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Abstract

In-silico analyses of cancer genomic instabilities and DNA repair deficiencies for

diagnostics and treatment choice

This work is devoted to the analysis of cancer genomic instability and DNA repair deficiency

as a part of clinical investigation and the implementation of a diagnostic tool.

The first part of the thesis describes Homologous Recombination Deficiency (HRD) and the
genomic aberration patterns in tumors which emerge upon this deficiency. Homologous
Recombination (HR) is a DNA repair pathway that can fix double strand breaks by using a
sister chromatid and sister chromosome as a DNA template. Tumors inactivated for some
major genes involved in HR such as BRCA1, BRCA2, RAD51C and PALB2 were shown to
present high genomic instability. Detecting inactivation of HR pathway in tumors nowadays
became extremely important because of new therapeutic options targeting HRD (PARP
inhibitors) and established clinical practice of familial genetic supervision. The comprehensive
testing for HR gene inactivation is complicated because of the diversity of inactivation
mechanisms including germline and somatic mutations, promoter methylation and structural
variants. Genomic signatures based on the specific aberration profiles of HRD tumors have
been developed. These signatures capturing tumor BRCAness or genomic HRD covering all
possible causes are described. A new tool called shallowHRD to evaluate HRD in tumors is
presented. ShallowHRD is based on low-coverage Whole Genome Sequencing (<1X). This
DNA sequencing technique was chosen because of a low-cost and efficiency that allows
constructing the copy-number alteration profile of a tumor even for FFPE samples.
ShallowHRD exploits large-scale intra-chromosomal breaks in copy number profiles
characteristic of HRD. ShallowHRD shows ~90% of sensitivity and specificity, which is
comparable to most state-of-the-art methods. Due to the intrinsic advantages of shallowHRD
it is already implemented for ovarian cancer in Institut Curie. The new incoming cases and the
large retrospective cohorts analyzed using shallowHRD allowed to refine HRD and quality

diagnostics for clinical precision.

The second part describes the background and the results of testing CDK12 (cyclin-dependent
kinase 12) as a cancer predisposition gene in epithelial ovarian cancer (EOC). CDK12 is a
tumor suppressor gene, which inactivation was consistently associated with specific genomic
instability in EOC and prostate cancers. CDK12 is an RNA processing protein not directly
implicated in DNA repair and exact functional link between genomic instability and CDK12
inactivation is not yet deciphered. The investigation of a cohort of unrelated 416 patients with

EOC for CDK12 revealed no germline deleterious mutation and a proportion of missense



mutations similar to the representative non-Finnish European population. Overall, no evidence

was found to indicate that CDK712 is a cancer predisposition gene.

The third part describes a background and the results of testing MBD4 (methyl binding domain
4) as a cancer predisposition gene for Uveal Melanoma (UM) by massive-parallel sequencing.
MBD4 is a DNA-glycosylase that helps to maintain genomic stability principally by repressing
mCpG > TpG mutations and its inactivation in tumors was consistently associated with high
rate of CpG > TpG mutations and marked the response to immunotherapy. The results of
screening of the cohort of 1093 germline DNA of unrelated UM patient and 193 UM tumors for
MBD4 mutation are presented. MBD4 germline inactivating mutations were found in 0.7% of
UM cases and MBD4 is proved to be an UM predisposing gene with a 10-fold relative risk. The
study concluded that MBD4 must be included into cancer gene panel for clinical testing and

further explored in UM and other diseases.



Résumé

Analyses in-silico d’instabilités génomiques et de déficiences de réparation de I'’ADN

dans les cancers pour le diagnostic et le choix de traitement

Ce travail est consacré a I'analyse d'instabilités génomiques et de déficiences de réparation
de I'ADN dans les cancers dans un contexte clinique et de la mise en place d'un outil de

diagnostic.

La premiére partie de la thése décrit le déficit en recombinaison homologue (HRD) et les motifs
d'aberration génomique dans les tumeurs qui émergent lors de ce déficit. Les cassures
doubles brins de 'ADN sont des lésions trés toxiques qui nécessitent d’étre réparées par les
cellules. La recombinaison homologue (HR) est 'une des principales voies de réparation de
I'ADN permettant la réparation fidéle de ces cassures double brins en utilisant une chromatide
sceur comme matrice durant la phase S a G2 du cycle cellulaire ou un chromosome homologue
lors de la méiose. Les tumeurs inactivées pour certains génes majeurs impliqués dans HR tels
que BRCA1, BRCA2, RAD51C et PALBZ2 se sont avérées présenter une instabilité génomique
élevée. La détection de l'inactivation de la voie HR dans les tumeurs est aujourd'hui devenue
extrémement importante en raison de nouvelles options thérapeutiques ciblant 'HRD
(inhibiteurs de PARP et les chimiothérapies par sels de platine) et des pratiques cliniques pour
la surveillance génétique familiale. Les tests complets d'inactivation des génes HR sont
cependant compliqués en raison de la diversité des mécanismes d'inactivation, y compris les
mutations germinales et somatiques, la méthylation du promoteur pour BRCA1 et RAD51C

ainsi que les variants structurelles.

Des signatures génomiques basées sur les profils d'aberrations spécifiques des tumeurs HRD
ont été développées. Trois signatures génomiques structurelles de 1°¢ génération ont été
identifiées en 2012, se basant respectivement sur des réarrangements de grandes tailles
(LST), sur un déséquilibre allélique au niveau des régions télomériques (TAI) et sur un excés
des grandes régions avec perte d’hétérozygotie (LOH) ne parcourant pas tout le chromosome.
Le test Myriad myChoice® CDx combine ces trois signatures et est actuellement le seul test
disponible commercialement permettant la prescription d’inhibiteurs de PARP dans des
tumeurs sauvages pour les genes BRCA1 et BRCA2. Sa mise en place est cependant
onéreuse, environ 3500 euros. D’autres signatures de seconde génération ont également été
développée grace a I'émergence des nouvelles technologies de séquengage. Celles-cCi
comprennent des signatures de remaniements structuraux (RS3 et RS5), mais également des
signatures mutationnelles avec la signature 3 représentant une distribution quasi-uniforme des

96 types de substitutions possibles ainsi que des signatures de petites délétions avec



microhomologie a la jonction (ID6 et ID8). Deux classificateurs, HRDetect et CHORD prennent
en compte l'ensemble de ces signatures et présentent les meilleures performances
actuellement pour prédire 'HRD. Le colt de séquengage et de stockage des données ainsi
que la complexité de ces analyses sont les principaux facteurs limitants pour leur

implémentation en routine pour la clinique.

Dans cette thése un nouvel outil pour évaluer 'HRD dans les tumeurs, shallowHRD, est
présenté. ShallowHRD est basée sur le séquencage du génome entier a faible couverture
(SWGS ; <1X). Cette technique de séquengage d'ADN a été choisie en raison de son faible
colt et de son efficacité qui permet de construire le profil d'altération du nombre de copies
d'une tumeur, méme pour les échantillons FFPE. ShallowHRD détecte automatiquement un
niveau minimum entre deux segments génomiques afin d’optimiser le profil de nhombre de
copies de la tumeur et exploiter des ruptures intrachromosomiques de grandes échelles
relatives dans les profils caractéristiques de 'HRD. ShallowHRD montre ~ 90% de sensibilité
et de spécificité sur les échantillons de tumeur du sein du projet The Cancer Genome Atlas
(TCGA), ce qui est comparable a la plupart des méthodes de pointes. L'accumulation d’'un
grand nombre de cas a permis d’améliorer shallowHRD afin de s’approcher encore davantage
de la précision nécessaire en clinique, en rendant plus robuste la détection d’'un niveau
minimum de différence entre deux niveaux copies et en assurant une meilleure optimisation
du profil génomique. Des critéres de qualités ont également été développé pour aider au
diagnostic. La comparaison des résultats entre shallowHRD et le test approuvé cliniquement
Myriad myChoice® CDx montre une importante correspondance entre les deux méthodes de
92,5%. En outre, dans 54 xénogreffes issues de tumeurs (PDX) du sein triple-négatives, le
statut de la recombinaison homologue prédit significativement la réponse au cisplatine -
70,96% des PDX HRD ont une maladie stable ou une réponse aux sels de platine pour 27,27%
pour les PDX compétents en HR. En raison des avantages intrinséques de shallowHRD, notre
méthode est déja mise en oceuvre pour le cancer de l'ovaire a I'Institut Curie, généralement
dans le méme séquengage qu’un panel de géne d’intérét développé a I'lnstitut Curie, et peut
permettre d’aider a améliorer le diagnostic pour une meilleure prise en charge de patient en

routine.

La deuxiéme partie décrit le contexte et les résultats de l'investigation de CDK12 (cyclin-
dependent kinase 12) en tant que géne de prédisposition au cancer épithélial de I'ovaire
(EOC). L’'EOC est associé a des facteurs de risques connus notamment I'age et la génétique
d’un individu. Les genes BRCA1 et BRCAZ2 expliquent une large majorité des cancers des
EOC héréditaires, avec des mutations dans d’autres génes de I'HR. De plus des génes
impliqués dans la réparation de 'ADN, comme ceux de la famille MMR (MLH1, MSH2, MSHE6,

PMS?2), expliquent une plus petite proportion des cas héréditaires. Néanmoins certains de ces



cas ne sont toujours pas expliqués. CDK12 est un gene suppresseur de tumeur maintenant la
stabilité génomique, régulant la transcription de plusieurs génes de réparation de 'ADN et
faisant partie des dix génes les plus muté dans les cancers séreux de haut-grade de l'ovaire.
Il correspond donc a géne de prédisposition possible pour 'EOC. Son linactivation est
systématiquement associée a une instabilité génomique spécifique caractérisée par de

nombreuses duplications en tandem entre 0.3 et 3Mb dans les EOC et cancer de la prostate.

Pour répondre si CDK12 est un géne de prédisposition a 'lEOC, une étude d'une cohorte de
416 ADN germinale de patients non apparentés atteints d'EOC a été mise en place. Toutes
les régions codantes de CDK12 ont été étudiées par séquengage massif paralléle dans des
mélanges équimolaires de 8 ADN germinales. Cette approche permet de diminuer les colts
de séquencage en regardant les mutations dans CDK12 de plusieurs échantillons dans un
seul séquengage. L'expérience a été construite pour que la couverture de séquengage soit au
minimum de 320X par base, soit 20X par alléle. L’appel de mutations a été développé pour
étre sensible et ces derniéres ont été conservées si elles étaient appelées au moins par un
des trois logiciels d’appel de variants sélectionnés ou script personnel. Ces mutations ont
ensuite été validées ou invalidées via un séquencage Sanger. Cette étude n’a montré aucune
mutation délétére germinale de CDK12 au sein de notre cohorte. De plus une proportion de
mutations faux-sens similaire a la population représentative européenne non finlandaise a été
retrouvé dans notre cohorte (Fisher’'s exact test : p value = 0.1453). Les variants faux-sens
ont été investigué pour les tumeurs disponibles au sein de I'Institut Curie pour la perte de
l'allele sauvage. Des quatre tumeurs disponibles, une seule présentait une perte de I'alléle
sauvage. De plus, aucune de ces tumeurs ne présentaient le profil génomique caractéristique
de l'inactivation de CDK12. En outre, I'exploration du TCGA dans 511 cas de cancer de I'ovaire
n’a pas mis en évidence la présence de mutations délétéres germinales. Dans une cohorte de
cancers de la prostate résistant a la castration, CDK12 a été trouvé inactivé dans 7% des cas,
sans qu’aucune mutation germinale délétére ne soit trouvée. Dans I'ensemble, aucune preuve
n'indique que CDK12 est un géne de prédisposition au cancer de I'ovaire. Le nombre de cas

dans notre cohorte est cependant insuffisant pour conclure complétement dans ce sens.

La troisiéme partie décrit le contexte et I'investigation de MBD4 (Methyl-CpG Binding Domain
4) en tant que géne de prédisposition au cancer pour le mélanome uveal (UM). MBD4 est une
ADN glycosylase qui aide a maintenir la stabilité génomique principalement en réprimant les
mutations mCpG>TpG. En 2018 notre laboratoire a étudié une patiente UM métastatique
montrant une réponse exceptionnelle a limmunothérapie avec des anticorps anti-PD1
(Program cell death 1). Ce patient présentait un taux de mutation tumorale trés important avec
un phénotype CpG > TpG. Conformément aux fonctions de MBD4 et son phénotype

mutationnel observé, une mutation germinale délétéres dans le géne MBD4 avec une



inactivation somatique du gene a été trouvé dans ce patient. L'investigation du TCGA pour le
phénotype mutationnel CpG > TpG a permis de trouver deux tumeurs supplémentaires, une
d’'UM et une de glioblastome, les deux portant une mutation germinale dans MBD4 et une

inactivation somatique du géne.

Une large cohorte de 1093 ADN germinaux de patients UM non apparentés et de 193 tumeurs
UM a été constitué afin d’étudier si MBD4 est un géne de prédisposition a 'TUM. L’approche
développée est similaire a celle employée pour l'investigation de CDK12 en tant que géne de
prédisposition. Des meélanges équimolaires de 8 ADN germinales et de 3 ou 4 ADN tumorales
ont été constitués. Les variants trouvés par au moins un des quatre logiciels d’appel de variant
ont été ensuite validé par séquengage en Sanger. Des mutations germinales déléteres MBD4
ont été trouvées dans 0,7% des cas d'UM et MBD4 a été prouveé prédisposant a I'UM avec un
risque relatif de 9,15. Nous avons en outre confirmé que les tumeurs inactivées pour MBD4
possédent toutes le méme phénotype hypermutateur observé précédemment. Pas de
différences marquantes sur la survie globale, la survie sans le développement de métastases
ou un age minium plus bas que la population générale pour le développement d'UM n’a été
observé entre patients compétents et déficients pour MBD4. De plus aucun cas familial d’'UM
n’arbore une mutation germinale délétére de MBD4. Cependant en raison du faible nombre
de tumeur inactivées MBD4 dans notre cohorte nous ne pouvons tirer des conclusions sur ces
caractéristiques. L’inactivation de MBD4 est toujours associée avec une monosomie du
chromosome 3 ou une isodisomie 3. De plus, l'inactivation de MBD4 est toujours associée a
inactivation de génes impliqués déja dans l'oncogenése classique de I'UM, avec une
inactivation dans des génes de la voie Gaq et des mutations mutuellement exclusives des
genes BAP1, SF3B1 et EIF1AX. L'étude a conclu que MBD4 doit étre inclus dans les panels
de génes pour les tests cliniques. En outre nous avons regardé toutes les mutations
germinales délétéres présentes dans la littérature et avons trouvé plusieurs dans 'UM mais
aussi dans d’autres maladies comme le glioblastome ou la leucémie myéloide aigué. Cela
indique que MBD4 doit étre exploré encore davantage dans 'UM mais aussi dans d’autres
maladies. En coopération avec une équipe de I'hdpital La-Pitié-Salpétrieére nous allons évaluer
dans les gliomes si MBD4 est un géne de prédisposition. Au-dela du caractére prédisposant
de MBD4, les tumeurs inactivées pour ce géne sont distinctes avec un phénotype génomique
particulier et des traitements pourraient potentiellement cibler cette spécificité, parmi lesquels
limmunothérapie. La patiente ayant répondu de maniére exceptionnelle aux anticorps anti-
PD1 a développé une résistance secondaire a 'immunothérapie. De nouveaux traitements
dans un contexte MBD4-/- devraient étre explorés et nous avons déja mis en évidence certains

médicaments qui montrent des effets prometteurs dans un contexte MBD4 déficient.
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INTRODUCTION

Cancer is one the most important cause of human death worldwide with 10 million cancer-
related death identified in 2020'. Many types of cancers exist and originate at different
locations in the body, ranging from frequent cancer such as breast cancer to rare disease such
as uveal melanoma. Understanding how tumors form and develop but also what characterize
them is paramount for patient care as it allows to create and improve clinical diagnosis and

appropriated treatment.

Cancers are by nature genetics diseases that emerge upon deoxyribonucleic acid (DNA)
changes. Altered DNA represent a hallmark of cancers?. DNA is damaged several times a day
inside human cell. If not handle correctly, those damages can lead to cell inactivity, cell death
or tumorigenesis. In the latter case, cells undergo genetic and epigenetics changes that result
in their transformation and uncontrolled multiplication. These alterations arise from genotoxic
exposure, consequences of cell functioning in an abnormal situation or a defect in DNA repair
pathways. Different DNA repair pathways exist that are DNA damage specific and occur at
different moment of the cell cycle. DNA repair deficiency is a major cause of cancers?®, which

can be used as a biomarker for treatments that tackle this specificity.

DNA modifications in cancer are systematized as follows: Single Nucleotide Variant (SNV),
small insertion/deletion (indel) and Structural Variation (SV) - with large indel, duplication,
inversion and translocations. Whole genome duplication (WGD) with the multiplication of the
entire set of chromosomes is a frequent event in cancers. Across and even within cancers
types the burden of somatic mutations is highly variable, ranging from 0.001 to 400 per
megabase (Mb)*. SVs correspond to the juxtaposition of non-contiguous chromosomal
segments through genomic rearrangement or more than 50bp. High variations in the burden
of SVs can as well be observed, ranging from no SV to one thousand in some breast tumors

genomes®.

The first chapter of the introduction describes the reparation of DNA Double-Strand Break, a
highly cytotoxic lesion, with a focus on Homologous Recombination, a crucial DNA repair
pathway for genomic stability. The second chapter presents the concept of Homologous
Recombination Deficiency, related to the inactivation of this major reparation pathway and the

different genomic signatures induced by this deficiency.

During this thesis | also had the opportunity to bioinformatically investigate the prevalence of
mutations in two genes, CDK12 and MBD4, that play an active part in genomic stability
processes and that are of specific interest in two cancer diseases, Epithelial Ovarian Cancer
(EOC) and Uveal Melanoma (UM), respectively. Those two genes are directly introduced

before the two publications resulting from their investigations.
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DNA DOUBLE-STRAND BREAKS AND HOMOLGOUS
RECOMBINATION

A DNA Double Strand-Break (DSB) represent the most cytotoxic type of lesions. DSB appears
when both backbones of complementary DNA strands are severed in one location of the
genome®. DSB can arise from both exogenous and endogenous origins. The main pathways
for DSB repair are Homologous Recombination (HR) and Canonical-Non-Homologous End
Joining (C-NHEJ). HR is a replication associated reparation pathway that use a sister
chromatid as a template, principally during mid S-phase to G2-phase but can also use a
homologous chromosome during meiosis. C-NHEJ does not use a template DNA and is
effective through the entire cell cycle. This chapter will focus on the Homologous
Recombination pathway, including how DSBs can appear, what cellular processes arise upon

this type of lesion and what favors a DSB repair by HR.

Endogenous and exogenous causes of DNA double-strand breaks

The most important factor for endogenous DBSs is related to DNA replication. DNA replication
starts from many individual replication origins that form bidirectional replication forks” . When
encountering a single-strand DNA lesion (SSL), the replication fork can slow down or stall. The
slowing or stalling of the replication forks is referred as “replication stress”. DSB might appear
from SSL either during the interaction of the replication fork with a nicked DNA strand or by the

processing of a stalled replication fork intermediate®'".

One source of endogenous SSL is Reactive Oxygen Species (ROS), by-products of cellular
metabolism that induce base modifications, single-strand breaks (SSB), protein-DNA adducts,
and intra/interstrand DNA crosslinks'>'3. ROS can also create two SSBs close to one another
on different strands that can evolve into a DSB'#'5. Other endogenous causes of replication
forks ROS are due to complex DNA structures such as G4-structures’®, or collisions between
DNA replication and RNA at gene transcription, forming hybrids known as R-loops'’. These
regions may induce DSBs, notably at large DNA regions susceptible to replication stress

known as Common Fragile Sites (CFS)'8.

Finally, DSBs can be directly programmed by the cell. V(D)J recombination, a key mechanism
for T-cell receptor and immunoglobulins diversity’® and meiosis?®® are good example of

programmed DSBs.

The two major exogenous origins of DSBs are chemicals and lonizing Radiation (IR). IR affects
directly the chromosome and produce DSBs or induce ROS with subsequent endogenous
damage to DNA?'22, Major DNA damaging chemicals that introduce DSBs include DNA
alkylating agent preventing a correct linkage of the DNA helix and leading to DNA breakage?,



cross-linking agent like cisplatin blocking DNA strands separation®* and topoisomerase

inhibitors such as camptothecin?®, preventing DNA winding and condensation.

Double-strand breaks detection and signaling

The first step for DSB repair is the detection of the damage. The MRE11-RAD50-NSB1 (MRN)
complex sits at the top of the cell response to DSB in human. It serves as the primary sensor
for DSB that first arrives at the break?8. Another identified sensor complex is the Ku70/80 that
accumulate at DSBs?"+?8, Both orchestrate and participate to DNA Damage Response (DDR),
notably by activating downstream signaling pathways that involves several kinases?*3°. The
Ataxia-Telangiectasia Mutated (ATM) kinase, one of the principals signaling proteins of DSB
repair is recruited and activated by the MRN complex3'. The DNA-dependent protein kinase
(DNA-PK) is recruited by Ku70/80 and both serves for C-NHEJ repair®2. In replicative stress
another kinase, the Ataxia Telangiectasia and Rad3-related (ATR), is recruited and its

activation partly depends on the MRN complex3334,

Upon DSB, the chromatin is reorganized, allowing the DNA to open and change the histones®>
37 This helps with the recruitment of DDR proteins, the signaling and subsequent DSB repair.
The histone H2AX, a variant of the histone family H2A, is transformed into yH2AX at both sides
of the break3®3°. A cascade of events will lead to the bidirectional spread of yH2AX around the
DSB, with more MRN complexes recruited and creating a DDR competent domain“®4'. yH2AX
can be found at the break site within few minutes after the damage®® and is a widely used
marker for DNA damage*?. The activation of yH2AX can be done by ATM*2, ATR*® or DNA-
PKs*,

In response to DNA damage and DSB, cells activate checkpoints blocking or slowing the cell-
cycle. This provides time for the DNA repair machinery to fix the damage, preventing DNA

damage to remain in the cell during replication and chromosome segregation.

Upon directly created DSB, notably by ionizing radiation, the Checkpoint protein 2
(CHK2)/ATM kinase signaling is activated. CHK2 serves as a signal distributor to downstream
targets that will block G1/S* or G2/M transition*¢. Upon replicative stress leading to DSB, it is
the Checkpoint protein (CHK1)/ATR kinase signaling pathway that is activated. CHK1 also
promotes the blockage of G1/S or G2/M transitions**4’. A crosstalk exists between ATR and
ATM mediated pathways, distinct but with overlapping function.

Another important actor in cell-cycle blockage is p53, nicknamed “the guardian of the genome”.
P53 most prominent roles are apoptosis*®#° and cell cycle arrest in damaged cell. Upon DSB,
ATM directly cause the rapid accumulation of p53%. P53 can be activated by both ATM/ATR
and CHK1/CHK2 upon DSB®'-%3, After activation, it promotes G1 and G2/M cell cycle arrest345¢.

It is therefore a crucial tumor suppressor present in many cancers.
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Different double-strand break repair pathways

Different pathways exist to repair DSBs that highly depend on the cell-cycle phase.
Homologous Recombination (HR) relies on the physical proximity of a sister chromatid for a
faithful reparation and therefore can only act from S to G2 phase of the cell-cycle. HR can also
occur during meiosis and use the homologous chromosome®’. Canonical-Non-Homologous
End-Joining (C-NHEJ) relies on the direct ligation of the DSB ends. Because C-NHEJ does
not need a template DNA, it is active throughout the cell-cycle. HR and C-NHEJ are considered
the main reparation pathways for DSB in a normal cell?'. Additional alternative DSB reparation

pathways exist, including Single-Strand Annealing (SSA) and Alternative End-Joining (Alt-EJ).

Alt-EJ is used to describe slow and error prone repair pathways with mechanistic differences
but largely overlapping®°. Alt-EJ can pair small regions of microhomology of less than 20bp
to anneal two DNA ends with its key DNA polymerase Pol-8%8', Alt-EJ without the use of Pol-8
also exists and introduces large deletions but is less well characterized®>%3, SSA requires
larger homology regions than Alt-EJ of more than 20bp®. SSA repair pathway involves the
annealing of the two homology regions by RAD52% and then the removal of the non-
homologous 3’ DNA tails, with potential DNA gaps filling by polymerase®. Whether SSA and
Alt-EJ are backup pathways in healthy cells or are privilege at certain moment or lesion is still

debatable and under investigation®’.

Homologous recombination pathway

The choice of the pathway for DSB repair depends on the end-resection of the DNA, which is
directly mediated by the cell-cycle phase and the molecular actors present at the break (Figure
1). HR relies on the physical proximity of a sister chromatid or homologous chromosome and
therefore can only act from S to G2 phase of the cell-cycle or during programmed chromosome

recombination.

The initiation of the end-resection of the DSB and is mainly regulated by the p53 binding protein
1 (63BP1). yH2AX histone directs the accumulation of 53BP1 at the DSB site on the
chromatin®. Independently and in parallel, ATM promotes the formation of the Shieldin
complex with 53BP1 and other proteins, which binds to the ssDNA of the DSB®"". This
complex sterically prevents the action of nucleases, protecting DNA ends from resection and
promoting C-NHEJ. Additionally, the heterodimer Ku70/80 at the DSB attenuates any

possible resection of the DNA ends’?.

During S-phase, the high level of CDKs favors the phosphorylation of the C-terminal Interaction

Protein (CtIP) and its interaction with Breast Cancer gene 1 (BRCA1)"374. This promotes the

11



formation of a complex with BRCA1 and BRCA1 Associated RING Domain 1 (BARD1)® that
consequently prompt the displacement of Ku70/80 and the withdrawal of the Shieldin complex

from the DSB site, providing access to DNA ends for nucleases® 7677,

Unprotected DNA ends are then resected in two phases. In the first phase CtIP and the MRE11
from the MRN complex create a short (~20 bp in mammalian cells) 3’ end resected ssDNA".
At this step the DNA ends are available for Alt-EJ, which needs small DNA end resection’®.
The second phase is a long-range end resection ensured by nucleases and helicases from
two distinct yet similar downstream pathways’®%2, This new resected DSBs can no longer be
processed by C-NHEJ, thereby promoting HR. Another DSB reparation pathway SSA may

occur at this step when the longer resected DNA ends are available®®.

B

C-NHE) <€—— 538P1/Rifl CDKs
} \/ ¢
MRN

ATM BRCA1/CtIP

v

End resection

vy

SSA Alt-EJ
[B} (€ (D)

FIGURE 1: End resection of the double-strand break determine the repair pathway

The end resection of the double-strand break is directly dependent on the cell-cycle and regulate the
choice between C-NHEJ and the other end-resection dependent repair pathways. C-NHEJ: Canonical-
Non-Homologous End-Joining; HR: Homologous Recombination; SSA: Single-Strand Annealing; Alt-EJ:
Alternative nonhomologous End-Joining. Extracted from Ceccaldi et al®.

ssDNA intermediates created by the different end resections are rapidly passively coated and
protected with the Replication Protein A (RPA). ssDNA paired with RPA cannot be associated
with another ssDNA®®¢ RPA blocks the RAD51 nucleoprotein filament from loading on the
ssDNA, preventing a reparation by HR. To promote HR, Breast Cancer gene 2 (BRCA2) is

12



recruited to the DSB by a complex comprising of BRCA1-BRIP1 (BRCA1 Interacting Helicase
1) and the Partner And Localizer of BRCA2 (PALB2). BRCA2 and PALB2 promotes the active
recruitment of RAD51 to replace RPA®C, Interestingly, BRCA2 mediator role seems to be close
to that of the RAD52 protein in yeast® but no clear role of RAD52 in human HR has been

established for now.

Further on, RAD51 and its paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) form
a dynamic structure called nucleoprotein filament around the ssDNA%%, The filament will
invade the intact dsDNA of the sister chromatin and search for a homology sequence. This
part of the mechanism remains to be completely described but RAD54 is thought to stimulate
locally the displacement of the RAD51, while perturbing locally the sister chromatid dsDNA
and stimulating the homology recognition of RAD51%. Once the homology sequence is found,
the DNA is synthetized using the intact template by polymerases and ligases forming D-loop
also called a Holliday junction. This can be done through two different mechanisms: by
Synthesis-Dependent Strand Annealing (SDSA) or with the formation of a double Holliday
junction by Double-Strand Break Repair (DSBR)®.

In SDSA only one end of DSBs invades the sister chromatid with RAD51. The other end of the
DSB is passive and is annealed to the nascent displaced strand, facilitating HR termination.
This will result in only non-crossover events®. In opposition, the DSBR, historically called the
“canonical” DSB HR repair, occurs when the second end is captured and annealed to the same
displaced template strand. The DNA is then synthetized in both directions and is forming a
double Holliday junction. Depending on the resolution of the double Holiday junction, these
might result in a cross-over events between sister chromatids. This resolution can occur
according to two axes in the planar form created by the double junctions. The horizontal
solution does not lead to genomic crossing and is assured by the BLM-TOP3a-RM1 complex
that will “dissolve” the junctions®”. Most Holliday junctions are processed this way. However,
the cleavage of the junction can be done vertically, with the action of resolvases SLX1-SLX4,
MUS81-EME1 or GEN1, potentially resulting in crossover events between sister chromatin and
potential loss-of-heterozygosity (LOH)%%. HR is considered mostly as an error-free pathway.
The final step of the Homologous Recombination is the dissociation of the RAD51

nucleoprotein of the DNA %,
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FIGURE 2: All principal DSB repair pathway and possible occurrence of alternative
repair pathways

C-NHEJ: Canonical-Non-Homologous End-Joining; HR: Homologous Recombination; SSA: Single-
Strand Annealing; a-EJ: Alternative nonhomologous End-Joining; TMEJ: Theta-Mediated End-Joining,
another name for Alt-EJ; SDSA: Synthesis-Dependent Strand Annealing. Extracted from Trenner et al'!.

Replication fork protection for genomic stability

BRCA1, BRCA2 and RADS51 fulfil another major role in genome integrity: replication fork
protection. Replication fork reversal by different translocases is a key protective mechanism of
the cell to stabilize and restart the stalled replication fork upon DNA lesions without DNA
breakage'%>'%_ Especially important in replicative stress'®®, BRCA1 and BRCAZ2 genes protect
the reversed replication forks by stabilizing RAD51 on the regressed arm, preventing
nucleolytic degradation (Figure 3)'9-110, Replication fork can also restart in an HR-error-free
way without fork collapsing"''2, This can however lead to Sister Chromatid Exchange
(SCE)'3. The degradation of this mechanism leads to genomic instability and potential cell-
death. The role of BRCA1, BRCA2 and RAD51 in genomic stability therefore extends beyond
DSB repair. In the case of fork collapsing, the DSB can be repaired with a form of HR called
Break-Induced Replication (BIR), with a strand invasion as an initial step''*. FANCD2-FANCI,

14



actors implicated a complex DNA repair pathway called Fanconi anemia, are also thought to

play a role in replication fork protection'*16.
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FIGURE 3: Simplified model for fork protection of reversed fork upon replication fork
stalling

SMARCAL1, ZRANB3, HLTF are fork remodelers that promote replication fork reversal. BRCA1,
BRCA2, RAD51 and FANCD?2 protect reversed replication fork. Extracted from Taglialatela et al''°.

The Fanconi anemia pathway

HR is closely associated with the major pathway to repair Interstrand crosslinks (ICL) in human,
the Fanconi anemia pathway, with many proteins present in both'"”. ICLs are cytotoxic DNA
lesions representing covalent linkage between nucleotide residues from opposite strand of
DNA, which block DNA strand separation, stalling cellular processes such as DNA replication
or transcription. ICLs need either to be bypassed or repaired, especially during replication
stress. In human, the Fanconi anemia pathway orchestrates ICL reparation by Nucleotide
Excision Repair (NER), translesion DNA synthesis, HR and alternative repair pathway'"’. The
nucleotic incision of the ICL is done by the NER pathway, which creates a DSB as
intermediate, repaired mainly by HR"'&11°_ |t insures supplementary roles for the stabilization
of stalled replication fork and fragile sites protection. Nineteen proteins have been identified as
Fanconi anemia proteins (from FANCA to FANCT), including HR proteins BRCA2 (FANCD1),
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BRIP1 (FANCJ), PALB2 (FANCN), RAD51C (FANCO), RAD51 (FANCR) and BRCA1
(FANCS). Other interplay between HR and Fanconi anemia pathway include FANCD2-FANCI,
which plays a central role in Fanconi pathway by initiating the repair of ICL and participate in
DNA end resection that disables C-NHEJ in favor of HR'2%12'  However, cells inactivated for
FANCD2-FANCI have a mild effect on the reparation of DSB by HR'22123,

Conclusion

Homologous Recombination is a complex reparation pathway involving many actors that
depends on other complex molecular machineries, including DSB signaling. Cancer
inactivating mutations were observed in many DNA repair genes. One longstanding question
was to decipher which gene inactivation led to similar defects in the DNA repair. This is
important to know, first, to refine gene function and, second, for patient care and drug

development.
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HOMOLOGOUS RECOMBINATION DEFICIENCY IN CANCERS

Cancer predisposition syndromes associated with homologous
recombination genes

Cancer predisposition syndromes (or hereditary cancer predispositions) corresponds to
genetic alterations that increases the likelihood of developing a cancer relative to the general

population.

BRCA1 and BRCAZ2 are the principal genes predisposing to breast and ovary cancers.
Approximately 13% and 1.2% of women of the general population will develop a breast cancer
or an epithelial ovarian carcinoma (EOC) during their life, respectively'®*. Meanwhile, for
women with inherited deleterious variants for BRCA1 and BRCAZ the likelihood to develop a
breast cancer by the age of 80 (cumulative risk) is estimated to be 57-72% (39-44% for EOC)
and 49-69% (11-17% for EOC), respectively'?>126_ Additionally, BRCA2 mutations and in a

lesser extent BRCA1 mutations, predispose men to breast cancer with a Relative Risk (RR,

__ likelihood under condition
likelihood in general population

RR ) of 22 and 11 at the age of 80, respectively'?’. The same

goes for prostate cancers, with a reported RR = 2.5-4.65 for BRCA2 mutation carriers'?":128,
and for pancreatic cancer, with reported RR = 2.26 and RR = 3.51 for BRCA1 and BRCA2

mutation carriers, respectively'?.

Deleterious germline mutations of other genes directly implicated in HR repair were also shown
to increase the risks of EOC, breast and pancreatic cancers. The RR for breast cancer in
PALBZ2 deleterious mutation carriers is estimated to range between 5 to 9 depending on the
age™0. For EOC and pancreatic cancer, the associated RR are estimated to be 2.91 and 2.37,
respectively’®'. BARD1 is reported in several studies as a cancer predisposing gene'32133,
BRIP1 represents a 10 % cumulative risk for EOC'34'% and was also reported in few familial
cases of colon cancer'®. Finally, RAD51 paralogs RAD571C and RAD51D predispose to EOC
with a less clear involvement in breast cancer predisposition'®”-%, RAD51B and XRCC2 are
also reported in familial cases of breast and ovarian cancers''4%, The predisposing nature of
XRCC3 is more mitigated %141,

Prevalence of HR genes inactivation in cancer

All the cancer predisposing genes listed above behave like “tumor suppressors” and the
somatic inactivation of the second allele according to the Knudson's two-hit hypothesis leads to
tumorigenesis. In the context of hereditary deleterious mutation, the wild-type allele is mostly
deleted via a large-scale chromosomal loss leading to the Loss-Of-Heterozygosity (LOH).
Somatic bi-allelic inactivation of HR genes was also observed in breast and ovarian cancers,

with somatic deleterious mutation accompanied by LOH and in some cases two deleterious
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somatic mutations'™?. Certain HR genes can be inactivated by hypermethylation of the
promoter, including frequently silenced BRCA71 and some rather rare silencing of RAD51C,

with a high prevalence of concurrent LOH 3145,

BRCA1 and BRCAZ2 bi-allelic inactivation are present in several cancers including EOC, breast,
prostate and pancreatic cancers. In High-Grade Serous Ovarian Carcinoma (HGSOC), a
frequent and aggressive subtype of EOC, BRCA1 and BRCAZ inactivation represents ~29%
of the cases, a third of those being inactivated by BRCA1 promotor methylation'#6-14". Germline
mutations in BRCA1/BRCA2 explain around 22% of all HGSOC cases'#'4" while accounting
for a lesser proportion of all EOC, approximately 14-15%'4148. In breast cancer, the
inactivation of BRCA-genes explains around 16% of the cases with two third originating from
BRCA1/2 germline mutations'®'°. BRCA1 inactivation is mainly associated with Triple-
Negative Breast Cancer (TNBC), an aggressive subtype of breast cancer characterized by the
lack of expression of Estrogen Receptor (ER), Progesterone Receptor (PR) and lack of over-
expression of human epidermal growth factor receptor 2 (HER2)'*®, while BRCAZ2 inactivation
is more represented in the luminal breast cancer subtype, characterized by the expression of
hormone receptors (ER and/or PR)'®"'52, Breast tumors that overexpress HER2 (HER2+) are
rarer in the context of BRCA1/2 mutations'?'53, BRCA genes inactivation is also present in
other cancer types. In prostate cancer BRCAZ2 deletion is more present, reported in 5.3 to 13%
of cases, compared to BRCA1 that represents less than 1% of the cases'>*'%®. The same kind
of repartition can be observed for BRCA2 and BRCA1 inactivation in pancreatic tumors,
encompassing 3.5% and 0.9% of the cases, respectively'.

The prevalence of other HR with bi-allelic inactivation is rather low, with RAD571C and PALB2
being the most represented among those. RAD51C is inactivated in 2% of the cases from The
Cancer Genome Atlas (TCGA) HGSOC cohort'® and is described in breast carcinomas'®’.
Likewise, PALB2 bi-allelic inactivation is displayed in breast tumors in a few percent of the
cases'®"1%8_|nterestingly, no tumor with RAD51 inactivation was found, suggesting that it is an

essential gene for cells®,

Genomic instability in BRCA1/2-/- and HRD phenotype

BRCA1 or BRCAZ2 bi-allelic inactivation leads to impaired DNA-reparation by HR and an
accumulation of unrepaired DSBs resulting in chromosomal abnormalities'®®'%2, Indeed,
evidence of spontaneous chromosomal breaks with important level of aneuploidy and genetic
exchange between non-homologous chromosomes were observed in cell lines, cancer cells
and in mouse models'®*'% Engineered mouse with BRCA2 mutation showed an increase
number of DNA deletions at the DSB that seemed characteristic of this inactivation'®?. The

genomic phenotype observed in BRCA1/2-/- cells is often referred to as genomic instability
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phenotype, because of numerous chromosomal changes observed upon BRCA1/2 inactivation

and compared to other tumors/cells/models.

The Homologous Recombination Deficiency (HRD) phenotype is linked to the impairment of
DSB repair by HR. The concept appeared when the inactivation of BRCA1/2 was described in
a fraction of breast and ovarian carcinomas rising the question of the scope of BRCA1/2-like
phenotype in tumors. The term BRCAness was proposed to designate the similar phenotype
that sporadic tumors share with cancers developing in BRCA1/2 germline mutation carriers™®’.
Now HRD and BRCAness account for the same genomic instability phenotype associated with

the impairment of DSB repair by HR.

Modern DNA sequencing techniques provided the background for extensive analysis of
genetic events across tumors and genomes in association with DNA repair gene
inactivation®*1%_ Recently, the HRD phenotype was exhaustively described, including the
spectrum of inactivated genes associated with the HRD phenotype in breast cancers'® and at
the pan-cancer level'®. Indeed, BRCA1/2-/- breast and ovarian tumors were characterized by
the increased level of structural chromosomal rearrangements of small, intermediate, and
large-scale (described in detail in sections 5,6,7,8 of the current chapter). Similar phenotypes
were consistently found in tumors with RAD571C and PALBZ2 bi-allelic inactivation. Thus,
BRCA1, BRCA2, RAD51C and PALBZ2 are the only genes, which bi-allelic inactivation is
proven to be unambiguously associated to the HRD phenotype. Some other genes from HR
pathway have to the moment weaker evidence of being associated with HRD. These are
RAD51B, RAD51D, XRCC2, XRCC3 (all RAD51 paralogs), BRIP1 and BARD1, which lack a

strong statistical validation due to the rarity of their bi-allelic inactivation in tumors.

Some genes from the HR pathway were however proven to be not associated to HRD if
inactivated in cancers. These are the genes implicated in the DSB signaling such as ATM, ATR,
MRE11,RAD50 and NSB1, which are also critical for genome integrity. These genes can lead
to different disorders such as cancer-prone syndromes Ataxia-Telangiectasia for ATM'” or
Nijmegen breakage syndrome for NSB1'”". The inactivation of these genes does not lead to a
HRD phenotype similar to BRCA1/2 inactivation in tumors and their sensitivity to drug targeting
HRD remains unclear'’?. The same goes for the genes implicated in the Fanconi anemia
pathway but not directly related to HR pathway. Fanconi anemia hereditary disorder leads to
bone marrow failure and mostly acute myeloblastic leukemia (AML), which displays a different

genomic phenotype than BRCAness.

The scope of HRD phenotype across tumor types, besides breast, ovarian, prostate and
pancreatic carcinomas, need to be further clarified. However, few cases with this phenotype

could be observed in various cancer type including colon, skin, lung, kidney, liver, esophagus,

19



lymphoid, head and neck cancers'®. Investigating these cases is important for future personal

medicine approaches.

Treatment for tumors with homologous recombination deficiency

BRCA1 and BRCAZ2 deficient tumors were long known to be sensitive to DNA damaging
agents. Indeed, those tumors showed good response to platinum salts chemotherapy such as
cisplatin and carboplatin'®'74. Platinum salts are cross-linking agents that can create
interstrand crosslinks (ICL). The processing of ICL by the Fanconi pathway creates DSBs as
intermediate of the pathway that cannot be repaired in an HRD context, resulting in a specific

strong cytotoxic effect in HR-deficient cells.

BRCA-/- tumors were also shown to respond well to poly-ADP-ribose-polymerase inhibitors
(PARPI) that display great performance in clinics to treat breast, ovarian, prostate and
pancreatic cancers'®'7. In EOC, BRCA1/2 germline mutation carriers harbor a longer
progression-free survival (PFS) with no tumor progression or death compared to BRCA wild

type patients upon PARPI treatment, with a reported hazard ratio of 0.27'78.

PARRPI is based on the synthetic lethality interaction between PARP inhibition and HRD. PARP1
is participating in Single-Strand Break (SSB) reparation with Base Excision Repair (BER)'".
When PARP1 is inhibited, SSB are not corrected and subsequently transformed into DSB upon
replication fork passage during S-phase. Those DBSs can normally be repaired by HR. In a
HRD context other error-prone DSB repair mechanisms will be utilized, leading to an

accumulation of mutations, genomic instability and potential apoptosis of the cell (Figure 4A).

Moreover, PARPI activity is broader than the catalytic inhibition of PARP1 in BER. PARPI can
also block PARP1 and PARP2 onto a DNA damaged site. The DNA-PARP complex resulting
from this stabilization, referred to as trapping, prevents DNA processing and has a cytotoxic
effect for the cell'’®'8 (Figure 4C). Additionally, PARPi also influence other DNA repair pathways.
PARP1 was shown to limit C-NHEJ'"' and PARPi therefore promote C-NHEJ (Figure 4B).
PARRPI also impairs the recruitment of the BRCA1-BARD1 complex'®2, which might have some
implication on DNA repair, even in an HRD context (Figure 4D). Finally, the inhibition of PARPs
also disrupts Alt-EJ'838_ Alt-EJ was shown to be an important alternative pathway in HRD®®,
therefore also potentially explaining PARPi synthetic lethality (Figure 4E). More recent
publications also uncovered that PARP1 helps to fix unligated DNA replication intermediates
(Figure 4F). Hence PARPI could also alter DNA replication and may create a DSB, providing

an additional rational for PARPI toxicity in HR-deficient cancer cells'®187,
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FIGURE 4: PARPi activity and potential synthetic lethality in HRD

A| PARPI impairs BER promoting toxicity in HRD B| PARPi promotes C-NHEJ which may promote
additional toxicity in HR C| PARPiI can trap PARP1 on DNA lesions D| BRCA1-BARD1 complex rely on
PARP mediated recruitment and is impaired by PARPI, with potential subsequent DNA repair defect E|
PARPI impairs Alt-EJ, a major alternative pathway of HR F| PARP1 facilitates the reparation of unligated
replication intermediate known as Okazaki fragment which may explain additional toxicity of PARPI in
HRD. Extracted from Konstantinopoulos et al'® (A to E) and Hanzlikova et al'8é (F).

The response to platinum-based chemotherapy and PARPi depending on the HR inactivation
mechanism was assessed in different cohorts. Germline versus somatic inactivation of
BRCA1/2 seems to display similar response rate'®. A differential response between BRCA1-
/- and BRCA2-/- tumors is dubious depending on the study'®1%. In a TNBC cohort, mutated
and hypermethylated BRCA1-/- cases responded similarly to chemotherapy'4. BRCA-null
tumors are mostly considered without distinctions in clinical settings. The location of the

inactivating mutation seems however to influence tumor sensitivity'9'-193,

The association of PARPi with other type of treatments is currently investigated in a clinical
context. This includes, but is not limited to, inhibition treatments for DNA reparation actors like

ATR'®4, Pol-08'91% or targeting treatment for known oncogenes™’.

Although PARPI through synthetic lethality has been associated with good response in BRCA-
/- tumors, resistance to this treatment is common in clinic'®'%°, One mechanism that was
reported for PARPI resistance was mutation reversion. Secondary mutations can restore the
wild-type version of the genes, therefore conferring late resistance to PARPi?%-203, Another
potential resistance mechanism is through the alteration of DNA resection, the key step for
DSB repair pathway choice. 53BP1 and the Shieldin complex indirectly protect the DNA from
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end resection and their inactivation has been associated with partial restauration of HR and
PARPi resistance in BRCA-/- tumor’0294205  Mechanisms of resistance to PARPi and
chemotherapy are numerous, not listed exhaustively above and many probably remain to be
unraveled. Alternative reparation pathway providing PARPI resistance may also explain
unresponsive BRCA-/- tumors. Those resistance mechanisms are important and should be

considered for optimal medical care throughout the history of tumor treatment.

Because of the sensitivity of HR-deficient tumors, detecting it is instrumental to predict and

better advice for clinical care.

Large-scale rearrangements based genomic signatures of
homologous recombination deficiency

Genomic instability resulting from HRD is translated in highly rearranged tumor copy number
profiles, which can be captured using various profile characterization methods. In 2012, three
large-scale genomic signatures were described and were shown to be efficient biomarkers of
HRD. The commercially available Myriad myChoice® CDx test combines these three
signatures in one HRD test that is now the only FDA approved test allowing the prescription of
PARPI treatment in BRCA-wildtype tumors.

LST genomic signature of HRD was developed based on the series of 65 TNBCs and SNP-
array technology?®. Genomic profiles of tumors were mined using SNP-arrays and absolute
copy number profiles were obtained. Large-scale State Transition (LST) was defined as a copy
number break within chromosome arm between two contiguous genomic regions of at least
10Mb; small segments less than 3 Mb were filtered and/or smoothed; to call LST, a distance
between large segments should not exceed 3Mb. The number of LSTs were calculated for
each tumor genome. Additionally, each tumor was characterized by the genomic content
corresponding to the estimated number of chromosomes and the tumors were classified into
2 groups: near-diploid (<50 chromosomes) and near-tetraploid (>= 50 chromosomes) - near-
tetraploid genomes are those who underwent whole genome duplication?*”). The number of
LST and tumor ploidy were shown to consistently separate TNBC tumors with and without
HRD (Figure 5A, left panel). Using a defined ploidy-dependent cut-off of 15 and 20 LSTs for
near-diploid and near-tetraploid tumors, respectively, genomic BRCAness score could be
obtained (Figure 5A, right panel). The LST signature was furtherly validated in a larger cohort
of 456 breast tumors, including all breast cancer subtypes (Figure 5B)'?. BRCA1, BRCA2 and
RAD51C inactivation was shown to share large-scale instability phenotype in all subtypes of
breast and ovarian cancers. Cisplatin treatment responders displayed mostly an elevated
number of LSTs in TNBC'42,
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FIGURE 5: Number of Large-scale State Transitions (LST) in a large in-house breast
cancer cohort

A| Number of LST for 65 TNBC. Left panel: absolute number of LST depending on the ploidy detected.
Right panel: Corrected number of LST depending on the defined ploidy dependent cut-off. B] Number
of LST for 456 breast carcinomas (399 luminal and 56 HER2+). Left panel: 317 near-diploid tumors.
Right panel: 139 near-tetraploid tumors. Black bars: No HRD cause identified; Orange bars: HRD
identified with altered BRCA1/BRCA2 or RAD51C methylation; Grey bars: cases that were not tested
completely of partially; Red arrow: cut-off for HRD as defined in Popova el al?%. Extracted from personal
data and Manié et al142.208,

Abkevich et al. investigated HRD in SNP-arrays through the prism of Loss-Of-Heterozygosity
(LOH) profile?®®. Comparing the length of LOH adjusted for chromosome length, they extracted
different features comprised of (1) small LOH (<15Mb), (2) large LOH (>15 Mb) but not
covering the entire chromosome arm and (3) LOH spanning the entirety of chromosome. 15Mb
was chosen arbitrary but the exact cut-off does not significantly impact the signature. The
number of LOH covering the entire chromosome correlated with functional BRCA1/2 while the
number of large LOH longer than 15Mb but less than the whole chromosome arm correlated
with BRCA1/2 inactivated cases. Similar observation was made with RAD51C promotor
methylation. Therefore, Abkevich et al. proposed the latter feature as a signature of HRD and
could correlate their score to Overall Survival (OS) post-surgery. The results of this method
are presented in Figure 6.
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FIGURE 6: LOH signature in Epithelial Ovarian Cancer

A| x axis: Number of LOH regions defined by Abkevich et al. Blue circles: Samples inactivated for BRCA1
or BRCA2. Red circles: Samples with intact BRCA1 and BRCA2. The size of the circle is proportional to
the number of people having the same number of LOH regions. 434 samples of Epithelial Ovarian
Cancer with 146 BRCA1/2 inactivated. B| Kaplan—Meier plot of OS post-surgery for HRD score split at
it's median. Generated from 507 samples of Epithelial Ovarian Cancer from the TCGA with available
copy number data and survival information. Extracted from Abkevich et al2%,

Birkbak et al. built their signature based on the SNP-array profile and using response to
cisplatin as a surrogate marker of HRD, as BRCA1/2 inactivated cases are known to be more
sensitive to platinum salts?®® SNP-arrays applied to tumor biopsy before treatment were mined
for genomic aberrations extracting Allelic Imbalance (Al) profiles from tumor biopsy before
treatment. Al corresponds to the uneven contribution of the alleles and thus evidence copy
number alteration. Allelic Imbalance at the telomere regions (TAl) emerged as the genomic
feature that was significantly associated with tumor response to cisplatin. The correlation was
higher in the TNBC subtype. The association with cisplatin-sensitivity remained significant
even in wild-type BRCA1/2 tumors, evidencing cisplatin sensitivity in HRD besides BRCA1/2

mutations. The results of this method are represented in Figure 7.
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FIGURE 7: Cisplatin response in serous ovarian cancer according to the number of
allelic imbalances extending to the telomere end

wtBRCA: no mutation BRCA1 or BRCA2. mBRCA1: mutated for BRCA1. mBRCAZ2: mutated for BRCA2.
Extracted from Birkbak et al20°,

Large-scale alterations signatures in Myriad myChoice® CDx test

The three signatures described above, LST, LOH and TAl, were further validated for their
association with HRD and the combination of those different scores was proposed to bring
additional robustness?'?. The commercially available Myriad myChoice® CDx test combines
these three signatures in one HRD test in addition to mutations of BRCA1 and BRCAZ2 detected
by gene sequencing. It is the only FDA approved HRD test and is now required for the
prescription of PARPi treatment for BRCA-wildtype tumors'®211212 This test provides an
evidence for additional cases to prescribe PARPI, as HRD is not limited to BRCA1/BRCA2
mutation. The combination of these three signatures was recently explored based on next
generation sequencing technic and showed a good performance when estimated from Whole

Exome Sequencing copy number profiles?'®.

Small-scale somatic alteration signatures of homologous
recombination deficiency

High-throughput sequencing contributed enormously to characterization of fine-scale genomic
alterations in cancers. Small-scale somatic alterations include bases substitutions and small
insertions and deletions (indels). Single base substitutions can be of 6 types: C>A, C>G, C>T,
T>A, T>C, T>G. Taken together with the 3’ and 5 nucleotide context, these substitutions
represent 96 possible combinations. Indels are defined as DNA fragments of less than 50bp
that are either included or lost in a genomic location (the “small” size of indel is defined by the
typical size of the read in the sequencing technique used). Indels are characterized by the size
and the presence of homology/repetitive/unspecific DNA sequences at junction. Analysis of

the frequency profiles of those alterations in a large set of tumors allowed to decipher recurrent
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patterns (mutational signatures) using the non-negative matrix factorization (NMF)

approach?'4215,

Single-base substitutions signatures were initially obtained for a large cohort of tumor Whole-
Exome Sequencing data?'®. The most up-to-date study has unraveled 49 single-base
substitution (SBS) signatures, 11 Doublet-Base Substitution (DBS) signatures and 17 small
Insertion-Deletion (ID) signatures*. They were formalized on 2,780 whole genomes
sequencing from the Pan-Cancer Analysis Whole-Genome project (PCAWG)** and were
verified on 1,865 additional whole genomes and 19,184 exomes from the International Cancer
Genome Consortium (ICGC) and The Cancer Genome Atlas (TCGA) project'®8.

The most consistent SBS signature associated with HRD is the so-called signature 3 (SBS3).
SBS3 is characterized by an almost uniform distribution of all 96 base substitution types (Figure
8A). SBS3 was first associated with BRCA1/2 depletion in breast, ovarian and pancreatic
cancers’215, Several tumors inactivated for RAD51C and PALB2 also showed a strong
prevalence of signature 3%'¢2'®, However, a large part of the samples harboring a high SBS3
prevalence did not have mutations in BRCA1/2 nor epigenetic silencing of BRCA1. Using
whole genome sequencing of isogenic cell lines inactivated for HR genes and DNA damage
checkpoint gene, Poti et al. confirmed the prevalence of SBS3 signature for tumors inactivated
for BRCA1, BRCA2, RAD51C and PALB2, but also highlighted comparable level of SBS3 for
other RAD51 paralogs XRCC2 and XRCC3 (Figure 8E)?'°. No association between
ATMI/CHK?2 inactivation and signature 3 was found, comforting the difference in genomic
profiles between HR genes and DSB signaling associated genes (Figure 8E)?'°. RAD54
inactivation in cell line showed a moderate signature 3, while RAD52-/- cell-line didn’t (Figure
8E)219.

SBS signatures only report the frequency of the mutations, not the actual mutation rate. A
major caveat of SBS3 as HRD biomarker is the lack of specificity: due to quasi-uniform
frequency distribution SBS3 can be confounded with the background mutation burden. A tool
SigMA was developed for HRD detection based on the prevalence of SBS3 for exome and
gene panels sequencing data??°. The software showed a sensitivity of 74% and a specificity of
90% for HRD with the MSK-IMPACT gene panel (FDA approved) and found that the
prevalence of SBS3 signature in tumors was associated with better response to PARPI.
Another mutational signature, SBS8, have also been associated to HRD', but the specificity

of this signature is contested in other studies*?2'222,
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An increase number of indels was also found associated with BRCA71, BRCA2 and PALB?2
inactivation in tumors, and with the inactivation of RAD51 paralogs RAD51C, XRCC2 and
XRCC3in cell-lines (Figure 8E)*'%%21°_ The type of indels corresponded to the signatures ID6
and ID8, which are both related to deletions of more than 5bp*. ID6 has (micro)homology at
breakpoint of more than 2bp, while ID8 has shorter to no microhomology at deletion (0-3bp)
(Figure 8B and 8C). ID6 was strongly associated with SBS3 while ID8 displayed weaker
association (Figure 8D)* In cell-lines, ID6 signature with higher proportion of deletions with
microhomology was strongly associated with BRCAZ2 and PALBZ2 inactivation as compared to
BRCA1, RAD1C, XRCC2 and XRCC3 that showed a more equal repartition between
microhomology, repeat at the break and no homology at the deletions (Figure 8E)'°.
Confirming the previous findings, inactivation of ATMand CHK2 in cell lines were not associated

to those two signatures, nor RAD52 and only RAD54 to a lesser extent (Figure 8E)?'°.
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FIGURE 8: Small-scale signature associated with HRD

A| Single-Base Subsitutions Signature 3 as defined by Alexandrov et al. B| Insertions and Deletions
Signature 6 represented by Alexandrov et al. C| Insertions and Deletions Signature 8 represented by
Alexandrov et al. D| Association of the different signatures by Alexandrov et al*. E| Representation of
two de-novo signatures in cell-lines. The signature HRD is highly similar to SBS3 and signature BG
represent the average substitution profile of a wild-type cell21°.
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Rearrangement signature of homologous recombination deficiency

HRD is also characterized by an increased level of structural rearrangement of several types.
In 2016, Nik-Zainal et al. pathed the way for this by looking at the Whole-Genome Sequencing
(WGS) of 560 breast cancers'. An increased number of Structural Variations (SVs) in BRCA-
/- tumors was observed with translocations, ~10kb size deletions and in some cases ~10kb
size Tandem Duplications (TDs). To investigate SVs and to classify tumors based on SVs, 32
classes of large rearrangement (>1kb) were constructed as combination of SV type (insertion,
deletions, translocations, inversions) and size. Based on the deconvolution of SV counts in
560 breast cancer genomes, 6 Rearrangement Signatures (RS) were extracted (Figure 9A)
and subsequent clustering of tumors revealed 7 groups with similar SV frequency profiles
(Figure 9B).

Strikingly, BRCA1 and BRCAZ2 inactivated samples were classified in different groups. BRCA1
and BRCA2 groups were both characterized by the RS5 (large deletions of <100kb with
microhomology at junction) but BRCA1 to a lesser extent. The most predominant SVs
associated with BRCA1 inactivation are Tandem Duplications (TDs) <100kb (RS3), which were
not found in BRCAZ2-/- cases. The TDs has a peak of 2bp microhomology at junction. Another
study confirmed similar rearrangement signatures in BRCA-/- tumors'®. In cell lines, BRCA1
inactivation was also strongly associated with <10kb tandem duplications?'%?2® while PALB?2,
RAD51C, XRCC2 and XRCC3 inactivation were more associated to large deletions with a

signature resembling the RS52°,

From these studies we can conclude, that (1) the genomic instability in BRCA1-/- tumors
consists in increased number of deletions <100kb, TDs<100kb, inter- and intra-chromosomal
translocations; (2) genomic instability in BRCA2-/- tumors consists in increased number of
deletions <100kb and inter- and intra-chromosomal translocations; (3) both gene inactivation
lead to the accumulation of small indels with high prevalence of more than Sbp deletions with
microhomology; (4) single base substitutions spectrum of HRD is characterized by almost

uniform distribution.
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FIGURE 9: Rearrangement signatures in 560 Whole Genome Sequencing of breast
cancers
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A| Rearrangement signatures extracted from the analysis of 560 Whole Genome Sequencing of breast
cancers. Y axis: probability of a rearrangement X axis, rearrangement according to the type and the
size. Del: deletions; tds: tandem duplication; inv: inversion; trans: translocation. B| Cluster groups based
on unsupervised hierarchical clustering according to their proportion of rearrangement signatures for
each WGS. Each column represents one Whole Genome Sequencing. BRCA1-/- cases are indicated in
purple and are mostly in group D. BRCA2-/- cases are indicated in yellow and are mostly in group G.
HER2: human epidermal growth factor receptor 2; PR: progesterone receptor; ER: estrogen receptor.
Black bars: negative for the expression of ER or PR or lack of overexpression for HER2. Extracted from
Nik-Zainal50.

Combining signatures to extensively describe HRD

WGS studies revealed specific genomic phenotypes of HRD providing nearly an exhaustive
picture of its alteration landscape. Based on this, several teams proposed to integrate all the
mutational signatures to create a high precision classifier. HRDetect was developed

subsequently to the work of Nik-Zainal et al??*. This classifier was trained on 77 WGS with bi-
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allelic inactivation of BRCA1/2 and 234 WGS of sporadic breast cancer. All rearrangement
signatures previously described alongside eleven base-substitution (SBS1, SBS2, SBS3,
SBS5, SBS6, SBS8, SBS13, SBS17, SBS18, SBS20, SBS26) and four small indels signatures
were extracted (insertions, deletions with microhomology, deletions at repeats, other type of
deletions). The HRD index of the Myriad myChoice® CDx test was also included. A tenfold
cross-validation was used to build the classifier HRDetect and six signatures were detected
that provide the best separation of BRCA1/2-/- and sporadic cancers. In the decreasing order
of contribution: deletions flanked by microhomology, SBS3, RS3, RS5, HRD myChoice® CDx
index and SBS8 (Figure 10A).

HRDetect supplants all other individual mutational signatures described until now, with a
sensitivity and specificity of almost 100% (Figure 10B). BRCA1 and BRCAZ2 phenotypes are
reported differently even if not being discriminated formally in HRDetect. The application of
HRDetect on in-silico down-sampled WGS in the breast cancer cohort still showed 86%
sensitivity for BRCA1/2 inactivated tumors (Figure 10C). No other bi-allelic gene inactivation
was associated with a high HRDetect score because of their absence in the cohort (Figure
10D). HRDetect had similar results in ovarian and pancreatic tumors. The association between
HRDetect score and actual sensitivity of tumors to treatments showed high correlations in at
least two different studies??>22¢, The cost of sequencing and storage along with complexity of
the analysis are the principal limiting factor for clinical application of this comprehensive

approach.

A more recent pan-cancer classifier for HRD and differentiation of BRCA1-/- and BRCA2-/-
phenotypes named CHORD was built. Similar features contributed to the classifier compared
to HRDetect, with different weights however that may be due to its pan-cancer approach™®.
The most important feature was the deletions with microhomology at the breakpoint >1bp and
the duplication of <100kb. Interestingly, this classifier looked only at the actual frequency of all
possible small-scale alterations and SVs, without relying on the mutational signatures by
Alexandrov et al. and Davies et al*??*, CHORD showed excellent performance comparable to
that of HRDetect on the same samples (99% correspondence), with minimal bias regarding
tumor type. CHORD encompasses broader datasets compared to the publication by Davies
and colleagues in 2017. Using this power, they could compare bi-allelic inactivation of genes
and their scores called by CHORD. On top of BRCA1 and BRCA2, PALB2 and RAD51C genes
were both significantly enriched in tumors classified as HRD. They both exhibited BRCA2-like
phenotype. In a smaller proportion to be significant, bi-allelic mutation of RAD51B and XRCC2
exhibited BRCAZ2-like phenotype for two patients each. Bi-allelic inactivation of genes
implicated in BRCA1-binding domain namely BARD1, BRIP1 and surprisingly FANCA and
FAM175A were found each in one patient, all presenting BRCA1-like phenotype'®.

30



Proportion of deletions '_B . 1.04 " i | 1.04
with microhomology 7] P —————
4 —
Substitution signature 3 |-|H( . 0.8 i et 0.8 1
z [ i >
Rearrangement signature RS3 }l]« S 064 [ S 064
3 @  ; — HRDetect B
Rearrangement signature RS5 E» q S 044 ‘ f Rearrangements, RSS S 04
@« | Deletions with MH 0
HRD index . ﬂ’l! f Substitutions, sign. 3 - Genomes, 30x
0.2 H D - Rs3 0.2 Genomes, 10x
ion si earrangements, Exomes, retrained
Substitution signature 8 H&-- | il s s
0.0 Substitutions, sign. 8 0.0 Exomes
T T T T T T 1 v f 4 ’ T ¥ T T T T T T
0.0 1.0 2.0 3.0 00 02 04 06 08 10 00 02 04 06 08 1.0
Weight False positive rate Classification threshold
HRDetect score < 0.7 HRDetect score > 0.7

® Known germline BRCA1/2 mutation
™ Discovered germiine BRCA7/2 mutation
Somatic (mutation and methytation) BRCA1/2 loss

R ‘ 10 + Monoallelic BRCA1/2 mutation
> 2 o8
2 0.6
B Known germline BRCAT or BRCA2 mutation l o E :
B Discovered germiine BRCAT or BRCA2 mutation | & % 04
Somatic BRCA1 or BRCA2 | [=]
mutation and methylation @ 51: 02

B Moncallelic BRCA? or BRCA2 mutation
No BACAT or BRCAZ mutation detected

o
o

560 breast cancer samples

FIGURE 10: Parameters and performance of HRDetect classifier on 560 breast cancers

A| Weight of genomic features used for the construction of HRDetect. The red cross indicates the final
weight used in HRDetect after the training of the classifier. B] ROC curves for the performance of
HRDetect compared to other methods on 371 breast cancer samples. C| Comparison of the
performance of HRDetect for different technology. HRDetect were retrained on WES. D| HRDetect
scores according to the mutation status of 560 breast cancer samples. Extracted from Davies et al?24,

RAD51-foci, a functional signature of HRD

HRD tumors acquire a specific “scar” of genomic instability during their oncogenesis. The
timing of genomic alteration events and their regularity is unknown. Inactivated HR can be
restored at some timepoint of tumor evolution reversing HRD. This happens quite frequently
upon treatment by DNA damaging agents. However, the genomic scar remains unchanged
and all the genomic HRD signatures described above are of little help to distinguish historic

and actual HR status.

It has long been attempted to develop a simple functional test of ongoing HRD. RAD51, one
of the key proteins of HR, forms foci at the break site that can be visualized in
immunofluorescent microscopy??’. The absence of RAD51 foci was proposed as a marker of
ongoing HRD to predict the response to HRD targeting treatments like platinum salts or PARPI.
This functional approach assesses actual HR status at the time evaluation. In 2018 Cruz et al.
showed the presence of RAD51 foci in PDX and patient samples with initial BRCA1/2-/- tumors
displaying PARPI resistance?®. Recent study in TNBC showed high correlation between
RAD51 foci test, HRDetect prediction and PARPI sensitivity??°. This highlights the potential
and feasibility of functional assays in clinics. If developed to the clinical application this test could

be a cost-efficient method for routine HRD testing.
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Possible etiology of HRD signatures

In this final section of the chapter, | will try to connect mutational and structural variant
signatures observed in HRD to known or suspected etiology shaping the phenotype. A

recapitulation of those signatures is presented in Table 1.
Table 1: Mutational signatures and possible etiology associated with HRD

Signature Description Depleted genes Possible aetiology

Uniform distribution of
SBS3 mutations
across all 96 bases substitution

BRCA1, BRCA2, PALB2, RAD51C

(XRCC2, XRCC3, RAD54) Pol-6 mediated

Deletions majorly 25 bp and BRCA1, BRCA2, PALB2

ID6 22bp m!crohpmology at (RAD51C, XRCC2, XRCC3, RAD54) Pol-6 mediated
junction
Deletions majorly 25 bp and DSB repair by C-
ID8 0-3bp microhomology at BRCA1, BRCA2, PALB2 NHEJ and/or Pol-6
junction mediated

1-100 kb tandem duplications

and BRCA1 .
RS3 microhomology peak at 2bp at (BARD1, BRIP1) Pol-6 mediated
breakpoint junctions
<100 kb deletions and
microhomology peak at 2bp at BRCA2, PALB2, BRCA1
RS5 breakpoint junctions (PALB2, RAD51B, RAD51C, XRCC?2, SSA mediated
and with larger XRCC3)

microhomology (>10 bp)

Brackets: mutational signatures associated with genes inactivation found in cell-lines or by the classifier
CHORD. Adapted from Stok et al2%.

The accumulation of certain genomic alterations in HRD is mainly attributed to DSB reparation
by alternative pathways. DSB in a HR deficient context can be handled by C-NHEJ, Alt-EJ and
SSA. Those pathways are reportedly more error-prone than HR especially Alt-EJ and SSA
(Figure 11).

C-NHEJ is active through all the cell-cycle. C-NHEJ fast establishment plays an important
protection role in genome integrity, preventing chromosomal translocations?' or promoting
rearrangements under replicative stress?*2. C-NHEJ may results in small deletions/insertions
(1-5bp) with no to little random microhomology flanking the break sites’®?3%. Thus, ID8
signature with 0 to 3 bp microhomology could be enriched via C-NHEJ DSB repair.
Interestingly, this signature contributes mildly to BRCA deficient tumors landscape,
emphasizing the potential lower contribution of C-NHEJ in HRD cells compared to other DSB
repair pathway??.

Another possible reparation pathway is Alt-EJ. HR-deficient tumors have been reported to
strongly rely on this pathway'8® and the inactivation of Pol-8 is reported synthetic lethal in HR

deficient context'®. Alt-EJ leads to frequent deletions of 20 to 200 bp between homology
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regions?3+23% which footprint could be caught by ID6 signature. Moreover, Pol-0 is a low fidelity
polymerase favoring base substitution?®® and may contribute at least partly to the SBS3
signature. ID6 and SBS3 are strongly correlated* and highly contribute to the HRD
classifiers*15%1%_ Alt-EJ is an important alternative reparation pathway in HR-deficient tumors
and may be at the origin of these signatures'2%’_ Additionally, several proposed models points

Alt-EJ as the cause of TDs observed in BRCA1-/- tumors?23238,

Another annealing reparation pathway relying on larger DNA-end resection is SSA. SSA can
use the same substrate as HR and compete with this pathway. BRCA1-PALB2 complex was
shown to directly promote HR and suppress SSA?®. SSA leads to deletions between the
homology regions, reportedly larger than deletions resulted from Alt-EJ?4°. ID6 and RS5
signatures both including large deletions flanked by homology of >2bp and >10bp (RS5) are
likely to be attributed to SSA-mediated DSB repair.

Double-ended DSB

DsSB
HR NHEJ Alt-EJ SSA
RAD52 Q
S ]!E:B POLQ P )
A TG VA .ﬁ? D Aeeierees
@ ) RAD51 i -

‘-ﬂ@' (I-j) / -\Microhomology Homology

Ku70/80 (<20bp) (>20bp)
N Small indels and Indels flanked by Deletions flanked by

o scars ) . .
translocations microhomology (micro-)homology
BRCA1/2-dependent BRCA1/2-independent

FIGURE 11: Alternative DSB repair pathway leads to small indels than flanked by (micro-
)homology

Extracted from Stok et al230.

Conclusion

The concept of HRD being initially associated with cancer predisposition syndrome in
BRCA1/2 mutation carrier, has now expanded to general phenotype found in many cancers
from nearly 50% of cases to occasional occurrence. The comprehensive characterization of the
genomic phenotype permitted by modern DNA sequencing lead to quasi-complete description
of genomic alterations in HRD tumors. Two classifiers, HRDetect and CHORD, build based on
WGS showed great performance in HRD detection and allowed the attribution of genomic
phenotype to inactivated genes from HR pathway and detection of HRD tumors without any

apparent mutation in known genes. The list of genes which inactivation could potentially lead
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to cancer HRD is not yet exhaustive due to the rarity of their mutations. HRD got attention in
the recent years because of the invention of the targeted treatment, PARPI, to which HRD
tumors are particularly sensitive. Because HRD is frequent in breast cancers (which is one of
the common cancers) and PARPi became widely available for patients, the organization of
routine HRD testing in clinics is of importance. Simple and efficient methods for HRD detection,

which can be implemented in clinics, are needed.
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ARTICLES

Introduction: “shallowHRD: detection of homologous
recombination deficiency from shallow whole genome

Genomic HRD phenotype is nowadays well described and shown to be detectable by many
approaches. The exhaustive testing of HRD through genomic signatures can be obtained from
high covered WGS (>30X). This is however technically complex, the data generation is costly,
its processing is long, and its storage cumbersome. This complicates the implementation of an
exhaustive genomic HRD testing in a clinical setting. Our goal was to develop a robust method,
which could be routinely applicable in clinics for retrospective studies and for actual patient
diagnostics. Sequencing facilities are now widely in place in cancer centers and the reduction
of the sequencing cost make WGS at a low coverage (<3X) available at affordable prices.
Denoted here as shallow WGS (sWGS), whole genome sequencing at a low coverage (down
to <1X) can potentially be used to detect HRD from the cancer genomic profile. However, its
low coverage makes it difficult to robustly detect Allelic Imbalance, LOH, mutations, structural
variations or rearrangement signatures of HRD (SBS3, ID6, ID8, RS5, RS3). The performance
of those approaches directly relies on high coverage and multiple reads at a given location.
On the other hand, sWGS is reportedly suitable for reconstructing Copy Number tumor
genomic profile without a matched normal sample, even for formalin-fixed, paraffin-embedded
(FFPE) samples largely used in clinic?41:242,

We developed shallowHRD a new method of HRD testing based on sWGS and Copy Number
Aberrations (CNAs). A CNA corresponds to somatic gains or losses of a chromosome region.
SNParrays showed a high level of correspondence between HRD and the number of large
CNAs through the LST signature, justifying therefore to tackle this in sWGS. The shallowHRD

method and an application was published in Bioinformatics as an application note.

Workflow and pipeline

To process sWGS, we first aligned the sequencing files to a human reference genome. This
was done using bwa-mem, a high-efficient aligner and one of the most commonly used for
small-reads DNA sequencing?*32*®, The construction of the tumor copy number genomic
profile and the subsequent investigation of CNA was then done through a Read-Depth (RD)

analysis.
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RD analysis is based on the underlying assumption that the coverage of a genomic region is
positively correlated with its number of chromosomal copies?#¢. This principle is represented in
Figure 12. For this method, the number of reads in fixed windows of a given size along the
genome is counted. Those windows can be overlapping, providing a better resolution at the
cost of computational time. RD analysis is adapted for sWGS using large windows to count
reads, which compensated the lack of coverage and allowed to build a high-quality genomic
profile?*”:248 The number of reads inside each window is influenced by several biases that

needs to be corrected?*°:2%0,

Genome
D TS SE— D TS T SE—
= LB T T
— D = _— s ey
T
Mapped reads -—— =
3 e ——3
Read depth

A
Insertion

Deletion

v

Read position

FIGURE 12: Read Depth analysis to detect Copy Number changes with Next-Generation
Sequencing

The number of reads is positively correlated to the number of chromosomal copies in a genomic
region. It allows to construct a genomic profile and infers Copy Number Aberrations. Adapted from
Valsesia et al*®™.

To build a copy number genomic profile from the aligned reads we tested several tools
including ControlFREEC developed in Institut Curie?®?, QDNAseqg?*' and ichorCNAZ3, These
three tools do not need a matched normal sample to correct for read count biases. They rely
on different models to correct the two main biases observed in a Read-Depth approach: GC-
content and mappability. GC-content is the proportion of base that are either G or C in a given
genomic region. Both AT-rich and GC-rich regions present a lower coverage®°. "Mappability"
of a chromosomal region corresponds to the uniqueness of a DNA genomic region. This bias

comes from repetitive regions that introduce mistakes or ambiguous assignment of reads at
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multiple locations during alignment®*°. GC-content and mappability biases are corrected either

independently and sequentially by ControlFREEC and ichorCNA or jointly by QDNAseq.
Additionally, QDNAseq filters out problematic genome regions based on the ENCODE blacklist

regions?* and their own list they developed on the healthy cases?*'. Despite those differences,
the genomic profiles for the three RD approaches exhibited minimal differences for varying
size of windows. QDNAseq presented a smoother copy number profile for small genomic

regions, but the effect of this improvement on large CNA is dubious.

Within profile normalization pipeline it was necessary to select bin (window) size adapted for
sWGS. For a read size of 100bp and a coverage of 1X, the expected number of reads for
windows of 5kb is 50. This expected number can variate depending on the genomic region and
alignment errors. Decreasing the size of the window for read count below 5kb introduce
variations, affecting the stability of CNA profile. Increasing the window size is however well
tolerated and produce similar CNA profiles up to 200kb. The profile of chromosome 7 for a
breast tumor for different window size is presented in Figure 13. Variations are important
between close dots for windows of 1kb and 3kb, which encouraged us to take larger windows.
In-house, our current preferred bin size is 50 kb to anticipate a coverage that would drop way
below 1X.

1kb 3kb

5kb 10kb

FIGURE 13: Genomic profile from sWGS of the chromosome 7 of a breast tumor
generated with a Read-Depth approach with ControlFREEC and for different size of
windows

Personal data.
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Copy number profile segmentation is essential for robust estimation of large-scale copy
number breaks. This segmentation can be done by several approaches. ControlFREEC uses
a LASSO-based algorithm?®, QDNAseq relies on the Circular Binary Segmentation
algorithm?%6.2" while ichorCNA use Hidden Markov Models?3. The segmentation resulting from
ichorCNA was too oversimplified compared to the two other tools, which could result in missing
altered genomic regions. We have chosen QDNAseq and controlFREEC which had slightly
oversensitive segmentation that is further optimized using shallowHRD. A segmented copy
number profile generated by a Read Depth approach is represented below in Figure 14. The

segmented profile is then optimized to eliminate over-segmentation.

i " X : ‘ i 3 i A
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FIGURE 14: Genomic profile from tumor sWGS generated with controlFREEC

y-axis: Value of read count corrected for GC-content and normalized. Grey and white stripes correspond
to chromosome (1 to 22). Red line: segment that associated contiguous windows to the same copy
number level. Grey point: Read count of a fixed window normalized for GC-content and mappability.
Personal data.

In sWGS, the absolute copy number of a segment is difficult to infer because of the lack of
allelic balance information that can be extracted with the low coverage. Hence, we based our
method on relative copy number changes and a minimal difference between segments,
designated as M in the article. M is based on the overall pairwise comparison of the large
segments in the initial segmentation. It is used to optimize the genomic profile by uniting the

segments belonging to the same copy number and extract large CNA to predict HRD.

The article describing shallowHRD was published in Bioinformatics as an application note. The
detailed computation for profile optimization is provided in this article. ControlFREEC was used
because it was available for cloud computing. The supplementary data of the article are
included as they are an important part for the overall validation of the results present in the

article. A few relevant cohorts that we analyzed were presented in conclusion of the article.
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Abstract

Summary: We introduce shallowHRD, a software tool to evaluate tumor homologous recombination deficiency
(HRD) based on whole genome sequencing (WGS) at low coverage (shallow WGS or sWGS; ~1X coverage). The
tool, based on mining copy number alterations profile, implements a fast and straightforward procedure that shows
87.5% sensitivity and 90.5% specificity for HRD detection. shallowHRD could be instrumental in predicting response
to poly(ADP-ribose) polymerase inhibitors, to which HRD tumors are selectively sensitive. shallowHRD displays
efficiency comparable to most state-of-art approaches, is cost-effective, generates low-storable outputs and is also
suitable for fixed-formalin paraffin embedded tissues.

Availability and implementation: shallowHRD R script and documentation are available at https://github.com/aeeck
hou/shallowHRD.

Contact: alexandre.eeckhoutte@curie.fr

Supplementary information: Supplementary data are available at Bioinformatics online.

whole genome sequencing (WGS) at low coverage (shallow WGS or
sWGS; ~1X). sWGS robustly detect copy number alterations (CNAs),
even in fixed-formalin paraffin embedded (FFPE) samples and liquid

1 Introduction

Aggressive subtypes of breast and ovarian cancers are frequently

associated with homologous recombination deficiency (HRD) mak-
ing these tumors sensitive to poly(ADP-ribose) polymerase inhibitors
(Coleman et al., 2019). HRD arises upon inactivation of BRCA1/2,
RADS1C or PALB2 and is characterized by specific tumor genome
instability (Nik-Zainal et al., 2016; Staaf et al., 2019). Even though
HRD genes are mostly known, exhaustive testing of their inactiva-
tion is difficult. This motivates developing surrogate genomic
markers of HRD. Recent developments based on high throughput
sequencing, HRDetect, Signature 3, SigMA, scarHRD, achieved ex-
cellent capacity to evaluate HRD (Davies et al., 2017; Gulhan et al.,
2019; Polak et al., 2017; Sztupinszki et al., 2018). However, these
methods are technically complex, time- and data-storage consuming,
often need a matched normal sample and can be costly.

We introduce shallowHRD, a software for HRD testing based
on the number of large-scale genomic alterations (LGA) obtained from

©The Author(s) 2020. Published by Oxford University Press.

biopsies (Van Roy et al., 2017) at low cost and with easy-storable out-
puts. The concept of LGAs follows single-nucleotide polymorphism
(SNP) array approaches, exploiting an increased number of large-scale
intra-chromosomal CNAs characteristic of HRD (Abkevich et al.,
2012; Birkbak ez al., 2012; Popova et al., 2012).

2 Materials and methods
2.1 Data

In-house sWGS of breast and ovarian cancers (26 primary tumors,
39 patient-derived xenografts from frozen blocks and 4 primary
tumors FFPE) and down-sampled to ~1X WGS (108 normal tissues,
79 primary tumors from the TCGA breast cancer) were processed
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by Control-FREEC (v11.5) (Boeva et al., 2012) (Supplementary
Material).

2.2 shallowHRD

The tool takes as input ‘sample_name.bam_ratio.txt’, which
includes CNA profile {x, g}, n where x is normalized read counts
in a sliding window, g is genomic coordinate and the profile segmen-
tation with S;, Z; segment median and size (in megabases, Mb).

2.2.1 Workflow

i. CNA cut — off is detected and the profile segmentation is
optimized as follows: Segments are defined as ‘large’ if
Z; > (Q3—01)/2, where Q1, Q3 are quartiles of Z; (Z; > 3
Mb) distribution. M is detected as the first local minimum of
(Si —S;) density, where i, j are large segments (Supplementary
Fig. S1). CNA cut — off = min(max(0.025, M), 0.45).
Adjacent segments are merged if (S; — S;11) < CNA cut — off;
starting from the largest segment.

ii. LGAs, defined as intra-chromosome arm CNA breaks with ad-
jacent segments Z;, Z;+1 > 10 Mb, are counted after removing
segments <3 Mb.

iii. The sample is annotated as ‘non-HRD’ (LGA < 15), ‘border-
line’ (15 < LGA < 19) or ‘HRD’ (LGA > 19).

iv. Sample quality is defined by M and cMAD,
c¢cMAD = median((x — S,)), where S, corresponds to the seg-
ment enclosing x, before optimization: ‘bad’ (¢MAD > 0.5 |
c¢cMAD > 0.14 and M > 0.45), ‘average’ (¢(MAD > 0.14 and M
< 0.45 | cMAD < 0.14 and M > 0.45) or ‘normal or highly con-
taminated’ (M < 0.025) (Supplementary Material and Fig. S2).

v. CCNE1 amplification is called if S, > 4 - CNA cut — off, where
¢ is the segment enclosing the gene (4 was set arbitrarily).

shallowHRD output contains: (A) Tumor genome profile. (B)

Density plot for CNA cut — off. (C) CNA segmentation summary.
(D) Sample quality and HRD diagnostics (Supplementary Fig. S3).

3 Results

In-house sWGS and down-sampled WGS of normal samples
(TCGA) were employed to develop the sWGS methodology similar
to the large-scale state transitions (LST) in SNP-arrays (Popova
et al., 2012) (Section 2). LGAs inferred from sWGS corresponded
well to the LSTs with identical HRD calls for 8 primary tumors
tested (76-97% match in segments > 10 Mb) (Supplementary Fig.
S4). sWGS coverage >0.3X provide adequate quality, also for FFPE
(Supplementary Figs. S2 and 5).

Validation by down-sampled WGS (TCGA) showed LGA to be
coherent to SNP-arrays LST (r=0.92; slope=0.88; P <2.2e-16,
Pearson) with increased discrepancy in average quality samples

A B

w“”' Technig Method  Sensitivity Specificity

g HROD wes HRDectect L] L]

520 t : WGSWES  Signature 3 B4 a0

5l borderine . WES/gene panel  SigMA 74 a0

E ¥ H WES scarHRD 875 61.4*

<10 nenHRD SNParay LST 99 54
SWGS shallowHRD ~ 87.5 905

Proven HRD No HRD

Fig. 1. shallowHRD validation in down-sampled WGS of the TCGA (A) and per-
formance (B). Proven/No HRD: cases with/without inactivation of BRCA1/2,
RADS1C or PALB2 (Supplementary Material); HRD (red) and non-HRD (blue)
cases in SNP-arrays; LGAs: large-scale genomic alterations; WES: whole exome
sequencing. “Low specificity could be due to non-complete annotation of HRD

(n=13), and HRD diagnostics discordant in three and borderline
in four cases (Fig. 1A; Supplementary Material, Supplementary
Figs. S6 and 7, Supplementary Table S1). CCNE1 amplification was
found in four non-HRD cases, in-line with previous observations of
almost mutual exclusivity with HRD (Goundiam et al., 2015).
Thus, sWGS LGAs is suitable to take over the SNP-array LSTs,
which is a clinically validated method for HRD detection.

Tumor content for sWGS limits to >0.3 as estimated from the
TCGA and in silico dilution series (Supplementary Material,
Supplementary Figs. S8 and 9).

Fifteen and 20 LGAs represent soft and stringent cut-offs with
sensitivity of 87.5% and 81.25% (16 cases HRD) and specificity of
90.5% and 95.2% (63 non-HRD cases), respectively, which is com-
patible with other state-of-the-art approaches (Fig. 1B).

To conclude, shallowHRD implements a fast and straightfor-
ward evaluation of tumor HRD in breast, ovarian and other cancers
such as pancreatic or prostatic, performing similar to most state-of-
the-art approaches, the technique is cheap and suitable for all type
of samples.
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Supplementary Methods

In-house Whole Genome Sequencing (sWGS)

DNA was extracted from frozen blocs (26 primary tumors, 39 Patient-Derived Xenografts, PDX)
and Fixed-Formalin Paraffin Embedded (FFPE) tissues (4 primary tumors) and was sequenced on
HiSeq2500 or NovaSeq (Illumina; 100bp paired-end library; coverage 0.06-1.65X; 4-6X for FFPE)
and aligned on hgl19 and hg38 by BWA-MEM (v0.7.15) (Li and Durbin, 2009); PDX were purified
from mouse reads using XenofilteR (Kluin, et al., 2018). Optical/PCR duplicates were filtered by
PicardTools (v1.140) (http://broadinstitute.github.io/picard/) and supplementary alignments were
removed by Samtools (v1.9) (Li, et al., 2009).

WGS from the TCGA

WGS from the breast cancer TCGA-BRCA cohort (Weinstein, et al., 2013) (108 normal tissues, 79
primary tumors) were down-sampled to 1X by Sambamba (v0.5.9) (Tarasov, et al., 2015) on the
Cancer Genomics Cloud of SevenBridges (Lau, et al., 2017).

Configuration file Control-FREEC
[general]

ploidy =24
window = 40000
step = 20000

breakPointThreshold = 0.65
breakPointType = 2
forceGCcontentNormalisation = 1

uniqueMatch = FALSE
contaminationAdjustment = TRUE

samtools = /path/to/samtools

chrFiles = /path/to/chromFa/

chrLenFile = /path/to/hg19.len

gemMappabilityFile = /path/to/out100m2_hg19.gem
outputDir = /path/to/outputDir

BedGraphOutput = FALSE

[sample]

mateFile = /path/to/file.bam

inputFormat = BAM
matesOrientation = FR


http://broadinstitute.github.io/picard/

Quality control

GC-corrected and normalized read counts profiles of sWGS and their sensitive segmentations
(number of segments 300-1600), were annotated manually as “good” (n=55), “average” (n=6) or
“bad” (n=8). Based on this annotation quality thresholds were defined.

Bad quality cases represented mainly sequencing failure independent of coverage, with frequent
(n=5) poorly detectable local minimum in M, separating fluctuations of segments with equal copy
numbers from one copy difference. Average quality was mainly due to a low coverage (0.06-0.3X)
displaying high fluctuations in the number of reads per window characterized by cMAD.
cMAD>0.14 and M>0.45 indicate low quality samples (Fig. S2). Coverage 0.3X is a low limit for
sWGS to ensure prominent CNA profile.

After evaluating 108 down-sampled WGS of normal samples, a lower boundary for CNA cut-off
was set to 0.025, to avoid CNA detection in normal and over-segmentation in low tumor content
samples.

HRD annotation
In-house cases: In-house tumor cases were partially tested on the Institute Curie platform.

TCGA cohort: HRD annotation of the TCGA cohort was previously described (Manie, et al., 2016).
Briefly, mutations in BRCA1/2, RAD51C and PALB2 genes were searched in whole exome
sequencing (WES) data; gene inactivation was considered proven when deleterious mutation and
LOH (Loss Of Heterozygosity) were observed at the gene locus or two deleterious mutations found
in the gene; missense mutations annotated as pathogenic in COSMIC database were considered
deleterious. BRCAI and RADS51C promoter methylation was checked using the gene expression;
cases with outlier low expression were annotated as HRD due to promoter methylation.

Specificity of HRD calls in SNP-array LST and scarHRD:

LST was validated on the TCGA cohort, which at the time of publication (Manie, et al., 2016) was
not completely available for direct search and verification of the reported mutations. This explains
relatively low specificity of LST method shown in Fig.1B. In the current validation set of the TCGA
down-sampled WGS, specificity of LST method was very close to LGA in sWGS (predictions of
SNP-array based method are indicated by colors in Fig.1A).

For scarHRD (Sztupinszki, et al., 2018), the methylation of RAD51C promoter was not assessed,
which might led to missing HRD cases.

Soft and stringent HRD cut-offs and borderline HRD

Two cut-offs, soft and stringent, were introduced on the LGA number to call HRD or nonHRD. The
reason for this is the appearance of HRD in breast and ovarian tumors: while the majority of cases
with BRCAness (HRD) have LGA number far higher than 20, small proportion of mainly BRCA2
mutated tumors display near-diploid genome with ~15 large-scale chromosomal breaks. From the
other hand, nonHRD tumors with near-tetraploid genomes can display 15-20 large-scale
chromosomal breaks. When the tumor ploidy is known, there is no problem to distinguish these two
situations.



For sWGS, ploidy estimation is problematic and could introduce additional uncertainty. To
overcome this issue and to bring additional attention to the low confidence of the call we introduced
borderline HRD.

The Supplementary Table S1 recapitulate all the TCGA down-sampled WGS cases processed
including their ID, HRD diagnostic with shallowHRD and SNP-arrays, automatic quality detection
and correspondence of large segment between sWGS and SNP-array. Cases with contradictory calls
are commented.

Estimation of tumor content in WGS

We used estimation of tumor content inferred from the SNP-arrays by GAP method (Popova, et al.,
2009) and ichorCNA (Adalsteinsson, et al., 2017) to directly estimate tumor content in SWGS and
in the dilution series using window of 50kb on all autosomal chromosomes.

In silico dilution series based on sWGS

To obtain tumor content limitation for shallowHRD we performed in silico dilution of 7 in-house
sWGS by 1 sWGS with quasi-normal genome (Supplementary Figure S8A). These 8 cases were
sequenced in the same batch. The dilution series was done using picardTools MergeSam
(http://broadinstitute.github.io/picard/), recursively merging seven times the BAM file of the
tumor with “quasi-normal” profile with the BAM files of other cases. The effect of the dilution is
shown in Supplementary Figs. S8 B, C and D.

Three chromosomes which carried some CNA in the “quasi-normal” profile (chromosomes 3, 5 and
17) after controlFREEC processing were masked for CNA cut-off determination and LGA counting.
The number of LGAs according to those dilutions is represented in Supplementary Figure S9B.
shallowHRD presents relatively stable results with mild variation in LGA counts even for high
number of sequential dilutions in good quality cases.

The tumor content estimation was based on the initial tumor content from SNP-array and calculated
as proportion of mapped reads in the undiluted sWGS and the diluter sWGS. Estimations of tumor
content inferred with ichorCNA (designed for cfDNA) were taken for comparison.

Even though sWGS show stable results around very low tumor content (~0.1), 0.3 could be
considered as a good limit for the method application. Tumor cellularity is not directly assessed in
shallowHRD, but rather taken into account to some extent in the automatic quality control
procedure.


http://broadinstitute.github.io/picard/
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Supplementary Figures
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Figure S1. Distribution of pairwise differences between segment medians in CNA profile

An example of density plot of pairwise differences between segment medians is shown (only
segments > 3Mb were considered). The first (grey) pick corresponds to fluctuations in segment
medians related to the same copy number; the second (yellow) pick corresponds to fluctuations
around the one copy difference; the third (light-blue) pick corresponds to the difference in two
copies, etc. The first minimum M is detected (yellow vertical line). Here M corresponds to CNA cut-
off used to optimize copy number segmentation and define genomic alterations. A prominent M
evidences high signal to noise ratio in CNA profile and pure copy number states (without sub-
clones).
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Figure S2. Two parameters characterizing quality of CNA profile

In-house sSWGS CNA profiles (69 cases) manually annotated as of “bad”, “average” or “good”
quality were characterized by 2 parameters: M defining CNA cut-off, and ¢cMAD characterizing
intra-segmental variation. These two parameters could be considered as sWGS quality markers.

manual_annotation
bad
® average

good

sample_type
e FFPE
A  PDX

= Primary tumor

Two thresholds were defined: cMAD=0.14 and M=0.45 for automatic attribution of sample quality.

Bad quality cases represented mainly sequencing failure independent of coverage, with frequent
(n=5) poorly detectable local minimum in M, separating fluctuations of segments with equal copy
numbers from one copy difference. Average quality was mainly due to a low coverage (0.06-0.3X)

displaying high fluctuations in the number of reads per window characterized by cMAD.

FFPE samples were among “good” (n=3) and “average” (n=1) quality regarding the thresholds,
while two cases were actually annotated manually as “average” and “bad” (the latter due to low

tumor content) (see Fig.S5 for details).
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Figure S3. Reports of shallowHRD

I. PDX of breast cancer with BRCAI germline mutation; II. Primary ovarian tumor with
unknown status of BRCA1/2

shallowHDR report contains the following items:

A. Tumor genomic profile with LGAs indicated in green.

B. Density plot of pairwise differences between large segments used to define the CNA cut-off.

C. Visual representation of the final segmentation, where segment medians were ordered and
represented by the dots. Clear stepwise profile evidences high signal to noise ratio and proper
segmentation (good quality, panel I); fuzzy profile with blurred steps evidences high unspecific

variation in CNA medians with ambiguous copy number levels (average or poor quality, panel II).

D. Quality and Homologous Recombination Deficiency diagnostics including M, cMAD and LGA
number with HRD status.
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Figure S4. Consistency in the large CNA segments in sSWGS and in SNP-arrays

A. Segmented CNA profiles on SNP-array (upper panel) and sWGS (lower panel) of the in-house
tumor sample. Segmentation for SNP-array was optimized to absolute copy numbers using GAP
method (Popova, et al., 2009) and sWGS profile was optimized by shallowHRD using CNA cut-off.
Segments were considered consistent if they were both >10Mb in size and their boundaries were
within 3Mb. sWGS CNA profile reproduced 86% of the large segments detected by SNP-arrays.

B. Overall large segments consistency (estimated as described in Figure S4A) in 8 in-house cases
and 79 TCGA down-sampled WGS processed by shallowHRD and SNP-arrays. Red dots are cases
automatically detected of average quality by shallowHRD.
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Figure S5. FFPE profiles from sWGS analyzed by shallowHRD

sWGS profiles of four FFPE cases analyzed by shallowHRD are shown. Segments in green
correspond to LGA. The entire segmentation is indicated in red for the profile A because no LGA
was detected. Profiles A, C and D are detected as “good” quality while the profile B is detected as
“average” quality. Manual annotation classified sWGS of profile A as “bad” because of a low tumor
content and profile B as “average. Samples B and C were correctly predicted as nonHRD and HRD
(BRCA2-/-), respectively. Sample D with unknown status was predicted as nonHRD.

Overall, the limited number of cases does not allow us drive definitive conclusion but support that
sWGS and therefore shallowHRD is applicable for FFPE cases. Moreover, several studies,
including a pilot study for the 100,000 Genomes Project, investigated the use of FFPE samples for
sWGS and presented good results for FFPE with WGS and CNAs interpretation (Chin, et al., 2018 ;
Robbe, et al., 2018; Scheinin, et al., 2014 ).
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Figure S6. Large-scale CNA correspondence between sWGS and SNP-arrays

Number of LGAs in down-sampled WGS versus the number of LSTs in SNP-arrays is shown for 79
TCGA cases. The most discordant case, circled in red, is characterized by a high number of copy-
neutral Loss Of Heterozygosity (see Fig. S9). Detailed information is summarized in Supplementary
table S1.
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Figure S7. Tumor with high number of copy-neutral LOH

A. SNP-array copy number profile mined by GAP (Popova, et al., 2009) with numerous large-scale
breakpoints detected due to copy-neutral Loss Of Heterozygosity (LOH) (ID: TCGA-EW-A1J5-
01A). Top panel represents B-Allele Frequency; bottom panel represents Log ratio related to copy
number alteration profile and absolute copy numbers detected by GAP software in the middle (red
segments correspond to LOH). B. Down-sampled WGS profile of the same tumor analyzed by
shallowHRD with a few copy number breakpoints recognized, which leaded to nonHRD prediction.



Figure S8. Example of in silico dilution series

Tumor with almost flat CNA profile (A), tumor with HRD (B) and in silico dilutions (C, D) of the
tumor with HRD by the tumor with flat profile used as a “quasi-normal” counterpart.



A. In-house tumor used to make serial dilutions considered as a “quasi-normal” case. The
chromosomes 3, 5 and 17 bear CNAs in this tumor and were masked from the analysis by
shallowHRD, as detailed in Supplementary Notes. No LGA was found in this case and all segments
of the final segmentation after shallowHRD processing are represented with red lines.

B. The tumor with HRD (shown in Supplementary Figure S6B) with SNA-array estimated tumor
content 0.7. LGAs are indicated with green lines.

C. The tumor with HRD (B) diluted twice with “quasi-normal” case (A) and estimated tumor
content 0.28. Tumor content was estimated regarding the initial tumor content and the proportion of
reads of the tumor and “quasi-normal” sWGS.

D. The tumor with HRD (B) diluted seven times with “quasi-normal” case (A). Tumor content in
this case is estimated to be 0.11.
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Figure S9. Tumor content and performance of shallowHRD

A. Tumor content and sample quality were shown for down-sampled WGS TCGA cases (n=79).
Tumor content was taken from the corresponding SNP-arrays as estimated by GAP method
(Popova, et al., 2009) and the quality assessment was automatically produced by shallowHRD. One
case with tumor content of ~0.3 was of average quality with a low concordance between sSWGS and
SNP-array. Four cases of good quality had a tumor content of 0.4 and worked nicely.

B. In silico dilution series of in-house sSWGS analyzed by shallowHRD. Each panel corresponds to
the dilution series of one sample. Quasi-normal sample used for dilution had CNAs in chr 3, 5, 17,
which were excluded from further analysis (Fig.S5A). Estimated proportion of tumor cells was
shown in two ways: (1) x-axis, which is related to the tumor content estimated from the dilution
(proportion of mapped reads in the undiluted sWGS and the “quasi-normal” diluter sWGS) and (2)
by labels upon each point showing the percent of tumor cells evaluated directly from the diluted
WGS using ichorCNA (Supplementary Methods).



Supplementary Table S1. Validation cohort of down-sampled WGS from the TCGA

o
rogaip | Tumor|Tumor Fresen| ST, LoTRRloNRDl Laa | sogmons eleced  Pregton sGs
conserved
TCGA-AR-AOTU TNBC 0.7 HRD HRD 35 HRD 34 91 good TP
TCGA-AO-A0J2 TNBC 0.8 HRD HRD 32 HRD 30 73 good TP
TCGA-A2-A04T TNBC 0.8 HRD HRD 31 HRD 31 79 good TP
TCGA-A2-A3Y0 TNBC 0.7 HRD HRD 30 HRD 27 74 good TP
TCGA-AN-AOAT | TNBC 0.7 HRD HRD 28 HRD 31 88 good TP
TCGA-AN-A04D | TNBC 0.9 HRD HRD 26 HRD 28 100 good TP
TCGA-A7-AOCE TNBC 0.9 HRD HRD 25 HRD 23 91 good TP
TCGA-AR-A256 | TNBC | 0.8 | HRD HRD 25 | Borderline | 17 51 good Lowzzr;i::iz\fv !
TCGA-AO-A124 | TNBC 0.9 HRD HRD 23 HRD 25 81 good TP
TCGA-BH-AOWA | TNBC 0.8 HRD HRD 23 HRD 22 67 good TP
TCGA-EW-A1PB | TNBC 0.6 HRD HRD 21 HRD 21 95 good TP
TCGA-B6-AORG |luminal | 0.9 HRD nonHRD 13 nonHRD 11 72 good LGA/LST zlc\)lnsistentz
TCGA-AO-A0J6 TNBC 0.8 HRD HRD 33 HRD 37 57 average TP
TCGA-A2-A04P TNBC 0.8 HRD HRD 32 HRD 25 58 average TP
TCGA-C8-A12L TNBC 0.8 HRD HRD 32 HRD 29 63 average TP
TCGA-AO-A0J4 TNBC 0.7 HRD nonHRD 17 nonHRD 9 42 average Low qu:flli\iy SWGS
TCGA-A2-A0DO TNBC 0.8 - HRD 36 HRD 30 83 good LGA/LST Eznsistent3
TCGA-E2-A14P | HER2+ | 0.6 HRD 26 HRD 22 76 good LGA/LST EZnsistents
TCGA-EW-A1J5 |luminal| 0.8 i HRD 25 nonHRD 1 93 good LGA/LST inco:s\listent (Fig $9)
TCGA-A2-AOEY | HER2+ | 0.7 - nonHRD 19 Borderline 16 86 good Borderline®
TCGA-E2-A1LL TNBC 0.7 ) nonHRD 18 HRD 21 71 good LGA/LST i-:::onsistent
TCGA-C8-A12Q | HER2+ | 0.6 - HRD 17 Borderline 16 89 good Borderline
TCGA-C8-A130 |luminal| 0.8 " | nonHRD | 16 | Borderline | 18 36 good Lowzzr:ﬁtgi:\fv !
TCGA-B6-AORU TNBC 0.6 i HRD 15 nonHRD 12 80 good LGA/LST i-lr-Eonsistent
TCGA-B6-AORE TNBC 0.8 - nonHRD 14 nonHRD 13 51 good TN
TCGA-B6-AORE TNBC 0.8 - nonHRD 14 nonHRD 8 59 good TN
TCGA-AC-A2BK TNBC 0.9 - nonHRD 13 nonHRD 13 86 good TN
TCGA-AO-AO0JL TNBC 0.8 - nonHRD 13 nonHRD 14 71 good TN
TCGA-AO-AOJM | HER2+ | 0.7 - nonHRD 13 nonHRD 12 88 good TN
TCGA-A7-A13D TNBC 0.7 - nonHRD 11 nonHRD 11 85 good TN
TCGA-BH-A1FC TNBC 0.9 - nonHRD 10 nonHRD 11 71 good TN
TCGA-BH-AOH7 |luminal | 0.8 - nonHRD 10 nonHRD 10 72 good TN
TCGA-B6-A0I2 TNBC 0.6 - nonHRD 10 nonHRD 9 96 good TN
TCGA-BH-A18R | HER2+ | 0.6 - nonHRD 10 nonHRD 11 97 good TN
TCGA-A2-AOYG | HER2+ | 0.6 - nonHRD 9 nonHRD 10 83 good TN
TCGA-BH-AODK |luminal | 0.6 - nonHRD 9 nonHRD 8 100 good TN
TCGA-A8-A09X |luminal | 0.4 - nonHRD 9 nonHRD 8 94 good TN
TCGA-E2-A15E |luminal| 0.9 - nonHRD 8 nonHRD 7 79 good TN
TCGA-BH-AOEO TNBC 0.7 - nonHRD 8 nonHRD 8 94 good TN
TCGA-BH-AOHX |luminal | 0.7 - nonHRD 8 nonHRD 8 89 good TN




TCGA-BH-AOGY |luminal | 0.6 - nonHRD 8 nonHRD 10 90 good TN
TCGA-A2-A04X | HER2+ | 0.7 - nonHRD 7 nonHRD 7 92 good N
TCGA-EW-A1P8 | TNBC 0.7 - nonHRD 7 nonHRD 7 96 good TN
TCGA-A2-AOD1 | HER2+ | 0.9 - nonHRD 6 nonHRD 6 87 good TN
TCGA-BH-AQOHB |luminal | 0.8 - nonHRD 6 nonHRD 8 84 good TN
TCGA-A8-A07] | HER2+ | 0.9 - nonHRD 5 nonHRD 7 85 good TN
TCGA-ES-AINH |luminal | 0.8 - nonHRD 5 nonHRD 5 91 good TN
TCGA-B6-AOWX | TNBC 0.5 - nonHRD 5 nonHRD 6 90 good TN
TCGA-E2-A156 |luminal| 0.9 - nonHRD 4 nonHRD 3 85 good TN
TCGA-B6-AORI |luminal | 0.8 - nonHRD 4 nonHRD 4 96 good TN
TCGA-E2-A152 | HER2+ | 0.8 - nonHRD 4 nonHRD 4 83 good TN
TCGA-A2-A3XX | TNBC 0.7 - nonHRD 4 nonHRD 3 68 good TN
TCGA-A7-A0OD9 |luminal | 0.9 - nonHRD 3 nonHRD 2 91 good TN
TCGA-E2-A15K |luminal | 0.9 - nonHRD 3 nonHRD 2 84 good TN
TCGA-AO-A0J) |[luminal | 0.5 - nonHRD 3 nonHRD 1 88 good TN
TCGA-AR-AOTX | HER2+ | 0.4 - nonHRD 3 nonHRD 3 93 good N
TCGA-BH-AOHO |luminal | 0.8 - nonHRD 2 nonHRD 1 98 good TN
TCGA-A7-A26) |luminal| 0.9 - nonHRD 1 nonHRD 1 98 good TN
TCGA-A7-A26) |luminal| 0.9 - nonHRD 1 nonHRD 1 86 good TN
TCGA-B6-A0X4 |luminal | 0.9 - nonHRD 1 nonHRD 1 100 good TN
TCGA-BH-AOH6 |luminal | 0.9 - nonHRD 1 nonHRD 1 71 good TN
TCGA-A2-A259 |luminal | 0.7 - nonHRD 1 nonHRD 3 90 good TN
TCGA-E2-A15H | HER2+ | 0.7 - nonHRD 1 nonHRD 1 86 good TN
TCGA-A2-A3KC |luminal | 0.6 - nonHRD 1 nonHRD 2 100 good TN
TCGA-AO-AOJF |luminal | 0.9 - nonHRD 0 nonHRD 5 95 good TN
TCGA-BH-AOHK |luminal | 0.9 - nonHRD 0 nonHRD 1 97 good TN
TCGA-AR-A2LK |luminal | 0.8 - nonHRD 0 nonHRD 0 95 good TN
TCGA-BH-AOBM |luminal | 0.7 - nonHRD 0 nonHRD 0 100 good TN
TCGA-BH-AOWS |luminal | 0.5 - nonHRD 0 nonHRD 0 100 good TN
TCGA-A2-AOEU |luminal | 0.4 - nonHRD 0 nonHRD 0 95 good TN
TCGA-BH-AOB3 | TNBC 0.5 - HRD 22 nonHRD 7 45 average TN
TCGA-EW-A1PH | TNBC 0.9 - nonHRD 13 nonHRD 7 53 average TN
TCGA-A7-A26F TNBC 0.5 - nonHRD 13 nonHRD 4 51 average TN
TCGA-A8-A08B | HER2+ | 0.9 - nonHRD 8 nonHRD 3 66 average TN
TCGA-A2-A04Q | TNBC 0.3 i nonHRD 6 nonHRD 0 44 average Low tum-:\: T
TCGA-E2-A109 |luminal | 0.9 - nonHRD 4 nonHRD 5 67 average TN
TCGA-A8-A092 |luminal | 0.9 - nonHRD 3 nonHRD 0 84 average TN
TCGA-A7-AODC NA 0.8 - nonHRD 1 nonHRD 1 86 average TN
TCGA-A8-A08S | HER2+ | 0.9 - nonHRD 0 nonHRD 0 85 average TN

HRD: Homologous Recombination Deficiency; LST: Large-scale State Transitions; LGA: Large
Genomic Alterations; TN: true positive; TP: true negative; FN: false negative; FP: false positive.
Color code: green: no problem with the case; light orange: large sWGS segments (>10Mb)
conserved in SNP-arrays < 70%, as described in Figure S4; dark orange: “borderline” or cases with
inconsistent diagnostic of HRD.

: Low quality WGS due to high unspecific variation failed to be detected automatically.

: BRCA2-/- can have in some rare cases low number of intra-chromosomal breaks.

: Highly altered genome with no HRD evidence found (still may be HRD).

: Ploidy of 4 for this case, accessible with SNParray, helping classifying the case as nonHRD.
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Conclusion: “shallowHRD: detection of homologous
recombination deficiency from shallow whole genome
sequencing”

shallowHRD has a sensitivity and specificity of ~90% to evaluate HRD in breast and ovarian
cancers. sWGS is overall cheap and its processing with shallowHRD is fast and
straightforward. It can process FFPE samples and doesn’t need a matched normal
sequencing. It performs similarly to most state-of-the-art approaches, only being surpassed by
more resource-intensive methods'%224, shallowHRD can however process any Read Depth
tool-based approach with few adaptations to its standard input. HRD being a good surrogate
marker of PARPI sensitivity for tumors and the inherent advantages that procures shallowHRD
with sSWGS bears all the reasoning of its usefulness, not only in research but also in clinic. It
would especially fit well with a gene panel approach, accounting for variant of unknown
significance (VUS) and gene promotor methylation. Further amelioration of this method, to
tackle problematic borderline cases (15 <= LGAs < 20) and to fit the varying quality of clinical
samples and the clinical precision required for patient care, would be a tremendous help to

reach routinely applicable good practices in clinic.

Additionnal results of shallowHRD in different cohorts

The commercially available test Myriad myChoice® CDx?'%2'?is the only HRD test approved
for patient care and PARP prescription without deleterious mutations in BRCA1 and BRCA2.
It is also based on large-scale genomic rearrangement, partly like shallowHRD. It would
therefore be interesting to compare shallowHRD with Myriad myChoice® CDx. The
combination of the three large-scale genomic rearrangements is reported to be more robust
but the actual trade-off between Myriad myChoice® CDx and shallowHRD should be

investigated.

The preliminary comparison of 60 ovarian cancer tumors for the same sample with
shallowHRD and Myriad myChoice® CDx showed high correlation (unpublished results, Celine
Callens & Adrien Briaux). With a stringent threshold of 20 LGAs, 90% cases classified HRD by
Myriad myChoice® CDx were also HRD with shallowHRD (18/20 cases) and 88% classified
as HRP were classified HR Proficient (HRP) with our method (29/33). Of note, a flat genomic
profile is ambiguous with shallowHRD as it can come either from low cellularity of the sample
or from the tumor harboring no rearrangement at the Copy-Number level. The latter is however
rare for ovarian and breast tumors. A cancer panel approach allowed us to reclassify two

tumors with a flat genomic profile, pushing the correspondence for HRP cases to 94% (31/33).
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Interestingly, the two discordant cases HRD cases for MYRIAD still presented a high amount
of LGAs with 16 and 19 LGAs, underlying the need to further tackle those borderline genomic
profiles. Out of the six cases where MYRIAD did not give results, four were not interpretable
also with shallowHRD because of a low cellularity, whereas two were surprisingly interpretable
in sWGS. Nonetheless some cases were intriguing for us. One case harbored a BRCA1
deleterious mutation with 19 LGAs in sWGS but were classified as HRP with Myriad
myChoice® CDx with a Genomic Instability Score (GIS) of 37, below the cut-off of 42. Two
other cases harbored characteristic HRD genomic profiles with shallowHRD with 23 and 24
LGAs but were HRP in Myriad myChoice® CDx with a GIS of 32 and 37. The results are

presented in Figure 15.
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FIGURE 15: Comparison between the diagnosis of the Myriad myChoice® CDx and
shallowHRD

x axis: Tumors with a Genomic Instability Score (GIS) below 42 are HRP with the Myriad myChoice®
CDx. Tumor with a GIS of 42 and above are HRD. VUS: Variant of Unknown Significance. Genes only
indicated by color and their names corresponds to deleterious mutations.
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Homologous Recombination is a direct predictor of PARPI sensitivity for tumors. In a cohort of
54 patient derived xenografts (PDX) from TNBC, the correspondence between the response
to cisplatin and the status inferred by shallowHRD was evaluated (unpublished, Elisabetta
Marangoni). 31 HRD cases, 6 borderlines cases and 17 HRP cases was found in the cohort.
According to what we observed with the comparison to the Myriad score and the observation
of the genomic profiles, 5 borderline cases were manually reclassified as HRP while one
remained annotated as borderline. Out of the 31 HRD samples, 47% were explained by the
methylation of BRCA1, 41% by deleterious mutation in BRCA1 (9) or BRCAZ2 (4) while 12%
remained unexplained. 70.97% of HRD cases (22/31 PDX) and 27.27% of HRP cases (6/22
PDX) showed a stable disease, partial response, or complete response. Of note, 4 out 6 initially
classified as borderline cases showed a stable disease, partial response, or complete
response. The prediction for HR status of shallowHRD is therefore highly correlated to the

response to platinum treatment in PDX of TNBC. The results are presented in Figure 16.
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FIGURE 16: Response to cisplatin in 54 PDX of TNBC

HRP: Homologous Recombination Proficient; HRD: Homologous Recombination Deficient; SD: Stable
Disease; R: Response; PD: Progression disease. From Elisabetta Marangoni.

The consequences on the protein of the VUS are dubious and the diagnosis is difficult for the
clinician to give in this case. A preliminary cohort of 42 breast tumors with BRCA1 VUS were
constituted with two additional tumors harboring deleterious mutations of BRCA1 as positive
controls. Ten cases were not interpretable, either because of the low cellularity for three
samples or the low quality of the sequencing for seven samples. The positive controls with
BRCA1 inactivation are correctly classified as HRD. Three other samples were clearly
classified as HRD, indicating either that their BRCA1 VUS is in fact deleterious or that they are
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some methylations in BRCA1 or RAD51C. Two samples were borderlines with 15 and 18
LGAs. The case with 15 LGAs had an amplification on CCNE1, which is reported to be almost
mutually exclusive with HRD in ovarian cancer?®. This low intermediate level of LGAs
combined with this information may indicate that the BRCA7 VUS is not deleterious. The

results are presented in Figure 17.

301 @

20 mutation

@ BRCA1 control

LGAs

@ CCNE1 amplification
® NA

101

FIGURE 17: Number of LGAs for 32 sWGS of breast cancer with BRCA171 VUS and two
cases with BRCA1 inactivation

This study aims to evaluate the efficiency of Olaparib, a PARPI, in combination with radiation
therapy in TNBC. The phase 1 of the study included 24 patients with TNBC presenting
inflammation, local advancement or metastasis who received neoadjuvant chemotherapy. The
plan of treatment for the RadioParp study is presented in Figure 18. In phase 2 and phase 3,
the efficiency of the combinatory treatment will be evaluated, notably regarding the HR status.
In this first clinical phase, no toxicity of Olaparib combined with radiation therapy was observed
up to 200 mg given twice a day — no stronger dose was tested?*.
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FIGURE 18: Plan of treatment for the RadioParp study
D: Day; DLT: Dose-limiting Toxicity. Extracted from Loap et al?5°

22 out of the 24 tumors were sequenced in sSWGS. The results for this preliminary cohort are
presented in Figure 19. All tumors with identified deleterious mutations in BRCA1 and BRCA2
display 20 or more LGAs. One BRCA2 VUS harbors a high number of LGAs, indicating that
this mutation may be deleterious or that either BRCA1 or RAD51C are methylated. It was
surprising to see such enrichment of HRD cases within the cohort. Also given that the tumors

are TNBC, we also did not anticipate finding several BRCAZ2 depleted cases in the cohort.
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FIGURE 19: Results of shallowHRD on 22 sWGS of TNBC from the RadioParp study
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Introduction: “Lack of evidence for CDK12 as an ovarian
cancer predisposing gene”

The cyclin-dependent kinase 12

Cyclin-dependent kinases (CDKs) are proteins that play an important role in cell-cycle, cell-
division and transcription. Twenty CDKs has been identified in human, separated in two large
families depending on their roles, either in the cell-cycle or in transcription. The cyclin-
dependent kinase 12 (CDK12) is a transcription associated CDK that plays numerous roles in
genomic stability. In mice models, CDK12 knock-out is embryonic lethal suggesting its
essential function for embryonic development?°, The CDK12 protein is comprised of a central
kinase domain, a N-terminal arginine/serine-rich, with two proline rich motifs at the C-terminal
and central location?'2%2, ike the other CDKs, CDK12 kinase activity is only functional when
it dimerizes to its partner, the Cyclin K (CCNK). It is the only cyclin that was associated with
CDK1 2263,264

CDK12 functions

In eukaryotes, the RNA polymerase Il (RNA pol Il) is responsible for the transcription of pre-
messenger RNA (mRNA) from DNA in the nucleus. The carboxy-terminal-domain (CTD) of the
RNA pol Il is composed of numerous repetitions of the same heptapeptide -
TyrosineiSerinezProlinesThreoninesSerinesProlinesSerinez  (TyriSer.ProsThrsSersProsSerz).
The CTD can be modified by the phosphorylation of Ser2, Ser5 and Ser7, along with Tyr1 and
Thr4 and but also by other changes?°2%. These modifications coincide with the different steps
of the transcription and are needed for the regulation of the transcription and co-transcriptional

RNA processes like splicing?65:2%6,

The principal steps of RNA transcription are the initiation, where RNA polymerase binds to the
DNA at the gene promoter, the elongation, where nucleotides are added to the transcript, and
the termination where transcription ends. In protein-coding genes, the transcription terminates
upstream of the genes where the 3’ transcript is cleaved at a specific site and a chain of
adenine nucleotides (Poly(A) tail) is synthetized at the 3’ of the mRNA. This process is referred
to as polyadenylation. Protein-coding genes can have more than one polyadenylation site. The
initiation of the elongation is marked by the phosphorylation of Ser5 while the phosphorylation
of Ser2 helps for actual active elongation post-initiation, splicing and termination?%. The
regulation and post-transcriptional modifications for the CTD of RNA pol Il are done by several
identified CDKSs.
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Historically, CDK12 major role was associated with the phosphorylation of Ser2 of the
CTD?¢7268 Further in-vitro experiments showed that CDK12 can phosphorylate Ser2, Ser5 and
Ser7 of the CTD?%42%%, However, the impairment of CDK12 displays only moderate changes in
CTD phosphorylation in some in-vivo experiments?63270271 Thus, the exact role of CDK12 in
CTD phosphorylation and how it interplays with other factors such as CDK13 is not yet fully
elucidated. The preferred model is that CDK12 phosphorylates Ser2. Interestingly, the

impediment of CDK12 affects the transcription, but only for a specific subset of genes?64271-273,

The genes affected by CDK12 inactivation are mainly long genes, notably implicated in DNA
repair like BRCA1 and BARD1 but also genes in DNA replication and cell-cycle®**2’4. The
inactivation of CDK12 leads to elongation deficiency of RNA pol Il at the 3’ of gene targets, in
a gene length manner?”3. Indeed, in mouse stem cells CDK12 was shown to suppress intronic
polyadenilation events, that are more used in its absence, leading to altered full-length RNA into
shorter ones?’%. Those polyadenylation sites are present in many DDR genes. CDK12 deletion
effect is not only dependent on the length of the gene but also the actual proportion of intronic
polyadenilation sites in the genes compared to its length?4. Therefore, CDK12 regulates the
transcription of long polyadenylation-site-enriched genes by preventing their premature
termination through optimal elongation (Figure 20). The mode of action of CDK12 remains

unclear but CDK12 was proposed in association with several transcription factors that

regulates elongation or the recruitment of CCNK?276-279,

Short genes Long genes (DDR genes)
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FIGURE 20: The inhibition of CDK12 leads to elongation defect by premature cleavage
and polyadenylation in a gene-length dependent manner

CDK12 inhibition leads to a defect in gene transcription by premature cleavage and polyadenylation in
long polyadenylation-site-enriched genes. TSS: Transcription Start Site; DDR: DNA Damage repair.
Adapted from Krajewska et al?’*

CDK12 has additional roles in specific RNA processing with splicing and 3’ end processing.
CDK12 is expressed in the nucleus, majorly in the nuclear speckles?'2° where splicing and

3’ end processing factors are located?®'. CDK12 was associated with the indirect regulation of
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the RNA splicing of different genes and a splicing factor'54270.280 gnd for the 3’ end processing
of c-MYC and ¢c-FOS?82283 However, the inhibition of CDK12 does not seem to cause a global
splicing impediment, only affecting a subset of majorly long genes?”3274, The splicing changes
on long genes could just be the result of CDK12 not repressing premature cleavage and

polyadenylation.

CDK12 not only impacts RNA synthesis but it also impacts the translations into proteins of a
specific subset of MRNAs. The complex mTORC1 acts as one regulator of the biosynthesis of
proteins?*. CDK12 and mTORC1 phosphorylates a translation repressor called 4E-BP1, which
enable the translation for a subset of specific mMRNAs of genes implicated in mitosis and DNA
damage response?®®. The mitosis actors identified were key parts of centrosome, centromere
and kinetochore complexes, which would most probably lead to a defect in mitosis and

potential chromosome segregation and misalignment.

CDK12 partly regulates the cell-cycle, which is instrumental for genomic stability. The long-
term inactivation of CDK12 or CCNK leads to the accumulation of cell in G2/M?264286.287
Moreover, CDK12 regulation of the RNA Pol Il as detailed above is needed for important origin
recognition and pre-replication complex genes. Its inactivation leads to malformed pre-
replication complexes and impedes the recruitment of DNA replication complex on the
chromatid, subsequently blocking the cell-cycle in G1/S?”". The cell cycle regulation has a
direct impact on the cell proliferation and the deletion of CDK12 highly decreases the cell

proliferation in different cell lines including cancer cell lines?2-287:288,

CDK12 in cancers

CDK12 can act as a tumor promotor when overexpressed in different cancer types. CDK12 is
located at the chr17q12 localization, close to HER2. In breast cancers, CDK12 is often
associated with HER2 amplification and drives oncogenic events in such context?892%
Overexpressed CDK12 promotes breast cancer invasiveness and migration capacity with
alternative last exon splicing of gene isoforms directly linked to those oncogenic abilities and
the activation of oncogenic pathways?3*2%'. In gastric cancer, tumor overexpressing CDK12

were associated with worse outcome and a specific oncogenic pathway?*2,

CDK12 also behaves as a tumor suppressor gene, leading to genomic instability upon bi-allelic
deletion through its multiple roles of transcription and translation of DNA repair, replication
genes and its impact on mitotic regulation. Bi-allelic CDK12 inactivation were found in

TNBC?%32% in EQC146:2%5.2% gnd prostate cancers®®”-?%, It is inactivated in 3% of the HGSOC
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in the TCGA'® and approximately 7% in metastatic castration-resistant prostate cancer, a form

of advanced prostate cancer?®,

CDK12-/- tumors display a specific genomic phenotype with diploid tumors harboring a high
number of gains with focal tandem duplications and with few translocations?¢2%¢, The CDK12-
/- associated tandem duplications phenotype (CDK12-TDs) have a bimodal distribution and
two peaks at ~0.4 Mb and ~2.4 Mb2%2%  that may be linked to the aberrant re-replication of
DNA in S-phase?®. To be noted, the TDs observed in CDK12-/- are unique, different from the
one observed in BRCA1-deficient tumors or other DNA-repair deficient tumors296.299:300,
Moreover,the mutation signatures associated with CDK12 inactivation are different, pointing to
a unique dysregulation of genomic stability?®®. The distinct genomic profile resulting from the
inactivation of CDK12 in prostate tumors is presented in comparison to other classes of driver

mutations in Figure 21.
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FIGURE 21: CDK12 inactivated tumors display a distinct genomic profile in metastatic
castration-resistant prostate cancers

Representative genomic profiles of metastatic castration-resistant prostate cancers tumors according to
their driver inactivation. CDK12-/- tumors have a distinct genomic profile. Extracted from Wu et al?%

CDK12 as a potential cancer predisposing gene for epithelial
ovarian carcinoma

EOC is associated with known risk factors including age, hormonal history and genetic
factors®'. BRCA1 and BRCAZ2 explain a large majority of hereditary EOC3%, along with other
HR mutated genes'73%3, Moreover, genes involved in the DNA repair like the MMR family
(MLH1, MSH2, MSH6, PMS2) account for a smaller part of hereditary EOC3%4. Nonetheless,
some hereditary EOC are not yet explained. CDK12 acts as a tumor suppressor, maintains
genomic stability, regulates the transcription of DNA repair genes and is among one of the top

ten mutated genes in HGSOC'. It is therefore a potential predisposition gene for EOC. In a
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cohort of breast and ovarian tumors with Tatar ancestry, CDK12 is indicated as a potential

cancer predisposing gene3%.

In this study published in Familial Cancer, we evaluated if CDK12 is a cancer predisposition
gene for EOC by investigating the blood DNA of 416 unrelated and unselected patients that all

have an history of EOC and no BRCA1/2 deleterious germline mutation.

The investigation for those 416 germline DNAs was done with massive parallel sequencing of
CDK12 coding regions in equimolar pools of eights DNAs. Any potentially deleterious CDK12
mutation found was then checked by Sanger Sequencing. This approach limits the cost of
investigation for large cohorts by looking at the same time at relevant mutations in different
samples within one sequencing. However, the allelic frequency for each pool is much lower
than the 50% expected in for a single germline DNA sample. Mutation calling depends mostly
on low error rate and a high coverage of sequencing. The experiment was designed so that at
least 320X covered each bases of the coding region for CDK12 with therefore approximately

20X for each of allele of a pool - 16 allele in one pool of 8 germline DNAs.

The goal of my bioinformatic analysis was to reach the best sensitivity regardless of specificity
for mutation calling, to find every possible relevant mutation despite the low allele frequency.
Because any variant found is further validated in the eight DNAs of the relevant pool, specificity
was of lesser importance. Recent variant callers rely on complex algorithmic and harbor high
accuracy such as HaplotypeCaller®®. | decided to merge the results of several mutation
callers®-3%® and added a naive homemade script for indels. A variant was taken into
consideration if it was called by at least by one approach. Mutation callers were also selected
based on whether it is possible to specify a ploidy to account for an expected frequency of
allele in the pool, here of 6.25%. This helps to retain variants at low frequency that might be
discarded in their analysis. In the same idea, the variant filtering step was built to be lenient and
to reach the best sensitivity at the cost of a lower specificity. Primers of sequencing were
removed as they could overlap to amplicon sequences, therefore artificially diluting potential

mutations at this kind of genomic location.
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Abstract

CDK 12 variants were investigated as a genetic susceptibility to ovarian cancer in a series of 416 unrelated and consecutive
patients with ovarian carcinoma and who carry neither germline BRCAI nor BRCA2 pathogenic variant. The presence of
CDK 12 variants was searched in germline DNA by massive parallel sequencing on pooled DNAs. The lack of detection of
deleterious variants and the observed proportion of missense variants in the series of ovarian carcinoma patients as compared

with all human populations strongly suggests that CDK12 is not an ovarian cancer predisposing gene.

Keywords CDK12 - Cancer susceptibility - Ovarian carcinoma - Pool sequencing - NGS

Introduction

Epithelial ovarian carcinoma (EOC) is a rare but dread-
ful disease and represents the 5th cause of death by can-
cer in women worldwide. The most frequent histology of
this carcinoma is High Grade Serous Ovarian Carcinoma
(HGSOC). The known risks factors of EOC are age, hor-
monal history and genetic factors [1]. Genetic factors are
involved in approximately 15% of HGSOC, often associated
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with the so-called hereditary breast and ovarian cancer syn-
drome (HBOC). BRCAI and BRCA2, which code key actors
of the homologous recombination (HR) DNA repair path-
way, are the two major cancer predisposing genes. Heterozy-
gote germline mutations of BRCAI and BRCA?2 lead to the
most important increased risk to develop an HGSOC with
a Relative Risk (RR) of 40 and 18, respectively [2]. They
explain 65% to 75% of hereditary EOC. In addition, muta-
tions of other genes belonging to the HR pathway, such as
RADS51 paralogs, also participate to the HBOC syndrome
[3-5]. A second group of predisposition genes belong to
the MMR family (MLHI1, MSH2, MSH6, PMS?2), mutated
in the Lynch syndrome. Lynch syndrome is associated with
a RR of [3.6-13] for EOC, mainly of the endometrioid and
clear cell subtypes, and explains ~ 10% of hereditary EOC
[1, 6-8]. Strikingly, all these predisposition genes encode
proteins involved in DNA maintenance.

Recently, CDK12 emerged as an important player in ovar-
ian carcinoma. CDK12 (cyclin-dependent kinase 12) is one
of the ten most frequently mutated genes in HGSOC (3% of
the TCGA cohort) and is also mutated in 7% of metastatic
castration-resistant prostate cancer [9]. CDKI2 behaves as
a classical tumor suppressor gene with bi-allelic somatic
inactivation in tumors, with in most cases one deleterious
mutation on one allele and one chromosomal partial dele-
tion evidenced by loss of heterozygosity (LOH). We have
previously shown that CDK12-inactivated tumors are asso-
ciated with an unusual form of genomic instability named

@ Springer


http://orcid.org/0000-0002-8100-2272
http://crossmark.crossref.org/dialog/?doi=10.1007/s10689-020-00169-2&domain=pdf

A. Eeckhoutte et al.

the TD-plus phenotype and characterized by hundreds of
large tandem duplications of up to 10 megabases in size
[10]. CDK12 is an essential gene during development as
Cdk12 inactivation is embryonic lethal in mouse mod-
els [11]. CDK12 is a nuclear serine threonine kinase that
dimerizes with Cyclin K (CCNK). Until recently, the only
known targets of CCNK/CDK12 were serines 2 and 5 of the
carboxy-terminal-domain (CTD) of the RNA polymerase
I1, required for elongation and end termination of transcrip-
tion. In in-vitro studies, CDK12 is required for the expres-
sion of a subset of DNA Damage Response (DDR) genes,
including BRCA1, FANCI, FANCD?2 [12], and conversely,
CDK2-inactivated cell models are highly sensitive to PARP
inhibitors [13]. Both in vitro studies and analyses of CDK12-
mutated tumors strongly suggest that CDK12 plays a role
in genomic maintenance. Recent studies have showed that
CDK12 acts by suppressing intronic polyadenylation events,
including in DNA repair genes [14—16]. CDK12 phosphoryl-
ates 4E-BP1 to enable mMTORC1-dependent translation and
maintains mitotic genome stability [17].

CDK]I2 as an important tumor suppressor gene in ovar-
ian tumorigenesis pointed it as a potential predisposition
gene for EOC. We explored this hypothesis by investigating
the germline status of CDK/2 in a series of 416 unselected
consecutive and unrelated patients with EOC, negative for
BRCAI or BRCA2 mutations.

Material and methods
Patients

A series of blood DNA from 416 unselected consecutive and
unrelated patients was assembled from the Genetic Depart-
ment of Institut Curie, initially explored negative for BRCA1
or BRCA2 deleterious germline mutations, using the current
techniques at time of diagnosis or reanalysis. Five of them
were subsequently found to carry deleterious mutations of
BRCA?2 (1 case), RAD51C (1), RAD5ID (1), PMS2 (1) and
TP53 (1). All patients had personal history of EOC (mean
age at diagnosis: 56 years-old) and benefited from genetic
counseling. One hundred twenty-three of these patients had
also developed one or more breast cancers. All patients have
signed an informed consent for research of new cancer pre-
disposing genes.

CDK12 sequencing in pooled DNA and positive
control pools

Germline DNAs of the 416 patients were quantified using
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific).
The 416 DNAs were pooled into 52 equimolar pools of
eight DNAs per pool, with an expected variant frequency
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of one mutated allele in 16 alleles (6.25%). Two additional
pools were constituted as positive controls, containing seven
patients’ DNAs plus one tumor DNA with a known CDK12
mutation, c.137del/p.Lys46SerfsX11 and c.212dup/p.
Glu72GlyfsX3 for pools #53 and #54, respectively. CDK12
coding sequence and flanking introns were sequenced using
the TruSeq Custom Amplicon Low Input Kit (Illumina).
Briefly, the design included 32 amplicons of 250 bp for
a theoretical coverage of 100% on a cumulative target of
4.61 kb. The library was produced by PCR and ligation from
20 ng of pooled genomic DNA, barcoded with 54 indexes,
quantified (Bioanalyzer, Agilent) and pooled in an equimolar
ratio. The library was then paired-end sequenced (PE250)
with a MiSeq v2 Nano flow cell (Illumina).

Bioinformatics pipeline

Quality control was performed using FASTQC. Reads were
aligned to the hg19 assembly with BWA MEM (v. 0.7.5a).
Primers were soft-clipped with BAMclipper [18]. BAM files
were pre-processed with indels realignment and base quality
score recalibration according to the GATK Best Practices (v.
3.5) [19]. Variants were detected by Samtools mpileup (v.
1.7) [20], HaplotypeCaller (v. 3.5) and Mutect2 (v. 3.5). The
union of all the variants called was annotated with ANNO-
VAR [21] according to different databases: EnsGene, COS-
MIC8S8, dbSNP151 and maximum allele frequency from
1000G, ExAC, ESP6500 and CG46. Variants were filtered
out if: (i) synonymous, (ii) intronic and UTR located, (iii)
biased for strand direction (outside of [0.4-0.6] ratio in a
balanced site), (iv) frequency higher than 1% in any human
reference population, (v) frequency higher than 1% in the
patients’ series, (vi) Variant Allele Frequency (VAF) < 1%
and (vii) existing at a homozygous state in any individual.
The remaining variants were then manually checked on IGV
and five of them were discarded. A pileup approach was also
implemented, with Samtools (v. 1.8) and a customized script
to retain indels supported by more than five reads (Fig. 1).
An in silico prediction of splice defects was also performed
using the MaxEntScan tool (MaxEnt; [22]).

Variant validation

The eight DNAs from each positive pool were analyzed
independently by Sanger sequencing for the identified vari-
ant. Briefly, PCR was performed from 50 ng of DNA using
specific primers and Taq Gold using standard protocols
(Primers and conditions available on request) and sequenced
using Big Dye Terminator kit V1 (3130XL, Applied Biosys-
tems). Quality control of the electropherograms was per-
formed using FinchTV (PerkinElmer) and sequences were
analyzed using SeqScape (Applied Biosystems).
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Fig.1 Variant calling workflow. Workflow of the CDKI2 pool tar-
geted-sequencing, variant calling, filtering and validation, VCF' vari-
ant calling format, UTR untranslated region, VAF variant allele fre-

Prediction

In-silico predictions of deleterious consequences of the
non-synonymous variants were performed using Combined
Annotation Dependent Depletion (CADD) Phred score,
SIFT (Sorting Intolerant from Tolerant), Polyphen-2 and
VEP (Variant Effect Predictor).

CDK12 defect genomic signature

Tumor DNA extracted from frozen or FFPE blocs from
CDK2-variant carriers were obtained from the institutional
Biobank and the Department of Pathology, respectively.
Genomic profiling was obtained by shallow Whole Genome
Sequencing (sWGS, approximatively 1 read per base) of the
tumor DNA on NovaSeq (Illumina). Adapters were trimmed
with Cutadapt (v. 1.18). The number of reads in windows
of 10 kb was extracted and normalized for GC content and
mappability with ControlFREEC [23]. The CDK12 TD plus
pattern characteristic of CDK/2 inactivation was visually
checked [10].

quency in the pool, MAF mutation allele frequency in population,
IGV Interactive Genome Viewer

Statistical power of the study

Assuming a distribution in CDKI2 variants following a
Poisson law, the theoretical frequency to detect at least one
deleterious variant in a cohort of 927 cases with a power of
80 was calculated as the following:

PX>1,1)=080=1-PX =0, 1)

—In(0.20)
A=———""=17e-3
927 ¢
Results

The goal of this study was to evaluate CDK12 as a poten-
tial EOC predisposing gene. We thus defined the frequency
of CDK12 germline variants in a series of 416 consecutive
patients with ovarian carcinomas. The Region Of Interest
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(ROI) included 4525 bp corresponding to the coding
sequence of CDK12, including 14 exons plus 2 base pairs
of splicing sites. A pooled DNA sequencing approach was
performed. The mean read depth on ROI was 920X and
the majority of ROI (92%) displayed more than 320 X cov-
erage, corresponding to 20 X per allele. The lowest depth
on ROI was ranging from 83 to 227 X in the different
pools (mean 143 X). The less covered regions were parts
of exons 1 and 2, and the whole exon 10.

In addition to the two positive controls, a list of 151
variants was called by at least one of the variant calling
methods. 21 different variants in 17 different pools were
retained for validation after filtering. Ten predicted vari-
ants were not confirmed by Sanger sequencing, and thus
were considered as false calls, whereas eleven of these
variants were validated in 11 different patients, among
which 10 were single nucleotide variants (SNVs) and one
an in-frame 3-base deletion (Fig. 1, Table 1). Out of these
11 variants, 9 were previously reported in the dbSNP data-
base v151. All SNVs were missense variants with a pre-
dictive deleteriousness ranging from benign to moderate.
One yet unreported SNP, c.A2712T, changes a glutamic
acid codon conserved in all sequenced vertebrates up to
lamprey and located within the kinase domain. However,
the consequence of this change for aspartic acid was con-
sidered as mild. No Loss of Function (LoF) variant, such
as premature stop-gain, frameshift or splicing variant, was
found in this series.

As compared with reported frequencies of these variants
in the representative non-Finnish European population in the
GnomAD database, none of these variants were significantly
enriched in our series of EOC patients (Table 1). As CDK12
deleterious variants are embryonic-lethal at homozygous
state, we considered only the missense SNPs reported in
dbSNP151 and never found at homozygous state in any
human population. The proportion of such missense SNPs
was not significantly different in our series from that of the
representative non-Finnish European population (10/832
alleles and 823/113,650 alleles respectively; Fisher’s exact
test: p=0.1453), which is in accordance with CDK12 not
being an ovarian cancer predisposing gene.

Although no strong evidence supported the pathogenic
effect of the identified variants, we further explored when-
ever possible the tumor of the corresponding variant carrier.
We retrieved four EOC cases for whose tumor material was
available. Given that CDKI2 is a tumor suppressor gene,
we first assessed the loss of the wild-type allele in tumors,
according to the Knudson/two-hit hypothesis. Only one of
the four EOC had a loss of the wild allele, and the three oth-
ers retained the wild-type allele in the tumors. A key feature
of CDK12-inactivated tumors is a striking genomic profile
enriched in numerous and very large tandem duplications,
the TD-plus genomic signature [10], which was not found
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in the genomic profiles of the four tested EOCs with CDK12
variants (Table 1 and Fig. 2).

Altogether, we found no evidence of deleterious CDK12
germline variants in our series of ovarian carcinoma, and so
no evidence for its role as an ovarian susceptibility gene in
the studied population.

Discussion

CDK 12 recently emerged to play an important role in ovar-
ian and prostatic carcinomas, as a tumor suppressor gene
contributing to malignant transformation and genomic insta-
bility when inactivated. As such, CDK12 was a good candi-
date to also play a role in cancer predisposition. This study
evaluated the incidence of CDKI2 germline variants in a
series of 416 unrelated and consecutive patients with ovarian
carcinoma. A total of eleven CDKI2 exonic variants were
identified by massive parallel sequencing and validated by
Sanger sequencing. None of the variants was a Loss of Func-
tion variant (LoF). However, one was in the kinase domain
on a well conserved codon up to lamprey, but with a mild
acid to acid change of coded amino-acid. Unfortunately, no
tumor sample was available for further investigation of this
case. We then compared the proportion of missense variants
found in our series from that of the representative non-Finn-
ish European population and found no statistically signifi-
cant difference. We further mined four variants, for which
tumor samples were retrieved and no evidence of CDKI2
inactivation was found in these tumors.

Altogether, we found no evidence for a role of CDK12 as
an ovarian cancer predisposition gene in an unbiased series
of 416 BRCA 1/2-wild-type patients with ovarian carcinoma.
Furthermore, the analysis of The Cancer Genome Atlas
(TCGA) series of 511 ovarian serous cystadenocarcinomas
identified 15 cases with the TD-plus phenotype and bi-allelic
inactivation of CDK12, none of which carrying any delete-
rious germline variant [10 and Popova et al., unpublished
data]. These analyses of combined series (TCGA and in-
house cases) had a power of 80% to detect at least one del-
eterious germline mutation in the hypothesis of a deleterious
variant frequency of 1.7 x 107 in EOC patients.

Interestingly, the number of LoF variants in Gnomad
(n=06) is largely below the expected one, with a probability
of being loss-of-function intolerant (pLI) score at 1 [24], and
an observed / expected (oe) score of 0.05 (gnomad.broad-
institute.org). This suggests that LoF variants are counter-
selected in human populations, even at the heterozygous
state. Interestingly, a report described the existence of a
deleterious ¢.1047-2A > G germline CDK12 variant in 8 of
the 106 HBOC cases tested (7.6%) in the Tatar population
[25], but the association with HBOC was not confirmed in a
replication study [26]. If replicated, this would suggest that



Table 1 Description of CDK12 variants

Samples Coordinates Ref Alt Variants dbsnp151 Pop max freq Domain CADD score VEP Pph?2 status SIFT _status LOH sWGS

EOC_1 chrl7:37,649,046—- C A c.C2148A/p.S7T16R 15777401578 0.00006486 - 13.78 Moderate Benign Tolerated ROH No TD-Plus
37,649,046

EOC_2 c¢hr17:37,687,363— G A c.G4267A/p. rs201512860 0.0002166 - 20 Moderate Benign Tolerated NA NA
37,687,363 A1423T

EOC_3 c¢hrl17:37,667,830— A T c.A2712T/p.E904D - 0 Kinase 249 Moderate Probably damaging Deleterious NA NA
37,667,830

EOC_4 chr17:37,682,310- G T  c.G3498T/p. - 0 - 20.2 Moderate Benign Deleterious NA  NA
37,682,310 Q1166H

EOC_5 «c¢hrl17:37,627,577- C G ¢c.C1489G/p.Q497E 15766575927 0.00002639 - 19.9 Moderate Benign Tolerated NA NA
37,627,577

EOC_6 chrl7:37,618,415- AAC -  ¢.92_94del/ rs780413687 0.00003517 - - Moderate - - NA NA
37,618,417 p-31_32del

EOC_7 c¢hrl17:37,687,511- A G c.A4415G/p. rs373240630 0.00049 (AFR) - 23.8 Moderate Benign Deleterious ROH No TD-Plus
37,687,511 Y1472C

EOC_8 chrl7:37,682,202- C G ¢.C3390G/p. rs376340730 0.00006195 - 14.23 Moderate Benign Tolerated NA  NA
37,682,202 11130M

EOC_9 chrl7:37,682,501- A G c.A3692G/p. rs538854021 0.00005544 (EAS) — 17.99 Moderate Benign Tolerated NA NA
37,682,501 N1231S

EOC_10 chr17:37,646,920- C T ¢.C2039T/p.S680F 15375518105 0.000155 - 28.3 Moderate Probably damaging Deleterious LOH No TD-Plus
37,646,920

EOC_11 c¢hr17:37,686,935—- C T  c.C3839T/p. rs148965508 0.006415 (AFR) - 23.6 Moderate Benign Deleterious ROH No TD-Plus
37,686,935 P1280L

Ref reference allele, Alt alternative allele, Pop max freq maximum allele frequency in any human population (Non-Finish European—NFE—by default), AFR AFRican population, EAS East-
Asian, EOC epithelial ovarian carcinoma, LOH loss of heterozygosity, ROH retention of heterozygosity, NA not available, sWGS shallow Whole Genome Sequencing, 7D-Plus tandem duplica-

tion-plus genome profile, characteristic of CDK/2 inactivation
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"EOC 1 CDK12p-ST16R/ p.S716R

[EOC_7 CDK12p-Y14720WT

1

Fig.2 Genome profiling of epithelial ovarian carcinoma carrying
CDK12 variants. Genome profiling generated using low coverage
whole genome sequencing (shallow WGS). Left panel: four epithe-
lial carcinomas in patients carrying germline CDK/2 variants. Right

CDK]12 variants could play a role in HBOC predisposition in
some human populations, although strongly counter-selected
in most human populations. The reason of this counter-selec-
tion is not clear. CdkI2 inactivation is embryonic lethal in
mouse models, but heterozygous Cdkl2°™ pups are viable
and born with the expected frequency [11]. Clearly, long-
term follow-up of these Cdk12*"** mice may be instrumental
to unravel the mechanism of intolerance of LoF variants in
Humans. In a more distant model in Drosophila, a decline
of courtship learning was observed in CDK2 heterozygous
flies [27]. This could be a plausible mechanism to explain
the counter-selection of human heterozygous CDK2-mutant
carriers, but caution should be taken given the evolutionary
distance between flies and mammals.

In conclusion, our data evidenced the absence of delete-
rious CDK12 variants in patients with ovarian carcinoma,
confirming the rarity of such variants in the general popu-
lation, and making unlikely the existence of deleterious
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Example of HRP

Example of CDK12-inactivated TD-plus

panel: From top to bottom, examples of tumor genome profiles with
Homologous Recombination Proficient (HRP), Homologous Recom-
bination Deficient (HRD) and CDK12-inactivated TD-plus profiles,
respectively

variants in more than 0.2% of EOC patients. Thus our data
do not support the role of CDK/2 in ovarian carcinoma
susceptibility. The origin of the intolerance of deleterious
CDK 12 variants in the population has yet to be explained.
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Conclusion: “Lack of evidence for CDK12 as an ovarian cancer
predisposing gene”

The analysis of 416 unselected patients with an history of EOC and no BRCA1/2 genes
germline mutation did not display any evidence of deleterious CDK712 germline variants.
Moreover, the proportion of missense SNPs was not significantly different from our cohorts
and the representative non-Finnish European population in GhomAD - 10/832 alleles and
823/113650 alleles, respectively (Fisher's exact test: p value = 0.1453). The identified
missense variants were further investigated by looking at the available tumors for the loss of
the wild-type allele. Only one out of four had an LOH for the wild type allele. The specific
CDK12-/- genomic phenotype comprised of numerous large tandem duplications?®® was not
observed on the four different tumor genomic profiles. Moreover, the exploration of the TCGA
ovarian cohort did not show any CDK12 deleterious germline mutations. When combining the
TCGA ovarian cases and our in-house cohorts, the study had a power 80% to find at least a
deleterious variant with a frequency of 1.7e-3 under the assumption of a Poisson distribution.
Altogether, we find no evidence that CDK12 is a cancer predisposition gene in the cohorts we
studied. The fact was we could not investigate all the tumors associated with CDK12 germline
missense mutations and given the statistical power of our study because of the number of
patients enrolled do not allow us to completely rule out CDK12 as a cancer predisposition gene

in EOC, but it provides confounding evidence.
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Introduction: “Germline MBD4 Mutations and Predisposition to
Uveal Melanoma”

Base Excision Repair (BER) is a DNA reparation pathway that maintains genomic stability at
the base level by removing damaged base or inappropriate base, thus preventing potential
mutations and fork stalling during replication®®. BER depends on the initial action of DNA
glycosylases that find and remove damaged base. Eleven type of glycosylases have been
identified in mammalians with preferential base subtract for each®'°. One of those glycosylases
is the Methyl-CpG Binding Domain 4 (MBD4) protein. MBD4 removes thymine (T) and uracil
(V) followed by a guanine (G). Those substrates emerge generally from the spontaneous
deamination of 5-methylcytosine (5mC) residue to a thymine and of a cytosine (C) to an Uracil
(V), respectively, provoking mutagenesis with C to T mutation. Importantly, the transition from
5mC to thymine is the most frequent transition in human3''3'2 and appears mostly at CG
dinucleotide, the so-called CpG sites. MBD4 mostly associates with those abundant

methylated-CpG sites®'3, actively maintaining genomic stability at CpG sites.

In 2018, our lab investigated a patient with a metastatic Uveal Melanoma (UM) that showed
an exceptional response to immune therapy with anti-Programmed cell death protein 1 (anti-
PD1). Strikingly, this patient showed a high Tumor Mutation Burden (TMB) and the
characteristic CpG > TpG phenotype associated to the SBS1 signature®*. Consistently with the
function of MBD4 and the mutational phenotype observed, a germline deleterious mutation in
the gene and its somatic inactivation was found in the patient. Further investigation of TCGA
cohort for the CpG > TpG mutational phenotype harvested two more cases, one in UM and
one in glioblastoma, both carrying a deleterious germline mutation of MBD4 and its somatic
inactivation in the tumor®'4. Later study also found an increase mutation rate CpG > TpG, the
SBS1 signature, in two UMs with germline loss-of-function of MBD43'%. This motivated us to

investigated whether MBD4 is a cancer predisposition gene in UM.

In this study published in Journal of the National Cancer Institute, we evaluated if MBD4 is a
cancer predisposition gene for UM by investigating the blood DNA of 1093 consecutive patients
that all have an history of primary UM and 192 UM tumors with monosomy 3 (M3). | participated
in this study by doing bioinformatic and statistical analyses for mutations in the germline and
tumor cohorts. The bioinformatics pipeline was built in a similar fashion to the one previously
established for CDK12 mutation. More recent versions and a supplementary tool*'® were used
that can also be modulate the ploidy expected inside the pool. Tumor DNA pools were tested
with different expected ploidy because of potential contamination, without affecting the results.
Of importance, this new pipeline validated the relevant mutations found when investigating

CDK12 mutations in EOC while not finding any new mutation.
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Abstract

Background: Uveal melanoma (UM) arises from malignant transformation of melanocytes in the uveal tract of the eye. This
rare tumor has a poor outcome with frequent chemo-resistant liver metastases. BAP1 is the only known predisposing gene
for UM. UMs are generally characterized by low tumor mutation burden, but some UMs display a high level of CpG>TpG
mutations associated with MBD4 inactivation. Here, we explored the incidence of germline MBD4 variants in a consecutive se-
ries of 1093 primary UM case patients and a series of 192 UM tumors with monosomy 3 (M3). Methods: We performed MBD4
targeted sequencing on pooled germline (n =1093) and tumor (n =192) DNA samples of UM patients. MBD4 variants (n = 28)
were validated by Sanger sequencing. We performed whole-exome sequencing on available tumor samples harboring MBD4
variants (n =9). Variants of unknown pathogenicity were further functionally assessed. Results: We identified 8 deleterious
MBD4 mutations in the consecutive UM series, a 9.15-fold (95% confidence interval = 4.24-fold to 19.73-fold) increased
incidence compared with the general population (Fisher exact test, P=2.00 x 107, 2-sided), and 4 additional deleterious MBD4
mutations in the M3 cohort, including 3 germline and 1 somatic mutations. Tumors carrying deleterious MBD4 mutations
were all associated with high tumor mutation burden and a CpG>TpG hypermutator phenotype. Conclusions: We
demonstrate that MBD4 is a new predisposing gene for UM associated with hypermutated M3 tumors. The tumor spectrum of
this predisposing condition will likely expand with the addition of MBD4 to diagnostic panels. Tumors arising in such a
context should be recognized because they may respond to immunotherapy.

Uveal melanoma (UM) is the most frequent primary intraocular
tumor in adults with an overall mean incidence of 5.2 per mil-
lion per year in the United States (1). Metastases arise in more
than 30% of case patients, almost invariably in the liver, with a
dismal prognosis because of the absence of effective treatment
(median survival of 10 months) (2,3). UMs with high risk of de-
veloping metastases are characterized by loss of chromosome 3
and by BAP1 (encoded in 3p21) inactivation resulting from loss-
of-function (LoF) mutations and loss of the remaining wild-type
copy on chromosome 3 (4). Rare familial UMs are associated
with germline mutations of BAP1 (Mendelian Inheritance in
Man [MIM]: 614327) (5,6), which is the only known highly

Received: December 20, 2019; Revised: March 19, 2020; Accepted: March 26, 2020

© The Author(s) 2020. Published by Oxford University Press.

penetrant UM predisposition gene. UM mainly affects individu-
als of European ancestry and is associated with fair skin and
light iris color. However, the low tumor mutation burden (TMB)
and lack of an ultraviolet-associated mutational signature argue
against a role for ultraviolet radiation in UM oncogenesis (7).
Recently, the characterization of a metastatic UM patient
with an exceptional response to anti-Programmed cell death
protein 1 (anti-PD-1) therapy led us to identify a CpG>TpG
mutator phenotype linked to germline protein truncating var-
iants (PTV) in MBD4 (Methyl-CpG Binding Domain Protein 4) and
somatic loss of the wild-type allele in tumors in 2 patients with
UM and 1 with glioma (8). Another UM patient responding to

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (http://creativecom-
mons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work
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immune checkpoint inhibitors was subsequently reported with
a germline MBD4 PTV (9). MBD4 encodes a glycosylase involved
in the base excision repair of DNA damage arising from sponta-
neous deamination of 5-methylcytosine to thymine (10,11),
which is consistent with the mCpG>TpG transitions [muta-
tional signature SBS1 (12)] observed in MBD4-inactivated tumors
(12). MBD4, located on chromosome 3, is thought to act as a tu-
mor suppressor gene, following Knudson’s 2-hit model with
loss of the wild-type allele by monosomy 3 (M3) in UMs (8).
Altogether, these germline deleterious MBD4 variants in UM
prompted us to investigate the role of MBD4 as a predisposing
gene for UM. Here, we performed MBD4 targeted-sequencing in
germline DNA of a large consecutive series of 1093 UM patients
and in tumor DNA of a second cohort of 192 UM patients with
M3 and investigated the TMB and mutational signature in
patients harboring MBD4 mutations.

Methods

Study Patients

The 1099 individuals with UM were diagnosed at Institut Curie,
France, from 2013 to 2018. The sex proportion of female to male
was 52.2 to 47.8x3.0% (95% confidence interval [CI]) and the
median age at diagnosis was 64 years old (Q1-Q3 quartile inter-
val = 54-73). All patients provided written informed consent to
perform germline genetic analyses and somatic genetic analy-
ses of tumor samples. Six patients were subsequently removed
from the study: the UM diagnosis was not confirmed for 5
patients, and the sixth patient had undergone a bone marrow
transplantation and his blood sample corresponded to his
donor’s (Supplementary Figure 1A, available online). The study
was conducted in accordance with the declaration of Helsinki
and was approved by the ethical committee and institutional
review board of the Institut Curie. Germline DNA was extracted
from the blood of all patients (DNeasy Blood and Tissue kit,
Qiagen). When available, tumor genomic status as part of the
prognostication assessment was extracted from the medical re-
cord and classified as M3, including isodisomy 3) or disomy 3
(D3). Tumor samples were collected from primary eye tumors. A
second series of 192 UM tumor samples with M3 was also ac-
crued at Institut Curie, of which 120 patients were independent
from the consecutive germline cohort.

MBD4 Targeted Sequencing

Germline DNA of 1099 UM patients from the UM consecutive se-
ries (before removal of the 6 a forementioned patients) and DNA
of a series of 192 M3 UM tumors were screened for MBD4 var-
iants by pooled MBD4 targeted sequencing. Details on the se-
quencing strategy and bioinformatics pipeline are described in
the Supplementary Methods (available online). Deconvolution
of the identified pooled DNA samples with an MBD4 variant was
carried out by Sanger sequencing.

Identified MBD4 variants (Supplementary Table 1, available
online) were defined following the recommendations of the
Human Genome Variation Society (http://varnomen.hgvs.org/)
and numbered based on the MBD4 (MIM: 603574) cDNA and pro-
tein sequences (GenBank accession numbers NM_003925.2 and
NP_003916.1, respectively).

A.-C.Derrienetal. | 81

Glycosylase Activity Assay

Wild-type and mutant MBD4 were expressed to assess their en-
zymatic activity by in vitro MBD4 glycosylase assay as previ-
ously described (13,14) (Supplementary Methods, available
online).

Whole-Exome Sequencing (WES) and Mutation Calling

WES was performed on tumor samples from MBD4 variant car-
riers who consented to germline studies (Supplementary Table
2, available online). Variant calling and TMB analysis are de-
scribed in Supplementary Methods (available online).

Statistical Analysis

Statistical analysis was performed using R software v3.6. Fisher
exact test was used to calculate P values between our cohort
and the general population. Random subsampling 1 000 000
times of 2186 alleles from the GnomAD cohort was also used as
statistical “matching” strategy to calculate P values between our
cohort and the general population. A Mann-Whitney U test was
used to compare the median = median absolute deviation for
the mutation burden and CpG>TpG proportion between MBD4-
deficient (MBD44es) and MBD4-proficient patients. To compare
age of UM onset, a Wilcoxon Rank-Sum test was used. For sur-
vival analysis using Kaplan-Meier curves, statistical analysis
was carried out using the log-rank test. All statistical tests were
2-sided, except for 1-sided Wilcoxon Rank-Sum test for early
age of onset in MBD44,s patients. Confidence intervals were car-
ried out at 95% confidence level. Confidence intervals for rela-
tive risk (RR) measurement was calculated as previously
described (15). A Pvalue less than.05 was considered to be sta-
tistically significant.

Results

Mining MBD4 Germline Variants in Public UM Cohorts

To evaluate the potential predisposing role of MBD4 in UM, we
mined all available public UM cohorts for germline MBD4 var-
iants. We identified 1 case harboring the germline deleterious
MBD4 PTV c.1443delT (p.Leu482Trpfs*9) in a first cohort contain-
ing 37 UM patients (phs001421.v1.p1) (16). A second cohort of 98
UM patients (phs000823.v1.p1) included a second case with an
MBD4 c.1020delA (p.Asp341Thrfs*13) PTV. Collectively, 5 MBD4
germline deleterious variants were found in 268 analyzed UM
patients (1.9%) (8,9,16-18). In contrast, such variants are exceed-
ingly rare in an unselected population (88 of approximately
125000 individuals in GnomAD v2.1.1). Out of these 5 UM case
patients with germline MBD4 variants, 4 had available tumor
profiles that all showed M3 and somatic BAP1 inactivation
(8,9,16), presumably because of the localization of both MBD4
and BAP1 on chromosome 3.

Identification of MBD4 Germline Variants in the In-
House Consecutive UM Series

To assess the actual prevalence of MBD4 germline deleterious
variants in UM, we next explored an in-house cohort of 1093
(approximately one-half the annual incidence in United States)
consecutive patients diagnosed with UM at Institut Curie be-
tween 2013 and 2018. Targeted next-generation sequencing in
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pooled patient DNA followed by Sanger sequencing revealed
germline MBD4 PTVs in 7 patients (Table 1): 2 splice site variants
(c.1562-1G>T [p.Asp521Profs*4] in 2 patients and a ¢.335+ 1G>A
[p.Arg83Profs*5] variant), 2 frameshift deletion variants
(c.1443delT [p.Leu482Trpfs*9] and c.1384delG
[p.-Ala462Leufs*29]), and 1 stop-gain near the end of the last
exon of MBD4 (c.1706G>A [p.Trp569*] in 2 patients).

We also identified and characterized 9 rare germline MBD4
variants (frequency <1% in the general population): 7 missense
variants in 13 patients and 2 intronic variants in 2 patients
(Figure 1A). Out of these, 3 were predicted with possible splicing
consequences: 2 missense variants (c.1652A>G [p.Asn551Ser]
and c.1400A>G [p.Asn467Ser]), and 1 intronic variant (c.1277-
18T>A) (Supplementary Table 1, available online).

Functional Assessment of MBD4 Variants

Exon-trapping assays performed on the 3 aforementioned var-
iants demonstrated the use of an alternative acceptor site with
c.1277-18T>A, albeit to a lesser extent than the canonical splice
site, whereas ¢.1652A>G and c.1400A>G did not show any mea-
surable effect (Supplementary Figure 2, available online).

All missense variants within the MBD4 glycosylase domain
[aa425-580] were assessed by in vitro glycosylase assay together
with p. Trp569* because of its localization near the end of the
protein (Figure 1; Table 1). The assay confirmed that p. Trp569*
results in a catalytically inactive protein and further demon-
strated p. Arg468Trp to be a LoF variant (Figure 1). Consistent
with this finding, the key role of Arg468 was previously estab-
lished in binding at the G/T mismatch site, maintaining the T
base in a position required for catalysis, and interacting with
the orphan G base through hydrogen bonding (22).

We next characterized by WES the 3 available tumors from
patients carrying germline MBD4 LoF variants (UM75: p. Trp569,
UMB605: p. Ala462Leufs*29, and UM656: p. Leu482Trpfs*9) (8). We
confirmed that the 3 MBD4 germline LoF mutations were associ-
ated with somatic loss of the wild-type allele in the tumors by
either M3 (UM75 and UM605) or isodisomy 3 (UM656) (Figure 1C;
Supplementary Table 1, available online), consistent with the
3g21.3 location of MBD4.

MBD4 Mutations in the M3 Tumor Series and Tumor
Signature

To further evaluate the incidence of MBD4 alterations in UM,
and assuming that MBD44.¢f UMs are associated with M3, we ac-
crued a series of 192 UM tumor samples with M3 (of which 120
case patients were independent from the present consecutive
UM series) and screened for MBD4 mutations using the afore-
mentioned strategy (Supplementary Figure 1B, available online).
We identified 6 additional MBD4 variants, including 4 LoF muta-
tions (UMT62: c.1688T>A [p.Leu563*], UMT45: c.1562-1G>T
[p.Asp521Profs*4], UMT61: c.1002delTTTG [p.Lys335Phefs*18],
UMT162: c.541C>T [p.Argl81*]) and 2 missense variants (UMT88:
€.1402C>T [p.Arg468Trp] and UMT105: c.1073T>C [p.Ile358Thr])
(Table 1; Figure 1; Supplementary Table 1, available online). Of
these, 4 patients (UMT45, UMT61, UMT162, and UMT88) had
available germline DNA and all consented to germline studies.
Characterization by WES of their tumor samples showed that
the 3 tested LoF mutations were germline variants, the mis-
sense p. Arg468Trp was somatic, and all were associated with
Loss Of Heterozygosity (LOH) of the wild-type allele in tumors
(Figure 1, A and B; Supplementary Table 1, available online).

MBD4 inactivation has been associated with a high TMB and
a CpG>TpG mutational pattern (8). We confirmed the high TMB
in all 3 available MBD44.f UMs from the germline consecutive
cohort with 275, 122, and 181 variants per exome in UMT7S5,
UM605, and UM656, respectively, compared with 16 = 4.0 (me-
dian = median absolute deviation) variants in MBD4-proficient
UMs (18) (Figure 1C; Supplementary Table 2, available online).
CpG>TpG transitions represented 96.4%, 85.7%, and 92.8% of all
single nucleotide variants (SNVs), respectively, compared with
243 +7.6% in MBD4-proficient UMs (18) (Figure 1, C and D;
Supplementary Table 2, available online). In line with the glyco-
sylase assay, TMB results and somatic chromosome 3 LOH fur-
ther confirmed the deleterious effect of p. Trp569* in UM75
(Figure 1). Similarly, within the M3 UM tumor series, the 3 avail-
able UMs carrying a germline LoF MBD4 variant exhibited a high
TMB (269, 288, and 86 variants per exome in UMT162, UMT45,
and UMT61, respectively) and a predominance of CpG>TpG
transitions (85.6%, 94.4%, and 63.9%, respectively) among all
SNVs (Figure 1, C and D; Supplementary Table 2, available on-
line). The tumor sample of patient UMT88, carrying a somatic p.
Arg468Trp variant identical to that found as a germline variant
in UM293, also carried a high TMB (243 variants) and the
CpG>TpG mutational pattern (92.5%) (Figure 1, C and D;
Supplementary Table 2, available online), thereby confirming
the deleterious effect of this missense variant previously dem-
onstrated in the glycosylase assay (Figure 1). Taken together,
these 7 patients with MBD4 deleterious mutations had a 15-fold
increase in number of variants per exome (MBD4ges: 243 *+ 66.7
variants vs MBD4y,.: 16 + 4.0, Mann-Whitney P=8.72 x 10™°) and
a statistically significantly higher CpG>TpG median proportion
among SNVs (MBD4ger: 92.5*5.7% vs MBD4p,: 24.3+7.5%,
P=9.82 x 107) (18).

In addition, we characterized the available tumor samples
from 2 patients harboring missense variants that were not pre-
dicted to be deleterious (UM102: c.139G>A [p.Gly47Arg] and
UM350: c.1652A>G [p.Asn551Ser]; Figure 1; Supplementary
Table 1; Supplementary Figure 2, available online). The low TMB
(33 and 40 variants per exome, respectively) and absence of
CpG>TpG  signature confirmed their neutral effect
(Supplementary Table 2; Supplementary Figure 3, available
online).

Incidence of Germline MBD4 Deleterious Mutations in
UM

Taken together, we thus identified 8 LoF germline variants in
MBD4 among the 1093 consecutive UM case patients, including
p. Arg468Trp with deleterious effect on MBD4 glycosylase activ-
ity (Table 1). These account for a statistically significant 9.15-
fold increase in deleterious variant frequency compared with
the general population, even when restricting ourselves to trun-
cating and splicing MBD4 LoFs as defined by GnomAD (7 LoFs of
2186 observed alleles in UM, representing a variant allele fre-
quency [VAF] of 0.0032 vs 83 LoFs out of a median of
251 450 alleles in the GnomAD v2.1 general population; VAF =
3.50 x 107% Fisher exact test P=2.00 x 10~). To circumvent the
imbalanced dataset, a “matching” subsampling approach was
used, giving a similar P value (1.60 x 10™°). Therefore, we demon-
strate that the prevalence of MBD4 germline deleterious var-
iants in UM is approximately 0.7%, close to that of BAP1
germline mutation in UM (1.6%) (23), and that MBD4 mutations
strongly predispose to UM with an RR of 9.15 (95% CI = 4.24 to
19.73). A comparison between MBD4 germline LoF frequency in
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Table 1. MBD4 germline deleterious variants in UM and in other malignancies®

GnomAD allele frequency (NFEP)

Patient series Patient Variant dbSNP Mutation type Glycosylase assay Allele count Obs. allele number Frequency
UMS® germline consecutive series UM75 p.Trp569* rs939751619¢  stop_gain Inactive? 2 129130 1.55 x 10~°
UM1033
UM49 p.Asp521Profs*4  1s778697654° splice_acceptor ND 5 113766 4.39 x 10~
UM1088
UM656 p.Leud82Trpfs*9  1s769076971° frameshift_deletion ND 3 113752 2.64 x 107>
UM293 p.Arg468Trp rs1380952147 nonsynonymous_SNV Inactive? 0 113630 0.00
UM605 p.Ala462Leufs*29 - frameshift_deletion ND — — —
UM436 p.Arg83Profs*5 rs552296498°  splice_donor ND 3 129158 2.32x10°°
UM M3 tumor series UMT45 p.Asp521Profs*4  1s778697654°  splice_acceptor ND 5 113766 439 x 10~°
UMT61 p.Lys335Phefs*18 rs1443006605 frameshift deletion ND 0 113650 0,00
UMT162 p.Argl81* 11270271346 stop_gain ND 2 128972 1.55 x 10~°
UM (public data) UM (9) p.Leu563* rs200758755  stop_gain ND 8 113702 7.04 x 107>
TCGA_UVM_1 (8) p-Asp521Profs*4  rs778697654° splice_acceptor ND 5 113766 439 x 10°
UMphso01421.v1.p1 (16) p.Leu482Trpfs*9 1s769076971¢ frameshift_deletion ND 5 113752 4.40 x 10~
UVM_IC (8)
UMphso00823.v1.p1 p.-Asp341Thrfs*13 - frameshift_deletion ND — — —
Other malignancies AMLgpc-am-1 (13) p.His567del rs775848563  inframe_deletion ND — — —
AMLwepr-ame-1/2 (13) p.Asp521Profs*4 1s778697654°  splice_acceptor ND 5 113766 439 x 107°
AMLywepr-ame-1/2 (13) p.Glu314Argfs*13  rs558765093° frameshift_insertion ND — — —
Spiradenocarcinoma (19)
TCGA_GBM_4 (8) p-Arg83Profs*s 1s552296498°  splice_donor ND 3 129158 232 x 1072
Colorectal polyposis (20) p.GIn73* 15148098584  stop_gain ND 0 113750 0.00
Pilocytic astrocytoma (21) NAS NA NA ND NA NA NA
Gastric adenocarcinoma (21) NA NA NA ND NA NA NA
Pancreatic adenoK (21) NA NA NA ND NA NA NA
Pancreatic endocrine tumor (21) NA NA NA ND NA NA NA

®adenoK = adenocarcinoma; AML = acute myeloid leukemia; GBM = glioblastoma; M3 = monosomy 3; NA = not available; ND = not determined; NFE = non-Finnish European; UM or UVM = uveal melanoma; —

cause of the absence of the variant in dbSNP and/or in the GhomAD NFE population.

PNFE population of the Genome Aggregation Database (GnomAD v2.1.1).

“Variant found in more than 1 nonrelated patient.
9dInactive: absence of glycosylase activity of the recombinant protein carrying the variant.
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Figure 1. Functional consequences and phenotype associated with germline and somatic MBD4 deleterious variants. A) Schematic representation of MBD4 cDNA (top)
and protein (bottom) sequences. Functional methyl-binding domain (MBD) and glycosylase domain are indicated. The position of all MBD4 variants identified in the 2
uveal melanoma (UM) series (consecutive germline UM series and tumor monosomy 3 [M3] series) is highlighted, with germline and somatic variants above and below
the cDNA sequence, respectively, and the 2 variants from the tumor M3 cohort with unknown somatic or germline origin circled in green. These MBD4 variants include
loss-of-function (LoF, in red), missense (either benign, in blue-filled circles, or of unknown biological significance [VUS] in gray-filled circles) and intronic (gray trian-
gles) variants. Each circle represents 1 patient harboring the variant. Other MBD4 germline deleterious variants mined on public data are also shown (empty red circles).
B) Top: Glycosylase activity assay of recombinant wild-type MBD4 (MBD4"") and mutant proteins resulting from missense variants and 1 stop gain variant (purple star
in 1A) residing in the MBD4 glycosylase domain. Substrate = S; cleaved product = P. Bottom: loading blot for MBD4 wild-type and mutant recombinant proteins corre-
sponding to the glycosylase assay. C) Tumor characteristics of MBD4-deficient (MBD44.¢) patients compared with that of MBD4-proficient UM patients (MBD4y,,) (18).
MBD4,.¢ patients include UM75, UM605, and UM656 from the consecutive germline series and UMT45, UMT61, UMT162, and UMT88 from the M3 UM tumor series. All
patients harbor germline MBD4 variants, except for UMT88 with a somatic MBD4 variant. Top: tumor mutation burden estimated by number of variants (single nucleo-
tide variants [SNVs] in dark gray, and insertions-deletions [INDELs] in light gray) in the exome; middle: proportion of CpG>TpG transitions (red) relative to all SNVs
(gray); bottom: copy number alterations in chromosomes 3 and 8q, and mutational status of MBD4, GNAQ, GNA11, BAP1, SF3B1, and EIF1AX, represented as percentage
for the MBD4,,, series (18). The clonality or subclonality of these key mutational events is indicated by their cancer cell fraction in black-gray gradation, taking into ac-
count the variant allele frequency (VAF), copy number change, and cellularity. A plot of the VAF distribution of all variants in the 7 exomes is available in
Supplementary Figure 4 (available online). For each exome in the MBD44.¢ group, tumor cellularity is indicated by black-gray shading (and quantified in Supplementary
Table 2, available online). D) Mutational patterns of the MBD4qcs (top) and MBD4,,,, (bottom) groups based on the relative proportion (y-axis) of each of the 96 types of
trinucleotide substitution (x-axis). Dark or bright colors correspond to sense or antisense strands. Individual mutational pattern for all tumor exomes assessed are
available in Supplementary Figure 3 (available online).

this UM consecutive series and in different subsets of the
GnomAD population (in the general and European populations)
is further presented in Table 2.

Defining the MBD4 Predisposition Syndrome

To further characterize this new cancer predisposition, we inves-

Within the UM tumor cohort with M3, we identified a total of
5 MBD4 LoF variants, including at least 3 of germline origin and
1 somatic, out of 192 UM patients. These 3 germline LoF variants
by themselves account for a VAF of 0.016, more than twice that
found in the germline consecutive UM cohort. This was
expected given the recurrence of approximately 50% of chromo-
some 3 loss event among all UM patients (24). This finding con-
firms that MBD4 deficiency in UM is mainly associated with M3
and that MBD4 germline mutations specifically predispose to
hypermutated high-risk M3 UMs.

tigated the medical records of MBD4 mutation carriers. In contrast
with the high RR of 9.15 (and therefore an approximately 9-fold
higher risk of developing a UM) conferred by MBD4 LoF germline
mutations, none of these individuals had familial or bilateral UM.
With a lifetime risk of UM estimated at 7.69 x 107 in the general
population (25), an RR of 9 would result in a lifetime risk of UM of
6.92 x 107%. Such incidence is still too low to observe familial ag-
gregation, which is consistent with our finding. Assuming that all
MBD44es UMs are associated with M3, we compared their medical
records with patients from this cohort with available tumor
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Table 2. Frequency of MBD4 germline deleterious variants in the UM series compared with various populations of the GnomAD database?®

Study population No. of LoF variants Allele count® Frequency RRY(95% CI°) Fisher test (P value)
UM consecutive series 7t 2186 0.00320 — —
GnomAD v2.1.1 NFEP 47 113736 0.00041  7.75(3.51t0 17.12) 6.86 x 107>
Population® 88 251450 0.00035  9.15 (4.24 to 19.73) 2.00 x 107>
GnomAD v2.1.1 (controls only) ~ NFE 13 42768 0.00030  10.53 (4.20 to 26.38) 2.82x107°
General population 33 109404 0.00030  10.62 (4.70 to 23.97) 1.16 x 10~°
GnomAD v2.1.1 (noncancer only) NFE 41 102730 0.00040  8.02 (3.60 to 17.86) 5.89 x 107°
General population 82 236912 0.00035  9.25 (4.28 to 19.99) 1.90 x 107°
GnomAD v3 NFE 20 64571 0.00031  10.34 (4.38 to 24.42) 2.00 x 107>
General population 39 143286 0.00027  11.76 (5.27 to 26.27) 5.50 x 107°
2CI = confidence interval; LoF = loss-of-function (deleterious) variants; NFE = non-Finnish European; RR = relative risk; UM = uveal melanoma; — = no value given

here because the relative risk, confidence interval, and statistic tests are presented between the UM consecutive series and each GnomAD subpopulation in the rows

below.
PNFE population subset of the Genome Aggregation Database (GnomAD v2.1.1).

For all GnomAD populations described, refers to the median number of allele count.

9IRR here is calculated by dividing the LoF frequency in the UM consecutive series by the LoF frequency in the corresponding GnomAD population subset.

€Confidence interval of the relative risk is calculated as previously described (15).

fSeven LoF variants correspond to the 8 deleterious MBD4 variants identified in this study, with removal of the missense deleterious variant p. Arg468Trp so as to re-

strict the analysis to LoF variants as defined by GnomAD for accurate comparison.
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Figure 2. Uveal melanoma (UM) clinical characteristics in an MBD4-deficient (MBD44.f) context. A) Age of UM onset of MBD4¢.r patients (n=8) in the germline consecutive
UM series compared with disomy 3 (D3, n=117) and monosomy 3 (M3, n = 198) MBD4-proficient (MBD4,,,) UMs. Wilcoxon test, 1-sided (testing early UM onset in MBD44er
patients): MBD4ger vs M3: P=.22, MBD4q4cr Vs D3: P=.42; no age difference found between D3 and M3 groups, Wilcoxon test, 2-sided P=.087; — not shown). B and C)
Metastasis-free survival (MFS, B) and overall survival (OS, C) of MBD44.s UM patients (n = 8) and MBD4,,,, UM patients with M3 or D3. Time zero refers to time at primary UM
diagnosis. MFS was defined as the interval between the date of primary UM diagnosis and the date of distant metastasis (first imaging) or death from any cause. The num-
ber of patients in each group at each time point (year) is indicated. Survival distributions were estimated by the Kaplan-Meier method and compared using the log-rank
test: log-rank test, 2-sided, M3 vs D3: P=1.98 x 107 (OS), P = 1.11 x 107%® (MFS); M3 vs MBD4ges: P = .11 (0S), P = .06 (MFS); D3 vs MBD4e¢: P = .62 (OS), P = .10 (MFS).

genomic status, that is, 198 MBD4 wild-type M3 and 117 MBD
wild-type D3 UMs. Surprisingly, no early-onset UM was found in
MBD4 carriers compared with noncarriers regardless of their
chromosome 3 status (MBD4g4er median age and Q1-Q3 quartile
interval = 55.5, 95% CI = 48.4 to 72.8, N=8; D3: 61.3, 95% CI = 49.8
to 70.3, N=117; M3: 63.4, 95% CI = 56.6 to 71.4, N =198; Wilcoxon
test, 1-sided: MBD4ger VS M3: P =.22, MBD44¢f Vs D3: P = .42; no age
difference found between D3 and M3 groups, Wilcoxon test, 2-
sided P =.087; Figure 2A). Although the size of the MBD4q4ef Series
prevents any definitive conclusion, we observed no difference in
metastatic-free survival or overall survival between MBD44.f and
M3 UM patients in contrast with the better outcome in D3 com-
pared with M3 UMs (Figure 2, B and C). Only 1 MBD4 carrier
(UM49) had another cancer, a thyroid papillary carcinoma unre-
lated to MBD4 (low TMB without CpG>TpG signature; data not
shown).

Discussion

This study demonstrates that MBD4 is a predisposing gene for
UM, conferring an RR of 9.15 for this dismal disease. We further

demonstrated that MBD4 deficiency specifically predisposes to
high-risk M3 UM. One surprising observation for this new
cancer-predisposing condition is the absence of early-onset UM.
Interestingly, the same is observed in germline BAP1-mutant
carriers, even with the high penetrance in that context (6,23). A
potential explanation for this paradox is that neither MBD4 nor
BAP1 predisposing genes can act before a first step in the malig-
nant transformation. This first step, presumably the Gug-initiat-
ing event consisting of mutually exclusive activating mutations
in GNAQ, GNA11, PLCB4, or CYSLTR2 (26-29), would be the main
determinant of age of onset (Figure 3). The second step in the
malignant transformation, composed of mutations in BAPI,
SF3B1, or EIF1AX (“BSE” events), leads to a punctuated evolution
of UM (16), which would marginally influence age of onset
(Figure 3). Whether MBD4 deficiency favors malignant transfor-
mation by increasing driver mutations by modifying the meth-
ylation landscape or a distinct mechanism has yet to be
determined.

Importantly, germline MBD4 mutations were recently
reported in other types of malignancy, including a polyposis-
associated colorectal adenocarcinoma (20), a spiradenocarcinoma
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Figure 3. Working model for uveal melanoma (UM) malignant transformation process throughout time in different genetic backgrounds. Germline MBD4™"/BAP1™"":
population with MBD4/BAP1 germline mutation. Following the G,4 activating mutation, secondary mutational events in each genetic background are indicated, along
with their association with either disomy 3 (D3) or monosomy 3 (M3). SE = SF3B1 or EIF1AX mutation. Relative lifetime risk of UM is represented by the expansion size
and color from normal melanocytes to UM. Dashed and full red arrows indicate the rate of accumulation of somatic mutations throughout time (low and high,

respectively).

(19), a glioblastoma (8), a pilocytic astrocytoma, a gastric adeno-
carcinoma, a pancreatic adenocarcinoma, and a pancreatic endo-
crine tumor (21) (Table 1). Furthermore, although the above case
patients were all heterozygous in the germline, biallelic germline
deleterious MBD4 mutations were reported in 3 individuals who
developed acute myeloid leukemias, 2 of which had additional
colonic polyposis (13). It is therefore likely that the tumor spec-
trum associated with MBD4 germline mutations will expand
when this gene becomes more systematically explored in clinical
diagnosis. It is already clear that this spectrum mostly includes
relatively rare tumors and some biological tumor features may
underlie their association with MBD4. To be noticed, both leuke-
mias and UMs associated with MBD4 inactivation share a consis-
tent inactivation of the BAP1-ASXL complex (8,13).

It should be noticed that we found no other MBD4-related
tumors in our UM series. However, the follow-up and cohort
size of this prospective series are limited, and future studies
will better characterize the medical history of MBD4 carriers.
Larger cohorts will also more precisely define MBD4 mutation
frequency in UM patients and the RR conferred by these muta-
tions. Another limitation to the study is the bias for a European
population in our cohort, which reflects the higher incidence of
the disease in this population (30).

Interestingly, 5 recurrent MBD4 germline deleterious muta-
tions were identified when taking together the LoF variants
from our UM cohort and those found in public databases and
reports of other cancer types: c.1706G>A [p.Trp5697] (2 patients),
c.1562G>T  [p.Asp521Profs*4] (4 patients), c.1443delT
[p.Leu482Trpfs*9] (3 patients), c.335+ 1G>A [p.Arg83Profs*5] (2
patients), and c.939insA [p.Glu314Argfs*13] (2 patients) (Table 1),

suggesting founder mutations. Furthermore, the observation of
different tumor types associated with the same MBD4 germline
mutation suggests a more global role of MBD4 in cancer predis-
position. The peculiar UM proneness in MBD4-mutant carriers
(13 out of 23 carriers; Table 1) remains unexplained, but the fact
that the frequent M3 in UM inactivates wild-type copies of both
BAP1 and MBD4 suppressor genes may at least in part explain
the frequent inactivation of MBD4 in UM.

In summary, we described here a novel autosomal-
dominant syndrome that is caused by germline mutations of
MBD4, characterized by a high RR of developing hypermutated
UM and possibly other malignancies. Tumors arising in such a
context are associated with a CpG>TpG mutator phenotype and
have clinical relevance because they may respond to immune-
checkpoint inhibitors.
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Conclusion: “Germline MBD4 Mutations and Predisposition to
Uveal Melanoma”

In this study, our team demonstrated that MBD4 is a cancer predisposition gene for UM, with
a Relative-Risk of 9.15 (95% Confidence Interval (Cl) = 4.24 to 19.73). It is the only cancer
predisposing gene except BAP1 that was identified in UM until now?'. MBD4 deleterious
germline mutations are present in 0.7% of our cohort, at a slight less frequent rate than for
BAP1 germline deleterious mutation reported in ~1.5% in patients with UM3'®, Interestingly, no
early age of onset was observed for patient with MBD4 germline mutation with only a vague
tendency. Moreover, no clear distinction could be made between metastatic-free survival or
overall survival between the MBD4def series and M3 UM patients, but also for MBD4def and
D3 UM patients. The small subset of patient carrying MBD4 germline mutations however
prevents any definitive conclusion. We also validated the specific hypermutator CpG > TpG

phenotype that was associated with MBD4 inactivation®'4,

MBD4 inactivation is always associated with either monosomy 3 or isodisomy 3 inactivating
the wild-type allele, concordantly with the Knudson’s two-hit model. The place of MBD4 in
tumorigenesis and tumor development is however still unclear. MBD4 deficiency could
promote tumorigenesis through the important number of mutations that could affect unspecific
or specific cancer driver genes but could also promote malignant transformation through
another pathway. The observation of an increased number of CpG > TpG without any tumor
development in some MBD4-inactivated mice indicate that it may not be enough for

tumorigenesis®'®.

The predisposing nature of MBD4 for UM is of direct clinical importance and MBD4 should be
included in cancer gene panel. No familial UM in our cohort was found for the patient harboring
a MBD4 germline mutation. This must be mitigated again by the size of our cohort and the
rarity of UM. We believe however that the identification of MBD4 as a cancer predisposition
gene in UM bears enough rational to investigate the relatives of someone carrying a MBD4
deleterious germline mutation. Moreover, MBD4-/- tumors are distinct among UM with a

specific genomic phenotype and possible treatments might target this specificity3'4.

Additionally, we reviewed in this paper all the MBD4 germline deleterious mutations that we
could find in the literature. Those germline mutations were present in different UM cases but
also in other malignancies®2%-*23, The role of MBD4 as a potential tumor suppressor and cancer

predisposing gene could therefore expand beyond UM.
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CONCLUSIONS AND PERSPECTIVES

In this thesis | investigated specific cancer genomic instability and DNA repair deficiency
signatures in different types of cancers. Each part of this work has potential direct consequence
for patient care and represents the part of efforts in developing the background for future

personalized medicine.

The main part of my work is the shallowHRD tool that can accurately predict HRD from shallow
WGS profile in ovarian and breast tumors. This approach can be applied to FFPE samples, is
cheap and simple, with easily storable outputs and is already in use in Institute Curie in routine
for ovarian carcinomas and some other cancer types. To the moment almost 850 cases were
processed using shallowHRD and the results are both encouraging and motivating to further

upgrade of the approach.

The performance of the method is comparable to most state-of-the-art methods based on WES
or SNP-arrays, such as signature 32'7%2°, WES HRD score?'®, Loss of Heterozygosity HRD
score?®, telomeric Allelic Imbalance?®® and Large-scale State Transition'22%. The methods
that clearly outperform shallowHRD are the classifiers that incorporate all HRD-specific
alterations extracted from high-depth WGS, namely HRDetect?** and CHORD'®. The latter
methods capture exhaustively the tumors with HRD and only their cost and complexity

preclude their installation in clinics.

After shallowHRD was introduced to clinical research in Institut Curie, most of the time sWGS
was accompanied by deep coverage sequencing for the cancer gene panel called DRAGON
that incorporates more than 500 genes (including HR genes). Besides mutations in targeted
genes, DRAGON sequencing gives variant allele frequency. This helps to say if a genomic flat
profile observed in a tumor can be attributed to a low cellularity, which cannot be done for now
with only sWGS.

shallowHRD is now also in use for initial annotation of VUS in major HR predisposition genes.
Several presumably deleterious VUS for BRCA1, RAD51B and RAD51C (LGAs >= 20) have
been already identified. Additionally, methylation of BRCA7 promoter were detected
retrospectively in several cancer samples after shallowHRD diagnosis. The preliminary results
of comparison shallowHRD and the clinically approved Myriad myChoice® CDx HRD test
shows 92.5% correspondence when using a stringent LGA cut-off of 20. shallowHRD is in use

for PDX annotation and provide HR status for large retrospective cohorts in clinical research.

In perspective, shallowHRD have some room to improve performance to fit clinical precision.
The accumulation of hundreds of in-house cases of both retrospective and diagnosis samples
expanded the number of cases giving the possibility to build upper-level classification. This

mainly concerns borderline cases, the cases where LGA equals or close to the cut-off for HRD
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call. In these cases, the error rate (the proportion of cases with no obvious mutation in HR
genes) is particularly high. First, the borderline cases need to be thoroughly annotated: cases
should be investigated for potential HR gene inactivation and actual genotoxic treatment
response. Second, CNA profile classification need to be improved. Several approaches might
be used here, such as introducing additional parameters that characterize tumor sWGS profile
in terms of CNA dynamics, detailing the source HRD or refining the CNA profile annotation by
inferring ploidy or allelic imbalance states. All these improvements could only be tested now,

after some 2 years of extensive use, optimization and building adequate data collection.

Another problem that can confuse shallowHRD predictions are subclones. HRD and nonHRD
breast and ovarian tumors are often characterized by the presence of several clones with
slightly different CNA profiles, which introduce extra-breakpoints and might affect HRD
diagnostics. Introducing an additional filter for potential subclonal alterations could refine HRD

score and make the predictions and profile more precise and reliable in those cases.

Finally, a more thorough investigation toward the quality of the DNA preparation and
sequencing would be highly valuable to keep high quality predictions. The sequencing of
clinical FFPE samples were mostly well interpretable except for one FFPE cohort, which
displayed particularly poor quality with more than 1/3 uninterpretable cases in 80 sWGS
(unpublished data). Those FFPE were markedly older, and it was probably the period between
tumor sampling and actual DNA extraction that decreased the quality of the genomic profiles.
We would like to retrieve more biological information on these samples to describe the material

quality conditions where sWSG and shallowHRD can be applied.

The second part of my work consisted in the investigation of CDK12 as a cancer predisposition
gene in EOC with a massive parallel pool sequencing approach in a consecutive cohort of 416
unrelated patients with a history of EOC and no germline mutation of BRCA1/BRCA2. No
evidence towards CDK12 as a potential role in cancer predisposition gene for EOC was found.
Our study has however two weaknesses that prevent us from drawing definitive conclusion on
thepredisposing nature of CDK12: (i) the cohort is not large enough to completely remove
CDK12 as a potential EOC predisposition gene; (ii) the non-synonymous variants that we found
in ten patient’s germline DNA could not be fully investigated. The investigation of the remaining
unavailable tumors would have helped to consolidate our conclusion. Nonetheless, the lack of
CDK12 deleterious mutations in the 511 ovarian cases in TCGA argues in the direction of our

conclusion.

Interestingly, Brovkina et al. found 8 CDK12 germline splice variant mutations ¢.1047-2A>G in
a cohort of 106 breast cancers with Tatar ancestry and 1 out of 238 healthy controls with mixed
origin®*. The study concluded that, in the Tatar ethnicity, the CDK12 ¢.1047-2A>G splice
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variant strongly associates with hereditary breast cancers. This result was however mitigated
by a follow up study which on the one hand found this variant in multiple healthy controls and
on the other hand found an alternative splice acceptor site so that the splice variant shortens
the transcript by one codon only®*?®. This needs to be investigated further, with functional assay

of CDK12 for this variant for instance.

Nonetheless, the current literature does not show any strong evidence of CDK12 being a
cancer predisposition gene for any cancer type. A study of 360 metastatic castration-resistant
prostate cancer (MCRPC) reported CDK12 bi-allelic inactivation in 7% of the cases, without
any evidence of germline aberrations in the entire cohort?®®. CDK12 high prevalence in several
cancers and its investigation in multiple large cohorts with the absence of a reported clear

deleterious germline variant comfort our results®.

CDK12 has a probability of 1 of being intolerant to loss-of-function (LoF) based on an
expectation-maximization algorithm developed by Lek et al in 201632, The six LoF variants
found in the GnomAD database is largely below the expected number with an observed /
expected (oe) score of 0.05 (gnomad.broadinstitute.org). This suggests that LoF variants in
CDK12 are counter-selected in human populations, the reason for this remains to be explained.
CDK12 inactivation is embryonic lethal but heterozygous mice models are viable and born at
the correct frequency?®. However, no long-term follow-up of those mice for their fitness and

fertility has been done. It would be instrumental to study CDK12 intolerance to LoF variants.

The third part of my work was to analyze MBD4 mutations from the sequencing of pooled
germline (n=1093) and tumor (n=192) DNA of UM patients. We found that MBD4 is an UM
predisposing gene with moderate penetrance and a 10-fold increased risk present in 0.7% of
UM cases. The CpG > TpG hypermutator phenotype that was observed previously in several
cases by Rodrigues et al in 2018 was confirmed in the MDB4-/- tumors of our cohort, which is
in line with the identified role of MBD4 to repair 5mCpG > TpG mutations3'. Similar
observations regarding the hypermutated CpG > TpG phenotype and the existence of MBD4
deleterious germline mutations and inactivation in the corresponding tumor was made in two
out of 103 cases of another UM cohort, with high tumor mutation burden and the prevalence
of the SBS1 signature3'.

Our study has two limitations: first the small number of cases with MBD4 inactivation in the
tumors prevent us from drawing definitive conclusions for a potential early age of onset,
metastatic-free survival, or overall survival. Larger cohort will help clarifying this. The second
limitation is a bias toward more patients of European population in our cohort because of the
geographic localization of our center and the actual higher frequency of UM in this

population®?’.
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Heterozygous deleterious germline mutations of MBD4 were not only observed in UM but also
in  polyposis-associated  colorectal  adenocarcinoma®??,  spireadenocarcinoma®",
glioblastoma3', pilocytic astrocytoma, gastric adenocarcinoma, pancreatic adenocarcinoma
and endocrine tumor®? and in Acute Myeloid Leukemias (AML)3*%. The presence of germline
deleterious mutation in MBD4 in those cancer types and the cancer predisposition role of
MBD4 in UM suggest that it may play a similar role in other cancer types. Our team is
collaborating with a team of the hospital La Pitié Salpétriere to investigate MBD4 predisposition

in gliomas with a large cohort of around 2000 germline DNAs.

Our study of MBD4 mutations both at the germline and the somatic level motivates the
integration of this gene in cancer panel genes. This has already been implemented in Institut
Curie for UM and allowed to find several new MBDA4-/- patients. This will be helpful for the
research perspective, expanding the size of our cohort of rare mutations in rare tumors. This
will be also helpful from a medical perspective to have a more complete description of patient
and tumor in view of future application of immune checkpoint inhibitors, already shown to be
effective against MBD4-/- tumor3'. Immunotherapy was pursued in a larger UM cohort with
and without MBD4-/- and showed a significant responsiveness in those inactivated for MBD4
with 60% responders (3/5) compared to the overall response that is around 4% (manuscript
under preparation). Nonetheless, the first patient that presented an exceptional response to
immune checkpoint inhibitors in the publication of Rodrigues et al. in 2018 showed late
resistance to the treatment. This might be due to the heterogeneity observed in MBD4-null
tumors and the continuous mutagenesis induced by MBD4%'*. Therefore, other treatments in
this context should be explored and we are currently screening more drugs and some already

showed a great promising effect.
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