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Strangers passing in the street

By chance two separate glances meet
And | am you and what | see is me
And do | take you by the hand

And lead you through the land

And help me understand the best | can

Echoes — Pink Floyd
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Summary

Endocrine therapy has been one of the major advances in the treatment of breast cancer
(BC) for the past 30 years. However, patients eventually relapse due to mechanisms of
resistance. These involve several pathways related to proliferation and growth, including the

PI3K/mTOR and FGFR pathways.

The PI3K pathway is frequently altered in BC, especially in the luminal setting where 30-40%
of patients harbor PIK3CA mutations. Specific inhibitors targeting key nodes in the PI3K
pathway have been developed, such as mTOR and PI3K inhibitors (PI3Kinh). Clinical trials
combining these inhibitors with endocrine therapy showed improved responses, leading to
FDA approval of some of these inhibitors for metastatic ER+ BC. However, mechanisms of
resistance are a major concern. In this sense, alterations downstream PI3K or in parallel
pathways are recurrent in the metastatic disease, and it is important to understand if they
confer resistance to PI3K inhibitors. Another common alteration in luminal BC is the
amplification of the 1113 amplicon, containing important genes for proliferation such as

CCND1, FGF3/4/19, PAKT and RPS6KBZ2, whose impact on PI3K sensitivity is unknown.

FGFR1 amplification is found in 10% of metastatic luminal BC. Specific inhibitors against
FGFR1/2/3 (FGFRinh) have shown limited efficacy in the FGFRTamp BC. This is in contrast
with the clinical efficacy observed previously with Multi-targeted Tyrosine Kinase Inhibitors
(MTKI, targeting FGFR, VEGFR and PDGFR families), albeit these agents showed severe

adverse effects.

In this study, we investigated mechanisms of resistance to PI3Kinh and biomarkers of
response to FGFRinh. In the first part, we determined the antitumoral activity of alpelisib, an
a-specific PI3Kinh, in a cohort of 24 genetically annotated Patient-Derived Xenografts (PDX).
We observed an aggregation of genetic alterations downstream PI3K and 11q13
amplifications among the resistant models and validated these with in vitro models as
mechanisms of resistance to alpelisib, including overexpression of cyclin D1 and high FGF-

signaling. In addition, in 2 out of 3 PDX models with putative mTORC1 activating alterations,
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we observed higher efficacy of an mTORC1/2 inhibitor (mTORC1/2inh) compared with a
PI3Kinh.

In the second part of this thesis we analyzed the antitumor activity of an FGFRinh,
rogaratinib, in a cohort of 17 PDX harboring amplifications in FGFR1/4 and/or FGF3/4/19
(11913 amplicon). Amongst the potential biomarkers of response tested (FGFR1-4 gene
copy number, FGFR1-4 gene expression, and FGF ligand co-amplification and expression),
we identified that high mRNA of FGFR1-4 could predict for FGFRinh response. We compared
rogaratinib efficacy with a MTKI, lucitanib, and we observed higher efficacy of lucitanib
across 7 models. We further analyzed the mode of action of rogaratinib vs. lucitanib and we
observed an increased blockade of proliferation and vascularization under lucitanib
treatment. However, when testing an antiangiogenic therapy in two rogaratinib-resistant
models, similar levels of efficacy as with lucitanib monotherapy were achieved, suggesting

that lucitanib efficacy was due to the blockade of the vascularization in both models.

In conclusion, we established that PDX models harboring genetic alterations consistent with
mTORCT activation (e.g. TSCT7del) are resistant to PI3Kinh but sensitive to an mTORC1/2inh
and that cyclin D1 overexpression, high FGF and both alterations together result in
resistance to PI3Kinh. We further determined that high mRNA of FGFR1-4 predicts for
FGFRinh response and that a MTKI exhibits higher efficacy than specific FGFRinh due to a
higher blockade of proliferation and vascularization. These results will help for a better

patient selection in future clinical trials for ER+ BC targeted therapy.
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Resum

La terapia endocrina és un dels majors avencos en el tractament de cancer de mama (CM)
dels ultims 30 anys. Tot i aix0, les pacients acaben recaient degut a mecanismes de

resisténcia, com ara les alteracions de la via de PI3K/mTOR i de FGFR.

La via de PI3K esta freqlientment alterada en CM, especialment en el conjunt luminal on el
30-40% de les pacients tenen mutacions al gen PIK3CA. S'han desenvolupat inhibidors
especifics d'mTOR i de PI3K (PI3Kinh), i alguns han sigut aprovats per la FDA per a CM ER+
metastatic. Tanmateix, mecanismes de resistencia han estat limitant la resposta. En aquest
sentit, alteracions posteriors o en paral-lel a PI3K, com la amplificacio de la regié 11q13, son
recurrents en CM metastatic i és important esbrinar si aquestes confereixen resistencia a

PI3Kinh.

L'amplificacio de FGFRT es troba en 10% dels casos de CM metastatic. Inhibidors especifics
contra FGFR1/2/3 (FGFRinh) han mostrat una eficacia limitada en el conjunt d’amplificats de
FGFR1. D'altra banda, els inhibidors multi-tirosina quinasa (MTKI, especifics per a les families

de FGFR, VEGFR i PDFGR) han mostrat una millor eficacia pero amb més toxicitat.

En aquest estudi, hem investigat mecanismes de resistencia a PI3Kinh i biomarcadors de
resposta a FGFRinh. En la primera part, hem determinat I'activitat antitumoral d'alpelisib, un
PI3Kinh especific per a la isoforma o, en una cohort de 24 xenografts derivats de tumor de
pacient (PDX). Hem detectat una agregacié d'alteracions posteriors a PI3K i amplificacions
en 1I'1g13 entre els models resistents i les hem validat en models in vitro, incloent la
sobreexpressio de ciclina D11 FGFs. A més, 2 de 3 models PDX amb alteracions possiblement
activadores d'mTORC1 han mostrat una eficacia superior amb ['inhibidor d'mTORC1/2

(mTORC1/2inh) en comparacié amb I'PI3Kinh.

En la segona part d'aquesta tesi hem analitzat l|'activitat antitumoral d'un FGFRinh,
rogaratinib, en una cohort de 17 PDXs que contenen amplificacions en FGFR1/4 i/o
FGF3/4/19 (I'amplico 11g13). D'entre els potencials biomarcadors de resposta analitzats
(nombre de copies de gen de FGFR1-4, expressio genica de FGFR1-4, i co-amplificacié i
expressio de lligands FGF), hem identificat que alts nivells de mRNA de FGFR1-4 prediuen

la resposta a FGFRinh. Hem comparat I'eficacia de rogaratinib amb un MTKI, lucitanib, on
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hem observat una millor eficacia. A més, hem observat un elevat bloqueig de proliferacio i
vascularitzacié amb lucitanib. Testant terapia antiangiogénica en dos models resistents a
rogaratinib, hem observat nivells similars d'eficacia al lucitanib, suggerint que la resposta a

lucitanib és deguda al bloqueig vascular en ambdos models.

En conclusio, hem determinat que models que contenen alteracions activadores d'mTORC1
(e.g. TSCldel) son resistents a PI3Kinh pero sensibilitzen a mTORC1/2inh i que la
sobreexpressio de ciclina D1, FGF i ambdues alteracions generen resisténcia a PI3Kinh.
Tanmateix, hem determinat que nivells alts d'mRNA de FGFR1-4 prediuen la resposta a
FGFRinh i que els MTKI presenten millor eficacia degut a un elevat bloqueig de la proliferacié
i la vasculatura. Creiem que aquests resultats ajudaran a millorar la selecci6 de pacients en

futurs assajos clinics de terapia dirigida a CM ER+.
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Introduction

1. Breast cancer background

1.1.  The healthy breast

1.1.1. Anatomy and function

The mammary glands or breasts are organs which serve as a nourishing source for the
offspring of the mammals. They are present in the female individuals of the species, and
produce a secretion that contains the basic nutrients for the complete development of the

offspring: the milk’.

These organs undergo postnatal development when they are stimulated through steroidal
hormones, which are regulated by the ovaries that influence the reproductive function. The
female breasts have different stages through life: at 20 years of age, they reach their
developmental maturity; and at the age of 40, they begin an atrophic process, even before
menopause is presented. In each menstrual cycle, the breasts undergo structural changes
under the influence of the ovarian hormones. During pregnancy and lactation, major
changes occur in order to fulfill the function of milk production: they increase in volume
(increased glandular tissue) and they start producing milk. The milk production is stimulated
through the secretion of prolactin from the pituitary gland and somatomammotropin from
the placenta. When the female arrives at the menopause, several hormonal changes occur

inducing the breast glandular tissue to regress and involute, being replaced by stroma’.

The mammary glands are composed of 15 to 20 irregular lobes of branched tubuloalveolar
glands (Figure 1). These lobes are all connected to the mammary papilla, or nipple, and are
surrounded by fibrous bands of connective tissue. There is abundant fat tissue in the fibrotic
tissue that connects with the dermis, and little fat in the connective tissue between the lobes.
Each one of these glandular lobes produce milk, and connect to a duct which serves as a

channel to the milk to go through into the nipple’.
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Anatomy of the Female Breast

Chest wall

Lymph nodes <> b &
\'\9 Ribs<\ :

P J?é

Y Mt /
\ \? '] Muscle T D \ Lobe
\ “ ‘ v § \

Fatty tissue

Ducts

Nipple B | % e

) . W O —— Nipple
Areola— A '/' Vi

\ t "=~ | obules

Figure 1. Anatomy of the Female Breast. The nipple is the end of all the ducts in the breast. Each duct
connects with a glandular lobe, which produces milk. Abundant fat tissue is present in the surrounding area
around the lobes. The axillary lymph nodes are located close to the glandular tissue of the breast. Image taken
from the National Cancer Institute © 2012 Terese Winslow LLC, U.S

1.1.2. Hormonal regulation of the breast

At puberty, there is an enhanced production of estrogens and progesterone by the ovaries
initiating the development of the mammary gland. In each menstrual cycle, there are minor
changes in the morphology of the glandular tissue. During pregnancy, there is a continuous
production of estrogens (stimulated by the placenta and the corpus luteum) and
progesterone, which will further produce the development of the mammary gland. At
parturition, there is a reduction of circulating estrogens and progesterone hormones, as well
as a degeneration of the corpus luteum and placenta. An increased secretion of prolactin
and adrenal cortical steroids stimulate the secretion of milk. When the infant initiates the
act of suckling, there is a generation of impulses from receptors in the nipple, which will
provide the hormonal feedback regulation to continue producing milk. Also, these impulses
cause the release of oxytocin which stimulates the myoepithelial cells, causing them to
contract and eject milk. The mammary glands turn to an inactive state when the act of

suckling ceases'.
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After menopause, the mammary gland becomes atrophied and involutes. The secretor cells
of the alveoli degenerate and disappear due to the decrease of ovarian hormones in the
body. Connective tissue is also degenerated and the number of stromal cells and collagen

fibers lessens drastically’.
1.2. Carcinogenesis in breast cancer

Breast cancer is a pathological uncontrolled cellular growth originating in the breast tissue,
commonly from the ducts or the lobules. Breast cancer cells maintain similarities to the cells
of the organism from which they are originated. DNA and RNA are similar, but not identical,

causing the possibility to be ignored by the immune system?.

Normal cells become cancerous through genetic modifications. These genetic alterations
can occur spontaneously or they may be induced by environmental factors such as: nuclear
radiation, electromagnetic radiation (microwaves, X-rays, Gamma-rays, Ultraviolet-rays,
etc.), viruses, bacteria and fungi, parasites (due to tissue inflammation) irritation, heat,
chemicals in the air, water and food, mechanical cell-level injury, free radicals, evolution and
aging of DNA and RNA, etc. All of these factors can produce mutations that may start cancer.
Cancer develops if the immune system is not able to detect cancer cells and/or the amount

of cells produced is too great for the immune system to eliminate?.
1.2.1.  The genetics behind cancer
Many genes can start carcinogenesis if mutated. There are two main types®™>:

e Oncogenes are mutant genes able to induce cancer in animals. They derive from proto-
oncogenes (previous to the mutation). These genes participate in cellular growth
controlling proliferation pathways. Mutations in oncogenes are gain-of-function
mutations. There are three main types of genetic modifications in proto-oncogenes that

can transform them into oncogenes:

o Point mutations: these are nonsynonymous mutations that substitute one amino acid

for another (missense mutation) and creates a constitutively activated protein.
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o Gene amplification: duplication or amplification of a region in the DNA that contains

a proto-oncogene.

o Chromosomal translocation: refers to the fusion of different DNA regions that result
in a fused gene/protein or a gene that is controlled by another promotor and

becomes constitutively activated.

e Tumor-suppressor genes code for proteins that inhibit cell proliferation. Generally,

mutations induce loss of function of these proteins. There are different types of
mutations that can cause tumors suppressors loss-of-function; these are the most

common:

o Point mutations: Non-synonymous mutations that can either substitute one amino
acid for another (missense mutation) or either create a premature STOP codon

(nonsense mutation).

o Frame-shift mutations: A gene loses its reading frame due to a small insertion or
deletion of nucleotides (Indels). This gives an alternative reading frame from the
Indel region creating a new sequence of amino acid that normally contain a

premature STOP codon.

o Deep deletions: Complete deletions of a whole gene or most of it, causing the

absence of the protein in the cell.

Generally, mutations are more likely to cause loss-of-function rather than gain-of-function.
But gain-of-function mutations need to be just in one allele to be oncogenic, while in the
loss-of-function mutations, the other allele can conserve the function; only another

deleterious mutation can lead to the complete absence of the protein function.

These alterations are somatic events, although some germ-line mutations can predispose
for the development of cancer. Usually, a single genetic change is not sufficient for the
development of a malignant tumor, but rather a multistep process of sequential alterations

across time in many oncogenes and tumor suppressor genes.
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Importantly, not all mutations in a cancer cell contribute to carcinogenesis. They can be
classified in two major groups: driver and passenger mutations. Driver mutations confer
growth advantage and have been positively selected during the evolutionary process of
cancer. Passenger mutations are those alterations which do not contribute to cell growth or
are of any advantage for cancer, but they were present in an ancestor cancer cell containing

a driver mutation®.

Driver mutations can occur in genes from several important pathways for cell proliferation,
such as: ligand/receptor signaling, elements from the downstream proliferation pathways
and the cell cycle. Growth factors, or ligands, are secreted by cells in order to send a signal
to activate proliferation. They bind to a receptor present in the cell membrane of another
or the same cell. This receptor will send a signal, through phosphorylation and
conformational changes in a cascade of proteins, to activate the cell cycle in the nucleus.
The cell cycle will perform a sequence of events enabling the cell to replicate its DNA giving
two daughter cells with the same genetic information. In cancer, mutations in genes

belonging to these pathways, such as PIK3CA in ER+ BC’, can become oncogenic drivers®,

Different type of tumoral cells can arise in a tumor; this is the so-called tumor heterogeneity.
Different clones tend to exist in a single tumor. Each clone differs genetically from the other.
This happens in an evolutionary way: from the initial cell and through sequential cell
divisions, genetic mutations are appearing and different lineages with different background
appear. This gives the advantage to the tumor to adapt at different environmental

conditions: hypoxia, immune system attack and, importantly, treatments®.
1.2.2. Tumor microenvironment

In a tumor, besides the initial clone and subclones of cancer cells, different cell types coexist

to stimulate growth and progression of the tumor (Figure 2) * ™.

e Cancer Stem Cells (CSQ): These are progenitor cancer cells that have the capacity to adapt

fast to environmental changes and can differ in sensitivity to different treatments.

e Cancer-associated Fibroblasts (CAFs): A sub-population of fibroblasts with a

myofibroblastic phenotype. These CAFs remain in the tumor perpetually activated, unlike
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the process of wound healing, where they are activated just to repair the tissue. These
CAFs have relevant roles on cancer progression through remodeling the Extracellular
Matrix (ECM), inducing angiogenesis, recruiting inflammatory cells, and directly
stimulating cancer cell proliferation via the secretion of growth factors, immune

suppressive cytokines, and mesenchymal-epithelial cell interactions.

Immune and inflammatory cell: The immune system has the capacity to detect the early

steps of carcinogenesis, attack and eliminate cancer cells. But eventually, the cells in the
tumor learn to escape this system, and continue growing. Immune cells and inflammatory
cells coexist in the tumor environment, producing a complex communication network

involving cytokines and other receptor-ligand processes.

Adipose tissue cell

Cancer associated
fibroblasts (CAFs)

Extracellular matrix

Immune cells

j Blood vessels

Figure 2. The tumor microenvironment. Tumoral cells coexist with other cell types to assist tumor
growth. Cancer stem cells divide and produce the bulk of tumoral cells; Adipose tissue cells provide
chemoattractants and proinflammatory signals; Cancer Associated Fibroblasts (CAFs) secrete several types
of growth factors; immune cells, attracted by cytokines, aim to detect and destroy cancer cells; blood vessels
provide nutrients necessary for growth; all these cells are sustained in extracellular matrix, containing fibrous
proteins, such as collagen.
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The blood and lymphatic vascular cells: The blood and lymphatic networks provide

oxygen and nutrients as well as removing carbon dioxide and metabolic wastes to sustain
the necessary for the survival of the tumor. The complexity of the blood and lymphatic
network increases via the process of angiogenesis: the growth of new blood vessels from

pre-existing vessels.

Adipose cells: White adipose tissue and adipocytes are found to be attracting
proinflammatory elements, which are more prone for carcinogenesis. They secret more

than 50 different cytokines, which facilitate the initiation of a tumor.

All of these cells (and others in minority) create the tumor microenvironment. They create a

complex network of interactions in constant evolution. Overall, the components of the

tumor environment affect directly to the tumor initiation, progression and metastasis.

Taking all this into account, Hanahan et al proposed 10 distinctive and complementary

capabilities that enable the tumor to grow and derive metastasis; the 10 hallmarks of

11,12,

cancer

1. Sustaining proliferative signaling: the ability to sustain chronic proliferation.

2. Evading growth suppressors: cancer cells must avoid the tumor-suppressor effect of
many genes.

3. Resisting cell death: the ability to avoid natural cell death (apoptosis).

4. Enabling replicative immortality: cancer cells require unlimited replicative potential in
order to generate macroscopic tumors.

5. Inducing angiogenesis: tumors require sustenance in the form of nutrients and oxygen
as well as an ability to evacuate metabolic wastes and carbon dioxide.

6. Activating invasion and metastasis: carcinomas arising from epithelial tissues progress

to higher pathological grades of malignancy, reflected in local invasion and distant

metastasis.
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7. Deregulating cellular_energetics: uncontrolled cancer cell proliferation needs the

corresponding readjustments in energy metabolism in order to provide the necessary

for cell growth and division.

8. Avoiding immune destruction: the immune system is able to recognize and eliminate

the great majority of initiating cancer cells but eventually some cancer cells develop the

ability to avoid immune detection and therefore its eradication.

9. Genome instability and mutation: rates of mutation are often increased in cancer cells

in order to acquire enough mutant genes for the evolutionary process of tumorigenesis.

10. Tumor promoting inflammation: immune cells, mainly from the innate immune system,

secrete pro-inflammatory factors contributing to proliferative signaling, cell death

limitation, angiogenesis, invasion and metastasis.

A tumor tends to progress and invade adjacent tissues and colonize as well distant locations.
There is a sequence of events leading to the development of tumor invasion and metastasis.
At certain point the tumor cells acquire the ability to penetrate the surrounding tissues. This
tumor invasion occurs when the tumoral cells acquire the ability to pass through the basal
membrane and the ECM. Eventually, tumoral cells penetrate the lymphatic or vascular
circulation. These metastatic cells then start travelling through the circulatory system
invading the vascular basement membrane and extracellular matrix in the process of
extravasation. Eventually, these cells will attach to a new location and proliferate to produce

the secondary tumor.
1.2.3. Cancer-originating tissues in breast

There are several types of tumors that may develop within different areas in the breast. Most
tumors are the result of benign (non-cancerous) changes within the breast. The majority of
breast cancers initiate from the cells that form the ducts (ductal cancers) and in the cells

forming the lobules (lobular cancers), while a small number start in the other tissues™.
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There are two main subtypes of carcinoma depending on the site and the level of

malignancy (Figure 3):

e Non-invasive Breast Cancer / Carcinoma In Situ:

The term “carcinoma in situ” refers to patterns of abnormal epithelial cell proliferation
confined in the ductal and/or lobular structures of the breast. In Non-Invasive Breast cancer
cells are confined to ducts/lobules and do not invade surrounding tissues of the breast.

Depending on the localization of the lesion, we differentiate two categories™ ':

o Lobular Carcinoma In Situ (LCIS): An increase in the number of cells within the milk
glands (lobules) of the breast. The cells are confined inside the lobular structures of
the breast. LCIS is less common and considered a marker for increased breast cancer

risk.

o Ductal carcinoma In Situ (DCIS): The cells are confined inside the ductal structures of

the breast. DCIS is the most common type of non-invasive breast cancer (90%).

Lobular Carcinoma In Situ (LCIS) Buctal Carclncime

Normal lobule

Normal duct

_ cells

Invasive ductal
cancer

\ = Fatty tissue

Figure 3. Types of breast carcinomas. Lobular carcinomas originate in the milk glands (lobes), while ductal
carcinomas initiate in the ducts that transport the milk to the nipple. In situ refers to uncontrolled cell
proliferation confined inside the lobes or ducts, while invasive carcinomas break the basal membrane of the
epithelium and invade adjacent tissues. Image modified from the National Cancer Institute © 2012 Terese
Winslow LLC, U.S
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¢ Invasive Breast Cancer / Infiltrating carcinomas

The carcinoma is defined as infiltrating or invasive when it breaks through the basal
membrane of the duct and lobular wall and invade the surrounding tissues of the breast.

Cancer can be invasive without being metastatic to the lymph nodes or other organs® ™.

o Invasive / Infiltrating Lobular Carcinoma (ILC): ILC initiates from the milk glands
(lobules) of the breast, but have invaded adjacent tissues and often spreads
(metastases) to other regions of the body. Approximately 5% to 15 % of invasive

carcinomas are classified as invasive lobular (ILC).

o Invasive /infiltrating Ductal Carcinoma (IDC): IDC begins in the milk ducts of the
breast and penetrates the wall of the duct, invading the adjacent tissues of the breast
and possibly other regions of the body. This cancer subtype is the most common

type of breast cancer, accounting for 80% of the breast cancer diagnoses.

Other less common types of breast cancer comprehend the 5% or less of breast cancer
cases, such as Medullary Carcinoma (a type of invasive breast cancer), Mucinous Carcinoma
(rare carcinoma formed by mucus-producing cancer cells) and Tubular Carcinoma (a special

type of infiltrating / invasive breast carcinoma).

Male Breast cancer (MBC) is a rare disease worldwide. As a result of its rarity, it is treated
similarly to female breast cancer, but important differences exist. The worldwide female-to-
male incidence rate ratio of breast cancer is 122:1, although it can be significantly increased
in patients with a genetic predisposition containing genes such as BRCAT and BRCA2'®. MBC
compared with female breast cancer occur later in life with higher stage, higher grade, and
more estrogen receptor (ER)-positive tumors. The median age of onset in MBC is 72 years

of age, compared with the 61 years in women'’.
1.3. Breast cancer molecular subtypes

Traditionally breast cancer has been classified according to the morphologic features.
Despite the emerging era of personalized medicine and the availability of molecular testing,

the traditional pathologic classification of infiltrating breast carcinoma remains valuable for
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determining the treatment strategy. Molecular classifications have contributed to the
paradigm that human breast cancer is not one disease. Breast cancer shows different
molecular subtypes, each characterized by distinct gene expression profiles. This is very
important because the patients with varying subtypes have different clinical outcomes, and

each respond differently to certain treatments? '®,

1.3.1. Traditional Histopathological classification

The histopathological classification has been routinely used by the pathologists for the last
20 years. Still nowadays it is of enormous importance to identify the breast cancer subtype
through the presence of different receptors in order to find the best treatment option:
Estrogen Receptor (ER), Progesterone Receptor (PR) and Human Epidermal Growth Factor 2

(HER2) (Figure 4)'*%

Luminal A: The luminal subtype comprises those cancers which express ER in at least 10%
of the cells and PR in at least 20% of the cells. The subclass Luminal A is as well marked
by low levels of proliferation markers (<14% Ki-67), and absence of HER2 amplification.

This subtype comprehends the 40% of breast cancer cases.

e Luminal B: This group expresses ER (>10%), and may, or may not, co-express PR (<20%)
and HER2. Luminal B tumors have higher level of expression of proliferation markers

(>14% Ki-67) compared with luminal A. This subtype is among the 20% of breast cancers.

e HER2+: This group is characterized by the HER2 gene amplification (>2.2 ratio or >6 gene
copies)/protein overexpression (3+ of IHC score). This subtype occurs in approximately

10% to 20% of breast cancers.

e Triple Negative Breast Cancer (TNBC): This group comprise those cancers which are

negative for ER, PR and HER2. This group represents 10-15% of all invasive cancers.
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Figure 4. Molecular classification of breast cancer. Traditional histopathological classification distributes
breast cancer in 4 groups: Luminal A, positive for hormonal receptors, with the best prognosis and sensitive to
endocrine therapy; Luminal B, ER+ and PR+ but with high proliferation index, also responding to endocrine
therapy; HER2+, expressing HER2 receptor and responding to HER2-targeted therapy; and Triple Negative
(TNBC), expressing none of 3 biomarkers, with the worst prognosis and chemotherapy as the best treatment
strategy. Figure taken from?'.

1.3.2. Intrinsic subtype classification

A key event in breast cancer research over the last two decades was the description of the
so-called intrinsic breast cancer subtypes (luminal, basal-like, HER2-positive enriched and
normal-like) employing microarray-based gene expression profiling®, including subdivision
of luminal tumors into A and B categories. The intrinsic subtypes differ in their genomic

complexity, relevant genetic alterations and prognosis'® ':

e Luminal: Luminal tumors harbor similarity to the expression profile of normal luminal
breast epithelium. While luminal A overexpress ER-regulated genes and underexpress
HER2 gene cluster and proliferation-related genes, luminal B have much lower expression
of ER-related genes, a variable expression of HER2 cluster and relatively high expression

of proliferation related genes.

e HER2-enriched: HER2 group is defined by high expression of HER2 and related genes.
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e Basal-like: This subtype is generally characterized by expression of the high -molecular-
weight cytokeratins CK 5/6 and CK14 together with EGFR, c-kit, FOXC1, frequent TP53
mutations and a high proliferation index. They show aggressive clinical behavior. This
group shows the greatest diversity with respect to histopathological features, mutation
profiles, response to chemotherapy, metastatic behavior and survival rates. Subtyping
within this diverse basal-like category is important to delineate the biological
characteristics of tumors and to identify targeted therapies. For instance, Lehmann et al*®

identified 6 TNBC subtypes: basal-like 1, basal-like 2, immunomodulatory, mesenchymal,

mesenchymal stem-like and luminal androgen receptor.

e Normal-like: The normal-like subtype is characterized by expression of genes associated
with adipose tissue and other stromal cell types. This is a controversial group and is
thought by some authors to represent normal cell contamination of samples rather than

a real intrinsic subtype.

Gene expression profiling to classify breast cancer has been of increased utility in daily
clinical practice. In the last two decades, these gene expression profiles have been optimized
to fewer genes in clinically applicable gene expression panel tests such as MammaPrint*
(which can distinguish between good and poor prognosis using 70 genes), Oncoprint DX*®
(using 21 genes, patients are divided into 3 risk groups: low, intermediate and high),
PAM502% #(determines the intrinsic subtype and the risk of recurrence with 50 genes) and

EndoPredict®® (uses 11 genes to determine the molecular fingerprint of a tumor)®.

2. Breast Cancer therapy

Breast cancer therapy depends on the molecular subtypes (Hormone —estrogen and
progesterone— Receptor (HR) and/or HER2 positive or negative) and the level of malignancy
(early or advanced/metastatic). For early breast cancer, the main goals of therapy are
eradicating tumor from the breast and regional lymph nodes and preventing metastatic
relapse. For metastatic breast cancer, the therapeutic goals are prolonging life and symptom

palliation. Currently, metastatic breast cancer is considered incurable among all patients®.
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2.1. Local therapy

Local therapy is important for early disease, and it is only considered in metastatic cases for
palliation approaches. There are two types of local therapy for nonmetastatic breast cancer:
the surgical resection of breast tissue and/or axillary lymph nodes, and radiation, which is
given after the surgery. Depending on the size of the tumor, localization or invasion of the
cancerous tissue, and results from the sentinel lymph node biopsy (the closest lymph node

to the breast) there will be different levels of tissue removal®®3":

e Lumpectomy: Extraction of the tumor and some adjacent tissue, conserving most of the
breast anatomy. This intervention is performed generally when the tumor is delimited in
a specific area, and the sentinel lymph node biopsy resulted negative for cancer cells.
After lumpectomy, radiation is given to the site where the tumor has been removed.

e Mastectomy: Extraction of the whole breast tissue. This intervention is performed when
there is an extended invasion of the tumor tissue to adjacent areas, or if the sentinel
lymph node biopsy resulted positive. In this case, axillary lymph nodes are removed and

analyzed to determine the extension of the cancer invasion.

Radiation therapy in breast cancer may be delivered to the whole breast or a portion of the

breast (after lumpectomy), the chest wall (after mastectomy), and the regional lymph nodes.

2.2. Systemic therapy

Systemic therapy follows the same treatment categories in both metastatic and
nonmetastatic. In early breast cancer, treatment can be either adjuvant (treatment after
surgery) or neoadjuvant (treatment before surgery). Depending on the breast cancer
subtype, there will be different therapeutic strategies followed. Endocrine therapy is given
for all HR+ tumors (with some patients requiring chemotherapy as well), trastuzumab-based
HER2+ tumors (with endocrine therapy given in addition, if concurrent HR positivity), and

chemotherapy alone for triple-negative breast cancer®® *.
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2.2.1. HR+/HER2-

Endocrine therapy, which counteracts estrogen-promoted tumor growth, is the primary
systemic therapy for HR+/HER2- breast cancer (Figure 5). Standard adjuvant endocrine
therapy consists of oral antiestrogen medication taken daily for 5 years, and options differ

according to menopausal status:

o Tamoxifen is a selective estrogen receptor modulator (SERM) that competitively
inhibits estrogen’s binding to ER and is effective in both pre- and postmenopausal
women.

o Aromatase Inhibitors (Al) (anastrozole, exemestane and letrozole) decrease
circulating estrogen levels by inhibiting conversion of androgens to estrogen and
are effective only in postmenopausal women (including those who are
postmenopausal because of medical ovarian suppression or oophorectomy).

o Fulvestrant is a selective ER degrader (SERD), which is given for breast cancer patients
not responding to the previous endocrine therapies. This inhibitor binds to ER
inducing its ubiquitination and degradation. Currently, new generation SERDs are

being developed with higher affinity for ER.

Metastatic HR+/HER2- breast cancer (HR+ mBC) may develop resistance to endocrine
therapy. Therefore, new agents have been developed to counteract the appearance of
resistance to hormonal therapy. Inhibitors targeting mTOR Complex 1 (mTORC1), which
promotes cell proliferation and growth; cyclin-dependent kinases (CDK) 4/6, which control
the first checkpoint of the cell cycle; and, most recently, Phosphoinositide 3-Kinase (PI13K),
which activates pathways for proliferation, have been approved by the Food and Drug
Administration (FDA) for the treatment of metastatic breast cancer, in combination with

endocrine therapy®*™'.
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Figure 5. Timeline of the approvals in endocrine therapy. Diethylstilbestrol was the first antiestrogen
molecule synthesized, but had severe side effects; Tamoxifen was approved in 1973 and still nowadays is of
clinical value; Aromatase Inhibitors, anastrozole, letrozole and exemestane, were later approved, showing better
outcomes in adjuvant setting; Fulvestrant was approved in 2002, the first selective estrogen receptor degrader
(SERD). Figure taken from38,

2.2.2.HER2+

The development of HER2-targeted therapy has been one of the greatest advances in breast
cancer treatment. Trastuzumab, a monoclonal antibody targeting the extracellular domain
of HER2, first entered clinical trials in the 1990s. Given the excellent long-term outcomes
and reduced toxicity of single-agent accompanying chemotherapy, paclitaxel/trastuzumab
is now the standard of care for patients with small, early HER2+ tumors. Recently, it has
been approved by the FDA the antibody-drug conjugate trastuzumab emtansine for
adjuvant treatment in early HER2+ BC patients with residual invasive disease after

neoadjuvant taxane and trastuzumab neadjuvant treatment™.

In HER2+ metastatic breast cancer, standard first-line therapy consists of taxane plus
trastuzumab and pertuzumab, and emtansine is frequently used as second line therapy.
Subsequent treatment generally combines a new chemotherapy agent (or endocrine

therapy, if HR+) with an HER2-targeted agent.

2.2.3.TNBC

Given the relatively unfavorable prognosis of TNBC and lack of targeted therapies,
chemotherapy is generally administered to all patients with triple-negative breast tumors,
even with negative axillary nodes. Chemotherapeutic agents are the only agents approved

by the FDA for treating early triple-negative disease.
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For metastatic triple-negative breast cancer cytotoxic chemotherapy is the only therapeutic
option available in patients except for cancers harboring germline BRCAT/2 mutations,
where targeted inhibitors of poly(adenosine diphosphate-ribose) polymerase (PARP)
enzymes are approved; and PD-L1 positive cancers, where atezolizumab (anti-PD-L1) is
approved in combination with placlitaxel. AKT inhibitors, such as Ipatasertib, are being

evaluated in clinical trials in combination with paclitaxel*® *'.

3. Resistance to endocrine therapy

Resistance to hormonal therapy is often associated with disease recurrence and progression.
Over the last decade, several genetic and epigenetic alterations have been identified to
bypass endocrine therapy and activate cell proliferation independently of estrogen binding
to ER. These include activating mutations in ERa (ESRT); activation of the cell cycle through
CDK4/6; activation of growth factor receptors such as HER family and/or Fibroblasts Growth
Factor Receptor (FGFR); activation of growth and proliferation pathway members from the
PI3K/AKT/mTOR axis; epigenetic modifications by histone deacetylase (HDAC) and
interactions with tumor microenvironment and host immune response. To improve efficacy
to hormonal therapy, inhibitors targeting elements of these pathways have been developed,
in both metastatic and early-stage disease. Many agents are approved by the FDA, primarily
in combination with hormone therapy but as well novel combinations are under

investigation®.

e ESRT mutations

ESR1 mutations, although very rarely seen in primary tumors, have been reported to be in
11% to 55% of the recurrent metastatic cancers that progressed to a long-term treatment
with endocrine therapy, typically after Al treatment****¢. The hot-spot mutations are located
in the ligand-binding-domain of ER, inducing a constitutive activated conformation,
independently of the presence of estrogen. Therefore, mutant ER is resistant to Aromatase
Inhibitors (Al), as well as to tamoxifen. Fulvestrant is still active in ESRT mutants except for
Y537S mutation”’. The development of newer generation SERMs, SERDs and other strategies

is required in order to improve the targeting of ER and its mutated forms.
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Figure 6. Estrogen Receptor pathway and cross-talk with Growth Factor Receptors, PI3K/AKT/mTOR and
CDK4/6 pathways*? 48 49, Estrogen (E;) binds to Estrogen Receptor (ER) leading to dimerization and activation
of the receptor. Activated ER promotes proliferation through translocation to the nucleus, where it will bind to
the Estrogen Receptor Elements (ERE) in the genome. In complex with other Co-Activators (CoA), ER regulates
target gene expression, such as Insulin Growth Factor Receptor 1 (IGF1R), Insulin Responsive Element (IRS), ErbB2
(HER2) and CCNDT (Cyclin D1) among others. Importantly, cyclin D1 binds to CDK4/6 to overpass the G1 to S
cell cycle restriction point and proceed with cell division. Alternatively, proliferation can be promoted through
the non-genomic pathway: estrogen binds to the membrane associated ER which activates the Ras/Raf/Mek/Erk

mitogenic pathway®® and the PI3K/AKT/mTOR pathway®’. ER can be further phosphorylated in the nucleus by

ERK>?, AKT>3 and S6K42 48 54,

42



Introduction

e HER2 Gene amplification and mutations

HER2 amplification comprises around 10% of ER+ breast cancers and it is well recognized
as a mechanism of resistance to endocrine therapy®. In such cases, trastuzumab is the
standard of care as well as for the metastatic setting, where it is given in combination with

hormonal therapy.

Another way to activate HER pathway signaling is with somatic mutations in HER2. The
mutation rate is approximately 2% in primary breast cancers but can reach up to 20% on
invasive lobular cancers®®. These mutations can be located in two domains of the receptor:
the tyrosine kinase domain and the extracellular domain, both leading to a constitutively
activated pathway. The treatment options for these HER2 mutated cancers are irreversible
HER2 Tyrosine Kinase Inhibitors (TKI), such as neratinib. Given that most of the HER2-

mutated cases are ER+, the combination of neratinib with fulvestrant is being studied”’.

e Fibroblast Growth Factor Receptors amplification

The fibroblast growth factor (FGF) signaling pathway is composed of four transmembrane
tyrosine kinase receptors (FGFR1, FGFR2, FGFR3, and FGFR4) and 18 ligands. They are
expressed in many different cell types and control a wide range of biological functions, such
as cellular proliferation, survival, migration, and differentiation®®. FGFR1 gene locates in the
8p11 amplicon, which is found amplified in 10% of ER+ breast cancer and associated with
increased Ki-67, early relapse, and poor survival®®. Several studies have demonstrated that
high FGFR1 signaling is associated with endocrine resistance® . Very recently, it has also
been shown that FGFR1 amplification is a mechanism of resistance to CDK4/6inh®. Less
frequently, breast cancer could harbor amplification of FGFR2% or FGF3/4 ligands, which are
located in the 11q13 amplicon®. Inhibitors targeting FGF Receptors have been developed,

and will be further described in a later chapter.

e PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway is a pivotal signaling axis for cell proliferation and growth.
Upregulation of the PI3K pathway through increased activity of PI3K, AKT and mTOR kinases
is a common resistance mechanism to endocrine therapy®® (Figure 6). The most frequent

genetic alteration in ER+ breast cancers are activating mutations in PIK3CA (30% to 40%),
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the gene coding for the a isoform of the catalytic subunit of PI3K’. Common mutations are
E242K, E525K and H1047R, which bring PI3K in a constitutively activated state®. Novel
inhibitors targeting kinases of this pathway have been developed, such as mTOR, AKT and
PI3K inhibitors.

e Cyclin D, CDK4/6 and Rb pathway

CDK4/6 control the transition of the G1/S restriction point’. They are activated upon
binding with cyclin D, which phosphorylate the retinoblastoma protein (Rb) leading to the
release of E2F, a transcription factor that activates the transcription of several genes involved
in cell cycle progression (Figure 6). Cell cycle progression is a downstream effector of the
estrogen receptor activation, being cyclin D, c-Myc and cyclin E, rapidly upregulated upon
estrogen stimuli’" 2. High levels of cyclin D1 and Rb phosphorylation have been linked to
endocrine therapy resistance’. Cell cycle related alterations are found enriched in the
poorer prognosis group of the ER+ breast cancers, the luminal B subtype. CCND1 and CDK4
amplification is present in 58% and 25% of Luminal B, while in luminal A they are at 29%

and 14%, respectively’.

Several inhibitors targeting CDK4/6 have been developed showing very promising data on
ER+ breast cancer in combination with endocrine therapy’. To date, three CDK4/6 inhibitors
have been approved by the FDA in combination with hormonal therapy: palbociclib”,

abemaciclib®® and ribociclib®.

Of note, CCND1 gene co-localizes with FGF3/4/19 genes in the 1113 amplicon, as well as
with other genes implicated in pathway proliferation: P21 Activated Kinase 1 (PAKT) and
Ribosomal Protein S6 Kinase B2 (RPS6KBZ2) genes. This chromosomic region is frequently
amplified in breast cancer’ (Figure 7). PAK1 protein is a serine/threonine kinase that
regulates cell proliferation and cell cycle progression. PAK1 interacts with both MAPK
pathway by phosphorylating Rac and MEK, and PI3K pathway by interacting with AKT®.
PAKT also has shown to function as an oncogene in breast cancer’’. RPS6KB2 codes for the
Beta isoform of P70/S6K (S6K2), and it has been related with endocrine resistance in breast

cancer® "8
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Figure 7. 11913 amplicon in breast cancer. A) 11q13 region contains four genes related to cell growth and
proliferation: RPS6KB2 (S6K2), CCND1 (Cyclin D1), FGF3/4/19 and PAKT (P21 Activated Kinase 1) B) FGF ligands
can activate FGFR and MAPK pathway; PAK1 is involved in the crosstalk between MAPK and AKT signaling; S6K2,
a downstream effector of mTORC1, further activating protein synthesis and cell growth; cyclin D1 overexpression
can lead to PI3Kinh resistance through cell cycle progression C) Physical genomic distance between 11913 genes
(X-axe) and relative copy number variations (Y-axe) in 29 breast cancer samples. Graph taken from®°.
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e Epigenetic pathways

Epigenetic regulatory mechanisms of ESRT and growth factor receptor gene promoters have
been linked to endocrine resistance”. Several mutations have been found in genes that
regulate histone and DNA modifications, such as Myeloid/Lymphoid Or Mixed-Lineage
Leukemia Protein 3 (MLL3) which occurs in 14% of luminal BC’. Histone deacetylase (HDAC)
inhibitors have been tested in the clinics with promising data. In 2017, entinostat received
«breakthrough designation» status from the FDA in combination with exemestane in the
advanced setting of breast cancer due to an improvement of the overall survival (OS) in a

phase Il clinical trial®®®'.

e Insulin Growth Factor Receptor Signaling

The Type-1 Insulin Growth Factor Receptor (IGF1R) signaling regulates cell growth, survival,

motility and is linked to mammary gland development®

. IGF ligands stimulate cell growth
via binding to IGF1R and the subsequent activation of the PI3K/AKT and Ras/Raf/Mek/Erk
mitogenic (MAPK) pathways (Figure 6). Alterations in this pathway are linked to endocrine
therapy resistance® #. Estrogen receptor is a major regulator of IGF1R and the insulin
Receptor substrates (IRS), mainly by activating the transcription of these genes and other
components of the pathway®. There are multiple mechanisms of cross-talk between ER and
IGFR1R. Preclinical data shows that IGFR1R activation amplifies the biological effects of ER
activation, independently of estradiol®®. Similarly, the IGF pathway signaling regulates ERa
through S6K1-dependent mechanism in breast cancer cells®”. Therefore, it is not rare that

IGF signaling is linked to endocrine resistance® ®. Several IGFR inhibitors have been

developed in the clinics but with disappointing results®.

e Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor (VEGF), besides its contribution to angiogenesis, has
shown to induce breast cancer cell proliferation and resistance to endocrine therapy
through paracrine and autocrine signalling®. Elevated levels of VEGF have been linked to
disease recurrence and resistance to hormonal therapy®. VEGF inhibitors have been tested

in combination with hormonal therapy with relative improvement in the response®’. In 2008,
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FDA approved bevacizumab (an antibody targeting VEGF) for mBC but later in 2011 the

approval was withdrawn due to lack of safety and effectiveness®.

e Microenvironment and Immune Checkpoint Pathway

Programmed cell Death protein 1 (PD1) and PD1 ligand (PD-L1) confer one of the major
immune check points of the immune system®. PD-1, present in the T cells, binds to PD-L1,
expressed by tumoral cells, to abolish the capacity of the immune system to attack cancer
cells. In ER+ breast cancer, up to 20% of the patients have been reported to express PD-

L1%. Antibodies targeting both receptor and ligand are being tested in the clinics®.

4. Targeted therapy beyond endocrine resistance

The increasing knowledge on the mechanisms of endocrine resistance have reported new
potential targets, which have emerged as potential treatment options in combination with
hormone therapy. In this sense, several agents have been developed and tested in the
clinics, such as mTOR inhibitors (everolimus), PI3K inhibitors (buparlisib, alpelisib, and
taselisib), CDK4/6 inhibitors (palbociclib, ribociclib, and abemaciclib), HDAC inhibitors
(entinostat), FGFR inhibitors (dovitinib and lucitanib), and IGFR inhibitors*.

This study will focus on two therapeutic strategies: PI3K/mTOR targeted therapy and FGFR
targeted therapy.

4.1. Targeting PI3K/AKT/mTOR pathway

The PI3K/AKT/mTOR pathway is a canonical axis for cell proliferation. As previously
mentioned, it interacts with the ER pathway, and its activation is considered a mechanism

of resistance to endocrine therapy.

Activating mutations in the PIK3CA gene are the most common alterations in luminal breast
cancer, being 45% in luminal A and 29% in luminal B BC subtypes’. Therefore, it is reasonable

to consider this pathway a target for cancer treatment.
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4.1.1. The PI3K pathway

The PI3K pathway has the function of translating a proliferative signal from the outer part
of the cell through a receptor (Figure 8). PI3K is a kinase that phosphorylates
phosphatidylinositol (Ptdins) lipid substrates: it adds the phosphorylation at the 3™ position
of the inositol ring of PtdIns(4)P and PtdIns(4,5)P. (PIP,) forming PtdIns(3,4,5)Ps (PIP3). There
are three classes of PI3K isoforms, but class | is the most relevant in cancer. Class | isoforms
are formed by two subunits: p110, the catalytic subunit, and p85, the regulatory subunit.
There are 4 isoforms of p110 subunits: p110a, p110B, p110y and p1108. PIK3CA encodes

for the p110a subunit isoform” %

There are 3 PIK3CA hotspot or recurring mutations: H1047R, E542K and E545K, accounting
for 70-80% of the mutation spectrum®” %, These mutations are located in exon 9 (E542K,

E545K), within the p85 regulatory domain and in exon 20 (H1047R), in the kinase domain®®

100

PI3K is activated upstream through the binding of a growth factor signal with its cognate
growth factor receptor (RTKs). PIP3 acts as a docking site for AKT, a serine/threonine kinase,
inducing its activation through phosphorylation in the T308 position by the
phosphoinositide-dependent kinase 1 (PDK1). AKT is also phosphorylated at the S473
position by mTOR Complex 2 (mTORC2), which is formed by mTOR, Deptor, mLST8, mSin1,
Protor and Rictor, and as well activated by PIP; in the cell membrane via Sin1'°" 192 A
canonical function of AKT is to activate protein synthesis and cell growth by activating mTOR
Complex 1 (mTORC1) through inhibition of the TSC1/2 complex (composed by the two
proteins TSC1 and TSC2/Tuberin). The mTORC1 complex is composed by several elements:
mTOR, Deptor, Raptor, Pras40 and mLST8 proteins. This complex phosphorylates S6 kinase

(S6K) to finally activate protein, lipid and nucleotide synthesis in the cell'®,

Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is a phosphatase
that has the opposite function to PI3K: it dephosphorylates PIP3 to PIP.. Another
phosphatase, inositol polyphosphate 4-phosphatase type Il (INPP4B), is also involved in PIP3
to PIP, dephosphorylation. They both act as tumor suppressors, and its loss can lead to a

constitutive activation of the PI3K pathway'®.
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Figure 8. The PI3K/AKT/mTOR pathway. This canonical pathway for proliferation is composed by multiple
interconnected elements. A tyrosine kinase receptor is activated upon binding with a growth factor. PI3K is then
activated through IRS and will therefore phosphorylate PIP; into PIPs. PIP; serves as a docking site for AKT, which
is activated via PDK1. AKT regulates many biological processes in the cell, but importantly it inhibits the negative
regulator of mTORC1, the TSC1/2 complex. Activated mTORC1 will activate several pathways in the cell related
to protein, mRNA, lipid and nucleotide synthesis, as well as it serves as a negative feedback for RTK signaling.
Production of PIP3 also results from mTORC2 activation, which will phosphorylate AKT at the S473 site. The MAPK
pathway is also able to activate mTORC1 pathway through inhibition of TSC1/2 complex.
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AMP-activated protein kinase (AMPK) is a sensor for low nutrients and high AMP/ATP
ratio'® that inhibits cell growth in adverse situations. In the presence of AMP, Liver Kinase
B1 (LKB1) phosphorylates AMPK, which activates the TSC1/2 complex, thus inhibiting
mTORCT function. Loss if STK77 gene (LKB1 protein) can lead to constitutive activation of
mTORC1 and it has been associated with non-small cell lung cancer'® and hematologic

malignanices'® 1%,

41.2. PI3K/mTOR inhibitors

Several inhibitors have been developed in the PI3K-AKT-mTOR axis. In fact, everolimus was
the first targeted therapy approved in combination with an Al (exemestane) for the
treatment of HR+ breast cancer®. Kinase inhibitors against both mTORC1/2, as well as
inhibitors against AKT or PI3K, have been tested in the clinic*. The efficacy of pan-PI3K
inhibitors is limited by dose-limiting toxicities that include rash, diarrhea and elevated
transaminases. PI3Ka-specific inhibitors are advantageous in improving the therapeutic
window, but resistance mechanisms have been recurrent. Preclinical models also indicated
that effective inhibition of mTOR remains important for upstream inhibitors'”, but
combined PI3K and mTOR inhibition may not be feasible due to overlapping toxicities.
Importantly, PIK3CA mutation status has been thoroughly validated as a response

biomarker in several clinical trials'®,

e Inhibition of MTOR

The first mTORC inhibitors introduced in the clinic are the rapalogues. These molecules are
derived from rapamycin, a metabolite produced by Streptomyces hygroscopicus'®.
Rapalogues bind to the 12 KDa FK506-binding protein (FKBP12), and this complex acts as
an allosteric inhibitor of mMTORC1. However, resistance mechanisms have been limiting their
efficacy, such as AKT activation via mTORC2'°. To better block mTORC complexes, dual
mTORC1/2 inhibitors were developed. These inhibitors competitively bind to the ATP site
(mMTORC1/2inh). Due to targeting directly the catalytic domain, some negative feedback

loops are prevented, giving a much efficient mTOR activity blockade* 1% 1%,
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o Sirolimus (Rapamycin): This inhibitor is the direct product extracted from Streptomyces

hygroscopicus. This is the first mTORC1 inhibitor developed.

o Temsirolimus: This rapalogue was evaluated in a trial in combination with the Al
letrozole as first line therapy for HR+ breast cancer. However, no difference in

progression-free survival (PFS) between the two arms were found™".

o Everolimus: This rapalogue was the first agent approved in combination with
exemestane for postmenopausal women HR+/HER2- metastatic breast cancer
progressing to Als in 2012. The BOLERO-2 trial showed a 10.6 months difference in the

PFS, compared to Al monotherapy''.

o Vistusertib (AZD2014): This dual mTORC1/2inh showed promising results in cellular
models'"*"">. However, results from the MANTA study in 2018 did not succeed to offer
better response on vistusertib plus fulvestrant in comparison with everolimus with

fulvestrant treatment''.

e [nhibition of PI3K

Two classes of PI3K inhibitors are being studied in HR+ breast cancer, the pan-class |
inhibitors (buparlisib and pictilisib) and the isoform-specific inhibitors (alpelisib and
taselisib)*. Results with the pan-PI3K inhibitors have been complicated due to toxicity and
disappointing efficacy. Nowadays, the use of ctDNA to detect PIK3CA mutations is routinely

being used as a predictive biomarker for response to a-specific PI3K inhibitors'"”.

o Buparlisib (BKM120): The phase Il BELLE-2 trial showed that PI3K inhibition combined
with endocrine therapy is effective in postmenopausal women with endocrine-resistant,

HR+ HER2- advanced breast cancer'®

. Overall, the toxicities observed in the buparlisib
treated patients and the development of more specific inhibitors have precluded further

clinical development of this inhibitor.

O Pictilisib (GDC-0941): The FERGI trial, a phase Il trial with HR+ postmenopausal
metastatic breast cancer, tested fulvestrant with pictilisib or placebo. Results were

disappointing: besides increasing toxicity in the pictilisib arm, PFS was similar between
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the two treatment arms —even among patients with PIK3CA-mutant tumors. No further

investigation is ongoing with Pictilisib'".

Taselisib (GDC-0032): This B-sparing inhibitor (specific for all isoforms except PI3Kp) has
demonstrated encouraging efficacy in early-phase trials, with certain degree of toxicity.
The SANDPIPER phase lll trial tested this inhibitor in PIK3CA-mutant HR+ metastatic
breast cancer in combination with fulvestrant and the PFS increased in Taselisib +
fulvestrant arm from 54 to 7.4 months compared to placebo + fulvestrant arm.
Toxicities were manageable, although some patients had to quit the trial due to

Taselisib-related toxicities'®.

O Alpelisib (BYL719): Early phase trials showed promising data for this a-specific inhibitor.

Recently, results from the SOLAR-1 clinical trial have shown a significantly prolonged
PFS with the addition of alpelisib to fulvestrant arm, with a median PFS of 11 months
vs. 57 months in PIK3CA-mutant patients. Toxicities in this case were more
manageable" "2 This encouraging data have led to the approval of alpelisib in
combination with fulvestrant early 2019 by the FDA for the HR+ metastatic breast

cancer setting, being the first PI3K inhibitor approved for a solid tumor disease®”.

4.1.3. Resistance mechanisms to PI3K inhibitors

Intrinsic and acquired resistance to PI3Kinh is a problem in the clinic. Several studies from

the last decade have described mechanisms that overpass PI3K inhibition. These

mechanisms can be intrinsic, where the tumor does not depend on the PI3K pathway for its

growth so it will not respond to PI3Kinh; or acquired, where the tumor, after showing

response, acquires a genetic or epigenetic change that leads to overpass PI3K inhibition.

Below are described the most relevant mechanisms of resistance to PI3K inhibition

described to date (Figure 9
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Figure 9. Resistance mechanisms to PI3K inhibitors. 1) Redundant PI3Kp isoform takes over the role of the
PI3Ka isoform, which is described for tumors that lack PTEN'24 123, 2) PI3K inhibition results in RTK overexpression
and activation of compensatory MAPK signaling'?6-128; 3) SGK1/3 phosphorylation by PDK1 and AKT activates
mTORC1 through TSC1/2 complex blockade and phosphorylates NDRG1 at the T346 position'?; 4) PIM2 is
another TSC1/2 inhibitor that can potentially activate mTORC1'3%; 5) ER is upregulated upon treatment with
PI3Kinh and this results in drug resistance'®'; 6) B-catenin associates with FoxO in the nucleus to activate the

transcription of cell survival and metastasis related genes'®2.
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Use of redundant PI3K isoforms: The current pharmacological strategy has focused on

targeting PI3Ka in PIK3CA mutant cancers, in an attempt to improve the therapeutic
window of these drugs. Therefore, other PI3K isoforms could participate in the re-
activation of the pathway, when PI3Kat is inhibited. The rewiring of PI3K signaling towards
p110B isoform can occur either upon PI3Ka inhibition, where PI3KB produces and
accumulates PIP; over time'®, and in the context of PTEN loss, where PIPs; production

appears to be more dependent on PI3Kp isoform'?> '3,

RTK activation: There is an upregulation of RTK expression and activation of HER3, HER2
and other RTK's upon PI3K blockade "%, This increased RTK activity has been shown

to activate the MAPK pathway.

Hormone Receptor-dependent resistance: PI3K pathway activation leads to resistance to
endocrine therapy, and inversely, an upregulation of ER leads to PI3Kinh resistance. In
fact, ER-positive breast cancer cell lines and patient samples exhibit an increased luminal
gene expression signature when exposed to PI3K inhibitors, due to an increased ER

expression upon PI3K inhibition™".

Transcription factors: Activation of notch and c-MYC are markers of resistance to PI3K

and mTORC1inh">, Besides, c-MYC amplification has proven to induce PI3Kinh resistance
in PIK3CA mutant mice-derived tumor cells'*®. Additionally, it has been shown in colon
cancer that B-catenin promotes PI3Kinh resistance by associating with the transcription
factor FOXO in the nucleus and thus activating the transcription of genes related to cell

survival and metastasis'.

Downstream PI3K Kinases and parallel pathways: PI3K activates several downstream

Ser/Thr kinases, and their constitutive activation can compensate the inhibitory effects of

targeting PI3K.

o RSK3/4: It has been shown that RSK3/4 have the ability to drive resistance to PI3K

and AKT inhibitors in preclinical models'’.

o PIM, PKC and AKT: These kinases have been as well identified as putative resistant

mechanisms to PI13Kinh™°,
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o PDK1/SGKT1 axis: It has been shown that upon PI3K blockade, SGK1 inhibits TSC2 via
PDK1 thus activating mTORC1. However, PDK1 blockade restores sensitivity to PI3K

inhibition'?°,
4.2. Targeting FGFR and angiogenic pathways

FGFR signaling plays a crucial role in cancer cell proliferation, migration, angiogenesis, and
survival. Studies from the last decade have demonstrated FGFRs as driving oncogenes in
certain tumor types, such as bladder, gastric and breast cancer®®. The most recurrent FGFR
genetic alterations described in cancer are: FGFRTamp in breast cancer (10%)"® '3,
FGFR2amp in gastric cancer (10%)'*, FGFR2 activating mutations in endometrial cancer
(12%)'"', FGFR3 activating mutations in bladder cancer (50-60%)'** and FGFR3
translocations in myeloma (15%)'** . Therefore, FGFRs have been proposed as putative
therapeutic targets. Even though the initial results using MTKI were promising, the efficacy
shown by specific FGFRinh inhibitors in ER+BC has been limited'*. Therefore, biomarkers of
FGFRinh sensitivity are needed to identify those tumors with FGFR-driving carcinogenesis.
Of note, the FGFR1/2/3 inhibitor erdafitinib, has recently been approved for the treatment

of metastatic bladder cancer with FGFR2/3 mutations or translocations™®.

4.2.1. FGFR pathway: proliferation, invasion and angiogenesis

The FGF family comprises 22 family members, from which 18 act as ligands. They bind to 4
cognate receptors: FGFR1, FGFR2, FGFR3 and FGFR4 (FGFR1-4). The FGF ligands are
glycoproteins secreted by numerous cell types, such as endothelial cells, stem cells and
epithelial cells'’. FGF ligands get rapidly trapped in the ECM as well as the cell surfaces, by
heparan sulphate proteoglycans (HPSGs). In order to activate the FGF Receptors, they are
liberated from the ECM by heparinases, proteases and other FGF-binding proteins. HPSGs
stabilize the binding between FGFs and FGFRs, forming a ternary complex. The specificity of
each FGF ligand to the FGFRs is established partly by differing ligand-binding affinities of
the receptor paralogues (FGFR1-4), but as well through different splicing isoforms (llIb/Ilc)
which alter the specificity for certain FGF ligands®®. This alternative splicing is located at the
third extracellular immunoglobulin domain (Ig Ill). Thus, some FGF ligands have higher

affinity for 1llb and others for llic receptor isoforms>® 4%,
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FGF Receptors dimerize in a ligand-dependent manner forming a complex with the
ligand™®, although it can occur in a ligand-independent manner in some cases'. These
receptors contain an intracellular tyrosine Kinase (TK) domain, which changes conformation
upon dimerization. This starts the cascades of activation in several proliferation pathways.
The tyrosine kinase domain is transphosphorylated by the intermolecular contacts within
the two receptors. This serves as docking sites for adaptor proteins, which can be as well
phosphorylated by the TK domain. FGFR Substrate 2 (FRS2) is a key adaptor protein very
specific for FGFRs. FRS2 is phosphorylated on several sites, allowing the recruitment of the
adaptor proteins son of sevenless (SOS) and growth factor receptor-bound-2 (GRB-2) to
activate Ras and the downstream Raf and MAPK pathways. Another complex involving the
GRB2-associated binding protein 1 (GABT) recruits a complex, which includes PI3K,
activating the PI3K/AKT/mTOR pathway®.

FGF signaling can affect multiple biological processes across cell types, tissues and organs.
It regulates from fundamental developmental pathways, such as mesoderm patterning in
the early embryo, to many physiological roles in the adult organism, including the regulation
of angiogenesis and wound healing. In cancer, FGF signaling participates in numerous
oncogenic aspects. Here are presented some of the oncogenic behaviors promoted by FGF

signaling®®:

e FGF in angiogenesis: FGF signaling has been extensively involved in angiogenesis'>" ',

where FGF2 is important for the growth of new blood vessels'3. Furthermore, a crosstalk

between FGFR and VEGFR pathway can mediate resistance to VEGF targeted therapy'*

155

e FGF and proliferation: FGF signaling participates in the activation of typical proliferation

pathways such as MAPK, PI3K and PLCy pathways®. To date, two studies have
demonstrated that FGF ligand signaling activate tumor cell proliferation in transgenic
mice: both enhanced paracrine FGF10 expression and FGF8b overexpression (in a

haploinsufficient PTEN background)'® led to the formation of prostate adenocarcinoma.
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e FGF and survival: Besides promoting cell proliferation, FGF signaling is able to activate

anti-apoptotic pathways through PI3K-AKT or STAT signaling. FGF2 expression has been

as well related to increased proliferation and decreased apoptosis in bladder cancer’’.

e FGF and migration and invasion: Several studies have confirmed the relation between

FGF signaling and cell migration; for instance, it has been proven that FGF10/FGFR2
signaling promotes migration and invasion in pancreatic cancer cells in vitro'® and that
FGFR1 pathway activation leads to the generation of invasive mammary lesions in

9

transgenic mice'®. Furthermore, it has been shown that FGF signaling promotes

epithelial-mesenchymal transition (EMT), which leads to cell-to-cell contacts disruption

and cancer cell metastasis'®® 16",

4.2.2.Genetic alterations in the FGFR pathway

FGFR amplifications (FGFRamp) are among the most recurrent genomic alterations in breast
cancer patients’, but several other genetic alterations occur in cancer. Next are described

the main oncogenic alterations that drive FGFR-related cancer growth (Figure 10).

e FGFR1-4 gene amplifications: FGFRT and FGFR2 gene amplifications have been

commonly described. While FGFRT amplifications are more common in breast cancer,
FGFR2 amplifications are more common in gastric cancer. FGFR1 is located at the 8p11-

12 chromosomal region, which is amplified in 10% of luminal breast cancers® '8,

e FGFR1-4 mutations: Activating mutations in the FGFR genes are rare in breast cancer.

Bladder cancer has the highest frequency of FGFR mutations, especially in FGFR3'%. FGFR
activating mutations occur in hotspot regions. For instance, FGFR3 mutations are located
in the extracellular domain (5249C, which leads to constitutive dimerization and
activation of the receptor), in the transmembrane domain (Y373C) and in the kinase

domain (K652E)'63 164,

e FGFR1-4 translocations: Several translocations implicating the FGFR genes have been

identified in cancer, either involving the N-terminus of a transcription factor and the
kinase domain of the FGFR'™ ' or fusions at the FGFR C-terminus leaving the

extracellular, transmembrane and kinase domain intact'®’. While in breast cancer FGFR
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translocations are uncommon, in other diseases constitute up to 15% of the cases. For
instance, in multiple myeloma, the fusion between FGFR3 at 4p16.3 to the
immunoglobulin heavy chain (IGH) locus 14q32, results in FGFR3 gene expression under

the control of the IGH promoter'®® %,

e 11913 amplification (FGF3, FGF4 and FGF19): Amplification of the 11913 locus is frequent

in many cancers, such as breast cancer (15-20%)” ® and head and neck cancer (39%)'*

70 This locus includes, as previously mentioned, CCND1, FGF3/4/19, PAKT and RPS6KB2.
Not all cancers that harbor an 1113 amplification overexpress the FGF3/4/19 ligands®

171.172: 35 much as 15% of the hepatocellular carcinomas (HCC) with amplification in the

11913, express high levels of FGF19'",

cytoplasm

' hy[11q13][11q13 119135
\!ﬂ 8p11 || 8p11 || sp11 lgp,

nucleus

Figure 10. FGFR pathway activation in cancer. The FGFR pathway is activated by 1) receptor gene
amplification, e.g. FGFR1, which is located in the 8p11 amplicon, is a very common genetic alteration in breast
cancer’; 2) activating mutations in hotspot locations of the receptors; 3) Gene translocations; and 4) FGF ligands,
which can be expressed either from the amplification of the 11q13 region (autocrine signaling) or secreted by
CAFs and other stromal cells (paracrine signaling). 5) FGF ligand overexpression can lead to increased
angiogenesis.
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e FRS2 amplification: Although not yet seen in breast cancer, it has been described that

FRS2 amplification could as well activate FGFR signaling in liposarcoma'’, in high-grade

serous ovarian cancer'’> and in low grade osteosarcoma'’®.

4.2.3.MTKI and FGFR-specific inhibitors

Given the high frequency of FGFR1-4 genetic aberrations in cancer, several FGFR-targeted
therapies have emerged in the clinic. To date, there is still no FGFR therapy approved for
the treatment of breast cancer, and early clinical studies suggested that: the response rate
of MTKI was higher than the one of pan-FGFRinh, and the need to identify better response
biomarkers.

FGFR Blood vessel
Stroma

MTKI

PDGFR

vacizumab

Tumor cells '
Endothelial
cells

Figure 11. FGFR-targeted therapy. Specific FGFR inhibitors (FGFRi) block mainly FGF Receptors from both the
tumor and blood vessels endothelial cells. Multi Tyrosine Kinase Inhibitors (MTKI) block FGFRs, VEGFRs and
PDGFRs. Bevacizumab, an antibody targeting VEGF, is used to block VEGF signaling. FGF-traps serve as a
mechanism to block FGF signaling from the extracellular space.
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There are two main types of FGFR inhibitors: the first-generation Multi-Tyrosine Kinase

Inhibitors (MTKI) that target RTK with structural similarities in the TK domain, namely FGFRs,

VEGFRs, PDGFRs and c-kit; and the second-generation specific pan-FGFR inhibitors

(FGFRinh), which target the TK domain of the FGFR1/2/3 receptors with high specificity and

limited off-targets (Figure 11).

Multitarget Tyrosine Kinase Inhibitors (MTKI)

Several MTKI have been under investigation in advanced HR+ breast cancer to overcome

endocrine resistance:
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o Dovitinib (TKI258): This is a first-generation oral tyrosine kinase inhibitor of FGFR1-3,

VEGFR and PDGFR at nanomolar concentrations'””. Phase | and Phase Il trials in renal
cell carcinoma showed limited efficacy'® '°. When compared with sorafenib, a VEGFR
inhibitor (VEGFRinh), it failed to show significant differences in the outcome, and
neither FGF2 levels where predictive for dovitinib responses; therefore, the effectivity
of dovitinib was suspected to be only through VEGFR inhibition. In the case of breast
cancer, a phase Il trial showed some limited responses on FGFR or 11q13-amplified
ER+ tumors but not on non-amplified, indicating that the inhibitor is effective when

FGFR1 acts as a driver oncogene'’” '8,

Lucitanib (E3810): This is a potent FGFR1-2/VEGFR1-3/PDGFR tyrosine kinase inhibitor.
A phase I/lla trial showed encouraging response data for FGF-aberrant tumors'' and
very recently the results from phase Il trial (FINESSE) on HR+/HER2- mBC showed
responses among FGFRTamp population. The trial prematurely stopped due to severe
side effects'®. Importantly, this trial has offered the possibility to examine FGFR

expression in addition to FGFRT1-4amp as biomarker of response.

ODM-203: This is an inhibitor targeting dually FGFR1-4 and VEGFR1-3. The phase I/II
trial KIDES has recently showed promising results on FGFR-aberrant or VEGFR
sensitive tumors from different types of malignancies (breast cancer, cholangio,

endometrial, colorectal, ovarian and thyroid carcinoma)'®.



Introduction

FGFR specific inhibitors

Specific FGFR inhibitors were developed to avoid the off-FGFR target toxicities of the MTKI.

Unexpectedly, these inhibitors have shown very limited responses. Therefore, efforts must

be made in order to find better treatment strategies and response biomarkers for FGFR-

altered tumors.

O AZD4547: This inhibitor targets the catalytic domain of FGFR1-3. A phase Ib in 2017

showed modest antitumor activity in FGFRTamp squamous cell lung cancer (SCLC)'®,

These results indicate a high variability in gene expression of the 8p11 amplicon. In
relation to breast cancer, a phase Il trial showed that only 12% of FGFRTamp breast
cancers, responded to the inhibitor'®. In FGFR2amp gastric cancer, a phase |l trial
failed to show significantly improved PFS versus paclitaxel; tumor heterogeneity of

FGFR2 expression indicated the need for alternative predictive biomarker testing'®.

NVP-BGJ398: This is another FGFR1-3 specific inhibitor. Phase | studies showed
modest antitumor response in NSCL harboring FGFRTamp and FGFR3-mutant
bladder/urothelial cancers™ and in advanced gastrointestinal cancer'®®. A phase Il
study in advanced cholangiocarcinoma exhibit promising clinical activity with

manageable toxicities in FGFR fusions'®.

Erddfitinib (JNJ-42756493): This is a pan FGFR inhibitor, which targets FGFR1-4 at
similar doses. A phase | in advanced solid tumors showed response in tumors with
FGFR2/3 translocations'®. Recently, a phase | study showed encouraging responses
in cholangiocarcinoma and urothelial carcinoma, carrying FGFR mutations or

translocations™"

. After these results, the FDA approved erdafitinib for the treatment
of advanced or metastatic urothelial carcinoma with FGFR mutations and

translocations, being the first FGFRinh to be approved for cancer treatment™®.

LY2874455: This is an FGFR1-4 pan inhibitor. A phase | trial in 2017 showed mild

192

responses in FGFR-altered patients, although the study indicates the need to

perform further studies on FGFR inhibition.

61



O TAST120: This is an FGFR1-4 inhibitor. A phase | study showed promising results in

cholangiocarcinoma harboring FGFR2 rearrangements, and the phase Il is currently

ongoing'®.

Debio-1347: This is an FGFR1-3 inhibitor. A phase | study in FGFR-altered cancer
patients (FGFR7-4amp, mutated and translocated), including breast cancer, showed
RECIST responses across tumor types and alteration nature'®. A phase Il trial is

ongoing.

Rogaratinib (BAY1163877): This is an FGFR1-3 inhibitor. A phase | study in urothelial
carcinoma showed responses on high mRNA expressing tumors. Later on, a patient
selection based on mRNA level, showed an increment on the number of responses,
even in those with no reported genetic alteration in the FGFR pathway'®, indicating

the possibility to screen for mMRNA expression to select patients for future clinical trials.

Antibodies and ligand traps

FGF-traps and monoclonal antibodies (mAb) target the FGFR pathway in the extracellular

part, by avoiding the binding between the ligand and the receptor. Limited data and

efficacy have been reported with these drugs. Nevertheless, some clinical data presented

some cases where responses were achieved.
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O Bemarituzumab (FPAT114): This mAb blocks the FGFR2-lllb isoform. It has recently

entered in a phase | trial with gastric cancer patients overexpressing FGFR2-Illb and it

seems to be very well tolerated with very mild side effects and no major toxicities'.

O MFGR1877S: This mAb targets FGFR3. A phase | showed disease stabilization as the

best response with manageable side effects'’.

O FP-1039: This FGF-trap is an engineered soluble fusion protein which consists on the

extracellular domain of an FGFR1-llIc splice form, acting as a competitive inhibitor. It
has shown antiproliferative and antiangiogenic properties in cancer cell lines'®. A
phase | study in unselected advanced-solid tumors showed stable disease as best

response in 41.7% of patients with measurable disease'.



Introduction

e Inhibition of angiogenesis

Antiangiogenic therapy has long been studied for the treatment of breast cancer to improve
the outcomes of endocrine therapy and chemotherapy. The first drug tested was
bevacizumab in combination with taxanes and later on, sorafenib in an attempt to overcome

bevacizumab-related toxicities®®.

O Bevacizumab: This is a mAb targeting VEGF-A. Bevacizumab has been approved by
the FDA for ovarian cancer in combination with chemotherapy in 2018%°". In breast
cancer, two phase I trials evaluated the potential efficacy from adding bevacizumab

27 22 and a limited

to first line hormone therapy with letrozole or fulvestran
improvement was observed with some 3 to 4 degree toxicities. Of note, bevacizumab
was granted FDA/EMA-approval on 2008 for the treatment of advanced TNBC and

later on withdrawn due to lack of efficacy in follow up studies®.

O Sunitinib: This is an MTKI targeting VEGFR1-3, PGFR, KIT, RET FLT-3 and CSF-1R, with
very low specificity for FGFR. Although this inhibitor has been approved by the FDA in
2018 for renal cell carcinoma®®, a phase Il trial in mBC in combination with

capecitabine did not improve the patient outcomes®™.

O Sorafenib: This MTKI targets Raf-1, b-Raf and VEGFR-2. The FDA approved this
inhibitor for advanced renal cell carcinoma in 2005 and for inoperable liver cancer in
2008. In breast cancer, its efficacy has been limited, including combinations with other
drugs such chemotherapy®®. The combination of paclitaxel with sorafenib did not

show improved responses?®.
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Working hypothesis and aims

This PhD thesis is focused on refining the response biomarkers to two therapeutic strategies
for luminal mBC resistant to endocrine therapy: PI3K/mTORC1-targeted therapy (PART1)
and FGFR-targeted therapy (PART2).

PART 1: Targeting the PI3K/mTORC1 pathway

PI3Kinh have shown limited clinical benefit in HR+ mBC. Several mechanisms of resistance
have been identified, although further studies remain to be performed in order to stablish
the efficacy window for PI3Kinh. The 11913 amplicon contains several genes crucial for
proliferation and cell growth and it is remarkably amplified in breast cancer®. Additionally,
among mBC, there is an enrichment of PI3K downstream alterations (e.g. TSC7/2 0.7% in
eBC to 6.3% in mBC)*. It is intriguing whether some of these genetic alterations could

sensitize to mTORC1/2 inhibition. Given that, we generate the next hypothesis:

Hypothesis 1. mTORC1-activating genetic alterations confer resistance to PI3Kinh but
sensitize to mTORC1/2 dual blockade

Specific aims:

a) lIdentify mTORC1 activating mutations in a cohort of mBC patient-derived tumor
xenografts (PDX) treated with alpelisib

b) Compare the antitumor response of a PI3Kinh with an mTORC1/2inh (single treatment
or in combination with endocrine therapy) in models containing mTORC1 activating

mutations

Hypothesis 2: 11913 amplification, which contains important genes for proliferation, such as
FGF3, FGF4, FGF19, CCND1, PAK1 and RPS6KBZ2, confer resistance to PI3Kinh.

Specific aims:
a) lIdentify 11q13 amplified models among the alpelisib treated PDXs
b) Validate the anti-tumor activity of PI3Kinh (single treatment or in combination with

endocrine therapy) in genetically modified cell lines with the 11q13 genes.
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PART 2: Targeting the FGFR pathway

Both MTKI and FGFRinh have shown anti-proliferative and anti-angiogenic activity in vivo
and in vitro. While treatment with MTKI has resulted into remarkable disease control rates
among FGFR-aberrant breast cancer patients, specific FGFRinh have translated into limited
clinical responses, and increasing data indicates that mRNA and protein expression better
predict for specific FGFR sensitivity rather than FGFR gene copy amplification®”,
Furthermore, there is need to understand the mode of action of agents targeting the FGF
Receptor and to decipher the mechanism by which MTKI have higher effectivity than specific

pan FGFRinh. Given that, we generate the next hypothesis:

Hypothesis 3: FGFR mRNA/protein expression levels and/or ligand co-amplification are
better biomarkers for specific pan-FGFRinh efficacy than FGFR Copy Number Alterations

Specific aims:
a) Evaluate the FGFRinh response in an FGFR1-4 and/or 11g13-amp mBC-PDX cohort
b) Determine the potential molecular determinants of sensitivity to FGFR inhibition:

i.  CN alterations

ii. ~ mRNA expression

ili.  protein expression

iv.  Ligand co-amplification

v.  Ligand mRNA expression

c) Stablish correlations between the potential biomarkers and the response to FGFRinh

Hypothesis 4: MTKI have higher effectivity than specific pan-FGFRinh due to dual blockade
of FGFR and VEGFR

Specific aims:

1. Evaluate the response to MTKI vs. FGFRinh in FGFRT1amp PDX models

2. Analyze and compare the blockade of proliferation vs. angiogenesis in PDX tumors
treated with MTKI or FGFRinh

3. Study the combination of an FGFRinh and VEGF-targeted therapy to replace MTKI
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Material and methods

1. Generation of the PDX collection

Fresh tumor samples from breast cancer patients were collected prospectively for
implantation into nude mice at VHIO under an institutional review board (IRB)-approved
protocol and the associated informed consent. The experiments conformed to the principles
of the WMA Declaration of Helsinki and the Department of Health and Human Services
Belmont Report were conducted following the European Union's animal care directive
(2010/63/EU) and were approved by the Ethical Committee of Animal Experimentation of
the Vall d'Hebron Research Institute. Metastatic human breast tumors were obtained from
patients at time of surgery or biopsy and immediately implanted into the lower flank of 6-
week-old female athymic HsdCpb:NMRI-Foxn1nu (Harlan Laboratories) or NOD.Cg-Prkdc
scid 112rg tm1Wjl /SzJ (Charles River) mice. Animals were continuously supplemented with
1uM 17B-estradiol (Sigma-Aldrich) in their drinking water. Upon growth of the engrafted
tumors, the model was perpetuated by serial transplantation onto the lower flank. In each
passage, flash-frozen and formalin-fixed paraffin-embedded (FFPE) samples were taken for

genotyping and histological studies.

Monica Sanchez (MS) and Cinta Hierro (CH) from Unidad de Investigacién de Terapia
Molecular del caner (UITM) at Hospital Universitari Vall d’'Hebron (HUVH) participated in the
tumor biopsy collection. Marta Guzman (MG), Olga Rodriguez (OR) and Judit Grueso (JG)
from the Experimental Therapeutic Group (ETG) implanted the tumor biopsies, and

maintained and expanded the PDX models.
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Figure 12. Tumor biopsies from patients were used for the generation of the PDX collection. Tumor

biopsies were collected from patients in clinical trials from UITM-VHIO and tested for diagnostic purposes or
taken for PDX implantation. Tissue fractions are implanted subcutaneously in both lower flanks of the mice. Once

established the PDX line, several analyses are performed: drug efficacy assays, gene sequencing and expression,

protein quantification, among others.

2. In vivo treatment assays

The following inhibitors were used for in vivo assays:

Alpelisib, a PI3Kinh specific for the o isoform with an I1Cso of 4.6 nM?®, was administered

at 35 mg/kg/day p.o. SID 6 times per week in 0.5% carboxymethyl.

e AZD8835, a PI3Kinh specific for the a and 6 isoform of PI3K with an ICso of 6.2 and 5.7

nM respectively®®

, was administered at 50 mg/kg p.o. BID 2 times per week in 5%

Hydroxy prolyl methyl cellulose (HPMC) 1% polysorbate (Tween80).

e Vistusertib, a dual mTORC1/2inh which targets mTOR with an ICso of 2.81 nM'"3, was

administered at 20mg/kg p.o. BID 2 times per week in 1% polysorbate (Tween80).

e AZD9496, a SERD specific for ERa with a binding affinity 1Cso of 0.82 nM?'°, was

administered at 5mg/kg/day p.o. SID 6 times per week in 40% PEG 7.8% captisol.

e Rogaratinib, an FGFRinh which targets FGFRT1, 2, 3 and 4 with 1Cso of 1.8, <1,9.2 and 1.2

nM respectively*”’

% ETOH/ 40 % solutol/ 50 % H.0 at pH=4).

, was administered at 108 mg/kg/day p.o. BID 6 times per week (in 10

e Lucitanib, a MTKI targeting VEGFR1/2/3, FGFR1/2/3, c-KIT, PDGFRa/p and CSF-1R, with

ICso of 7/25/10, 17.5/82.5/237.5, 456, 175/525 and 5 nM respectively®'’, was administered

at 20mg/kg/day p.o. 6 times per week in 0.5 % Methocel-methyl cellulose.
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Material and methods

e DC101, an antibody targeting murine VEGFR2 with a Kp binding affinity of 110 pM?'?, was
administered at 0.8 mg/mice twice a week (Mondays and Thursdays) 150 ul IP in PBS

e Bevacizumab, an antibody targeting human VEGF-A with a Kp binding affinity of 58 pM?",
was administrated at 0.125 mg/mice twice a week (Tuesdays and Fridays) 250 pul IP in

PBS.

To evaluate the sensitivity to the drugs tested, 2 to 5 mice were implanted per treatment
condition with tumor fragments (3mm x 3mm) from the same “mother” tumor. After tumor
growth to 100-300 mm? tumor-bearing mice were equally distributed into treatment
groups. Tumor growth was measured with caliper bi-weekly from first day of treatment until
the end of the experiment. The tumor volume was calculated as V = 4m/3/LxI%, “L" being the

uln

largest diameter and “I” the smallest. Mice were euthanized when tumors reached 1500 mm?

or in case of severe weight loss, in accordance with institutional guidelines.

The antitumor activity was determined by comparing tumor volume at N days (N=35 for
alpelisib and N=21 or best response for rogaratinib and lucitanib) to its baseline: % tumor
volume change = (Vindays - Vinitiat)/ Vinitiat X100. The best response was defined as the minimum
value of % tumor volume change sustained for at least 10 days. To classify the response of
the subcutaneous implants we modified the RECIST criteria, to be based on the % tumor
volume change®™ ?™°: CR (complete response), best response<-95%; PR (partial response), -
95%<best response<-30%,; SD (stable disease), -30%<best response<+20% (maintained at
least during 35 days); PD (progressive disease), best response>+20%. Snap-frozen and FFPE

tumor samples were collected 2h after dosage in all treatment arms.

For proliferation (Ki-67) and vascularization (CD31) analysis in immunofluorescence, tumors
were treated during 15 days with rogaratinib or lucitanib with an initial tumor volume of

300-500 mm?.

Drug preparation was performed by MG, OR, JG and Mireia Parés Guerrero (MPG) from ETG,
with occasional help from MS. Implanted tumors were randomly distributed and measured
throughout the experiments by MS (except the alpelisib-treated PDX which were performed
by Marta Palafox Sanchez (MPS) from ETG) with occasional help from MG, OR, JG and MPG.
MG, OR, JG and MPG dosed the mice with occasional help from MS and MPS. Tumor sample
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collection was performed by MS or MPS with occasional help from MG, OR, JG and MPG.

Posterior measurement analysis was performed by MS.

3. Genetic alterations identification

e MSK-IMPACT panel sequencing

Snap-frozen samples from PDX were prepared at VHIO and sent to Memorial Sloan
Kettering Cancer Center (MSKCC) and processed for sequencing through MSK-IMPACT™, a
hybridization capture-based next-generation sequencing which analyzes all protein-coding
exons of 410 cancer-associated genes, as previously described®'® ', Data shown in this
study are either Log2 ratios and fold-changes (PART1: PI3K/mTORC1 targeted therapy) or
absolute gene copy numbers (PART2: FGFR targeted therapy).

Samples were prepared and shipped to MSKCC by MG, OR and JG. Obtained data from
MSKCC was processed and analyzed by MS.

e Fluorescent In Situ Hybridization (FISH):

Formalin-Fixed Paraffin Embedded (FFPE) sample tumors were cut at 4-6 pm thick. Tissue
sections were deparaffinized with xylene and hydrated with decreasing concentrations of
ethanol. Samples were submerged in DAKO Pre-Treatment Solution 1X (DAKO Omnis) and
put into the microwave (Whirlpool Jet Chef 6™ sense) at 6™ sense steam mode —to rapidly
reach the boiling temperature and avoid overheating of samples— during 15 minutes.
Samples were cooled down during 15 minutes at room temperature (RT) and washed in
Wash Buffer 1X (DAKO Omnis) 3 minutes two times. Samples were then digested with 5
drops of cold pepsin at 37°C during 8 minutes in a pre-heated Hybridizer (52450, DAKO).
Samples were dehydrated with increasing concentrations of ethanol and air-dried. 1 pl of
FGFR1 (G101100R-8) or FGFR4 (G101226R-8) probes were mixed with 1 pl of centromere
probe (CEP8, G101034G-8; CEP5, G101067G-85501) in 9 pl of Agilent IQFISH Fast
Hybridization Buffer (Agilent Technologies). The resulting 11 pl were added to each sample
tissue. Samples were sealed with coverslips and Dako Coverslip Sealant and put at the
Hybridizer at 90°C 5 minutes and 45°C 120 minutes. Coverslips were taken off and the slides

were submerged in 59°C pre-heated Dako Stringent Wash Buffer 1X (DAKO Omnis) during
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10 minutes. Slides were washed during 3 minutes two times in wash buffer and dehydrated
with increasing ethanol concentrations. Samples were air-dried, mounted with ProLong™
Gold Antifade Mountant with DAPI (P36931, Invitrogen) and covered with a glass cover-slip.
Samples were stored in dark at -20°C. FISH ratio was determined by dividing the number of
gene copies (FGFRT or FGFR4) with the number of centromere copies, to avoid counting

gene copies generated by polyploidy.

Assay performed and analyzed by the Molecular Oncology Group (MOG) at VHIO.

4. mRNA quantification
e HTG Edge Seq

2 cuts of 5 um thick from each PDX FFPE sample were prepared in a slide. Percentage of
tumor in sample was determined by Hematoxylin and Eosin (H&E) stained samples and
tumoral areas were delimited in the tissue sections. Samples were sent to Firalis™ HTG
EdgeSeq for posterior analysis. FFPE tissues were microdissected and lysed directly with HTG
lysis buffer for 3 hours at 50°C in the presence of proteinase K. Lysates were then run with
the Oncology Biomarker Panel, which contains 2560 genes from 24 oncology related groups
and pathways. Raw data were transformed to Count per millions (CPM) and Normalized

using a standard HTG normalization method.

Samples were prepared and shipped to Firalis™ by MS, CH and the MOG. Obtained data
was further analyzed by MS.

e nCounter

10 um rolled cuts (25-10) were prepared in a safe-lock 2ml microcentrifuge tube to extract
RNA. Samples were processed as previously described®'® through nCounter technology
(NanoString), using an optimized VHIO-panel v.4.0 local pre-screening, which is able to

detect the mRNA of 26 genes, including FGFR1-4 and FGF3, 4 and 19.

Samples were prepared by MS and MOG, and processed by the Cancer Genomics Group
(CGG) at VHIO. Obtained data from the CGG was further analyzed by MS.
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e RT-gPCR

mRNA from PDX biological triplicates was extracted (5 PRIME PerfectPure RNA
Purification, Gentra Systems) and 0,5ug were used for PCR reaction (TagMan™ Reverse
Transcription Reagents, Invitrogen) following the methodology supplied by the company.
For qRT-PCR reactions, the following predesigned assays were used: TagMan (primers +
probe FAM-MGB): Hs00915142_m1 (FGFR1), Hs01552918_m1 (FGFR2), Hs00179829_m1
(FGFR3), Hs01106908_m1 (FGFR4), Hs02800695_m1 (HPRT) and Hs01108265_m1 (POLR2A).
Each reaction contained 1 pl of 1/10 diluted cDNA, 5 ul of Premix Ex Taq 2X (TAKARA), 0,4
ul of each assay mix, 0,1 pl of ROX Dye Il 50x and 3,5 pl of water. Each sample had 2 assay
replicates and were processed during 45 cycles on QuantStudio 5 Real-Time PCR System

(Applied Biosystems).
Assay performed by MS at the Vascular Signaling Group (VSG) from IDIBELL, with occasional

help from Erika Monelli (EM) from the VSG. Results were further analyzed by MS.

5. Protein quantification analysis

e Reverse phase protein array (RPPA) analysis

Snap-frozen samples from PDXs were prepared and sent to MD Anderson Cancer Center
for RPPA analysis as previously described®'® 2%, PDX tumor proteins were denatured by 1%
(w/v) SDS in the presence of B-mercaptoethanol and adjusted to a final concentration of
Tmg/ml. Samples were diluted in five serial 2-fold dilutions in dilution buffer (lysis buffer
containing 1% SDS) and arrayed on nitrocellulose-coated slides (Grace Biolab) using an
Aushon 2470 Arrayer (Aushon BioSystems). Each slide was probed with a validated primary
antibody plus a biotin-conjugated secondary antibody. The signal obtained was amplified
using a DakoCytomation—catalyzed system (Dako) and visualized by DAB colorimetric
reaction. Slides were scanned, analyzed and quantified using a customized-software

Microvigene (VigeneTech Inc.) to generate spot intensity.

Samples were prepared and shipped to MD Anderson Cancer Center by MS, MPS, MG, OR
and JG. Obtained data was analyzed by MS.
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e Protein isolation and immunoblotting

Flash-frozen pieces of tumor and cell plates were lysed in ice-cold buffer containing Tris—
HCl pH 7.8 20 mmol/L, NaCl 137 mmol/L, EDTA pH 8.0 2 mmol/L, NP40 1%, glycerol 10%,
supplemented with 1X protease inhibitor cocktail (cOmplete, Roche) and Na,VO4 200
mmol/L. Homogenization was performed on ice with a POLYTRON® system PT 1200 E
(Kinematica). Lysates were centrifuged at 15.000 xg 4°C during 30 min and the supernatants
were collected. Protein concentration was calculated using DC™ Protein Assay (Bio-Rad). A
total of 30 pg of protein were separated on 12% SDS-PAGE at 100V and transferred to
nitrocellulose membrane during 1.5h at 100V. Membranes were blocked for 1 hour in 5%
milk in Tris-buffered saline (TBS)-0,1%Tween and then hybridized using the primary
antibodies in 5% BSA TBS-0,1%Tween overnight at 1:1000 dilution, except were stated.
Mouse and rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000;
GE Healthcare) were diluted in 5% milk in TBS-Tween and incubated during 1 hour. Proteins
were detected with Immobilon Western Chemiluminescent HRP substrate (Millipore). Blots
were developed either with films (Fuji Medical X-Ray Film) or at a chemiluminescence imager
(Amersham Imager 600). Films were digitalized and images were processed in Photoshop,
Adobe lllustrator and PowerPoint. Image) (https://fiji.sc/) was used for immunoblot band

quantification. The following primary antibodies were used:

LKB1 (Cell Signaling Technology (CST) #3047), Hamartin/TSC1 (CST #6935), Tuberin/TSC2
(CST #4308), phospho-AKT T308 (CST #4056), phospho-AKT S473 (CST #9271), AKT (CST
#9272), phospho-S6 S235/236 (CST #2211, 1:2000), phospho-S6 S240/244 (CST #2215,
1:2000), phospho-4EBP1 T37/42 (CST #2855), phospho-4EBP1 T70 (CST #9455), phospho-
NDRG1 T346 (CST #5482), NDRG1 (CST #9485), human-GAPDH (Abcam ab128915), tubulin
(Sigma-Aldrich T5168, 1:5000), ERa (CST #8644), Cyclin D1 (Abcam, #ab40754), phospho-
Rb S780 (CST #9307), phospho-Rb S807/811 (CST #9308), PAK1 (CST #2602), p70/ S6 kinase
B2 (CST #14130), phospho-Erk1/2 T202/Y204 (CST #4376), Erk1/2 (CST #9102), FGFR1 (CST
#9740), FGFR3 (CST #4574), phospho-FRS2a Y196 (CST #3864) and phospho-FRS2a Y436
(CST #3861).

Assays performed by MS except western blots from Figure 22, which have been performed

by Laia Monserrat (LM) from ETG.
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e Immunofluorescence (IF) and immunohistochemistry (IHC) assays

Immunofluorescence (IF) assays were performed in 3 um thick FFPE tumor samples. Tissue
sections were deparaffinized with xylene and hydrated with decreasing concentrations of
ethanol. For target antigen retrieval, sections were heated for 20 min in a microwave
(Whirlpool Jet Chef 6" sense) at 6™ sense steam mode (as stated before at FISH pre-
treatment step) in DAKO Antigen Retrieval Buffer pH 6.0. Sections were cooled down in
distilled water for 30 min, then permeabilized with DAKO Wash Buffer (containing 0.1%
Tween 20) for 5 min, followed by incubation in blocking buffer (DAKO Wash Buffer with 1%
bovine serum albumin) for 5 min. Primary antibodies were diluted in DAKO Antibody Diluent
and incubated at RT for 1 hour. Sections were washed for 5 min in DAKO Wash Buffer
followed by 5 min in blocking buffer. Secondary antibodies were diluted in blocking buffer
and incubated for 30 min at RT. The 2-step washing was repeated followed by 5 min
incubation in distilled water. Dehydration was performed with increasing concentrations of
ethanol. Sections were mounted with DAPI ProLong Gold antifading reagent and stored at
4°C. CD31 antibody (Abcam ab28364) was diluted at 1/100 and Ki-67 antibody (Dako
M7240) was incubated at 1/200. Goat anti-rabbit Alexa fluor 568 and goat anti-mouse Alexa

fluor 488 (Invitrogen, 1:500) were used as secondary antibodies.

Immunohistochemistry (IHC) of FGFR2 (Novus Biologicals NB200-642) was additionally
blocked in endogenous peroxidase block (3% H.O. in dH,O) for 10 min and antibody
detection was performed with DAKO Envision HRP for 30 min with visualization using DAKO

DAB solution for 10 min and counterstaining in Carazzi's hematoxylin. Samples were further

quantified using QuPath (https://qupath.github.io/) and ImageJ (https://fiji.sc/).

Assays performed by MS. EM helped in the setting up for the CD31 IF.

6. Phospholipid quantification

Phospholipid extraction from frozen tissue and quantification was performed as previously
described®’. Frozen pieces of tumor from PDX models were grinded in liquid nitrogen into
a fine powder. Small amounts of powder (approx. 0.5 mg) were net weighted in 2 ml
Eppendorf tubes. Samples were diluted in 1 ml of solvent mixture containing chloroform,

methanol and acidified aqueous solution at 1.25:2.5:1.0 (v/v). At this point, 10 pl of Pl and
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10 pl of PIP; are added as internal lipid standards (ISD, control for lipid extraction and
posterior derivatization). To split the solution into 2 phases, additional chloroform, methanol
and 0.1 HCl is added in order to reach final proportions of chloroform, methanol and
acidified aqueous solution of 8:4:3 (v/v). An upper aqueous phase and a lower organic phase
containing the phospholipids appear after the tubes are vortexed and centrifuged. After
washing with more acidified aqueous solution, the organic phase is carefully removed for
derivatization (methylation of the phosphoinositol free hydroxyl radicals). 50 pl of TMS-
diazomethane are added to the samples during 10 min at RT for derivatization of the lipids.
6 ul of glacial acetic acid are added to remove any unreacted TMS diazomethane. The
organic phase is then washed twice with a solution containing chloroform, methanol and
water at 6:3:2.25 (v/v). 100 pl of 90% methanol are added to each sample and then carefully
dried at RT. When almost dry, each sample was immediately dissolved in 100 pl of an 80%
methanol solution. Samples were then vortexed, briefly sonicated and taken for the lipid
quantification at the mass spectrometry core facility from Babraham Institute. The obtained

phospholipid quantifications are normalized by the internal ISDs.

Assay performed by MS with assistance from David Barneda at Len Stephens and Phillip

Hawkins lab in the Babraham Institute, Cambridge, UK.

7. Cell culture assays

MCF7, T47D, CAL120 and JIMT1 cell lines were purchased from ATCC. SUM44 cell line was
a kind gift from N Turner lab. MCF7, T47D, CAL120 and JIMT-1 cell lines were cultured in
DMEM (Gibco) + 10% FBS (LOT 42F8973K, Gibco) and SUM44 cell line was cultured in DMEM

+ 10% FBS + 1nM E.. Cell lines were routinely tested for mycoplasma contamination.

e Generation of genetically modified cell lines

Plasmids were purchased from Origene: pLenti-CCND7-mGFP (RC204957L2), p.CMV-PAK -
tGFP (RG225947), p.CMV-RPS6KB2-tGFP (RG200525) and p.Lenti-C-mGFP (PS100071).
p.CMV-PAKT-tGFP and p.CMV-RPS6KB2-tGFP were cloned at the p.Lenti-C-mGFP
backbone: plasmids were digested with BamHI and Notl restriction enzymes during 1h at
37°C; digestions were run in an agarose gel and inserts/vector bands were purified

(NucleoSpin Gel and PCR Clean-up, Macherey-Nagel); 25 ng vector and 75 ng insert (ratio
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1:3) were used for ligation with Rapid DNA ligation Kit (Roche) during 15 min at RT; ligations
mix were transformed in OneShot Stbl3 bacterial strain (Invitrogen); 5 resulting colonies
were selected for miniprep plasmid purification (Wizard® Plus Minipreps DNA Purification
System, Promega) and purified plasmids were tested to check correct ligations through
BamHI and Notl digestion and sequencing using VP.2 and LR50 probes; plasmids with
correct sequences were selected for lentiviral infection (p.Lenti-PAK7-mGFP and p.Lenti-
RPS6KB2-mGFP). Aliquots with high plasmid concentrations were generated using the

Plasmid Purification Maxi Kit (Jetstar).

Lentiviral vectors (10 ug of p.Lenti-CCND7-mGFP, p.Lenti-PAKT-mGFP, p.Lenti-RPS6KB2-
mMGFP or pLenti-C-mGFP with 5 pug psPAX2 and 3 pg pMD.G2) were transfected using PEI
(Polysciences) at ratio 1:3 (DNA:PEI) in an 80-90% confluent HEK293 cells (<20 passages)
150 mm plate in DMEM + 10% FBS (heat inactivated). Media was replaced 24h after
transfection with DMEM + 5% FBS (inactivated) + 5mM Sodium Butyrate (Sigma-Aldrich).
48h after transfection, media was collected and filtered with 0.45 um PVDF filters and stored
at 4°C. Media was replaced with new DMEM + 5% FBS + 5mM Na butyrate, and collected
after another 24h. Collected and filtered media was used to infect MCF7 and T47D cell lines
seeded in p6 plates at 50-60% confluency, at different ratios: 1:1, 1:2, 1:5 and 1:10
(supernatant with lentivirus : fresh media) with 8 ug/ul Polybrene (Sigma-Aldrich). MCF7 and
T47D cells infection media was replaced after 24h with fresh DMEM +10% FBS. After 3 to 7
days cells were checked for GFP positivity in a fluorescence microscope. If GFP positive, cell

plates for western blot were collected to check protein overexpression.

Vector cloning assays were performed by MS. CCNDT lentiviral infection was performed by

MPS and LM. PAKT and RPS6KB2 lentiviral infections were performed by LM and MS.

e Drug inhibition curves for cell assays

AZD8835, AZD9496, rogaratinib and the following inhibitors have been used for in vitro

assays:

o FRAX-1036: a PAKinh targeting PAK1, PAK2 and PAK4 at a Ki of 23.3 nM, 724 nM and 2.4

UM, respectively®?.
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o PF-4708671: a P70/S6Kinh targeting the Alpha isoform of P70/S6K (S6K1) and S6K2 with
an ICsp of 0.16 and 65 pM, respectively®?,
o NSC72: A small molecule derived from the soluble pattern recognition receptor long-

pentraxin 3 (PTX3). It has been shown to limit proliferation by binding to multiple FGFs**,

AZD8835, FRAX-1036 (S7989, Selleckchem), PF-4708671 (S2163, Selleckchem) and
rogaratinib were used for drug-inhibition assays. 5 000 cells were seeded per well in a 96-
well plate in DMEM + 10% FBS. To test resistance upon high FGF, cells were plated at DMEM
+ 1% FBS with or without 20 ng of basic FGF (bFGF/FGF2, 10018B, Preprotech, stock at
100pg/ml in PBS). Three replicates were used per experimental condition and 10 different
drug concentrations (from 0,001 to 500 uM) were used to calculate ICso. For FRAX-1036, 9
different drug concentrations were used (from 0.001 to 100 pM). For rogaratinib, cells were
seeded in DMEM + 1% FBS, with 20 nM bFGF or 5 uM NSC12 (57940 Selleckchem, stock at
5 mM in DMSO) depending on the experimental condition. For AZD8835 and AZD9496
combinations, 5 000 cells were seeded in 96-well plates in triplicates in DMEM + 1% FBS
and 20 nM of bFGF was added according to the experimental condition. Cells were treated

with 500 nM AZD8835, 1 uM AZD9496 or both inhibitors.

All plates were read after 4 days of treatment with CellTiter Glo® Luminiscent Cell Viability
Assay (Promega) in an Infinite M200 PRO plate reader (TEKAN). Each experiment was

repeated 3 times, except were stated.

All drug inhibition assays were performed by MS except AZD8835 curves of
mock/CCND1/PAK1/RPS6KB2 which were performed by LM with occasional help from MS.

8. Patient-derived organoids (PDO) ex vivo cultures

e Tumor tissue digestion

Tumors from PDX were extracted, minced and digested with dissociation media
(collagenase (Sigma Aldrich) at Tmg/ml, hyaluronidase (Sigma Aldrich) at 0.1 mg/ml, 2%
BSA, 5 pg/ul Insulin (Roche) and 50 pg/ul gentamycin (Gibco) in DMEM (Gibco)) for 1h at
37°C constantly shaking at 1500 rpm. Digested tumors were pelleted, washed with DMEM

and centrifuged at 200xg during 3 minutes to enrich the pellet with epithelial cells. Further
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digestions were performed with 2ml of trypsin-EDTA during 2-3 minutes and reaction was
stopped using cold Hank's (HBSS) + Ca + Mg (L0612-500, Biowest) + 2% FBS + 2% Hepes
(Gibco). 2ml of 1 mg/ml dispase (STEMCELL) and 200/500 pl of DNase | (Sigma) were added
and reaction was stopped again with the supplemented cold Hank’s buffer. Digestions were
centrifuged at 450xg at 4°C. To eliminate erythrocytes from the samples, digestions were
incubated with RBC digestion buffer (Invitrogen). Pellets were washed and resuspended in

DMEM to count cells with Neubauer chamber.

Tumors were collected and processed by MG, OR and JG with occasional help from MPS

and MS.

e Drug inhibition curves with PDOs

For drug inhibition curves of PDOs, isolated cells of each model were resuspended in RPMI
media (Gibco) + 2% FBS, 1X B27 (Gibco), 20 ng/ml EGF (AF-100-15, Peprotech), 50 pg/ul
gentamycin (Gibco) and 150 ng/ml Fungizone™ (Gibco). Depending on experimental
conditions, 20 nM bFGF or 5 pM NSC12 were added in the media. 20 pl of Matrigel were
seeded in each well of a 96-well plate. Two replicates per experimental condition were
performed and 10 drug concentrations (from 0.001 to 500 uM) of rogaratinib were used.
Cells were treated the day after seeding and plates were read 4 days after treatment. To
eliminate Matrigel, wells were incubated with cold PBS+HEPES on ice during 1h, and then
plate readings were performed using CellTiter Glo® Luminescent Cell Viability Assay

(Promega). Each experiment was repeated 3 times except were stated.

Drug inhibition assays in PDOs were performed by MS.

9. Image analysis

Whole IF samples were scanned using NIS Elements Imaging Software with Nikon Eclipse Ti
microscope and Nikon Intensilight C-HGFIE fluorescence source. Images were taken
delimiting the top, bottom, left and right limits of the sample and creating a large image
from individual 20X fields. The obtained large images were exported into TIFF and were
analyzed in Image) (https://fiji.sc/). Tumoral, stromal and necrotic areas were delimited

using DAPI channels and digitalized hematoxylin and eosin (H&E) stainings (NanoZoomer
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2.0HT, Hamamatsu) from the same sample as references (Figure 13). CD31 in viable area
was quantified setting a threshold for positive area in mCherry channel and excluding
outside sample and necrotic areas. CD31 in tumoral and stromal area were quantified as
positive mCherry area in respective areas. Ki-67 was quantified counting FITC positive nuclei
per 100 DAPI nuclei in 5 different and representative tumoral areas. At least 3 biological

replicates for each experimental condition were used.

IF image scanning and processing was performed by MS. H&E image scanning was

performed by the MOG and processed by MS.

H&E Total sample area Tumoral area

Necrotic area Stromal area

Figure13. Image processing for IF analysis. Two contiguous transversal cuts from FFPE tumor samples from
PDXs were processed for hematoxylin and eosin (H&E) or for CD31 and Ki-67 IF. Whole dyed tissues were
digitalized and analyzed in Image) for area delimitation: total sample area, tumoral area, necrotic area and
stromal area. CD31 was measured in all viable area (total sample area minus necrotic area), or stromal and
tumoral areas, separately.
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10.Statistical analysis

All statistical tests were performed with GraphPad Prism version 6.01. Unpaired t test (two-
tail), one-way or 2-way ANOVA were used to analyze differences among groups, except for
Figure 31 and 33, where Mann-Whitney U test was performed due to a non-Gaussian
distribution of the data. Fisher's exact test was used to determine associations with alpelisib
response in Table 1. Individual t-tests of the RPPA data set (Figure 15) were performed
after log2 transformation and Benjamini-Hockberg correction was used to correct for
multiple comparisons, with a False Discovery Rate (FDR) set at 1%. Error bars in the in vivo
assays represent +SEM of at least two biological replicates, and error bars in the cell line
assays represent +SD of at least three biological replicates, unless otherwise stated. ROC
curves (Receiver Operating Characteristics) were used to evaluate biomarkers of response
in Figure 28, 31 and 33 comparing sensitivity (true positives in relation to true positives and
false negatives) and specificity (true negatives in relation to true negatives and false
positives). A ROC curve of a good biomarker of response will reach the upper left corner of
the graph, tending for 100% sensitivity and 100% specificity. R square was used to determine
the goodness of fit (0=no fit, 1=perfect fit) and F-test was used to determine the significance
of the correlation in Figure 21, 29, 30 and 32.

Legend of the p-value symbols: ns, non-significant; *, 0.01<p<0.05; **, 0.001<p<0.01; ***,
0.0001<p<0.001; ****: p<0.0001
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Results

1. PART 1: Targeting the PI3K/mTORC1 pathway

1.1. ldentification of PI3Ka. inhibitor response biomarkers in a BC PDX

collection

We created a collection of 25 breast cancer PDXs and tested the antitumor activity of the
PI3Ka inhibitor alpelisib, the specific a-isoform PI3Kinh (Figure 14). We established the
molecular and the intrinsic subtypes of the PDX collection using immunohistochemistry and
the so called “PAM50 nanostring panel”. 17 models were ER+, 3 ER-/HER2+, 2 ER+/HER2+
and 3 TNBC. The majority of the intrinsic subtypes were concordant with the molecular
subtype classification, except for 3 ER+ models that had basal-like expression profile
(PDX313, STG201 and PDX098) and 1 ER+ showed a Her2-enriched profile (PDX225). 5 PDX
(3 ER+ and 2 HER2+) showed a partial response (PR), 6 (3 ER+, 1 HER2+ and 2 ER+/HER2+)
showed a stable disease (SD) and 14 (11 ER+ and 3 TNBC) showed a progressive disease
(PD). All basal-like/TNBC PDXs were resistant to alpelisib (p-value=0.0161) and most of the
Her2-enriched/HER2 models were sensitive (p-value=0.0109). No association was found for

luminal B models (Table 1).

In order to identify response biomarkers and resistance mechanisms using a clinically
relevant platform, we performed a capture-based cancer gene panel sequencing of the PDX
models using the MSKCC panel of 410 genes frequently altered in cancer. For the analysis,
we selected alterations in genes participating in the PI3K-AKT-MTOR pathway (ERBBZ,
PIK3CA, ESR1, PTEN, AKT1-3, TSC1, TSC2, MTOR, RPTOR and STK17), genes within the
Ras/MAPK pathway (FGFR1, KRAS, NF1, MAP3K1 and MAPK3) and cell cycle genes (RBT,
CDKN1B-p27, CDKN2A-p16, CDKNZ2A-p14, CDKN2B-p15, CCND1, CCND2 and TP53)
including those located in the 11g13 amplicon, frequently altered in BC (RPS6KB2, CCND1,
FGF19, FGF4, FGF3 and PAKT) (Annex Table S2). ERBB2 was amplified in all HER2+ models
and it was associated with alpelisib response (p-value=0.0026). Seven models harbored a
PIK3CA activating mutation and four of them were classified as sensitive, for which PIK3CA
mutation was not significantly associated with alpelisib response. Similarly, ESRT and TP53

mutations failed to show an association with response in this cohort (Table 1).
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Results

Figure 14. Alpelisib showed antitumor activity in 11 models from a collection of 25 PDXs
Waterfall plot of percentage change from baseline of alpelisib (green bars) at day 35 in 25 models of mBC PDX
and their genetic profile. CNTL growth is represented in black dots. Measurements are denoted in Annex Table
S1. Depicted in table below are the intrinsic subtypes, the genetic and overall pathway alterations obtained
through IMPACT sequencing panel. VAF below 0.2 and LogZ2ratios below 1.58 (fold-change=3) are not
considered.

We observed that genetic alterations downstream PI3K pathway were more frequent among
the resistant models (PD) than among the sensitive models (SD+PR) (8 out of 14 vs. 1 out
of 11, p value=0.0131): PTEN was altered in 3 models: PDX244 and PDX343, with a deep
deletion, and STG201, with a frameshift mutation. AKT1/3 were analyzed: we found 2 models
with an activating mutation in AKTT p.E17K?**: PDX313 and PDX225; one model with an
amplification in AKT1, STG201, and an amplification in the AKT3 gene, PDX270. The TSC1/2
complex was as well found to be altered: TSC7 was deleted in PDX039 and TSC2 was
mutated in PDX347, with an unknown effect on the protein. The PDX313 model, besides the
AKTT mutation, contained other altered genes downstream PI3K: a mutation in MTOR gene
(p-W1456G, VAF=0.46), located in a hotspot region of the gene previously described to
harbor activating mutations®*® and a mutation with an unknown functional effect in STK71
gene (p.K191E, VAF=0.99), coding for the LKB1 protein, among others. STK77 was as well
altered in 2 other models: PDX098, containing a nonsense mutation, and PDX251, with a

missense mutation of unknown function.

We observed that alterations in the MAPK pathway were as well significantly associated with
alpelisib response (p-value=0.0464). 5 models from the 14 PD contained an alteration in the
pathway: PDX313 harbored a mutation with unknown effect in NF1, a Ras inhibitor; PDX284
had an amplification of KRAS; PDX343 and PDX191 contained an amplification of FGFR1T,
which would likely activate MAPK pathway; and PDX450, harbored a mutation in MAP3K1
(MEKKT) and a mutation in MAPK3 (ERK1), both with unknown functional effect.

We evaluated alterations in cell cycle-related genes and we did not find a significant
association with alpelisib response. Nevertheless, important deletions in p16, p14 and p15

were found in PDX244, STG201 and PDX284 resistant models.

We observed that the four PDXs harboring an 11q13 amplification were located at the

boundary between SD and PD responses, including two models derived from the same
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patient that harbored a concomitant PIK3CA hotspot mutation PDX293.1/2. In detail, the
PDX293.1 biopsy was taken on-treatment with taselisib + letrozole (with a confirmed
response of -26% RECIST) and the PDX293.2 biopsy at progression. Intriguingly, PDX293.1
falls into PD category (+70.6% change from baseline) and PDX293.2 into SD category (+3.8%
change from baseline). This suggests a subclonal selection at the time of the biopsy or
during the passages of the PDX model in the mice. Of note, we observed the acquisition of
a subclonal RBT missense mutation in PDX293.2. The other two models with an 11913

amplification were PDX131 and PDX191, and PDX343 only showed PAKTamp.

o ) Stable Partial P-value (Fishers
rogressmn Disease Response exact test)
Disease (PD)
(SD) (PR) PD vs. SD+PR
o Luminal B 7/14 3/6 3/5 1
>
E 0.0109
; Her2-enriched 1/14 3/6 2/5 .
£
= Basal-like 6/14 0/6 0/5 0.0196
2 ERBB2 amplification 0/14 3/6 3/5 0'2226
o
g PIK3CA mutations /amp 4/14 2/6 2/5 1
©
U
b ESR7 mutations 3/14 1/6 1/5 1
S
<)
EE TP53 mutations 8/14 3/6 0/5 0.2272
]
%
@ 11q13 amplification 3/14 2/6 0/5 1
PI3K downstream alterations 8/14 1/6 0/5 0'0330
g5
£% MAPK pathway 5/14 0/6 0/5 0.0464
£
Cell cycle 7/14 2/6 0/5 0.2077

Table 1. Biomarker analysis of PDX collection reveal a significant increase of genetic alterations
downstream PI3K and in the MAPK pathway in the resistant setting. Count for PDX models intrinsic subtype,
specific genetic alterations and pathway alterations. Statistical test: Fisher's exact test.

90



Results

We further aimed to identify PI3Kinh biomarkers at the protein level. In collaboration with
MD Anderson, we performed an RPPA analysis to study the differences in protein expression
between the resistant and the sensitive models (Figure 15). Results from individual t-tests
showed 19 proteins and phosphoproteins significantly different between the two groups,
albeit below significance after False discovery rate (FDR) analysis was performed (Benjamini-
Hockberg correction). Nevertheless, the proteins identified by the individual t-tests were
consistent with our hypothesis that PI3Kinh-resistant tumors harbor activated downstream
or parallel signaling, resulting in high mTORC1/MAPK activity: Tuberin (TSC2) was
downregulated, and MEK and S6 phosphorylation, were higher in the resistant models. In
addition, we also noted that INPP4b, the phosphatase converting PI(3,4)P, into PI(3)P was
low in PI3Kinh-resistant tumors, suggesting a potential accumulation of PI(3,4)P,, a lipid
membrane also capable of recruiting AKT to the membrane®”. In agreement with the
previous data, we also observed that Her2 phosphorylation and the RTK/IRS signaling
protein SHP-2 was higher in the sensitive models. Proteins related with other signaling
pathways were found significantly different: PARP1 and caspase3 expression were high in
resistant models suggesting that resistant tumors would have a more dependency on
apoptosis pathways. Finally, PKM2 and glutaminase were high in PI3Kinh resistant tumors,

suggesting an activated TCA cycle by both increased glycolysis and glutamate production.

In collaboration with the Babraham Institute in Camdridge, UK, we evaluated PIPs levels as
biomarker of response to alpelisib (Figure 16). We quantified PI, PIP, PIP, and PIP3 in 8
selected models —due to limited sample availability, we could not evaluate phosphoinositol
levels in models with PR. Results showed a down-modulation of PIP3/PI ratio in sensitive
models upon alpelisib treatment. However, sensitive models failed to show higher PIP3 ratios
in untreated samples, pointing that PIPs; could not function as a biomarker of response to

alpelisib.
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Figure 15. RPPA analysis shows high mTORC1 activity markers in the alpelisib resistant PDs. 18 samples

246 proteins total

from the total of 24 alpelisib-treated collection were analyzed with the RPPA protein expression assay. P-values

for significant proteins from individual t-tests and generated g-values from the Benjamini-Hockberg multiple t-

test correction are shown.
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Figure 16. Relative quantification of PIP; show a modulation of PIPs in sensitive PDX models.
A) PIP3 levels are shown relative to Pl levels in alpelisib-treated and untreated samples; B) PIP; levels are
represented relative to PIP; levels. Error bars denote SD. At least 2 replicates per condition were analyzed except
for untreated PDX343, where only 1 sample could be evaluated. Statistical test: unpaired t-test.

1.2. Models harboring mTORC1 activating alterations show resistance to

PI3Kinh.

We noted that tumors harboring mTORC1 activations are resistant to PI3Kinh and argued
that they might have intrinsic sensitivity to mTORC1 inhibitors. To this aim, we compared
the activity of an mTORC1/2inh vs. a PI3Kinh in three models containing mTORC1-activating
(or likely activating) mutations: PDX313 that contains several genetic alterations
downstream PI3K; PDX039, with a TSC7 deep deletion; and PDX251 that harbors a mutation
in STK117 in addition to a PIK3CA activating mutation (Figure 17).
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Data from IMPACT panel sequencing showed 19 nonsynonymous alterations and 7 copy
number alterations (CNA) in PDX313. Among all the alterations, STK77 p.K191E, AKT1 p.E17K
and MTOR p.W1456G were selected to potentially activate mTORC1. The MTOR mutation is
found in a hotspot for activating mutations in heterozygosity. The activating mutation AKT17
p.E17K is in homozygosity, as it is STK17 p.K191E, of unknown function. Other alterations
found in this PDX could as well be determinant for tumor growth and resistance: an NF1
mutation, a negative regulator of MAPK pathway, which could impair protein function,
RPTOR amplification (a negative regulator of mTORC1 complex); and a CCND2
amplification, coding for Cyclin D2, that could facilitate early entry in S-phase by activating
CDK4/6.

PDX039 harbors 9 nonsynonymous alterations and 26 CNA, of which TSCT7 deletion is the

most likely to be the oncogenic driver (log2 ratio below -6).

PDX251 harbors a PIK3CA p.E545K mutation, with other 11 nonsynonymous alterations and
26 CNA. The STK17 p.R297S variant is of unknown function and identified at a variant allele

frequency that is compatible with homozygosity.

Importantly, we performed western blot analysis to check protein expression and
PI3K/mTORC1 pathway activation (Figure 18). In PDX313 and PDX251 LKB1 was not
detected, compared to PDX039, suggesting that both mutations caused protein instability
and degradation. TSC1 was not detected in PDX039, compared to PDX251. Intriguingly,
PDX313 did not express TSC1 nor tuberin (TSC2), suggesting the presence of an additional
component of mTORC1 activation in this model. As expected, mTORC1 pathway was
activated in PDX313 and PDX039 (high phospho-S6 S235/236, S240/244, phospho-4EBP1-
T37/46 and T70), but not in PDX251, suggesting that LKB1 alteration does not result in
mTORCT activation in this model. In turn, PI3K pathway activity, measured as phospho-AKT
T308, was found lowest in PDX039 —compared to the other models by immunoblotting-
and among the PDX with lower levels —according to RPPA data in cross-comparison with 18
total models (Figure 18B). mTORC2 pathway was activated in PDX313 (high phospho-AKT
S473 and phospho-NDRG1 T346).
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Iterations were selected to test the efficacy of an

ing a

t
mTORC1/2inh vs. PI3Kinh. Single nucleotide alteration (SNA) and copy number alteration (CNA) analysis was

Figure 17. Three models with mTORC1 activa

performed in PDX313 (A), PDX039 (B) and PDX251 (C). Variant allele frequency (VAF) are depicted for SNV

analysis and Log?2 ratio for CNA analysis.
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Figure 18. Protein expression analysis shows mTORC1 pathway activation in PDX313 and PDX039
models. A) Immunoblotting of PDX313, PDX039 and PDX251. PDX131 and PDX098 were used as control for
LKB1 and TSC1 protein levels respectively. Human GAPDH (hGAPDH) was used for total human sample control
and tubulin was used for total protein control. B) PI3K activity shown by phospho-AKT T308 levels relative to
total AKT from RPPA data; C) mTORCT1 activity shown by phospho-S6 S235/236 and S240/244 from RPPA data.
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We further evaluated the antitumor activity of an o/§-specific PI3Kinh (AZD8835) in
comparison with the dual mMTORC1/2inh vistusertib in the selected models, using doses and
schedules that resemble the administration of these drugs in humans. Results showed a
superior antitumor activity of vistusertib in PDX313 and PDX039 models (Figure 19), but
not in PDX251.

Vistusertib elicited a potent decrease in the activity of mTORC1, seen as low phospho-S6
S235/236, phospho-S6 S240/244, phospho-4EBP1 T37/46 and phospho-4EBP1 T70 upon
treatment. Similarly, mTORC2 activity was effectively blocked: phospho-AKT S473 and
phospho-NDRG1 T346 were down-regulated in vistusertib-treated samples. Conversely,
AZD8835-treated samples showed downmodulation of the PI3K phospho-site on AKT T308,
of phospho-AKT S473 and phospho-4EBP1-70; and of phospho-S6 and phospho-NDRG1
exclusively in PDX251. This data shows that the limited antitumor activity of AZD8835
compared with vistusertib in PDX313 and PDX039 is associated with a lack of mTORC1
downmodulation (see phospho-S6 and phospho-4EBP1). In addition, the biochemical
analysis, along with the antitumor activity shown in Figure 19, suggests that the LKB7

mutation in PDX251 is not resulting in mTORC1 activation.

Even though vistusertib induced potent tumor growth inhibition in the three
aforementioned models, it did not result in long-term tumor stabilization or tumor
regression, which is clinically meaningful. Because these tumors express ER and given the
crosstalks between this steroid nuclear receptor and the PI3K™' we tested to combinate
vistusertib/AZD8835 with a novel SERD (AZD9496) in PDX313 and PDX039 models (Figure
20). As expected, these experiments showed a significant improvement of tumor growth
control in the vistusertib plus AZD9496 arm, albeit resulting in disease progression. We
conclude that targeting mTORC1/2 with vistusertib at this dose and schedule does not result
in tumor regression in models exhibiting an activation of the mTORC1 pathway, neither as

single agent nor in combination with a novel SERD.
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Figure 19. Dual mTORC1/2 inhibitor (vistusertib) showed superior antitumor activity than PI3Kinh
(AZD8835). In vivo drug efficacy of AZD8835 and vistusertib and pathway modulation in PDX313 (A), PDX039
(B) and PDX251 (C); PDX131 lane is used as LKB1/TSC1 protein control. Statistical test: 2-way ANOVA, A) PDX313:
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Figure 20. Combination of mTORC1/2 with a new generation SERD (AZD9496) improves response.
PDX313 and PDX039 in vivo efficacies of AZD9496, vistusertib and the combination. Statistical test: Unpaired t-
test.

1.3. Models harbouring an 11g13 ampilification (11g13amp) are resistant to
PI3Kinh

To dissect the potential effect of the amplification of the 11913 chromosomic region as a
mechanism of resistance to PI3Kinh, we firstly analyzed the relative expression of 11q13-
contained genes and their downstream pathway activation in the selected 11g13amp
models: PDX131, PDX191, PDX293.1/2. PDX251 was also included in this analysis albeit it
contained a mild FGF3/4 amplification (FC=2.40, below the threshold of fold-change=3 that
was considered in the table from Figure 14) and PDX343 which harbors a PAK7amp (Figure
21). Western blot semi-quantitative analysis established that CCND Tamp models (PDX131,
PDX191 and PDX293.1/2) and PAKTamp models (PDX191, PDX293.1/2 and PDX343)
contained high levels of the respective protein. RPS6KB2amp models (PDX131 and
PDX293.1/2) did show only a minor increase of S6K2. However, correlation analysis between
gene copy number and protein expression failed to show a significant correlation, although
a tendency was observed in cyclin D1 and PAK1 expression (Figure 21B). PDX191 and
PDX343 presented co-amplification of the 8p11 region (containing FGFRT), therefore
PDX191 harbored both amplification in FGFR1 receptor and FGF3/4/19 ligands. Cell cycle
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activation downstream of cyclin D1 was determined by phospho-Rb S780 and phospho-Rb

S807/811. PDX191 and PDX293.1/2 showed high levels of phospho-Rb while PDX131

showed low levels. S6K pathway activity was determined by phospho-S6 S235/236 and

S240/244, and it did not show higher levels in the RPS6KB2amp models. MAPK pathway

activation downstream of FGFR1/FGF or PAK1 was determined by phospho-ERK1/2

T202/204, which was high in PDX293.1/2, containing PAKTamp and FGF3/4/19amp.
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Figure 21. PAK1 and Cyclin D1 are highly expressed in the amplified models. A) Protein expression of
11913 genes and pathway activation status in the 11gq13amp PDX models. Co-amplification of the 8.11

chromosomic region is shown. hGAPDH control was used for human sample load and tubulin endogen to check

total protein load; B) Gene log2ratio and protein expression correlations. Statistical test: F-test.
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1.4. In vitro validation of cyclin D1 and FGF-ligands overexpression as
resistance mechanisms against PI3Kinh in PIK3CA mutant cell lines

MCF7 and T47D

In order to dissect the capacity of each individual gene within the 11913 amplicon to
generate resistance to PI3Kinh, we stably transfected T47D (containing a PIK3CA p.H1047R
mutation) and MCF7 (containing a PIK3CA p.E545K mutation) cell lines with either CCND1,
PAKT or RPS6KB2 genes. However, in order to test FGF3/4/19 ligand expression for PI3Kinh
resistance, we have used basic FGF (bFGF, coded by FGF2 gene), an FGF ligand widely used
for in vitro assays. This ligand binds to the Illb isoform of FGFR1 and llic isoform of
FGFR1/2/3, while FGF3 binds to the lllb isoform of FGFR1/2, FGF4 binds to the llic isoform
of FGFR1/2/3 and FGF19 binds to FGFR4°® '8, So, with this ligand we can closely mimic the
effect of FGF3 and FGF4 but not FGF19.

We performed drug inhibition curves with AZD8835 in the generated cell lines and in non-
transfected T47D and MCF7 cell lines with or without bFGF. These experiments showed that
CCND1-transfected cells or addition of bFGF significantly increased the AZD8835 ICso from
3.4 pM to 15.8 in T47D and from 0.18 pM to 0.96 pM in MCF7. PAKT- and RPS6KB2-

transfected cells were equally sensitive to PI3Kinh (Figure 22).
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Figure 22. CCND1-transfected T47D and MCF7 cells and bFGF-stimulated T47D cells generate resistance
to PI3Kinh. ICso calculation from drug inhibition curves assays and in transfected MCF7 and T47D cells with
CCND1 gene (A), addition of bFGF (B), PAKT gene (C) and RPS6KB2 gene (D). Mock: mGFP gene transfection.
Statistical test: unpaired t-test. ICsos calculated from 3-indepnendent experiments for CCND1-transfected cells
and FGF-stimulated cells, 2 independent experiments for PAKT and RPS6KB2-transfected T47D cells and 1
experiment was performed for PAKT and RPS6KB2-transfected MCF7 cells.

We further tested the relative protein expression and pathway activation of the transfected
cell lines by western blot. Results showed an overexpression of cyclin D1 in CCNDT-
transfected cells and these cells presented increased phospho-Rb S780 and S807/811,
indicating activation of CDK4/6 (Figure 23). Overexpression of S6K2 was detected in

RPS6KB2-transfected cell lines but this did not result in higher levels of phospho-S6
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S235/236 or S240/244. PAK1-transfected cells did not express higher levels of PAK1 protein,

compared to the endogenous protein, and we did not observed increased phospho-ERK1/2.
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Figure 23. Genetically modified cell lines overexpress Cyclin D1 and S6K2 but low levels of PAK1. A)
Cyclin D1 expression and cell cycle pathway activation in CCNDT-transfected T47D cells B) PAK1 and S6K2
protein levels and MAPK/S6K pathway activation status in PAK7- and RPS6KB2-transfected MCF7 and T47D.
PDX293.2 was used for PAKT and S6K2 expression controls. CCND1, PAKT and RPS6KB2 cDNAs were expressed
as fusion proteins with mGFP, so bands appear 35 KDa upwards. "end” denotes for endogenous proteins. *A

degraded/splice form of the overexpressed Cyclin D1.

To further study the implication of the 11q13 region in PI3Kinh resistance, and due to the
proximity of CCND1 with FGF3/4/19 ligand genes in the amplicon, we tested whether both
CCNDTamp and FGFs together could increase the ICso. We performed drug inhibition assays
with mock or CCND1-transfected with or without bFGF, and results showed a higher ICsq in
both cell lines, especially for MCF7, where the I1Cso for AZD8835 increased from 0.18 uM to
5.3 uM, whereas in T47D the ICso increased from 1.1 uM to 8.7 puM (Figure 24). Western blot
analysis showed increased phospho-Rb in cyclin D1-overexpressing cell lines and activation
of MAPK pathway (high phospho-ERK1/2 T202/204) under bFGF stimuli. PI3Kinh was able
to block PI3K activity (lower phospho-AKT T308) but phospho-Rb S780 and phospho-
ERK1/2 T202/204 was maintained in cyclin D1-overexpressing and bFGF stimulated cells.
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Figure 24. Cyclin D1 overexpression and FGF stimuli synergy and increase PI3Kinh resistance. A) Drug
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To study the implications of CCND1 and FGF3/4/19 ligands co-amplification in the context
of PI3Kinh in combination with hormonal therapy (the currently approved treatment
combination), we tested the inhibitory effect of AZD8835, AZD9496 and their combination
in the mock/CCND Tamp cell lines with or without bFGF stimuli (Figure 25). Results showed
that bFGF stimuli had a more profound effect in AZD9496 resistance than cyclin D1
overexpression in both T47D and MCF7 cell lines. In this specific experiment, CCND1T-
transfected cell lines failed to show significant resistance to AZD8835 or AZD9496. Upon
AZD8835 and AZD9496 combination, only T47D cell line showed significant resistance in
the bFGF stimulated mock and CCNDT-trasnfected cells. MCF7 cell line exhibited an
effective inhibition of cell growth under AZD8835 and AZD9496 combination treatment.

B Mock
T47D MCF7 Mock + bFGF
15 1.5+ [roes =9 CONDA
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Relative to untretaed
Relative to untretaed
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Figure 25. T47D cells stimulated with bFGF show resistance to the combination of PI3Kinh with
hormonal therapy. Mock or CCNDTamp T47D and MCF7 cells were treated with 500nM AZD8835, 1 pM
AZD9496 or the combination, either with bFGF or without, during 4 days. Cell viability per experimental condition
is normalized with the untreated CNTL samples, mock and CCND7-transfected, respectively. Data from 2
independent experiments. Statistical tests: 2-way ANOVA.
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In order to further test the implication of PAK7 and RPS6KB2 amplification in cell growth
and resistance, we performed drug inhibition assays in SUM44, an ER+ 11g13amp cell line,
compared to MCF7 and T47D, that do not harbor this amplification. SUM44 express higher
levels of PAK1 and S6K2 (Figure 26A). We tested 3 different inhibitors: AZD8835, the
PI3Kinh; FRAX1036, a PAK1 inhibitor (PAK1inh); and PF-4708671, a P70/S6K inhibitor
(P70inh) (Figure 26B). Results showed that SUM44 were resistant to (ICs50=51.6 pM) but
equally sensitive to the PAKTinh (IC50=4.8 pM, similar to MCF7 1Cs0=1.3 pM and T47D
ICs50=6.1 uM). Upon P70 inhibition, SUM44 presented high resistance (IC50=45.1 uM); T47D
as well presented resistance (ICso=21.4 uM); only MCF7 could sensitize at relative low levels

(|C50= 0.8 |J.M).
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Figure 26. 11q13amp cell line SUM44 show resistance to PI3Kinh but sensitizes to PAK1inh. A) Western
blot of PAK1, S6K2 and Cyclin D1 expression in MCF7, T47D and SUM44 cell line; B) Drug inhibition assays with
three different drugs: AZD8835, a PI3Kinh; FRAX1036, a PAKinh; and PF-4708671, a P70inh. C) ICso calculation of
AZD8835, PAKinh and P70inh in MCF7, T47D and SUM44. Statistical test: 2-way ANOVA. Data from 3
independent experiments.
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2. PART 2: Targeting the FGFR pathway

2.1. Antitumor activity of the FGFR1/2/3inh rogaratinib in FGFR-amp PDXs

We generated a PDX collection of 17 models based on the amplification of FGFR1-4 and/or
FGF3/4/19 (11913 amplicon) (Figure 27A). The majority of the tumors were derived from
the metastatic setting. Using IMPACT, we identified 11 PDX models with FGFR7amp
(PDX156, PDX302, PDX288.1/2, PDX343, PDX404, PDX153, PDX426, PDX291, PDX325 and
PDX191), four of them with a co-amplification of 11q13 (PDX156, PDX426, PDX325 and
PDX191); 3 PDX with FGFR4amp (PDX039, PDX225 and PDX222) and 3 PDX models with
11g13amp (PDX131, PDX251 and PDX293). PDX288.1 and PDX288.2 originated from the
same patient at two different time-point biopsies: PDX288.1 is taken while the patient was
on-treatment with debio-1347 (FGFR1/2/3inh) with no confirmed response and PDX288.2

short after disease progression.

We measured the anti-tumor activity of rogaratinib, a specific pan-FGFR1/2/3inh. Out of the
17 models tested, 2 models showed a PR response (PDX325 and PDX191), 7 models
presented an SD response (PDX251, PDX404, PDX153, PDX222, PDX293, PDX426 and
PDX291), and 8 progressed (PDX156, PDX302, PDX039, PDX288.1/2, PDX343, PDX225 and
PDX131). Of the 9 PDXs responding (PR+SD), 6 were ER+, 2 HER2+ and 1 TNBC, and from
the 8 progressing (PD), 4 PDXs were ER+, and 4 TNBC, showing a degree of enrichment for
luminal subtype in the sensitive models. Intrinsic subtypes (PAM50) showed a similar

distribution, albeit PDX325 and PDX225 exhibited a Her2-enriched while being ER+.

Rogaratinib pathway modulation downstream FGFR was evaluated through phospho-
ERK1/2 T202/204 and ERK1/2 levels in western blot. Results showed that PDX291 and
PDX191, which are sensitive to rogaratinib, show a down-modulation of phospho-ERK1/2

upon rogaratinib treatment, indicating a blockade of the MAPK pathway (Figure 27B).
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Figure 27. Rogaratinib shows antitumor activity in 9 PDX models from a 17 FGFR/FGFamp PDX
collection. A) Waterfall plot of the percentage change from baseline of rogaratinib response in a collection of
17 FGFR/FGFamp PDX models. Tumor volume is measured as best response (Annex Table S3). Molecular
subtype, PAM50 classification, FGFR/FGFamp status (IMPACT data, amplification=CN>4) and mRNA expression
by HTG platform are denoted in the table below; B) MAPK pathway modulation in sensitive vs. resistant PDXs
under rogaratinib (ROG) treatment.
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Results

2.2. FGFR1-4 mRNA levels predict for specific FGFRinh response in BC-PDX

models

In order to set a biomarker of response to rogaratinib, we first analyzed the gene copy
number of FGFRT-4 in the 17 models (Figure 28A). Results from the IMPACT panel showed
no association between copy number of FGFRamp with rogaratinib response. As previously
described by Pearson et al*®®, only a PDX with high copy number (>20 copies) exhibited PR
as response (PDX325). We further analyzed CN variation considering: 1) CN>4 (based on
the criteria for gene amplification from IMPACT panel; either FGFRT or FGFR4); 2) the sum
of all the CN (in FGFR1/2/3/4); and 3) the ratio obtained by fluorescence in situ hybridization
(FISH) (either FGFR1 or FGFR4), where a CN/centromere superior or equal to 2.2 is
considered amplified (Figure 28B). Using these parameters, there was no significant
association between CN and rogaratinib response, neither analyzing the data as continuous

variables nor dichotomized (Figure 28C, D).

We next analyzed FGFR1-4 gene expression by quantifying the mRNA levels of each
receptor (Figure 29). We measured mRNA levels using 3 different platforms: HTG EdgeSeq
System, nCounter from Nanostring and RT-gPCR. We observed that the FGFRT mRNA was
significantly expressed at higher levels than the other 3 receptors and that the results from
all 3 platforms were consistent with each other (Figure 29A). HTG and nCounter showed
very similar measurements across the PDXs (r square=0.8485) and RT-gPCR showed values
that were more divergent with the other two platforms (r square=0.4726 and 0.4721,
respectively) (Figure 29B). This is consistent with the more error prone of individual gene

RT-gPCR analysis, compared with HTG and nCounter.

FGFRT mRNA was very high exclusively in PDX325, correlating with its FGFRT high CN
(Figure 29C). FGFR2 mRNA was relatively high in PDX291 and PDX426, and PDX293
presented relative high levels of FGFR2 and FGFR3 mRNA. Intriguingly, we detected high
levels of FGFR3 mRNA in PDX191, a PDX with FGFRTamp and no CN alteration in FGFR3.
Individual FGFR1-4 mRNA levels did not associate with rogaratinib response. As expected,
mMRNA levels correlated with CN values for FGFR1 (p value<0.0001, Figure 30), and there
was a tendency for FGFR4, but they did not correlate for FGFR2 and FGFR3.
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To further analyze FGFR1-4 mRNA levels as a biomarker of response to rogaratinib, we
developed a composite biomarker of FGFR1-4 mRNA by firstly normalizing the mRNA values
(according to the highest value within the group) and then calculating the summatory of
FGFR1-4, for each individual model (Figure 31A, B). We observed that sensitive models
presented higher values of the FGFR1-4 mRNA composite biomarker. ROC curves showed
very high specificity (100% in HTG and nCounter, and 87,5% in RT-qPCR) and sensitivity
(88.9% in HTG, 87.5% in nCounter and 100% in RT-qPCR) for the FGFR1-4 mRNA biomarker
as predictor of response to rogaratinib (Figure 31D). Consistently, the FGFR1-4 mRNA
biomarkers generated using all 3 the platforms were able to discriminate rogaratinib

sensitive vs. resistant PDXs.

We next analyzed if the high mRNA expression levels were concordant with the respective
protein levels (Figure 32). We performed western blot analysis to check for FGFR1 and
FGFR3 proteins and immunohistochemistry assays for FGFR2 protein levels. We could not
investigate FGFR4 because of lack of specific antibodies. PDX325 express high levels of
FGFR1 and PDX191 of FGFR3 protein, in agreement with their respective high mRNA values,
and with these models being the only ones exhibiting PR to rogaratinib. FGFR2 protein,
assessed by IHC (Figure 32B), showed a mild correlation with mRNA expression (r
square=0.2949, Figure 32C), whereas FGFR1 and FGFR3 protein levels showed a very high
correlation with mRNA expression (r square=0.9665 and 0.9509, respectively). In summary,
overexpression of FGFR1 and FGFR3 were associated with tumor regression in PDXs and for
clinical purposes it is better evaluable at the mRNA level in FFPE, since an IHC assay is not

currently available for FGFR1/3 proteins.
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Figure 31. Total FGFR7-4 mRNA predicts for FGFRinh response. A) mRNA levels are represented in relation

to the maximum value of each model (normalized) for each platform; B) The sum of the normalized FGFR1-4
values is represented; C) FGFR1-4 sum in PD and SD/PR groups. Statistical test: Mann-Whitney U test; D) Analysis
of FGFR1-4 sum as biomarker of response to rogaratinib through ROC curves by the 3 platforms, which sets a
threshold at 0.53 in HTG (sensitivity 88.89%, specificity 100%), at 0.48 in nCounter (sensitivity 87.50%, specificity
100%) and at 0.84 in RT-gPCR (sensitivity 100%, specificity 87.50%).
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2.3. FGF ligand levels do not predict for rogaratinib response

To test whether FGF ligand expression and/or 11q13amp could serve as biomarker of
response to rogaratinib, we analyzed FGF ligand expression using two different platforms:
HTG and nCounter (Figure 33). The HTG platform was capable to detect all FGF ligands
(FGF1-10, 16-23), while the nCounter platform was restricted for the FGF ligands within the
11913 amplicon (FGF3/4/19).

We firstly analyzed the expression levels of the FGF ligands present in the 1113 amplicon.
Data from HTG platform showed that three models with 11q amp (PDX131, PDX251 and
PDX293) had high levels of either FGFR3/4/19 while the other 3 PDXs with 11g13amp
(PDX156, PDX325 and PDX191) contained relative low levels of the ligands (Figure 33A).
None of the non-11g13amp PDXs showed high levels of any of these 3 FGF ligands. Overall,
the 11g13amp models expressed significant higher FGF3/4/19 ligands. However, ROC curve
analysis of the overall FGF3/4/19 ligands between resistant (PD) and sensitive (SD/PR) PDXs,
failed to provide high sensitivity nor specificity. The analysis of expression data using
nCounter (Figure 33B) showed slightly different results: while PDX293 and PDX251 had
equally high levels of FGF3 and FGF4, respectively, PDX131 did not show the observed
expression of FGF3/19 by HTG and PDX325 presented high levels of FGF3/19. A significant
difference was observed in the ligand expression between non-11q13amp and 11g13amp
models. But again, ROC curve analysis of the 11913 ligands did not provide high values of

sensitivity nor specificity for prediction of FGFRinh response.

We then analyzed data from all the FGF ligands detected by the HTG platform (Figure 33C).
The two most prominent cases were PDX156, that showed high levels of FGF2 and PDX302
with high levels of FGF7. ROC curve analysis of all ligands sum did not provide high
sensitivity nor specificity. The same analysis was performed in normalized data (following
the same approach as in the previous section with FGFR1-4 expression) and no tendencies

were observed between PD and SD/PR models (Figure 33D-E).
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Figure 33. FGF ligands expression do not predict for rogaratinib response. A) Ligands from the 11q13
amplicon (FGF3, 4 and 19) were analyzed from HTG data. B) The same analysis was performed with data from
nCounter; C) Analysis of all FGF ligands in HTG platform; D) Normalized data from all FGF ligands; E) Normalized
data from 11q13 FGF ligands. Statistical test: Mann-Whitney U test.

Even though FGFR ligands did not directly predict for rogaratinib response, we hypothesized
that PDX293 might have responded to this inhibitor due to its high levels in FGF3, since it
otherwise only expressed moderate levels of FGFR2 mRNA. To further investigate the role
of FGF ligands in rogaratinib response, we selected 3 FGFRTamp cell line models with
different levels of FGFR1 expression for drug-inhibition assays: CAL120 (TNBC), JIMT-1
(HER2+) and SUM44 (11913 co-amp, ER+). Western blot analysis showed that CAL120
expressed high FGFR1 protein levels, alike PDX325 in Figure 34, and compared to SUM44
and JIMT1 (Figure 34A). Treatment with bFGF elicited moderate FGFR pathway activation in
CAL120 cell line and in JIMT1 (Figure 34B).

A B
™ Q CAL120 JIMT1
> N & 0 1 10 0 1 10 FGFb(ng/ml)
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Figure 34. CAL120 expresses high levels of FGFR1 and has a highly activated FGFR pathway. A) SUM44,
JIMT-1 and CAL120 relative FGFR1 protein expression; B) CAL120 and JIMT-1 cell lines were stimulated during
15 minutes with 0, 1 and 10 ng/ml of bFGF; antibodies targeting phospho-FRS2 Y436 and Y196 were used to
analyze FGFR pathway activation. Gel prepared at 12% acrylamide in A) and at 10% in B).
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Results

We next dissected if FGFR pathway activation by means of high expression of FGF ligands
sensitized the lowly-FGFR1-expressing cell lines to FGFRinh. Therefore, we quantified the
ICso of rogaratinib upon addition of bFGF or upon treatment with an FGF-trap (NSC-12), to
counteract the potential effect of endogenous FGFs (Figure 35A). As expected, CAL120 cells
were sensitive to rogaratinib and SUM44 and JIMT-1 cell lines were resistant. Media
supplemented with bFGF significantly increased the growth of SUM44 cells and it
moderately decreased the ICso. However, the 1Cso of the SUM44 cells treated with bFGF was
much higher than the ICso of the rogaratinib-sensitive cells CAL120, and therefore we could
not corroborate our hypothesis with the cell line models. Similarly, the FGFtrap did not

modify the I1Cso values in these models, albeit it reduced cell growth in the JIMT1 cells.

A similar approach was used with patient-derived 3D ex vivo cultures (PDO) using several
FGFR1-4 and FGF3/4/19amp PDX models, including PDX293, the SD-model that exhibited
high levels of FGF3 (Figure 35B). 5 models were available for this assay: PDX302 and PDX343
(PD response in in vivo efficacy assay), and PDX404, PDX293 and PDX291 (SD response in in
vivo efficacy assay). Since we could not obtain PDOs from the PDXs models exhibiting a PR
response, we included the CAL120 cell line as supra-sensitive FGFRinh model. All PDOs
analyzed exhibited high ICso values, including the models that exhibited an SD response in
the in vivo setting, compared to CAL120 in 3D. This was unsurprising, as the ex vivo assay
has a limited capacity to predict response for the SD models (personal communication V.
Serra). Results from the addition of bFGF to the media showed a moderate reduction in ICso
for PDX302, a model expressing high levels of FGF7. Addition of NSC12 markedly reduced
cell proliferation and ICso in the same model, as observed for the JIMT-1 cells. A similar effect
on |ICsp was observed upon addition of the FGF trap in PDX404, albeit the ICso values did not
reach the levels of the FGFRinh-sensitive cells CAL120. In summary, these experiments could
not demonstrate that high FGFR signaling by means of overexpression of FGF ligands

sensitizes to FGFRinh.
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Figure 35. FGF ligands modulate the response in FGFRTamp cell lines and PDO models. A) Rogaratinib
drug-inhibition assays in FGFRTamp cell lines with or without bFGF or NSC-12; B) Patient-derived Organoids
(PDO) drug-inhibition assays of rogaratinib with or without bFGF or NSC-12; PDOs were cultured in Matrigel,
including CAL120 cell line. Cell growth and 1Csp determined from 3 independent experiments, except for CAL120
in PDO graph, where 2 independent experiments were performed. Statistical tests: 2-way ANOVA.
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Results

2.4. The multitarget kinase inhibitor (MTKI) lucitanib shows superior
antitumor activity than the FGFR1/2/3inh rogaratinib

MTKI inhibitors showed promising activity in the clinic in FGFRamp breast cancers'’” 2%,

However, when more specific FGFRinh were tested, the response rate was rather
disappointing'* '®°. For this reason, we and others hypothesized that the antiangiogenic
effects of MTKI were relevant in breast cancers''. As a matter of fact, the anti-VEGF
bevacizumab was approved for the treatment of TNBC for a period of time before
discontinued after showing limited results®®. Therefore, we compared the antitumor activity
of the MTKI lucitanib with rogaratinib in seven representative PDXs: the 4 FGFRTamp most
resistant models (PDX156, PDX302, PDX288 and PDX343) and the 3 FGFRTamp most
sensitive models (PDX291, PDX325 and PDX191) to rogaratinib (Figure 36). Lucitanib
showed equal or superior antitumor activity compared to rogaratinib in all the models
tested, resulting in tumor growth regression (PR) or stabilization (SD) in the majority of
models and only PDX156 showed a PD response. All PR models were ER+ and the rest were

TNBC molecular subtype.

We analyzed the relative gene expression (HTG data) of lucitanib’s targets in the PDXs, and
observed that lucitanib was very efficacious (PR) in the two models with high FGFR1/3
expression. Three models that showed PD on rogaratinib treatment sensitized to lucitanib
with a SD (PDX288, PDX302 and PDX343), without apparent high levels of FGFR1/2/3/4. The
two most lucitanib-resistant models (PDX156 and PDX288) were devoid of FGFR1/2/3/4
expression and expressed high levels of VEGFR3 and KIT, although not as high as FGFR1/3
in PDX325 and PDX191, respectively (Figure 36B). This was unexpected, since lucitanib
potently inhibits VEGFR3 (ICso=7 nM) and, in addition, the c-KIT inhibitor imatinib did not
significantly inhibit growth of PDX156 (data not shown). Therefore, we hypothesized that
lucitanib’s antitumor activity could be partly due to targeting the tumor vasculature. As a
matter of fact, PDX343 expressed high levels of VEGFA/C and PDGFA/B/C, and VEGFC was
highly expressed in the two-most sensitive models. Due to the low number of models in this

substudy we did not perform ROC analyses.
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Figure 36. Lucitanib shows superior activity to rogaBratinib with no correlation with relative expression
of target receptors and ligands. A) Lucitanib vs. rogaratinib antitumor activity (Annex Table S4) and relative
gene expression of RTK targets of lucitanib and respective ligands (grey for low expression values and red the
high expression values; data from HTG platform); B) Relative mRNA levels of lucitanib RTK targets C) Relative
mRNA levels of cognate ligands; D) Depicted relative expression of each FGF ligand.
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Results

2.5. Rogaratinib and lucitanib target both proliferation and angiogenesis in

sensitive PDX models

In order to dissect the mode of action of lucitanib vs. rogaratinib, we analyzed untreated
and treated samples with both inhibitors in 5 lucitanib-sensitive PDX models (Figure 37)
and quantified the proliferation index in tumor cells using the Ki-67 marker and the degree

of vascularization by staining with the vascular endothelial cell marker CD31.

Lucitanib-treated samples showed a reduction of proliferation (Ki-67) in all models analyzed,
whereas rogaratinib treatment was able to significantly reduce proliferation in exclusively in

the two most sensitive models, PDX325 and PDX191.

Vascularization (CD31) was also reduced in all lucitanib-treated samples. Rogaratinib
potently inhibited vascular formation in rogaratinib-sensitive PDX191, and in two

rogaratinib-resistant models.

To evaluate the effect of vascularization blockade in the tumor samples, we evaluated the
relative necrotic areas for each treatment. We found that lucitanib induced marked necrosis
in three models (PDX288, PDX343 and PDX291), indicating that lucitanib’s efficacy in these
models is most likely to vascularization blockade. On the contrary, rogaratinib did not induce
a marked change in necrotic areas. No necrosis was found in the FGFR-expressing models
(PDX191 and PDX325), indicating that in these tumors the antitumor response was most

likely due to targeting tumoral FGFR signaling.
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Figure 37. Rogaratinib and lucitanib treatment inhibit tumor cell proliferation and vascularization in
sensitive models. Proliferation marker Ki-67 (green), vascularization marker CD31 (red) and the relative tumoral,
stromal and necrotic areas were evaluated in untreated tumors (C), treated with rogaratinib (R) or lucitanib (L)
in 5 PDX models. Cell nuclei are DAPI dyed (blue). Statistical tests: One-way ANOVA for Ki-67 data and 2-way
ANOVA for CD31 data. 2-way ANOVA for relative areas. P-values legend: #/$, 0.01<p<0.05; $$$$ p<0.0001.
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Results

2.6. VEGF/VEGFR blockade alone is as effective as lucitanib treatment in

rogaratinib-resistant models

Finally, we tested if anti-angiogenic blockade was the major phenotype in the lucitanib-
sensitive models that showed marked induction of necrotic areas, and tested if the
combination of rogaratinib with anti-angiogenic therapy (anti-VEGF/VEGFR) as an
alternative for lucitanib, which presented limited safety in patients. For that, we performed

the in vivo efficacy assays shown in Figure 38.

As anti-angiogenic therapy, we combined bevacizumab, an antibody targeting human VEGF
(hVEGF); in combination with DC101, an antibody targeting murine VEGFR2 (mVEGFR?2),
given that bevacizumab would only block hVEGF from the tumor but not murine VEGF
(MmVEGF) from the stroma. Combination of DC101 and bevacizumab will assure the complete

blockade of the VEGF-driven vascular signaling in the PDX models (Figure 38A).

In agreement with our hypothesis, both PDX models showed response to the anti-
angiogenic combination treatment, and its combination with rogaratinib only offered a
minor improvement in PDX288, reaching similar response levels as with lucitanib (Figure
38B). These results suggest that an MTKI is more effective than the combination of an anti-
angiogenic and a specific FGFRinh for targeting both FGFR signaling in the tumor cells and

inhibiting vascular formation.
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Figure 38. Rogaratinib in combination with anti-angiogenic therapy is a clinical alternative to lucitanib.
A) PDX models contain two mechanisms of vascular signaling: human (from the tumor) and murine (from the
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signaling; B) PDX288 and PDX343 in vivo efficacy of rogaratinib, anti-angiogenic therapy (DC101+Bevacizumab),
rogaratinib in combination with anti-angiogenic therapy, vs. lucitanib. Statistical tests: 2-way ANOVA.
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Discussion

Endocrine therapy has been the mainstay treatment for breast cancer, but innate and
acquired resistance mechanisms are a problem for the treatment of patients with metastatic
disease. Novel targeted agents have been developed in order to overcome resistance and
three of them are currently approved: an mTORC1 allosteric inhibitor, three CDK4/6
inhibitors and a PI3Ka inhibitor. Currently, research strategies are focused in identifying
novel therapeutic targets to combat endocrine (and thereof combinations) resistance and

also in improving patient selection with better response biomarkers.

In this study, we aimed to identify response biomarkers and resistance mechanisms to two

major therapeutic strategies for luminal breast cancer: PI3K/mTORC1/2 and FGFR inhibitors.

In part 1 of this study we tested if a clinically approved sequencing platform, the IMPACT
panel, was useful to identify resistance mechanisms to PI3K inhibitors. Of note, the PI3Ka
inhibitor alpelisib received approval by the FDA on May 2019 for the treatment of HER2-
negative, PIK3CA-mutant advanced or metastatic breast cancer in combination with
fulvestrant as detected by an FDA-approved test following progression on or after an
endocrine-based regimen. This approval follows to over 10 years of preclinical and clinical

research, demonstrating increased activity of these drugs in PIK3CA-mutant tumors®”" 23",

To this aim, we tested alpelisib in a set of 25 breast cancer PDXs, containing ER+, HER2 and
TNBC molecular subtypes. In line with early preclinical observations, we noted that ERBB2-
amplified / Her2-enriched tumors were likely to be sensitive to alpelisib and that TNBC /
basal like tumors were resistant®®223>. Qur panel contained 7 PIK3CA-mutant models, two
of which derived from a patient who received the PI3K inhibitor GDC-0032 plus letrozole in
the clinic. In the absence of an endocrine backbone treatment, we did not observe an
association between PIK3CA mutation and alpelisib response. This highlights the
remarkable intrinsic dependence on the PI3K pathway of HER2+ tumors vs. ER+/PIK3CA

mutant tumors.

This study enabled us to identify 4 groups of tumors with recurrent mutations: alterations
that increase PI3K-downstream signaling, 2) alterations in the parallel MAPK signaling —-both
supported by an independent proteomic study-, 3) alterations in the cell cycle pathway and
4) alterations included in the 11g amplicon. Two recent studies using genomics platforms

have highlighted that e.g. TSC2 loss and CCNDT amplification occur concomitantly to
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PIK3CA mutation in metastatic tumors and we hypothesized that they may confer

resistance to PI3K inhibitors.

To date, alterations that activate mTORC1 while generating resistance to PI3Kinh have not
been yet described in breast cancer. In this study, we aimed to identify such alterations and
test if they could generate sensitivity to mTORC1/2 inhibition. Previous work from our
colleagues showed that PI3Kinh-resistant cell lines presented high mTORC1 activity, and

thus the addition of an mTORC1inh was necessary for sensitizing the cells to a PI3Kinh'".

We demonstrated that two out of three tumors harboring genetic alterations activating
mTORC1 were more sensitive to a potent catalytic mMTORC1/2inh than to a PI3K inhibitor.
Nonetheless, these results lacked clinical significance, since even the combination with a
novel SERD, the treatment did not result in tumor regression. We postulate several reasons
for this failure: 1) the intermittent dose and schedule of the mTORC1/2inh was tolerable but
inefficiently inhibiting the pathway; 2) at least one of the identified alterations might not
have been relevant for activating the mTORC1 pathway (PDX251); 3) we observed high
expression of PKM2/glutaminase in PDX313 and PDX039. It has been described by several

2238240 55 sustained

studies that mTORC1 activation generates an up-regulation of PKM
activation of the glycolytic pathway could overpass mTORC1/2 inhibition hence generating

resistance®!’.

The MANTA clinical study tested fulvestrant monotherapy or in combination with vistusertib
or everolimus in metastatic ER+ breast cancer''® %*2, This study showed that the combination
of fulvestrant plus everolimus presented longer PFS compared with the combination of
fulvestrant plus vistusertib or fulvestrant alone. Hence, the study failed to demonstrate the
benefit of the dual mMTORC1 and mTORC2 blockade over mTORC1 blockade alone. The trial
did not recruit for patients with genetic alterations compatible with activation of the
mTORC1 pathway. Nonetheless, our preclinical data suggests a limited capacity of

vistusertib to induce tumor regression in biomarker-enriched tumors.

We next tested the impact of the 11g amplicon in PI3Kinh resistance. This amplification is
associated with poor prognosis and endocrine therapy resistance in breast cancer” ¥,
therefore it is important to determine the impact in PI3K inhibition. Tumors with these

alterations were located at the interphase between response with SD and disease
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progression. Our in vitro models overexpressing the individual genes allowed us to conclude
that overexpression of cyclin D1 results in drug resistance in two PIK3CA-mutant cell lines.
The extent of the phenotype was more marked in the T47D cell line and this was associated

with retention of phospho-Rb S807/811 upon treatment.

Other preclinical data generated in our laboratory indicate that these tumors are sensitive
to the combination of a PI3Kinh plus a CDK4/6inh: PDX131, PDX191 and PDX293.1/2 were
not sensitive to monotherapy CDK4/6inh but this inhibitor sensitized the three models to
PI3Kinh, indicating that high cyclin D1 expression limits the activity of PI3Kinh. Of note,
PDX293.1/2 harbors a PIK3CA mutation and would be eligible of a PI3Kinh in the clinic.

The amplification of the 11913 locus is not the only mechanism by which cells may

overexpress cyclin D1. Besides the known estrogen-induced cyclin D1 upregulation’ **, it

has been described that activated ras and myc can lead to cyclin D1 overexpression®*> 24,
Hence, we could speculate that PI3Kinh resistance could be mediated independently of
CCND1 amplification, and detection at the protein level is important for determining the

cyclin D1-overexpressing tumors.

Besides, amplifications do not always generate overexpression of the protein. As

commented in this review by Jia et al*’

, we tend to assume that gene amplification causes
overexpression, but this assumption remains unproven until experimental verification. Here,
we have shown that CCNDTamp and PAKTamp showed a tendency for higher gene
expression although non-significant, and RPS6KB2amp failed to correlate with S6K2

expression.

Of note, PDX293.2, besides the 11q13amp, it harbored an RB7 mutation which is affecting
the same cell cycle node. Rb loss of function has been described to abrogate cell cycle
control and to induce abnormal proliferation®® 2. Thus, both alterations suggest an

aberrantly activated cell cycle in this model.

We could not demonstrate that any of the other three cancer-related genes within the 11q
amplicon was relevant for PI3Kinh response per se, albeit a marked increase in MEK/ERK
signaling was observed upon treatment with FGF ligands and this resulted in PI3Kinh

resistance in cyclin D1-overexpressing MCF7 cells.
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The combination of cyclin D1 overexpression and addition of bFGF generated an even
higher ICso under PI3K inhibition, suggesting that the co-amplification (and expression) of
CCND1 with FGF3/4/19 increase the resistance to PI3Kinh. The physical proximity of these
genes in the 1113 amplicon generates a regular co-amplification in breast cancer®, more
than with the other genes of this amplicon. This indicates that the combined effect of
CCND1 and FGF3/4/19amp is likely to be highly recurrent in breast cancer. We found these
results extremely relevant and we are currently testing their impact on these in vitro models

using the actual standard of care, namely the combination of alpelisib and fulvestrant.

The resistance generated by cyclin D1 and high bFGF suggests that both cell cycle and FGFR
pathway activations can lead to PI3Kinh resistance. Recently, it has been published that
FGFR1amp generates resistance to CDK4/6inh%. However, the 11g13amp has a difficult
therapeutic strategy. This region contains several genes involved in many pathways, not
necessarily actionable. It has not been yet demonstrated that cyclin D1 overexpression
predicts for CDK4/6inh sensitivity*>%; high FGF ligands expression do not necessarily indicate
sensitivity to FGFRinh, as shown in the second part of this thesis; PAK1 protein is a potential
target, but PAKinh are poorly explored in the clinics and important toxicities might limit their
efficacy®’; and the results here presented indicate that S6K2 contributes weakly in tumor
growth and/or resistance to PI3K therapy. Hence, special care must be taken and further
studies need to be performed in order to give a therapeutic option for the 11g13amp

cancers.

It is intriguing whether the combined effect of all the genes in the 11q13 amplicon could
increase the resistance to PI3Kinh. Here we show that CCNDTamp/cyclin D1 overexpression
and addition of FGF ligand could generate resistance to PI3Kinh, but other elements present
in the 11q13 region, if co-amplified, could as well participate in the resistance mechanism.
Although it has been described that S6K2 can promote breast cancer survival via Akt*?, the
S6K2 overexpressing cell lines generated in this thesis failed to show resistance to PI3Kinh,
and we could not generate PAK1 overexpressing cell lines. Whether PAK1 overexpression
and co-amplifications (and overexpression) with other 11g13 elements could participate in

the resistance to PI3Kinh and endocrine combinations remains to be studied. Assays
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regarding the additive effect of each gene with each other would shed light in the resistance

effect of the 11q13 ampilification in the current ER+ BC targeted therapy.

In part 2 of this study we aimed to identify response biomarkers to FGFRinh and
hypothesized that a combination with an anti-angiogenic treatment would improve the
response rate to the levels observed for MTKI. Our results highlight the importance of
testing for mRNA or protein level as surrogate marker of FGFR1/2/3 expression. Copy-
number alterations were not informative to predict response as: 1) they could not pinpoint
which tumors were actually expressing the RTK and 2) they could not identify additional
genomic alterations that resulted in high FGFR expression. This data was also informative as
high expression of FGFR1/3 was associated with tumor regression (PR) and high expression
of FGFR2 was associated with SD. Importantly, we can conclude that a clinically suitable
Nanostring platform is capable of identifying FGFRinh-sensitive breast tumors using FFPE

specimens and this is an available resource at all major hospitals.

This data is in accordance with a recent study showing higher efficacy of rogaratinib in colon
and lung cancer cell lines and PDX models characterized by FGFR overexpression®”’. In fact,
3 clinical trials are currently evaluating the use of FGFR mRNA expression as a biomarker of
response to FGFRinh among solid tumors (ClinicalTrials.gov Identifiers: NCT01976741,
NCT02592785, NCT03410693).

Again, data showed that gene amplification does not always corresponds with
overexpression. In fact, certain models without gene amplifications were showing high levels
of one or more of the FGF receptors. Considering this, fusions involving the promoter of the
gene or epigenetic modifications might be taking place, increasing the expression of such
receptors. We presume that the tumor expressing high levels of FGFR3 (PDX191) harbor an
FGFR3 fusion (such as the translocation with the IHC promoter, highly frequent in multiple
myeloma'*), and this hypothesis is being tested using a clinically approved fusion panel.
Therefore, it is important to evaluate FGFR7-4 mRNA regardless of the FGFRT-4 gene
amplification. We expect this data to stablish the rationale for future clinical trials, opening
the efficacy window for FGFRinh, so other non-FGFR1-4amp but high FGFR7-4 mRNA-

expressing patients could benefit from this therapy.
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Of note, we have evaluated FGFR1-4 expression generating a summatory of the 4 FGF
receptors, but it is important to denote that it is only valid for this cohort of PDX due to its
normalization within these models (in an attempt to equal the expression levels of FGFR1
with the rest of the receptors). Therefore, we expect changes in this value if more samples
are added. Hence, we think this summatory should be further validated in other cohorts,

with greater sample size.

Results regarding the FGF ligands indicate that neither 11g13amp, co-amp nor high FGF
expression predicts for FGFRinh. As previously stated, other genes in the 11g13, such as
CCND1, could contribute as well on tumorigenesis, activating other pathways to overpass
FGFR inhibition. However, assays with FGFRTamp cell lines and PDO models with higher or
lower amount of ligand could slightly modulate FGFRinh response. But, in any case, higher
amounts of FGF could not sensitize models which were already resistant to FGFRinh. These
results might indicate that a tumor can respond to FGF stimuli, but the sensitivity to FGFRinh
would be only determined by the levels of the receptor (Figure 39). We could speculate
that if a tumor with low levels of FGFRs is stimulated with FGFs, the pathway will be activated,
and it can generate resistance to certain therapies such as PI3Kinh as demonstrated in the
first part of this study, but that will not determine the response to FGFRinh, because other

driving mutations might be present.

We further concluded that the MTKI lucitanib is preclinically active in models overexpressing
FGFR1/3 (as rogaratinib), and likely in tumors with high vascular signaling (PDX343 and
PDX288, overexpressing VEGFA, an important pro-angiogenic signal®®). Importantly,
lucitanib showed greater antitumor activity than specific FGFRinh, corroborating with the

favorable clinical data for MTKI"" 182,
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A) Resistant

J FGFR-dependant growth ~ FGFR-dependant growth
JFGFR J FGFR
JFGFs TFGFs )

B) Sensitive
N FGFR-dependant growth M FGFR-dependant growth
MFGFR TFGFR
LFGFs @@

Figure 39. The molecular mechanism proposed to determine FGFRinh sensitivity. A) Resistant tumors to
FGFRinh present low levels of FGFR, although they could be stimulated with FGF ligand to generate resistance
to other therapies. B) Sensitive models to FGFRinh therapy harbor high levels of the receptor, and could grow
faster under the stimuli of FGFs, but low levels of ligands could be enough to maintain FGFR pathway activated.
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While both inhibitors blocked cell proliferation and vascularization in sensitive tumor
models, lucitanib showed a greater effect. Vascularization in stromal areas was decreased in
almost all models tested. This is in agreement with previous observations showing that
blood vessels within the stromal area are where the tumor angiogenic response initiates®>*
26 These results show that FGFR blockade can inhibit proliferation but only when a tumor
is FGFR-dependent. FGFRinh can inhibit vascularization to some extent, but not enough for
antitumor response. However, lucitanib is able to highly block both proliferation and
vascularization, indicating that combinatorial blockade of several RTK receptors turns into a
more efficient antitumor response. Besides, the analysis of the relative areas suggests that
hypoxic-driven death is the result of prolonged inhibition of angiogenesis as marked

necrosis areas were observed in FGFR1/3-independent tumors.

Furthermore, our results suggest that an antibody-based anti-angiogenic approach
combined with a specific FGFRinh would not result in increased response rate compared to
MTKI. This is in contrast with a study that determines a synergistic anti-angiogenic treatment
with the dual blockade of FGFR1 and VEGFR1?*/, although only tested in a xenograft model
of the FGFRTamp JIMT1 cell line. In this study, they identified an FGFR signalling dependent
increase of VEGF secretion, suggesting that a combination of FGFRinh with anti-VEGF
therapy would increase the response. However, in the context of the data presented here,
this should be addressed in cancers expressing high levels of FGFR, to assure for an FGFR

pathway activation.

We show that angiogenic blockade through VEGF/VEGFR inhibition is a determinant factor
for antitumor response. Hence, we could speculate that the higher efficacy of MTKI observed
in FGFRinh-resistant models is mainly due to targeting VEGFR1-3. However, VEGF pathway
blockers, such as bevacizumab, sunitinib or sorafenib, have shown limited efficacy in breast
cancer clinicals trials®* 2% 204205 Fyrther studies are needed to identify response biomarkers

for angiogenesis-dependent tumors.

In summary, we have identified several biomarkers of response and mechanisms of
resistance to PI3K/mTORC1/2inh and FGFRinh. Dual mTORC1/2 inhibitors presented higher
efficacy than PI3Kinh in mTORCT1 activated tumors, and cyclin D1 and FGF overexpression

generated resistance to PI3Kinh. Furthermore, we determined that FGFR1-4 mRNA
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expression predicts for FGFRinh response, and that MTKIs efficiently block proliferation and
vascularization. In line with this, our data prompts the optimization of patient selection
based on high expression of FGFR. Results presented in this thesis are meant to contribute
in the criteria for future clinical trials for PI3Kinh, mTORC1/2inh and FGFRinh, in an attempt

to improve the responses in the clinics for luminal BC.
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Conclusions

PART 1

The following conclusions are derived from the first part of this thesis:

1.

Her2-enriched subtype PDX models are alpelisib sensitive while Basal-like PDX

models are alpelisib resistant

2. Alterations downstream PI3K and in the MAPK pathway confer resistance to alpelisib
treatment.

3. mTORC1/2inh are more effective than PI3Kinh in PDX models harboring mTORC1-
activating alterations such as TSC7 deletion and MTOR mutation

4. Combination of mTORC1/2inh with a SERD improves the response in comparison to
mTORC1/2inh monotherapy

5. High cyclin D1, high FGF and high levels of both generate resistance to PI3Kinh in
models harboring PIK3CA activating mutation

6. 11g13amp models expressing high levels of PAK1 protein are resistant to PI3Kinh
but sensitize to PAKinh

PART 2

The following conclusions are derived from the second part of this thesis:

1.

oA weN

High FGFR1-4 mRNA levels predict for FGFRinh response, but not gene amplification,
FGF ligand amplification nor expression

FGFR1-4 mRNA levels can be high in absence of FGFR amplification

FGF ligands can modulate FGFRinh response but do not sensitize for FGFRinh
FGFRinh and MTKI block proliferation in sensitive models.

FGFRinh block angiogenesis in both sensitive and resistant models but MTKI to a
greater extent

Antiangiogenic therapy can reach similar antitumor efficacy as with MTKI in
FGFRinh-resistant models.

Combination of antiangiogenic therapy with FGFRinh in FGFRinh-resistant models

poorly improves the efficacy of antiangiogenic agents in monotherapy
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Table S1. Tumor measurements from alpelisib waterfall

Annex

PDX Day Alpelisib-treated tumors Average[ SD
measurment
PDX347 35 517,1| 838,3 677,7| 2272
PDX313 35 354,5| 760,3| 1121,3| 1103,3| 1240,7| 464,5| 158,4| 668,0] 382,9| 125,7| 638,0( 4079
PDX244 35 700,0| 449,9| 174,4] 559,2| 391,3] 101,6 396,1| 227,0
STG201 35 349,7| 332,6 341,1 12,1
PDX039 35 28,9| 336,1 21,01 583,1| 344,3 262,7| 2386
PDX284 35 114,4| 1825 32,1 269,2[ 138,7 45,4 130,4 88,5
PDX270 35 2427 96,9 139,3] 160,1 45,6 57,1 123,6 73,5
PDX098 35 174,5| 239,0 179,8 1,8 30,2 45,11 140,7| 134,8] 1144 117,8 78,2
PDX350 35 127,9 23,0 75,5 74,1
PDX293.1 35 25,9| -100,0 91,3 43,8| 153,3| 127,4] 152,6 70,6 90,4
PDX225 35 -28,8 66,4 17,0 -29,0) 104,9 26,1 59,1
PDX191 35 37,7 -9,3 67,5 58,2 55,4| -100,0 67,3 25,2 61,3
PDX450 35 -72,7( 118,7 23,01 1353
PDX251 35 9,2 -4,00 215,3| -74,5] -46,7 19,9 1143
PDX293.2 35 103,5| -59,0 -33,2 3,8 87,3
PDX131 35 20,9 0,0 -1,5 -0,3 16,4 -48,2 28,2 2,5 2,2 23,3
PDX222 35 -28,8 56,2 -3,3| -58,4 51,1 -37,9 -3,5 47,7
PDX173 35 14,0 41,2 -75,5 -6,8 61,1
PDX251) 35 -24,4|  -28,0 -26,2 2,6
PDX004 35 -84,9 14,0 -35,4 70,0
PDX399 35 -52,2(  -18,9 -35,5 23,6
PDX118 35 15,7 -53,0 -75,0 -37,4 47,3
STG195 35 -30,1f -59,7| -44,4 -44,7 14,8
PDX153 35 -78,4| -61,5| -88,1| -100,0) -48,8| -100,0/ -57,0] -449 -72,3 22,3
PDX Day Non-treated tumors A gel SD
measurment
PDX347 35 745,3| 696,8 721,0 344
PDX313 35 1170,9| 710,4| 1160,0{ 515,7| 1253,5| 2420,8| 1275,5| 7654| 712,8| 7218 1070,7[ 5474
PDX244 35 1328,7| 864,4| 619,0] 4832 823,8| 371,7
STG201 35 696,4 696,4 0,0
PDX039 35 522,7| 114,1| 676,9 437,9] 2908
PDX284 35 862,4| 905,5| 255,4| 1158,5| 230,4| 108,7 586,8| 440,4
PDX270 35 1039,1| 432,9| 536,1| 356,1 591,0] 307,6
PDX098 35 366,1| 462,3| 1110,8| 362,2| 331,2| 218,8| 1253,7| 653,8| 168,7 547,5| 3873
PDX350 35 -50,7 27,4 -26,9 79,5 98,5 25,5 64,8
PDX293.1 35 62,8 107,4| 183,4| 398,7| 177,6 186,0{ 129,1
PDX225 35 1328,7| 864,4| 619,0] 4832 823,8| 3717
PDX191 35 374,4| 2957 277,1] 8053| 301,4| 351,2| 2537 501,6 3951] 1831
PDX450 35 697,7| 722,2| -22,5| 628,1 506,4 354,9
PDX251 35 78,9 143,2| 301,1 73,1 72,9 133,9 98,1
PDX293.2 35 112,7| 2333 1730 85,3
PDX131 35 170,9| 1925 73,1| 4134 1315 65,2| 327,8 196,3| 130,2
PDX222 35 83,0 13,0 116,0 60,7 68,2 43,2
PDX173 35 226,1| 168,8| 3705 255,1| 1039
PDX251) 35 260,4| 166,6 2135 66,3
PDX004 35 99,0 410,7| 4431 317,6] 190,0
PDX399 35 138,4| 1485/ 180,6| 3121 194,9 80,2
PDX118 35 171,2 81,7 196,3| 1330 16,0 119,6 72,3
STG195 35 134,7 87,7| 126,1| 112,4] -12,7| 3350 130,5] 1136
PDX153 35 -78,4| 117,8| 139,4| -48,8]| 5351| 410,4| 312,4| 198,6] 121,9] 3124 80,3| 280,1 67,6] 172,5| 124,1] 183,0] 1644
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Table S2. MSKCC genetic alterations

Clinical subtype PAMS50 Gene Alteration VAF FC Functional significance
PDX347 TNBC Basal-like TSC2 p.R1706H 0,4861 Unknown :
TP53 p.E286* 0,99367 STOP codon; probably deleterious
AKT1 p.E17K 1 Activating
MTOR p.W1456G | 0,45848 Hotspot; probably activating
PDX313 ER+ Basal-like RPTOR Amp 2,969
STK11 p.K191E 0,99568 Unknown
NF1 p.L375V 0,49315 Unknown
CCND2 Amp 4,417102
ESR1 p.Y537S 0,33046 Activating
PTEN DeepDel -7,799
PDX244 ER+ Luminal B CDKN2A-p16 DeepDel -10,2447
CDKN2A-p14 DeepDel -10,2447
CDKN2B-p15 DeepDel -10,2447
TP53 p.C176R 0,99701 Unknown
PTEN p.G165fs 0,79348 Freameshift; probably deleterious
AKT1 Amp 2,972
$TG201 ER Basal-like CDKN2A-p16 DeepDel -24,4218
CDKN2A-p14 DeepDel -24,4218
CDKN2B-p15 DeepDel -24,4218
TP53 p.M237I 0,99046 Unknown
PDX039 ER+ Luminal B 15¢1 DeepDel ~134,559
TP53 p.V157I 0,50283 Unknown
KRAS Amp 3,174215
CDKN1B Amp 4,152269
CDKN2A-p16 DeepDel -18,6043
BOY28A TINEE Basal-like CDKN2A-p14 DeepDel -70,8797
CDKN2B-p15 DeepDel -70,8797
CCND2 Amp 4,152269
TP53 p.R110P 0,99429 Unknown
CCND1 p.D289N 0,98916 Unknown
PDX270 TNBC Basal-like AKT3 Amp 3,185
TP53 p.S241A 0,99771 Unknown
PDX098 ER+ Basal-like STK11 p.E256* 0,99081 STOP codon; probably deleterious
RB1 p.F721fs 0,95278 Freameshift; probably deleterious
PIK3CA Amp 3,460307
PDX343 ER+ Luminal B FGFR1 Amp 8,996102
PAK1 Amp 6,893325
PIK3CA p.E545K 0,47625 Activating
PDX350 ER+ Luminal B PIK3CA p.G106R 0,50833 Activating
TP53 p.V274D 1 Unknown
PIK3CA p.H1047R 0,46503 Activating
CCND1 Amp 7,592632
PDX293.1 ER+ Luminal B FGF19 Amp 6891573
FGF4 Amp 5,677674
FGF3 Amp 5,677674
PAK1 Amp 12,53335
PDX225 ER+ Her2-enriched —AKTL p-E17K | 07426 Activating .
TP53 p.Q167* 0,98134 STOP codon; probably deleterious
FGFR1 Amp 6,596039
CCND1 Amp 7,872381
PDX191 ER+ Luminal B FGF19 Amp 7,872381
FGF4 Amp 7,872381
FGF3 Amp 7,872381
PAK1 Amp 4,240987
PIK3CA p.E545K 0,28878 Activating
ESR1 p.D538G 0,33333 Activating
PDX450 ER+ Luminal B PTEN DeepDel -7,16445
MAP3K1 p.S939C 0,48
MAPK3 p.E13_Pl4ins| 0,23077
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Annex

PIK3CA p.E545K 0,63889 Activating
PDX251 ER+ Luminal B STK11 p.R297S 0,9926 Unknown
TP53 p.Y236C 1 Unknown
PIK3CA p.H1047R 0,5 Activating
RB1 p.K810N 0,25333 Unknown
RPS6KB2 Amp 3,241811
PDX293.2 ER+ Luminal B CCND1 Amp 10,26456
FGF19 Amp 10,26456
FGF4 Amp 10,26456
FGF3 Amp 10,26456
PAK1 Amp 10,26456
ESR1 p.Y537S 0,47716 Activating
RPS6KB2 Amp 4,069918
PDX131 ER+ Luminal B CCND1 Amp 12,59344
FGF19 Amp 12,59344
FGF4 Amp 12,59344
FGF3 Amp 12,59344
PDX222 HER2+ Her2-enriched |—Eno82 Amp 1089051
TP53 p.R280G 0,98004 Unknown
PDX173 ER+/HER2+ Her2-enriched ERBB2 Amp 14,34888
PDX251) | ER+/HER2+ | Her2-enriched |—CRBE2 Amp 13,03212 .
TP53 p.E287* 0,99615 STOP codon; probably deleterious
PDX004 ER+ Luminal B
PDX118 HER2+ Her2-enriched ERBB2 Amp 11,43841
PDX399 ER+ Luminal B PIK3CA p.H1047R 0,51463 Activating
ERBB2 Amp 7,923841
STG195 ER+ Luminal B IGF1IR Amp 8,1173
ESR1 p.Y537S 0,51501 Activating
PDX153 HER2+ Her2-enriched PIK3CA p.K111E 0,6506 Activating
ERBB2 Amp 21,6786

VAF=Variant Allele Frequency
FC=Fold change
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Table S3. Tumor measurements from rogaratinib waterfall

Day -
PDX Rogaratinib-treated tumors Average| SD
measurment
PDX156 15 228,0| 780,0/ 166,0| 4460/ 276,0] 459,0/ 206,0] 170,0( 3414 2114
PDX302 21 175,1 68,6/ 177,3] 169,0 63,4 130,7 59,2
PDX039 21 257,0 19,0 43,0 106,3| 1310
PDX288.2 11 82,0 23,4 209,6 105,0 95,2
PDX288 12 126,0/ 105,0 67,0 45,0 46,0 77,8 36,3
PDX343 21 35,8/ 100,8 68,3 46,0
PDX225 19 36,9 81,2 59,0 31,3
PDX131 21 39,0 94,0 -31,0 13,0 28,8 52,2
PDX251 36 -42,1 15,9 84,1 -16,6 10,3 54,6
PDX404 35 -17,0 17,0 0,0 24,0
PDX153 21 8,7 -9,4 -0,3 12,8
PDX222 21 -2,5 -9,8 -6,2 5,2
PDX293 32 -33,00 -21,0 18,0 -12,0 26,7
PDX426 21 -48,2 22,3 -13,0 49,8
PDX291 21 13,1 -38,0] -42,0 10,4 1,4 -390 -15,7 26,6
PDX325 43 -63,5| -12,0 -37,8 36,4
PDX191 12 -100,0| -16,0 -58,0 59,4
Day
PDX Non-treated tumors Average SD
measurment
PDX156 15 542,0 342,0 612,0 254,0 267,0 341,0 438,0 399,4 136,9
PDX302 21 390,0 284,0 614,0 262,0 387,5 161,0
PDX039 21 140,0 336,0 238,0 138,6
PDX288.2 11 294,4 221,4 268,4 261,4 37,0
PDX288 12 59,0 282,2 141,1 204,5 153,0 79,0 153,1 82,2
PDX343 21 236,1 130,2 183,2 74,9
PDX225 19 102,9 101,1 102,0 1,2
PDX131 21 309,0 96,0 104,0 169,7 120,7
PDX251 36 116,8 301,1 73,1 72,9 364,0 25,0 158,8 139,1
PDX404 35 201,2 103,4 152,3 69,2
PDX153 21 245,0 335,0 290,0 63,6
PDX222 21 121,0 39,0 141,0 140,0 110,3 48,4
PDX293 32 404,0 432,0 342,0 293,0 367,8 62,4
PDX426 21 100,9 23,1 62,0 55,0
PDX291 21 34,2 37,7 94,9 137,3 116,6 84,1 46,5
PDX325 43 89,2 67,3 78,3 15,5
PDX191 12 117,0 93,0 215,0 68,0 123,3 64,4

162




Table S4. Tumor measurements from lucitanib waterfall

Annex

PDX Day Lucitanib-treated tumors Average| SD
measurment

PDX156 22 -18,0/ 100,0 78,0 81,0 260,0 64,0 94,2 91,1
PDX288 22 32,00 -49,0] -32,0] -28,0 9,0l -40,0 -18,0 31,5
PDX302 21 -42,0 -6,0] -24,0| -250 -11,0 -21,6 14,0
PDX343 22 -53,0 -36,8 41,8] -36,8 41,8 -43,3| -61,9| -77,0[ -282 45,2
PDX291 22 -47,00  -55,3 11,5 -24,3] -186| -25,5| -38,6 -28,3 21,9
PDX191 19 -31,0 -42,0 -40,0 -37,7 5,9
PDX325 22 -57,9] -26,3] -36,6 -40,3 16,1

PDX Day Non-treated tumors Average SD

measurment

PDX156 22 455,0f 605,0f 4200/ 741,00 275,0 499,2 179,0
PDX288 22 152,0/ 382,0) 766,0) 631,0] 578,0 501,8 239,3
PDX302 21 390,0] 284,0f 614,0] 262,0 387,5 161,0
PDX343 22 29,6/ 129,9] 300,6 88,4 120,6| 107,7[ 460,3| 1249 170,2 140,2
PDX291 22 34,2 37,7 94,9| 206,0] 238,0] 137,3] 116,6 85,0 66,0 112,8 70,8
PDX191 19 275,0 80,0 177,5 137,9
PDX325 22 -11,6| -56,5| 828 953 0,0 22,0 64,9
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