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Preface

Do you believe in coincidence? My instinct says 

is it that in a room full of patients diagnosed with 
the same subtype of cancer, due to a defect in the 
same gene, and treated in the same way, some 
patients are faced with a relapsing tumor soon after 
treatment is initiated, while others live disease-free 

motivation to the work presented in this thesis, 
which is focused on the subgroup of breast tumors 

this defect can be therapeutically targeted using 

work centers on identifying genetic interactions 
that may be able to explain why some of these 

have provided valuable insights in the regulation 

may interest not only the fundamental biologist, 
but may also serve a purpose in gene targeting 
and, hopefully, may be translated to improve 

inhibition, but also expose a new vulnerability that 
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Molecular Insights 

Into PARPi Resistance

General Introduction
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The Cancer Chess Analogy

From a more distant perspective, cancer treatment resembles a game of chess where 

of chess pieces can be moved making it challenging to identify the right move for each 

Moreover, since the number of possible moves is not endless it is theoretically possible 

molecular mechanism thought to be at the basis of the successful clinical exploitation 

Personalized medicine: a shift in focus

The central dogma to cancer treatment is, and has been for many decades, to 

current interpretation of personalized medicine is aimed at improving cancer treatment 

genomes can be highly complex: tumor cells contain many genetic changes compared 
to normal cells, comprising single base changes, insertions, deletions, copy number 

This is further complicated by the realization that even within an individual tumor not 
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Lessons learned from targeting driver signaling pathways

One approach in personalized medicine is to target the key signaling pathways 

vemurafenib, which improved the survival of patients with this subset of melanoma 

mechanisms have been described to reactivate MAPK signaling and drive resistance 
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drug holiday restored the resistant cancer cells to their original state, by which they 

 More recently, it was shown that MAPK reactivation increases the cellular levels 

provides an opportunity to improve the outcome of targeted treatment in one-two 

Exploiting synthetic lethality for cancer treatment

While therapeutic targeting of key signaling pathways can be successful, there are 

normal physiology of somatic cells, and therefore the therapeutic window may not 

 Another promising approach in personalized medicine is to exploit the concept 

“Gene B”, will be toxic selectively to tumor cells, since somatic cells have no defect 
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carriers often show loss-of-heterozygosity (LOH) of the wild type allele resulting in a full 

characterized by a high extent of DNA copy-number alterations indicating that these 
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the majority of patients are eventually faced with a recurrent tumor that has become 

must be overcome to achieve long-lasting responses in more patients, even when 

mechanism-of-action and resistance mechanisms may aid the design of rational 

 

to detect damaged DNA, including single-strand DNA (ssDNA) nicks and ssDNA breaks 

the C-terminal catalytic domain, which uses NAD+ as a substrate to impose negatively 
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the chromatin environment by facilitating nucleosome eviction, which enhances 

supercoiling ahead of the replication fork by making a ssDNA incision, but can also arise 

on the opposite strand, or indirectly when an incoming replication fork collides with 

this allows the sensing and repair of replication obstacles prior to their collision with 

way chicken-foot structures back into three-way structures using its helicase activity to 

However, fork reversal inherently creates a one-sided DSB at the replication fork and 
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Mechanism of action of PARPi

DSBs are one-sided, these repair activities drive the formation of non-viable chromatid 

This trapping ability is correlated with its cytotoxicity: the most potent “trapper” has 

complexes might induce replication fork stalling, ultimately leading to replication fork 
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in vitro and in vivo model systems 

Bringing Double-Strand Breaks to a Close

Two pathways for DSB repair

mechanisms have evolved to resolve DSBs that occur in a variety of cellular contexts 
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cascade to recognize DSBs, make the chromatin accessible, and modify the DSB ends 

overhang is protected from the formation of secondary structures by the binding 

during or post-replication, while at the same time allowing NHEJ activity on the 
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Upon recognition of a DSB, a signaling cascade is initiated which changes the chromatin 

mature B-cells, which are restricted to the production of antibodies (immunoglobulins) 

regions - in the heavy chain locus (IgH) is followed by a recombination event in the heavy 

high density and staggered position of deoxyuracils in switch regions, the repair process 

the driving force to generate diversity in the antigen binding domain of immunoglobulins 
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The protein complex that mediates the formation of T-loops is the Shelterin complex, in 

NHEJ as it was shown to be rescued by the depletion of core NHEJ components such 

promoting DSB repair by NHEJ, rather than being an essential component of the NHEJ 

protein was shown to facilitate repair via NHEJ of dysfunctional telomeres and cause 

dispensable in this context suggesting the existence of additional layers of regulation 

 

two nuclear localization signals (NLS), a coiled-coil (CC) motif and a C-terminal 
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predisposing pathogenic mutations tend to cluster in these domains and impair the 

Releasing the break on DSB resection

actively occluded from the core of the break site and gets redistributed to the periphery 

interaction and the activity of CtIP to promote end resection are mediated by CDK 

cells can be reduced by the expression of a phosphomimicking mutant of CtIP that is 
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 The regulation is likely more complex as in early S phase not all the DNA has been 
replicated and therefore not all DSBs that occur in S phase cells are suitable for repair via 

 

 
 

mice are hallmarked by a high degree of genomic instability and are prone to tumor 
 was inactivated 

in the  background had a low incidence of tumor development and showed 

resistance could be reversed by inhibition of ATM signaling supporting the notion that 
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Scope of This Thesis

a hurdle that must be overcome in order to maximally exploit this synthetic lethal 

to grasp the counter-moves that may be played by resistant tumors as the molecular 

been shown that the removal of this “brake” allows DSB ends to be resected with 

mechanisms and its implications for cancer treatment remain unexplained, which is 

The second model implies the existence of additional proteins that may be inactivated 
in cancer cells to withstand treatment, thus suggesting that our view on the 
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in vivo
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Abstract

The cancer genomics revolution has rapidly 
expanded the inventory of somatic mutations 

characterizing human malignancies, highlighting a 
previously underappreciated extent of molecular 

breast cancer, the most commonly diagnosed 
malignancy in women, this heterogeneity 
complicates the understanding of the stepwise 

disentangle this complexity and pinpoint which 
molecular perturbations are crucial to hijack the 
cellular machinery and lead to tumorigenesis and 
drug resistance, functional studies are needed in 
model systems that faithfully and comprehensively 
recapitulate all the salient aspects of their cognate 

cancer have been instrumental for the study of 
tumor initiation and drug response but also involve 
cost and time limitations that represent serious 

with the overwhelming amount of hypotheses that 
warrant in vivo
current breast cancer models and implementation 

summarize the current state of the art in modeling 
human breast cancer in mice, and we put forward 
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Adapted from: 
Stefano Annunziato, Marco Barazas, Sven Rottenberg, Jos Jonkers.

Genetic Dissection of Cancer 

and Resistance in Mouse Models 

of Breast Cancer
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Main Text

Breast cancer is the most commonly diagnosed invasive cancer worldwide, with 

a spectrum of malignancies, encompassing several distinct biological entities and 

comprises several morphological and immunohistochemical phenotypes that can be 

mammary tumors mostly fall into the class of invasive ductal carcinomas (IDCs), followed 

+, 

decision-making, there are limitations in predicting disease prognosis and response 

that nearly half of the women with early breast cancer who are at high risk based on 

an extreme heterogeneity in the mutational landscape exists, which may account for 

mosaics of multiple clones of neoplastic cells, each characterized by a distinct genetic 

making the tumor mass not static but continuously shaped by a branching evolutionary 

mutations) from background alterations (passenger mutations) is a major goal in breast 
cancer research, as it can pinpoint evolutionary conserved processes that mammary 

how these signaling networks physiologically function, how they become aberrant, and 

 Given this complexity, genetically engineered mouse models (GEMMs) of breast 
cancer, together with patient-derived tumor xenografts (PDXs) and GEMM-derived 
tumor allografts, have proven valuable resources for deepening our understanding 
of how mammary tumors initiate, progress, metastasize, and respond to therapy in a 
physiologically relevant in vivo
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on de novo induced malignancies growing in intact organisms, rather than correlative 

characterization of mouse models for two breast cancer subtypes: ILCs and basal-like 

the relevant target cells of mouse models, recapitulating the key dependencies of the 

we will discuss how these models can be used for functional dissection of tumorigenic 
cascades, unraveling new therapeutic vulnerabilities and mechanisms of therapy 
resistance—in particular, in light of the advent of new technologies such as clustered 

Invasive lobular breast carcinoma (ILC) models

of cell adherens junctions because of mutations or methylation of the  gene, 

 alleles in mice 

genes and networks that collaborate with E-cadherin loss in mammary tumorigenesis, 
we used the Sleeping Beauty
mutagenesis screen in F F

in SB-induced 
several genes, some known to be mutated in human ILC, suggesting that mutagenesis 

targeted pathways and mutually exclusive insertions revealed the regulation of the 
actin cytoskeleton as a completely novel oncogenic pathway in both mouse and 
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Furthermore, recent genomic studies on collections of human ILCs have unveiled that, 

 or Akt mutants 

these allelic variants, we used a novel strategy for fast-track production of GEMMs, called 
GEMM-ESC, which is based on Flp-recombinase-mediated introduction of additional 
mutant alleles into the  locus of embryonic stem cells (ESCs) derived from existing 

with strong resemblance to human ILC in terms of morphology, gene expression, and 
invasiveness, on which we are now testing a panel of anticancer therapeutics to identify 

Basal-like breast cancer models

Basal-like breast cancers represent a heterogeneous class of malignancies with poor 

pathway because of germline or somatic mutations in  or  promoter 

mostly because of germline mutations in 

DSB-inducing drugs such as alkylating agents, poly ADP ribose polymerase inhibitors 

 To study tumorigenesis and drug resistance mechanisms, we developed several 
. In 

our 
inactivation of 

contrast to ILC, in which point mutations are the most common somatic alterations, 
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BRCA-mutated breast cancers 
are characterized by complex 
patterns of DNA copy number 
aberrations (CNAs), including 

losses of entire chromosome 

MYC  
loss as recurrent CNAs in both 
mouse and human -

Exploiting the GEMM-ESC 
strategy, we could model 
conditional overexpression 
of MYC in our 

and found that mammary 
tumor development was 
indeed strongly accelerated 
compared to the original line 

Preclinical trials in Brca-associated breast cancer models

Although phase-I and -II clinical trials are mostly carried out in heavily pretreated 

the opportunity to initiate treatment on naïve tumors in a clinically relevant in vivo 

agents showed heterogeneous responses between individual tumors but also marked 

y

Invasive lobular
carcinoma Human

WAPcre;Cdh1F/F;PtenF/F

mouse model

Morphology Lobular Lobular
Invasive Yes Yes
Grade Low Low
Mitotic index Low Low
ER expression Yes Yes
Molecular subtype Luminal Luminal
Collagen deposition Yes Yes
Stroma-rich Yes Yes

BRCA1-associated
breast cancer Human

K14cre;Brca1F/F;p53F/F

mouse model

Morphology Ductal Ductal
Invasive Yes Yes
Grade High High
Mitotic index High High
ER/PR expression No No
Molecular subtype Basal-like Basal-like
Genomically
instable

Yes Yes

HR-deficient Yes Yes

ILC, invasive lobular carcinoma; BRCA1, breast cancer gene 1;
GEMMs, genetically engineered mouse models; ER, estrogen receptor;
PR, progesterone receptor; HR, homologous recombination.
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could never be completely eradicated by maximum tolerated dose concentrations of 

switch-maintenance therapy for 
BRCA-

showed that alkylators such as nimustine could induce complete tumor eradication 
BRCA
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PARPi resistance mechanisms in Brca-associated breast cancer models

initially responded well to treatment but eventually relapsed and developed stable 

or (phospho)-proteomics, thereby taking advantage of the clean genetic background 

that  and 

export of olaparib from tumor cells (

clinical relevance of P-gp up-regulation as cause of drug resistance remains controversial 
, the human counterpart of , was recently found to be 

increased expression may result from complex genomic rearrangements that fuse a 
distant promoter to the  gene and thereby bypass the  promoter methylation 

 resulting in 
the 

with data from unbiased functional genetic screens in vitro

in vivo resistance 
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cross-resistant to topotecan and doxorubicin, they are still responsive to cisplatin, 

cancer A B) The DNA damage 
C) Genetic 

reactivation of -mutated alleles can occur because of alternative splicing, retromutations, or secondary mutations 
restoring the D) Transcription of silenced  alleles can be restored upon promoter demethylation 

DSB

BRCA1 (-) BRCA1 (-)
53BP1 (-)

NHEJ Resection

HR-deficient HR-restored

Rewiring DNA damage response

C D

Up-regulation of drug efflux pump

P-gp substrate
(i.e., olaparib)

Efflux pump

A B

promoter 1 2

promoter 1 2

promoter 1 2

promoter 1 2

2.     Gene fusion to heterologous promoter

1.     Promoter demethylation

Transcriptional reactivation

frameshift1 32

1 2

1 32

1 32

in-frame

1.     Alternative splicing

2.     Retromutation

3.    Secondary mutation

Genetic reactivation
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end, we generated several mouse models mimicking pathogenic  variants that 

the type and location of the 

tumor cells harboring the  allelic variant, which was modeled in mice 
by a  allele, can use a downstream alternative start site leading to the 

 allelic 

 PDX models provide a solution to narrow the gap between mouse and human 
cancer biology and as such represent a novel in vivo platform for studying therapy 

generate in the past, recent advances have made it possible to generate PDX 

underlying mechanism was dependent on the type of  inactivation: Whereas 
therapy-resistant  promoter 
demethylation, 
through secondary mutations that restored the 

a novel resistance mechanism involving gene fusions that placed  under 
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Taken together, these studies illustrate the power of mouse models in unraveling 

occur in a limited group of BRCA
It is noteworthy that resistance caused by mutations in additional DNA repair genes 

therefore be important to determine if and how each resistance mechanism can be 

jointly boosted the discrimination between passenger and driver mutations and the 

practical challenge for in vivo validation experiments, because of the considerable costs 

keep decreasing, research will shift from testing oncogenicity of single driver alleles 
to investigating the impact of multiple allelic variants on tumor development and 

hypomorphic, dominant-negative, and separation-of-function mutants at the base pair 

of transgenic facilities, warranting the development of new in vivo platforms for 

should sort out current temporal and economical limitations of GEMM establishment 
and bypass extensive mouse husbandry but also allow a high degree of manipulability 

 To develop such a platform for breast cancer, we explored the possibility of 
nongermline modeling of mammary tumors by exploiting intraductal injection in 
the nipple of adult female mice as a way to deliver high-titer lentiviral or adenoviral 

have shown that intraductally injected lentiviruses can target tumor-initiating cells 
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of both the basal and the luminal compartment, allowing modeling of both ILC and 

For example, intraductal injection of Cre-encoding lentiviruses in Pten  mice 
induced the formation of ILCs that were undistinguishable from the ILCs arising in the 
original Pten
recapitulate sporadic tumor initiation by allowing titratable and spatiotemporally 

 Importantly, the potential of nongermline modeling extends far beyond simple 

candidate genes even in the absence of germline conditional alleles: (a) vectors 

in vivo editing approaches, we and others 

Multiple applications for somatic genome engineering of the mammary tissue via intraductal injection to study 

Intraductal injections

CRISPR manipulation
of a gene

(e.g., sgPten)

CRISPR manipulation
of multiple genes

(e.g., sgPten/sgp53)

CRISPR modeling of large
chromosomal rearrangements

shRNA-mediated
downregulation of a gene

(e.g., shPten) Tagging/imaging
nascent tumors

Somatic Cre delivery
for ILC modeling

(e.g., to EcadF/F;PtenF/F)

In vivo screens for
novel TSG/oncogenes

Somatic Cre delivery
for TNBC modeling

(e.g., to Brca1F/F;p53F/F)

Study metastasis 
formation after primary

tumor removal

Overexpression of
oncogenic cDNAs

(e.g., p53 mutants)
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Mammary tumor organoids

Another exciting technological breakthrough came from the possibility to derive 

murine tumor organoid cultures retain key features of donor tumors, including cellular 

monolayer growth on plastic surfaces, tumor organoid cultures are much easier to 
ex vivo

introduce 
demonstrate that this permutation rendered the organoid-derived tumors refractory 

candidate drug resistance genes for their in vivo relevance, including candidates 

(
GEMM and PDX tumor organoids are particularly amenable for in vivo genetic screens 

ex vivo with desired genetic permutations and retransplanted in mice to 
evaluate in vivo

1-2 weeks

3D tumor organoid
derivation and modification

GEMM/PDX tumor Modified isogenic
GEMM/PDX tumor

2-3 weeks1-2 weeks
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Conclusion

A number of known and unknown biological discrepancies inevitably exist between 

Nevertheless, the systematic and synergistic deployment of complementary in vitro and 
in vivo platforms (GEMMs, PDX models, organoids, nongermline models) is envisioned to 

Cutting-edge mouse cancer clinics will enable so-called coclinical trials, in which clinical 

tumor growth dynamics, but instead of “whack-a-mole” treatment schedules, coclinical 
trials could assist in the design of more sophisticated and personalized regimens in 

the use of ever-smarter mouse models, which will ultimately lead to improved long-term 
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The landscape of cancer genes 

Landscape of somatic mutations in 

E-cadherin inactivation in 

Mammary-

Somatic inactivation of 

PTEN Loss in E-Cadherin-

Insertional mutagenesis 

Basal-like and triple-negative breast 
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Cross-species comparison of aCGH 

Selective 
induction of chemotherapy resistance of mammary tumors in a conditional mouse model for hereditary 

High sensitivity of 

in patients with platinum-sensitive relapsed serous ovarian cancer: a preplanned retrospective analysis of 

Genomic patterns 
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Abstract

Pis a promising new therapeutic approach for 
the treatment of cancers that show homologous 

We developed three-dimensional cancer organoids 
derived from genetically engineered mouse models 

Unlike conventional cell lines or mammospheres, 

and rapidly expanded in vitro
transplanted organoids give rise to mammary 
tumors that recapitulate the epithelial morphology 
and preserve the drug response of the original 

powerful tool for genetic studies of tumor biology 
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Introduction

We have previously demonstrated that mammary adenocarcinomas that arise 
in 

expression of basal markers, genomic instability and hypersensitivity to DNA-targeting 

these cell lines are useful, they exhibit limitations such as phenotypic and genetic 
uniformity and divergence from the primary tumor during adaptation to in vitro

in vitro

cultures preserve important features of the original tumor, such as cellular heterogeneity 

organoid lines that provide more physiological models in which to study drug resistance 

drug response of the original tumor both in vitro and after orthotopic transplantation 

Results

mammary tumor tissues, yielding mammary tumor organoid cultures that could 
be rapidly expanded and cultured in vitro 

(KP) and 

months to adapt to in vitro 
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 To assess the potential of mammary carcinoma organoids to form tumors in 
vivo

correlated with the number of cells transplanted, suggesting that organoids undergo 
polyclonal expansion in vivo 

in vitro transformation, as organoids 

that normal mammary organoids and tumor organoids showed similar proliferation 
rates in vitro 

a b
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organoids and the corresponding tumor outgrowths to determine whether they 

of , , and were conserved in both organoids and organoid-derived 

Original tumor pair Tumor-derived organoids Organoid-derived tumors

Orthotopic
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Unsupervised hierarchical clustering revealed a high similarity between the patterns of 

models was preserved following transplantation, as determined by morphology and 

in vivo and the clonal evolution 
of organoid-derived tumors, we barcoded individual cells in organoids by lentiviral 

selection, the barcoded organoids were transplanted into syngeneic wild-type mice 

x

x x

exhibit high clonal heterogeneity in vivo and give rise to tumors that preserve the 

in vivo and are 
particularly compatible with in vivo 

Analysis of PARPi response in vivo and in vitro
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next studied the in vitro and in vivo 

olaparib resistance to be stable following re-transplantation of the original tumor 

lines in vitro and in parallel we transplanted the organoid lines orthotopically into wild-
type animals and tested the olaparib response of the organoid-derived mammary 

in vitro and in vivo 

respective olaparib-sensitive and olaparib-resistant phenotypes described for the 
donor tumors, demonstrating that organoid-derived tumors can recapitulate the 

in vitro 

cultures, we performed an in vitro 

both in vitro and in vivo 
 Given the low olaparib IC

in vitro

and which faithfully recapitulated the phenotype of the original donor tumors 

in 
vitro 
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Functional analysis of drug-resistance mechanisms

in vitro and 
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in vivo

that GEMM-derived mammary tumor organoid models can be employed to study 

Finally, we explored the utility of GEMM-derived mammary tumor organoids for rapid 
in vivo 

demonstration, we inactivated 

treatment in vivo
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| Mouse mammary cancer 
organoids for in vivo 
of PARPi resistance factors (A) 

in manipulated organoids 
P value 

was determined using the Student’s 
t (B) Kaplan–Meier curves 
showing the survival of mice bearing 

or a 

days (n 
End of treatment is indicated by a 
dotted grid line (Supplementary 

P value was calculated by 
(C) 

Immunohistochemistry analysis of 

tumors from each treatment group 
are shown with corresponding allele 
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and deletions (indels) were measured using the tracking of indels by decomposition 

-targeted cells (data not shown), with 

expected, tumors derived from transplantation of 
organoids exhibited a limited response to olaparib compared with the control tumors 

mutations in the locus were strongly enriched in vehicle-treated tumors 

a further enrichment in frameshift mutations following olaparib treatment, and 

Notably, these results demonstrate that GEMM-derived mammary tumor organoids can 

in vivo characterization of 
targeted organoids can be readily performed as a result of the short latency period and 

Discussion

and 

and 
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basic mechanisms of DNA repair, as illustrated by a recent description of a previously 

derived from these resistant tumors may be useful for identifying and targeting new 

, 
organoid lines derived from drug-naive tumors provide a rapid and straightforward 

mutations in protein-coding cancer genes in tumors that show a mutational signature 

the limitations of these in vitro 
retain critical characteristics of the original tumors and combine the ease of genetic 

organoids especially suitable for genetic and pharmacologic screens in vivo

tumor displayed in vitro 

in vivo
drug resistance in vitro and highlights the need for additional studies to further improve 

in vitro and in vivo responses 
in vivo tumor microenvironment, 

in vivo 

drug resistance in vivo

Materials and Methods

A detailed step-by-step protocol, including the primary in vitro procedures with mouse 
mammary tumor organoids, is available through Protocol Exchange 
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Establishment and maintenance of mammary tumor organoid lines 

Fresh or cryopreserved mammary tumor pieces were minced and digested in Advanced 

The DNase solution was discarded after centrifugation as before and the pellet was 

Noggin-conditioned medium

 Passaging of organoids was performed either via mechanical disruption using a 

Mice, generation of mammary tumors and orthotopic transplantations 

All animal experiments were approved by the Animal Ethics Committee of The 
Netherlands Cancer Institute and performed in accordance with the Dutch Act on Animal 

, , 
, and 
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(length and width in millimeters), and tumor volume (in mm ) was calculated by using the 

 when the tumor 

 For the transplantation of organoid lines, organoids were used at a size 

Drugs and treatment of tumor-bearing mice

Treatment of mice transplanted with tumor pieces was initiated when tumors reached 

due to the accelerated growth 

In addition to sterile collection of multiple tumor pieces for grafting experiments (as 

Genomic DNA extraction from tumor and organoid samples was performed 

F, , F, , and alleles was performed as previously 
described F 

loxP
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Immunohistochemistry 

O

O

in volume, the 

Antibodies
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-transformed read counts from 

however, distances between samples were calculated using the original bin size of 

sample read counts were generated by counting aligned reads with a mapping 

ratios were determined by calculating the log  ratio of each samples counts compared 
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the samples were clustered by the log  ratios using unsupervised hierarchical clustering 

Cell viability assay

For cell viability assays, organoids were dissociated into single cells as described above, 

were performed at least in duplicate and data were analyzed with GraphPad Prism 

Organoid transduction 

gene, the oligos Fwd-
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envelope, were produced by transient co-transfection of four plasmids as previously 

experiment, the medium was refreshed twenty-four hours after infection and 
knockout experiments, 

(Fwd-

downstream of the 

Library representation analysis 

To ensure single integration events following lentiviral transduction, the lentiviral 

x, 
x x 

mm
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-
-

-
-

barcodes: CGTGAT, ACATCG, GCCTAA, TGGTCA, CACTGT, ATTGGC, GATCTG, TCAAGT, 
CTGATC, AAGCTA, GTAGCC, TACAAG, TTGACT, GGAACT, TGACAT, GGACGG, CTCTAC, 

Statistics 

in vitro cytotoxic assays), nonlinear regression model was 
applied and P 

t

n n 
donor: n n 

n 
n n 

n n n 
n n n 

n 

Life Sciences Reporting Summary 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 68PDF page: 68PDF page: 68PDF page: 68

Data availability

We wish to thank the members of the Preclinical Intervention Unit of the Mouse 
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(A)

(B) in vitro cultures of organoids derived 
(C) In vitro proliferation of tumor 

Supplementary Figures and Table
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tumors to PARPi treatment. (A-E) 
Mice orthotopically transplanted 
with olaparib-naïve or –resistant 

n n 
A, 

n B, 

tumors (n n 
other treatment groups) C

n D 

n 
vehicle, n E were 
treated with either vehicle A-E, olaparib 
A-D E

tumor volume (ratio of tumor volume 
to initial size at start of treatment) 
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in vitro  (A-B) In vitro 
A B

P values were determined 
(C) In vitro 

P values were determined as described 
for A-B
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(A)

(B-C) In vivo B n n 
n C n n n n 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 79PDF page: 79PDF page: 79PDF page: 79

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

 

mammary tumors to olaparib treatment

organoids modified in vitro 
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Addendum

in vivo. Hereto, 

We next used this versatile platform to evaluate two other known resistance factors 

the treatment duration has been prolonged to extend the evaluation window, this 

in vivo 

that resistant tumors were hallmarked by non-functional allelic variants (Addendum 
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 isogenic in vivo (A) Kaplan-Meier curves 

(B
(C) (D) Immunohistochemistry 
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Abstract

end joining (NHEJ) pathway that is essential for 

break (DSB) joining events during immunoglobulin 

rendered resistant to poly-ADP ribose polymerase 
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Cancer Chess:

Molecular Insights 

Into PARPi Resistance

Adapted from: 
Marco Barazas
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Introduction

employ a complex network of DNA repair pathways 

replication fork collapse, and as programmed intermediates of antigen receptor gene 
rearrangements during variable, diversity and joining (V(D)J) recombination and class-

essential DNA repair pathway owing to its utility in the repair of DSBs encountered 

 

the direct ligation of DSB ends, a mechanism utilized by developing and antigen-

also known to promote genomic rearrangements and translocations associated with 

cellular context, or genomic locus is therefore crucial for the maintenance of genome 

 

chromatin functions to inhibit nucleolytic DNA end resection, favouring DNA joining 

reaction in activated B cells that mediates the replacement of excised default 
IgM-encoding constant (C) gene segments of the Ig heavy locus (Igh), with 
downstream C

defects that manifest as a result of the aberrant hyper-resection of Igh DSBs 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 85PDF page: 85PDF page: 85PDF page: 85

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

de-protected telomeres: telomeric DNA ends exposed upon disruption of the telomere 

ends are hyper-resected in - and 

 

mice, germline -deletion suppresses the embryonic lethality and mammary 
tumourigenesis associated with homozygous  loss-of-function mutations, a 

 mutation-associated cancers: genetic 

tumour models of 

nucleosome core particles in vitro

of its OD, and this recruitment depends on interaction with the multifunctional 

NHEJ events in  mutant cancer cells: deletion of  or its transcriptional 
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in vitro and in vivo

Results
 

ODm) only negligibly 

ODm

ODm

ODm protein recapitulated 

 mutation did not interfere with OD-mediated oligomerization in vitro 
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(A) 

n = 
(B)

determined in stable cell lines as in A n = (C) As 
in A-B n =

(D) 
C n 

Data, representative of n = (E)

a single nucleus with n n =
(F)

n =
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 gene in 
ODm -depletion in these 

populations (without selection for stable  knockout clones) caused a near 
ODm p <

p =

 mutant protein complexes were immunoprecipitated 
from lysates prepared from irradiated and untreated stable cell lines and analyzed for 
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 mutation 

ODm

B cell development, and its deletion in the early B cell lineage using  leads to 
dramatic losses in circulating and mature splenic B cell populations (Supplementary 

 driver ( Tg) to delete  
in mature B lymphocytes in  mice, which supported the development of normal 

-deleted B splenocytes upon stimulation 

Tg 
CreTg

-mediated deletion 
of the Asciz

consistent with previous results in B cells from 
 and Asciz-deleted B cells could not be explained by 

the defective expression of Igh switch region germ-line transcripts (Supplementary 

 primary B splenocytes 
ODm, 

 mutant proteins, or as a negative control, the NHEJ-

of large  inserts in retroviral particles, all rescue constructs express a truncated 
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(A) In vitro  Tg and 
control Tg

(B) +) B cells as a 

Data, n = (C) In vitro
(D) C

represent mean, n =

c d
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 expression rescued class switching in  B cell cultures, while the repair-
-reconstitution 

 B cells complemented with a 
ODm

ODm

ODm 

t  =
ODm

t , was not 

data of three independent experiments (each comprising n

Consistent with t  measurements, the initial recovery rates of each protein reproduced 

ODm  mutant proteins, respectively, relative to WT 

in vitro
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its robust oligomerization as determined by a marked increase in higher molecular 

were mutated, and these reactions were characterised by an increased presence of 

-
-

 and Asciz genes 
 

whether mutation of  or Asciz

population and the surviving fraction was compared, before, and after, outgrowth in 

 and Asciz loci was 
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(A)
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(A) Schematic of 
(B)

n = (C)
(D)

n =
(E) Change in the percent of edited 

alleles in  n =
(F) n >

and sgASCIZ — olaparib was determined by Log-rank Mantel–Cox test (p = n >
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in Asciz

 or Asciz locus 

performed in 

sensitivity in vivo
Myc

  transplanted mouse cancer 
Asciz

growth was attenuated in Asciz

of olaparib treatments in selectively killing 

dependent transcriptional senescence programs and the corresponding cellular 

to restore the sensitivity of 

Discussion

chromatin-binding domains, enhancing productive chromatin interactions that enhance 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 96PDF page: 96PDF page: 96PDF page: 96

important for resection inhibition and NHEJ during V(D)J recombination, a loss of which 

recently reported in 

 (A) 
lines used in A  (B) n =
experiments represented in A (C) Indicated parental or stably complemented 
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results therefore suggest bivalent oligomerization modes are necessary to coordinate 

complexes, insights that will be relevant for understanding other macromolecular 

resistance factors in 

Materials and Methods

Cell lines and culture conditions

  cells which 

 derivative were both 

oligomerization
function is dependent upon bivalent 

for chromatin binding but results in 

modes of oligomerization eliminates 

sites and all associated repair functions 
(bottom, right)
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Primary B cells were isolated from red blood cell-lysed single-cell suspensions of 

Mouse models

Mice harbouring conditional  or Asciz
respectively) were intercrossed with 
to generate Tg  and Tg Asciz  experimental and Tg 

rounds of lentiviral transduction with viral supernatants generated using the same 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 99PDF page: 99PDF page: 99PDF page: 99

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

slides using ProLong®

Olaparib sensitivity assays

 cells were subjected to two rounds of lentiviral transduction 

 

O

collected and three replicates were plated in DMSO and three in olaparib for viability 

O
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 per well in a six-well plate in 

Protein extraction and western blotting

Class switch recombination

old 

randomization methods were not used to allocate animals to control and experimental 

 under ambient 
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g

 Three days after transduction, infected B cells were analysed for the percentage of 

Tg  and -CreTg Asciz  mice, experiments 

 To analyse the transcription of Igh
cells from -CreTg, -CreTg Asciz , or Tg  mice were cultured with 

to reverse transcription with oligo(dT) and random primers using the SuperScript® III 

 germline transcript 
were normalized to the  input control, and expressed as percentage 
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Immunoprecipitation

FRAP

processed in ImageJ with the Stackreg plugin to account for nuclear migration in 

nuclei and a section of background were selected and mean intensity values were 
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a b
c d =

ODm: a b
c d

: a b
c d

E. coli

In vivo tumourigenesis studies

All animal experiments were approved by the Animal Ethics Committee of The 
Netherlands Cancer Institute (Amsterdam, the Netherlands) and performed in 

into single cells, washed in PBS, resuspended in tumour organoid medium and mixed 
 cells 

 cells were transplanted in the fourth right mammary fat 
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Treatment of tumour bearing mice was initiated when tumours reached a size of 
n

treatment group (n
 when the tumour reached 

Data availability

Infrastructure Support and Victorian State Government Operational Infrastructure 
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Author contributions

In vivo
 and Asciz
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(ASCIZ) Is a bi-functional transcriptional activator and feedback sensor in the regulation of dynein light 
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(A)  

(B)  

(C)

(D)
 

Supplementary Figures
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(A) 
 tags were expressed in E. coli 

(B)

 (C) 

(D) 
(E) ODm
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(A) 

(B)

 (C) Western blot analysis of the cell lines utilized in D
(D)
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B cells (A) 
Tg, Tg , Tg, and Tg

(B) Lysates prepared from Tg  control and Tg 

(C)  recombination in mature Tg  
(D) Lysates prepared from Tg Asciz  control, Tg Asciz -deleted, and Tg -deleted 

(E) In vitro 
Tg Asciz Tg  and control Tg 

(F)
-CreTg -CreTg Asciz , or 

Tg  
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and ASCIZ 
olaparib treated tumour cells. (A)

(B) 

(C)

(D)

(E)  

(F) and TIDE analysis histograms of control C and ASCIZ-edited D
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expression sensitizes Asciz-edited cells to olaparib. (A) Whole cell 
extracts of control and Asciz

(B)
(C)

independent experiments, each 
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Abstract

regulates the repair of DNA double-strand 
breaks by suppressing the nucleolytic resection 

ends is currently unknown, but there are two 
models that provide the best potential explanation 

strengthens the nucleosomal barrier to end-

binds to single-stranded DNA via OB-fold domains 

of shieldin impairs non-homologous end-joining, 
leads to defective immunoglobulin class switching 

that encode shieldin subunits also cause resistance 
to poly(ADP-ribose) polymerase inhibition in 

we show that binding of single-stranded DNA by 

with a model in which shieldin protects DNA ends 
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Cancer Chess:

Molecular Insights 

Into PARPi Resistance

Adapted from: 
Marco Barazas, Stephen J Pettitt, et al. 

The Shieldin Complex Mediates 
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Main Text

repair by suppressing the nucleolytic resection of DNA termini 
 

 

strengthens the nucleosomal barrier to end-resection nucleases 

impairs non-homologous end-joining (NHEJ), leads to defective immunoglobulin class 

 
carrying a hemizygous 

 and ATMIN, which encode an 
 was a hit in 

 led to outgrowth 
of 

 and  led 
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Shieldin. (A) Venn diagram of 
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Schematic of the competitive 
(C) Competitive 

represents mean fraction of GFP 

(D)
resistance caused by mutation 
of 
transfected with indicated 

growth was normalized to a 

(shown is a representative plot 

(E)  Domain 
architecture  of  Shie ld in 

(F) Protein interaction 

arrows represent interactions 

affinity purifications from 

proteins were immunoblotted 
with the indicated antibodies (n 
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,  or  caused 

immunoprecipitation coupled to mass spectrometry (IP-MS) to expand the interaction 

 ,  and 

was highly enriched in genes encoding NHEJ factors by gene ontology enrichment 

, , , ,  and 

 or  caused sensitivity to the clastogen 

 or  led 
to olaparib resistance in  cells, with the  resulting in a phenotype 

independent clonal knockouts of 
 cells 

KO
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(A)
(B) Competitive growth assays 
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(E)
 and (F) Kaplan-Meier curve 
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 and 
targeting  and 

 mouse embryonic stem 

- and 
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 loss in 

- and 
-mutated tumours exhibited a partial response to olaparib, with mice succumbing 

 As expected of a complex with a direct role in DSB repair, Shieldin accumulates 

genetic epistasis between 
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that  and  were epistatic in terms of modulating talazoparib resistance in 

-edited cells having a reproducibly milder phenotype 
 was epistatic with both 

KO and  mutations, consistent with them acting in the same genetic 

 and  mutations impaired random 

et al
that 

in 

KO
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probe by electrophoretic mobility shift assays (EMSA), and competition with unlabeled 

 To explore whether ssDNA-binding is involved in Shieldin function, we generated 
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 cells when fused 

also has implications for the management of -mutated malignancies, as alterations 

Materials and Methods

Plasmids 

AgeI 
and BamHI (designated as LentiGuide-NLS-GFP or –mCherry), as described 

 

AscI and Not
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fragments and mutants, standard protocols for primer-directed mutagenesis or 

using KpnI and Asc
AscI and XhoI 

Cell lines and gene editing 

 

o

, cells were kept under 
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, ,  and  gene knockouts were 

,  and  were created 
by mutating  from the  
knockout cell lines of ,  and ,  or  were created by 
mutating ,  or  in the  

 

,  or  knockout populations of cells, 

(without doxycycline) and kept in batch culture or further split to generate single 

 clones with mutations were chosen for further 
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 To generate  clones A and 
 or a non-

 Mouse ES cells with a selectable conditional  deletion ( ) 

  mouse 
mammary tumor and cultured as described 

  mouse mammary tumor and cultured as described 

, and 
 and  or 

targeting 

Antibodies, siRNAs and drugs. 

An overview of all the antibodies used in this study, including dilution factors, can be 
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 The following drugs were used in the course of this study: olaparib (SelleckChem, 
Houston, TX, USA, or Astra Zeneca, Cambridge, UK), talazoparib (SelleckChem), cisplatin 

Olaparib resistance screens

 

 

 (later time points) 

 

positive score for each gene was calculated by using the ‘run’ function with the following 
arguments:
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Command used for read count generation:

Command used for MLE analysis:

restriction sites, including BsmI (GAATCG) and Bsm
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cloned into the pLCKO vector as previously described 

 

Two-color competitive growth assay

automatic InCell Analyzer (GE Healthcare Life Sciences, Marlborough, MA, USA) with a 

positive cells was performed using an Acapella script (PerkinElmer, Waltham, MA, 
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Mass spectrometry

Triple TOF (AB SCIEX, Framingham, MA, USA) coupled to an Eksigent NanoLC-Ultra 
HPLC system and a nano-electrospray ion source (Proxeon Biosystems, Thermo Fisher 

 Mass spectrometry data extraction and interaction scoring was performed 
essentially as described previously 
converted to mzXML and analyzed using the iProphet pipeline 
within ProHits 

reviewed Swiss-Prot entries only), to which common epitope tags were added as 
well as common contaminants (common contaminants are from the Max Planck 

 
scores were computed independently for each replicate against eight biological 

six virtual controls to increase robustness as described 
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output was deposited as a complete submission in ProteomeXchange through the 
partner MassIVE housed at the Center for Computational Mass Spectrometry at 

Immunoprecipitation

Clonogenic survival assays

, 
 or 
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survival was calculated for the drug treatments by setting the number of colonies in 

 For  cells, Cre-mediated inactivation of the endogenous 
mouse 

experiments with 

performed as described previously with minor adjustments 

Short term survival assays

 parental cells and additional mutants (  
) with or without stable integration of indicated eGFP-fusions by 

assayed using CellTiter-Glo according to the manufacturer’s protocol (Promega, 
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GFP-tagged Shieldin subunits to DSBs at the LacO array, FokI stabilization and nuclear 

Microirradiation

 cells were nucleofected with 
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HPO ), using 

Phospho-RPA immunoblotting

of ionizing radiation using a Faxitron X-ray cabinet, and were then collected by 

g

Mouse mammary tumour models

All animal experiments were approved by the Animal Ethics Committee of The Netherlands 
Cancer Institute (Amsterdam, the Netherlands) and performed in accordance with the 

transduced using spinoculation as described previously 
were purchased from Janvier Laboratories and used for transplantation studies at the 

organoids were allografted in mice as described previously with minor adjustments 

culture medium and Basement Membrane Extract (Trevigen) in a cell concentration of 
 cells were injected in the fourth right mammary fat 
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Class switch recombination assays

 cells were cultured 

Plasmid integration assay

of Bam Eco

DNA binding assays

Shieldin proteins were isolated using the immunoprecipitation protocol described 

Coomassie staining, followed by comparison to a standard curve of known bovine 
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-

-

KD) was determined in GraphPad Prism 

concentration of ssDNA probe, and subtracting this from the initial concentration of 

Statistical analysis

All data is represented as individual replicates and replicate number, mean and error 

Data availability statement

All source data represented in the graphs displayed in this article are available online 
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Author Contributions

 screen, validated 

 and 
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Nucleic Acids 

A high-throughput 
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Controlled gene expression in primary 

Supplementary Figures and Tables

response to genotoxic treatments. (A) (B) Competitive growth assays 

to obtain TIDE data for the ATMIN (C)
Methods

(D)
(E)

(F)  cells  Data is 

(H)
KO

 revertant 
subclone (
ANOVA was performed for each 

(I)  and  cells were virally 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 143PDF page: 143PDF page: 143PDF page: 143

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 144PDF page: 144PDF page: 144PDF page: 144

(A)
(B)

BRCA-KO  or 

in (C)
(D) Supplementary 
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data that mouse Shieldin promotes resistance 
to PARP inhibition in -mutated cells 
and tumours. (A) Clonogenic survival assays 

alone and untreated groups were stopped 

(B)

(

(C) Clonogenic 
survival assay of 
null mES-cells virally transduced with the 

Supplementary 

(D) Clonogenic 
survival assay of  mES-

Supplementary 
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that Shieldin localizes to DSB sites (A)

in (B)
(C)

,  and 

and reverse transcribed before being assayed by 

the amount of 

(D)

(E)

(F)
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(A)

 (left panel),  (middle 
panel) and  (right panel) cells after viral 

can be found in ) or empty vector 

for  and 

KO EV vs sg
EV vs sg
EV vs sg

Values for  EV vs sg
EV vs sg
vs sg
for : EV vs sg
sg
sg (B) Talazoparib 
sensitivity of WT or two independent 

targeting  (
(sgCTRL
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(A)
(B) (C)

(D)
(E-H)  and representative 

micrographs (F,H)
(E,F) or mCherry 

(I)
(J)

(K)
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 (A) Streptavidin pulldown analysis 

(B)

(C)

(D)

Figure legend continues on next page. 
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(A)

+ cells following stimulation after subtracting the baseline percentage of IgA+ cells 
(B-C)

be found in (D)

(E)

(F)

(E) 

(F)
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(A)  cells transduced 

(B)

(C)

D determination shown in (D)

to 
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(A)  cells complemented with the 

 untransduced 
cells, 

(B)
(C)

(D)

(E)
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cell lines additional genotype sgRNA used for editing mutation*

 TP53 (1.1) CAGAATGCAAGAAGCCCAGA 322delT

TP53  BRCA1 (3.6) AAGGGTAGCTGTTAGAAGGC 4277delTC

  53BP1 TCCAATCCTGAACAAACAGC

 BRCA1-KO (3.6) 53BP1 (3.3) TCCAATCCTGAACAAACAGC

  SHLD1 (3.12) TCTGACTGGCCTTTCACAGC complex (no WT 

  SHLD1 (6) TCTGACTGGCCTTTCACAGC

 BRCA1-KO (3.6) SHLD1 (5.18) TCTGACTGGCCTTTCACAGC 246insG

  SHLD2 (2.3) GCCTCGGAGGAAGATCTCTG

  SHLD2 (2.5) GCCTCGGAGGAAGATCTCTG 1706insA

  SHLD2 (2.7) GCCTCGGAGGAAGATCTCTG 1706insA

 BRCA1-KO (3.6) SHLD2 (2.6) GCCTCGGAGGAAGATCTCTG 1706insT

 BRCA1-KO (3.6) SHLD2 (2.9) GCCTCGGAGGAAGATCTCTG 1704delAG

 BRCA1-KO (3.6) REV7 GAGGTCTTGTCGTGTGAGCG (data not shown)
SUM149PT  SHLD1 (5-1-C1) ATAAGAGATTACGTCCTGC

  SHLD1 (5-1-C2) ATAAGAGATTACGTCCTGC 92insCAGCT

  SHLD1 (5-1-C3) ATAAGAGATTACGTCCTGC 92insCAGCT

  SHLD1 (5-1-C4) ATAAGAGATTACGTCCTGC 92insCAGCT

  SHLD1 (5-1-C5) ATAAGAGATTACGTCCTGC 92insCAGCT

  SHLD1 (5-2-C1) TGACTGGCCTTTCACAGCA 247insT

  SHLD1 (5-3-C2) GATGGCCTTCGGAAATCCC

  SHLD1 (5-3-C3) GATGGCCTTCGGAAATCCC

  SHLD1 (5-3-C5) GATGGCCTTCGGAAATCCC

  SHLD1 (5-5-C1) GGCCATTTGAAAACTGCGG 371del62

  SHLD1 (5-5-C4) GGCCATTTGAAAACTGCGG 371del62

CH12F3-2  53bp1 (A) TTCTAGCCCGCTATCTGATG (data not shown)

  53bp1 (1) CAGTTGGTGACCACTAACTC (data not shown)
  Shld1 (5) ACACACCGCGGGTAGATCCA 55insA

  Shld1 (8) ACACACCGCGGGTAGATCCA 57delT

  Shld1 (21) ACACACCGCGGGTAGATCCA 46del10
  Shld2 (1) AACCTGAGTGATATGACTAG

  Shld2 (2) ACGTTTTGACGACTTCTGTG

  Shld3 (1) AGTGAAGGAGCAGACCAATG

  Shld3 (2) GGAAGTTTGGACTCATCGTA

 Shld2-KO (2) Shld1 (6) ACACACCGCGGGTAGATCCA

 Shld2-KO (2) Shld1 (9) ACACACCGCGGGTAGATCCA

 Shld2-KO (2) 53BP1 (27) CAGTTGGTGACCACTAACTC (data not shown)

 Shld2-KO (2) 53BP1 (28) CAGTTGGTGACCACTAACTC (data not shown)
alleles are separated 
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cell lines additional 
genotype cells*

pooled sgRNA 

transfection

editing 

    

Cas9 TP53 BRCA1-KO (3.6) 53BP1

  BRCA1-KO (3.6) RNF8
  BRCA1-KO (3.6) C20orf196
  BRCA1-KO (3.6) C20orf196
  BRCA1-KO (3.6) SCAF1
  BRCA1-KO (3.6) SCAF1
  BRCA1-KO (3.6) ATMIN ND
  BRCA1-KO (3.6) ATMIN ND

    

Cas9 TP53  SHLD2

   SHLD2
   SHLD3
   SHLD3

assay     

Cas9 TP53 BRCA1-KO (3.6) 53BP1

  BRCA1-KO (3.6) SHLD3

Epistasis experiments     

Cas9 TP53 BRCA1-KO (3.6)

  BRCA1-KO (3.6)
  BRCA1-KO (3.6)
  BRCA1-KO (3.6)

  BRCA1-KO (3.6) ND shown))

  BRCA1-KO 53BP1-
KO (3.3) (mutation already present in KO clone)

  BRCA1-KO 53BP1-
KO (3.3)

  BRCA1-KO 53BP1-
KO (3.3)

  BRCA1-KO 53BP1-
KO (3.3)

  BRCA1-KO 53BP1-
KO (3.3) ND shown))

  BRCA1-KO SHLD2-
KO (2.9)

  BRCA1-KO SHLD2-
KO (2.9)

  BRCA1-KO SHLD2-
KO (2.9) (mutation already present in KO clone)

  BRCA1-KO SHLD2-
KO (2.9)

  BRCA1-KO SHLD2-
KO (2.9) ND shown))

mouse BRCA1 tumour 
model     

KB1P-G3  
   

 
Rosa26 ;

Brca1 ; p53-null 
mES cells

 

   

 
Rosa26 ;

Brca1 ; p53-null 
mES cells
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BAIT PREY BFDR
C20orf196 FAM35A 10,2 0
C20orf196 GTF2F2 0

P40937-2 4,33 0
45,67 0

MAD2L2 30,33 0
P35249 5,33 0

FAM35A 13 0
FAM35A B5ME19 EIF3CL 10,67 0
FAM35A 0,01
FAM35A MAD2L2 5,67 0
FAM35A FAM50A 5,33 0,01
FAM35A C20orf196 3 0,02
MAD2L2 4,17 0
MAD2L2 P11717 3 0,01
MAD2L2 SLC3A2 14,17 0
MAD2L2 DCAKD 0
MAD2L2 DNAJA3 0
MAD2L2 SLC27A2 5 0
MAD2L2 CHAMP1 0
MAD2L2 O75306-2 NDUFS2 0
MAD2L2 LEMD3 6,33 0
MAD2L2 SCO2 6,67 0
MAD2L2 P40616-2 7,33 0,02
MAD2L2 POGZ 5,33 0
MAD2L2 YME1L1 10,17 0
MAD2L2 P53007 SLC25A1 3 0,01
MAD2L2 O00217 4,33 0
MAD2L2 3,5 0,01
MAD2L2 O14735-3 CDIPT 0
MAD2L2 O00264 19,33 0
MAD2L2 MLLT11 11,67 0
MAD2L2 WBP2 5,17 0
MAD2L2 NDUFAF4 0
MAD2L2 DNMBP 33 0
MAD2L2 NCSTN 2,67 0,01
MAD2L2 3,17 0
MAD2L2 TMEM9 0,01
MAD2L2 BIN3 0
MAD2L2 FAM35A 14,67 0
MAD2L2 7,33 0
MAD2L2 0
MAD2L2 MAIP1 5,17 0
MAD2L2 4,5 0
MAD2L2 SYDE1 4,67 0
MAD2L2 ALDH3A2 11 0
MAD2L2 COASY 17,33 0
MAD2L2 OTUD5 15 0
MAD2L2 GTF2I 0
MAD2L2 P10321 HLA-C 4,67 0
MAD2L2 O95573 ACSL3 7,67 0,02
MAD2L2 AFG3L2 15,33 0
MAD2L2 NPTN 7 0
MAD2L2 3,33 0,01
MAD2L2 PTGES2 4,5 0
MAD2L2 3 0,01
MAD2L2 3,5 0,01
MAD2L2 SPINT2 4 0
MAD2L2 4 0
MAD2L2 PON2 2,33 0,02
MAD2L2 C20orf196 2,67 0,02
MAD2L2 ESYT2 2,5 0,02
MAD2L2 3,5 0

C20orf196 2 0,17
C20orf196 MAD2L2 0,41
C20orf196 0,2 0,93
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Usage

targeting gene RPE1 cells SUM149PT cells

LacZ control CCCGAATCTCTATCGTGCGG

TP53 CAGAATGCAAGAAGCCCAGA

BRCA1 AAGGGTAGCTGTTAGAAGGC

53BP1 TCCAATCCTGAACAAACAGC

53BP1 CACCGACCTTCTCAATAAAGTTGAT

53BP1 TCTAGTGTGTTAGATCAGG

53BP1 GACTGCTAGGAACGATAAA

53BP1 GCACAAGAACTTATGGAAAG (Supplementary Figure S5B))

C20orf196 TCTGACTGGCCTTTCACAGC

C20orf196 ATCTATCCAGGGATTTCCGA

C20orf196 ATAAGAGATTACGTCCTGC

C20orf196 TGACTGGCCTTTCACAGCA

C20orf196 GATGGCCTTCGGAAATCCC

C20orf196 ATTTCATAGAATCTATCCA

C20orf196 GGCCATTTGAAAACTGCGG

FAM35A CAAGGTCTGAAGCAGCAGTT

FAM35A GCCTCGGAGGAAGATCTCTG

CTC534A2.2 TGTGAGAGTGATCCCACACA

CTC534A2.2 AACCTGGTCACACACACTGA

RNF8 AAGGGGTCCTGTGGAGCGGA

RNF8 CCCAGAGTCTAAATGGTGTT

SCAF1 CCACGGACAGCTTCCTCGCA

SCAF1 CAACCTGGCGAGCCGAGCGA

REV7 GAGGTCTTGTCGTGTGAGCG 

REV7 GTGCGCGAGGTCTACCCCGT

PTIP GGAGGTCAAGTATTACGCGG

PTIP GTGTGAGGCTAGTGCATTGT

ATMIN GATGTTGGTCCGCACGGCCC

ATMIN GGATGTTGGTCCGCACGGCC

PARP1 GACCCGAGCATTCCTCGCA

PARP1 GCTAGGCATGATTGACCGC

CAACAGTCGCATCGCCAAGA (Supplementary Figure S)

Nontargeting AAAACACGATGACGTCTCT

Usage 

targeting gene mES

Trp53bp1 CAGTTGGTGACCACTAACTC

Trp53bp1 TTCTAGCCCGCTATCTGATG

Shld1 GATCAGTAGTCGAAGAAGAA

Shld1 ACACACCGCGGGTAGATCCA

Shld1 GGCCCCGGTGCCACCGGCCC

Shld2 ATCAGTCAGATCCCTGCGTT

Shld2 ACGTTTTGACGACTTCTGTG

Shld2 AACCTGAGTGATATGACTAG

Shld3 GACTCATCGTATGGAAACCA

Shld3 GGAAGTTTGGACTCATCGTA

Shld3 AGTGAAGGAGCAGACCAATG

TGATTGGGGGTCGTTCGCCA
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targeting 
gene

genomic 
locus

BRCA1 TCTCAAAGTATTTCATTTTCTTGGTGCC TGAGCAAGGATCATAAAATGTTGG

53BP1 CCAGCACCAACAAGAGC GGATGCCTGGTACTGTTTGG

53BP1 CCTTTTATCCTTGGGATGAGGCA CTGAAAGCCAGGTTCTAGAGGATGA

C20orf196 GGCTAAGAATCCTTGGTCCACA GGCTCTCCTGGCCTCTTAGTT

C20orf196 ACAAAATAACTCCTGGACCGC CCTGGGTTTGGCTTTTCATCA

C20orf196 to 5 AGGATCCTGCTATGTGGTGC ATCACACACCCGTATTGCTG

FAM35A CCAGAATCTATTGGTTCTCCAGA GAGTTTATGTGAATGCGGCT

FAM35A GGAACCAATTGGCTGTTACA CCATAATACAAGCGCATAATGT

CTC534A2.2 CATTGTCCTCAATTTAAGTTTGCCTC GTGTTCTATTGTCCATCTTGCTC TTCCTTTTCTCCCTGCCTGTTG

RNF8 TGAGAAGAGGTTCCAGTCTGG ACAGACACTTCGCTCCTCTTC

RNF8 AGCAGCAGGAGAGAGATTCC CCCTGAAGACCACTCTTGC

RNF168 GGACAAAATCTTGCCCTTGAC GAGCAGCCAGGCTCCTCC

SCAF1 GGAGAGTCTGGGGGCCTGATC GATCACCGCTACCATCACTACC

SCAF1 CACTCCTGCCACTGTCTCATC CTTTCTGTGGCTGAGGATCTG GGTATGGGCTGTTCTCTCATT

REV7 TGTCACCCAGGCTGGAATGC GGGAACTGGGGAAGGACCT

PTIP TTGTAATCCCAGCTACTCAGG CATCTGTCTTGAGGACAGACC

PTIP TAGGGGCCGAGGTACAGAGC GAGCGGACCCCGATTCGC

ATMIN ACGACAGGAGCCGCCGCC TTCGAGAGCCGCCTCCGGCC

targeting gene genomic locus

C20orf196 ATTTGTCATTATGTCTGGCTCC TTGGCCAATTCAAACTGTGC

C20orf196 ATTTGTCATTATGTCTGGCTCC TTGGCCAATTCAAACTGTGC

Trp53bp1 e6 GCTACCACACCCAGTCTGAT CAGCACTCACAACAATGGCT

Fam35a TCTGCTCAGGTGGATGAGGA CCTGTTGGTTCTGCCTCCAT

Fam35a e4 ATATGTGGTAGTGTGGGCCG ACCGTGTGTCAGAGAAGCTC

Shld3 e2 AGCTCTGAAGAATTCAGCTAAGAAA TCCATATTCATTTCATTCAGAATTC

HPRT CCCAGCGTCGTGATTAGC GGAATAAACACTTTTTCCAAAT

CTCTGGCCCTGCTTATTGTTG CTGACTCTGGGTGGCAGAAG

CCTGGCTGTTCCCCTATGAA GAGCTGGTGGGAGTGTCAGTG
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Primary antibodies Company WB dilution IF dilution

 1:150

 1:2,000

1:1,000 1:500

Santa Cruz, sc-22760  1:5,000

M anti 53BP1 1:1,000-3,000  

Santa Cruz, sc-55979 1:1,000 1:200

Bethyl A300-569A 1:7,500  

 1:5,000

homemade 1:1,000  

Bethyl, A300-245A 1:1,000  

Bethyl, A300-274A 1:2,000  

M anti Tubulin Calbiochem, CP06 1:2,000  

M anti Tubulin Sigma, T6199 1:5,000  

1:2,000  

1:1,000  

G anti GFP Homemade by Pelletier lab, Lunenfeld- 1:5,000  

Abcam, ab290 1:1,000-5,000 1:2,000

M anti GFP  1:2,000

M anti V5 1:1,000  

M anti HA 1:1,000  

G anti mouse IgA-PE  FACS: 1:100-150

M anti-AID 1:1,000  

Sigma 1:2,000  

Secondary antibodies Company WB dilution IF dilution

DakoCytomation, P0260 1:5,000  

1:5,000  
Jackson Laboratories, 1:5,000  

 

 

Invitrogen, A-11029  1:1,000

Invitrogen, A-11034  1:1,000

Invitrogen, A-11055  1:1,000

AlexaFluor-555 Goat anti Mouse Invitrogen, A-21424  1:1,000

Invitrogen, A-21429  1:1,000

AlexaFluor-647 Goat anti Mouse Invitrogen, A-21236  1:1,000

Invitrogen, A-21245  1:1,000

2 Fragment 
goat anti-rabbit Invitrogen, A-21069  1:1,000
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Abstract

Sby inhibitors of poly(ADP-ribose) polymerase 

interaction is counteracted by the restoration of 

additional factors involved in this process, we 

in vitro and in vivo

end resection and that the CST complex may act 

that, in addition to its role in protecting telomeres, 
the CST complex also contributes to protecting 
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161Chapter 2

Cancer Chess:

Molecular Insights 

Into PARPi Resistance

Adapted from: 
Marco Barazas

The CST Complex Mediates End 

Protection at Double-Strand Breaks 
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Introduction

BRCA

ovarian cancer because recent clinical studies indicate that a subset of prostate cancers 

 Despite this success, long-lasting clinical response rates in patients with advanced 
disease are limited by the development of resistance, the mechanisms of which have not 

;

intragenic 

antagonists partially restores end resection of DNA double-strand breaks (DSBs), none 

chromosomal termini, cells have evolved several mechanisms to protect telomeres 

single-stranded DNA (ssDNA) overhang is crucial in telomere maintenance because it is 
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 Besides the mechanisms that have evolved to protect telomeric overhangs from 

it was demonstrated that the binding of the CST complex to ssDNA is not particularly 

in , or its CST complex members  or , suppress the synthetic lethal interaction 

resistance in vivo

data demonstrate that the CST complex plays a more global role in DNA repair beyond 

Results

targeting  were deliberately removed from the library to avoid the possibility 
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upstream regulatory factor 

 mouse embryonic stem cells (mESCs) infected with a genome-wide 

 and  scored among the 

targeting 

 scored among the top enriched genes and 

 The results from these three independent screens were collated to identify 

 was 

 (also known 
as 

 was a top hit in all 
three independent screens in both mouse and human cells, we prioritized this gene for 

and PARP Inhibition

putative oligonucleotide-binding (OB) fold domain of 
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-targeted cells showed resistance to 

 (A) 
(B) 

(C)  mouse embryonic stem cells (mESCs) were screened with a genome-wide library in two independent 

(D) A derivative of the  mutant 

Z scores were log-transformed and plotted based on the positive 
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(A) Schematic overview of the 
(B–D) 

(E) The indicated 

(F)

way ANOVA with Dunnett’s multiple comparisons test (**** 

(H-I)

 (H)

from each condition using TIDE software (I) (J)
targeting  and (E) (F) and 
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 We next investigated whether 

was performed in which the evolution of polyclonal populations was monitored by 

-targeted cells 
 frameshift mutations 

compared with untreated populations, which were kept in culture for the same 

we genetically inactivated the other two CST complex members  and , 
and treated these cells with olaparib under the same conditions as used 
for  or 

 These data were corroborated in 
assisted inactivation of  increased survival upon olaparib treatment, which was 

Furthermore, we targeted the CST complex members in  mESCs, 
Sco allele that can be inactivated by 

 mESCs, clonal outgrowth was observed for cells depleted of 
Sco allele 

outgrowth was due to a non-recombined Sco
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During the repair of DSBs, a critical decision is made between initiating repair via NHEJ 

 DSB end resection produces ssDNA overhangs, which are protected from 

in 

Cells. , , and  were targeted in 
and selection, the 

 (B)  alleles from surviving populations 
Sco (Sco) and recombined  (DelSco  (C) -mutant 

*

** ****
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(A-B)
 (A)

 (B) Am) point 

**  
 (C)

th to 
th

**** 
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 mESC cells carrying a stably integrated 

and I-Sce

conditional SCo

 mouse 
 mutant 

in 
situ

with NHEJ being inhibited by long ssDNA overhangs, it was previously shown that 
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and subcloned to obtain 
clones showed heterozygous  allele disruption, and no homozygous knockouts 

 knockout clones were 

Interestingly, heterozygous knockout of 

(A–C)
(A)

(B)
(C) 

* **p 
(D-E) Heterozygous inactivation of (D) FACS 

(E)
by unpaired Student’s t test (** 
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Last, we explored the in vivo

of 

an in vivo

ex vivo and 
-

As expected, the 

 and 

in vivo
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Discussion

highlight the CST complex as a pathway for tumor cells to escape the synthetic lethal 

of these factors have been shown to contain direct DNA binding capacity and do not 

the CST complex is another trimeric complex that contains direct DNA binding capacity 

In Vivo. (A)

 (B) ex vivo manipulation of tumor 
 (C-D)

 (E)

**
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mutually exclusive with this model, it is conceivable that these complexes might 
contain specialized functions dependent on the ssDNA substrate since the CST complex 
has been reported to preferentially bind to and promote melting of G-rich regions and 

step in the regulation of DSB end stability (for instance, through steric hindrance) or 

only by shielding the ends of DSBs from end-processing activities but also by directly 

we expect that these alterations provide therapeutic vulnerabilities because we recently 

Materials and Methods

line was previously established from a 

was previously established from a  mouse mammary tumor and cultured as 
in vitro culture details and gene editing details are 

Plasmids

Plasmids and cloning methods are provided in the Supplementary Materials and 
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PARPis

CRISPR Library Screens

Alpha Track Assay

Focus Formation Experiments

Assessment of Telomere NHEJ

;
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CSR Assay

in vivo, we used 

In Vivo Studies

All animal experiments were approved by the Animal Ethics Committee of the 
Netherlands Cancer Institute (Amsterdam, the Netherlands) and performed in 

post 
hoc
and post hoc

parametric test and post hoc

* ** *** ****
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Contact for Reagent and Resource Sharing

Data and Software Availability

We wish to thank Piet Borst for critical reading of the manuscript, the members of 
the Preclinical Intervention Unit of the Mouse Clinic for Cancer and Aging (MCCA) at 
the Netherlands Cancer Institute (NKI) for their technical support with the animal 

Author Contributions

Conceptualization Methodology
Software and Formal Analysis Investigation

Resources, Writing
Supervision Funding 
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Mechanisms of Therapy 

High sensitivity of 
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Identifying drug-gene interactions 

Induction of linear tracks of 

A high-throughput 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 180PDF page: 180PDF page: 180PDF page: 180

The shieldin complex 

an unusual stoichiometry, makes multipartite interaction with G-Tails, and unfolds higher-order G-tail 

Supplementary Materials and Methods

Cell culture

o

with a selectable conditional deletion (  and ;

, 
 

o oC to induce telomere 

o
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Transfection-based genome editing

Lentiviral transduction-based genome editing

 mES cells were 

Plasmids

backbone using custom DNA oligos (IDT) which were melted, annealed and 
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CRISPR library screens

and the NCBI search (terms: “DNA repair”, “DNA damage response”, “DNA 
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million (pptm) reads and fold change between starting and resistant population was 

Clonogenic survival assay

, and were targeted in  mouse embryonic stem (mES) 

mouse SCo 

;
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Competition assays

Alpha track assay
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Am point- source by moving the 

Foci formation experiments

st

nd
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Assessment of telomere NHEJ

;

o

o

or 

CSR assay
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in vivo, we 

mean of M-value (TMM) normalization was performed to obtain normalized expression 
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were subtracted to those of matched naïve tumors for downstream analysis which 
 

In vivo studies

o

single cells, washed in PBS, resuspended in tumor organoid medium and mixed in a 
 cells 

 cells were transplanted in the fourth right mammary fat 

, at which 

 when the tumor reached a volume 
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Supplementary Figures and Tables
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Abstract

The defect in homologous recombination 

be therapeutically exploited by treatment with 
DNA-damaging agents and poly (ADP-ribose) 

are initially hypersensitive to the inhibition of 

by the loss of end-resection antagonists of the 

in vitro and in 
vivo

the relevance of this pathway for the repair of 
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Into PARPi Resistance

Adapted from: 
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Introduction

Most of the currently used anticancer therapies include applications that target the 

irreversible deletions in 
in vitro and in vivo

Results

the 

This enabled 
us to deliver focused radiotherapy to the tumor, while sparing normal tissue and to 
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Compared with treatment-naïve 

mediated DNA repair in response to radiothe istance to radiotherapy 

tumor eradication was measured, followed by treatment reinitiation when tumors 

respondi

rparts 

cross-resistant to olaparib and topotecan, which is indicative of enhanced DNA damage 

P

 

P = 

 was knocked 

, 
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FIGURE
S2. (A)
spontaneous KP or KB1P tumor model were allografted in syngeneic FVB mice and treated with fractionated radiotherapy 
when tumors reached 500 mm3

(B) 

t (C) Example 

FVB mice and treated with fractionated radiotherapy when tumors reached 500 mm3

calculated by unpaired two tailed Students t (D)
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 or , two downstream 

 versus cells in 
S–G

directly after FACS to study clonogenic survival in response to radiotherapy treatment as 

and sg

 and  (



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 202PDF page: 202PDF page: 202PDF page: 202

comprised cells enriched for disrupted alleles compared with untreated populations 
(
fractionated radiotherapy was markedly reduced compared with untreated populations, 

 
S4. (A)

(B) Schematic overview of the FUCCI experiment 

(C) The radiotherapy response of sorted KB1P-G3 parental, sgTrp53bp1
A. Data represent 

three independent experiments and were plotted as in A. Statistics were calculated as in A.
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to radiotherapy in vivo

is exploitable in vivo

a 

tumor volume was evaluated at the end of treatment (
NT tumors could be contained (

enhanced the response, resulting in markedly reduced tumor volume at the end 
of treatment (P t
times the original treatment volume (P

sg in vitro 

FIGURE  (A) Schematic overview of the competition 

(B)
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Discussion

DNA-damaging agents might be reconciled by the context in which DNA damage 

the DNA, which ultimately results in replication fork collapse and the formation of 

(A) Schematic overview 
(B) KB1PM7-N sgNT and KB1PM7-N sgTrp53bp1–targeted tumor pieces 

reached 50–100mm3

t
data are presented in a Waterfall plot as relative change in tumor volume after treatment compared with treatment 

(C) Kaplan–Meier curve showing that sgTrp53bp1-targeted KB1PM7-N tumors have a prolonged time to relapse 

(D) IHC for 53BP1 on KB1PM7-N sgNT and sgTrp53bp1-

was calculated by Mann–Whitney U



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 205PDF page: 205PDF page: 205PDF page: 205

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

in vitro and in vivo to 
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Materials and Methods

In vivo studies

All animal experiments were approved by the Animal Ethics Committee of The Netherlands 
Cancer Institute (Amsterdam, the Netherlands) and performed in accordance with the 

tumor pieces derived from the  (KP) and 

) were irradiated daily 

reinitiated when the tumor relapsed to the starting volume, and this was repeated until 

 

mm

in isogenic -knockout or control tumors (sgNT), previously generated and 

 cells were 
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Tumor analysis

Cell culture

a 

were established from a matched olaparib-resistant tumor due to an inactivating 
duplication event in 

for Mycoplasma contamination was performed on a regular basis using the MycoAlert 
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the manufacturer’s protocol (Bioline) and cDNA was generated using the cDNA Kit 

’ ’, reverse, 
’ ’

’ ’ ’ ’

Western blot analysis

concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 

-tubulin 

(topotecan and doxorubicin), and the alkylating agent cisplatin were performed as 
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tumor-derived cell lines were performed as described above, but cells from all conditions 

dose using the 

(PE) were calculated by dividing the number of colonies after treatment with the amount 

cell line by dividing the PE after radiotherapy treatment to the PE of untreated cells and 
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tailed Student t
test, log-rank (Mantel–Cox) test, one-way ANOVA with Dunnett multiple comparison 
test, Mann–Whitney U
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Supplementary Figures & Table
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(A) Schematic overview of the inactivating duplication event in in 

(B) 

(C) 

(D) 

 | 

Blinded observer 1 Blinded observer 2 Average
Treatment Genotype

1563673 Untreated sgTrp53bp1 25 30
1563697 Untreated sgTrp53bp1 25 20

Untreated sgTrp53bp1 15 20
Untreated sgTrp53bp1 20 30 25

1563695 Untreated sgTrp53bp1 25 20
1563665 Untreated sgTrp53bp1 30 30 30

Untreated sgTrp53bp1 35 50
1563667 Untreated sgTrp53bp1 10 10 10
1563709 Untreated sgNT 75 90

Untreated sgNT 70 75
1563677 Untreated sgNT 75 90
1563705 Untreated sgNT 75
1563706 Untreated sgNT 70 30 50

Untreated sgNT 70 30 50
1563710 Untreated sgNT 90
1563712 Untreated sgNT 75 90
1563674 sgTrp53bp1 45 70

sgNT 75 70
1563669 sgTrp53bp1 45 60
1563696 sgTrp53bp1 45 70
1563666 sgTrp53bp1 75

sgNT 100 90
sgNT 75

1563711 sgNT 90
1563672 sgTrp53bp1 45 50
1563671 sgTrp53bp1 65 50
1563670 sgTrp53bp1 90
1563675 sgNT 90
1563676 sgNT 55
1563679 sgNT 50 65

sgNT 100 90
1563699 sgTrp53bp1 55
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“Logic will get you from A to B, 
imagination will take you everywhere“ 
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Chapter 8

General Discussion and 
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addition to direct targeting of cancer cell proliferation and survival, tumors may also 

interaction is an interaction between two genes in which inactivation of either of the 

canonical non-homologous end joining (c-NHEJ), driving radial chromosome formation 

encouraging clinical responses initially, the majority of patients are eventually faced with 

This unsatisfactory outcome drives the interest to map molecular mechanisms that 

to possess direct DNA binding properties, it has remained elusive how end protection 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 223PDF page: 223PDF page: 223PDF page: 223

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

and CST, provides valuable mechanistic insights: active recruitment of ssDNA binding 
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become increasingly dependent on alternative end joining (a-EJ) pathways such as 
alternative non-homologous end joining (a-NHEJ) and polymerase-theta mediated 

pathway factors is relatively mild compared to core c-NHEJ factors, suggesting that 

pathway acts as a positive regulator of c-NHEJ in a subset rather than in all DSB contexts, 

 It has been shown that when DSB ends are directly compatible for end joining, 

changes in the chromatin environment and enhancement of DSB end mobility may 
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lesions might be subjected to endonucleolytic rather than exonucleolytic resection by 

 

to depend on its conformation and on the OB-fold domains that make contact with 
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properties of SHLD-CST binding to ssDNA may be consistent with a proposed role of 

characteristics of the overhangs that engage SHLD and CST, which may help understand 
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It is noteworthy that while SHLD and CST could be expected to act redundantly in 

analogy between end protection at telomeres by shelterin and at DSB ends by shieldin 

distances – initiation of long-range end resection might be a reversible process and 

in vivo, however, is challenging 

lagging-strand replication further complicates experiments directed at demonstrating 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 228PDF page: 228PDF page: 228PDF page: 228

homology at or near the break end, by using these overhangs as a template for DNA 

with microhomology and templated insertions, making TMEJ an intrinsically mutagenic 

are each exclusively involved in the repair of a subset of DSBs, while acting redundantly 
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 Interestingly, TMEJ has also been shown to be essential for the survival of cells 

characterized by genetic scars that are typical for TMEJ activity provides a solid case 

 Together, these studies hint towards a potential competition between TMEJ, 

in vivo
were generated in the same experiment and therefore resemble a direct isogenic 

technical explanation cannot be excluded, it is peculiar that the time before resistant 
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besides its role in DSB end protection, PTIP has been shown to regulate replication fork 

in vivo than depletion of the downstream factors of 

in vivo

in vitro
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a hypothetical model for template switching to continue replication upon collision of a replication fork with a 
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Unfortunately, the authors have not attempted to unify their model with existing data on 

possibility that ssDNA gaps induce fork collapse in the next round of replication has not 

study is also subject to certain limitations, as the experiments were performed under high 
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 The previous section illustrates the poor understanding of the cellular response 

of ssDNA on the damaged strand could trigger fork reversal to stabilize the replication 

Checking in on PARPi

mechanism and remains the only clinically validated mechanism to date (reviewed in 

the mechanisms described in this thesis, although the existence of disruptive mutations 

this was found to be a prominent resistance mechanism in mouse models, clinical 
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next step will be to capitalize on this knowledge by identifying new treatment options 

From bench to bedside

Since resistance mechanisms evolve to provide a survival advantage in the presence of 

in vivo

each known mechanism of resistance in order to provide actionable solutions to combat 
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saturating, screens to pinpoint the genetic contexts that rescue the synthetic lethal 

domains could be expected to carry a lower potential for functional restoration by 
secondary mutations, since large in-frame deletions would render the protein non-



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 236PDF page: 236PDF page: 236PDF page: 236

events that cause synthetic viability may also depend on the expression of such 

be considered if we are to fully understand the genetic network that determines 

normally functions as an antiviral defense mechanism by activating the immune 

pathway is also triggered by cytoplasmic dsDNA arising from faulty mitosis, which may 

context by unleashing cytotoxic T-cells to boost immune cell activity against tumor 

that the immune system may eradicate genomically unstable tumor cells also predicts 
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in vitro but maintained resistance 
in vivo

in vitro and in vivo culture systems 

does not recapitulate its resistance in vitro, but that the naïve organoid model does not 
recapitulate its sensitivity in vitro in vivo
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an unusual stoichiometry, makes multipartite interaction with G-Tails, and unfolds higher-order G-tail 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 241PDF page: 241PDF page: 241PDF page: 241

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 242PDF page: 242PDF page: 242PDF page: 242

“The greatest enemy of knowledge 
is not ignorance, it is the illusion of 

knowledge”

(Stephen Hawking)
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Summary

 mutation carriers 

synthetic lethal interaction has achieved durable responses in a subset of patients, 

end joining (NHEJ) at the expense of an increased risk to generate toxic genomic DNA 

explained in more detail in the introductory  and forms the basis for the rest 

In  the major technological advancements that have been made in GEMMs 

insights in cancer development that have been obtained from such model systems, and 

The evolutionary process contained in GEMM tumors faithfully recapitulates the 

However, the practical use of GEMMs has been hampered by the low success rates to 
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generate in vitro 
to establish in vivo

the 

described in ex vivo 
and re-transplanted orthotopically without compromising the tumor forming potential, 

chapters, including for the in vivo validation of ASCIZ (

has previously been described to regulate telomere length by counteracting resection 

validation of this hit is the focus of 
in vitro and in vivo

Moreover, CST promoted NHEJ activity on dysfunctional telomeres and facilitated NHEJ 

 and  delineate 

 In 
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in vitro and in vivo 
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 of  gen een aanzienlijke 

van deze interactie wordt geïllustreerd door de fractie van tumoren die een langdurige 

om deze DSBs te repareren is via het foutloze DSB-reparatiemechanisme homologe 

nauwkeurig aan elkaar te koppelen door gebruik te maken van homologie tussen het 

Wanneer dit incorrect gebeurt, bijvoorbeeld door twee niet aan elkaar horende uiteinden 
te koppelen, kunnen er toxische herschikkingen ontstaan in het DNA die uiteindelijk tot 

uitgelegd in het introducerende  en vormt de basis voor de rest van dit 
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zou uiteindelijk tot een rationele aanpak kunnen leiden om resistente tumoren te 

 geeft een overzicht van de technologische vooruitgang die is geboekt in 

die door middel van GEMMs zijn verkregen, onder andere met betrekking tot het 
ontstaan van kanker, alsmede hoe deze kankermodellen worden gebruikt om de 

de evolutionaire component die GEMMs bevatten cruciaal aangezien dit het ontstaan 

bestuderen van de invloed van individuele genen op therapierespons wordt bemoeilijkt 
door het lage slagingspercentage om in vitro cellijnen te creëren uit GEMM-tumoren, en 

in vivo

passen op borstkankercellen uit het 

beschreven in 

hoofdstukken, waaronder voor de in vivo validatie van de rol van ASCIZ (

interessante factoren opgeleverd, waardoor nieuwe inzichten zijn verkregen in de 
 beschrijft een nieuw 
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resectie van telomeren tegen door POLA te rekruteren en vervolgens een DNA-synthese 

in vitro en in vivo
NHEJ op disfunctionele telomeren en faciliteerde het door NHEJ-gedreven klasse-switch 

 In  wordt de kennis over resistentiemechanismen benut om naar 

dusdanig dat in vitro en in vivo modellen aantoonden dat in gemengde populaties de 

en DSB-eind-regulatie in 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 250PDF page: 250PDF page: 250PDF page: 250

Addendum 

List of Publications

Tannous BA, Kerami M, Van der Stoop PM, Kwiatkowski N, Wang J, Zhou W, Kessler 
AF, Lewandrowski G, Hiddingh L, Sol N, Lagerweij T, Wedekind L, Niers JM, Barazas M, 

glioblastoma sensitivity to antimitotic drugs.’

E, Warmerdam D, Barazas M, Jaspers JE, Watanabe K, Pieterse M, Kersbergen A, 

inhibition.’ 

Annunziato S, Barazas M
Development, Therapy Response, and Resistance in Mouse Models of Breast Cancer.‘ 

Teng J, Hejazi S, Hiddingh L, Carvalho L, de Gooijer MC, Wakimoto H, Barazas M, 
Tannous M, Chi AS, Noske DP, Wesseling P, Wurdinger T, Batchelor TT, Tannous 

‘Recycling drug screen repurposes hydroxyurea as a sensitizer of glioblastomas to 
temozolomide targeting de novo DNA synthesis, irrespective of molecular subtype.‘ 

Duarte AA, Gogola E, Sachs N, Barazas M

‘  

Barazas M*
‘The 

inhibitor sensitivity.’ 



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 251PDF page: 251PDF page: 251PDF page: 251

Cancer Chess: Molecular Insights into PARP Inhibitor Resistance

&

Guerrero Llobet S, Vis DJ, Annunziato S, van den Broek B, Barazas M, Kersbergen 
A, van de Ven M, Tarsounas M, Ogilvie DJ, van Vugt M, Wessels LFA, Bartkova J, 
Gromova I, Andújar-Sánchez M, Bartek J, Lopes M, van Attikum H, Borst P, Jonkers 

Inhibitor-Mediated Synthetic Lethality.’ 

Noordermeer SM*, Adam S*, Setiaputra D*, Barazas M, Pettitt SJ, Ling AK, Olivieri 

‘The shieldin complex 
 

Barazas M

‘The CST Complex Mediates 
End Protection at Double-Strand Breaks and Promotes PARP Inhibitor Sensitivity in 

 

Barazas M



568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas568795-L-sub01-bw-Barazas
Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021Processed on: 9-11-2021 PDF page: 252PDF page: 252PDF page: 252PDF page: 252

Addendum 

in several courses organized by the Molecular Biology and Animal Experimentation 

repair gene 
Antoni van Leeuwenhoek Hospital (NKI-AVL), which was concluded by a Bachelor thesis 

Wet op de Dierproeven

Center Amsterdam (CCA), where he worked on the establishment of a mouse model for 

molecular biology with cancer therapy using high-throughput screening technology in 

interest in combining molecular biology to improve cancer therapy this time with a 
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