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Summary
A very toxic type of DNA lesion that needs to be repaired to maintain genomic integrity and
cellular viability, is the DNA double-stranded break (DSB). Homologous recombination (HR) is
a tightly regulated pathway that can faithfully repair DSBs in S- or G2-phase of the cell cycle.
Mutations in HR genes cause a predisposition to cancer; yet, HR defects also result in increased
sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors due to induced synthetic lethality1,2.
Mutations in BRCA1 or BRCA2, two core HR genes, lead to an increased risk
to develop high-grade serous ovarian cancer (HGSOC) and breast cancer. For patients
with ovarian or breast cancers with confirmed BRCA1/2 mutations, PARP inhibitors have
become available for treatment. Unfortunately, acquired or intrinsic resistance to PARP
inhibitors occurs, underscoring the need to improve patient selection and improve
PARP inhibitor sensitivity to prevent acquired resistance. To this end, it is necessary to
further increase our knowledge of the exact working mechanisms of PARP inhibition.
Furthermore, it is important to understand the cellular and molecular consequences of
BRCA defects in cancer cells to improve tolerable and effective combination therapies.
Genomic instability, which is a hallmark of HR-deficient cancer cells, has
increasingly been associated with anti-tumor immune responses, while it has also been
coined as a cell-intrinsic mechanism to evade clearance by the immune system. A better
understanding of the involvement of the immune system in HR-deficient cancers might
further improve effective combination therapies including immune checkpoint inhibitors.
PARP inhibitors are currently approved to treat BRCA1/2-mutated ovarian and
breast cancer, while HR deficiency can also be caused by mutations in other DNA repair
genes. Patients with HR-defective cancers caused by a non-BRCA1/2 mutation are currently
not eligible for PARP inhibitor treatment. To increase the patient population that might
benefit from PARP inhibitor treatment, a way to adequately select patients with HR-deficient
tumors is needed. In this thesis, we aimed to dissect the molecular mechanisms and cellular
consequences of HR-deficient cancer cells to improve and select patients for whom PARP
inhibitor treatment may be beneficial.
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To assess the relationship between genomic instability and the immune system, a literature
study was performed in chapter 2, to describe the multiple ways by which genomic instability
leads to cGAS/STING-mediated inflammatory signaling. We described that activation of cGAS/
STING signaling has consequences on tumor development and leads to both tumor-promoting
and anti-tumor responses in the microenvironment. Genomically unstable tumor cells may
have evolved to escape immune surveillance mechanisms that are triggered by cGAS/STING
signaling. Possible immune-evasion mechanisms involve the upregulation of immunecheckpoint components, expression of oncogenes, upregulation of autophagy, somatic copy
number alterations (CNAs), and activation of cytoplasmic nucleases to lower the amount of
cytoplasmic DNA and subsequent interferon (IFN) responses. Finally, cGAS/STING-mediated
signaling might be an important determinant of anti-cancer therapy responses and this
pathway could be therapeutically targeted, for example using STING agonists, to improve
responses to immune-checkpoint blockade or DNA-damaging agents.
In chapter 3, we aimed to better understand the underlying mechanisms of cell
death induced by PARP inhibitor treatment in HR-deficient cancer cells. We observed that
DNA lesions induced by PARP inhibitor treatment in BRCA2-depleted cells were transmitted
into mitosis. The observed replication lesions, as detected by FANCD2 foci, resulted in
increased numbers of chromatin bridges and lagging chromosomes during anaphase and
telophase. A similar observation was seen for several human and murine cell lines depleted
for BRCA1 or RAD51 and treated with PARP inhibitor. Using live-cell imaging, we showed that
194
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the unresolved chromatin bridges are associated with micronucleation and cell death.
Mechanistically, the trapping of PARP during S-phase appeared required for the induction of
mitotic chromosome bridges. Finally, we observed that the cytotoxicity of PARP inhibition
could be rescued by the depletion of EME1, which led to a mitotic bypass. These data add to
the knowledge of how PARP inhibition is cytotoxic in HR-deficient cancer cells. These insights
could be further exploited to potentiate PARP inhibitor treatment with combination
strategies.
Surprisingly, loss of HR genes such as BRCA2 is tolerated in cancer cells, whereas
these genes are essential in normal cells. This phenomenon is called the ‘BRCA paradox’. It
was suggested that BRCA-deficient cells undergo specific alterations to be able to survive in
the presence of genomic instability. In chapter 4, we performed a genome-wide genetic
screen to identify genes of which a loss of function rescued BRCA2 inactivation. Among the
most significant gene mutations, we identified components from the TNFα receptor complex,
namely TNFRSF1A (encoding TNFR1) and KHDRBS1 (encoding SAM68), to rescue cell death
induced by BRCA2 inactivation in KBM-7 cells. We showed that loss of TNFR1 and SAM68
conferred a survival advantage in several human cancer cell lines depleted for BRCA2. The
relation between BRCA2 inactivation and TNFα signaling was shown by the observation that
BRCA2 depletion resulted in increased TNFα secretion, activation of downstream TNFR1
signaling kinases JNK and p38, and enhanced sensitivity towards TNFα treatment. The
enhanced sensitivity towards TNFα treatment was rescued by depletion of TNFR1 or SAM68
and was not restricted to BRCA2 depletion, as BRCA1 or FANCD2 depletion or low-dose
hydroxyurea treatment also sensitized cells to TNFα treatment. Proteomic and transcriptomic
analysis revealed the upregulation of IFN-related pathways upon BRCA2 depletion. Finally, we
showed that the observed IFN pathway activation upon BRCA2 inactivation is triggered by the
formation of micronuclei, which instigates a cGAS/STING-dependent inflammatory response.
In conclusion, our data revealed that micronuclei induced by loss of BRCA2 instigate a cGAS/
STING-mediated IFN response, which resulted in re-wired TNFα signaling and enhanced TNFα
sensitivity.
One of the mechanisms described in chapter 2 that could underlie the observation
that genomic unstable tumor cells can escape immune surveillance triggered by cGAS/STING
signaling, is oncogene overexpression. In chapter 5, we explored whether overexpression of
MYC influenced immune responses in murine and human triple-negative breast cancer
(TNBC) models in a BRCA1/2 deficient context. Using two human TNBC cell lines, we found
that several overexpressed oncogenes were capable of downregulating immune-related
signatures based on RNA sequencing data. We focused on MYC, as MYC is the most frequently
overexpressed oncogene in BRCA-mutant breast cancer and TNBC. Gene set enrichment
analysis (GSEA) on The Cancer Genome Atlas (TCGA) data confirmed that TNBC samples with
amplified MYC have downregulated immune-related mRNA expression signatures. In a Brca1mutant TNBC mouse model, MYC overexpression resulted in a dramatic loss of lymphocytic
infiltration and resulted in decreased tumor latency. Using tumor-derived organoids and
BRCA1/2-depleted human TNBC cell lines, we showed that MYC overexpression altered
several IFN-related responses, including decreased cytokine secretion, reduced expression of
IFN-stimulated genes, and decreased phosphorylation of Interferon regulatory factor 3 (IRF3)
and Signal transducer and activator of transcription 1 (STAT1). Furthermore, MYC
overexpression directly decreased the migration and activation of lymphocytes in vitro.
Finally, using chromatin immunoprecipitation (ChIP) followed by whole genome sequencing,
we found that MYC directly controlled the expression of cytosolic nucleic acid-sensing factors
as a possible mechanism to downregulate IFN signaling in a Brca1-depleted context.
Combined, we uncovered a potential role of MYC overexpression in the immune evasion of
BRCA1/2-defective TNBC through inhibition of STING-mediated IFN responses.
195

8

Chapter 8

In chapter 6, we reviewed the recent literature on how the HR pathway is
mechanistically wired and described current treatment options for HR-deficient cancers with
a focus on PARP inhibitors. Resistance to PARP inhibition in the clinic is common and we
elaborated on the currently known resistance mechanisms, including secondary mutations
within the BRCA1/2 genes that restore their function, mutations in other repair genes such as
TP53BP1, REV7, or RIF1 to restore HR function, or alterations in PAXIP or PARP1 to restore
protection of replication forks. We elaborated on several patient selection methods, such as
mutation analyses, genomic ‘scar’ analyses, or functional HR read-outs, to properly select
patients eligible for PARP inhibitor treatment.
Currently, only patients with germline or somatic BRCA1/2 mutations are eligible for
PARP inhibitor treatment, while it is suggested that up to 50% of all HGSOCs are HR-deficient
but do not harbor a BRCA1/2 mutation. In chapter 7, we correlated genomic features and ex
vivo assessed HR functionality and replication fork stability with in vivo olaparib responses in
a cohort of HGSOC patient-derived xenograft (PDX) models. Based on CNVs profiles and
BRCA1/2 mutations, a subset of PDX models was selected for in vivo olaparib sensitivity and
ex vivo assays. We found that BRCA1/2 alterations or genomic instability profiles did not
correlate significantly to in vivo olaparib response, because not all BRCA1/2-mutated or
genomic unstable models responded to PARP inhibition. We assessed the capability of tumor
cells to form RAD51 foci upon irradiation as a read-out for HR functionality using the ex vivo
RECAP assay. As HR genes are also involved in the protection of replication forks, we
additionally assessed the capability of tumor cells to protect stalled replication forks using an
ex vivo fiber analysis. Replication fork protection or replication speed in ex vivo tumor tissue
did not correlate to in vivo olaparib responses, whereas the RAD51-based RECAP assay
identified all PDX models that responded to in vivo olaparib, and also detected PARP inhibitorsensitive models lacking a BRCA1/2 alteration. Genomic sequence analysis of a panel of DNA
repair-associated genes revealed several mutations as a possible underlying cause of HR
deficiency which needs further investigation.
Discussion and future perspectives
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Mechanisms of cytotoxicity of PARP inhibitors
In chapter 3 we aimed to further elucidate the mechanism-of-action underlying PARP
inhibitor cytotoxicity to possibly improve combined treatment strategies and overcome
resistance. The initially proposed mechanism of PARP inhibitor sensitivity was based on the
role of PARP in single-stranded break (SSB) repair and the increased formation of DSBs during
replication, if SSBs are not properly repaired upon PARP inhibition. However, we found that
levels of DSBs upon PARP inhibitor treatment in interphase as measured yH2AX foci were
only marginal present. Surprisingly, we observed high levels of replication stress upon PARP
inhibition and increased levels of unresolved DNA lesions in mitosis resulting in chromatin
bridge formation and lagging chromosomes in HR deficient cancer cells. The observed mitotic
aberrancies subsequently resulted in multinucleation or cell death. A few years earlier, it
was demonstrated that the mechanism of action of PARP inhibitors also involved trapping of
PARP onto damaged DNA, resulting in collapsed replication forks3,4. Indeed, we showed that
genetic inactivation of PARP1 was not as effective as chemical PARP inhibition, highlighting
the importance of the presence of PARP itself. Additionally, we uncovered that progression
through mitosis is important for the PARP inhibitor-induced cytotoxicity. Combined, our data
highlight that drugs that promote mitotic entry might potentiate the cytotoxic effects of PARP
inhibition. These combination strategies could improve PARP inhibitor responses and might
also be used to address resistance to PARP inhibition, which is commonly observed in the
clinic.
196
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Potentiating PARP inhibitors
We showed that PARP inhibition leads to more mitotic aberrancies and longer mitosis.
Furthermore, PARP inhibition slows down the G2 phase of the cell cycle. This cell cycle delay
may give cells more time to repair the damage, which might contribute to PARP inhibitor
resistance5. Therefore, potentially effective therapy may involve a combination of PARP
inhibitors with drugs that accelerate mitotic entry, including cell cycle checkpoint inhibitors,
such as WEE1, CHK1, or ATR inhibitors. Treatment with these inhibitors inactivates the G2/M
checkpoint and thereby forces cells into mitosis while preventing repair of DNA lesions.
Indeed, induced mitotic entry upon ATR inhibition increased the cytotoxicity of PARP inhibition
in BRCA2-deficient cells6. Additionally, PARP inhibition combined with ATR or CHK1 inhibition
resulted in premature mitotic entry and increased cell death in BRCA1/2 mutant ovarian
cancer cells7. Several clinical studies are currently ongoing that combine PARP inhibitors with
ATR inhibitors, predominantly in patients with advanced prostate- and ovarian cancer.
These combination therapies could also be used to treat patients with tumors that
are PARP inhibitor-resistant through mechanisms that are independent of accelerated mitotic
entry. Indeed, PARP inhibitor resistance was reversed by ATR inhibition as inhibition of ATR
disrupts BRCA1-independent loading of RAD51 onto DSBs and stalled replication forks8,9. In line
with this model, data demonstrated that ATR inhibition suppressed HR and synergized with
PARP inhibition in HR-proficient cells10. Indeed, ATR inhibition impaired the loading of RAD51,
and DNA end resection, resulting in an HR-deficient phenotype11. These data suggest that
combining ATR inhibitors with PARP inhibition might also be effective beyond BRCA-mutated
cancers. The combination of PARP inhibitors and cell cycle checkpoint inhibitors could also
be synergistic due to the roles of cell cycle checkpoint kinases in the protection of stalled
replication forks. For example, ATR protects ssDNA at stalled replication forks by providing RPA12
and phosphorylation of SMARCAL113, while WEE1 negatively regulates MUS81-mediated fork
degradation14. Through these mechanisms, inhibition of cell cycle checkpoint inhibitors may
target two possible PARP inhibitor resistance mechanisms at the same time; a cell cycle arrest
in the G2 phase and repair/processing of stalled replication forks. In line with this notion,
combination therapies of PARP inhibitors with inhibitors of the WEE1 or ATR kinases have
shown efficacy in PARP inhibitor-resistant HR-deficient TNBC and ovarian PDX models. This
combination therapy resulted in increased levels of replication stress, including pRPA32 and
γ-H2AX15. Several clinical studies are currently investigating the combination of PARP inhibitors
with ATR inhibitors. The combination treatment of PARP inhibitors with cell cycle checkpoint
inhibitors might be effective in both HR-deficient and HR-proficient cancer cells.
PARP inhibitors are currently also being combined with other molecularly targeted
drugs including inhibitors of mTOR and EGFR and anti-angiogenics16,17. The rationale behind
combinations with molecular targeted drugs is to induce an HR deficiency phenotype (also
called ‘BRCAness’) by suppression of HR genes. However, many of these targets are involved in
MAPK signaling, which governs cell cycle control at the G1/S transition. If these agents result
in a G1/S arrest18, it could result in diminished effectiveness of PARP inhibition, especially
as we have shown that cell cycle progression and mitosis are necessary for PARP inhibitor
cytotoxicity (chapter 3).
Inflammatory signaling in HR-deficient cancer cells
It is still largely unknown how cancer cells can survive in the absence of functional HR.
Most of the HR genes belong to the human ‘essentialome’, which lists genes that are
essential for the viability of cells19–21. This observation also suggests that the previously
described ‘BRCA paradox’ could be regarded as an ‘HR paradox’. To address this paradox,
in chapter 4 we performed a genome-wide genetic screen and found TNFα signaling as a
determinant of cell viability upon BRCA2 depletion. Previously, inactivation of BRCA2 in
197
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human cancer cells was shown to increase sensitivity towards death receptor-mediated
apoptosis with compounds activating the TRAIL receptor, which activates pathways similar
to those activated by TNFα22. Treatment with TRAIL receptor agonists did not result in
a cell cycle arrest but induced an early apoptotic event, which supports our findings that
BRCA2-depleted cells display intrinsic activation of TNFα-related apoptotic markers.
Furthermore, the presence of germline BRCA1 mutations was associated with decreased
TNFα production and lower expression of TNFα-induced ICAM-1 expression on monocytes23.
Combined with our data, this suggests that BRCA1 or BRCA2 mutant tumors are sensitive
to autocrine or paracrine TNFα or TRAIL, and therefore need to downregulate TNFα to
maintain viability. Also, these findings support the exploration of agents that activate
TNFα or TRAIL receptors to induce apoptosis in BRCA1 or BRCA2 mutant tumor cells22.
Activation of TNFα signaling and secretion of TNFα in our cell lines appeared to be
part of a broader interferon response triggered by cGAS/STING signaling upon micronuclei
formation. cGAS/STING signaling has recently been found to be an important determinant
of anti-tumor immune-responses which further supports the importance of whole-genome
screening methods to find unexpected players upon DNA damage responses, including TNFα
signaling. As a result of BRCA2 deficiency, mitotic aberrancies can result in the formation
of micronuclei in the cytoplasm that are recognized by cytoplasmic DNA sensors such as
cGAS that subsequently activate a STING-induced interferon response24. Both TNFα signaling
and interferon signaling, as described in chapter 2, can have pro- and anti-tumor effects25.
In general, activation of STING-induced interferon signaling serves as a cell-intrinsic innate
immune response to trigger cell clearance26. Surprisingly, genomic instability induced by e.g.
HR deficiency is a common feature of cancer which is associated with increased levels of
cytoplasmic DNA. This notion is supported by our observations that the amounts of micronuclei
were increased upon BRCA1 or BRCA2 depletion. In line with our data, chromosomally
unstable cancer cells, derived from metastatic tumor models, were characterized by a high
frequency of chromosome missegregation resulting in elevated levels of cytosolic DNA and
an increased inflammatory phenotype27. Interestingly, cGAS/STING activation in response
to cytoplasmic DNA in these chromosomally unstable cells did not result in previously
described interferon signaling24,28 but instead resulted in non-canonical NF-κB activation27.
It remains unclear how genomically unstable cancer cells deal with the constant presence
of cytoplasmic DNA. A shift towards non-canonical NF-kB signaling might be a mechanism to
suppress the anti-tumor immune responses downstream of cGAS/STING activation in favor of
a metastatic inflammatory phenotype. Additionally, breast cancers defined by a DNA-damage
response deficient profile were associated with lymphocyte infiltration, increased cytosolic
DNA, cGAS/STING pathway activation, and cytokine secretion29. However, the underlying
S-phase damage also resulted in a STING-dependent upregulation of the immune-checkpoint
PD-L1, which might explain the lack of immune-mediated cytotoxicity in these tumors29. Also,
treatment with chemotherapeutic agents was shown to induce PD-L1 expression in ovarian
cancer via NF-kB signaling30. In line with these data, we also observed the upregulation of
PD-L1 expression upon BRCA2 depletion in our TNBC cell lines (unpublished data). Further
research is warranted to investigate if the upregulation of non-canonical NF-kB signaling
in BRCA-mutated cancer cells is responsible for immune evasion despite the continuous
presence of cytoplasmic DNA and cGAS/STING activation.
Patient selection for PARP inhibitor treatment
Currently, patients are selected for PARP inhibitor therapy based on BRCA1/2 mutational
status and BRCA1 promoter methylation. However, mutations in other HR genes have also
been reported in multiple cancer types, including PALB2, CHEK2, or ATM mutations31–33.
Although these mutations are less frequently observed in the clinic (≤2%), they might still
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account for a significant patient population that might benefit from PARP inhibitor treatment.
Therefore, identifying patients with HR-deficient tumors is important, as has been shown that
PARP inhibitors can be effective in patients beyond BRCA1/2 mutations34–36.
A challenge in the clinic is that resistance to PARP inhibition is common, which
further highlights the importance of patient selection. Several resistance mechanisms have
been discovered that were described in chapter 6. For the majority of PARP inhibitor
resistance mechanisms, there is a clear difference for BRCA1 or BRCA2 mutant cells as BRCA1
and BRCA2 serve distinct roles in HR. For BRCA1 mutant cells, PARP inhibitor resistance occurs
if factors are inactivated that inhibit end resection at DSBs and promote NHEJ, including
53BP1, REV7, Shieldin complex or CST complex genes. Inactivation of these genes results in
the restoration of HR in BRCA1 mutant cells37–40. However, BRCA2 functions downstream of
end resection in the loading of RAD51, and thus HR cannot be restored in the absence of
BRCA2 through modulation of end resection factors41. In BRCA2 mutant cells, inactivation of
EZH2/MUS81 and PTIP was shown to restore fork protection, which may underly PARP
inhibitor resistance42,43. Interestingly, the protection of stalled replication forks from MRE11mediated degradation was demonstrated to only play a minor role in the viability of BRCA2deficient cells44. These data also suggested that the protection of replication forks is therefore
not an important factor in PARP inhibition resistance. It could be that restoration of fork
protection in BRCA2-deficient cancer cells, is sufficient to deal with replication stress induced
by PARP inhibitors, but is not sufficient to explain the ‘BRCA2 paradox’. Furthermore, in
chapter 7 we demonstrated that PARP inhibitor sensitivity in HGSOC PDX models was not
associated with the ability of tumor cells to protect stalled replication forks.
Current knowledge points towards (independent) functions in the protection of
replication forks by many of the HR genes. Up to now, PARP inhibitor resistance in the clinic
mainly occurs through the restoration of HR by reverse mutations that restore the reading
frame of the mutant allele, suggesting that the function of HR is dominant in determining
PARP inhibitor sensitivity45,46.
Many of the PARP inhibitor resistance mechanisms in a BRCA1/2-deficient context
have been discovered in cell line or mouse models to explain the biology underlying possible
resistance mechanisms, but have not yet been frequently assessed in the clinic. In metastatic
breast cancer tissue used for PDX experiments, TP53BP1 mutations and RAD51 amplification
were found to cause PARP inhibitor resistance in BRCA1-mutant tumors47. Furthermore,
decreased 53BP1 levels were associated with decreased anti-tumor efficacy of the PARP
inhibitor ABT-767 in HR-deficient ovarian cancer biopsies48. As the patient population that is
being treated with PARP inhibitors is increasing, resistance will more often occur and will lead
to increased insight in which resistance mechanisms are clinically relevant. In parallel,
organoids and primary cultures derived from PARP inhibitor-resistant patients followed in
time could serve to gain further insight into the sensitivity and resistance mechanisms to
PARP inhibitors.
As described previously, secondary mutations within the mutant HR gene or in other
additional genes can restore HR function or replication fork stability. Additionally, there are
large numbers of ‘variants of unknown significance’ (VUS) within HR genes for which it is
currently unclear if they have pathogenic potential49. Therefore, genetic testing is complicated
by the large numbers of VUS alleles and possible mutational combinations that restore HR
function need to be included. A proper patient selection tool should aim to identify tumors
that capture HR deficiency on a genomic or functional level, which is also known as the
‘BRCAness’ phenotype.
Various HR deficiency tests have been developed that mainly focus on genomic
tumor features. The myChoice HRD test was unable to predict responses to the PARP inhibitor
Niraparib in ovarian cancer35. HRDetect, based on whole-genome sequencing profiles from
199
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BRCA1/2-mutated breast cancers, was able to detect HR deficient tumors that responded to
platinum-based chemotherapy50. However, studies that use HRDetect to predict responses to
PARP inhibitors are currently lacking. Importantly, these genomic analyses do not reflect the
current HR functionality, which is required at the time of treatment decision making.
The importance of functional HR testing at the time of treatment initiation was
demonstrated in BRCA1/2-mutated breast cancer PDX models in which restoration of HR
occurred and caused PARP inhibitor resistance47. Specifically, secondary mutations that cause
PARP inhibitor resistance, can arise during treatment with DNA damaging agents such as
chemotherapy or PARP inhibitor treatment. Indeed, a majority of the PARP inhibitor-resistant
models in this manuscript were originally derived from metastatic BRCA1-mutant breast
cancer patients that were pre-treated with chemotherapy regimens or olaparib, but in which
the BRCA1 mutation was still present in the harvested tumor tissue for PDX development47.
Two of the resistant models were shown to have somatic mutations in TP53BP1 resulting in
53BP1 loss, which was previously been described to be an important PARP inhibitor resistance
mechanism in a BRCA1-mutated context39,51,52. In a different study, three metastatic breast
cancer patients with a germline BRCA1 or BRCA2 mutation were identified as HR deficient
initially but became HR-proficient after treatment with several DSB-inducing agents, including
carboplatin with or without PARP inhibition53. In the described studies, restoration of HR
could be detected with a functional RAD51-based assay47,53. Patients with TNBC or HGSOC
are, both in the current setting and in clinical trials, often pre-treated with (platinum-based)
chemotherapy prior to PARP inhibitor treatment, possibly inducing resistance. As platinumbased chemotherapy and PARP inhibitor sensitivity often co-exist due to similar underlying
DNA repair deficiencies, a functional HR test will probably predict platinum response initially
and subsequent PARP inhibitor response in consecutive treatment regimes. However, it
should be noted that only 53.8% of a cohort of patients with HR-deficient ovarian cancer
responded to platinum chemotherapy54. Also, PARP inhibitor resistance can occur in platinumsensitive tumors and vice versa40,55. Of note in this context, TP53BP1 mutations were shown
to cause resistance to PARP inhibition but not cisplatin resistance in BRCA1 mutant mouse
models39. It is important to develop patient selection tools for both PARP inhibition and
platinum chemotherapy separately.
Many studies that report on the effectiveness of functional testing of HR were
performed in breast cancer and studies to correlate functional HR to in vivo PARP inhibitor
response are lacking in ovarian cancer. In chapter 7, we performed a functional RAD51-based
assay called the RECAP (REpair CAPacity) assay in ovarian PDX models. From several functional
and genomic features, the RECAP assay effectively predicted in vivo olaparib response and
identified a subset of PARP inhibitor-sensitive, HR-deficient PDX tumors lacking a BRCA1/2
alteration. Within our consortium, the RECAP test was compared to two genomic scar based
HR deficiency tests, a BRCA1/2-like classifier56 and Classifier of HOmologous Recombination
Deficiency (CHORD)57, in a cohort of 71 breast tumors58. These different tests could not
identify the same population of breast cancer patients as HR deficient (60-70% concordance).
Using the BRCA1-classifier in our panel of PDX models, we identified 6 models of which 5
responded to in vivo olaparib and were also HR deficient based on the RECAP assay. More
importantly, additional PDX models were identified by the RECAP assay in our PDX cohort that
responded to in vivo olaparib but were not identified by the BRCA1-classifier (false negatives
using the BRCA1-classifier). Multiple HR deficiency tests, both functional and genomic, should
be included in clinical trials to determine which one predicts best for in vivo PARP inhibitor
response. Until now, RAD51-based assays have shown promising results in identifying HRdeficient tumors and in predicting in vivo response in several models for breast cancer or
ovarian cancer59–62. Surprisingly, one report suggested that diminished RAD51 foci failed to
predict response to the PARP inhibitor Niraparib in a few HGSOC PDX models63. However, in
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this specific study, the RAD51 foci assay was conducted in a completely different set-up, in
which dissociated PDX cells were used, at different time points post-irradiation and using a
higher irradiation dose. Also, proper controls were lacking to discriminate HR-proficient from
HR-deficient cells.
The next step in the development of PARP inhibitor patient selection tools is to
design proper prospective clinical trials to validate the predictive value of the RECAP assay in
patients treated with PARP inhibitors. Although the RECAP assay appears a very effective test
in predicting response, it comes with some logistic and functional challenges. Firstly, the
RECAP test requires the processing of fresh tumor tissue, the availability of a radiation source,
and three days of physical labor. Also, the assay requires the use of an antibody, which is
considered an unstable reagent. Furthermore, the use of the RECAP assay in ovarian tissue
seems challenging as only 40% of patient samples resulted in a successful RECAP result
(manuscript in preparation). In the UMCG, we encountered similar challenges in performing
the RECAP assay in ovarian tissue due to pre-treated biopsies with chemotherapy and the use
of eosin during the process for pathology diagnosis, which interferes with immunofluorescence
analysis (unpublished data). Also, a relatively low frequency of HR-deficient samples was
detected in the ovarian cancer patient cohort (20%), which might be explained by the high
percentage of these patients receiving neoadjuvant treatment, whereby patients who
respond to platinum due to an HR deficiency were not included for further analysis (in
preparation, LUMC). Eventually, a good functional test should be designed to be applicable in
all hospitals and on several tumor types. Transforming the RECAP assay to a RAD51 foci
staining on paraffin-embedded material with immunohistochemistry on unirradiated tissue
should be of great value and has already been demonstrated to be effective in archived breast
tumor samples61.
Besides the challenges that have to be overcome in performing the RECAP test, the
RECAP test is restricted to a selected feature (RAD51 recruitment) of one specific pathway.
The test thereby excludes possible unknown functions of HR genes that might also be of
importance in PARP inhibitor sensitivity. Namely, impaired ribonucleotide excision repair
caused by mutations in ribonuclease H2 was shown to induce PARP inhibitor sensitivity, which
is independent of HR function64. It is currently unknown how relevant ribonucleotide excision
repair deficiency is in cancer.
It is still not entirely clear if the ability of cells to protect replication forks is of
importance for PARP inhibitor sensitivity and resistance. Interestingly, organoids derived from
a germline BRCA2 mutant ovarian cancer patients and positive for a genomic HR-deficient
signature, appeared to PARP inhibitor-resistant but sensitive to carboplatin and ATR inhibition,
suggesting an underlying fork protection defect and not an HR defect65. Unfortunately,
functional RAD51 foci formation could not be assessed in these organoids to determine HR
status. This observation underscores the need to determine how important functional
pathways, including replication fork protection, are for PARP inhibitor sensitivity in clinical
samples. However, using separation-of-function mutations, replication fork protection was
shown to be of minor importance for PARP inhibitor sensitivity in BRCA2 deficient cells44. In
our HGSOC PDX cohort, replication fork protection also did not correlate to in vivo olaparib
response as shown in chapter 7.
Silencing inflammatory signaling by oncogene expression
Many cancer types, including TNBC and HGSOC, are characterized by high levels of genomic
instability as well as overexpression of a variety of oncogenes. In chapter 5 we aimed to unravel
the role of oncogene overexpression in the tumor-cell intrinsic inflammatory response and
found that overexpression of several oncogenes in breast cancer is associated with silenced
immune-related signatures. We demonstrated that MYC overexpression diminished anti-tumor
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immune responses in BRCA-deficient TNBC models. MYC was previously shown to regulate
immune signaling, through modulation of the expression of immune checkpoint proteins CD47
and PD-L166,67. Furthermore, preliminary data suggested that MYC, in complex with MIZ1,
prevents activation of type I interferon response induced by genomic instability68. Recently,
and in line with our data, MYC-MIZ1 complexes were shown to bind directly to promoters of
IFN regulators, including IRFs and STAT1. Thereby, MYC suppressed IFN signaling and NK cellmediated immune responses in pancreatic cancer models69. Important to note in this context
is that overexpression of MYC did not rescue cell death induced by depletion of BRCA1 or BRCA2
in our panel of TNBC cell line models. The possible role of MYC in altering immune responses,
therefore, does not appear to be related to directly resolving the ‘BRCA paradox’.
In vivo, we demonstrated that MYC overexpression completely abolished the presence
of immune cells in the tumor microenvironment. Interestingly, TNBC and HGSOC patients are
often characterized by high amounts of tumor-infiltrating lymphocytes (TILs)59 and it has been
shown that responses to immune checkpoint inhibitors strongly depend on the composition
and activity of immune cells in the tumor70. Interestingly, improved immunogenicity was
observed in BRCA1 mutant ovarian cancer, as judged by infiltration of T cells, which was
triggered by interferon signaling and could be augmented by PARP inhibitor treatment
(unpublished data, Coukos et al.). Unfortunately, clinical responses to immune checkpoint
inhibitor monotherapies have been disappointing in patients with TNBC and HGSOC71,72. In
contrast to some literature, the decreased amounts of TILs observed in our Brca1-mutant
mouse model might be caused by the high levels of amplified MYC in our models (~8-fold)
compared to patient tumors, in which MYC expression is generally considered an amplification
with an average of >2,46 copy number amplification. Furthermore, MYC overexpression is the
only altered factor in our mouse model, while a patient tumor harbors many more alterations
besides an MYC amplification making the mouse model a very clean but also somewhat
extreme situation. In line with our data, elevated expression of MYC in KRAS mutant lung
and pancreatic cancer models resulted in immune-suppressive tumor microenvironments by
altered CCL9/ IL-23 signaling and repression of IFN regulators67,69. These data demonstrated
that overexpression of MYC also altered the immune micro-environment of the tumor cells
extrinsically. We additionally estimated immune cell type fractions in complex TCGA breast
cancer samples using CIBERSORT analyses and showed that high MYC expression correlated
to lower fractions of CD8+ T cells. However, caution should be taken when drawing conclusions
based on TCGA data, as these samples contain complex biopsies that are often taken at the
edge of the tumor in which cell populations might not exactly reflect the situation within the
tumor. It would be interesting to perform retrospective sub-analyses on breast cancer samples
to find correlations between high MYC expression and TILs using immunohistochemistry. A
key experiment to confirm the role of MYC in the infiltration of immune cells in vivo is the
use of mice without an adaptive immune system to verify if the effects of MYC on earlier
tumor development depend on the suppression of an adaptive immune response.
We demonstrated that MYC overexpression not only diminished immune
cell recruitment but also lowered the activity of T cells in vitro. Interestingly, high
amounts of CNAs were also associated with decreased CD8+ T cell activity in the tumor
microenvironment73,74 whereas high MYC levels were associated with decreased CNAs
in the Brca1-mutant mouse model that we used75. Future research should aim to
uncover if overexpression of MYC not only diminishes the presence and activation
of immune cells in vivo but also if MYC amplification is associated to the level of
CNAs and are together responsible for shaping the tumor microenvironment. 		
MYC was previously described as a master regulator that targets a large part of
the transcriptome76. Recent literature suggests that MYC targets multiple regulators of the
IFN pathway simultaneously69. We ultimately identified an immune-related co-functionality
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network consisting of genes that were downregulated upon direct binding and expression
of MYC and could explain in the diminished inflammatory responses. One of the identified
downregulated genes was DDX58, the gene encoding RIG-I, which was shown to be a
cytoplasmic sensor of RNA, instead of DNA77. Recently, mitochondrial DNA damage was
demonstrated to result in elevated levels of cytoplasmic RNA that triggered an interferon
response via RIG-I and was independent of cGAS78. However, it remains unclear if the
depletion of BRCA1/2 also results in cytoplasmic RNA release. Also, it has been suggested
that RIG-I indirectly can trigger interferon signaling in response to cytoplasmic DNA79. The
role of mitochondrial damage and the release of RNA in the cytoplasm should be further
studied in the context of cancer. Importantly, it is not excluded that there is overlap in the
recognition of DNA and RNA by several pattern recognition receptors, including cGAS and
RIG-I, to trigger interferon signaling in response to cytoplasmic nucleic acids. Interestingly,
systemic RIG-I activation enhanced the sensitivity to anti-PD-1 checkpoint inhibition in an
acute myeloid leukemia model via interferon signaling and increased numbers of T cells80.
Technically, for future research regarding MYC overexpression, it is advised that
experiments should be performed using multiple monoclonal cell lines, as the selection of
clones from a heterogeneous population will probably result in clones that have significant
biological differences due to different levels of MYC expression. Additionally, the use of an
inducible plasmid might also be an alternative to the use of multiple clones per cell line and
thereby resembling a more polyclonal in vivo situation. Also, the cell line models that we used
were not completely compatible with the in vivo models, as tumor development cannot be
followed in cell lines. Yet, these cell line models reflect relatively clean genetic models, which
we used to demonstrate that MYC overexpression diminished the interferon response upon
acute BRCA depletion in vitro. In an in vivo setting, this could allow BRCA1/2-depleted cells to
elongate their viability and remain under the radar of the immune system longer, and thereby
obtain enough time to acquire properties to survive BRCA depletion.
Targeting oncogene expression and interferon signaling in genomic unstable cancer
The recruitment and activity of immune cells, together with NF-κB and interferon-γ
signaling, determine responses to immunotherapy81,82. In chapters 2, 4, and 5 we
demonstrated that these pathways are increased upon BRCA1/2 inactivation and are
potentially decreased by oncogene overexpression. These observations highlight the
importance of understanding the exact consequences of HR deficiency on the tumor
environment to improve treatment regimes. Important follow-up questions in this context
are: Can we further trigger interferon signaling to increase sensitivity towards immune
therapies? And: Can we target the upstream mechanism that is responsible for the
downregulation of interferon signaling in HR-deficient tumors, such as MYC overexpression?
MYC has been studied extensively in the past, but it never resulted in direct targeting
of MYC using specific inhibitors83. Recently, inhibition of cyclin-dependent kinase (CDK) 7 and
CDK12/13 by THZ1 was demonstrated to target transcriptional addiction in cancer cells84,
including cellular addiction to MYC. Specifically, THZ1 treatment decreased MYC expression
and was effective in ovarian cancer PDX models85. Furthermore, CDK7 inhibition caused
DNA damage, micronuclei formation, and interferon signaling which was suggested to be
independent of cGAS/STING signaling, although an alternative mechanism is lacking86.
Dinaciclib, a CDK1/2/5/9 inhibitor, was synthetic lethal with MYC expression in TNBC87,88.
Interestingly, combined treatment of dinaciclib with niraparib, a PARP inhibitor, increased
DNA damage levels and downregulated HR resulting in synthetic lethality in TNBC models87.
Additionally, the expression of MYC determined the sensitivity to combined treatment of
olaparib with Palbociclib (CDK4/6 inhibitor) in ovarian cancer89. These data suggest possible
combination strategies with CDK inhibitors to target tumors with overexpressed MYC.
203

8

Chapter 8

8

Furthermore, Bromo- and Extra-Terminal domain (BET) bromodomain inhibitors,
often used in the setting of acute leukemia and multiple myeloma, were demonstrated
to downregulate transcription and expression of MYC and MYC-dependent target
genes90,91. Several studies already reported the effective combination of bromodomain
inhibitors with PARP inhibitors in HR-proficient cancer cells, based on the downregulation
of genes involved in HR by bromodomain inhibitors92,93. Future research is needed to
investigate if bromodomain inhibitors might also be effective in BRCA-mutant cancer cells,
that depend on overexpression of MYC for evading clearance by the immune system.
Of note, it was demonstrated that activation of the STING pathway is required for the
olaparib response in BRCA1-deficient ovarian tumors94. In contrast to acute inactivation of BRCA
in cell line models, a constitutive BRCA1 defect in itself did not result in an increased interferon
response in this in vivo model94 as these cancer cells might already be adapted to evade the
immune system. However, PARP inhibition might trigger interferon signaling in these tumors as
these signaling cascades are probably suppressed in established tumors. The combination of
olaparib with a STING inhibitor or blocking antibody against Interferon Alpha And Beta Receptor
Subunit 1 (IFNAR1), both attenuated the antitumor activity of olaparib indicating that caution
should be taken by combining PARP inhibitors with agents that inhibit STING or IFN responses94.
Additionally, tumor cells lacking IFNAR failed to respond to chemotherapy, highlighting the
importance of interferon signaling in tumor cells towards DNA damaging agents95.
One of the approaches to trigger interferon signaling in tumors is through the
administration of STING agonists, including 2′3′-Cyclic GMP-AMP (cGAMP). cGAMP is a
second messenger that is produced by cGAS in response to cytosolic double-stranded DNA,
which subsequently activates STING. Notably, cGAMP can also be excreted and taken up
by neighboring cells, to activate e.g. NK cells96–98. STING agonists were shown to be able to
promote radiation-induced anti-cancer immunity and showed promising effects in vivo99–101.
However, poor results in clinical studies were obtained so far due to instability and high polarity
of the drugs or due to poor STING agonist capacity102. cGAMP treatment in combination with
immune checkpoint therapies or DNA damaging agents is suggested to be more effective than
cGAMP treatment alone. Specifically, activation of STING by cGAMP alone resulted in immune
cells with low cross-priming activity103. Currently, several new synthetic cGAMP compounds
are being investigated in clinical trials in combination with immune checkpoint inhibitors (e.g.
NCT03010176, NCT02675439, NCT03172936). However, caution should be taken regarding
cGAMP treatment in tumors that are not chromosomally unstable, as it has been shown
that cGAMP increases invasion and migration of cells with low chromosomal instability,
probably due to the tumor-promoting effects of non-canonical NF-κB activation27,104.
The above-mentioned STING agonists are currently not being tested in BRCA mutant
cancers specifically. However, the described effects of cGAS/STING pathway activation in
BRCA-deficient cells on innate immune responses suggest a prominent role for immune
checkpoint inhibition in genomically unstable tumors. Indeed, cGAS and STING protein levels
correlated to PD-L1 expression in ovarian cancer cell lines that could be further enhanced
by cGAMP treatment105. Furthermore, PD-L1 levels are increased upon induction of DSBs
and upon loss of DNA repair proteins106, thereby supporting the rationale of combining DNA
damaging agents, including PARP inhibitors, with immune checkpoint inhibitors107,108. A phase
I study combining pamiparib with tislelizumab in solid tumors showed promising results109.
Also, combining niraparib with pembrolizumab in patients with recurrent ovarian carcinoma
was tolerable and showed better responses than monotherapy of both agents, also in
patients without a BRCA mutation110. Currently, approximately 10 clinical trials are ongoing in
which PARP inhibitors are combined with immune checkpoint inhibitors (e.g. NCT02734004,
NCT02571725) illustrating the high expectations of targeting DNA damage responses and
immune responses simultaneously.
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Concluding remarks
Unraveling the mechanisms and consequences of HR deficiency in cancer cells has led to
important new insights into the links between DNA damage and immune responses. Future
research should aim to investigate how genomic unstable cancer types can suppress the
anti-tumor immune responses and investigate how these mechanisms could be targeted to
improve the outcome of immune checkpoint inhibitor therapies. It appears of key importance
to target HR-deficient tumors at three levels, specifically; induction of DNA damage, triggering
cGAS/STING signaling and interferon signaling, and targeting immune checkpoints. For the
selection of patients for PARP inhibitor treatment, it is important to perform prospective
clinical studies to compare several functional and genomic HR deficiency tests.
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