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ABSTRACT

Poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) are effective anticancer drugs in
cancers with defective homologous recombination DNA repair (HRR), including cancers
with mutations in BRCA1 and BRCA2 (BRCA1/2), which also display enhanced sensitivity to
DNA damaging chemotherapy such as platinum salts. Several mechanisms of PARPi
resistance have been described in tumors with germline mutations in BRCA1/2 (gBRCA) and
there are also other tumors with wild type BRCA1/2 (non-BRCA) that benefit from PARPi
treatment. Therefore, there is a need to develop robust biomarkers to better select HRR-
deficient tumors and extend the use of PARP inhibition in new indications, as well as
identify PARPi-resistant tumors and study combination treatment options that enhance

clinical efficacy and utility of PARPI.

We evaluated the activity of the PARPi olaparib in patient-derived tumor xenografts (PDXs)
from patients with breast or ovarian cancer, both with and without gBRCA mutation,
exhibiting differential response to PARPi. We studied the in vivo mechanisms of PARPiI
resistance and sensitivity in these models and tested the formation of RAD51 nuclear foci
by immunofluorescence as biomarker of HRR functionality and PARPi response in PDXs and
routine clinical samples. We also tested the antitumor activity of the WEE1i AZD1775 and
the ATMi AZDO0156 as single agent and in combination with PARPi in PDXs. The
measurement of replication stress biomarkers was assessed to study the mechanisms of

action of these treatment strategies.

Within the gBRCA PDXs panel, no BRCA1/2 secondary mutations were found in the PARPi
resistant models. BRCA1 nuclear foci were detected in six out of ten PARPi-resistant PDXs,
in keeping with expression of hypomorphic BRCA1 isoforms. Loss of 53BP1 and FAM35A
were identified in three PDXs, one of which concomitantly expressed an hypomorphic
BRCAL1 protein. The common feature in all PDXs with primary or acquired PARPi resistance
was the formation of RAD51 nuclear foci. Consistently, lack of RAD51 foci was always
associated with clinical response to PARPi in patients treated with these agents. When
studying the mechanisms of PARPi sensitivity in the non-gBRCA PDX cohort, BRCA1
promoter hypermethylation and alterations in HRR-related genes were found in PARPi-

sensitive models. Again, the unique common feature in all PDXs that exhibited tumor
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regression upon PARPi treatment is the absence of RAD51 nuclear foci. The RAD51 assay
could be performed in untreated samples and was highly discriminative of PARPi sensitivity
versus PARPi resistance in different PDX cohorts and outperformed the Myriad’s
myChoice® HRD genomic test. In routine clinical samples from patients with hereditary
breast and ovarian cancer (HBOC) syndrome, all PALB2-related tumors were classified as
HRR-deficient by the RAD51 score. In PDXs, PARPi resistance in BRCA1-altered tumors could
be reverted upon combination of PARPi with WEE1 or ATM inhibitors and both combination
strategies resulted in exacerbated induction of replication stress (RS) in combination-

sensitive PDXs.

With the results obtained in this thesis, it can be concluded that gBRCA tumors achieve
PARPi resistance by several mechanisms that restore HRR function, all detected by the
presence of RAD51 nuclear foci. This functional assay also enables the identification of
PARPi-sensitive non-gBRCA tumors independently of the mechanisms of HRR-deficiency,
thereby being a promising biomarker to better select patients for PARP inhibition and
broaden the population who may benefit from this therapy. Our study also supports the
clinical development of PARPi combinations such as those with WEE1 and ATM inhibitors

and highlighted the induction of RS as the major mechanisms of action of these drugs.
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RESUMEN

Los inhibidores de la enzima Poly (ADP-ribosa) polimerasa (PARPi) son efectivos en el
tratamiento de canceres que presentan defectos en la reparacién del ADN por
recombinacién homodloga (HRR), incluyendo aquellos con mutaciones en los genes BRCA1
y BRCA2 (BRCA1/2), los cuales presentan también una mayor sensibilidad a quimioterapias
que producen dafio en el ADN, como las sales de platino. Se han descrito distintos
mecanismos de resistencia a los PARPi en tumores con mutaciones germinales en BRCA1/2
(gBRCA), mientras que, por otro lado, existen otros tumores sin mutaciones en BRCA1/2
(no-BRCA) que se benefician del tratamiento con PARPi. Asi, existe la necesidad de
desarrollar un biomarcador robusto que permita una mejor seleccién de tumores
deficientes en HRR para extender el uso de los PARPi a nuevas indicaciones, al mismo
tiempo que se identifican tumores resistentes a la inhibicion de PARP para estudiar terapias

en combinacion que mejoren la eficacia y uso de los PARPi en la clinica.

En este trabajo se evalué la actividad del PARPi olaparib en xenoimplantes de tumores
derivados de pacientes (PDX, patient derived tumor xenografts) con cancer de mama u
ovario, tanto gBRCA como no-gBRCA, mostrando una respuesta diferencial a la inhibicidn
de PARP. En los modelos PDXs se estudiaron los mecanismos de resistencia y sensibilidad
a PARPi in vivo, asi como la utilidad de una técnica de inmunofluorescencia para detectar
focos nucleares de RAD51 como biomarcador de la funcionalidad de HRR y respuesta a
PARPi, tanto en PDXs como en muestras clinicas de rutina. Ademas, se investigé la actividad
antitumoral del inhibidor de WEE1 AZD1775 y del inhibidor de ATM AZD0156 en
monoterapia y en combinacidon con PARPi. Se investigaron los mecanismos de accién de
estas estrategias terapéuticas utilizando distintos marcadores de estrés replicativo (RS,

replication stress).

Entre los modelos PDX gBRCA resistentes a PARPi no se encontraron mutaciones
secundarias en BRCA1/2 como mecanismo de resistencia a la terapia. Sin embargo, se
reportd la formacidn de focos nucleares de BRCA1 en seis de los diez modelos resistentes
a PARPi, en concordancia con la expresion de proteinas BRCA1 hipomorficas. En tres PDX
resistentes a PARPi, se identificd la pérdida de 53BP1 y FAM35A como mecanismo de
resistencia, estando presente de forma conjunta con la expresion de una proteina BRCA1

hipomorfica en uno de los modelos. La Unica caracteristica comun a todos los PDXs
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resistentes a PARPI, ya sea resistencia primaria o adquirida, fue la capacidad de formacién
de focos nucleares de la proteina RAD51. De acuerdo con estos resultados, la ausencia de
focos de RAD51 se asocid con respuesta clinica a PARPi en muestras de pacientes tratadas
con estos agentes. Cuando se estudiaron los mecanismos de sensibilidad a PARPi en la
coleccion de PDXs no-gBRCA, se observd la presencia de hipermetilacion del promotor de
BRCAL1 y alteraciones en otros genes relacionados con HRR en modelos sensibles a PARPi.
Sin embargo, de nuevo la Unica caracteristica comun a todos los PDXs respondedores al
tratamiento fue la ausencia de focos nucleares de RAD51. El ensayo de RAD51 se pudo
realizar en muestras no tratadas y mostré ser altamente discriminativo entre sensibilidad
y resistencia a PARPi, superando la capacidad predictiva del test genético myChoice® HRD
de Myriad. En muestras clinicas de rutina procedentes de pacientes con sindrome de
cancer de mama y ovario hereditario (HBOC, hereditary breast and ovarian cancer), todos
los tumores relacionados con mutaciones en PALB2 se clasificaron como deficientes en HRR
por el ensayo de RAD51. Finalmente, se demostré que la resistencia a la terapia con PARPi
en tumores con alteraciones en BRCA1 puede revertirse combinando estos agentes con un
inhibidor de WEE1 o de ATM, y en ambas estrategias terapéuticas se reportd una mayor

induccion de estrés replicativo en los PDX sensibles a la combinacion.

Los resultados obtenidos en esta tesis doctoral permiten concluir que los tumores gBRCA
logran la resistencia a PARPi mediante diferentes mecanismos que restauran la funcién de
reparacion del ADN por HRR, lo cual puede detectarse por la capacidad de formacién de
focos nucleares de la proteina RAD51. Este ensayo funcional también permite identificar
tumores no-BRCA sensibles a PARPiI, de forma independiente del mecanismo que produce
la deficiencia en HRR. Por tanto, el ensayo de RAD51 representa un biomarcador
prometedor para mejorar la seleccién de pacientes que puedan beneficiarse del
tratamiento con PARPI, asi como ampliar la poblacion candidata a recibir esta terapia mas
alla de los canceres relacionados con mutaciones en BRCA1/2. Los resultados reportados
en este trabajo también impulsan el desarrollo clinico de estrategias terapéuticas que
combinen los PARPi con inhibidores de WEE1 y ATM, destacando la induccién de estrés

replicativo como principal mecanismo de accion de estos farmacos.
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1. CARCINOGENESIS

Human organisms are composed of multiple cells that continuously interact to ensure a
normal function and development. In mature, healthy human cells, differentiation is
irreversible and cells replicate and die to maintain the integrity of the different tissues,
which are constantly renewed. When an aged cell can no longer function normally, it
activates an effectively suicide called apoptosis to die and keep tissues healthy. On the
other hand, tissue stem cells retain the ability to differentiate into different types of mature

cells and are the responsible to ensure the cellular turnover?.

Normal cell cycle

The cell cycle is a highly regulated process by which a cell divides. In each cycle of cell
division, the DNA is replicated by copying its nucleotide sequence in a process that is
vulnerable to introduce errors. Furthermore, cells are constantly exposed to DNA damaging
factors, both exogenous (radiation, chemicals) and endogenous (free radicals), which may
cause DNA damage that needs to be repaired to prevent the transmission and avoid the
accumulation of cells with these lesions. To get this objective, a normal cell cycle is
monitored at checkpoints that sense errors in the DNA sequence and stop the progression
through the cell cycle until all damages are repaired. However, the processes involved in
DNA repair are not always perfect and eventually, cells with errors in the DNA, called

mutations, may appear.

Key cellular processes relevant for cancer

Cancer develops when the processes that regulate cell behavior fail as a result of mutations
that transform a normal cell into a cancer cell. This cell becomes therefore the ancestor of
a group of cells that share its functional abnormalities. Mutant genes associated with

carcinogenesis are often categorized as tumor suppressor genes or oncogenes.
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Tumor suppressor genes are critically important genes that codify for proteins involved in
suppression of cell proliferation and cell growth (e.g. p53, p21 and p27), maintain cell
differentiation, edit and repair DNA damage (e.g. BRCA1 and BRCA2) and promote
apoptosis (e.g. FOCO family). All these processes are key in preventing the cell cycle
progression with errors, so if these genes are inactivated through a “loss-of-function”
alteration, either by mutation or through epigenetic changes, cancer development is a

greater possibility?.

On the other hand, oncogenes are abnormally functioning versions of genes (called proto-
oncogenes) that are typically involved in the activation of growth, replication and survival
signals as well as the inhibition of apoptosis®**. “Gain-of-function” alterations on proto-
oncogenes promote the activation of the oncogenes, which results in unregulated
proliferation, growth advantage and prolonged survival. This group of genes include growth
factors (e.g. IGF-1) and growth factor receptors (e.g. ERBB2, IGF-1R), signal transducers
(e.g. PI3KCA, AKT1), transcription factors (e.g. ER, Fos, c-Jun), chromatin remodelers and

apoptosis regulators (e.g. BCL-2, BCL-XL)3.

As each normal cell has two copies of the same gene, a mutation in just one copy is
sufficient for activation of an oncogene to induce aberrant cancer behavior. However, both
copies must be altered to lose the function of tumor suppressor genes and have a
carcinogenic impact. Therefore, oncogenes are typically viewed as dominant mutations,
while cancer-causing mutations in tumor suppressor genes are considered to be recessive

mutations.

Cancer-associated mutations have also been classified as “drivers” mutations, which
provide selective growth advantage, and “passenger” mutations that contribute to
tumorigenesis and clonal selection but do not provides any selective growth advantage®”’.
Thus, an initial “driver” mutation produces the development of a dysplasic lesion from a
normal cell, but it is still benign. Tumor progression to malignant in situ carcinoma and
invasive tumor result from the accumulation of passenger mutations that provide the cell

with the characteristic biologic features of cancer cells®.
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Over the last years it has become clear that, despite the variety of possible mutations that
can combine to promote cancer, most cancers display a much narrower range of functional
changes. These phenotypical characteristics that unifies the molecular pathways
contributing to the fundamental properties of cancer cells have been termed the
“hallmarks of cancer”*°. Some of the “hallmarks of cancer” are evident early in the course
of carcinogenesis while others may not characterize premalignant conditions but the last
step of carcinogenesis®!®1> (Fig.1). The current model identifies eight phenotypical
characteristics, which are all involved with disordered control of cell function, along with

two more fundamental enabling characteristics*®°:

Sustained proliferative signaling. While normal cells require growth signals that activate
proliferation, malignant cells acquire the capacity to proliferate without these external
stimuli. Mechanisms by which cancer cells acquire this capacity include the activation of
oncogenes, self-production of growth factors, stimulation of tumor-associated stroma to
also produce more growth factors or amplification of mitogen receptors. As a consequence,

cell proliferation is sustained and uncontrolled, leading to tumor development.

Resisting cell death. Cancer cells evade the process of apoptosis despite the presence of
errors in the DNA or specific signals that induce the programmed-cell death. This
characteristic of tumor cells is achieved by the alteration of any components of the
apoptotic machinery, both the sensors of extracellular signals and intracellular condition,

and effectors that signal and execute the cell death program.

Evading growth suppressors. Besides the capacity of sustained proliferation, cancer cells
also negatively regulate cell proliferation by circumventing programs that many times
depend on the activity of tumor suppressor proteins (e.g. RB, p53). As a consequence,
cancer cells lose the balance between proliferation, senescence and apoptosis. Other
mechanism related with this evasion capability is the inhibition of cell-to-cell contact that
leads to lose the capacity of cells to maintain tissue architecture (e.g. the product of the
NF2 gene, suppression of LKB1 expression). Finally, corruption of the TGF-3 pathway allows

cancer cells to evade its antiproliferative effects and promotes malignancy.
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Enabling replicative immortality. Normal cells are able to pass through only a limited
number of successive cell division cycles, a limitation that is associated with two barriers:
senescence, a typically irreversible entrance into a non-proliferative state, and crisis, which
involves cell death. It is well accepted that telomeres degradation in each cell division is
responsible of the replicative limit of normal cells. In contrast, cancer cells become
immortal, so telomeres maintenance is necessary and, therefore, telomerase activity

appears to be a common feature.

Inducing angiogenesis. Tumors, as normal tissues, require sustained uptake of nutrients
and oxygen and also evacuate metabolic wastes and carbon dioxide. Therefore, while
tumor mass enlarges, the formation of new vasculature is necessary to supply these
necessities and angiogenesis is activated. This angiogenic state is governed by changing the

balance between angiogenic inducers (e.g. VEGF-A, FGF) and inhibitors (e.g. TSP-1).

Activating invasion and metastasis. When carcinomas arising from epithelial tissues
progress to local invasion and metastasis, cancer cells alter their shape and attachment to
other cells and extracellular matrix. The acquisition of the abilities to invade, resist
apoptosis and disseminate has been called the “epithelial-mesenchymal transition” (EMT),
a multifaceted program that can be activated transiently or stably by carcinoma cells during
invasion and metastasis. Alteration of different proteins (e.g. E-cadherin, N-cadherin, Snail,
Slug, Twist, Zeb1/2), together with the crosstalk between cancer cells and stromal cells,

permit these cellular changes, and the travel and invasion of other tissues.

Avoiding immune destruction. It is proposed that cells are continuously monitored by the
immune system to recognize and eliminate every incipient cancer cell. According with this,
tumor cells need to avoid the immune surveillance to survive, so cancer cells are able to
trigger negative signals (e.g. TGF-3) on immune cells and reverse activation and infiltration
of cytotoxic immune cells*¢78, Other common features in cancer cells related with this
emerging hallmark are the recruitment of immunosuppressive cells such as regulatory T
cells (Tregs), the downregulation of major histocompatibility complex class | (MHC-I) and

the expression of ligands for inhibitory receptors present in immune cells'®2°,
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Deregulating cellular energetics. The uncontrolled cell proliferation of a tumor requires
the reprogramming of energy metabolism to fuel the rapid cell growth. Thus, even in the
presence of oxygen, cancer cells can limit the energy metabolism to glycolysis, that results
in the production of intermediates used in pathways such as amino acid and nucleoside
generation, and, therefore, facilitates the biosynthesis of macromolecules and organelles
required to cell proliferation. Moreover, it has been proposed the existence of a symbiotic
relation between cancer cells, which produce lactate, and other cell population that use
this lactate in the citric acid cycle. This cooperation between cells that differ in their energy-

generating pathways helps to support the continuous tumor growth.

Enabling characteristic: genomic instability and mutation. Acquisition of the multiple
capacities described above is highly dependent on genomic alterations in cancer cells. In
the course of acquiring the multiple hallmarks, cancer cells increase the rates of mutation
through both increasing the sensitivity to mutagenic agents and altering the genomic
maintenance machinery?'24, Thus, it is though that instability of the genome by defects in
its maintenance and repair, is selectively advantageous for the acquisition of hallmark

capabilities and tumor progression.

Enabling characteristic: tumor-promoting inflammation. Paradoxically, the tumor-
associated inflammatory response can enhance tumorigenesis and progression by helping
in the acquisition of hallmark capabilities. Various mechanisms can contribute to this event,
including bioactive molecules such as growth and proangiogenic factors, matrix-modifying
enzymes that facilitates angiogenesis and metastasis, and the activation of hallmark-

facilitating programs such as EMT?%,
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Figure 1 | Stages of cancer development and the hallmarks of cancer. The figure indicates the different
stages of cancer development (on the left) and its relation with the acquisition of the hallmarks of cancer
(on the right). Based on *°.
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2. DNA DAMAGE RESPONSE

Tens of thousands of DNA damage events occur in our cells every day and there are
different mechanisms to deal with them?3°, If these lesions are not repaired or are
repaired incorrectly, mutations and genome aberrations that threaten cell viability
appear3°. Defects in DNA repair lead to genomic instability, that is a hallmark of cancer,
providing a way to accumulate the sufficient genetic alterations needed to form a cancer

ce”21,24

Cells have various systems to protect against genomic aberrations. The cellular signaling
events and enzyme activities that senses DNA damage and sets a response to protect the
cell are collectively termed the DNA damage response (DDR)3%32, This term include events
that lead to cell cycle arrest, regulation of DNA replication, and the repair or bypass of DNA
damage?3. There are many different types of DNA lesions that evoke responses by different
repair pathways®>3* (Fig.2). It was estimated that up to 450 genes encode for proteins
involved in the DDR®, including nucleases, helicases, polymerases, topoisomerases,
recombinases, ligases, glycosylases, demethylases, kinases and phosphatases?® (Fig.2). As
mentioned above, DDR deregulation may lead to cancer through various mechanisms,
including increased levels of replication stress and endogenous damage and the

dysregulation of one or more DDR pathways, driving genomic instability.
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Figure 2 | DNA damage response (DDR) pathways and proteins. The figure shows the predominant
sensors, signaling and effector proteins for major DDR pathways. Pathways of double strand break (DSB)
repair are in the blue area and pathways of single strand break (SSB) repair are in the red area. Adapted

from 34,

Homologous recombination repair

Probably the most dangerous type of DNA damage is a double strand break (DSB), which
poses a serious threat to cell viability and genome stability3®. DSBs result naturally from
replication forks collapse, programmed genome rearrange, V(D)) recombination, class-
switch recombination and meiosis. However, DSBs also result from physical stress and
exogenous agents such as ionizing radiation (IR), chemical agents and ultraviolet (UV) light
or certain chemotherapeutic drugs®’. Homologous recombination repair (HRR) and non-
homologous end-joining (NHEJ) represent two different pathways to repair DNA DSBs. HRR
is considered to be a conservative, error-free repair pathway that depends on the presence

of a undamaged sister DNA chromatid?338, NHEJ pathways (both conservative c-NHEJ, and



INTRODUCTION

alternative alt-NHEJ) are not dependent on the presence of replicated DNA and are less
accurate, potentially introducing DNA rearrangements3®~#1, What repair pathway is used
varies within the different phases of the cell cycle. As cells in G1 have not a sister chromatid
DNA available, DSBs will be repaired by NHEJ pathways, while during S and G2 phases of
the cell cycle, when an intact sister chromatid can serve as DNA template, cells upregulated
HRR*2. Chromatin context, transcriptional status and extent of end resections also

contribute to the selection of DNA repair, either by HRR or by NHEJ34,

DDR pathways normally involve sensors that detect DNA damage, effectors that execute
repair and activate cell cycle checkpoints, and signaling mediators that recruit and activate
the effectors. For DSBs repair, Ku heterodimer (comprising the Ku70/Ku80 protein
heterodimer) and the MRE11-RAD50-NBS1 complex (MRN) are the predominant sensor
protein complexes. Ku serves as a platform for the recruitment of c-NHEJ proteins, while
the MRN complex trigger the activation of the DNA damage signaling kinase ataxia

telangiectasia mutated (ATM) and the promotion of HRR?3:29-32,36,37,42,

In DSBs repair by HRR, the phosphorylation of histone H2AX (yH2AX) acts as a mediator of
DNA damage checkpoint protein 1 (MDC1) and RING finger protein 8 (RNF8) that allow the
BRCA1-abraxas-RAP80 complex to associate with ubiquitylated histones near the sites of
DNA damage. The BRCA1-CtBP-interacting protein (CtIP) complex associates with the MRN
complex and initiates DSB resection (cutting back) of 5° DNA either side of the DSB, a
process that results in the exposure of two regions of single-stranded DNA (ssDNA) on
either side of the break. BRCA1 phosphorylation by CHK2 is then necessary for the following
cascade events, when BRCA1 interacts with the BRCA2-PALB2 complex allowing the
formation of RAD51 nucleoprotein filaments that have the ability to invade the DNA double
helix on an intact, homologous DNA strand. DNA polymerases use the homologous DNA
sequence as a template and the invaded ssDNA as a primer to synthesize new DNA. Finally,
DNA ligases and endonucleases resolve the complex DNA structures and the DSB is
repaired. Other proteins are implicated in the HRR pathway as facilitators, such as the
BRCA1l-interacting protein C-terminal helicase 1 (BRIP1) and DNA topoisomerase 2-binding

protein 1 (TOPBP1), among others*? (Fig.3).
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Figure 3 | DNA double-strand break (DSB) repair by homologous recombination repair (HRR). In
response to DNA DSBs, sensors (light blue) detect the damage, and signaling mediators recruit or
activate effectors that repair the damage. BRCA1-containing macro-complexes (dark blue) are crucial
mediators of the DNA damage response. Adapted from*2.

BRCA1 domains and binding partners

BRCAL1 is a very pleiotropic protein that links DNA damage sensing and DDR effector
proteins*2. Through its ability to form complexes with other proteins, BRCA1 has different
roles within the DDR pathways, including cell cycle checkpoint control and DNA repair.
Thus, BRCA1 is considered as a master regulator of genome integrity and, therefore, a

tumor suppressor protein®.

The human BRCA1 gene is located on chromosome 17g21** and encodes a protein of 1863
amino acids**. BRCA1 interacts with other proteins involved in different functions through

its various functional domains, with a highly conserved N-terminal and C-terminal domains

(Fig.4).
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The N-terminal RING domain of BRCA1 is a motif found in many E3 ubiquitin ligases and is
required for the heterodimerization with BRCA1l-associated RING domain protein 1
(BARD1)*4¢ In vivo, BRCA1 exists in association with BARD1 through the N-terminal RING
domain®’. This heterodimer generates polyubiquitin chains at unconventional K6 linkages
that do not appear to signal for protein degradation but mediate downstream signaling
events*®>2, The BRCA1-BARD1 heterodimer has been implicated with the maintenance of
genomic stability and tumor suppression through its involvement in DNA damage signaling,

DNA repair and transcriptional regulation.

The C-terminal sequence of BRCA1 contain two tandem copies of the BRCA1 C-terminal
(BRCT) domain, which is a common motif found in many human DDR proteins*>#’. The BRCT
domains of BRCA1 are implicated in the ability to regulate various cellular processes that
confers its tumor-suppressing activity by interactions with numerous cell cycle checkpoint
and repair proteins, chromatin remodeling factors and components of transcriptional
machineries**°3¢_ In response to DNA damage, the BRCT domains of BRCA1 form a
phospho-recognition surface that binds phosphorylated proteins, preferentially
phosphoserine in SXXF motifs, including abraxas, CtIP and BRIP14%435758 The BRCA1-
abraxas complex is associated with BRCA1 recruitment to DNA damage sites, while the
BRCA1-BRIP1 complex, together with TOPBP1, is associated with DNA repair during
replication®?>°. The BRCA1-CtIP complex promotes ATR activation and HRR by association

with the MRN complex and facilitating DNA DSBs resection®.

The C-terminal region of BRCA1 also contains a coiled-coil domain that mediates its
association with PALB2 to form the BRCA1-PALB2-BRCA2-RAD51 complex, which is
specifically involved in DSB repair by HRR®27%3, There is also a SQDC domain that contain
various ATM/ATR phosphorylation sites. This phosphorylation is important for the

activation of BRCA1l-mediated G2/M- and S-phase checkpoint.

Finally, the central region of BRCA1, within the exon 11 of the protein, contains a CHK2
phosphorylation site and the nuclear localization sequences (NLS). This central part of
BRCAL1 is also important for its interaction with other DDR proteins, including RAD50 and
RAD51%,
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Figure 4 | BRCA1 domains organization and interaction partners. Schematic diagram of BRCA1 with its
functional domains and the sites where other BRCA-interacting proteins binds. Phosphorylation sites
important for DNA damage signaling are also shown, as well as the kinases responsible for their
modification. NLS, nuclear localization sequence; NES, nuclear export signal. Based on 423,

The association between pathogenic mutations in the conserved N-terminal and C-terminal
domains and the development of several types of tumors, including prostate, ovarian and
breast cancer, indicates that both the formation of BRCA1/BARD1 heterodimer and the
BRCT phosphorecognition are important for and confer the tumor suppression activity of

B RCA143’47'64_69.
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3. BREAST CANCER

Breast cancer (BC) is the one of the most common cancers worldwide’® and the leading
cause of cancer related deaths among women from industrialized countries’!. BC is a
heterogeneous disease and for many decades, was clinically classified into three groups
according only to histological type, grade and expression of hormone receptors’>’3: the
estrogen receptor (ER) positive group, the HER2 (also called ERBB2) amplified group, and
the triple-negative breast cancers (TNBCs), lacking expression of ER, HER2 and
progesterone receptor (PgR)’°. Later, it has been demonstrated a systematic variation
between the expression profiles of breast cancer’*”>, allowing it classification into five main
groups: luminal A and B, normal breast-like, HER2 and basal-like carcinomas’>’8. However,
practically and economics established as the current criteria the classification in four
different subtypes of BC based on the available clinic-pathological and surrogate

immunochemistry (IHC)-based test’® (Fig.5).

While treatments for ER and HER2 positive breast tumors have been improved with
targeted therapies, the treatment of patients with TNBC has been challenging due to the
heterogeneity of the disease and the absence of well-defined molecular targets®. TNBCs
were a group with a more aggressive clinical behavior, relatively poor prognosis and lacked

effective targeted treatments, so there were only chemotherapy options®! (Fig.5).

Germline BRCA

Family history of BC is associated with a higher risk of the disease. Some inherited
mutations, particularly in the BRCA1 and BRCAZ2 genes, result in a very high risk of breast
cancer. As mentioned, BRCA1 and BRCA2 are tumor suppressor genes which encode
proteins involved in repair DSBs by HRR*>>7, Lack of function of either gene impairs high-
fidelity DNA repair and results in the use of non-conservative, potentially mutagenic repair
mechanisms, such as NHEJ and strand annealing®?, leading to genomic instability, which is
a recognized hallmark of cancer*3483, As a consequence, germline mutations in BRCA1 or

BRCA2 (gBRCA) cause hereditary breast and ovarian cancer syndrome (HBOC), meaning
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that mutation carriers have an increased risk of breast or ovarian cancer (OC) as compared
to the general population*248,  Although mutations in BRCA1/2 are the predominant
cause of HBOC syndrome, it also includes mutations in other DDR genes, such as ATM, CHK2

and PALB2%%88,

As a consequence of their defective HRR function, gBRCA tumors harbor increased
sensitivity to DNA damaging agents, including conventional chemotherapeutics such as
anthracyclines or platinum salts, which cause DNA crosslinks that lead to DSBs during DNA
replication®”~%0. Such features of familial gBRCA cancers have also led to intense interest in
the therapeutic development of specific inhibitors of a range of components of the DDR

network, such as the Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi)3*°1,
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Figure 5 | Breast cancer subtypes, principles of systemic therapy recommendations and prognosis.
Summary of the breast cancer subtypes classification using conventional IHC for the detection of ER,
PgR and HER2 as well as current general treatment strategies and prognosis. ER, estrogen receptor; PgR,
progesterone receptor.
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4. PARP_INHIBITION

The PARP family has 17 members with many diverse functions, of which PARP1 has the
predominant role in DNA repair, with PARP2 and to a lesser extent PARP3 also being
implicated in the DDR?>:3492, The PARP enzymes play an expansive and multifaceted role in
the DDR acting in the detection of DNA damage, recruitment of repair factors and also in
the regulation of biochemical activities®®>. PARP1 is well known for its role in DNA base
excision repair (BER) and repair of DNA SSBs, but also have a role in DNA DSBs repair®*°°
and in fork protection®, participating in multiple DNA repair pathways that include
nucleotide excision repair (NER), c-NHEJ, alt-NHEJ, HRR and DNA mismatch repair (MMR)?3.
PARP enzymes catalyze the addition of Poly (ADP-ribose) (PAR) chains on proteins to recruit
DDR factors and remodeling the chromatin structure around the damaged DNA%%%7. This
PARylation also represents a mechanism of regulating PARP1 assembly on DNA, as PARP1
eventually PARylates itself (autoPARylation) and this automodification is required for its

dissociation from repaired DNA%%,

The understanding of PARP1 function in DDR boosted the development of PARP inhibitors
with the original rationale of sensitize tumor cells to DNA damaging treatments, including
chemotherapy and radiotherapy. In 2005, two different groups described a synthetic lethal
(SL) interaction between PARP inhibition and BRCA1 or BRCA2 mutation®889100 The
concept of synthetic lethality was first described by Bridges in 1922 and the term was
coined by Dobzhansky in 19461°t, This phenomenon occurs when two non-lethal mutations
have no effect when occur individually, but lead to cell death in combination8:10102 Thjs
is consistent with the idea that in BRCA1/2-mutated tumors (BRCA), the cancer cells would
depend on other DDR pathways for survival, as those depending on PARP1 activity,
whereas normal cells (that maintain fully functional HRR) would not. The reliance of BRCA-
mutant cells on SSBs repair for survival leads to the accumulation of SSBs upon PARP
inhibition that cause the collapse of replication forks and DSBs®®1%3, This was originally
proposed as the mechanism underlying the SL interaction between PARP inhibition and
BRCA mutation. However, this model has been modified as a result of data suggesting that

some PARPis also cause PARP trapping onto DNA by preventing autoPARylation and PARP1
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release. This trapped PARP1 protein causes replication-dependent DSBs that also needs
HRR to be repaired and therefore significantly contributes to the sensitivity to PARP

inhibition of BRCA-mutant cells%*10 (Fig.6).
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Figure 6 | Mechanisms of action of PARPi and sensitivity of HRR-deficient cells. PARP inhibitors (PARPi)
impair the repair of single strain breaks (SSBs) by the inhibition of base excision repair (BER) pathway
and also cause PARP trapping by inhibiting auto-PARylation and PARP release from DNA. These two
effects lead to unresolved DNA double strand breaks (DSBs) that can kill homologous recombination
repair (HRR)-deficient cells.

Drug discovery efforts have led to the development of various PARPIi, including veliparib,
rucaparib, olaparib and niraparib, and a more potent second generation of PARPi such as
talazoparib!®. The clinical development of PARPi in patients with gBRCA mutations
stemmed from the robust preclinical data that demonstrated exquisite sensitivity of BRCA-
mutated cells and tumors to PARP blockade®®1%7, Cells carrying mutations in BRCA1/2 are

106 3nd these observations

up to 1000 times more sensitive to PARPi than wild type cells
provided the impetus for PARPi to be tested in the clinic'®. Clinical trials assessing PARP
inhibitors have shown to be well tolerated agents, with multiple durable antitumor
responses in the advanced setting of specific ovarian, breast or castration-resistant
prostate cancers (CRPC)!%110 | ater-phase clinical trials confirmed the patient benefit,
eventually leading to the approval of four different PARP inhibitors for the use in the

treatment of ovarian and breast cancer!!! (Table 1).
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Table 1 | Regulatory agencies approval of PARP inhibitors.

PARPI Approved Indications
EMA (2014): maintenance treatment of patients with relapsed, platinum-sensitive, BRCA1/2-mutated
(germline or somatic), high-grade serous epithelial ovarian, fallopian tube or primary peritoneal cancer
who are in response to platinum-based chemotherapy.

FDA (2014): treatment of germline BRCA1/2-mutated advanced ovarian cancer with three or more prior
lines of chemotherapy.
Olaparib Py
(Lynparza™, | FDA (2017): maintenance treatment of patients with recurrent epithelial ovarian, fallopian tube or
Astrazeneca) | primary peritoneal cancer who are in response to platinum-based chemotherapy.

112-116
EMA (2018): maintenance treatment of patients with platinum-sensitive relapsed high-grade epithelial
ovarian, fallopian tube or primary peritoneal cancer who are in response to platinum-based
chemotherapy, regardless of BRCA status.

FDA (2018): treatment of patients with germline BRCA1/2-mutated, HER2-negative metastatic breast
cancer with previous chemotherapy treatment.
FDA (2016): treatment of patients with deleterious BRCA1/2 mutation (germline or somatic)-associated
epithelial ovarian, fallopian tube or primary peritoneal cancer who have been treated with to two or
. more chemotherapies.
Rucaparib
(Rubraca™, FDA (2018): maintenance treatment of patients with recurrent, advanced epithelial ovarian, fallopian
Clovis tube or primary peritoneal cancer who are in response to platinum-based chemotherapy.

Oncology) . . . - .

117-119 EMA (2018): treatment of patients with platinum-sensitive, relapsed or progressive, BRCA1/2-mutated
(germline or somatic) high-grade epithelial ovarian, fallopian tube or primary peritoneal cancer with
two or more prior lines of platinum-based chemotherapy and do not tolerate further platinum-based
chemotherapy.

FDA (2017): maintenance treatment of patients with recurrent epithelial ovarian, fallopian tube or
Niraparib primary peritoneal cancer who are in response to platinum-based chemotherapy.
(Zejula™,
Tesaro) EMA (2017): maintenance treatment of patients with platinum-sensitive relapsed high-grade serous
120 epithelial ovarian, fallopian tube or primary peritoneal cancer who are in response to platinum-based
chemotherapy.
Talazoparib
(Talzenna™, | FDA (2018): treatment of patients with deleterious or suspected deleterious germline BRCA1/2-
Pfizer Inc.) mutated, HER-2 negative locally advanced or metastatic breast cancer.
121

The use of PARP inhibitors is also being explored in patients with early-stage gBRCA BC,
which will provide data to address whether PARPi can improve outcomes in BC if given in
an earlier line setting!??1%>, In metastatic BRCA1/2- or ATM-mutated CRPC, olaparib
received FDA breakthrough therapy designation after taxane-based chemotherapy and at
least one newer hormonal agent, followed by rucaparib!?®'?’, The therapeutic reach of
PARPi is expanding to other cancer types, with clinical trials in pancreatic, endometrial,
urothelial, colorectal, glioblastoma, small-cell and non-small-cell lung and

gastroesophageal cancers?®,
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Mechanisms of PARPI resistance

As explained, PARP inhibition has shown to be an effective treatment for BRCA-mutated
cancers, but not all trials have been so positive. One of the findings from clinical trials with
single agent PARPi is the presence of a subset of gBRCA breast or ovarian cancer patients
that do not benefit from treatment with these agents (primary resistance), partially limiting
the power of gBRCA condition as a biomarker of response!?913%, |n addition, development
of secondary or acquired resistance in responders is a common event and many patients
will inevitably progress to these drugs!!?128131 The resistance to PARPi have mostly been
investigated in parallel to platinum salts and work by several groups using in vitro models,
transgenic mice and human tumor samples essentially delineates three general
mechanisms of resistance to PARPi1?8131-139: (3) those dependent on the recovery of HRR,
either by BRCA-independent (indirect) or BRCA-dependent mechanisms (direct); (b) those
involved in the activation of signaling pathways that decrease replication stress and cell

cycle progression and (c) miscellaneous alterations not related with DDR (Fig.7).

Mechanisms of PARPI resistance that restore HRR functionality

RESISTANCE THROUGH SECONDARY MUTATIONS

Secondary genetic reversion events that restore the mutated gene function of BRCA1 or
BRCA2 may derive acquired resistance to PARPi!3%13%140 These secondary intragenic
mutations occur either by genetic events that cancel the frameshift caused by the original
mutation and restore de open-reading frame (ORF) or by genetic reversion of the inherited
mutation, restoring at least a nearly full-length protein. These secondary mutations have
been identified in platinum- and/or PARPi-resistant cell lines and patient-derived
cellst09113.13% Moreover, this mechanism of resistance has been identified in BRCA1/2-
mutated tumors from patients who have developed clinical resistance to PARPi across
multiple cancer types3*!28, Secondary mutations have been also discovered in other DDR
genes, including RAD51C, RAD51D and PALB2, restoring the wild type sequence and/or

function of the protein and HRR capacity, therefore inducing clinical resistance to
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PARPi34128141 “Nevertheless, larger studies are needed to better understand the clinical

prevalence of this mechanisms of resistance in the context of PARP inhibition.

RESISTANCE THROUGH HYPOMORPHIC BRCA1 PROTEINS

As mentioned, the analysis of different missense mutations in BRCA1 suggests that the
different domains of the protein are not equally important for HRR capacity and response
to DNA damaging therapies!#?, being more essential a conserved N- and C-terminus of the
BRCA1 protein®3®. As a result, BRCA1-mutated tumors respond differently to PARPi therapy
depending on the specific mutation they have. The p.BRCA1-C61G mutation disrupts the
N-terminal RING domain of BRCA1 and cancers carrying this alterations respond poorly and
rapidly develop resistance to PARPi'3%143, To explain this fact, it has been determined that
both murine and human breast cancer cells with BRCA1 mutated in the RING domain could
express a hypomorphic protein lacking the N-terminus through downstream translation
initiation. This RING-less BRCA1 isoform may recover the functionality of HRR and, as a
consequence, it mediates resistance to PARPi'43. BRCA1 protein with mutations in the C-
terminal domain BRCT is commonly subject to protease-mediated degradation because an
improperly folding. In this scenario, the chaperone HSP90 may stabilize the BRCT domain
of these BRCA1 mutant proteins allowing the interaction with PALB2-BRCA2-RAD51 and,
therefore, the consecution of HRR conferring platinum and PARPi resistance!3144, Finally,
there is evidence that cancer cells harboring mutations in the exon 11 of BRCA1 remove
the deleterious BRCA1 mutation thorough alternative mRNA splicing, giving rise to the
hypomorphic BRCA1-Aexonll isoform, which retains residual activity and contribute to

therapeutic resistance to platinum compounds and PARPi14>146,

RESISTANCE THROUGH REVERSION OF EPIGENETIC SILENCING

HRR capacity restoration and PARPi resistance can also be caused by epigenetic changes in
HRR-related genes, such as reversal of BRCA1 promoter hypermethylation!3. This
mechanism can occur in those tumors that are primary sensitive to PARP inhibition through

low BRCA1 expression caused by extensive promoter methylation. The loss of promoter
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methylation lead to re-expression of BRCA1 gene at comparable levels to HRR proficient
tumors and, therefore, these tumors become PARPi-resistant. Methylation may be
decreased as a result of an active demethylation event, but also from tumor heterogeneity
in which the tumor cells with less promoter methylation undergo positive selection upon
exposure to PARPi'*. Reversal of BRCA1 hypermethylation was observed in acquired
platinum resistant ovarian cancers, further demonstrating that cancer cells may re-express

silenced BRCA1 as a resistance mechanism%.

RESISTANCE THROUGH REMOVAL OF A BARRIER TO DNA END RESECTION

Several mechanisms of PARPi resistance by loss of DDR proteins that suppress DNA end
resection and inhibit HRR have been described?*°. These proteins include 53BP1, REV7,
RIF1, PTIP and Artemis. More recently, the shielding complex composed of c200rf196
(SHLD1 or RINN3), FAM35A (SHLD2 or RINN2) and FLJ26957 (SHLD3 or RINN1), which has
been identified as REV7 binding proteins, also confers PARPi resistance upon
depletion!33:135155-157,139,148-154 " Gimijlarly, loss of members of the CTC1-STN1-TEN1 (CST)
complex were found to confer PARPi resistance in BRCA1-deficient cells by the restoration
of end resection®®, This mechanisms of PARPi resistance has been discovered through the
observation that the requirement of BRCA1 for HRR was alleviated by removing of 53BP1,
which blocks CtIP-mediated DNA end resection and commits DNA repair to c-NHEJ'*°, Loss
of some of the proteins involved in the suppression of DNA end resection confers PARPi
resistance in BRCA1-deficient cancer cells, but do not rescue BRCA2-deficient cells!4814:157,
Although there is already preclinical evidence, it is important to determine the real role of

functional impairment of these proteins as a mechanism of PARPi resistance in human

tumors.
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Mechanisms of PARPI resistance independent from HRR functionality

RESISTANCE THROUGH MITIGATION OF REPLICATION STRESS AND SLOWED CELL CYCLE PROGRESSION

Stabilization of stalled replication forks implies replication fork reversal, protection and
restart and is gaining attention in the field of DDR, being identified as a mechanism of PARPi
resistance that is often combined with slowing of cell cycle progression!?8160-165 BRCA1,
BRCA2 and other FANC proteins (RAD51, FANCD2 or FANCA) play a role in the protection
of the stalled replication fork in addition to its function in HRR®®167 Thus, in their absence,
reversed forks are extensively degraded through uncontrolled resection by EXO1 and
MRE11 nucleases!®>166:168165 PARP1 is also implicated in fork protection from MRE11-
dependent degradation®®, which explains the promotion of toxic fork restart and DSBs in
BRCA-deficient cells treated with PARPi’C. Thus, as alternative to HRR restoration, tumor
cells can also achieve resistance to PARPi by protecting replication forks. Fork degradation
by MRE11 nuclease in BRCA-deficient cells is promoted by PTIP, CHD4 and RAD52160:169,
Loss of these protective factors, PARP1 and MRE11 reduced accumulation of chromosomal
aberrations in BRCA2-deficient cells treated with platinum and/or PARPi, which is
consistent with a reduction of toxic effects from fork degradation®®71, |n another study,
BRCA2-mutant cells with reduced expression of PTIP were shown to become PARPi-
resistant by fork protection through reduction of the recruitment of the MRE11 nuclease
to stalled forks'®®. In addition, BRCA2-deficient cells became resistant to PARPi and
platinum salts by decreased activity of EZH2 and the consequent downregulated
recruitment to stalled forks of a different nuclease, MUS81'72. Notably, loss of EZH2 did not
impact MRE11-mediated fork degradation, indicating that the EZH2/MUS81 axis function
independently to MRE11'73, Finally, the overexpression of miR-493-5p showed to prevent
fork degradation by downregulating MRE11 and EXO1 and is preset in platinum and PARPi-
resistant BRCA2-mutated OC patients'®*. Altogether, these data consolidate that
replication fork protection contributes to PARPi resistance in BRCA2-mutated cancers.
Importantly, the mentioned alterations that lead to fork protection showed no impact on
HRR capacity, which implies that restoration of HRR functionality and fork protection are
mutually exclusive and represent two different and independent mechanisms of PARPiI

resistancel’37175,
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OTHER MECHANISMS OF RESISTANCE

Apart from the mechanisms of PARPi resistance related with the rewiring of the DDR,
pharmacological events may also be relevant. In this sense, increased expression of ATP-
binding cassette (ABC) transporters, such as the P-glycoprotein (PgP) efflux pump (also
known as multidrug resistance protein 1 (MDR1)) have shown to reduce the efficacy of
different drugs by enhancing their translocation outside the cell*3®1’%. Of note,
upregulation of the ABCB1 gene (that encodes PgP pump) was found in approximately 8%

of recurrence samples from high grade serous OC (HGSOC)*’.

As PARP inhibition blocks the enzymatic activity of PARP enzymes, decreased expression of
these proteins, together with mutations in the catalytic, DNA- or drug-binding domains,
may be another mechanism of resistance to PARPi1?8144, Downregulation or mutations in
PARP1 remove the ability to trap PARP1 onto DNA, therefore conferring resistance in BRCA
tumors’7178 Similarly, mechanisms that increase PARylation of PARP enzymes, such as loss
of PARG, may lead to PARPi resistance by decreased PARP trapping through release of
PARP1 from DNA%,

The Schlafen family member 11 (SLFN11) has been proposed as predictive biomarker of
sensitivity to PARPi monotherapy in small cell lung cancer (SCLC)’°. In fact, high protein
levels of SLFN11 predicted sensitivity to platinum based agents and PARPi in preclinical
models and clinical trials'®8! and, therefore, SLFN11 inactivation can confer PARPI

resistance, probably through increased dependence on the ATR-CHK1 checkpoint!’:182,183,

Finally, extensive tumor desmoplasia has also been suggested as a mechanism of PARPi
resistance in BRCA tumor cells without reversion of HRR capacity, and has been associated

with chemoresistance and suboptimal drug uptake in prostate cancer (PC)¥.
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Figure 7 | Mechanisms of resistance to PARP inhibitors. Resistance to PARPi can be inherited or
acquired and the potential mechanisms of PARPi resistance can be classified in three main categories:
(i) restoration of homologous recombination repair (HRR) through both direct and indirect mechanisms,
(i) mitigation of replication stress (RS) commonly together with slower cell cycle progression, and (iii)

mechanisms not currently related with a DDR pathway but still alter the response to PARPi. Based on
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PARPi beyond BRCA

As PARPi have demonstrated clinical efficacy in gBRCA tumors, research has focused on
identifying additional patient populations who may benefit from these drugs'®+18, Basal-
like TNBC and BRCA1-mutated tumors have clinicopathological and molecular similarities,
such as sensitivity to platinum-based chemotherapy, mutations in TP53, diminished BRCA1
protein expression®18 and a pattern of genomic instability characterized by allelic
loss””'187, so similar etiology is proposed for these groups of BC318-190 Some of these
similarities are related with the presence of homologous recombination deficiency (HRD)
also in non-familial cancers. This phenotype is called BRCAness, which refers to sporadic
(germline BRCA1/2 wild type) cancers sharing traits with familial BRCA tumors, in particular
the HRR defect®?'®>, which can arise through a range of genomic, epigenetic or post-

translational alterations®?.

Within the different mechanisms of causing HRD, studies with BRCA1/2 wild type tumor
cell lines that have defects in other HRR-related genes demonstrated that PARPi sensitivity
is likely not restricted to BRCA cancers. These genes included ATM, ATR, CHEK1, CHEK?2,
SHFM1 (also known as DSS1), RAD51, NBS1 and the Fanconi anemia complementation
(FANC) family’0:100,101,191-194 ‘Moreover, it is known that a much longer list of HRR-related
genes could alter the response to PARPi!®™1%° and genetic and epigenetic somatic
mutations in genes involved in HRR occur in a wide spectrum of tumors, leading to HRD in
sporadic cancers!®®191.20 |n fact, it has been shown that up to 10% of all cancers harbor
HRR-related alterations?®l. Within cancer types, approximately 50% of OC and 40% of TNBC

123,202-205 35 well as up

are characterized to harbor HRD in the absence of gBRCA mutation
to 25% of advanced prostate tumors also harbor defects in DDR-related genes?%. Another
prevalent mechanism of somatic HRD is the epigenetic silencing of BRCA1 and also RAD51C
in those tumors that harbor somatic aberrant promoter methylation8:27, Therefore,
cancers with these alterations may display HRD and are candidates to exhibit enhanced
sensitivity to DNA-damaging agents, including PARPi. The current clinical challenge is the

identification of such group of tumors to allow extend PARPi treatment to a wider group of

cancers®?.
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5. BIOMARKERS OF RESPONSE TO PARPI

Precision medicine approaches have the potential to improve cancer treatments by
identifying a priori the subset of patients most likely to benefit from specific targeted
therapies, including PARPi2%, In this sense, the development of biomarkers that interrogate
for treatment response provide a robust tool for clinical decision. In the field of PARP
inhibitors, although germline or somatic BRCA1/2 mutations have been used to enrich for
responders, there are patients with BRCA1/2-mutated cancers that do not respond to
PARPi. Moreover, as explained, there is also a substantial number of BRCA1/2 wild type
patients who lack these mutations and may benefit from PARPi monotherapy!?®. Therefore,
validated tests that allow predict PARPi antitumor activity are an important clinical need,
but there is currently no accurate biomarkers of response to PARPi*4. Several approaches
to predict HRD has been proposed, with differences in their capability in predicting

response to PARPi and potential clinical utility (Table 2)144200,209,

Platinum sensitivity

Because sensitivity to platinum and PARPi are both associated with HRR defects, platinum

sensitivity has been used as a surrogate of PARPi response?®® and some trials have

demonstrated benefit to PARPi treatment in all platinum-sensitive ovarian cancers?%.

However, it is known that platinum and PARPi responsiveness are not always

overlapping?!l. For example, tumors with defects in the nucleotide excision repair (NER)

212

pathway are sensitive to platinum therapy but remain resistant to PARP inhibition**4, and

there are also platinum-resistant cancers that respond to PARPi!3,

59



60

Biomarkers based on gene mutation analysis

Germline BRCA1/2 mutations

As tumors with gBRCA mutations has been demonstrated to show PARPi sensitivity,
different trials have used sequencing assays to evaluate the presence of this
mutations!19129213 " The Myriad Genetics BRACAnalysis is an approved, blood-based assay
that was used in clinical trials of PARPi to identify ovarian!!221° and breast cancer!?®
patients and establish gBRCA mutation status. However, using this assays based on
germline mutations has several limitations, such as the insensitivity to somatic reversion

mutations and other mechanisms that recover HRR functionality?!#. This limitations have

boosted the development of surrogate biomarkers for PARPi response?%°,
Targeted sequencing of HRR-related genes

Targeted sequencing may allow the identification of alterations in various DDR genes that
may result in HRR deficiency, so the analysis of a wider number of these genes, and not
only the presence of BRCA1/2 mutation, could help in the identification of HRR-deficient
tumors that may respond to PARPi. One example of this approach is the BROCA assay, that
analyzes alterations in several HRR-related genes, including BRCA1, BRCA2, ATM, BARD1,
BRIP1, CHEK1, CHEK2, FAM175A, MRE11A, NBN, PALB2, RAD51C, and RAD51D. The
presence of damaging alterations in at least one of these genes strongly correlated with
platinum sensitivity and overall survival in advanced OC?%°. An alternative approach might
be the use of whole-exome sequencing (WES), that provides the sequence of most exons.
WES was used in metastatic PC, with high correlation between the presence of HRR
alterations and clinical response rate to PARPi'?®!2’, However, WES is not commonly
applied in clinical practice and the predictive value of alterations in some genes, such as
ATM, FANCA or CHEK2, remains to be validated??. Other challenges of this approaches are
the heterogeneity underlying genome maintenance mechanisms between tumor types,
with the effect in HRR capacity of phosphatase and tensin homolog (PTEN) loss being a
notable example. Loss of PTEN functionality confers sensitivity to PARPi in glioblastoma and

endometrial cancer?'®?'’, but not in OC or PC?'>218 Moreover, the interpretation of
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mutations in a single gene and its effects HRR capacity may be difficult due to low

frequencies or undetermined functional relevance?®.

Genomic scars and mutational signatures

Genomic scars and mutational signatures have been identified to be associated with an
HRD phenotype and can define a wider population that may benefit from agents targeting
DDR?'%, Genomic scars represent genome-wide patterns of genomic sighatures reflecting
historical exposures to DNA damage and repair?®®. Tumors with defects in HRR repair DNA
lesions using error-prone pathways, such as NHEJ, leading to frequent genomic structural
rearrangements that can be identified and quantified by genomic profiling?44209,220-223,
These characteristic genomic alterations include: large-scale transitions (LST),
chromosomal breaks between adjacent regions of > 10Mb; loss of heterozygosity (LOH),
loss of one allele at many sites across the genome, via deletion or copy umber neutral LOH;
and telomeric allelicimbalance (TAl), allelicimbalance near telomeres?®. All three patterns
are highly correlated with alterations in BRCA1/2 and other HRR-related genes and with

224 Within various clinical trials with PARPi, different

sensitivity to platinum and PARPi
assays designed as companion diagnostics for selecting patients with HRR-deficient tumors

who are more likely to benefit from PARPi monotherapy.

The FoundationFocus™CDxgrca Lon tests for germline and somatic mutations in BRCA1/2
and the proportion of the genome affected by LOH in the tumor. This test has been used
as a companion diagnostic to rucaparib, demonstrating the benefit of PARPi maintenance
therapy in patients with BRCA1/2-mutated and/or LOH-high platinum-sensitive OC7:22>,
However, later clinical trials demonstrated benefit from maintenance with rucaparib even

in women classified has HRR-proficient!!?,

The Myriad Genetics’ myChoice® HRD assay is based on a combination of LOH, TAIl and
LST?%, In OC, a high HRD score has been associated with higher benefit from niraparib
maintenance, although PARP inhibition also improved progression free survival (PFS) in

HRD-negative patients!?°. In TNBC, the myChoice® HRD assay showed to associated with
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increased pathological complete response rates after platinum chemotherapy in some
trials?27:228 but not it others?*2%°, In the field of PARP inhibitors, the HRD test has been
shown to be useful in identifying BRCA1/2 wild type patients who can benefit from the
PARPi talazoparib?l. Nevertheless, despite it has been demonstrated the efficacy of PARP
inhibition in tumors classified as HRD, there are still a proportion of patient that did not
respond!?>121 so further research is needed to evaluate the capacity of this assays in

predicting PARPi benefit.

In addition to the mentioned assays, mutational signatures of HRD have been developed
through whole-exome or whole-genome sequencing of BRCA1/2-mutant tumors'?®, This
signatures represent mutational patterns, and not only isolated mutations, that are likely
acquired through distinct patterns of mutagen exposure and genomic instability??°. One
study catalogued larger-scale genomic alterations across up to 7000 cancers and identified
mutational signatures as patterns for specific aberrant cellular pathways, such as
“Signature 3” for BRCA1/2-inactivating mutations in different tumor types?®°.
Subsequently, the HRDetect test was developed by training these data using BRCA1/2-
mutated tumors to generate a unique somatic mutational profile with high sensitivity and
specificity in identifying tumors with deficiencies in the HRR pathway?3!. However, whereas
Signature 3 and HRDetect are highly sensitive for the detection of BRCA1/2-mutated and
BRCAness tumors, they are still unable to identify as HRR-deficient other tumors with

functional alterations in several HRR-related genes, including ATM, CHEK and ATR, and has

yet to be validated in clinical trials of PARP inhibition128200
Limitations of genomic assays

As explained, genomic scars have some value in enriching for PARPi-sensitive patients but
are still unable to identify patients who will not respond®2%0, Although genomic scars
probably reflect the mutational processes that alter the genome in the absence of HRR over
the entire lifetime of a tumor, they only provide a historical, static record of genomic
alterations present in the tumor at the time of sample collection!?®, Thus, a major limitation
of these assays is that they are largely insensitive to reversion of HRR deficiency, which may

occur upon development of resistance to platinum and PARPi. When reversion of HRR
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deficiency occurs, the cumulative defects that had occurred in the cancer genome from the
original HRR deficiency do not reverse. Thus, the genomic assays still detect these scars and
interpret these tumors as HRR-deficient, as has been observed in BRCA1/2-mutated cell
lines upon BRCA1/2 secondary mutations that restore HRR functionality??3. Therefore,
these assays might not provide an accurate estimate of whether HRR is still defective in
tumor cells at the time of treatment decision, or even how plastic or reversible is the
specific HRR defect'®, both being important features for a profound and sustained
antitumor response to PARPi. Because of these limitations, assays that reported a dynamic

readout of HRR functionality in the tumor would be of high interest.

Dynamic biomarkers

Transcriptional profiles and protein expression

Gene-expression profiles of DDR genes have been described to correlate with outcome and
platinum response in ovarian, breast and lung cancers?32234 but studies in the context of
PARP inhibition are still absent. The development of platinum resistance was reflected in
the change of the BRCAness profile in some patients, highlighting the dynamic nature of
these assays?32. However, this did not always occur and these approaches suffer from poor

reproducibility?%.

The expression of HRR proteins, promoter methylation levels or the microRNAs that
regulate BRCA1 expression can be also measured and may be useful in revealing dynamic
HRR alterations?®>. However, many studies of HRR protein expression have been limited by
small numbers or technical issues, with poor reproducibility or results inconsistent with
current models of HRR signaling. Therefore, both gene and protein expression as a

biomarker for PARPi requires further research and clinical validation?%.
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Functional assays

One way to overcome the relatively poor specificity of the genomic scars is the
development of dynamic, functional biomarkers that directly measure HRR functionality in
tumor specimens using approaches such as the localization or activity of key DNA repair
proteins. The recruitment of DDR factors to sites of DNA damage can be visualized as
discrete nuclear foci by microscopy?®:23¢, so HRR pathway can be mechanistically evaluated
by directly assessing by immunoassays the formation of nuclear foci of DNA repair
proteins!36237 A functional assay should ideally measure a single downstream event that
would reflect proficiency of multiple upstream components of HRR?®, In this sense, RAD51
foci formation had been proposed as a predictive biomarker of PARPi response?38-240 3¢
the inability of cells to form RAD51 foci is a common feature of HRD. RAD51 foci formation
potentially provides a global read-out of HRR capacity regardless the mechanisms of HRR
deficiency or reversion. This is of special interest as many of the factors that influence HRR
are still unknown?®, Other DNA repair proteins has been also examined, including YH2AX

and 53BP1 foci?*+242, as well as nuclear staining of phospho-NBS1 (pNBS1)%43.

Although functional assays may provide the most dynamic, real-time readout of DNA
repair, they are clinically hampered. The most important technical challenge is that these
assays usually require fresh tissue and/or the exposure of the cancer specimen to some
form of DNA damage (radiation or chemotherapy) before the evaluation of DNA repair
proteins!44238.240,241 = This requirement increases the technical complexity, limits the
reproducibility and impossibilities the use of formalin-fixed and paraffin-embedded (FFPE)
tumor samples. Therefore, at present, RAD51 foci formation remains a biologically useful
biomarker of HRR capacity but the implementation of these assays in the routine clinical

practice remains difficult?°°,

Other biomarkers

There are other potential biomarkers that are being investigated. For example, the activity
of PARP enzymes were used as pharmacodynamic marker of PARPi activity both in tumors

and in peripheral blood lymphocytes, but there was no correlation with clinical
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outcomes?09244 pPARylation levels have also been used as pharmacodynamic marker and
suggested as predictive biomarkers of PARPi response, which may be limited due to the
wide variations in PARP activity among patients?41245-247 The evaluation of the presence of
miRNAs involved in the regulation of BRCA proteins (such as miR182)%*8, and levels of

53BP1 expression?#°

are also being studied as biomarkers of PARPi response. Finally, as
stabilization of replication forks may provide resistance to PARPI, assays for replication
stress have been also developed, including the DNA fiber assay'®®> and the formation of

phosphorylated replication protein A (pRPA), FANCD2 and PTIP nuclear foci?®°.

Overall, there is currently no prospectively validated biomarker of HRR that has been
incorporated in clinical practice, and this remains an active area of investigation. Therefore,
the development of a robust biomarker that adequate captures the diverse genetic and
epigenetic mechanisms of HRR deficiency, compatible with FFPE specimens remains

elusivel®*,

Table 2 | Biomarkers of patient selection for PARPi treatment. The main advantages (PROS) and
disadvantages (CONS) of different methods are indicated. Based on?0%.20

Biomarker PROS CONS
Response do not overlap completely
Direct o
/ 4 \\‘ \\(
Platinum-sensitivity Does not require tumor samples HkR-deficioht

/4

" PARPi-sensitive
Platinum-sensitive

Gene mutation analysis
e BRCA1/2 mutation Easy and fast Other mutations that recover HRR
e HRR-related genes remain undetected

990 Can be performed on archival material Undetermined functional relevance
Jteec]{{lteet]]
o

Genomic scars
Test consequences of HRR deficiency

o l Insensitive to HRR restoration
l II II Also detects BRCAness phenotypes

Can be performed on archival material

Functional assavs Technical complexity
Y Dynamic detection of HRR capacity;

sensitive to HRR restoration Require fresh tumor material
Also detects BRCAness phenotypes Require previous DNA damaging
treatment
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6. TARGETING DDR IN COMBINATION WITH PARP;

As explained, some patients do not respond or eventually progress to PARP inhibition,
which points to primary or acquired mechanisms of resistance to single-agent therapy and
highlights the importance of investigating combination treatment strategies that overcome
or prevent PARPi resistance. As mentioned above, the ability of PARPi to sensitize tumor
cells to DNA-damaging chemotherapies provided the initial rationale for developing
clinically useful PARPi drugs. PARP inhibition sensitize cells to the alkylating agent
temozolomide by PARP1 trapping, whereas sensitization to topoisomerase poison by PARPi
is largely driven by the catalytic inhibition of PARP1 and less dependent upon trapping
ability?>2°1, These observations are consistent with the failure of the relatively poor PARP1
trapping PARPI, veliparib, to enhance clinical temozolomide responses in BRCA-mutant BC
patients, despite enhancing the effect of a carboplatin/paclitaxel combination?>?. However,
clinical experience with therapies that combine PARPi with chemotherapies has been, in

general, mixed®,

Combination with DDR inhibitors

Combination therapies of PARPi with other DDR-targeting agents provides a rational
option. As mentioned, DDR integrates the regulation of cell cycle progression and DNA
repair, allowing time to repair damaged DNA, There are three cell cycle checkpoints
where the cell may be arrested in response to DNA damage, and the specific response
pathway will be different depending on the cell cycle status. The key DDR factors that
regulate the G1/S checkpointinclude ATM, CHK2 and p53 and its activation allow the repair
of DNA damage prior to the start of DNA replication?3. ATR, CHK1, DNA-PK and WEE1 are
the checkpoint proteins implicated in the S-phase checkpoint to delay replication origin
firing, provide time to deal with DNA damage and prevent under-replicated DNA regions
beyond S-phase. Finally, the activity of CHK1 and WEE1 in the G2/M checkpoint represents
the major opportunity for preventing DNA damage taken into mitosis, where may result in

mitotic catastrophe and cell death?3.
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All the mentioned kinases respond to different types of DNA damage and/or regulate
specific cell cycle transitions. Therefore, targeting these enzymes could be used in cancer
treatment with the goal of maximize DNA damage in G1 and S-phases of the cell cycle and
prevent repair in G2 to ensure the damage is taken through into mitosis, ultimately
resulting in cell death (Fig.8). Thus, the rationale to combine a PARPi with cell cycle
inhibitors is to impair tumor cells to stall the cell cycle and limit the time to repair DNA
lesion, so DNA damage is not repaired and cell death occurs. In concordance, preclinical
evidence suggests that combining agents targeting key components of the DDR can cause
or enhance sensitivity to PARPi and overcome acquired resistance to single-agent DDR

inhibitors by inducing synthetic lethality!?%2%3,

G2/M CHECKPOINT DDR Effect is
TARGETS \I\ manifest
WEE1, CHK1 /]
| M
I G1
1

—

Gz

S Maximize 1
DNA damage I
Prevent repair
~
~
S -F -

S-PHASE CHECKPOINT DDR
TARGETS
ATR, WEE1, CHK1, DNA-PK

G1/S CHECKPOINT DDR
TARGETS
ATM, CHK2, p53

Figure 8 | Strategy for the use of DDR inhibitors as anticancer agents. The strategy for the development
of DDR-targeted therapies is to maximize the DNA damage during G1 and S phases of the cell cycle (in
blue), together with preventing its repair during G2 (in green) by minimizing the time to repair. This
strategy leads to maximum amount of DNA damage in mitosis and cell death (in orange). The potential
DDR targets that act at the three key cell-cycle checkpoints are represented. Based on?3.
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In this sense, inhibitors of the kinases implicated in DDR has gained interest. ATR is a central
checkpoint kinase in the response to DNA damage, including the resected ends of DNA
DSBs and stalled replication forks. ATR activates different pathways that collectively
safeguard the integrity of replication forks and prevent entry into mitosis with incompletely
replicated genomes?>*. Thus, ATR is activated by replication stress and it induces origin
firing shutdown and slows down replication fork speed and cell cycle progression through
the activation of CHEK1 and inactivation of cyclin-dependent kinases CDK1 and CDK2
(CDK1/2)%52%¢, WEE1 kinase similarly plays a critical role in the activation of the G2-M
checkpoint through the regulation of CDK1/234. The recent development of ATR, CHK1 and
WEE1 inhibitors make the combination of this agents with PARPi a testable hypothesis that
is being currently studied in clinical trials for different scenarios'®>128173  ATM is another
logical therapeutic target in combination with PARPI, given its crucial function as a central
regulator of the DDR, especially in DSBs repair®’. The ATM kinase is activated in response
to DNA DSBs, signals to G1/S cell cycle checkpoint and DNA repair pathways, and is
reciprocally synthetic lethal with PARP2?%8, Finally, effective DNA repair by NHEJ requires the
activity of DNA-PK and its inhibition sensitizes cells to DSB-inducing agents, such as
radiotherapy and topoisomerase Il inhibitors?>°. Different DNA-PK inhibitors have recently
entered clinical development?®°, Results from diverse clinical trials will provide important

data regarding the ability of cell cycle inhibitors to overcome PARPI resistance.

WEEL1 inhibition

As explained, WEE1 is a protein with kinase activity required for physiologic cell cycle
progression. CDK1 phosphorylation by WEE1 inhibits CDK1 activity and results in the
activation of the G2/M checkpoint and cell cycle arrest, providing time for repair damaged
DNA?%1, As a consequence of this important role of WEE1 in cell cycle progression, the
predominant mechanism-of-action of WEE1 inhibitors (WEE1i) was initially believed to be
failure of the G2/M checkpoint, resulting in mitotic catastrophe?®!. Importantly, the G2/M
checkpoint is especially relevant in TP53-mutant cells, as this cells also lack G1/S checkpoint

and are therefore unable to stop cell cycle and repair damaged DNA at this point. Thus,
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there is a rationale to targeting p53-deficient cells with WEE1 blockade and, as
approximately 84% of TNBC harbor alterations in TP53, it is therefore an attractive disease

to study the efficacy of WEE1i!?.

In addition to regulating CDK1 activity at the G2/M checkpoint, WEE1 also phosphorylates
CDK2, whose activity is critical in maintaining proper DNA replication during S-phase. CDK2
regulates the expression of ribonucleotide reductase subunit M2 (RRM2) both directly and
through the control of E2F1 degradation?6?2%3, Thus, increased CDK2 activity results in
uncontrolled firing of replication origins and downregulation of RRM2 expression,
therefore leading to nucleotide starvation and loss of genomic integrity?®2. Hence,
inhibition of WEE1 could be a powerful manner to increase the levels of replication stress
in cancer cells. This effect, together with forcing the cells to enter in mitosis prematurely,

even before DNA replication is complete, will cause cell death?®4,

The first WEE1i AZD1775 has shown antitumor activity as single-agent in preclinical models
in addition to potentiate the cytotoxic effects of various DNA-damaging agents3*.
Moreover, there are also preclinical studies combining WEE1i with the PARPi olaparib that
revealed an enhanced PARPi-mediated radiosensitazion of pancreatic cancer cells by

reducing HRR capacity and abrogating the G2 cell cycle checkpoint®?,

In this scenario, there is now a need to better define the patient populations predicted to
respond to WEE1i monotherapy and novel combination regimens34. In addition, the
examination of potential pharmacodynamic markers for replication fork protection and
replication stress (e.g. phosphorylated RPA foci and the DNA fiber assay) will be necessary
to improve therapeutic potential of these drugs'’>2%. In addition to p53 deficiency,
preclinical data suggest that DDR defects and nucleotide resource starvation that resulted
in increased replication stress also increase sensitivity to WEE1 inhibition263:265266 " \yijth

single agent activity observed even in TP53 wild type cancer cells!?8267,
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In sum, the development of inhibitors of key mediators of DNA repair and replication has
rapidly expanded, but the differential roles of ATM, ATR, CHK1 and WEE1, among others,
in cell cycle, replication forks protection and DNA damage repair could create a clinical
barrier to choose the correct combination strategy. As PARPi resistance can be achieve by
multiple and independent mechanism, determine the specific clinical scenarios where
combining PARPi with other DDR inhibitors result in therapeutic benefit is therefore
necessary2®®, Efforts are ongoing to optimize these therapies, including the development
of predictive biomarkers of response, assessment of the mechanisms of resistance and

evaluation of rational, tolerable combination treatments!?2.
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HYPOTHESIS AND OBJECTIVES

Hypothesis 1

The restoration of HRR capacity is a frequent mechanism of resistance to PARP inhibitors

in germline BRCA1/2-mutated tumors.

To test this hypothesis, the following objectives were established:

e Develop a panel of patient derived xenografts (PDX) from breast and ovarian cancer
patients with germline mutations in BRCA1/2 genes (gBRCA)

e Investigate the antitumor activity of the PARPi olaparib in the panel of gBRCA PDX
models

e Characterize the mechanisms of resistance to PARPi in the panel of gBRCA PDX models

Hypothesis 2

The restoration of HRR capacity in gBRCA tumors can be measured by the
immunodetection of RAD51 nuclear foci and this assay can be used as a functional

biomarker of PARPi response.

To test this hypothesis, the following objectives were established:

e Develop an immunofluorescence assay to detect RAD51 nuclear foci formation in
formalin fixed paraffin embedded (FFPE) tumor samples
e Validate the capacity of the RAD51 immunoassay to predict PARPi response in tumor

samples from PDXs and patients
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Hypothesis 3

The RAD51 assay allows the identification of HRR-deficient tumors with no BRCA1/2

mutations that may benefit from PARP inhibition, allowing to extend the use of PARPi

treatment beyond the gBRCA condition.

To test this hypothesis, the following objectives were established:

Develop a panel of PDXs from BC patients with wild type BRCA1/2 (non-gBRCA)
Investigate the antitumor activity of the PARPi olaparib in the panel of non-gBRCA PDX
models

Characterize the mechanisms of sensitivity to PARPi in the panel of non-gBRCA PDX
models

Validate the RAD51 assay as biomarker to predict antitumor response to PARPi
Compare the prediction capacity of the RAD51 assay with another currently used
genomic biomarker of PARPi response

Study the feasibility of the RAD51 assay in routine tumor samples from patients,

including PALB2-related breast tumors

Hypothesis 4

The inhibition of WEE1 and other DDR proteins increases the levels of replication stress

and improves antitumor response to PARPi when used as a combination strategy.

To test this hypothesis, the following objectives were established:

Investigate the antitumor activity of the WEE1 inhibitor AZD1775 as single-agent and in
combination with olaparib

Characterize the mechanisms of action of inhibiting WEE1i in the panel of PDX models
Investigate the antitumor activity of the ATM inhibitor AZD0156 in combination with

olaparib in gBRCA1 mutated tumors that are resistant to WEE1 plus PARP inhibition
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Generation of patient-derived xenograft (PDX) models

Fresh tumor samples from breast or ovarian cancer patients with (n=11) or without (n=14)
gBRCA mutation were collected prospectively for implantation into nude mice at Vall
d’Hebron Institute of Oncology (VHIO, Spain) under an institutional review board (IRB)-
approved protocol and the associated informed consent, or by the National Research Ethics
Service, Cambridgeshire 2 REC (REC reference number: 08/H0308/178). The experiments
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. Fresh primary or metastatic human breast tumors were obtained from
patients at time of surgery or biopsy and immediately implanted into the mammary fat pad
(surgery samples) or the lower flank (metastatic samples) of 6-week-old female athymic
HsdCpb:NMRI-Foxnlnu (Harlan Laboratories) or NOD.Cg-PrkdcsdlI2rgt™Wi/sz) (Charles
River) mice. Animals were continuously supplemented with 1 pM 17f-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. Three models (2 TNBC, STG139 and STG316 and 1 ER-positive BC,
STG201) were generated in CRUK/UCAM, a member of the EurOPDX consortium
(http://www.europdx.eu), as previously reported?®®. Four models with acquired PARPi-

resistance were generated in the laboratory (see below).

In vivo experiments of PDX sensitivity to PARP, WEE1 and ATM inhibitors

To evaluate the sensitivity to different DDR inhibitors, at least three tumor-bearing mice
were equally distributed into treatment groups with tumors ranging 50 to 350 mm?3. When
allocating animals to treatment arms we ensured that the mean starting volume between
arm was not statistically different by t-test. Olaparib was administered oral (p.o.) 6-days
per week at 50 mg/kg in 10%v/v DMSO / 10%w/v Kleptose [HP-B-CD]. AZD1775 was
administered oral 6-days per week at 120 mg/kg in 0.5%v/v Methylcellulose. AZD0156 was
administered 3-days per week at 2 or 2.5 mg/kg in 10% DMSO plus 90% Captisol (30% w/v).
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To generate PDX models with acquired resistance to PARPi, olaparib treatment was
maintained in olaparib-sensitive tumors until individual tumors regrew. Tumor growth was
measured blinded to the treatment effect with caliper bi-weekly from first day of treatment
to day 21 and every 7-10 days in the acquired resistance setting. Mouse weight was
recorded twice weekly. The tumor volume was calculated as V = 4nt/3/LxIxl, “L” being the

IIIII

largest diameter and “I” the smallest. Mice were euthanized when tumors reached 1500
mm?3, in accordance with institutional guidelines. The antitumor activity was determined
by comparing tumor volume at 21 days to its baseline: % tumor volume change = (Vday21
—Vday1)/Vdayl x100. For sensitive PDXs, the best response was defined as the minimum
value of % tumor volume change sustained for at least 10 days. To classify the antitumor
response, the Response Evaluation Criteria In Solid Tumors (RECIST) on the % tumor volume
change was modified (mRECIST): CR (complete response), best response <-95%; PR (partial
response), -95% < best response <-30%; SD (stable disease), -30% < best response < +20%,

PD (progressive disease), % tumor volume change at day 21 > +20%27%271,

Analysis of the BRCA1/2 genes and loss of heterozygosity in PDX tumors

DNA was extracted from PDX samples using DNeasy Blood & Tissue Kit (Qiagen). All exons
and flanking intronic regions of the BRCA1 and BRCA2 genes were sequenced by the
Multiplicom MASTR T Dx methodology in an Illumina MiSeq Sequencer. Coverage range
was 100-2240X. Results were analyzed with Sophia DDM® platform, which integrates
PEPPER™, MUSKAT™ and MOKA™ technologies (minimum coverage of 100 reads per base).
Pathogenic variants were confirmed by Sanger sequencing using BigDye Terminator v3.1
Cycle Sequencing Kit in a 3130xI sequencer (Applied Biosystems, Foster City, CA, USA).
Screening for large genomic rearrangements was done using multiplex ligation-dependent
probe amplification (MLPA) commercial kit #P002 for BRCA1 (MRC-Holland, Amsterdam,
The Netherlands), in accordance with the manufacturer’s instructions. PCR products were
analyzed on an ABI 3130xl capillary sequencer using GeneMapper (Applied Biosystems) and
Coffalyser.Net (MRC-Holland, Amsterdam, The Netherlands) software. The deletion of

exons 3-7 of BRCA1 in PDX274 was confirmed by sequencing the PCR product (736bp) after
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amplification of cDNA with exon 1 oligonucleotide 5-ACAGGCTGTGGGGTTTCTC-3’ and
exon 10 reverse oligonucleotide 5’- TTCATCCCTGGTTCCTTGAG-3’. Nomenclature of
variants was according to the Human Genome Variation Society. This analysis was

performed in collaboration with the Oncogenetics Group at VHIO.

Analysis of BRCA1 mRNA expression

RNA was extracted from PDX samples (15-30 mg) by using the PerfectPure RNA Tissue kit
(5 Prime). The purity and integrity were assessed by the Agilent 2100 Bioanalyzer system
and cDNA was obtained using the PrimeScript RT Reagent kit (Takara). Quantitative RT-PCR
was performed in a 7900HT Fast Real-Time PCR System (Applied Biosystems) using TagMan
Universal Master Mix Il (Applied Biosystems) and predesigned human specific primers and
TagMan probes (Hs99999908 m1 for GUSB, Hs99999903 ml1 for ACTB and
Hs01556193_m1 for BRCA1). The comparative CT method was used for data analysis, in
which geNorm algorithms were applied to select the most stably expressed housekeeping
genes (GUSB and ACTB) and geometric means were calculated to obtain normalized CT

values?’2.

Exome sequencing (PDXs cohorts 1 and 2)

All laboratory methods were performed using the manufacturer’s protocols. Genomic DNA
was isolated from fresh frozen PDX tissue using the Promega Maxwell 16® Tissue SEV DNA
Purification Kit (catalog #AS1030) and the Maxwell® 16 MDx Instrument (Promega Corp.,
Madison, WI, USA). Specifically, samples were loaded into well #1 of the Maxwell cartridge,
run using the “DNA/tissue” protocol, and genomic DNA was eluted with 300 pl Elution
Buffer. All samples were quantified using the Qubit® dsDNA HS Assay Kit (catalog #Q32851)
and Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and sent to
AstraZeneca for sequencing. Exome libraries were constructed using the KAPA Hyper Prep
Library Preparation Kit (Kapa Biosystems Inc., Wilmington, MA, USA) and genes were

captured using the xGen® Exome Research Panel v1.0 (Integrated DNA Technologies,
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Coralville, 1A, USA). Paired end 150 bp sequencing was performed on an Illumina HiSeq
4000 using TruSeq SBS reagents (Illumina) with approximately 10 Gbp per sample for ~200-
fold average sequence depth. Data analysis followed standard methodologies. Briefly,
sequencing reads were aligned to both human hgl9 and mouse mm10 genomes using
Burrows-Wheeler Alignment (BWA), then mouse-derived sequences in the human.bam file
were removed using Disambiguate?’3. Variants were called in the human.bam files using

VarDirect?’4. Copy number analysis was performed using Seq2C?”>.

BRCAL promoter methylation

DNA was isolated as described and sent to the Division of Molecular Pathology and Cancer
Genomics at The Netherlands Cancer Institute. BRCA1 promoter methylation was
measured using Methylation-specific MLPA (MS-MLPA) (MRC Holland, Amsterdam, the
Netherlands) according to manufacturer’s instructions. The two xenografts generated in
CRUK/UCAM (STG139 and STG201) had been previously tested using reduced-
representation bisulfite sequencing (RRBS)?®° and further validated using MS-MLPA.

Positive controls of BRCAI promoter hypermethylated were used?’® (T127 and /162).

Immunofluorescence experiments

The following primary antibodies were used for immunofluorescence (IF): rabbit anti-
RAD51 (Santa Cruz Biotechnology sc-8349 1:250), rabbit anti-RAD51 (Abcam ab133534,
1:1000), mouse anti-geminin (NovoCastra NCL-L, 1:100 in PDX samples, 1:60 in patient
samples), rabbit anti-geminin (ProteinTech 10802-1-AP, 1:400), mouse anti-BRCA1 (Santa
Cruz Biotechnology sc-6954, 1:50), mouse anti-BRCA1 (Abcam ab16780, 1:200), mouse
anti-yH2AX (Millipore #05-636, 1:200), rabbit anti-53BP1 (Cell Signalling #4937, 1:100),
rabbit anti-phospho-RPA32 S4/S8 (pRPA S4/S8, Bethyl, A300-245A, 1:500), rabbit anti-
phospho-DNA-PKc S2056 (pDNA-PKc, Abcam ab18192, 1:200), rabbit anti-phospho-histone
H3 S10 (pHH3, Cell Signalling #9701, 1:100). Goat anti-rabbit Alexa fluor 568, goat anti-

mouse Alexa fluor 488, donkey anti-mouse Alexa fluor 568 and goat anti-rabbit Alexa fluor
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488 (Invitrogen; 1:500) were used as secondary antibodies. For target antigen retrieval,
sections were microwaved for 4 minutes at 110°C in DAKO Antigen Retrieval Buffer pH 9.0
(pH 6.0 for 53BP1 and pHH3 staining) in a T/T MEGA multifunctional Microwave
Histoprocessor (Milestone). Sections were cooled down in distilled water for 5 minutes,
then permeabilized with DAKO Wash Buffer (contains Tween 20) for 5 minutes, followed
by incubation in blocking buffer (DAKO Wash Buffer with 1% bovine serum albumin) for 5
minutes. Primary antibodies were diluted in DAKO Antibody Diluent and incubated at room
temperature for 1 hour. Sections were washed for 5 minutes in DAKO Wash Buffer followed
by 5 minutes in blocking buffer. Secondary antibodies were diluted in blocking buffer and
incubated for 30 minutes at room temperature. 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 -20°C. Immunofluorescence images were acquired using Olympus

DP72 microscope and generated using CellSens Entry software.

Immunofluorescence scoring

Scoring was performed blindly onto life images using a 60x-immersion oil lens. At least 2
biological replicates of each PDX model and treatment were analyzed. Nuclear foci of 0.42
to 1.15 um diameter were quantified on FFPE tumor samples. For RAD51 scoring, the
percentage of geminin-positive cells with 5 or more RAD51 nuclear foci was quantified.
Geminin was used as counterstaining to mark for S/G2-cell cycle phase?’’. One-hundred
geminin-positive cells from at least 3 representative areas of each sample were analyzed.
For the pharmacodynamic studies, the levels of DNA damage and replication stress was
quantified on FFPE tumor samples by scoring the percentage of geminin-positive cells with
YH2AX or pRPA32 S4/S8 nuclear foci, respectively, as described for RAD51 scoring.
Replication stress levels was also quantified by scoring the percentage of cells with pan-
nuclear YH2AX staining. The percentage of cells in mitosis or S/G2-phase of the cell cycle
was quantified by scoring the percentage of cells with pHH3 or geminin staining,

respectively.
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ATM immunohistochemistry

For ATM staining, the same protocol as for IF assay was performed in collaboration with
AstraZeneca. Tissues were additionally blocked in endogenous peroxidase block (3% H,0>
in dH,0) for 10 min. Rabbit anti-ATM (Abcam ab32420, 1.2 ug/mL) was used as primary
antibody. 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
haematoxylin. ATM was scored by image analysis using Indica Labs HALO, by automated

tissue classification of tumor regions and analysis of percentage positive tumor nuclei.

Reverse phase protein array (RPPA) analysis

RPPA analysis was performed in the MD Anderson Cancer Center as described?’®27°. PDX
tumor proteins were denatured by 1% (w/v) SDS in the presence of B-mercaptoethanol
and adjusted to a final concentration of 1mg/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 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.

PDX for RAD51 assay validation (PDX cohort-3)

PDX from cohort-3 were generated at Curie Institute (Paris, France) and Paoli Calmette
Institute (Marseille, France) under approved informed consent. The majority of these PDXs
were previously published?8%28% |n vivo experiments were performed at Xentech. When
tumors reached a size of 70-250 mm?3, mice were randomly assigned to homogeneous
groups of 5 to 10 animals and were treated p.o. with niraparib (50 mg/kg or 75 mg/kg),
olaparib (50 mg/kg or 100 mg/kg) or veliparib (100 mg/kg) daily for 28 days. Tumor volume

was evaluated by measuring biweekly tumor diameters with a caliper.
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HRD score

Myriad's myChoice® HRD Test was performed at Myriad Genetics on DNA extracted from
PDXs of cohort-3. DNA extraction was performed at Xentech using the NucleoBond AXG100

kit (Macherey-Nagel).

73-gene profiling of PDX cohort-3

Mutation profiling of 73 genes among the most frequently mutated in cancer according to
the COSMIC database was performed at BGI (Beijing, China) on genomic DNA by exon
trapping with NimbleGen microarray followed by deep sequencing by using lllumina’s
HiSeq technology, with at least 50X effective mean depth for each sample. This study was

performed in collaboration with Xentech.

Cell lines

The following in vitro studies were performed at the Genome Stability Laboratory at CHU
de Québec Research Center in collaboration with Jean-Yves Mason, Mandy Ducy and
Jacques Simard. U20S osteosarcoma cells (HTB-96) were purchased from American Type
Culture Collection (ATCC) and maintained in McCoy’s 5A (Gibco) supplemented with 10%
Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin (P/S). Hela cells were maintained
in DMEM medium (Corning) supplemented with 10% FBS and 1% P/S. All cell lines were

routinely tested to be mycoplasma free.

Cas9/mClover-LMNA homologous recombination assay

The mClover-LMNA homologous recombination assay was adapted from?82283, |n brief,
U20S cells were seeded at 175,000 cells per well in 6-well plates to be transfected 6 hours
later with control or PALB2 siRNA at a final concentration of 50 nM using Lipofectamine
RNAIMAX (Invitrogen). Twenty-four hours post-transfection, 1x10° cells per condition were

pelleted and resuspended in 100 uL complete nucleofector solution (SE Cell Line 4D-
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Nucleofector™ X Kit, Lonza) to which 1 pug of pCR2.1-CloverLMNAdonor, 1 ug pX330-
LMNAgRNA, 1 ug of the indicated PALB2 construct, 0.1 pg of piRFP670-N1 (used as
transfection control), and 200 umol of siRNA was added. Once transferred to a 100 ul Lonza
certified cuvette, cells were transfected using the 4D-Nucleofector X-unit, program CM-
104, immediately resuspended in culture media and transferred to a 100 mm dish for 64
hours. Then, 500,000 cells were plated onto glass coverslips while the remaining was lysed
for western blotting as described below. Coverslips were fixed with 4% paraformaldehyde
and analyzed for Clover expression by fluorescence microscopy a total of 72 h post

nucleofection.

Localization of PALB2 to laser-induced DSBs

The experiments were performed as described in?84. Briefly, Hela cells were transfected
with YFP-PALB2-WT or YFP-PALB2-p.M296Nfs and microirradiated along a track in cell
nuclei. The recruitment of YFP-PALB2 to laser-induced DNA damage sites was monitored
over time by imaging cells every 2 min for 1 h. The fluorescence intensity of the indicated
DNA constructs at DNA damage sites relative to an unirradiated area was quantified and

plotted over time.

Protein extraction and western blotting

Flash-frozen pieces of tumor were lysed in ice-cold buffer containing Tris—HCI pH 7.8 20
mmol/L, NaCl 137 mmol/L, EDTA pH 8.0 2 mmol/L, NP40 1%, glycerol 10%, supplemented
with NaF 10 mmol/L, Leupeptin 10 mg/mL, Na;VOs 200 mmol/L, PMSF 5 mmol/L, and
Aprotinin (Sigma-Aldrich). Homogenization was performed on ice with a POLYTRON®
system PT 1200 E (Kinematica). Lysates were centrifuged at 13.000 rpm 4°C during 30 min
and the supernatants were collected. Protein concentration was calculated using DCTM
Protein Assay (Bio-Rad). A total of 30 ug of protein were separated on 12% SDS-PAGE at
100V and transferred to nitrocellulose membrane for 1.5 h at 100 V. Membranes were

blocked for 1 h in 5% milk in Tris-buffered saline (TBS)-Tween and then hybridized using



METHODS

the primary antibodies in 5% BSA TBS-Tween: rabbit anti-RAD51 (Santa Cruz Biotechnology
H-92, 1:500), rabbit anti-human GAPDH (Abcam ab128915, 1:5000), mouse anti-tubulin
(Sigma-Aldrich  T-9026, 1:5000). Mouse and rabbit horseradish peroxidase (HRP)-
conjugated secondary antibodies (GE Helthcare, 1:2000) were diluted in 5% milk in TBS-
Tween and proteins were detected with Immobilon Western Chemiluminiscent HRP
substrate (Millipore). Images were captured with a FUJIFILM LASS-4000 camera system and

quantified with Image J (http://rsb.info.nih.gov/ij/).

For BRCAL, tumor lysates were made in RIPA lysis buffer complemented with 2X Complete
protease inhibitor cocktail (Roche) and Pefabloc (Roche; 1mg/ml). Western blots were
performed as described!*? by the Division of Molecular Pathology and Cancer Genomics at
The Netherlands Cancer Institute. Briefly, protein samples containing 40 ug protein are
heated 10 min at 70°C, loaded on to a NuPage 3-8% Tris Acetate gradient gel (Invitrogen
EA03752BOX) and run for 2-3 h at 100 V in Novex Tris-acetate running buffer (Invitrogen
LA0041) supplied with Nupage antioxidant (NPO0OO5). The protein samples were transferred
on a PVDF membrane (Millipore IPVH0001030; 30 s prewetted in methanol) in 50mM Tris,
36mM glycine containing 0.01% SDS, during 16 h at 100 mA. Membranes were blocked for
1 h with 5% ELK non-fat dry milk powder (Campina)/ TBS-Tween and incubated overnight
at 4 °C with primary antibody (anti-BRCA1, Cell Signalling #9010, 1:1000 in 1% ELK/TBST).
Goat anti rabbit-HRP-conjugated secondary antibody (DAKO, 1:2000) was diluted in 1%
ELK/TBST and incubated for 1 h at room temperature. The signal is detected by
electrochemiluminescence (ECL)-using ECL Plus (Amersham RPN2132/ Pierce PX0080196).

For PALB2, western blots were performed by the Genome Stability Laboratory at CHU de
Québec Research Center. U20S cells were resuspended in ice-cold lysis buffer (50 mM Tris-
HCI, pH 7.4, 500 mM NaCl, 0.5% NP-40) containing protease and phosphatase inhibitors
(PMSF (1 mM), aprotinin (4 ug/ml), leupeptin (1 ug/ml), NaF (5 mM) and NasVO4 (1 mM)).
Frozen tumors of each PDX (n=1-3 replicates) were lysed in 500 ul of ice-cold lysis buffer
(40 mM Tris-HCl pH 7.4, 1% Triton-X-100, 40 mM Beta-glycero phosphate, 5% Glycerol, 100
mM NaCl, 1 mM EDTA, 50 mM NaF, and protease and phosphatase inhibitors as above) per
100 mg and then crushed using a sterile pestle (Axygen). U20S and PDX lysates were

incubated for 30 min on ice and sonicated 30 s ON\OFF for 10 cycles with a Bioruptor
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(Diagenode). Insoluble material was removed by high-speed centrifugation at 4°C and
protein concentration was determined by the Bradford assay. Total soluble protein extracts
were separated by SDS-PAGE and transferred onto nitrocellulose membranes (GE
Healthcare). Membranes were blocked for an hour at room temperature with 5% non-fat
dry milk in PBST and probed overnight, 4°C, with rabbit anti-PALB2 antibody (Bethyl A301-
246A, 1:2000) and mouse anti-GAPDH antibody (Fitzgerald 10R-G109a, 1:160000) in the
blocking solution. HRP-conjugated secondary antibodies (Jackson ImmunoResearch,
1:10000) were diluted in PBST for 1 h at room temperature followed by detection using the

Western Lighting Chemiluminescence Reagent Plus (PerkinElmer).

gBRCA patient cohort

The cohort consisted of gBRCA metastatic patients treated at the Vall d’"Hebron University
Hospital within clinical trials testing PARP inhibitors in monotherapy or combination, with
FFPE material representative of the disease and signed IRB-approved informed consent
form. IF analysis and RAD51 quantification was performed as described for FFPE PDX tumor

samples.

HBOC patient cohort

The cohort consisted of breast cancer patients from the Vall d’Hebron University Hospital,
with FFPE material representative of the disease and signed IRB-approved informed
consent form. Due to personal or family history, and after ruling out BRCA1/2 mutations,
patients were tested for germline mutations linked to breast cancer susceptibility within a
research protocol. IF analysis and RAD51 quantification was performed as described for

FFPE PDX tumor samples.
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Statistical analysis

Regarding the sample size calculation, this exploratory study involved as many samples as
possible during the study timeframe. Data was analyzed with GraphPad Prism version 7.0.
Error bars represent the Standard Error of the Mean (SEM) of at least two biological
replicates, unless otherwise stated. Shapiro-Wilk test was used to assess normality of data
distributions. Statistical tests were performed using paired or unpaired two-tailed t-test
(for two groups comparison of PARP1 and 53BP1 protein levels, YFP intensity (%) in the
FRAP assay and the percentage of YH2AX/geminin-positive cells, geminin-positive cells and
pHH3-positive cells); Mann-Whitney U-test (for two groups comparison of the percentage
of RAD51/geminin-positive cells, pRPA32 S4/S8/geminin-positive cells and pan- yH2AX-
positive cells); or one-way ANOVA (for three or more groups comparisons). For treatment
efficacy comparisons of the in vivo experimental data, two-way ANOVA was used. Pearson
correlation was used to analyze the correlation between the RAD51 score and the tumor
volume change upon olaparib treatment. For the validation of the two anti-RAD51
antibodies, Spearman correlation was used. The ROC AUC was calculated to estimate the
prediction capacity of HRD and RAD51 scores to PARPi response. For ROC curve
comparison, a two-sided bootstrap test was used by means of statistical package pROC in
R software version 3.4.1. To calculate the association between PALB2 mutation and the
RAD51 score a logistic regression model was fitted to estimate the odds ratio (OR) with
ClI95%. Levene's test is used to test if groups of comparison have equal variances
(homoscedasticity). No evidence has been found to reject the hypothesis of
homoscedasticity in our data. Consequently, the statistical comparison has been carried

out under the hypothesis of similar variance between groups.
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RESULTS

PART 1

A RAD51 assay identifies restoration of homologous
recombination repair as the major mechanism of PARP inhibitor

resistance in germline BRCA1/2 mutated breast cancer.

This chapter is based on a published paper?®

The establishment of a PDX panel from gBRCA patients’ tumors

To investigate the mechanisms of PARPi resistance in human tumors, a panel of patient
derived xenografts (PDX) from gBRCA mutation carriers with breast or ovarian cancer was
developed. For this purpose, fresh tumor samples from patients were prospectively
collected and implanted into nude mice. A total of twelve PDX models (11 gBRCA1 and 1
gBRCA2) were established (Table 3). Specifically, eight PDXs derived from gBRCA1l
metastatic tumors from different organs and four PDXs were established from primary
breast tumors. Five engrafted models were derived from patients with metastatic disease
participating in clinical trials with PARPi. Of note, three samples were obtained prior to
olaparib treatment from patients who showed partial response (PR, n=1) or no response to
the treatment (primary resistance, n=2). Two additional samples were derived from
metastatic gBRCA1 OC patients who progressed to the PARPi olaparib after showing a

sustained partial response (acquired resistance, n=2).

Germline mutations in BRCA1/2 were confirmed in all models but PDX274, and they were
associated with loss of the wild type allele (Appendix Fig.S1). Specifically, PDX274 lacked the
germline BRCA1 c.211A>G mutation in exon 5 due to an out-of-frame deletion of exons 3
to 7 of BRCA1 in the pathogenic allele, unveiled by massively parallel sequencing and MLPA.
This detection was confirmed at the somatic level in the original patient’s tumor, meaning

that it was not acquired in the PDX.
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RESULTS

This panel of PDXs allowed us to perform in vivo experiments and have unlimited access to
tumor material from the pre-PARPi treatment, during-treatment and post-PARPi resistance
acquisition scenarios. Using these PDX tumor samples we performed genomic analysis to
detect both secondary mutations in BRCA1/2 and other genomic alterations, functional
tests of DNA repair markers (including 53BP1, BRCA1, yH2AX and RADS51 foci) and also

proteomic studies of different proteins implicated in PARPi response.

Olaparib antitumor activity in the gBRCA PDX panel distinguishes a subset of

PARPi-resistant tumors

The antitumor activity of the PARPi olaparib was assessed in the PDX collection (Fig.9A).
Three gBRCA models exhibited antitumor activity with olaparib treatment as assessed by
MRECIST (see materials and methods): complete response (CR, n=2: PDX071 and PDX230)
or stable disease (SD, n=1: PDX124). The remaining nine gBRCA PDX models were resistant
to olaparib treatment (PD, progressive disease). Of note, all the PARPi-resistant PDXs are
BRCA1 mutant and seven out of nine came from the advanced metastatic setting. Among
the PDX models from gBRCA primary tumors, two out of four (50%) showed CR. The
resistance to PARPi-treatment in the PDXs implanted after patient progression to PARPi,
namely PDX196 and PDX280, was confirmed in the PDXs (Fig.9A). Moreover, the sensitivity
to PARPi-treatment in the PDXs from metastatic patients previously treated with PARPi
(PDX127, PDX179 and PDX124) mirrored the patients’ clinical response (Fig.9B).

One additional resistant model was generated after prolonged exposure (>100 days) and
steep progression to olaparib (PDX2300R) from its PARPi-sensitive counterpart (PDX230,
Fig.9C). This new gBRCA1 acquired-resistant PDX was stablished by implanting the tumor
overgrowing with olaparib treatment (black triangles in Fig.9C). The in vivo activity of
olaparib was assessed in the PDX2300R, proving that the new model is resistant to PARPi
treatment (Fig.9A). Altogether, a collection of 13 gBRCA1/2 models (called PDX cohort-1)
was generated and, when known, recapitulates patients’ response to PARPi. Thus, this PDX
panel represents a tool for monitoring the antitumor activity of PARPi and a suitable

platform to study clinically relevant mechanisms of PARPi resistance in vivo.
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Figure 9 | The antitumor activity of olaparib in the PDX cohort-1 identifies a subset of gBRCA-mutated
PARPi-resistant tumors. A) Waterfall plot showing the percentage of tumor volume change compared
to the tumor volume on day 1. +20% and -30% are marked by doted lines to indicate the range of PR,
SD and PD. The box underneath summarizes different characteristics of each model and the clinical
context at the moment of PDX implantation. TNBC, Triple Negative Breast Cancer; ER+BC, Estrogen
Receptor positive Breast Cancer; OC, Ovarian Cancer; P, primary; M, metastasis. Error bars indicate SEM
from independent tumors. B) Graph showing the sensitivity of the PDX vs. the patient’s clinical response
to olaparib. Time to PARPi progression of patients and PDXs is shown. Blue bars, time point at which the
% of tumor volume change was >20% following olaparib treatment in the PDX models. Patients’ time on
PARPi therapy until progression is plotted in light grey bars (Pt127, Pt179 and Pt124). Blue bars show
mean +/- SEM of at least 3 independent PDX tumors. C) Acquisition of PARPi-resistance in PDX230 after
prolonged exposure to olaparib. The percentage of tumor volume change during olaparib treatment is
plotted. For vehicle-treated tumors, the mean +/- SEM is represented (squares). The individual tumors
of the olaparib arm are shown in green lines (different triangle patterns).



RESULTS

PARPi-resistant gBRCA1 PDX models do not harbor target loss or secondary
BRCAL1 mutations

Having stablished the panel of gBRCA PDX models and the in vivo antitumor activity of
olaparib, we aimed to investigate the mechanisms of resistance to PARPi in these PDXs. In
order to verify that all tumors express the drug target, PARP1 protein levels were
determined by RPPA. Results confirmed that all gBRCA PDXs expressed different levels of
PARP1 similar than other tumors with no gBRCA mutation (Fig.10A), and olaparib-resistant
PDXs did not showed lower levels of PARP1 (Fig.10B). Then, in order to investigate whether
genetic reversion is a dominant mechanism for clinical resistance to PARPi in our panel of
gBRCA PDXs, massively parallel exome sequencing was assessed to study the presence of
secondary mutations in BRCA1/2 genes. Surprisingly, no frameshift-correction nor genetic
reversion of the inherited mutation occurred in this population of PARPi-resistant tumors,
since all models but PDX274 harbored the expected germline mutation. The out-of-frame
deletion of BRCA1 exons 3-7 in PDX274 was predicted to cause a premature stop codon

and truncated protein (Appendix Fig.51 and Table 3).

Altogether, these results demonstrated that neither target loss nor secondary mutations

represented a mechanism of PARPi resistance in PDX cohort-1.

The expression of functional hypomorphic BRCAL isoforms is associated with

PARPI resistance in gBRCA1 PDX models

We next analyze the expression level of BRCA1 by measuring the levels of BRCAI mRNA
among the gBRCA PDX panel (Fig.10C). As expected, PDX280, which harbored a large
deletion encompassing the complete BRCA1 gene, showed absent BRCAI mRNA. All the
remaining gBRCA PDX models showed variable BRCA1 mRNA expression. Having confirmed
BRCA1 mRNA expression in all PDX models but PDX280, we investigated the potential
expression of hypomorphic BRCA1 isoforms and its recruitment to DNA damage sites. For
this purpose, we conducted an immunofluorescence (IF) staining of DDR proteins in
samples from PARPi-resistant vs PARPi-sensitive PDXs. DNA DSBs were detected as

phosphorylated histone H2AX (yH2AX) nuclear foci®®®; RAD51 nuclear foci was used as
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marker of DNA repair by HRR?®’; geminin staining was used as marker of S and G2 phases
of the cell cycle, when HRR takes place?®®; to detect BRCAl protein and potential
hypomorphic isoforms, we used two different antibodies against the N-terminus (B1-NT)
or the C-terminus (B1-CT) of BRCA1. We set up the conditions for the IF assay in formalin-
fixed, paraffin-embedded (FFPE) tumor samples in two non-gBRCA PDX models: one
luminal B model, PDX131, and one TNBC model, PDX094. We stained both vehicle- and
cisplatin- (in PDX131) or olaparib-treated (in PDX094) FFPE tumor samples and were able
to detect nuclear foci of RAD51, yH2AX and BRCA1 with both B1-NT and B1-CT antibodies
(Appendix Fig.52). Co-localization of RAD51 and yH2AX foci (Appendix Fig.S2A) in addition with
the presence of RAD51 and BRCA1 foci only in cells in S/G2-phase of the cell cycle (geminin-

positive, Appendix Fig.52B) demonstrated the specificity of the assay.

We then performed the IF assay to detect BRCA1 nuclear fociin the gBRCA PDX panel, using
the BRCA2 mutant PDX071 as a positive control for the assay (BRCA1 nuclear foci were
detected with both BRCA1 antibodies) and PDX280 as a negative control due to complete
deletion and no mRNA expression of BRCA1. With this assay, BRCA1 nuclear foci were also
detected in seven additional gBRCA1 PDX models, either by using the B1-NT or the B1-CT
antibodies, in concordance with the expression of different hypomorphic BRCA1 isoforms.
PDX124 and PDX196 harbor a mutation in the exon 11 of BRCA1 (c.1961delA) and express
the BRCA1-A11q splice isoform (p.Ser264_Gly1366del)'*>. As expected, BRCA1 nuclear foci
were detected with both B1-NT and B1-CT antibodies (Fig.11A). In the N-terminal BRCA1
mutants PDX179, STG316 and PDX274, BRCA1 nuclear foci were observed exclusively with
the B1-CT antibody, consistent with a BRCA1 RING-less protein isoform being expressed!43
(Fig.11A). Two out of the three C-terminal BRCA1 mutant models, namely PDX221 and
PDX236, showed BRCA1 nuclear foci after staining with the B1-NT antibody but not with
the B1-CT antibody, consistent with the hypothetical stabilization of the gBRCA1 mutant
protein via HSP90%3! (Fig.11A). Of note, the BRCA1 foci were always restricted to cells in the
S/G2-phase of the cell cycle (geminin-positive). In addition, the different BRCA1 isoforms
were detected by western blot at the respective predicted sizes of the truncated proteins
(Fig.11B). No detection of BRCA1 nuclear foci was seen neither in the gBRCA1 PDX230, that

showed CR to PARPi treatment, nor in the three remaining PARPi-resistant PDXs, namely
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PDX127, PDX2300R and PDX252, together with PDX280 (Fig.11A). In summary, these data
showed that a large proportion of PARPi-resistant gBRCA1 PDX models exhibit recruitment

of different hypomorphic BRCA1 isoforms to form nuclear foci.
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Figure 10 | Analysis of PARP1 protein levels and BRCA1 mRNA expression in PDX cohort-1. A) PARP1
protein levels measured by RPPA in the gBRCA PDX models and other cohort of TNBC PDXs with no
mutations in BRCA1/2 (non-gBRCA) (Unpaired t-test). B) Comparison of PARP1 protein levels between
PARPi-resistant vs. PARPi-sensitive PDX models from cohort-1 (Unpaired t-test). Each point represents
the mean of at least 3 independent PDX tumors. Error bars indicate SEM of different PDXs. C) BRCA1
mMRNA levels of the gBRCA PDX models measured by real-time qRT-PCR is represented and compared to
the mean of two TNBC PDXs with no mutation in BRCA1/2. The domain of the BRCAI mutation is
indicated. PDX280 harbors a complete deletion in BRCA1. Error bars indicate SEM from 3 independent
tumors.

97



98

Loss of 53BP1 and FAM35A in PARPi-resistant gBRCA1 PDX models

Having shown that four out of eleven olaparib-resistant gBRCA1 PDX models did not
express hypomorphic BRCA1 proteins, we further aimed to investigate the mechanisms of
PARPi resistance in these models. As PARPi resistance in BRCA1-deficient tumors may also
result from loss of end resection barrier, such as 53BP1%14° we tested whether this
mechanism occurs in our panel of gBRCA PDXs. Exome sequencing was performed to find
out somatic mutations in known genes implicated end resection suppression and PARPi
resistance (Table 3): TP53BP1, MAD2L2 (REV7), PAXIP1 (PTIP), Artemis, RIF1, PRCC,
c200rf196 (SHLD1), FAM35A (SHLD2) and FLJ26957 (SHLD3). Results showed genetic
alterations in TP53BP1 in two PARPi-resistant models, PDX2300R and STG316. STG316 had
acquired a large homozygous deletion encompassing exons 12-16 of TP53BP1 (Table 3).
Inactivation of TP53BP1 in PDX2300R was due to a homozygous deletion of 45 base pairs
(bp) encompassing 12 exonic and 33 intronic bp including the splice donor site, which was
not present in its PARPi-sensitive counterpart PDX230 (Table 3). These results suggest that
the acquired mutation in TP53BP1 was responsible of the acquisition of PARPi resistance in
this gBRCA1 PDX. We then analyzed the 53BP1 protein levels by RPPA to ruled out the
possibility of epigenetic silencing or low expression of 53BP1 in other PARPi-resistant PDXs.
Only the two models with genetic alterations in TP53BP1, namely PDX2300R and STG316,
showed low 53BP1 protein levels (Fig.11C). We then confirmed these results by performing
IF analysis to detect 53BP1 in olaparib-treated PDX samples, showing that both PDX2300R
and STG316 were unable to form 53BP1 nuclear foci, in comparison with all the other
gBRCA PDX models (Fig.11A). Interestingly, among the remaining three PDXs models with
unknown mechanisms of PARPi resistance (PDX127, PDX252, PDX280), PDX127 harbors a
FAM35A loss, which is part of the shieldin complex. The absence of any member of this
complex has been recently demonstrated to derive in PARPiI resistance similarly to 53BP1
loss'>* 157, An heterozygous unknown mutation in the REV7-interacting domain of PRCC
(p.P55T, Variant Allele Frequency (VAF) = 0.49, Table 3) is also found in PDX127. Finally,
PDX274 showed an unknown, heterozygous mutation in other member of the shieldin
complex, C200rf196 (p.D58N, VAF = 0.43, Table 3). The remaining PDXs did not harbor any

genetic alteration in genes implicated in end resection.
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Figure 11 | Hypomorphic BRCA1 isoforms and 53BP1 loss were associated with PARPi resistance in
gBRCA1 PDX models. A) PARP1 Immunofluorescence staining of BRCA1 [with an antibody toward the
N-terminus (B1-NT) or C-terminus (B1-CT) of BRCA1] and 53BP1 nuclear foci in olaparib-treated samples
across the PARPi-sensitive and PARPi-resistant gBRCA PDX models. The response to PARPi treatment
and the location of the mutation within the BRCA1 gene is indicated. Nuclei were visualized with DAPI
(blue). Green nuclei indicate geminin-positive cells (cells in S/G2-phase of the cell cycle). One cell is
shown for each model. B) Western blot of hypomorphic BRCA1 isoforms detected with an antibody
towards the exon 11 of BRCA1 (B1l-exon 11); loading control is human GAPDH. C) 53BP1 protein levels
measured by RPPA in the gBRCA PDXs models. Each point represents the mean of at least 3 independent
PDX tumors.
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To study other mechanisms that could explain PARPi-resistance, we then investigated the
presence of inactivating mutations in other known PARPi resistance genes, including
PARP1, SLFN11 and CHD4 (Table 3). We only found a genetic alteration in these genes in
PDX280, which harbors an unknown short variant mutation in SLFN11 (p.H661D, VAF =
0.97, Table 3), but it must be further validated as mechanisms of PARPi resistance. We did
not observe inactivating mutations in other known PARPi resistance genes described to

date.

These data demonstrated that the recovery of DNA end resection capacity through loss of

either 53BP1 or FAM35A occurs in our panel of gBRCA1 PARPi-resistant PDX models.

PARPi-resistant gBRCA1 PDXs are able to form RAD51 nuclear foci

Our findings demonstrated the recruitment of hypomorphic BRCA1 isoforms to DNA
damage sites and/or the removal of a barrier to DNA end resection (53BP1 and FAM35A)
in gBRCA1 PARPi-resistant PDXs, two mechanisms of PARPI resistance that are associated
with the recovery of HRR capacity. Therefore, we then studied the capacity to form RAD51
nuclear foci in our gBRCA PDX panel as a functional surrogate of HRR. With this aim, we
performed the IF assay to detect geminin-positive cells with RAD51 nuclear foci in olaparib-
treated FFPE tumor samples from the PDX cohort-1. RAD51 nuclear foci were detected in
all the eleven PARPi-resistant gBRCA PDXs, including all models expressing hypomorphic
BRCA1 isoforms and/or lacking 53BP1/FAM35A, but also the two PDXs with unknown
mechanism of PARPi resistance, namely PDX252 and PDX280. Interestingly, RAD51 foci co-
localized with BRCA1 foci in all PDX expressing the BRCA1 RING-less (PDX179, STG316 and
PDX274), BRCA1-A11q (PDX196 and PDX124) and C-terminal BRCA1 mutants (PDX221 and
PDX236) (Fig.12A).
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RADS51 nuclear foci formation can be assessed in untreated tumor samples

and is associated with PARPi resistance in PDX cohort-1

When assessing for RAD51 nuclear foci formation, we also observed that the model that
showed disease stabilization upon olaparib treatment, that is PDX124, showed much
stronger pan-nuclear RAD51 staining than the other models. This pattern is consistent with
a focal RAD51 amplification (Table 3) and high protein expression (Fig.12B). Furthermore, we
also noticed that this SD model showed lower levels of cells with RAD51 nuclear foci than
the other PD models. For this reason, we ought to investigate this observation by scoring
the percentage RAD51-positive cells across the PDX cohort-1. To control for the effect of
intertumoral variability in proliferation and to avoid false negatives on RAD51 scoring, we
assessed RAD51 foci only in geminin-positive cells, therefore assessing RAD51 foci only
among tumor cells in S/G2-phase of the cell cycle. In all tumor analyzed, RAD51 foci were
observed only in geminin-positive cells, providing further validation of the staining. To
consider a cell as RAD51-positive, 5 or more RAD51 nuclear foci should be quantified?2,
Among the 13 evaluated gBRCA PDX models, the percentage of RAD51-positive cells was
significantly higher in PARPi-resistant vs PARPi-sensitive PDXs (35.6 + 2.4 % in PARPi-

resistant vs. 5.1 + 3.3 % in PARPi-sensitive, p=0.0017) (Fig.13A and B).

To discard the possibility that there was a different explanation for the lack of RAD51 foci,
that is, that tumor samples had not enough DNA damage or there are PARPi
pharmacodynamic differences, we examined the levels of cells with YH2AX foci as marker
of DSBs in all PDX models, both in vehicle- and olaparib-treated tumor samples. To be
consistent with the RAD51 scoring and be sure that DSBs could be repair by HRR, we scored
the percentage of cells with YH2AX foci within the geminin-positive cells. As expected, the
levels of yH2AX-positive cells increased in the olaparib-treated samples (Fig.13C). This
analysis showed that lack of DNA damage was not the cause underlying the absence of
RADS51 foci in the sensitive models and ruled out both pharmacodynamic differences and

drug export as potential reasons for the differential responses to PARPi.
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Figure 12 | RAD51 foci formation in gBRCA1 PDXs expressing BRCA1 isoforms and RAD51 amplification
in PDX124. A) Immunofluorescence staining of BRCA1 (red) and RAD51 (green) showing co-localization
of the two HRR markers in FFPE tumor samples from the indicated PDXs. Nuclei were visualized with
DAPI (blue). All pictures were taken at 600x magnification. B) RAD51 amplification and overexpression
in PDX124. Western blot of RAD51 and protein level quantification relative to human GAPDH in PDX124
and other gBRCA models (One-way ANOVA). Last sample from PDX196 was excluded in the analysis due
to low band in GAPDH, used as loading control.
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While previous studies had reported low levels of DNA damage as potential limitation to
evaluate HRR functionality?33249, we surprisingly observed substantial levels of baseline
DNA damage, above 20% (Fig.13C). Thus, we also attempted to determine the level of
RAD51-positive cells in vehicle-treated tumor samples from the gBRCA PDX cohort (Fig.13A
and B). As shown with olaparib-treated tumors, PARPi-resistant tumors showed higher
baseline percentage of RAD51-positive cells compared to PARPi-sensitive (24.0 £ 1.8 % vs.

3.4£2.5%, p=0.0025).

Finally, as RAD51 nuclear foci are observed during the S/G2-phase of the cell cycle, if a
tumor sample lacks proliferating cells, RAD51 foci may not be observed. In order to
circumvent this, we incorporated an evaluation of the percentage of geminin-positive cells
in each analyzed model, as an indicator of adequate levels of proliferation. The rate of
geminin-positive cells in all the 17 analyzed PDX models was between 30-70% in treated
and non-treated samples (Fig.13D). There was no significant difference in the baseline
percentage of geminin-positive cells between RAD51-positive and RAD51-negative groups,
although PARPi-resistant models slightly increment the number of cells in S/G2-phase of
the cell cycle upon olaparib treatment. This might be related with the capacity to stop cell

cycle progression and give time to repair the DNA damage caused by PARP inhibition.

These data support that the differences in the levels of RAD51-positive cells between
olaparib-sensitive and olaparib-resistant gBRCA PDXs reflected differences in tumor
biology and not in other factors related with the formation of RAD51 foci. Therefore, it can
be concluded that retention or restoration of HRR capacity is a common event associated
with PARPi resistance in our gBRCA PDX panel and readily detectable with the RAD51 assay
in PARPi-treated and untreated tumor samples, regardless of the underlying mechanisms

of resistance.
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Figure 13 | The detection of RAD51 nuclear foci identifies PARPi-resistant PDX tumors. A) Percentage
of geminin-positive, RAD51 nuclear foci-containing cells detected by immunofluorescence in FFPE
samples from PDX tumors treated with PARPi (green bars) or vehicle (black bars). Error bars indicate
SEMs from independent tumors. The correlation with PARPi-response is shown in the summary
underneath: white box: PD; grey box: SD; black box: CR. Immunofluorescence staining of RAD51 foci in
PARPi-treated PDX tumors is shown; one cell in the S/G2-phase (geminin-positive, green) with or
without RAD51 foci (red) is shown for each model. The expression of BRCA1 isoforms and 53BP1 loss
are also summarized. B-D) Quantification of geminin-positive cells that exhibit B) RAD51 (Mann—
Whitney U-test) or C) yH2AX foci formation and D) cells in the S/G2-phase of the cell cycle (geminin-
positive) (Paired t-test in vehicle- vs PARPi-treated tumors; Unpaired t-test in CR/PR vs PD tumors)
following treatment with vehicle or olaparib in PARPi-sensitive (SD/CR) and PARPi-resistant (PD) PDXs.



RESULTS

RADS51 foci formation in FFPE tumor samples from patients predicts response

to PARPI

To assess the feasibility and clinical applicability of detecting RAD51 foci in clinical samples,
we stained for RAD51, yYH2AX and geminin in 20 FFPE tumor samples from patients,
including seven available samples from patients corresponding to seven gBRCA models of
PDX cohort-1 (Fig.14). The analyzed tumor samples presented variable levels of RAD51- and
YH2AX-positive cells regardless of whether or not patients received prior treatment (Fig.14A
and B). Surprisingly, high levels of DNA damage were detected in some treatment-naive
tumor samples, specially from gBRCA1 mutation carriers. We also confirmed the presence
of RAD51 nuclear foci in the FFPE sections of all the five patients’ tumors corresponding to
PARPi-resistant PDXs, namely PDX179, PDX221, PDX236, PDX252 and PDX274. Conversely,
we were unable to detect RAD51 nuclear foci in the FFPE specimens of the two patients’
tumors corresponding to the PARPi-sensitive gBRCA PDX models PDX071 and PDX230

(Fig.14C).

These results prompted us to further assess the potential clinical utility of the RAD51 assay
as a functional biomarker of PARPi response in a cohort of patients treated with various
PARPi at our institution (n=10 samples), including two paired pre/post-PARPi samples
(Pt124 and Pt310). This cohort included eight patients with germline mutations in BRCA1
(n=5) or BRCA2 (n=3) and diagnosis of either BC (n=6) or OC (n=2). The tumor samples were
collected prior to (n=7) or at progression (n=3) to treatment with PARPi. We stained for
RAD51 and geminin and scored blindly (Fig.15). Importantly, all PARPi-resistant tumor
samples, both with primary (n=4) and acquired resistance (n=3), showed higher levels of
RAD51-positive cells than PARPi-sensitive tumors (n=2, Fig.15B). In Pt310, a BRCA2 carrier
who achieved a sustained PR for 17 months to the PARPi talazoparib, the pre-PARPi tumor
sample showed no cells with RAD51 foci (0%) whereas the PARPi-progression sample
scored 38%. Similarly, Pt124 scored 1% of RAD51-positive cells in the tumor sample
collected before response to PARPi-treatment but scored 32% cells with RAD51 foci in the
acquired-resistant tumor sample (Fig.15B). These results confirmed an inverse relationship
between the RAD51 score and clinical efficacy of PARP inhibition in the overall patient

cohort.
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Figure 14 | RAD51 and yH2AX foci in patient’s tumor
samples. A) Quantification of RAD51 (Mann—-Whitney U-
test) and B) yH2AX foci formation (Unpaired t-test) in
treatment-naive patient tumor samples, and in tumor
samples with prior treatment. Ten treatment-naive
primary breast tumors from gBRCA patients, either from
the diagnostic biopsy (n=6) or the surgery specimen (n =4)
and ten primary or metastatic breast tumors with prior
treatment from gBRCA1/2 patients, either from their
surgery specimen after having received conventional
neoadjuvant chemotherapy (n =3) or from the metastatic
setting (n =7), totally 10 BRCA1- plus 10 BRCA2-mutated
tumors were scored. C) Immunofluorescence staining of
RAD51 and geminin in FFPE patient’s tumor samples and
the corresponding PDXs. Empty arrowheads show
geminin-positive cells with no RAD51 foci. Solid
arrowheads indicate geminin-positive cells with RAD51
nuclear foci. Nuclei were visualized with DAPI (blue). All
pictures were taken at 600x magnification.
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Figure 15 | RAD51 in patients’ tumors is associated with PARPi clinical response. A)
Immunofluorescence staining of RAD51 and geminin in the pretreatment patients’ setting using a
pretreatment tumor sample (or the most recent metastatic sample). Samples from three PARPi-resistant
patients (Pt179, skin metastasis of TNBC; Pt183, dermal lymphatic carcinomatosis of ovarian cancer;
Pt034, lymph node metastasis of ER+ BC) and four PARPi-sensitive patients (Pt310pre, liver metastasis
of ER+ BC; Pt124pre, primary TNBC; Pt280, peritoneal implant of ovarian cancer; Pt04, lymph node
metastasis of TNBC) are shown. For acquired resistance, samples obtained from three patients at PARPi
progression (Pt310post, liver metastasis; Pt124post, skin metastasis; Pt201, skin metastasis of ER+ BC)
are shown. Empty arrowheads show geminin-positive cells with no RAD51 foci. Solid arrowheads
indicate geminin-positive cells with RAD51 nuclear foci. Nuclei were visualized with DAPI (blue). All
pictures were taken at 600x magnification. B) Quantification of cells in S/G2-phase of the cell cycle
(geminin-positive) with RAD51 nuclear foci in patients’ tumor samples shown in panel A (Mann—-Whitney
U-test). Pt183 was not scored as the tumor did not contain enough geminin-positive cells.
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PART 2

The RAD51 assay identifies homologous recombination repair

deficient sporadic breast tumors with PARP inhibitor sensitivity.

This chapter is based on a published paper?®®

The establishment of a PDX panel from non-gBRCA patient’s tumors

As HRR deficiency may occur also in tumors with wild type BRCA1/2, we aimed to
investigate the antitumor activity of the PARPi olaparib in human tumors from BC patients
not carrying germline mutations in BRCA1 or BRCA2. For this purpose, we stablished a
collection of thirteen PDX models from triple negative, non-gBRCA BC patients. Two
additional models were provided by members of the EuroPDX consortium (1 TNBC and 1
ER-positive BC), yielding a total of fifteen PDX models (14 TNBC and 1 ER-positive BC).
Specifically, seven PDX were stablished from triple negative or ER-positive metastatic

breast tumors and eight were primary breast tumors (Table 4).

Olaparib antitumor activity in the non-gBRCA PDX panel distinguishes a

subset of tumor highly sensitive to PARPI

We tested the antitumor activity of olaparib in the non-gBRCA PDXs. Treatment with
olaparib exhibited antitumor activity in four PDX models as assessed by mRECIST (see
materials and methods): CR (n=2: PDX093 and PDX197) or PR (n=2: STG201 and PDX302).
The remaining eleven PDXs were olaparib resistant (PD) (Fig.16A). Within the four olaparib-
sensitive models, three acquired-resistant PDXs were developed after prolonged exposure
and steep progression to olaparib, namely STG2010R, PDX0930R and PDX3020R (Fig.16B).
These non-gBRCA acquired-resistant PDX models were stablished and the in vivo activity of
olaparib was assessed, proving the resistance to PARPi (Fig.16A). Therefore, a collection of
18 non-gBRCA models was generated (PDX cohort-2) and constituted a platform to validate
the RAD51 assay as biomarker of PARPi response beyond gBRCA and study clinically

relevant mechanisms of PARPi sensitivity and acquired-resistance in vivo.
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Figure 16 | The antitumor activity of olaparib in PDXs identifies a subset of PARPi-sensitive tumors. A)
Waterfall plot showing the percentage of tumor volume change compared to the tumor volume on day
1. +20% and -30% are marked by doted lines to indicate the range of PR, SD and PD. The box underneath
summarizes different characteristics of each model and the clinical context at the moment of PDX
implantation. TNBC, Triple Negative Breast Cancer; ER+BC, Estrogen Receptor positive Breast Cancer; P,
primary; M, metastasis. Error bars indicate SEM from independent tumors. B) Acquisition of PARPi-
resistance in PDX302, STG201 and PDX093 after prolonged exposure to olaparib. The percentage of

tumor volume change during olaparib treatment is plotted. Olaparib-sensitive models are represented
with discontinuous lines.

PARPi-sensitive PDX models harbor epigenetic silencing of BRCA1

We next performed molecular and genetic characterization of PDX models from cohort-2
to identify somatic alterations compatible with HRR deficiency in the PARPi-sensitive
models. Given that approximately 10% of sporadic breast cancers are HRR-deficient
because of aberrant BRCA1 promoter methylation?®°, we first analyzed the epigenetic
silencing of BRCA1 by measuring the levels of BRCA1 promoter methylation. MS-MLPA
showed that three out of four olaparib-sensitive models, namely PDX302, STG201 and
PDX197, and the olaparib-resistant model PDX270 presented BRCA1 promoter
hypermethylation, while the remaining PDX models showed low levels of methylation
(Fig.17A, grey bars). Of note, this approach validated previously reported results of BRCA1

promoter methylation from the models STG139 and STG201%¢°.
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To validate these findings, we next analyzed BRCA1 expression levels and the capacity to
form BRCA1 nuclear foci as readout of BRCA1 functionality. Absence of BRCA1 mRNA and
lack of BRCA1 nuclear foci were restricted to the four models that showed BRCA1 promoter
hypermethylation, validating the epigenetic silencing of BRCA1 in these PDXs (Fig.17A).
Interestingly, the olaparib acquired-resistant models STG2010R and PDX3020R showed
lower levels of BRCA1 promoter hypermethylation in comparison to their sensitive
counterparts, and recovered both BRCA1 expression and nuclear foci formation (Fig.17 and

Appendix Fig.S3).

Taken together, these results demonstrated that BRCA1 epigenetic silencing is a common
event among the PARPi-sensitive models of PDX cohort-2, but it did not fully overlap with
PARPi sensitivity, as it was present in one PARPi-resistant model (PDX270) and absent in

one olaparib-sensitive PDX (PDX093).

Somatic alterations in HRR-related genes within PDX cohort-2

As somatic genetic alterations could be present in other genes related with HRR
functionality, we then performed exome sequencing to analyze this possibility in PDX
cohort-2 (Appendix Table S1). Within the olaparib-sensitive PDX models, we identified
frameshift mutations in HRR-related genes in two models: PALB2 and FANCDZ2 in PDX093
and STG201, respectively. PDX270 is a PARPi-resistant model and harbors a somatic
frameshift mutation in the HRR-related gene RAD54L. The remaining PDX models did not
show genetic alterations in HRR-related genes (Fig.17A). In summary, neither epigenetic
silencing of BRCA1 nor the presence of HRR-related genetic alterations fully associated with

PARPi sensitivity in PDX cohort-2.

We further studied the HRR-related genetic alterations in the PARPi-sensitive models to
investigate their relationship with HRR capacity. In STG201, PARPi sensitivity could be
explained by the epigenetic silencing of BRCA1, but the mutation in FANCD2 may also
impact HRR. However, we discarded this possibility as the FANCD2 mutation was still

present in the acquired resistant model STG2010R (Fig.17A and Appendix Table S1).
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Figure 17 | BRCA1 promoter hypermethylation is associated with PARPi sensitivity in PDX cohort-2.
A) Levels of BRCA1 promoter hypermethylation, BRCA1 mRNA and the presence of BRCA1 nuclear foci
are shown. Grey bars represent BRCA1 promoter methylation levels; black bars show BRCAI mRNA
levels in the PDX tumors. Error bars indicate SEM from independent tumors. T127 and T162 were used
as positive controls for hypermethylated BRCA1 promoter. Dashed line indicates mean of BRCA1 mRNA
levels in normal breast. PARPi-response is shown in the summary underneath: white box: PD; black box:
PR/CR. Immunofluorescence staining of BRCA1 nuclear foci in PDX tumors is shown; one cell in the S/G2-
phase (geminin-positive, green) with or without BRCA1 nuclear foci (red) is shown for each model.
Alterations in HRR-related genes in PDX are also indicated. B) Restoration of BRCA1 foci formation in
PARPi acquired-resistant PDXs. Immunofluorescence staining of BRCA1 foci in PARPi-treated tumors
from STG201, PDX302 and the corresponding PARPi acquired-resistant models (STG2010R and
PDX3020R). Empty arrowheads show geminin-positive cells with no BRCA1 foci. Solid arrowheads
indicate geminin-positive cells with BRCA1 nuclear foci. Nuclei were visualized with DAPI (blue). All
pictures were taken at 600x magnification. Larger views of positive cells are shown in each case.



RESULTS

We then investigated whether the PALB2 mutation in PDX093 could explain the sensitivity
to PARPi in this model. The PALB2 mutation (c.886dupA) in PDX093 predicts a truncated
PALB2 protein lacking the C-terminus region (p.M296Nfs), as the known germline
pathogenic variant PALB2 c.886del?°L. It has been described that the N-terminal coiled-coil
of PALB2 acts as a dominant negative protein in a competition between PALB2 self-
interaction and PALB2-BRCA1 interaction, severely affecting HRR capacity?2. As the PALB2
mutation in PDX093 was heterozygous in the tumor (VAF=0.44, Appendix Table S1) we
decided to characterize this alteration in order to know if it may be related with PARPiI
sensitivity in this model. First, we validated exome sequencing data by Sanger and, as
expected, results were consistent with a heterozygous mutation and the presence of mRNA
from both the mutated and the wild type alleles (Fig.18A). Nevertheless, the PALB2 wild

type protein was not detected by western blot in PDX093 (Fig.18B).

We then examined the recruitment of PALB2 to DSBs sites after laser-induced DNA
damage. The experiment consisted in the microirradiation of Hela cells transfected with
YFP-PALB2-WT or YFP-PALB2-p.M296Nfs. The recruitment of YFP-PALB2 to laser-induced
DNA damage sites was monitored over the time showing that PALB2 p.M296Nfs mutant

protein was not property recruited (Fig.18C).

The second experiment consisted in study the effect of PALB2 p.M296Nfs mutant protein
on HRR capacity using a Cas9/mClover-LMNA HRR assay in U20S cells. In PALB2 siRNA-
treated U20S cells, transfection with wild type PALB2 partly rescued HRR capacity, while
cells complemented with PALB2 p-M296Nfs mutant were HRR deficient (Fig.18D). We also
performed the same experiment but with no PALB2 siRNA treatment to simulate the
heterozygous condition in PDX093. Overexpression of PALB2 p.M296Nfs led to a 2-fold
reduction of mClover-positive cells, demonstrating that this PALB2 mutant protein causes
HRR deficiency despite the presence of endogenous wild type PALB2, in favor of a dominant
negative effect?®® (Fig.18E). Collectively, all these assays indicate that PARPi sensitivity in

PDX093 is probably due to impaired HRR caused by the PALB2 c.886dupA mutation.

These studies were performed in collaboration with the Genome Stability Laboratory at

CHU de Québec Research Center.
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RESULTS

RADS51 score is a robust biomarker to predict PARPi response in non-gBRCA
PDX models

Given that PARPi-sensitive models of PDX cohort-2 harbor genetic alterations related with
HRR deficiency, we investigated the capacity of repair DNA by HRR in our collection of non-
gBRCA PDXs. With this purpose, we aimed to validate the RAD51 assay as functional

biomarker of PARPi response and study its utility to extend PARPi treatment beyond gBRCA.

Firstly, in order to more deeply analyze the RAD51 scoring protocol, we performed an in-
depth analysis of absolute RAD51 foci quantification in nine representative PDXs, including
six PARPi-resistant (PDX098, PDX060, PDX094, PDX044, PDX102 and PDX270) and three
PARPi-sensitive (PDX197, STG201 and PDX302) models. Quantification analysis revealed
that, in HRR-deficient tumors, most of the geminin-positive cells exhibited zero RAD51 foci,
while the HRR-proficient cells exhibit a bimodal distribution of the number RAD51 foci with
the highest peak at 5 foci-per-cell (Fig.19). Regarding prediction of PARPi response, we
analyzed different foci-per-cell thresholds in the untreated samples proving that the 5 foci-
per-cell cut-off is the highest (most stringent) threshold that provides the most accurate
and specific prediction (Fig.20A and B). These results demonstrated that the 5 RAD51 foci-

per-nucleus cut-off was accurate for discrimination purposes.

Finally, we validated our findings by quantifying the RAD51 score with another commercial
antibody against RAD51 in both vehicle- and PARPi-treated tumor samples from PDX
cohort-2. Correlation analysis of the RAD51 quantifications with the two different

antibodies demonstrated the repeatability of the RAD51 assay (Fig.20C).

Then, to avoid carrying the risk of technical issues leading to falsely scoring RAD51-negative
samples, we stablished a protocol shown in Fig.21A that includes several quality controls
(QQ). Firstly, we used positive and negative external controls with every run of staining.
Secondly, we used two internal controls: (i) the number of geminin-positive cells had to be
at least 40, to ensure that there are sufficient cells in S/G2-phase of the cell cycle; and (ii)
the % of YH2AX/geminin-positive cells had to be at least of 25%, to ensure that the tumor
has sufficient endogenous DNA damage. Lack of either geminin- or YH2AX-positive cells

(below those thresholds) would preclude scoring of RAD51.

115



116

50+
40
30+
201

20

Number of RAD51 foci-per-nucleus

01— ———t ————— —t ———t —

PDX098 PDX060 PDX094 PDX044 PDX102 PDX270 PDX197 STG201 PDX302

PARPi-resistant PARPi-sensitive
B
50 °
40 e’
o 30 °
Bl ee® Ceoe *
o
2 20 ° °
T ° ) (X )
o} o o
o )
S o o . o0
o 15 ° ° o0 °
5 ° .
o ° ]
a ° oo oo XXX
< o0 ° ° [X) (X
x 104 [ X oo ° ° °
- C ) ° ° [YY Y XXXl
15} o o 0 o000 ° ) o oo °
5 ® o0 o (XX L) 000000 o000 (YY)
2 c— - o o000 - e XXX ) °
£ 5 D, r— -_— °
2 ° ° ° ° ° °
oo00000 o o 000000 o o (XX (XXX
® ® ® o0 ® - @ ® o0 ® e e e e 0 °
PDX098 PDX060 PDX094 PDX044 PDX102 PDX270 PDX197 STG201 PDX302
PARPi-resistant PARPi-sensitive
C
100+ 100+
= e
80 == PDX060
% mmm PDX302 % 80+ PDX094
2 o PDX044
S 604 5 60+ s PDX102
2 8 PDX270
£ 401 £ 40
=] =
z z
20+ 20+
0 T T T T T T T T T 0 L. U‘H“l‘ T T T T T T
COLOPH DD O P COL L P DD DO P
Number of RAD51 foci-per-nucleus Number of RAD51 foci-per-nucleus

Figure 19 | The 5 RAD51 foci-per-nucleus cut off differentiates PARPi-sensitive and PARPi-resistant
PDXs. A-B) Scatter plots showing the number of RAD51 foci in each individual geminin-positive cell (100
cells for each model) in A) vehicle- or B) olaparib-treated samples from six PARPi-resistant and three
PARPi-sensitive PDXs models from cohort-2. The dashed line indicates the cut-off of 5 RAD51 foci-per-
nucleus. C) Histogram distribution of the number of geminin-positive cells with increasing number of
RADS51 foci-per-nucleus (0 to 50) in three PARPi-sensitive (left panel) and six PARPi-resistant (right panel)
PDXs from cohort-2. Each color represents one PDX model.



RESULTS

A
OR 95% ClI p value
>10 foci-per-nucleus  3.889 0.1374t0110.1 0.5000 * = t
>9foci-per-nucleus 3.889 0.1374t0110.1 0.5000 ! = i
>8foci-per-nucleus 2567 07981108254 0.0476 ; = 1
>7foci-per-nucleus 2567 0.7981t0825.4 0.0476 -
>6 foci-per-nucleus  25.67 0.7981t0825.4 0.0476 =
>5foci-per-nucleus 91,00 1462105662  0.0119 =
>4 foci-per-nucleus 9100 1.462t05662  0.0119 =
>3foci-per-nucleus 9100 1462105662  0.0119 =
>2foci-per-nucleus 9100 1.462t05662  0.0119 =
>1foci-per-nucleus g1 09 1462t05662  0.0119 -
10t 100 10! 102 103 10*
Odds ratio
B C
100~ )
S ® \/ehicle
) @ Olaparib
© 80
[}
o
kS 604
c
£ g
55
= R = 0.9630
£ o0 CI95% = 0.9251 — 0.9819
) <0.0001
- Accuracy 8 P )
-= Specificity < o/
0.0— , , . . . . . . . o 0 T T T T T T T T 1
T 2 3 4 5 6 7 8 o 10 0 10 20 30 40 50 60 70 80 90 100
Number of RADS51 foci-per-nucleous cut off RAD51 (+) / Geminin (+) cells (%)

sc-8349

Figure 20 | Analysis of the RAD51 foci-per-nucleus cut off and validation of RAD51 scoring with two
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Following this protocol, the RAD51 assay was performed in the PDX cohort-2. We first
studied the PARPi pharmacodynamic effect and the levels of endogenous DNA damage by
quantifying the levels of YH2AX-positive cells in the S/G2-phase of the cell cycle (geminin-
positive) in tumor samples from PDXs. All models, both in vehicle- and olaparib-treated
samples showed levels of YH2AX-positive cells above 25%, and these numbers increased
upon olaparib treatment, as expected (Fig.21B). These results ruled out pharmacodynamic
differences between PARPi-sensitive and PARPi-resistant non-gBRCA PDXs of cohort-2. We
then investigated the proliferation levels of these tumors, showing that all the analyzed
tumor samples presented percentages of cells in S/G2-phase of the cell cycle (geminin-

positive) above 20% (Fig.21C).

Having shown that lack of DNA damage or low proliferation rates may not be a limitation
to evaluate HRR functionality, we scoring for RAD51 in tumor samples from PDX cohort-2.
In olaparib treated tumors, the four PARPi-sensitive models showed significantly lower
RAD51 score than the fourteen PARPi-resistant models (1.25 + 0.25% vs. 66.54 + 2.70 %;
p<0.0001) (Fig.22A and B). This is also true for vehicle-treated samples, where RAD51 could
be scored (0.75 + 0.48% vs. 47.08 + 3.37 %; p=0.0007) and correlated with the antitumor
activity of olaparib (p=0.0044) (Fig.22C). Interestingly, immunofluorescence analysis
revealed that the three acquired-resistant models STG2010R, PDX3020R and PDX930R
had high levels of RAD51-positive cells, while RAD51 foci are absent in the olaparib-
sensitive counterparts (Fig.22A and Appendix Fig.S4). This was consistent with the decrease in
BRCA1 promoter methylation and recovery of BRCA1 mRNA and BRCA1l nuclear foci
formation in STG2010R and PDX3020R (Fig.17 and Appendix Fig.S5). In PDX930R HRR
recovery is consistent with the loss of the PALB2 mutation present in the olaparib-sensitive
counterpart PDX093 (Fig.17 and Appendix Table S1). These data suggested that in the
hemicigosis context of PDX0930R, the dominant negative effect of PALB2 p.M296Nfs
disappeared, allowing to HRR proficiency and PARPi acquired resistance. Altogether, these
data indicate that loss of HRR capacity is a frequent event associated with PARPi sensitivity
and demonstrated that the RAD51 score is a robust and highly discriminative biomarker of

PARPi sensitivity vs PARPi resistance in the PDX cohort-2.
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Figure 21 | Baseline levels of DNA damage or low number of cells in S/G2-phase of the cell cycle did
not impairs RAD51 scoring in PDX cohort-2. A) Flow diagram of the RAD51 scoring criteria and quality
controls. B-C) Quantification of B) cells in S/G2-phase of the cell cycle (geminin-positive) that exhibit
YH2AX foci formation and C) cells in S/G2-phase of the cell cycle following treatment with vehicle and
olaparib in PARPi-sensitive (CR/PR) and PARPi-resistant (PD) PDXs (Paired t-test in vehicle- vs PARPi-

treated tumors; Unpaired t-test in CR/PR vs PD tumors).
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Figure 22 | Lack of RAD51 nuclear foci identifies PARPi-sensitive PDX tumors. A) Percentage of
geminin-positive, RAD51 nuclear foci-containing cells detected by immunofluorescence in FFPE samples
from PDX tumors treated with PARPi (green bars) or vehicle (black bars). Error bars indicate SEMs from
independent tumors. The correlation with PARPi-response is shown in the summary underneath: white
box: PD; black box: PR/CR. Immunofluorescence staining of RAD51 foci in PARPi- and vehicle-treated
PDX tumors is shown; one cell in the S/G2-phase (geminin-positive, green) with or without RAD51 foci
(red) is shown for each model. Alterations in HRR-related genes are also summarized: hBRCA1: BRCA1
promoter hypermethylation and lack of BRCA1 expression and BRCA1 nuclear foci formation. B)
Quantification of cells in S/G2-phase of the cell cycle (geminin-positive) that exhibit RAD51 foci
formation following treatment with vehicle and olaparib in PARPi-sensitive (CR/PR) and PARPi-resistant
(PD) PDXs (Mann—-Whitney U-test). C) Pearson correlation between the RAD51 score (percentage of
RAD51 (+)/Geminin (+) cells, assessed in untreated FFPE tumor samples) and the percentage of tumor
volume change in olaparib-treated tumors from PDX cohort-2. Each dot represents one PDX model. Error
bars indicate SEM from at least 3 independent tumors treated with olaparib.



RESULTS

RADS51 score predicts response to PARPi in an independent PDX cohort

Having stablished the conditions for RAD51 scoring, we proceeded to further validate the
RAD51 assay as biomarker to predict PARPi sensitivity using an independent PDX cohort
(PDX cohort-3). The PDX cohort-3 consisted of 28 TNBC models, including eight tumors with
pathogenic variants in BRCA1 (n=5), BRCA2 (n=2) or PALB2 (n=1). All these variants were
classified as pathogenic by the ClinVar database and their VAFs were consistent with loss
of heterozygosity (LOH) (Appendix Table S2). The antitumor activity of three different PARPi
and doses was assessed in this panel of PDXs (olaparib 50 mg/kg, olaparib 100 mg/kg,
niraparib 50 mg/kg, niraparib 75 mg/kg and veliparib 100 mg/kg), giving rise to a panel
composed of 21 progressing and 7 regressing PDX models (Fig.23A). Following the
stablished protocol showed in Fig.21A, the RAD51 score was performed blindly in untreated
FFPE tumor samples from the PDX cohort-3. Based on PDX cohort-1 and cohort-2 results
and previous studies?® we used a 10%-RAD51 score cutoff to differentiate PARPi-sensitive
from PARPi-resistant PDXs. Within the PDX cohort-3, seven models (25%) showed a RAD51
score < 10% and 21 models (75%) showed a RAD51 score above the cutoff, with 100%
sensitivity and 100% specificity for PARPi response prediction (Fig.23A and B). HRR capacity
was also quantified using the Myriad’s myChoice® HRD score to compare this genetic
biomarker with our functional RAD51 assay in the PDX cohort-3. As in PDX cohort-1 and
cohort-2, the RAD51 score showed complete discriminative capacity in predicting PARPiI
response (ROC AUC=1) in PDX cohort-3, while the HRD score had lower predictive power
(ROCAUC=0.735). These differences in AUC between the two biomarkers were statistically
significant (difference between AUC = 0.27; Confidence Interval 95% (CI95%) 0.08-0.46;
p=0.005; Fig.23B). Of note, we did not observe significant differences in the levels of DNA
damage (quantified as the percentage of cells in the S/G2-phase of the cell cycle with YH2AX

nuclear foci) between PARPi-sensitive and PARPi-resistant PDXs from cohort-3 (Fig.23C).

Within the PDX cohort-3, there are three BRCA1-mutated and one BRCA2-mutated PDXs
that are PARPi-resistant and exhibited RAD51 foci formation. As we have described in PDX
cohort-1 that the expression of hypomorphic BRCA1l isoforms and 53BP1 loss are
associated with HRR functionality, we further explore these mechanisms of PARPiI

resistance in these models. IF analysis revealed that loss of 53BP1 did not explain PARPi
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resistance in the three BRCAI-mutated PDXs that exhibited RAD51 foci (Fig.24A). Instead,
two of them (HBCx28 and HBCx11) exhibited BRCA1 nuclear foci formation, indicative of
functional HRR restoration by the expression of BRCA1 hypomorphic variants (Fig.24A).
Specifically, HBCx28 harbors a mutation in the N-terminus of BRCA1 (c.212+3A>G) and
BRCA1 nuclear foci were only detected with the antibody against the C-terminus of the
protein (B1-CT), consistent with the expression of the BRCA1 RING-less hypomorphic
variant43, However, this isoform was not expressed in the other N-terminus BRCA1 mutant
and PARPi-resistant model HBCx8. HBCx-11 harbors a mutation in the exon 11 of BRCA1
(c.1961del) and BRCA1 nuclear foci were detected with both B1-NT and B1-CT antibodies,
as expected when the BRCA1-A11q splice isoform is expressed#. Surprisingly, BRCA1 foci
were also present in the PARPi-sensitive model T330, which also harbors a mutation in the
exon 11 of BRCAI1 (c.3839_3844delins5), but not in the other PARPi-sensitive BRCA1-

mutant T168 (Fig.24A).

Within the BRCA1/2 wild type PARPi-sensitive PDX models from cohort-3 (HBCx14, HBCx6
and HBCx15), we aimed to investigated the epigenetic silencing of BRCA1 as mechanism of
HRR deficiency and PARPi sensitivity. With this aim, we analyzed the capacity to form
BRCA1 nuclear foci by IF. We could detect BRCA1 nuclear foci only in one out of three
PARPi-resistant PDXs (HBCx14), while HBCx6 and HBCx15 did not show BRCA1 foci,
suggesting BRCA1 epigenetic silencing as being the cause of PARPi sensitivity in these

models (Fig.24B).

Altogether, these results support the use of the RAD51 score as a predictive biomarker of
PARPi response and further demonstrate that this assay allows to correctly capture both
BRCA-related tumors that restore HRR-capacity and non-BRCA tumors that are HRR

deficient, regardless the mechanism of PARPi resistance and sensitivity.
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Figure 23 | RAD51 score predicts PDX tumor response to PARPi in an independent PDX panel (cohort-
3). A) Percentage of geminin-positive, RAD51 nuclear foci-containing cells in FFPE samples from
untreated PDX tumors of cohort-3. Color bars indicate the presence of pathogenic variants in the
indicated genes. Error bars indicate SEM from independent tumors. PARPi-response is shown in the
summary underneath: black box: PR/CR; white box: PD. Box colors indicate the PARP inhibitor
treatment. Boxes with two colors indicate the same response to both treatments. Olaparib 100mg/kg &
50mg/kg indicates that both doses were tested and resulted in the same response categorization. B)
Receiver Operating Characteristic (ROC) curves of the RAD51 score (green) and HRD score (blue) for
PARPi response prediction capacity in the PDX cohort-3 (Bootstrap statistical test). C) Percentage of
geminin-positive cells with YH2AX nuclear foci in untreated tumor samples from PDX cohort-3 (Unpaired

t-test).
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Figure 24 | Hypomorphic BRCA1 isoforms and lack of BRCA1l nuclear foci in PDX cohort-3. A)
Immunofluorescence staining of 53BP1 and BRCA1 nuclear foci [with an antibody toward the N-terminus
(B1-NT) or C-terminus (B1-CT) of BRCA1] in BRCA1/2-mutant models from PDX cohort-3. The response
to PARPi treatment and the location of the mutation within the BRCAI1 gene is indicated. B)
Immunofluorescence staining of BRCA1 nuclear foci in four BRCA1/2 wild type models. The response to
PARPi treatment is indicated. Nuclei were visualized with DAPI (blue). Green nuclei indicate geminin-
positive cells (S/G2-phase of the cell cycle). One cell is shown for each model.




RESULTS

Scoring RAD5S1 in clinical samples identifies HRR-deficient tumors among
patients with hereditary breast and ovarian cancer (HBOC) syndrome,

including PALB2-related tumors

After these encouraging results in PDX models from breast cancer patients, we assessed
the ability of the RAD51 assay to identify HRR-deficient tumors beyond gBRCA mutated
patients. For this purpose, we collected a total of 29 FFPE tumor samples from a cohort of
patients with clinical suspicion of hereditary breast cancer and without gBRCA mutations.
Given that two out of two PDXs models with genetic alterations in PALB2 (PDX093 in
cohort-2 and T298 in cohort-3) are PARPi-sensitive and showed low RAD51 score, we aimed
to explore the potential association of harboring a mutation in PALB2 and HRR deficiency.
To this aim, we enriched our patient cohort with 11 tumors from patients with germline
mutations in PALB2 (gPALB2) (Table 5). We stained for RAD51, YH2AX and BRCA1 in these
tumors and RAD51 could be scored in 23 FFPE tumor samples (Table 5, Fig.25 and Appendix
Fig.56). Six tumors derived from young patients (<35 years) and the remaining 17 tumor
samples were obtained from 14 patients with family history of BC, including the eleven
PALB2-related tumors. Fourteen out of 23 tumor samples showed low RAD51 score (< 10%
cut-off), including all gPALB2 tumor samples (Fig.25B). These data showed that carrying a
PALB2 mutation is associated with higher odds of displaying low RAD51 score (odds ratio
(OR)=62.4; CI95% 2.852-1367); p=0.0003). The three tumors with low RAD51 score that
lacked gPALB2 mutations showed lack of BRCA1l nuclear foci formation, raising the
possibility of BRCA1 epigenetic silencing as being the cause of HRR deficiency (Pt02, Pt07,
Pt11; Fig.25B and Appendix Fig.S6). Altogether, these results demonstrate that the RAD51
assay is feasible in routine samples from patients and identifies HRR-deficient tumors that

are sensitive to PARPi therapy beyond the gBRCA condition.
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| Characteristics of HBOC patients’ tumors. Rows 13 to 20 correspond with patients with

alterations in PALB2. The loss-of-function effect of the PALB2 c.3201+5G>T splicing variant was
confirmed by RNA analysis. IDC: invasive ductal carcinoma.
. AGE OF ER PR Her2 Ki67
Patient Sample PALB2 ALTERATION | TYPE OF SAMPLE | DIAGNOSIS DIAGNOSIS H.GRADE STATUS STATUS STATUS (%)
01 01 - Breast surgery IDC 58 3 + + - 20
02 02 - Tumorectomy IDC 29 3 - - - 90
. 70,
03 03 - Core biopsy IDC 40 3 - - - 80
04 04 - Core biopsy IDC 48 2 - - - 50
05 05 - Core biopsy IDC 52 1 + + - 8
06 06 - Core biopsy IDC 31 2 + - - 30
07 07 - Core biopsy IDC 27 3 - + - 95
. Invasive
08 08 - Core biopsy carcinoma 31 3 - - - 70
09 09 - Core biopsy IDC 35 2 + + + 15
10 10 - Breast surgery IDC 28 2 + + + 40
1 11 - Core biopsy IDC 32 3 - - - 85
12 12 - Breast surgery IDC 38 2 + + - 35
¢.3362delG
13 13 p.(Gly1121Valfs*3) Breast surgery IDC 41 3 + + uk uk
c.3362delG
14 14 p.(Gly1121Valfs*3) Breast surgery IDC 42 3 + - uk uk
15 15 c.3201+5G>T Splice Mastectomy IDC 54 2 + + - 22
16.1 cAB75C>T Core biopsy IDC 3 + + - 70
16 p.(GIn559*) 51
16.2 Core biopsy IDC 3 + + - 60
c.1111G>T 5
17 17 p.(GIu371%) Core biopsy ILC 45 2 + + - 24
c.2257C>T "
18 18 p.(Arg753%) Core biopsy IDC 46 3 + + - 80
19 19 c.1240C>T Core biopsy IDC 38 3 - - - 90
20.1 Core biopsy IDC 3 - - - 50
c.3256C>T "
20 20.2.1 p.(Arg1086%) Core biopsy IDC 40 2 - - - 55
20.2.2 Core biopsy IDC 2 + + - 40
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Figure 25 | RAD51 score in tumors from patients with HBOC syndrome, including germline PALB2-
mutation carriers. A) Consort diagram of the FFPE tumor samples from patients with HBOC syndrome
following the scoring criteria for the RAD51 assay. B) Percentage of geminin-positive, RAD51 (black bars)
and yH2AX (grey bars) nuclear foci-containing cells in FFPE tumor samples from patients with HBOC
syndrome. The box underneath summarizes the patient’s young onset (<35years), her family history (FH,
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samples. C) Immunofluorescence staining of YH2AX, BRCA1 and RAD51 nuclear foci in FFPE tumors from
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empty red arrowheads, respectively. Nuclei were visualized with DAPI (blue). All pictures were taken at
600x magnification.
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PART 3

Inhibiting WEE1 and ATM induces replication stress and enhances

the antitumor response to PARPi in BRCAl-altered tumors.

AZD1775 antitumor activity in the PDX panel distinguishes a subset of tumors

highly sensitive to WEE1 inhibition

Knowing the olaparib-response in two different panels of PDXs (cohort-1 and cohort-2), we
then tested the antitumor activity of the WEELi inhibitor AZD1775 in almost all PDXs,
totaling 26 models (Fig.26A). One PDX model, namely PDX098, was previously been
identified as highly sensitive to the WEE1/CHEK1 inhibitor 681640 (model VHIO098)%%°. This
vulnerability was validated in vivo using the WEE1 inhibitor AZD1775, in a range of doses
and schedules tested in the clinic. At a dose of 120 mg/kg, all tumors regressed (Fig.26B).
Among the other PDXs, we identified one additional model, PDX236, exhibiting complete
response (CR) upon WEE1i treatment (Fig.26A). Five additional models showed partial
response (PR) (namely PDX280, PDX094, PDX156, PDX060 and STG139), while all other
PDXs underwent disease stabilization (SD, n=4, PDX270, STG316, PDX197 and PDX288) or
disease progression (PD, n=15). Interestingly, sensitivity to olaparib single agent was
mutually exclusive with sensitivity to AZD1775, demonstrating that WEE1i sensitivity does

not merely rely on the tumor’s deficiency in HRR.

Importantly, single agent treatment with AZD1775 induced durable response, but in four
out of six models tested, tumors regrowth and develop acquired response upon continuous

treatment (Fig.26C).
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Figure 26 | The antitumor activity of AZD1775 in PDXs identifies a subset of WEE1i-sensitive tumors.
A) Waterfall plot showing the percentage of tumor volume change upon treatment with AZD1775
compared to the tumor volume on day 1. +20% and -30% are marked by doted lines to indicate the
range of PR, SD and PD. The box underneath summarizes different characteristics of each model and the
presence of germline mutation in BRCA1/2. TNBC, Triple Negative Breast Cancer; ER+BC, Estrogen
Receptor positive Breast Cancer; OC, Ovarian Cancer. Error bars indicate SEM from independent tumors.
B) Percentage of tumor volume change during treatment with vehicle and different AZD1775 doses in
PDX098. The mean +/- SEM is represented. C) Acquisition of WEE1i-resistance in PDX156, PDX098,
PDX280 and PDX094 after prolonged exposure to AZD1775. The percentage of tumor volume change
during AZD1775 treatment is plotted. Colors indicate the different responses to AZD1775.
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Response biomarkers of WEEL inhibition

We aimed to identify genetic and proteomic markers associated with AZD1775 sensitivity
to find candidate biomarkers to better select patient population most likely to respond to
WEE1 inhibition. To do this, we conducted exome sequencing and explored a subset of
markers at the protein levels, including markers of early entry in S-phase (p16 and pRB
S807/811) and markers of replication stress (RS) or abrogated RS response (c-myc, cyclin
E1l, ATM and phospho-CHK1 S345) (Appendix Fig.S7). Taken together, results from this
analysis suggest that AZD1775 sensitivity is underlid by a composite of phenotypes
including: (i) early entry in S-phase, mediated by TP53 mutation plus other alterations in
the S-phase restriction point; plus (ii) increased RS mediated by STK11/LKB1 mutations or
CCNE1 amplification and/or (iii) abrogated RS response (e.g. BRCA1 alterations). This study

was performed in collaboration with the DDR team from AstraZeneca.

WEEL inhibition induces accelerated mitotic entry and replication stress in

Vivo

We then sought to understand if WEE1 inhibition has a dual effect in vivo that includes both
accelerated mitotic entry and the induction of RS. To this aim, we first tested the effect of
AZD1775 in cell cycle progression by quantifying the percentage of cells in G2/M-phase,
namely cells with phosphorylated histone H3 S10 nuclear staining (pHH3-positive). WEE1
inhibition resulted in accumulation of pHH3-positive cells, indicative of accelerated mitotic
entry (Fig.27A and B). However, this effect is not distinctive between PDXs that exhibited
tumor regression upon WEE1i treatment (CR/PR, n=7) and PDXs exhibiting tumor growth
delay (SD, n=4) or no response (PD, n=15). Therefore, early mitotic entry after treatment

with AZD1775 is not indicative of the major phenotype inducing antitumor response.

To study the effects on RS of inhibiting WEE1, we then stained for YH2AX, phosphorylated
RPA32 (pRPA32 S4/S8) and geminin in both vehicle- and AZD1775-treated tumor samples
from the PDX models. Results showed that AZD1775 markedly induced replication stress in
vivo, revealed as increased numbers of cells showing pan-nuclear yH2AX staining (Fig.27C

and D) and cells in S/G2-phase of the cell cycle (geminin-positive) with pRPA32 S4/S8
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nuclear foci (Fig.27E and F). Most pan-nuclear YH2AX-positive cells were also positive for
PRPA 32 S4/S8 (Fig.28A) or phosphorylated DNA-PKc (pDNA-PKc, Fig.28B), further
demonstrating that these markers correspond to RS. In addition, we noticed that both
baseline and treatment-induced frequencies of geminin-positive cells with pRPA32 S4/S8
nuclear foci were statistically higher in the WEELli-resonding PDXs compared with the

stabilized and non-responding ones (p=0.0199 and p=0.0065, respectively, Fig.27F).

Finally, we examined if the levels of RS changed upon acquired resistance to AZD1775. In
all the four PDX models that develop resistance to WEE1 inhibition, namely PDX156,
PDX098, PDX280 and PDX094) both markers of replication stress (pan-nuclear yH2AX
staining and pRPA32 S4/S8 nuclear foci in S/G2-phase) were reduced upon therapy
progression (Fig.28C and D). Altogether, these data showed that AZD1775-sensitive tumors
exhibited features of high baseline or WEE1li treatment-induced replication stress,

suggesting the use of RS biomarkers to predict tumor response to WEE1 inhibition.
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Figure 27 | Treatment with AZD1775 induces mitotic entry and replication stress. A) Quantification of
cells in G2/M-phase of the cell cycle (pHH3-positive) following treatment with vehicle and AZD1775 in
WEE1i-sensitive (CR/PR) and WEE1i-resistant (SD/PD) PDXs (Paired t-test in vehicle- vs WEE1i-treated
tumors; Unpaired t-test in PR/CR vs SD/PD tumors). B) Immunofluorescence staining of pHH3 in tumor
samples treated with vehicle or AZD1775 of two WEE1i-sensitive PDXs. C) Quantification of cells with
pan-nuclear YH2AX staining following treatment with vehicle and AZD1775 in WEE1li-sensitive (CR/PR)
and WEE1li-resistant (SD/PD) PDXs (Mann—-Whitney U-test). D) Immunofluorescence staining of yH2AX
in tumor samples treated with vehicle or AZD1775 of two WEE1li-sensitive PDXs. E) Quantification of
geminin-positive cells that exhibit pRPA32 S4/S8 foci formation following treatment with vehicle and
AZD1775 in WEE1i-sensitive (CR/PR) and WEE1i-resistant (SD/PD) PDXs (Mann-Whitney U-test). F)
Immunofluorescence staining of pRPA32 S4/S8 and geminin in tumor samples treated with vehicle or
AZD1775 of two WEE1i-sensitive PDXs. Nuclei were visualized with DAPI (blue). All pictures were taken
at 600x magnification.
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Figure 28 | Markers of RS upon AZD1775 treatment and decreased levels of RS in WEE1li-acquired
resistant PDXs. A-B) Immunofluorescence staining of YH2AX and A) pRPA32 S4/S8 or B) pDNA-PKc in
tumor samples treated with vehicle or AZD1775 of two WEE1li-sensitive PDXs. Nuclei were visualized
with DAPI (blue). All pictures were taken at 600x magnification. C-D) Quantification of C) cells with pan-
nuclear yH2AX staining and D) cells in S/G2-phase of the cell cycle (geminin-positive) with pRPA32 S4/S8
nuclear foci following treatment with vehicle or AZD1775 both in responding (dark blue) and acquired
resistant (light blue) PDXs. Each dot represents the mean of at least 2 independent PDX tumors.
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WEE1 blockade in combination with PARP inhibition sensitizes BRCA1l-altered

tumors

Currently several clinical trials are ongoing to examine the efficacy of combination
therapies with checkpoint inhibitors to broaden the response to PARPi and avoid the
emergence of resistance. Thus, we were interested in exploring the combination of the
PARP inhibitor olaparib with the WEE1 inhibitor AZD1775 in our panel of PDX models. We
examined the antitumor activity of combined olaparib and AZD1775 in all the PDX models
(Fig.29). The response rate (% of CR+PR) was higher in the combination treatment (62%, 16
out of 26) as that of each single agent AZD1775 (27%, 7 out of 26) or olaparib (15%, 4 out
of 26). Interestingly, the two models that partially respond to PARPi, namely PDX124 (a
BRCA1 mutated PDX model that showed disease stabilization) and PDX270 (a BRCA1
hypermethylated model with limited tumor growth upon PARPi treatment) showed tumor
regression when treated with both PARP and WEE1 inhibitors (Fig.30). Moreover, in this
context of altered BRCA1 function, the addition of AZD1775 to olaparib prevented the
acquisition of PARPi resistance and result in long response (>100 days) both in PDX124 and
STG201 (another BRCA1 promoter hypermethylated PDX) (Fig.30). Combination treatment
also leaded to antitumor response in two additional PDX models with BRCAI mutation,

namely PDX196 and PDX252 (Fig.30).

Previous results have shown that single-biomarker genomic analysis did not help to identify
response biomarkers to WEE1i plus PARPi, but we found that the biomarker profiles were
more similar to those for single agent AD1775 sensitivity than for olaparib, namely features

representative of early entry in S-phase and increased RS.

Therefore, we then study more deeply whether the combination of PARP plus WEE1
inhibition enhance the levels of RS and its relation with combination response in
monotherapy-resistant models. Results showed that, in agreement with the observed in
the AZD1775 single-agent phenotypic and response biomarkers, tumors that showed
tumor regression upon combination treatment (CR/PR, n=4), exhibited higher levels of RS
than those PDXs exhibiting tumor growth delay (SD, n=4) or no response (PD, n=5), in terms

of pan-nuclear YH2AX staining and pRPA32 S4/S8 nuclear foci containing cells (Fig.31).
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Altogether, these data demonstrated that PARP plus WEE1 inhibition resulted in
exacerbated induction of replication stress in combination-sensitive PDXs and highlights

the clinical potential of combining DNA damage repair inhibitors for the treatment of TNBC.
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Figure 29 | WEE1 inhibition enhances PARPi-sensitivity. Waterfall plot showing the percentage of
tumor volume change upon treatment with olaparib (top panel, in green) or olaparib plus AZD1775

(bottom panel, in red) compared to the tumor volume on day 1. +20% and -30% are marked by doted
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Figure 31 | Treatment with olaparib plus AZD1775 induces higher levels of replication stress in
combination-sensitive PDXs. A-B) Quantification of A) cells with pan-nuclear yH2AX staining and B) cells
in S/G2-phase of the cell cycle (geminin-positive) with pRPA32 S4/S8 nuclear foci following treatment
with vehicle, olaparib, AZD1775 or combination (olaparib + AZD1775) in PDXs showing or not antitumor
combination effect (One-way ANOVA). Each dot represents the mean of at least 2 independent PDX
tumors. C) Immunofluorescence staining of pRPA32 S4/S8 and yH2AX in tumor samples treated with
vehicle, olaparib, AZD1775 or combination (olaparib + AZD1775) of two combination-sensitive models
(PDX124 and PDX270) and two combination-resistant PDXs (PDX127 and PDXO044). Nuclei were
visualized with DAPI (blue). All pictures were taken at 600x magnification.
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ATM blockade in combination with PARP inhibition sensitizes other BRCA1-

altered tumors

Although combining PARPi with WEE1 blockade resulted in tumor regression in most
BRCA1-altered PARPi-resistant PDXs, there were still two BRCAI-mutated models that
progress to this combination therapy, namely PDX127 and STG316. We aimed to further
explore the potential of other DDR inhibitors to enhance PARPi antitumor activity in these
models. As previously suggested, we hypothesized that ATM blockade is a treatment option
for PARPi-resistant BRCA1-deficient tumors that restore HRR through end resection barrier
loss by enabling ATM-dependent end resection!3®149, We tested this hypothesis in the two
models of interest, PDX127 and STG316, plus one additional model, PDX280, all of them
being ATM-expressing PDXs (Fig.32A). STG316 lacks 53BP1 and PDX127 achieve PARPi
resistance through loss of FAM35A (Table 3). Inhibition of ATM using AZD0156 potentiated
olaparib antitumor activity in PDX127 and, to a lesser extent, in STG316 but not in PDX280
(Fig.32B). We then investigated whether ATM inhibition resulted in restoration of HRR-
deficiency that favored the antitumor response of the combination. To this aim, we
assessed the formation of RAD51 and yH2AX nuclear foci in PDX127, which showed the
most marked antitumor effect when treated with olaparib plus AZD0156. Unexpectedly,
both RAD51 (Fig.32€C) and YH2AX (Fig.32D) foci formation was only marginally reduced in
combination-treated tumors, arguing that ATM inhibition may exert a broader effect in
signaling the olaparib-induced DDR beyond restoring HRR-deficiency. We then evaluate the
induction of replication stress by quantifying pan-nuclear yH2AX staining (Fig.32E). Results
showed a statistically significant increase of pan-yH2AX-positive cells upon ATMi plus PARPi
in comparison with olaparib as single agent only in combination-responders PDX127 and
STG316 (Fig.32E). These results suggest that the induction of RS is important for
combination response and demonstrated that different DDR inhibitors could have similar
mechanisms of action but differential responses depending on the genetic background of

the tumors.
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Figure 32 | ATM inhibition enhances PARPi-sensitivity by inducing replication stress. A) ATM-

expressing tumor cells in the PDXs quantified by immunohistochemistry staining. B) Percentage of tumor

volume change during treatment with vehicle, olaparib, AZD0156 or combination (olaparib + AZD0156)
in PDX127, STG316 and PDX280 (Two-way ANOVA). The mean +/- SEM is represented for each arm of
treatment. C-D) Quantification of cells in S/G2-phase of the cell cycle (geminin-positive) with C) RAD51

and D) yH2AX nuclear foci in tumor samples from PDX127 treated with vehicle, olaparib, AZD0156 or
combination (olaparib + AZD0156) (One-way ANOVA). E) Quantification of cells with pan-nuclear yH2AX
staining in tumor samples treated with vehicle, olaparib, AZD0156 or combination (olaparib + AZD0156)
from PDX127, STG316 and PDX280. Error bars indicate SEM from independent tumors (One-way

ANOVA).
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DISCUSSION

PARP inhibitors have become the paradigm of drug-mediated synthetic lethality and,
through this concept, were designed as new tailored drugs to selectively kill cancer cells
with impaired HRR, initially those with germline mutations in BRCA1 or BRCA2 (gBRCA). In
the gBRCA scenario, the combination of a functional genetic defect in HRR and
pharmacological inhibition of PARP1 leads to cell death through unrepaired DNA
damage!?®. PARPi have shown clinical efficacy in patients with BRCA1/2-related breast and
ovarian cancers!0113115129130 3nd have been demonstrated to be beneficial as
maintenance treatment in OC patients with platinum-sensitive relapsell4119294,

Nevertheless, there are critical questions that still remain in terms of optimizing and

widening the clinical efficacy and utility of PARPi.

Itis now clear that the efficacy of PARP inhibition is not restricted to the gBRCA population,
as other tumors display the “BRCAness” phenotype, meaning that they harbor HRD with
wild type BRCA1/2 genes®®>. As a consequence, the therapeutic landscape of PARPi is now
rapidly expanding. On the other hand, however, patients with gBRCA-related tumors
frequently do not respond to PARPi and they could inevitably develop acquired resistance,
especially in the advanced setting where there is still a need to find additional treatment
strategies'?®139, Therefore, there are at least three important areas of study in the field of
PARP inhibition that will improve the success of individualized therapy: (i) to better select
patients within the gBRCA population that most benefit from PARPi by recognizing those
tumors that will not respond to the treatment; (ii) to investigate the molecular features of
PARPi-sensitive tumors that can serve for the selection of patients with BRCA1/2 wild type
tumors candidate to receive PARPi treatment, thereby expanding the use of PARPi beyond
the BRCA condition; (iii) and the development of combination treatment strategies to
overcome PARPi resistance. In this sense, the development of robust and clinically feasible
biomarkers that adequately capture the diverse genetic and epigenetic mechanisms that
may impact treatment response is vital to appropriately select patients for PARPi
treatment, both as monotherapy and combination strategies. This work contributes in the
three mentioned fields to improve the use of PARPi by developing a robust functional
biomarker of PARPi response and helping in understand the mechanisms of HRR rewiring

and combination treatment options.
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The first part of this thesis strengthens the evidence in favor of the restoration of HRR
functionality as a frequent mechanism of PARPi resistance among gBRCA breast and
ovarian cancers. HRR-restoration is one of the general mechanisms that clinical and
preclinical studies have shown to cause PARPi resistance, along with decreasing replication
stress and cell cycle progression and other miscellaneous alterations not related with DDR.
Restoration of HRR can be achieved by secondary mutations that restore protein function
and may be captured by sequencing techniques, albeit their frequency after treatment with
PARPi is currently unknown®, Most work in gBRCA clinical samples has focused on ovarian
cancers!322% but whether genetic reversion is also a dominant mechanism for clinical
resistance to PARPi in BC remains to be determined®*. In this work, with the current
methodology we did not identify in-frame secondary mutations in BRCA1 within our panel
of gBRCA PDXs, which includes both ovarian and breast tumors. This observation is in line
with data that highlights that only a small subset (approximately 20-25%) of patients with
PARPi resistance harbors reversion mutations?®’. However, studies in larger clinical data
sets are needed to better understand the prevalence of secondary mutations and their

influence on PARPi resistance.

Among the different mechanisms of PARPi resistance that has been described, our data
suggest that hypomorphic BRCA1 isoforms may contribute to HRR restoration in germline
BRCA1 mutated breast and ovarian cancers. We have developed an immunofluorescence
assay with two antibodies against different regions of the BRCA1 protein that allowed to
detect nuclear foci formation of hypomorphic BRCA1 isoforms. With this assay, we further
demonstrated the functionality of these hypomorphic proteins, including those that form
through downstream translation initiation (RING-less BRCA114%) and exon-skipping (BRCA1-
Al1q splice isoform!%°), as well as stabilized C-terminal mutant BRCA1 proteins3l. The
presence of these hypomorphic BRCA1 isoforms is associated with PARPi resistance in the
PDX cohort-1 and also in an independent PDX panel (cohort-3). Nevertheless, this
mechanism of PARPi resistance did not fully overlap with response, as there are gBRCA1
PARPi-resistant models that do not express hypomorphic BRCA1 isoforms (PDX127,
PDX280, PDX252, HBCx8). Additionally, in a contrary way, there are also two BRCAI-

mutated PDXs (both with the mutation within the exon 11 of BRCA1) that showed marked
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growth delay or antitumor activity upon PARPi treatment but harbored BRCA1l foci
formation (PDX124, T330). These data reveal that although the presence of hypomorphic
BRCAL1 proteins is frequently associated with PARPi resistance in BRCAI-mutated breast
and ovarian tumors, BRCA1 nuclear foci formation might not always correctly select
patients for PARPi treatment. Further studies are needed to help understand the impact of

different BRCA1 hypomorphs in PARPi response.

Within our study of PARPi resistance in the panel of gBRCA PDXs, we also reported the
presence of other known mechanism of resistance, which is the recovery of DNA end
resection capacity. Loss of 53BP1 has been shown to influence in PARPi resistance, probably
by shifting the balance of DNA repair from NHEJ to HRR3>, Here we found that two PARPi-
resistant gBRCA1 PDXs (PDX2300R and STG316) harbored genetic alterations in TP53BP1.
As expected, all PDXs but these two models showed 53BP1 nuclear foci formation by IF.
Thus, our data demonstrated that this mechanism of PARPiI resistance can occur in vivo
both in primary- and acquired-resistant gBRCA1 breast tumors. In the same way, we also
reported loss of FAM35A in PDX127, another BRCA1-mutant and PARPi-resistant PDX with
no expression of hypomorphic BRCA1 protein. FAM35A, also known as RINN2, is of special
interest as, along with RINN1 and RINN3, compose the shieldin complex, which has been
recently identified as a downstream effector of 53BP1-RIF1 in retraining DNA end resection
and sensitizing BRCAI-deficent cells to PARP inhibition?>*1>7. Depletion of shieldin
components have shown to reverts PARPi sensitivity in BRCA1-depleted cells by recovering
HRR capacity, as shown by the restoration of RAD51 foci formation'>’. Moreover, it was
also reported that FAM35A is absent in a common used BRCA1-mutant cell line (HCC1937)
that is resistant to PARP inhibition?%%2%, These findings are consistent with our results and
support that FAM35A loss modulates PARPi response in PDX127, which showed RAD51
nuclear foci in the absence of BRCA1 function. Therefore, our data further demonstrated
that impaired function of FAM35A occurs in vivo and is associated with PARPi resistance,
which may be important in the novel investigation of the clinical relevance of alterations in
the shieldin proteins on HRR capacity and PARPi response. These studies, in fact, can be of
especial interest as the chromosomal region encoding RINN1 and FAM35A is frequently

deleted in PC (TCGA) and in many cases it is alongside with alterations in other HRR-related

145



146

genes®®, Specifically, FAM35A alterations are frequent in PC and significantly less
expressed in metastatic cases?®. Thus, this work could help in better understanding the

implication of shieldin components as a therapeutically relevant cancer gen.

We also wanted to examine in our panel of gBRCA PDXs the potential presence of genetic
alterations in other known PARPi-resistance genes, including PARP1, MAD2L2, PRCC,
c200rf196, RIF1, FLI26957, PAXIP1, Artemis, SLFN11, CHD4, RAD51 and ATM. With this
analysis, we reported an unknown mutation in SLFN11 in PDX280, a PARPi-resistant ovarian
cancer model with complete deletion of BRCA1. As mentioned, SLFN11 has been proposed
as predictive biomarker of sensitivity to PARPi monotherapy and its inactivation can confer
PARPi resistancel’9183, However, there is an important discrepancy between our findings
and previous data, which is the implication of SLFN11 alteration in HRR-capacity. Although
it has been reported that PARPi resistance in SLFN11-deficient cells was no caused by
activation of HRR'®3, the capacity of PDX280 to form RAD51 nuclear foci strongly suggests
that the recovery of HRR is the most likely explanation for PARPi resistance in this model.
Hence, more studies are needed to understand the effect of SLFN11 p.H661D mutation in

protein functionality, HRR-capacity and PARPi response.

Altogether, our PDX cohort-1 enriched with metastatic gBRCA1 breast tumors unveils HRR
functionality as the only characteristic that is common in all PARPi-resistant tumors. The
recovery of HRR functionality could be achieved through different mechanisms and we also
demonstrated the co-existence of multiple of them in one individual tumor, such as PDX124
and STG316 harboring hypomorphic BRCA1 isoforms as well as RAD51 amplification or
53BP1 loss, respectively?®%3% These findings further highlight that measuring HRR activity
with functional assays, such as the RAD51 score, would be a better strategy to select
patients who can benefit most from PARPi monotherapy. This is because our data strongly
suggest that a high RAD51 score discriminates tumors that will fail PARPi monotherapy
independently of the underlying mechanism of HRR restoration. Moreover, the RAD51
assay may capture the dynamic changes in DNA repair that occur throughout tumor
evolution and PARPi resistance, therefore contributing to identify more effectively the

HRR-proficient BRCA1/2-mutated tumors. Therefore, this work supports the use of the
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RADS51 functional biomarker to predict response to single agent PARPi and help in
appropriate inform treatment strategies and overcome or prevent PARPi resistance within

the gBRCA population.

In the second part of this thesis, we focused on expanding the use of this targeted therapy
beyond the BRCA condition. This is important because a substantial number of patients
who lack BRCA1/2 mutation may benefit from PARPi monotherapy as they displayed an
HRR-deficient condition that can arise through various genomic, epigenetic or post-
translation alterations®%'28, In this sense, there is a clear need to develop robust and
clinically feasible biomarkers of HRR functionality correlating with treatment response.
Recent advances towards the development of biomarkers of response and resistance to
PARPi have been based on targeted sequencing of DNA repair genes, genomic scars, or
gene and protein expression!*4. Nevertheless, some of these biomarkers have pitfalls. For
example, genomic signatures have a limited capacity to capture restoration of HRR
functionality that may occur during tumor evolution or after drug pressure. Instead,
functional assays of HRR status provide a more comprehensive and dynamic readout of
tumor HRR capacity throughout disease evolution and at the specific moment of treatment
decision4+222, |n these sense, RAD51 foci formation had been examined as biomarker of
PARPi response, but previous assays used to quantify RAD51 foci formation are difficult to

implement in the clinical practice?38249,

Here we report on the performance of the RAD51 assay in FFPE cancer samples without
prior patient treatment or exogenous DNA damage induction. While previous studies
reported low levels of baseline DNA damage as a potential limitation to evaluate HRR%38:240
we were able to consistently detect endogenous DNA damage and RAD51 foci in untreated
samples, both from PDX and patients. We demonstrated that the RAD51 score was able to
capture the HRR functionality in untreated tumors and correlated with PARPi response. In
BRCA1/2-mutated and wild type TNBC PDXs, a RAD51 score cut-off of 10% predicted the
response to different PARP inhibitors and doses with high specificity and sensitivity,
outperforming the HRD score. This represents a novel comparison of the predicting

capacities of PARPi response between a functional and a genomic-based assay.
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We also tested the feasibility of the RAD51 assay in routine clinical samples from patients
with HBOC syndrome, including gPALB2-related tumors, further demonstrating the
feasibility of the RAD51 assay in untreated clinical samples. Importantly, the RAD51 assay
classified as HRR-deficient all the tumors from patients with deleterious germline PALB2
mutations, along with three tumors from young-onset BC patients with absent BRCA1 foci
formation. Altogether, our data highlighted the utility of the RAD51 score to identify
several populations that might be sensitive to PARPI. First, the germline population with
HRR alterations, including BRCA1/2, PALB2 and probably other genes, such as RAD51C or
RAD51D. In these patients, the RAD51 assay could be used as an enrichment biomarker to
better predict sensitivity to PARPi, since restoration of the HRR pathway might have
occurred and result in PARPi-resistance!**?%5, Second, tumors with somatic alterations in
HRR-related genes, such as the PALB2 mutations described in 4% of metastatic BC2%3301,
And third, tumors with epigenetic HRR silencing, such as BRCA1 or RAD51C promoter
hypermethylation. Additional work is needed to define the sensitivity and specificity of the
assay to predict PARPi benefit, as well as to establish the RAD51 score cut-off that
differentiates responders from non-responders to PARPi monotherapy in the clinic. With
this purpose, our results will be validated in large patient cohorts of multicenter clinical

trials as well as in prospective studies.

The use of the RAD51 assay in other tumor types remains to be explored. Ongoing studies
in our laboratory have demonstrated the feasibility of the assay in different cancers,
including endometrial, pancreatic and prostate tumors. In this scenario, the RAD51 score,
may further cover the current need to enlarge the population eligible for PARPi treatment

and to identify other PARPi sensitive tumors beyond the actual selection criteria.

Nevertheless, it is necessary to be aware that the RAD51 assay has some limitations. Firstly,
when PARPi sensitivity occurs via mechanisms that do not directly impact on the ability of
cells to perform HRR, e.g. alterations in ATM?31:302303 or in the RNASEH2 complex3%,
Secondly, when PARPi sensitivity occurs via mechanisms that preserve RAD51 foci
formation, e.g. alterations in the MRN complex, RAD51AP1, polymerase eta or ERCC1199305~

307 Thirdly, when HRR-deficient tumors have acquired PARPi resistance via RAD51-
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independent mechanisms such as loss of PARG, mutations in PARP1 or those that involve
replication fork stabilization160:174308=312 royrthly, when a tumor has low proliferation
index or low endogenous DNA damage, in which cases the assay would not be feasible. In
this sense, understanding innate tumor genomics and combining this knowledge with the
information from functional assays such as the RAD51 score may improve patient selection

for PARPi treatment.

The RAD51 score might have other potential uses. For example, it could help in providing
functional validation of both tumor and germline genomic variants of unknown significance
(VUS). Multigene panel sequencing for breast, ovarian and prostate cases has resulted in
increased identification of numerous gene VUS that represent a clinical challenge for risk
assessment, genetic counselling and treatment choice3!3. To date, different efforts have
been made to standardize the clinical interpretation of these genetic variants and there is
a need for highly sensitive and specific assays to improve VUS classification and implement
specific preventive measures for healthy carriers as well as therapeutic guidance3'4. The
RAD51 assay could, therefore, represent a tool to classify the impact in HRR capacity of VUS
in DDR genes, including BRCA1, BRCA2 and PALB2, among others. In fact, we have recently
reported a study that support a pathogenic classification for a PALB2 mutation
(c.3201+5G>T) present in a RAD51-negative tumor3®, Specially in the PALB2-mutated
setting, the RAD51 assay could be of special interest, as some tumors retain the wild type
PALB2 allele and it has been shown that both breast tumors with PALB2 bi-allelic
inactivation and those that retains the wild type PALB2 allele had high HRD scores3?®.
Moreover, heterozygous PALB2 deletions and other alterations in DDR genes were found
in metastatic CRPC (mCRPC) patients, and most of them responded to olaparib3'’.
Therefore, the RAD51 assay might be useful in understanding the impact of heterozygous

mutations in HRR capacity.

In line with the previous paragraph, the RAD51 assay might also help in the constantly
expanded knowledge of genes with direct or indirect roles in HRR capacity and, therefore,
in knowing the potential relationship of these genes with PARPi response. For example,

ARID1A is a gene implicated in chromatin remodeling and one of the most frequently
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mutated in cancer!?®, ARID1A deficiency sensitize tumors to various DDR inhibitors in
preclinical models, including PARPi318, Similarly, as it is also implicated in chromatin
remodeling, BAP1 deficiency is associated with PARPi sensitivity31%320, These examples
demonstrate that the discovery of genes that play distinct roles in DDR, cell-cycle regulation
and chromatin remodeling is increasing. In this scenario, a functional test, such as the
RAD51 assay, that inform about the potential effect in HRR capacity of aberrations in these
genes, could be very helpful. The RAD51 assay could therefore inform about new
opportunities to expand the therapeutic landscape of PARP inhibitors. But not only this,
because better understanding the proteins involved in DDR in a mutation-specific manner
might also help in the identification of treatment strategies to overcome or prevent PARPi
resistance. A high RAD51 score may encourage the use of combination therapies with
PARPi that enhance DNA damage, such as platinum salts, followed by maintenance with a
PARP{112:321322 \Moreover, new therapeutic options to overcome PARPi resistance include
the use of other targeted agents such as inhibitors of DDR proteins. This work additionally
propose that a subset of PARPi-resistant tumors may benefit from combined PARP

blockade with other DDR inhibitors.

In this context we tested the inhibition of WEE1 and ATM to enhance antitumor response
to PARPi in PDXs. Our work could help in the characterization of TNBC tumors that will
benefit from WEE1 inhibition as single agent and in combination with PARPi, in addition to
helping in elucidating the mechanisms of action of these compounds in vivo and identifying

potential biomarkers of response with clinical application.

To study the effects of WEE1 blockade in tumor cells, we investigated both cell-cycle
progression and replication stress induction. Although previous studies with AZD1775 in
various cell lines and patients with BRCA mutation showed an induction of YH2AX with no
increase in pHH326323324  oyr results showed a dual effect of inhibiting WEELi in vivo,
including the reported increase in replication stress but also in the proportion of pHH3-
positive cells. Nevertheless, our results showed that the induction of mitotic entry did not
discriminates WEEli-sensitive to -resistant tumors, further demonstrating that premature

entry in mitosis may not be the major mechanisms of WEE1i sensitivity324.
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Having shown these mechanisms of action of WEE1 blockade, we also realized that levels
of RS, measured as the percentage of cells with pRPA S4/S8 nuclear foci, are higher in
WEEli-sensitive tumors both upon treatment with WEELi or vehicle. These results are in
consistence with the model of “replication catastrophe”3?>, This model proposes that fork
stability depends on the protection of ssDNA by RPA and there are tumors with high
baseline levels of replication stress in which, although RPA is an abundant protein, its
exhaustion may occur because the firing of excessive replication forks after checkpoint
inhibition. Forcing cells with high levels of RS to enter mitosis may cause replication
catastrophe and cell death?®*. Therefore, our data suggest that the measurement of
baseline levels of RS could predict for WEE1i monotherapy response. Previous results have
also shown a good correlation between the levels of ssDNA and response to WEE1 and ATR
inhibitors using diffuse large B-cell lymphoma (DLBCL) cell lines32¢, which highlights the
opportunity to test our assay for predict response to other DDR inhibitors. Furthermore,
the lack of optimized assays to measure ssDNA or RPA foci represents an actual barrier to

310

use these assays in the clinical practice*'® and our IF assay for pRPA S4/S8 nuclear foci

detection could help in this current limitation.

As it has been reported that a genetic background compatible with higher RS predispose
to PARP plus WEE1 inhibition sensitivity3?’, we then focused on this combination strategy
to study the effect of increasing RS to enhance PARPi response. In concordance, we
reported that combination-sensitive PDXs harbor exacerbated induction of RS upon WEE1
plus PARP blockade. All the gBRCA1 PDXs that progress to PARPi monotherapy showed
antitumor response with this combination treatment but two models, PDX127 and STG316.
However, these two BC models showed antitumor activity when combining PARP plus ATM
blockade, demonstrating that a subset of PARPi-resistant gBRCA1 tumors could also benefit
from this combination strategyl4%:258328329 |nterestingly, when examined the effects of
ATM inhibition in these models, we showed that induction of RS is again the feature that
differentiates combination-sensitive from -resistant models. Although further research is
needed to confirm these findings, our data suggest that inhibiting ATM did not affects HRR-
capacity, but target replication stress response. Altogether, our results support the

potential of exploiting replicative stress to treat cancer and combat PARPi resistance,
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particularly in BRCAI-altered tumors, and suggested that response to combination
strategies might depend on different tumor characteristics, such as the mechanisms of

PARPi resistance.

In addition to the two DDR inhibitors studied in this thesis, there are other emerging ways
and therapeutic potential inhibitors to enhance replicative stress as anticancer treatment,
including inhibitors of CHK1, CHK2, ATR or DNA-PK as single agent and in combination with
PARPi?*330 (Fig.33). Studies with these compounds are currently underway and some of
them have reached advanced stages of preclinical and clinical development?®4. Other
interesting targets to increase replicative stress include NEDD8-activating enzyme (NAE)33!
or maternal embryonic leucine zipper kinase (MELK). Preliminary results from our lab
showed non-overlapping activity between WEE1, ATR or ATM inhibition, which again
demonstrates the importance of characterizing the biomarkers of response to these
targeted therapies, where the number of potential targets continuously grows. The efficacy
of the use of DDR-inhibitors as anticancer drugs will depend on identifying the susceptibility
factors associated with the specific DDR-inhibitor, combination treatments and limiting

toxicities.

Another rational combination approach is the use of inhibitors of BET proteins or the PI3K,
RAS and AR signaling pathways, which can induce a state of HRR deficiency as they can
regulate the expression of HRR genes332333 (Fig.33). Thus, target these proteins has the
potential to induce synthetic lethality with a DDR-inhibitor, such as PARPi, as already shown
in preclinical studies?>3334-337_|n this scenario, the work presented in this thesis can also
be helpful, as the RAD51 assay could confirm the effect of inducing an HRR deficiency state
by targeting these proteins, thereby working both as a functional biomarker in the
development of new drugs and as a predictive biomarker for combination treatments with

PARPI.

Finally, multiple evidence has provided a biological rationale for combining DDR inhibitors
with immunotherapies, as immune-checkpoints inhibitors (ICls), and the potential use of

DDR defects as predictive biomarkers of response to ICls. Genomic instable tumors as those
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with BRCA1/2 mutation and others with DDR deficiency, are characterized by lymphocytic
infiltration®2. It has been suggested that, as DDR proteins maintain the integrity of the
genome, defects in these pathways might increase the tumor mutational burden (TMB),
leading to higher neoantigen production and enhanced activation of antitumoral T cells338"
341 On the other hand, tumors with DDR gene aberrations seem to accumulate cytosolic
DNA, which represent a stimulus to the activation of the innate immune system through
the cGAS-STING pathway that does not require the recognition of neoantigens3*+342, In
addition, paradoxically, the STING pathway also activates the expression of PD-L1 in tumor
cells, therefore limiting the cytotoxic immune response, but giving the opportunity to
sensitize the tumor to PD-L1 blockade (Fig.33)3*%. Although the rationale of using ICls in
tumors with DDR deficiencies seems clear, evidence is only beginning to emerge3*4. The
RAD51 assay may also have place in this scenario, where the correct characterization of
HRR-deficient tumors is important to determine the effect of this phenotype in the immune
response. Moreover, the combination of the RAD51 assay with others as PD-L1 expression
might serve as biomarker to select those tumors that will benefit from ICls as single agent

or in combination with PARP inhibitors.

To conclude, this thesis points out that the RAD51 assay is highly sensitive and specific in
predicting antitumor response to PARP inhibition and, taken some considerations into
account, it may be implemented in routine clinical diagnostics to provide an accurate
measurement of HRR status at the time of treatment decision-making, therefore improving
patient selection for PARPi treatment in the field of personalized medicine. We also provide
here an improved understanding of the resistance mechanisms to PARPi and their
implication in the selection of correct combination strategies with DDR inhibitors, providing
novel information that will facilitate patient stratification for DDR-targeting therapies. Key
guestions for the near future include the characterization of the level of HRD, how to
incorporate predictive biomarkers of sensitivity into clinically relevant platforms, and how
the molecular heterogeneity within tumors impact treatment regimens and resistance
mechanisms. Altogether, this works highlighted that comprehensive functional tests for

identifying the biological background of tumors that better respond to targeted therapies
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are needed and will be pivotal in developing the right combination strategy and improve

patient selection to finally achieve more efficient and durable clinical responses.

/A TARGETING DDR AND CELL CYCLE O
Drug

s Anti-tumoral
== |mmune Evasion

U Cell cycle checkpoint

Effectis \
manifest 1

\
M 1
G1
v
I []
C2 s Maximize

DNA damage 1
Prevent repair ?

T

C TARGETING IMMUNE RESPONSE

B TARGETING HRR CAPACITY

EGFR

!
@D
o

v

Anglogenesis

N4

Promotes HRR

€|

Type | IFN
CXCL10
ccls OOOQO
°Q

Anti-tumor @ Q
Immunity

Actlvauon

@i

Therapies to induce
HRD

Figure 33 | Therapies in combination with PARPi. The different options of therapies that can be
combined with PARPi are represented, including A) the strategy for the development of DDR-targeted
therapies, B) the use of inhibitors of proteins of the PI3K, RAS, VEGFR and AR signaling pathways, which
can induce a state of HRR deficiency as the can regulate the expression of HRR genes, and C) the
rationale for combining PARPi with immunotherapies. Tumors with DDR alterations accumulate
cytosolic DNA, which represent a stimulus to the activation of the innate immune system through the
CGAS-STING pathway that induces the production of type | interferons (IFN) and chemoattractant and
pro-inflammatory cytokines (CXCL10, CCL5, IL-1). This cascade result in both the activation of NK cells
and macrophages and the infiltration, proliferation and anti-tumor response of CD4+ and CD8+ T cells
into the tumor. Paradoxically, the STING pathway also activates the expression of PD-L1 in tumor cells,
therefore limiting the cytotoxic immune response, but giving the opportunity to sensitize the tumor to
PD-L1 blockade. DC, dendritic cell; M, macrophage; NK, natural killer cell; Treg, regulatory T cell.
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CONCLUSIONS

PART 1

Patient derived xenografts (PDX) from germline BRCA1/2-mutated (gBRCA) breast
and ovarian cancer patients recapitulate the patient’s response to PARPi and
represent a suitable platform to study in vivo antitumor activity of PARPi
Restoration of HRR functionality is frequent among gBRCA PDXs that do not respond
to PARPi treatment

HRR recovery in the gBRCA PDXs is achieved by several mechanisms including the
expression of hypomorphic BRCA1 proteins and loss of an end resection barrier,
including 53BP1 and FAM35A

Detection of RAD51 foci in gBRCA tumors from PDXs and patients correlates with
PARPi resistance regardless of the underlying mechanisms of HRR restoration

The RAD51 assay is a promising biomarker to be used in the clinic for better select

gBRCA patients that will benefit from PARPi monotherapy

PART 2

There are PDXs from BRCA1/2 wild type (non-gBRCA) breast cancer (BC) patients
that showed antitumor activity upon PARP inhibition

BRCA1 promoter hypermethylation and genetic alterations in HRR-related genes
are associated with PARPi sensitivity in non-gBRCA BC PDXs

The RAD51 score is a functional biomarker with complete discriminative capacity in
predicting PARPi antitumor response in BC PDXs and outperformed the HRD
genomic test

The RAD51 assay is feasible in routine clinical samples without prior exposure to
DNA damaging agents

In clinical samples from patients with HBOC syndrome, carrying a PALB2 mutation
is associated with a low RAD51 score

The RAD51 score is a functional biomarker that enables the identification of PARPi-
sensitive BC and broadens the population who may benefit from this targeted

therapy beyond BRCA-related cancers
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PART 3

WEE1 inhibition induces accelerated mitotic entry and enhances replication stress
levels in PDX from gBRCA and non-gBRCA breast and ovarian cancers

Antitumor response to single agent WEE1i is associated with a higher induction of
replication stress in vivo

High levels of baseline replication stress correlate with antitumor response to
WEE1i single-agent in PDXs

WEE1 inhibition enhances PARPi antitumor activity in BRCAl-altered PDXs

WEE1 plus PARP1 blockade leads to exacerbated induction of replication stress in
combination-sensitive PDXs

PARPi resistance in gBRCA1 mutated BC PDXs can be also reverted by combining
PARP plus ATM inhibition
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Figure S1 | Confirmation of the germline BRCA1/2 mutations in the PDX models of cohort-1.

Orthogonal validation of the germline BRCA1/2 mutations identified by MiSeq using Sanger sequencing
and/or MLPA is shown. PDX127 is shown as an example for the BRCA1 mutation c.68_69delAG, also
identified in PDX179 and PDX230. Of note, PDX274 lacks the germline BRCA1 ¢.211A>G mutation in exon
5 due to an out-of-frame deletion of exons 3-7 of BRCA1 in the pathogenic allele, unveiled by massively

parallel sequencing and MLPA. This deletion was confirmed at the somatic level in the original patient’s
tumor and thus was not acquired in the PDX. The out-of-frame deletion of BRCA1 exons 3-7 in PDX274
was predicted to cause a premature stop codon and a non-functional protein, thus it is not a secondary

mutation restoring the open reading frame. Electropherograms are shown. Arrows indicate the specific

mutations. Vertical lines indicate exon-intron boundaries, when applicable.
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Figure S2 | Setup of HRR markers by IF in FFPE samples from breast cancer PDX tumors. A)
Immunofluorescence staining of yH2AX and RAD51 following cisplatin or olaparib treatment in a luminal
B BRCA1/2 wild type breast cancer model (PDX131) and a triple negative BRCA1/2 wild type breast
cancer model (PDX094) B) Assessment of the HRR markers BRCA1 [with an antibody toward the N-
terminus (B1-NT) or C-terminus (B1-CT) of BRCA1] and RAD51 in cells in the S/G2-phase of the cell cycle
(geminin-positive) by immunofluorescence in FFPE samples of PDX131 and PDX094. Nuclei were

B1-CT
Geminin

RAD51
Geminin

visualized with DAPI (blue). All pictures were taken at 600x magnification.
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Figure S3 | Restoration of BRCA1 foci formation in PARPi acquired-resistant PDXs.
Immunofluorescence staining of BRCAL foci in PARPi-treated tumors from STG201, PDX302 and the
corresponding PARPi acquired-resistant models (STG2010R and PDX3020R). Empty arrowheads show
geminin-positive cells with no BRCA1 foci. Solid arrowheads indicate geminin-positive cells with BRCA1
nuclear foci. Nuclei were visualized with DAPI (blue). All pictures were taken at 600x magnification.
Larger views of positive cells are shown in each case.
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Figure S4 | Restoration of RAD51 foci formation in PARPi acquired-resistant PDXs.
Immunofluorescence staining of RAD51 foci in PARPi-treated tumors from STG201, PDX302 and the
corresponding PARPi acquired-resistant models (STG2010R and PDX3020R). Empty arrowheads show
geminin-positive cells with no RAD51 foci. Solid arrowheads indicate geminin-positive cells with RAD51

STG201

STG2010R

PDX302

PDX3020R

nuclear foci. Nuclei were visualized with DAPI (blue). All pictures were taken at 600x magnification.
Larger views of positive cells are shown in each case.
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Figure S5 | Restoration of RAD51 and BRCA1 foci formation in PARPi acquired-resistant PDXs.
Immunofluorescence staining of RAD51 and BRCA1 foci in PARPi-treated tumors from STG201, PDX302
and the corresponding PARPi acquired-resistant models (STG2010R and PDX3020R). Yellow arrowheads
show cells with both RAD51 and BRCA1 nuclear foci. Nuclei were visualized with DAPI (blue). All pictures
were taken at 600x magnification. Larger views of positive cells are shown in each case.
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Figure S6 | yH2AX, RAD51 and BRCA1 foci in tumors from patients with HBOC syndrome, including
germline PALB2-mutation carriers. Immunofluorescence staining of YH2AX, BRCA1 and RAD51 nuclear
foci in FFPE tumors from patients. S/G2-phase cells (geminin-positive, green) with or without yH2AX,
BRCA1 or RAD51 foci (red) are indicated with filled and empty red arrowheads, respectively. Nuclei were
visualized with DAPI (blue). All pictures were taken at 600x maghnification.
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Figure S7 | Biomarkers of response to WEE1 inhibition. Results from A) exome sequencing and B-C)

western blot analysis of different markers related with WEE1i response, including B) early entry in S-

phase and C) RS response.
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Table S1 | Exome sequencing results of HRR-related genes in PDX cohort-2. CNA, Copy number

alteration.
SOMATIC
SV-PROTEIN- STATUS/
PDX# GENE CHANGE SV-CDS-CHANGE FUNCTIONAL VAF CNA-TYPE known-Other
IMPACT
PTEN C211fs ¢.631dupT likely 1,00 - Trunc/FS
PDX044
TP53 V272_R273delinsG c.815_817delTGC unknown 0,99 - unknown-InDel
CCNE1 - - NA - amplification amplification
unknown-
MSH6 D763H c.2287G>C unknown 0,33 - Missense
PMS2 G857A ¢.2570G>C likely 0,34 - known-Missense
unknown-
POLD2 L132M c.394C>A unknown 0,45 - Missense
PDX060
PTEN - - NA - loss Deletion
RAD50 - - NA - loss Deletion
SHPRH R878* €.2632C>T likely 0,72 - Trunc/FS
TDG splice c.408+1_409-1del likely 0,09 - Splice
TP53 R306* c.916C>T known 1,00 - Trunc/FS
FAM175B - - NA - loss Deletion
PALB2 M296Nfs c.886dupA likely 0,44 - Trunc/FS
PMS2 G857A ¢.2570G>C likely 0,42 - known-Missense
¢.530_544delTCTGTGGCAG
POLB V177_R182delinsG TTTCA unknown 1,00 - unknown-InDel
PTEN splice ¢.209+2delT likely 1,00 - Splice
PDX093
unknown-
RAD50 R365Q c.1094G>A unknown 0,93 - Missense
unknown-
RIF1 G389C c.1165G>T unknown 0,52 - Missense
unknown-
RTEL1 A435T c.1303G>A unknown 0,49 - Missense
DG splice ¢.23+1_24-1del likely 0,09 - Splice
FAM175B - - NA - loss Deletion
FANCI - - NA - amplification amplification
PDX0930R PMS2 G857A ¢.2570G>C likely 0,52 - known-Missense
¢.530_544delTCTGTGGCAG
POLB V177_R182delinsG TTTCA unknown 0,32 - unknown-InDel
POLG - - NA - amplification amplification
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PTEN splice ¢.209+2delT likely 0,98 - Splice
unknown-
RAD50 R365Q c.1094G>A unknown 0,98 - Missense
unknown-
RIF1 G389C c.1165G>T unknown 0,54 - Missense
unknown-
RTEL1 A435T c.1303G>A unknown 0,45 - Missense
unknown-
ATM E2294D c.6882A>T unknown 0,99 - Missense
BLM F194fs c.581_582delTT known 0,30 - Trunc/FS
unknown-
DDX11 E201K c.601G>A unknown 0,09 - Missense
unknown-
FANCL 140V c.118A>G unknown 0,33 - Missense
PDX094
GTF2H3 - - NA - amplification amplification
MAD2L1 - - NA - amplification amplification
unknown-
PARP2 E350D ¢.1050G>C unknown 0,40 - Missense
PMS2 G857A ¢.2570G>C likely 0,40 - known-Missense
TP53 G266* c.796G>T known 1,00 - Trunc/FS
unknown-
ATM V1912L ¢.5734G>C unknown 1,00 - Missense
DNTTIP2  T640fs ¢.1918dupA likely 0,37 - Trunc/FS
unknown-
MPG R246C c.736C>T unknown 0,26 - Missense
unknown-
PDX098  parg2  vrsl 0.232G>A unknown 034 - Missense
TP53 R249S c.747G>T known 1,00 - known-Missense
unknown-
XRCC5 M4271 c.1281G>A unknown 0,36 - Missense
unknown-
ZWw10 D615N c.1843G>A unknown 1,00 - Missense
FANCB - - NA - amplification amplification
POLA1 - - NA - amplification amplification
unknown-
PDX102 RAD54B K7211 c.2162A>T unknown 0,11 - Missense
unknown-
TOP3B S767P €.2299T>C unknown 0,09 - Missense
TP53 Q331H ¢.993G>C known 0,99 - known-Missense
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unknown-

ATR A901P ¢.2701G>C unknown 0,15 - Missense
unknown-
ERCC2 R616P c.1847G>C unknown 0,66 - Missense
unknown-
PARP4 V4581 c.1372G>A unknown 0,15 - Missense
PDX137
PMS2 G857A ¢.2570G>C likely 0,69 - known-Missense
POLB L11fs ¢.32_33delTC likely 0,45 - Trunc/FS
REV1 - - NA - amplification amplification
TP53 S166* c.497C>G known 1,00 - Trunc/FS
CUL4A - - NA - amplification amplification
ERCC5 - - NA - amplification amplification
GTF2H2 - - NA - amplification amplification
LIG4 - - NA - amplification amplification
PER1 - - NA - amplification amplification
PMS2 G857A ¢.2570G>C likely 0,78 - known-Missense
RNASEH2
A - - NA - amplification amplification
STG139
unknown-
SHPRH D1673E ¢.5019C>G unknown 0,40 - Missense
unknown-
SLX4 P763S c.2287C>T unknown 0,42 - Missense
unknown-
SLX4 P763S c.2287C>T unknown 0,42 - Missense
SMARCA4 - - NA - amplification amplification
TP53 E258* c.772G>T known 0,99 - Trunc/FS
unknown-
TREX2 G169V ¢.506G>T unknown 0,27 - Missense
unknown-
MSH3 A57P c.169G>C unknown 0,22 - Missense
POLB - - NA - amplification amplification
PDX156 POLG Q53dup ¢.156_158dupGCA unknown 0,74 - unknown-Other
unknown-
TOP3B S767P €.2299T>C unknown 0,08 - Missense
TP53 R280K c.839G>A known 1,00 - known-Missense
unknown-
CLK2 Y430C c.1289A>G unknown 0,48 - Missense
PDX197
CUL4A - - NA - amplification amplification




APPENDIX

ERCC5 - - NA - amplification amplification
unknown-
GTF2H1 K60T c.179A>C unknown 0,27 - Missense
unknown-
LIG1 R643H c.1928G>A unknown 0,95 - Missense
unknown-
LIG4 G120E ¢.359G>A unknown 0,11 - Missense
unknown-
MSH2 N596S c.1787A>G unknown 0,98 - Missense
c.169_195delGCCGCAGCG
GCCGCAGCGCCCCCAGC
MSH3 A57_A65del G unknown 0,10 - unknown-InDel
unknown-
NBN K223E c.667A>G unknown 0,17 - Missense
PTEN S229* c.686C>G likely 1,00 - Trunc/FS
unknown-
RECQL5 A757P ¢.2269G>C unknown 0,38 - Missense
TP53 R175H c.524G>A known 0,98 - known-Missense
FANCD2  S64fs ¢.192_195delTCAG likely 098 - Trunc/FS
GTF2H4 - - NA - loss Deletion
POLG Q53dup ¢.156_158dupGCA unknown 0,79 - unknown-Other
STG201 c.1535_1559delCACCATCC
POLH S512fs AAGCCCTCATTACCTTT likely 0,95 - Trunc/FS
c.495_516delAGTAACTATT
PTEN G165fs CCCAGTCAGAGG likely 1,00 - Trunc/FS
TP53 M2371 c.711G>A known 0,90 - known-Missense
FANCD2  S64fs ¢.192_195delTCAG likely 1,00 - Trunc/FS
POLD1 V866V ¢.2598G>C unknown 0,53 - unknown-Other
POLG Q53dup ¢.156_158dupGCA unknown 0,78 - unknown-Other
c.1535_1559delCACCATCC
POLH S512fs AAGCCCTCATTACCTTT likely 1,00 - Trunc/FS
STG2010R c.495_516delAGTAACTATT
PTEN V166fs CCCAGTCAGAGG likely 0,95 - Trunc/FS
RAD17 K535fs ¢.1605_1605+2delGGT likely 0,39 - Trunc/FS
RECQL5 splice ¢.1586-3_1586-2dupCA likely 0,73 - Splice
DG - ¢.-78402696_793-7del unknown 0,20 - unknown-Other
TP53 M2371 c.711G>A known 1,00 - known-Missense
unknown-
CHAF1A G197V ¢.590G>T unknown 0,40 - Missense
PDX270
RAD54L  V516fs ¢.1546delG likely 1,00 - Trunc/FS
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unknown-

RECQL5 K931N ¢.2793G>C unknown 0,08 - Missense
unknown-
SMC1B R1210P ¢.3629G>C unknown 0,31 - Missense
TP53 S241A c.721T>G known 0,96 - known-Missense
unknown-
TP73 T188A c.562A>G unknown 0,09 - Missense
unknown-
ERCC5 S1097C ¢.3290C>G unknown 0,23 - Missense
PDX288 POLB - - NA - amplification amplification
TP53 splice c.993+1G>A known 0,99 - Splice
RECQL5 splice ¢.1586-3_1586-2dupCA likely 0,47 - Splice
SMARCAL unknown-
1 C562F c.1685G>T unknown 0,08 - Missense
PDX291 DG - ¢.-78402712_793-5del unknown 0,77 - unknown-Other
TP53 Y107fs c.321delC known 0,99 - Trunc/FS
unknown-
UNG P172T c.514C>A unknown 0,45 - Missense
unknown-
CLSPN E43D c.129A>C unknown 0,22 - Missense
DCLRE1A R138* c.412C>T likely 1,00 - Trunc/FS
€.1024-
5_1077delCCTAGGCAGCCTGGC
. ATCCTCGCTACAACCTCATTGT .
DDB2 splice TGTGGGCCGATACCCAGATCCT  likely 0,18 - Splice
PDX302 c.1605_1605+2delGGTinsAA
RAD17 splice A likely 0,14 - Splice
REV1 A1090_S1091insSA  ¢.3264_3269dupCAGCGC unknown 0,52 - unknown-InDel
unknown-
TOP1MT  A88V c.263C>T unknown 1,00 - Missense
TP53 T256fs €.766dupA known 1,00 - Trunc/FS
unknown-
CLSPN E43D c.129A>C unknown 0,30 - Missense
DCLRE1A R138* c.412C>T likely 1,00 - Trunc/FS
€.1024-
5_1077delCCTAGGCAGCCTGGC
. ATCCTCGCTACAACCTCATTGT .
PDX3020R DDB2 splice TGTGGGCCGATACCCAGATCCT  likely 0,38 - Splice
REV1 A1090_S1091insSA  ¢.3264_3269dupCAGCGC unknown 0,47 - unknown-InDel
unknown-
TOP1IMT A88V c.263C>T unknown 1,00 - Missense
TP53 T256fs €.766dupA known 1,00 - Trunc/FS




Table S2 | 73-gene profiling results of PDX cohort-3.

APPENDIX

PDX# GENE SV-PROTEIN-CHANGE v o S HOMOZYGOSITY
HBCx1 TP53 L188 fs35aaTer known homozygous
AKT1 E17K known homozygous
HBCx2 RB1 del from ex18 known
TP53 A276D known homozygous
PTEN P246 fs8aa known homozygous
HBCx3
TP53 Q144Ter known homozygous
NF1 S1030Ter new heterozygous
HBCx6 RB1 del ex1-17 known
TP53 T102 fs19aaTer known homozygous
ARID1A M1673Ter new heterozygous
ATM D1853N known heterozygous
CDKN2A - deletion
HBCx7 EP300 D1713Ter new heterozygous
KDR chr4-55976819-A->G-(spliceSite) new heterozygous
MLL3 Q2054 Ter new
ROS1 Q1369Ter new homozygous
BRCA1 Q81* c.241C>T likely homozygous
HBCx8
NRAS Q61K known heterozygous
ATM Q1128R new homozygous
HBCx9 CDH1 AB17T known heterozygous
TP53 V143 fs25aaTer known homozygous
BRCA2 Q3036* c.9106C>T likely homozygous
PTEN del ex3 known
HBCx10
RB1 deleted gen known
TP53 V157F known homozygous
BRCA1 K654Sfs*47 c.1961del likely homozygous
ARID1A E1924 Ter known heterozygous
HBCx11 KDM6A P807fs 26aa (ins 19nt) new heterozygous
MLL2 E2186 fs73aa (del 16 nt) new heterozygous
PI3KR1 del P568-D569-L570-1571 known homozygous
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STK11 F354L known homozygous
TP53 R249 fs96aaTer known homozygous
NF1 V1764fs 9aa new heterozygous
HBCx12
b
TP53 del G108-G109 known homozygous
HRAS E98Ter new heterozygous
NOTCH1 loss known
HBCx14
RB1 del ex1 known
TP53 Y163C known homozygous
KIT T5941 known heterozygous
HBCx15 PITCH1 D39H known heterozygous
TP53 P151H known homozygous
PTEN del ex3-4-5 known
HBCx16
TP53 E180 ins in frame 6aa (GAAPTM) known homozygous
BRCA2 S2012Qfs*5 c.6033_6034del likely homozygous
AKT1 D46E known homozygous
HBCx17 CDKN2A deleted gene known
KDM6A partially deleted gene known
TP53 H193 fs53aaTer known homozygous
CDKN2A deleted gene known
HBCx23
TP53 del N131 known homozygous
HBCx24 TP53 K292 fs11aaTer known homozygous
ATM D1853N known heterozygous
CDKN2A deleted gene known
HBCx27
KDM6A Q1248Ter new homozygous
TP53 V274D known homozygous
BRCA1 F46_R71del;C64* c.212+3A>G likely homozygous
HBCx28 PTEN loss known
TP53 R175H known homozygous
CDKN2A deleted gene known
HBCx30 PTEN loss known
TP53 F134L known homozygous
AKT1 E17K known homozygous
HBCx31
TP53 R175H known homozygous
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ATRX M1800K known heterozygous
HBCx33
TP53 V218E known homozygous
HBCx39 TP53 Y220C known homozygous
BRCA1 S1524Lfs*24 c.4570del likely homozygous
T168
TP53 R196Ter known homozygous
CDKN2A deleted gene known
T174 PIK3CA H1047Q known homozygous
TP53 T256P known homozygous
CREBBP deleted gene known
TP53 R175H known heterozygous
T180R
TP53 L130 fs38 new heterozygous
Tsc1 deleted exons 1to 5 known
PALB2 S475* c.1424C>G likely homozygous
P1096 fs13aa
7298 CREBBP (TACAGTGCTTCTAGGGTTGG/C) new heterozygous
NOTCH1 E1447 inframe del 116aa new homozygous
PIK3CA H1047Q known homozygous
ATM N1739R known heterozygous
MLL3 R2139Ter new heterozygous
T311R  NF1 Q83Ter known homozygous
PIK3CA H1047Q known homozygous
TP53 D259V known homozygous
€.3839_3844deli
BRCA1 S1280* ns5 likely homozygous
T330 NRAS P185S known heterozygous
TP53 E204Ter known homozygous
T381 TP53 chr17-7578370-C->T/T-(spliceSite) known
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Your work is going to fill a large part of your life, and the only way to be truly satisfied is to do what you
believe is great work. And the only way to do great work is to love what you do. If you haven’t found it yet,
keep looking. Don’t settle. As with all matters of the heart, you’ll know when you find it.

Steve Jobs
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