7992

3,7992
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UBE2T

RFC4

CDC25A

KIFC1

PCK1

1,4735
1,4617
1,4527
1,4385

1,4357

0,9066
0,7504
0,9350
0,9539

1,9974

0,6153
0,5134
0,6436
0,6631

1,3912

1,8747
1,6823
19119
1,9371

3,9928

3,7992
3,7992
3,7992
3,7992

3,7992
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Supplementary table 3. List of genes whose high expression is associated with increased risk of
relapse (up) and worse response to ribociclib plus letrozole (down) in CORALEEN clinical trial. q-

value < 5%.

HIGH EXPRESSION:

INCREASED RISK OF RECURRENCE

GENE ID
CENPF
TSPAN1
CDCA1
DLGAP5
MKI67
CDC25C
HIST1H3H
KIFC1
HIST1H2BH
CDK1
TTK
BIRC5
E2F1
CEP55
CCNB1
UBE2C
ANLN
FOXM1
CDH1
ASPM

AURKB

Score(d)
-3,2391
-3,2220
-3,1979
-3,1073
-3,0521
-3,0493
-2,9973
-2,9925
-2,9736
-2,9660
-2,8726
-2,8401
-2,8277
-2,7886
-2,7839
-2,7820
-2,7708
-2,7524
-2,7351
-2,7335

-2,6526

Fold Change
0,4890
0,3235
0,4806
0,4658
0,4623
0,4584
0,5371
0,4705
0,6062
0,4408
0,5351
0,4152
0,5323
0,5001
0,5610
0,4076
0,4430
0,4735
0,4173
0,4316

0,5273

q-value(%o)
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000

0,0000
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RADS54L
PKMYT1
KNTC2
RRM2
KIF23
MELK
UBE2T
MYBL2
MMP11
KIF11
EXO1
HIST3H2BB
ST6GALNAC2
TOP2A
KIF2C
PRC1
TFF3
SPDEF
FXYD3
EFNA3
ESPL1
LRP2
CKMT1A
AURKA
XRCC2
RADS51
CDC20
XXXX

CLDN?7

2,5888
22,5594
22,5557
22,5278
25275
22,5205
24992
24825
24804
24529
24522
24356
24224
24192
24179
22,4084
23961
23629
23133
22547
22374
22345
22158
-2,2059
22,1585
22,1447
21423
21265

-2,0969

0,5509
0,4770
0,5380
0,4962
0,5132
0,5758
0,5176
0,5031
0,3690
0,6017
0,5014
0,5688
0,4558
0,5098
0,5435
0,5767
0,3775
0,5993
04518
0,6197
0,5529
0,3585
0,4632
0,5721
0,6068
0,5892
0,6038
0,371

0,6278

0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
1,6504
1,6504
1,6504
1,6504
1,6504
1,6504
1,6504
1,6504
1,6504
2,7183
2,7183
2,7183
2,7183
2,7183
2,7183

2,7183
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CCNA2
CDC25A
CCNEI1
RAC3
SPC25
FAMS3D
CDCA5
SLC39A6
MAD2L1
S100A14
HIST1HIC
CACNATH
FOXA1
SLC44A4
PTTG1
ELF3
DNAJC12

BMPSA

-2,0950
-2,0809
22,0690
22,0562
12,0493
22,0374
12,0342
2,0298
22,0064
1,9716
19444
1,9264
19222
11,9180
19137
19101
-1,9006

18781

0,6304
0,4679
0,6563
0,6659
0,5334
0,5635
0,6320
0,5389
0,7090
0,4165
0,7114
0,5746
0,5335
0,5334
0,6236
0,5335
0,4662

0,5918

2,7183
2,7183
3,3540
3,3540
3,3540
3,3540
3,3540
3,3540
3,3540
3,3540
40184
40184
40184
40184
40184
40184
40184

40184

HIGH EXPRESSION: WORSE RESPONSE
(CHANGE OF ROR)

GENE ID

AGR2

ANLN

ASPM

ATAD2

ATP10B

AURKA

AURKB

Score(d)
-2,1867
-4,0616
-4,5378
-1,6544
-1,1587
-3,9124

34464

Fold Change
0,2201
0,1686
0,1405
0,4870
0,5277
0,2218

0,2546

q-value(%o)
0,0000
0,0000
0,0000
0,6006
3,8765
0,0000

0,0000

189



BIRC5

BLM

BMP5

BMPSA

BRCA2

CACNGO6

CALML5

CCL7?

CCNA2

CCNB1

CCNE1

CCNE2

CDI1E

CDC20

CDC25A

CDC25C

CDCo

CDCA1

CDCA5

CDH1

CDK1

CDKN2D

CDKN3

CEACAM5

CEACAMG

CENPF

CEP55

CHEK2

CKMT1A

43676
22,6624
14265
1,6128
2,5540
13935
24628
11,1726
37333
31434
30172
12622
1,6431
3,6846
-3,3085
34793
23,1520
30195
23,5930
12736
3,5917
12621
25798
22,5542
1,2463
30524
40055
2,0599

1,6776

0,1433
0,3350
0,4343
0,4477
0,4069
04274
0,1353
0,4693
02710
0,3144
0,3408
0,5909
0,4561
0,2543
0,1656
0,2305
0,3299
0,2909
0,2729
0,4804
0,2051
0,6228
0,3470
0,1321
0,3352
0,2972
0,2136
0,4954

0,3724

0,0000
0,0000
1,0823
0,6006
0,0000
1,0823
0,0000
3,8765
0,0000
0,0000
0,0000
19178
0,6006
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
1,9178
0,0000
19178
0,0000
0,0000
19178
0,0000
0,0000
0,0000

0,6006
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CKS1B
CXCL10
CXCL9
DEPDC1
DLGAP5
DLL3
DUSP4
E2F1
EFNA3
ESPL1
ETV7
EXO1
EYA1
EYA4
FAMS83D
FGF13
FGF9
XXXX
FLT3
FOXM1
FOXP3
FREM2
FUT3
FZD9
GATA4
GGH
GNLY
HAPLN1

HELLS

1,7692
1,2649
22,0943
3,1776
13,0942
22386
1,1985
22,4840
20110
37373
1,2852
40743
1,3679
1,3682
22,9039
1,5936
1,1634
1,7209
1,1071
42957
1,6565
1,3857
12853
1,0915
20732
22863
11,0904
11,6287

20161

0,5775
0,4909
0,3249
02613
0,2676
0,3304
0,4950
03575
0,4415
0,2184
0,5942
0,1832
0,4625
0,4940
0,2638
0,4558
0,4783
0,2818
0,5804
0,1788
0,4951
0,4387
0,4831
0,5923
0,3006
0,4165
0,5966
0,4482

0,4896

0,0000
19178
0,0000
0,0000
0,0000
0,0000
3,8765
0,0000
0,0000
0,0000
19178
0,0000
19178
19178
0,0000
0,6006
3,8765
0,0000
3,8765
0,0000
0,6006
1,0178
19178
3,8765
0,0000
0,0000
3,8765
0,6006

0,0000
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HIST1HIC
HIST1H2BH
HIST1H3H
HIST3H2BB
HOXB13
IBSP

IDO1
IGFIR
IL12RB2
IL20RB
IL22RA2
ITGB6
KIF11
KIF14
KIF23
KIF2C
KIFC1
KNTC2
LRP2
MADZ2L1
MCM2
MCM3
MELK
MIS18A
MKI67
MMP11
MYBL2
MYCN

NEIL3

14797
22,6486
33076
1,7021
1,5646
1,0949
22,1005
-1,2446
1,2202
1,5481
1,7461
13122
22,7310
13,6531
41138
38687
24102
31073
1,1570
24538
2,0988
-1,4069
27119
14331
-3,8907
14162
34819
1,8255

-3,2440

0,5789
0,4095
0,2990
0,4699
0,4599
0,5365
0,3586
0,4532
0,5499
0,5114
0,3856
0,4657
0,3563
0,2188
0,1969
0,2220
0,3316
0,2791
04214
0,4398
0,4937
0,6562
0,3424
0,6370
0,2104
0,3856
0,2185
0,3925

0,2701

1,0823
0,0000
0,0000
0,0000
0,6006
3,8765
0,0000
19178
3,8765
0,6006
0,0000
19178
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
3,8765
0,0000
0,0000
1,0823
0,0000
1,0823
0,0000
1,0823
0,0000
0,0000

0,0000
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NRXN1
NRXN3
NUDT1
ORCG6L
PALB2
PAXS
PCNA
PKMYT1
PLA2G4F
POLQ
PRCI1
PSAT1
PTTG1
RAD51
RADS54L
RASALI1
RASGRF1
RBL1
RFC4
RNASE2
RPSGKB1
RRM2
SKA3
SMC1B
SPC25
SUV39H2
TFF1
TFF3

TLX1

13134
-2,0936
1,1964
12,3948
12624
1,2597
12395
3,7787
1,7091
-4,1987
3,7565
1,0747
42762
13,8249
3,5010
1,6540
22027
1,1524
14119
1,1646
1,1803
42255
-3,3805
1,2205
33173
14674
22,1506
1,5376

-1,5560

0,3928
0,3436
0,6961
0,4063
0,6437
0,4966
0,6811
0,1890
0,4687
0,1835
0,2547
0,6152
0,2166
0,2341
0,2646
0,4069
0,3457
0,6900
0,6572
0,5544
0,6409
0,1796
0,2017
0,5570
0,2085
0,6121
0,2320
0,3552

0,4281

19178
0,0000
3,8765
0,0000
19178
19178
19178
0,0000
0,0000
0,0000
0,0000
3,8765
0,0000
0,0000
0,0000
0,6006
0,0000
3,8765
1,0823
3,8765
3,8765
0,0000
0,0000
3,8765
0,0000
1,0823
0,0000
1,0823

0,6006
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TOP2A
TRIP13
TTK
TYMS
UBE2C
UBE2T
WNT2
WT1
XRCC2
XRCC3

Z1C2

-2,8664
-2,5718

-2,8532

-2,4837

-4,3480
-3,6248
-1,3644
-1,8774
-2,5734
-1,5828

11,2827

0,2650
0,3931
0,3247

0,4026
0,1353
0,2224
0,5259
0,3235
0,3476
0,5919

0,4368

0,0000
0,0000
0,0000

0,0000
0,0000
0,0000
19178
0,0000
0,0000
0,6006

1,9178
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Supplementary table 4. List of palbociclib resistant drivers identified by genome wide
CRISPR /Cas9 scteen in ZR75 (up) and BT474 (down) cells (Threshold: 8 palbo < -0,9; B control
<0,9; genes interrogated in Breast Cancer360™).

ZR75 CRISPR/CAS9 SCREEN CANDIDATES

GENE 8 control B palbociclib  Difference
BMP6 -0,6447 -2,1631 -1,5184
TCF4 0,0919 -2,1419 -2,2338
GADD45A 0,5254 -2,1275 -2,6529
DSC2 0,1783 -1,9817 -2,1600
HDC 0,5610 -1,9810 -2,5420
BCAS1 0,0897 -1,8446 -1,9343
PIK3R3 -0,4280 -1,8157 -1,3877
SOCS2 -0,3704 -1,8031 -1,4327
ATP10B -0,0620 -1,7463 -1,6843
PIK3R2 0,2466 -1,7195 -1,9661
PIK3CG 0,8194 -1,6720 -2,4914
SMAD3 -0,2542 -1,6168 -1,3626
PDCD1 -0,1082 -1,6109 -1,5027
STC1 -0,0524 -1,5962 -1,5438
CAV1 0,0063 -1,5793 -1,5856
CSF3R 0,2089 -1,5619 -1,7707
CDH1 -0,4340 -1,5040 -1,0700
ID4 0,1250 -1,4847 -1,6097
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CDC25A
cCL21
PDK4
LEF1
CD19
CXCLS5
LTB
ECM2
POLQ
GJB2
PSMB9
BMP4
TNKS2
NOD2
ERBB4
DUSP4
LIF
AGTRI
ROCK2
ADAM12
FAM214A
PTTG1
PBX3

CDH2

20,2999

0,1462

-0,2767

-0,3762

0,1347

0,1557

0,1783

0,1289

0,2965

0,3139

0,3682

0,5244

-0,1915

20,0137

0,5394

0,4121

0,1723

-0,0415

0,0674

0,2880

-0,1395

-0,1494

0,2853

0,2943

14608

14358

-1,4240

-1,3907

-1,3895

13819

1,3660

-1,3505

-1,3460

13436

-1,3400

11,3140

12944

12722

-1,2608

11,2568

11,2544

-1,2382

-1,2222

-1,2055

-1,1591

-1,1535

-1,1387

1,1243

1,1609

1,5820

-1,1473

-1,0145

1,5242

1,5376

1,5442

-1,4794

-1,6425

1,6575

1,7082

1,8384

-1,1030

1,2584

1,8001

1,6689

14267

-1,1967

-1,2896

-1,4935

-1,0196

-1,0041

-1,4240

14186
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HDACI11 0,5354 1,1170 1,6524
TNFAIP6 0,3763 -1,1006 14769
CLDN3 0,8191 -1,0850 11,9041
MUSS81 0,0031 1,0647 1,0679
PRKACA 0,2824 1,0511 13335
SMURF2 0,7638 10173 1,7811
HBB 0,6435 10137 1,6572
DHRS2 0,4970 -1,0078 1,5048
FGL2 0,0592 20,9951 1,0543
CKS1B 0,5349 -0,9833 1,5182
RASGRF2 0,5796 09794 1,5590
TYK2 0,2910 10,9352 11,2262
DLGAP5 0,3614 20,9276 -1,2890
CCR5 0,3504 09256 1,2759
FHL1 0,6820 09140 1,5960
GZMB 0,7285 20,9097 1,6382
XXXX 0,0220 -0,0048 -0,9267

BT474 CRISPR/CAS9 SCREEN CANDIDATES

GENE B control B palbociclib  Difference

ACVRL1 0,1713 -3,2936 -3,4649
ID1 0,0426 -2,7496 -2,7921
PLCB1 -0,7178 -2,7268 -2,0090
ITGB6 0,4241 -2,7255 -3,1496
TP53 0,4702 -2,5961 -3,0663
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ADAM12
PAX5
THBS4
TIMP4
PDCD1
COL27A1
CD8A
SNAI1
NSD1
DUSP4
SCARA5
B3GNT3
PYCARD
TLR4
LEF1
CDKNI1A
PIK3CA
AGT
TTYH1
CACNG1
LTB
LEPR
TSPAN?7
MAPK1
SMC1B
HSPA2
MSR1
LFENG

TCF4

03117
0,6374
10,3923
0,1003
-0,2287
0,2302
0,0718
0,516
10,3682
10,2546
0,5271
0,8971
0,8000
10,7293
0,0431
0,8528
0,2185
20,0906
0,3140
0,7505
0,4988
-0,7507
20,1810
0,4274
0,3824
0,7346
20,2141
10,2494

-0,5407

-2,5855
-2,5589
-2,5220
25102
23210
22729
22151
21831
-2,1543
-2,1400
-2,0830
-2,0588
-2,0345
22,0281
19715
11,9139
-1,8978
1,8937
-1,8785
1,8779
-1,7950
11,7667
1,7255
11,7176
1,6822
1,6769
1,6735
11,6679

-1,6631

22738
-3,1963
21297
2,6105
20922
22,5031
22,2869
1,6316
1,7860
1,8855
1,5558
1,1617
2,8345
1,2988
22,0146
27667
21163
1,8031
21924
12,6284
22938
1,0160
1,545
2,1450
22,0646
24114
14594
14185

11224
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PIK3R2
HOXA9
PSMB10
GJB2

BLM
CNTFR
LAMA3
PRF1
COLEC12
EFNA5
SOCS1
EPAS1
PAXS
ITPR1
DTX3
DKK2
RASGRP1
CCNE1
LTBP1
GRIN1
NEIL2
PARP1
GNLY
BNIP3
HLA-DQB1
AREG
HLA-DMB
BBOX1

PDEY%A

0,2071
0,1710
0,4817
0,2548
0,8374
0,7374
0,8332

-0,0078
0,5761
0,6351

04358
0,7702

04283

04245
0,5474
0,5572
0,2340
0,6778

-0,0083
0,4357

04662
0,2333

0,1887

-0,2466
0,7798
0,4575

20,1560
0,7520

0,7356

1,6578
1,6516
1,6372
1,6330
1,6209
1,5650
1,5426
1,5325
1,5310
1,5290
1,5286
1,5214
1,5083
14765
14418
14274
14169
11,4008
1,3985
1,3983
11,3884
13815
1,3691
1,3663
1,3601
1,3497
1,3367
1,3327

13316

1,8649
-1,8226
21190
-1,8878
24583
23024
23758
1,5247
21071
21640
-1,0928
22916
-1,0800
11,0519
11,9892
11,9846
11,6510
22,0786
11,3903
-1,8340
10,9222
11,6148
11,1803
11,1197
2,1399
1,8071
11,1807
22,0847

22,0672
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E2F1
TUBA4A
DLL3
HLA-B
TPSAB1
EGLN3
IL22RA2
SLC2A11
PTEN
FSTL1
BTG2
NETO2
CCL5
IL1B
RORA
SFRP1
CDKN3
GSK3B
MT1G
DDR2
CD27
LAMB3
MMP3
STAT1
CPA3
TSPAN1
NOTCH3
HLA-E

RPS6KA5

0,4787
-0,0702
0,5326
0,4298
0,8141
0,2485
-0,0087
0,5938
03215
0,3205
-0,0232
0,1102
0,5687
0,5442
0,2910
0,7031
0,3272
0,6228
0,3344
0,6747
0,1610
0,2954
0,4573
0,3204
0,0542
0,0623
-0,0980
0,0672

0,6884

13074
11,2837
12816
11,2472
12168
11,2148
1,2009
1,1831
1,1685
11,1590
1,1589
11,1540
1,1505
11,1414
1,1381
11,1019
1,0928
1,0922
1,0910
11,0797
1,0779
1,0662
-1,0534
1,0396
-1,0234
10173
11,0136
-1,0086

-1,0007

1,7861
12135
1,8141
1,6770
-2,0309
14633
1,1921
1,7769
11,4901
14795
1,1357
1,2643
1,7192
1,6856
14291
1,8050
14201
1,7150
14254
1,7544
11,2389
13616
1,5107
1,3601
-0,9692
-0,9550
09156
1,0758

-1,6891
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CCND2
NFATC1
FZD9
IFT140
CD19
CCR5
BMPSA
WNT11
HIF1A
IDO1

IL2RA

0,0963
0,5800
-0,0246
0,0793
0,5581
0,1372
0,3478
0,4119
0,2683
0,3840

0,1083

0,9861
-0,9810
-0,9805
0,9767
-0,9750
10,9639
0,9638
09613
20,9390
10,9290

-0,9277

11,0823
1,5610
-0,9560
-1,0560
1,5331
1,101
13116
13732
12074
11,3130

-1,0359
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Supplementary table 5. List of XXXX interactors identified with the BioID experiments in MCEF7
cells (up) and MCF7-PR (down). BEDR < 0,2109; fold change > 3).

MCF7 XXXX-BIOID-HA VS CONTROL

Prey Gene Fold Change = BFDR
P22455 XXXX 369170,3 0
QYUFCO  LRWDI 18614,8 0
Q8WVV4 POF1B 14594,1 0
Q8WU20  YYYY 11262,4 0
P19174 PLCG1 89934 0
Q07617 SPAG1 8060,9 0
QI9HI1KO RBSN 4391,7 0
P51812 RPS6KA3 3734,1 0
Q86X29 LSR 3219,0 0
Q8IZ21 PHACTR4 3147,1 0
QIBPZ7 MAPKAP1 24578 0
Q96QD8 SLC38A2 23973 0
QG6R327 RICTOR 22614 0
Q5W0Z9 ZDHHC20 1686,0 0
QSWVX9  FARI 1643,7 0
QI9H267 VPS33B 1581,4 0
075781 PALM 1361,8 0
075396 SEC22B 12432 0
QINQS7  INCENP 12349 0
Q15835 GRK1 1230,0 0
QYBZE1 MRPL37 990,6 0
Q9CO0B5 ZDHHC5 987,1 0
Q13439 GOLGA4 901,8 0
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Q8N4C8
Q5M775
QIYUBI6
Q8NFA0
Q6P996
Q92665
P82673
QIY3P9
Q16625
P52569
Q96Q05
014683
Q2TAY7
Q16698
QIYNR48
014924
P35789
Q12788
Q7Z7K6
Q15633
QYUNX4
Q2M389
Q7Z3T8
Q86UU1
Q53GA4
015126
Q7L7X3
P02786

075110

MINK1
SPECC1
GNG12
USP32
PDXDC1
MRPS31
MRPS35
RABGAP1
OCLN
SLC7A2
TRAPPC9
TP53I11
SMU1
DECRI1
ASHI1L
RGS12
ZNF93
TBL3
CENPV
TARBP2
WDR3
WASHC4
ZFYVEI16
PHLDB1
PHLDA2
SCAMP1
TAOK1
TFRC

ATPIA

840,6
820,0
7471
693,1
692,7
627,7
609,3
496,9
490,5
487 4
453,1
436,9
4223
4104
408,6
388,4
383,1
3353
321,7
242,6
2409
2125
194,0
186,8
92,8
45,1
40,8
36,4

33,3
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QI6RT1
Q92609
Q8N884
QIYBV40
QINVF7
QINRW?
Q12768
QYHCU4
P50416
Q01831
P55327
000767
QYHGF5
P11233
Q8TDM6
Q07960
QI6SB3
Q5TOW9
Q15361
Q14160
Q7KZI7
043399
QYH4MY
Q13601
060716
Q8WYLS5
QI6ME7
015417

015049

ERBIN
TBCID5
CGAS
VAMPS
FBXO28
VPS45
WASHC5
CELSR2
CPT1A
XPC
TPD52
SCD
CCDC86
RALA
DLG5
ARHGAP1
PPPIR9B
FAMS3B
TTF1
SCRIB
MARK?2
TPD52L.2
EHD1
KRR1
CTNND1
SSH1
ZNF512
TNRCI18

N4BP3

33,2
16,7
16,2
12,3
12,3
10,6
83
8,1
7,6

>

7,5
74
5,0
47
47
45
45
44
44
3,7
3,6
33
32
3,1
32
47
7.1
33

37

7,3

>

0,0002
0,0003
0,0005
0,0018
0,0027

0,004
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Q15418
P49757
QIY446
QYUPXS
Q9Y2Q9
Q2TB10
Q8WVMS
QI6FF7
Q96QDY
043581
QYH7N4
Q99549
QIYY2R9
QIGEY7
Q92552
094880
P82930
QYUHA3
QIY676

Q12933

RPS6KA1

NUMB

PKP3

SHANK2

MRPS28

ZNF800

SCFD1

MISP3

FYTTD1

SYT7

SCAF1

MPHOSPHS

MRPS7

PTCD3

MRPS27

PHF14

MRPS34

RSL24D1

MRPS18B

TRAF2

58

>

10,9

0,0063
0,0084
0,0135
0,0151
0,0168
0,0256
0,0341
0,0502
0,0594
0,0618
0,0644
0,0773
0,0823
0,0848
0,0897
0,0921
0,0992
0,1319
0,1473

0,1649

MCF7-PR XXXX-BIOID-HA VS CONTROL

Prey Gene Fold Change = BFDR
QIUGI0 ZRANBI1 6780,3 0
A1LL170 Clorf226 2948,7 0
Q68D10 SPTY2D1 2015,0 0
P07339 CTSD 837.,8 0
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075110
P22455
QYUHB7
000566
Q9YH2U1
Q09161
Q16401
Q6P161
Q93052
Q96GW7
P59780
Q8WVV4
P52943
QYHCU4
Q8N0Z8
QYUPQ3
Q15382
QGP6C2
095427
QYHO0C5
075363
015126
Q06265
Q96GC5
Q7Z4S6
QIUISY
Q9Y450
Q8WVMS

QI9HIB1

ATPYA

XXXX

AFF4

MPHOSPH10

DHX36

NCBP1

PSMD5

MRPL54

LPP

BCAN

AP3S2

POFI1B

CRIP2

CELSR2

PUSL1

AGAP1

RHEB

ALKBH5

PIGN

BTBD1

BCAS1

SCAMP1

EXO0SC9

MRPLA48

KIF21A

MBD1

HBS1L

SCFD1

EHMT1

5322
270,3
2410
26
6,5
3,6
2,4

>

22
56406,7
11279,3
7421,7
5803,3
45473
2927,6
2517,5
24890
2409,0
17619
15435
15344
14290
13174
13155
11771
11705
1117.8
11032
1063,5

1011,9

0,014
0,0344
0,1092
0,1906
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109

0,2109
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P57772
QI6FX7
Q8N5M9
P10253
QI6K37
QGAHZ1
060524
Q13029
QINTI5
Q8IV04
QINQT4
Q8NSU2
P40222
QYULS54
P02792
P55327
Q5T9C2
Q6R327
QIYBY44
QINVZ3
Q8WU20
P08651
Q15418
P49590
Q8NFV4
P78356
P19174

Q96RL1

Q96Q05

EEFSEC
TRMTGIA
JAGN1
GAA
SLC35E1
ZNF518A
NEMF
PRDM2
PDS5B
TBCID10C
EXOSC5
CDYL2
TXLNA
TAOK2
FTL
TPD52
FAM102A
RICTOR
EIF2A
NECAP2
YYYY
NFIC
RPSG6KA1
HARS2
ABHD11
PIP4K2B
PLCG1
UIMC1

TRAPPC9

914,3
902,6
812,2
7736
758,8
725,5
683,7
678,0
6546
6260
6248
561,1
550,8
539,1
4470
4292
401,9
3934
381,9
360,4
3353
289,4
282,8
247,7
241,1
216,7
1945
181,8

1432

0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109

0,2109
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QYUPXS
Q8N1G2
QYBXB1
Q14244
075083
Q13618
QS8TBA6
Q9P2J8
QSTF76
076062
QINPI1
QIYHGR4
QINR31
Q96RT1
P09972

Q86U06

SHANK2
CMTR1
LGR4
MAP7
WDR1
CUL3
GOLGA5
ZNF624
HASPIN
TM7SF2
BRD7
NOL6
SARIA
ERBIN
ALDOC

RBM23

130,2
117,9
33,1
18,0
14,0
10,9
10,0

8,2
59

>

5,8
5,6
54
54
52

49

49

>

0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109
0,2109

0,2109
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Supplementary table 6. List of genes differentially expressed in cell lines with XXXX
downregulated. Genes interrogated with nCounter included PAM50 signature. Seventeen genes were
found significantly changed upon XXXX silencing with p-value < 0,05.

GENE SCORE(D) NUMERATOR(R) P-VALUE
BAG1 3,7166 0,7074 0
XXXX 29,9806 21275 0
CCNEI1 34347 -0,3770 0
CDCA1 33380 -0,5130 0
CDC20 -3,3369 03612 0
ORCG6L 23,1988 -0,3499 0
EGFR 24720 -0,3094 0
CDC6 24363 -0,2981 0
ANLN 23238 -0,2300 0
SLC39A6 -2,2086 20,5177 0
EXO1 19942 02511 0
MELK 1,7932 -0,1992 0
AR 1,7866 20,2105 0
MMP11 17614 04391 0
PHGDH 1,6969 0,5591 0
UBE2C 1,6330 20,1761 0
TYMS -1,5800 20,2144 0
MYBL2 1,5439 0,2766 0,0656
PTTG1 1,5150 -0,1683 0,0656
RRM2 -1,4390 0,2273 0,0656
CENPF 14167 -0,1690 0,0656
KIF2C 14064 0,2185 0,0656
MKI67 -1,2869 -0,2403 0,0656
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CCNB1
UBE2T
BIRC5
CEP55
GPR160
MDM2
ERBB2
CD274
KNTC2
TMEM45B
ACTR3B
BCL2
NAT1
FOXA1
MYC
PGR
CD8A
KRT14
MAPT
CXXC5
KRT17
MIA
MLPH
ESR1
GRB7
FOXC1
BLVRA
CDH3

PDCD1

11,2305
1,2258
12218
11312
2,5466
2,3819
11,0071
0,8185
0,7387
0,5223
-0,4064
0,3656
-0,3326
02341
-0,1699
1,8574
1,6791
1,5178
14374
1,3456
1,2504
1,1287
1,1068
1,0569
0,8703
0,8441
0,8147
0,5573

0,3919

0,1238
0,136
0,1814
-0,1305
0,1806
0,2597
-0,1086
-0,1488
-0,0866
0,1045
-0,0662
0,0797
-0,0498
0,0194
-0,0273
0,2908
0,3640
0,1917
0,2692
02105
0,2462
0,1920
0,1510
0,1074
0,1337
0,1218
0,0659
0,0683

0,0920

0,0656
0,0656
0,0656
0,0656
0,0888
0,0888
0,0888
0,1620
0,1620
0,1620
0,1620
0,1620
0,1620
0,1620
0,1620
0,1705
0,1705
0,1705
0,2001
0,2001
0,2001
02135
0,2135
0,2135
0,2395
0,2395
0,2395
0,2869

0,2869
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SFRP1 0,3459 0,0487 0,2869
KRT5 0,2086 0,0551 0,2869

CD4 0,1317 0,0320 0,2869
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