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Breast Cancer Incidence and Mortality Worldwide 

Breast cancer is the second most common cancer in the world and the most 

common cancer in women both in the developed and developing countries. 

Based on the statistics from GLOBOCAN 2012 (IARC) it is estimated that 

worldwide over 1.67 million new cancer cases are diagnosed and over 500,000 

women died of breast cancer in 2012. In addition to environmental and lifestyle 

factors, hereditary factors also lead to breast cancer risk (Lichtenstein et al., 

2000). Among the hereditary factors dysfunction of the BRCA1 or BRCA2 tumor 

suppressors are the most well-known genetic risk factors for the development of 

breast or ovarian cancer thus far.  

 

Mechanisms of tumor formation by loss of function of BRCA1/2 

Both BRCA1 and BRCA2 have been shown to play a critical role in the repair of 

double-stranded DNA breaks (DSBs) by homologous recombination (HR) 

(Jackson and Bartek, 2009). DSBs within our DNA are repaired by HR or non-

homologous end joining (NHEJ). Generally, HR utilizes the intact homologous 

DNA sequence from a sister chromatid to repair DSBs in an error-free manner, 

whereas NHEJ directly ligates two broken ends in a more error-prone manner. 

Due to the essential role of HR in genome maintenance, loss of function of 

BRCA1/2 leads to increased breast and ovarian cancer risks. Women with a 

BRCA1 or BRCA2 mutation have a ~50% chance of developing breast cancer 

by age 70 (Antoniou et al., 2003). So far hundreds of mutations have been 

discovered in the BRCA1/2 gene and more and more studies revealed that a 

certain mutation is common to a certain population. For example, Exon 2 

deletion (Peelen et al., 1997), exon 13 deletion (Petrij-Bosch et al., 1997), and 

2804delAA (Verhoog et al., 2001) account for the majority of Dutch BRCA1-

related breast and/or ovarian cancer patients, due to founder mutations in the 

Dutch population. 

Besides germline mutations, somatic changes/epigenetic dysregulation which 

deregulate BRCA1/2 expression may also cause BRCA1/2-related cancer. For 

example, hyper-methylation of the BRCA1 gene promoter is associated with the 

loss of the BRCA1 protein (Esteller et al., 2000; Rice et al., 2000). USF (Davis et 

al., 1999; Wu et al., 2000), Elf1(Davis et al., 1999) and NF-κB (Wu et al., 2000) 
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have also been shown to bind to the BRCA2 promoter and to activate the 

expression of BRCA2, whereas SLUG negatively regulates BRCA2 expression 

by binding to the BRCA2 promoter (Tripathi et al., 2005). PI3K inhibition induced 

ERK activation that further increases ETS1 phosphorylation and activity to 

suppress BRCA1/2 expression (Ibrahim et al., 2012). BRCA2 protein levels are 

regulated by ubiquitin-mediated proteolysis in a process that requires its 

association with the E3 ubiquitin ligase family member Skp2 (Moro et al., 2006; 

Schoenfeld et al., 2004). Both miR-182 and miR-9 target BRCA1 transcripts and 

down-regulate BRCA1 expression (Moskwa et al., 2011; Sun et al., 2013) and 

miR-1245 suppresses BRCA2 translation (Song et al., 2012).  In addition to 

BRCA1/2 the tumor suppressor P53 is mutated in most BRCA1/2-related breast 

cancers (Holstege et al., 2009).  

 

HR and NHEJ in eukaryotic cells 

Single-stranded DNA breaks (SSBs) by endogenous or exogenous sources are 

among the most common products of DNA damage in eukaryotic cells. If left 

unrepaired, SSBs can be converted into DSBs during DNA replication, and are 

then repaired by error-free HR or error-prone NHEJ. Briefly and in a simplified 

fashion, DSBs induce ATM‐dependent phosphorylation of histone H2AX. Then 

MDC1 recognizes the phosphorylation and ATM also phosphorylates MDC1 to 

promote RNF8 recruitment. RNF8, together with RNF168 ubiquitinate histone 

H2A to amplify the ubiquitin‐mediated DSB signaling. Ubiquitylation leads to 

recruitment of multiple effectors such as 53BP1 and BRCA1.  53BP1 promotes 

NHEJ throughout interphase, whereas BRCA1 promotes HR in the S/G2 phase 

(Panier and Durocher, 2013).  In contrast to NHEJ, which directly ligates two 

broken ends by ligase IV, HR is initiated by end resection at DSBs by CtIP and 

the MRN complex, producing 3’ single-stranded DNA (ssDNA) which is initially 

coated by the ssDNA- binding protein RPA (San Filippo et al., 2008). 

Subsequently, BRCA2 and other factors catalyze the replacement of RPA with 

RAD51 to form a RAD51-ssDNA filament, which catalyzes strand invasion into 

homologous duplex DNA, resulting in the formation of a displacement loop (D 

loop) structure. The D loop is extended by DNA polymerases after removal of 

RAD51 (Li et al., 2009; McIlwraith et al., 2005; Moldovan et al., 2010). HR can 
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be completed through resolvase-mediated resolving of the hetero-duplexed 

DNA structure formed by the extended hetero-duplex, and subsequent ligation 

by DNA Ligase-I.  

 

Synthetic lethality to PARP inhibitors (PARPi) of BRCA1/2-mutated 

cancers 

When two mutations have no effect on cell viability when they occur individually, 

but concurrent mutation of both lead to cell death this is called synthetic lethality 

(Dobzhansky, 1946). This concept has been referred to in the context of 

identifying novel anti-cancer drugs. The goal was to use a tailored inhibitor 

which does not kill normal cells of the body, but induces lethality of the cancer 

cells because they lack activity of a specific gene. One successful example of 

this concept is the synthetic lethality of PARP inhibitors that is seen in BRCA1/2-

related cancers.  Due to the crucial role of BRCA1/2 in HR, loss of its function 

provides a therapeutical opportunity by targeting HR-deficiency. As novel and 

less toxic therapeutic approach for BRCA1/2-related cancers, inhibition of poly 

(ADP-ribose) polymerase (PARP) was proposed (Bryant et al., 2005; Farmer et 

al., 2005). PARP is a family of proteins involved in a number 

of cellular processes such as DNA repair and programmed cell death. PARP-1 

is the most abundant enzyme in this family which detects and repairs SSBs by 

catalyzing the poly(ADP-ribosyl)ation of other DNA-repairing enzymes 

(Caldecott, 2008).  Blocking PARP activity results in SSBs, which are eventually 

converted into DSBs during DNA replication. HR-proficient cells can repair 

DSBs in an error-free manner whereas HR-deficient cells cannot, and die 

(Polyak and Garber, 2011). As a result, PARP inhibition induces synthetic 

lethality in BRCA1/2-related cancers. 

Olaparib  (Lynparza, AstraZeneca Pharmaceuticals LP) is the first PARP 

inhibitor that was approved by the European Medicines Agency (EMA) and also 

the US Food and Drug Administration (FDA) in December 2014 for its use as 

maintenance treatment of women with relapsed BRCA-mutated ovarian cancer. 

It is generally well tolerated and patients have few side effects. However, not all 

patients with BRCA mutations benefit from the PARP inhibitor olaparib or they 

eventually acquire resistance to olaparib (Tutt et al., 2010). 

http://www.qiagen.com/nl/products/genes%20and%20pathways/pathway%20details.aspx?pathwayID=143&ID=NM_000234
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/DNA_repair
http://en.wikipedia.org/wiki/Programmed_cell_death
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Study PARP inhibitor resistance using the K14Cre; Brca1F/F; p53F/F (KB1P) 

mouse model 

In our lab, we want to understand why not all cancer patients with BRCA1-

mutated tumors benefit from PARPi-based therapy. Due to broad genetic 

variation of individuals and the clinical limitations of research on human patients, 

mouse models of cancer provide a complementary approach to investigate 

mechanisms of drug resistance. The group of Jos Jonkers has shown that 

mammary tumors “spontaneously” arising in a genetically engineered mouse 

model (KB1P) highly mimic the human BRCA1-associated breast cancer. In this 

mouse model, the Cre recombinase is specifically expressed in the mammary 

gland due to the Keratin14 (K14) specific promoter. Cre recombinase induces 

recombination between two directly repeated loxP sites to excise the DNA 

sequences (Liu et al., 2007).  As a result there is a stochastic deletion of the 

Brca1 and p53 genes in several mammary epithelial cells. Eventually, this 

results in the development of spontaneous mammary gland tumors after a mean 

latency of about 7 months. Treatment of tumor-bearing mice with olaparib often 

shrinks tumors to unpalpable sizes, however, tumors were not eradicated and 

eventually acquired olaparib resistance (Rottenberg et al., 2008). 

 

Possible mechanisms of PARPi resistance in BRCA1-deficient mouse 

mammary tumors 

So far several mechanisms of PARPi resistance in BRCA1-deficient tumors 

have been reported in both preclinical and clinical studies (see chapter 1). 

Secondary mutations restoring the BRCA open reading frame result in new 

BRCA isoforms which are HR-competent again. This mechanism has been 

found to cause  resistance to platinum compounds (Sakai et al., 2008; Swisher 

et al., 2008) and PARPi (Edwards et al., 2008) in breast or pancreatic cancer 

cells with the BRCA2 6174delT frameshift mutations and it could also be 

confirmed in patients with platinum drug resistant BRCA1-mutated ovarian 

tumors. Moreover, such genetic reversion of the original BRCA1 or BRCA2 

mutations was confirmed in human cancer patients who acquired PARPi 

resistance (Barber et al., 2013; Norquist et al., 2011). Nevertheless, the 

frequency of patients who acquire PARPi resistance by secondary mutations of 
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BRCA remains to be explored. In the KB1P mouse model, however, PARPi 

resistance cannot be explained by the restoration of BRCA1 function, because 

of the large intrageneic deletion from exon 5 to exon 13 of both Brca1 alleles. 

This offers the opportunity to identify other mechanisms of resistance in this 

model. 

Olaparib was identified as a substrate of ABCB1(MDR1) (Lawlor et al., 2014; 

Oplustilova et al., 2012; Rottenberg et al., 2008), and increased expression of 

the mouse Abcb1a/b (Mdr1a/b) genes contributed to olaparib resistance in 

Brca1-/-;p53-/- mouse mammary tumors (Jaspers et al., 2013; Rottenberg et al., 

2008). Similar findings were also described in mouse BRCA2-deficient 

mammary tumors which acquired olaparib resistance (Hay et al., 2009). 

Nonetheless, upregulation of P-gp or alteration of other drug transporters has 

not yet been confirmed to correlate with drug resistance in cancer patients 

(Borst, 2012). To circumvent MDR1-mediated resistance in our mouse tumors, 

the Mdr1 null alleles have been introduced into the KB1P model to generate 

K14cre; Brca1F/F; p53 F/F; Mdr1-/- mice (KB1PM). Although loss of MDR1 

function increased the overall survival of mice bearing Brca1-/-; p53-/-; Mdr1-/- 

tumors, eventually all tumors acquired olaparib resistance (Jaspers et al., 2013).  

We have reported that olaparib resistant KB1PM tumors showed less sensitivity 

to topotecan, and also relapsed earlier after doxorubicin or cisplatin treatment 

than PARPi-naive tumors (Jaspers et al., 2013), suggesting that enhanced 

ability of DNA damage repair may contribute to P-gp-independent olaparib 

resistance. 53BP1 has been shown to be a crucial factor in inhibiting HR in 

BRCA1-deficient cells (Bouwman et al., 2010; Bunting et al., 2010). RIF1 

(Chapman et al., 2013; Di Virgilio et al., 2013; Escribano-Diaz et al., 2013; Feng 

et al., 2013; Zimmermann et al., 2013) and PTIP (Callen et al., 2013) have been 

identified as essential factors recruited by phosphorylated 53BP1 to promote 

NHEJ and block HR. PTIP loss rescues HR in BRCA1-deficient cells and PTIP 

is largely dispensable for NHEJ during CSR (Callen et al., 2013), whereas loss 

of RIF1 only partially rescues HR and hypersensitivity produced by PARPi 

treatment of BRCA1-deficient cells (Escribano-Diaz et al., 2013; Feng et al., 

2013; Zimmermann et al., 2013).  This suggests that, even in the absence of 

functional BRCA1, abrogation of proteins involved in the DNA damage response 
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can help to rescue doomed cells. Whereas little is known about the RIF1 or 

PTIP status in those cancer samples, loss of 53BP1 appears to be relatively 

common in TN and BRCA1-mutant breast cancer samples (Bouwman et al., 

2010). In particular, the groups of Jos Jonkers and Andre Nussenzweig found 

that loss of 53BP1 enhanced end resection at DSBs and restored BRCA1-

independent HR, resulting in olaparib resistance in BRCA1-deficient mouse 

mammary tumors. 53bp1 is also mutated or downregulated in some of the 

olaparib-resistant BRCA1-deficient mouse mammary tumors, however, about 

3/4 of the olaparib-resistant tumors appear to have functional 53BP1 and other 

mechanisms of resistance must explain the resistance (Jaspers et al., 2013). 

 

Loss of functional screens identify Rev7 and Helb to cause PARPi 

resistance when inhibited 

To identify novel mechanisms that are responsible for PARP inhibitor resistance 

in BRCA1-deficient mouse mammary tumors, I performed in vitro loss-of-

function screens. For this purpose, I used pooled shRNAs from the Sigma 

mission library (TRC Mm 1.0) targeting mouse genes that have been implicated 

in the DNA damage response (DDR).  We generated two cell lines KB1P-

B11(B11) and KB1P-G3 (G3) from a spontaneous Brca1-/-; p53-/- mouse 

mammary tumor and both cell lines show a similar comparative genomic 

hybridization (CGH) profile as the original tumor. Moreover, these cells have 

been successfully transplanted orthortopically into mice and recapitulated the 

morphology of the original tumor. In addition, these tumors showed similar 

response to olaparib as the original tumor (Jaspers et al., 2013). In this loss-of-

function screen using B11 and G3 cell lines, I made an attempt to identify genes 

that are involved in rescuing HR-deficient cells from olaparib-induced cell death. 

For this purpose I transduced the cell lines with a shRNA library that comprises 

1976 short hairpins targeting 391 genes involved in the DNA damage/repair 

(see chapter 2). I used 500nM olaparib (~100 fold IC50) to treat the puromycin 

selected cells. This killed almost all the empty vector transduced cells but there 

were some cells surviving in the shRNA library transduced group. As a result I 

found a reproducible enrichment of hairpins targeting 53bp1, Rev7 and DNA 

helicase B (Helb) in olaparib-surviving colonies compared with untreated shRNA 



 

182 

transduced cells. This suggests that Rev7 or Helb, in addition to 53bp1, may 

predict PARPi response in BRCA1-deficient mouse mammary tumors. 

REV7 (also known as MAD2 mitotic arrest deficient-like 2, MAD2L2) is a 

chromatin binding protein involved in cellular processes such as DNA damage 

repair and cell cycle control. It directly binds the DNA polymerase zeta catalytic 

subunit REV3L together with the inserter polymerase REV1 to form the Pol ζ-

REV1 complex, which is crucial for translesion DNA synthesis (TLS) (Kikuchi et 

al., 2012; Tomida et al., 2015). In addition, it was found to inhibit the anaphase 

promoting complex/cyclosome (Teichner et al., 2011)  during the metaphase-to-

anaphase transition, thereby delaying anaphase until all chromosomes are 

properly aligned on the metaphase plate (Chen and Fang, 2001; Listovsky and 

Sale, 2013; Pfleger et al., 2001). Moreover, REV7 has been reported to be 

required for anaphase-promoting complex-dependent ubiquitylation and 

degradation of REV1 (Chun et al., 2013). As an essential result of my PhD 

project, we discovered a link between REV7 and HR (Xu et al., 2015). In 

particular, we found that loss of REV7 rescues CTIP-dependent end resection of 

DSBs in BRCA1-deficient cells, leading to HR partial restoration and PARP 

inhibitor resistance. REV7 is recruited to DSBs in a manner dependent on the 

H2AX–MDC1–RNF8–RNF168–53BP1 pathway, and appears to inhibit HR and 

promote NHEJ by counteracting end resection at DSBs. Our findings reveal a 

crucial function of REV7 in coordinating DSB repair pathway choices in BRCA1-

deficient cells. Our data are consistent with those of Dr. Jacobs’ group at the 

NKI who found that REV7 accumulates at uncapped telomeres and promotes 

NHEJ-mediated fusion of deprotected chromosome ends and genomic instability 

(Boersma et al., 2015). 

 

Another frequent hit that came out of my screening efforts was Helb. The 

conserved vertebrate SF1b family member HELB, containing an UvrD-like 

helicase domain, has ssDNA-dependent ATPase and DNA helicase 

activities(Seki et al., 1988). DNA helicase activity is a vital component for 

unwinding the two strands of DNA, required for DNA replication, DNA repair and 

recombination. It unwinds duplex DNA and translocates on ssDNA in the 5’-3’ 

direction in an ATP-dependent manner (Matsumoto et al., 1995; Saitoh et al., 
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1995; Seki et al., 1995). In addition, HELB has been shown to accumulate on 

chromatin in an RPA-dependent manner when the cell is exposed to replication 

stress and it may counteract replication stress (Guler et al., 2012). The 

subcellular localization of HELB is cell cycle dependent (Gu et al., 2004; 

Spencer et al., 2013). During G1, HELB is predominantly nuclear whereas at the 

G1/S transition, it is phosphorylated by CDK2, which results in its nuclear 

export, leaving only a small subpopulation of HELB in the nucleus (Guler et al., 

2012). However, the link between HELB and HR had not yet investigated before 

our study, although there are other DNA helicases that have been found to be 

involved in HR. For example, RTEL1 or RECQL5 inhibit HR and maintain 

genomic stability via disruption of preformed displacement loops (Barber et al., 

2008; Hu et al., 2007). PARI, also containing an UvrD-like helicase domain, 

inhibits HR by disrupting RAD51-ssDNA HR structures in human and DT40 

chicken cells (Moldovan et al., 2012). In my PhD project, we report that HELB is 

recruited to resected DNA ends by interacting with RPA. Importantly, HELB 

counteracts EXO1- and BLM-DNA2-dependent end resection in both human 

and mouse cells. Consistent with its novel role as a resection antagonist, loss of 

HELB partially restores HR and results in PARPi resistance in BRCA1-deficient 

tumor cells. Intriguingly, HELB is exported from the nucleus in a CDK2-

dependent manner near the G1/S transition, indicating a cell cycle regulated 

feedback inhibition mechanism on the process of end resection mediated by 

HELB.  

 

Interactions of REV7 with other recently identified players involved in the 

DNA damage response 

As described in Chapter 2, we observed that foci of endogenous REV7 are 

absent in 53BP1-/- MEF cells. Also in human U2OS cells, stripes of endogenous 

REV7 are absent when 53BP1 is depleted. These data strongly suggest that 

REV7 acts downstream of 53BP1. This is also consistent with our results 

showing that expression of REV7 does not rescue 53BP1-deficient cells and 

that the depletion of Rev7 in addition to 53bp1 in BRCA1;p53-deficient cells 

does not further increase end resection events in response to DSBs. 

Functionally, we also did not see a further increase in PARP inhibitor resistance 
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when both Rev7 and 53bp1 were depleted (see addendum in Chapter 2). 

Despite this strong evidence for a downstream role of REV7, we did not observe 

a direct interaction between REV7 and 53BP1.   

RIF1 and PTIP are two downstream effectors of 53BP1 in response to DSBs. 

They are recruited by phosphorylated 53BP1 to promote NHEJ and block HR. 

PTIP loss rescues HR in BRCA1-deficient cells and is largely dispensable for 

NHEJ during CSR, whereas RIF1 loss only partially rescues HR and 

hypersensitivity caused by PARPi treatment of BRCA1-deficient cells. We failed 

to detect foci of endogenous PTIP with the available antibodies. However, the 

Jacobs group did not find an effect on foci formation by exogenous PTIP upon 

Rev7 depletion (Boersma et al., 2015). In contrast to REV7 loss, PTIP loss does 

not affect class switch recombination (Callen et al., 2013). It is therefore also not 

plausible that REV7 acts downstream of PTIP, consistent with the findings that 

foci formation by exogenous REV7 was not affected by Ptip depletion (Boersma 

et al., 2015). We found that REV7 deficiency does not affect the foci formation 

by endogenous RIF1 (which requires its interaction with 53BP1), suggesting that 

REV7 deficiency does not affect the interaction of 53BP1 with RIF1. However, 

the Jacobs group observed that REV7 recruitment to the DNA damage sites is 

RIF1-dependent as REV7 foci formation was abolished in RIF1-/- MEF cells, 

suggesting that REV7 may act downstream of 53BP1 and RIF1 (Boersma et al., 

2015). Regarding the recognition of DSBs we have shown that HELB is 

recruited to end resected ssDNA by directly interacting with RPA. However, it is 

not clear how REV7 recognizes DSBs in a 53BP1-dependent manner, as we 

failed to see a direct interaction between 53BP1 and REV7 or between REV7 

and the 53BP1-RIF1 complex. REV7 recruitment to DNA damage sites by 

53BP1 and RIF1 may result from an indirect interaction or an activity elicited by 

chromatin-bound 53BP1 protein complexes at DSB sites. These mechanisms 

remain to be explored. 

Another interesting question is whether loss of HELB or REV7 is also capable of 

inducing olaparib resistance in Brca2; p53-deficient cell lines. BRCA2 is crucial 

in the HR pathway as it recruits RAD51 in replacement of RPA2 to the end-

resected DSB. This step is downstream of BRCA1-53BP1 action, and we did not 

see that 53bp1-targeting hairpins were enriched in screens using Brca2; p53-
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deficient mES cells (unpublished data from Peter Bouwman and Ewa Gogola). 

Using clonogenic assays, we found that REV7 or HELB loss does not cause 

PARPi resistance in Brca2-deficient cell lines (chapter 2 and our unpublished 

data), showing that HR-deficiency due to BRCA2-deficiency cannot be restored 

by REV7 or HELB inhibition. This result is consistent with our finding that REV7 

and HELB act more upstream in the HR pathway and contribute to protecting 

DNA double strand breaks from end resection.  

 

Interactions of REV7 with REV3 and REV1 do not seem to be absolutely 

required for its function of counteracting end-resection  

REV7 contains 211 amino acids and only has one domain. To study whether 

end resection by REV7 requires its interaction with REV1 and REV3, we cloned 

two REV7 mutants C70R (REV3-interacting deficient mutant of REV7) and 

L186A/Q200A/Y202A (REV1-interacting deficient mutant of REV7).  As 

described in Chapter 2, similar to wild- type REV7 (wt REV7), both mutants 

were still recruited to the DNA damage sites. Reconstitution of either of them 

into the KB1P-B11-shRev7 and KB1P-G3-shRev7 cells partially reversed the 

resistance to PARPi compared with wt REV7 and empty vectors, suggesting 

that REV1 or REV3 interaction is not essential for REV7 to inhibit end resection 

at DSBs. 

REV7 has been shown to assist in cell cycle phase-related degradation of the 

TLS factor REV1, reflecting direct physical interactions of REV7 with REV3, 

REV1 and with the substrate recognition factors CDH1 and CDC20 of the 

ubiquitin ligase APC/C which seems responsible for targeting Rev1 for 

polyubiquitylation and proteasome-mediated degradation during mitosis (Chun 

et al., 2013). This function of REV7 in the regulation of REV1 turnover is 

apparently unrelated to the DSB response studied here. However, it is possible 

that REV7 facilitates the degradation of other proteins by bringing them in 

contact with CDH1 or CDC20 and hence with APC/C. As a result, further studies 

need to be conducted to determine whether the suppression of end resection by 

REV7 is dependent on its role in ubiquitin-mediated proteolysis. As shown in 

Chapter 2, to address the relationship between proteasome-mediated 

proteolysis and the role of REV7 in the DSB response at a more general level, 
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we have used two different chemical inhibitors of the proteasome: MG132 and 

bortezomib, and examined their impact on the recruitment of REV7 to laser-

generated DNA damage sites in human cells. These experiments clearly 

established that the recruitment of REV7 to damage sites is sensitive to 

proteasome inhibition, as such treatment very efficiently prevented REV7 from 

localizing to laser generated micro-irradiation lesions (see addendum in Chapter 

2).  

To investigate the function of the 53BP1-REV7 pathway in HR-proficient cells, 

we have shown that REV7 loss has no effect on PARPi sensitivity in p53-/- 

mammary tumor cells. However, its loss inhibits NHEJ thereby inhibiting class 

switch recombination (CSR) in the murine CH12 B cells, which undergoes CSR 

from IgM to IgA at a high rate upon stimulation (Muramatsu et al., 2000). 

Consistently, The Jacobs group found that REV7 accumulates at uncapped 

telomeres and promotes NHEJ-mediated fusion of deprotected chromosome 

ends and genomic instability (Boersma et al., 2015). As a result, NHEJ 

deficiency in Rev7 depleted cells may exhibit hallmarks of defective DSB repair 

such as IR sensitivity. Indeed, REV7 loss sensitizes p53-/- tumor cells to γ-

irradiation (our unpublished data). Interestingly, REV3-depleted cells are also 

more sensitive to γ-irradiation than empty vector transduced p53-/- tumor cells 

(our unpublished data) which is consistent with a previous report (Sharma et al., 

2012). Future experiments need to address whether this is independent of each 

other.  

 

Analysis of Rev7 or Helb loss in PARPi resistant Brca1-/-;p53-/- mouse 

mammary tumors  

By grafting cell lines in which Rev7 or Helb were stably inhibited by shRNA we 

showed that their loss confers olaparib resistance in Brca1-/-; p53-/- mammary 

tumor cells in vivo. We then studied whether Rev7 loss could explain some 

cases of in vivo acquired PARPi resistance in BRCA1-deficient mouse 

mammary tumors without loss of 53BP1 (Jaspers et al., 2013). For this purpose, 

we performed an unbiased RNAseq analysis of 55 PARPi resistant tumors and 

their matched controls. To identify subgroups within this collection of 

heterogeneous resistant tumors, we applied the Detection of Imbalanced 
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Differential Signal (DIDS) algorithm (de Ronde et al., 2013; Rottenberg et al., 

2012). Using this tool, Rev7 was among the top outliers of genes that were 

down regulated in resistant tumors (number 23; p = 0.0008) (see addendum in 

Chapter 2). We found more than 50% inhibition of the Rev7 transcript levels in 6 

out of 55 PARPi resistant tumors based on the RNASeq analysis, which was 

confirmed by Western blotting to quantitate REV7 protein levels (our 

unpublished data). Together, these data strongly indicate that inhibition of Rev7 

confers PARPi resistance in BRCA1-deficient tumor cells. Future studies need 

to investigate whether loss of Helb may also explain PARPi resistance in a set 

of spontaneous tumors which acquired olaparib or AZD2461 resistance in vivo. 

 

Cross-resistance of PARPi resistant tumors with a low REV7 expression 

We have previously shown that 53BP1 deletion reduces the sensitivity of 

BRCA1-deficient cells to DNA crosslinking agent cisplatin (Bouwman et al., 

2010) and leads to improved overall survival of mice harboring tumors treated 

with cisplatin (Jaspers et al., 2013). We hypothesized that this results from the 

restoration of HR. However, the group of André Nussenzweig at the NCI 

reported a novel role of BRCA1 in interstrand crosslink repair (Bunting et al., 

2012). This function was claimed to be independent of HR, because 53BP1 

deletion does not affect the sensitivity of Brca1Δ11/Δ11 cells to cisplatin. This 

difference with our observations may be explained by the fact that the 

Nussenzweig group used a different mouse model. In the mammary tumors with 

the exon 11 deletion of Brca1 expression of a hypomorphic BRCA1 protein is 

maintained. Thus, HR may not be completely abrogated in their model. In 

contrast, in our KB1P model there is a complete lack of BRCA1 protein 

expression.  

For those PARPi-resistant tumors with a low REV7 expression, the responses to 

cisplatin resemble the responses that we previously observed in 53BP1- and 

BRCA1-deficient cells (Jaspers et al., 2013). We transplanted 5 PARPi-resistant 

tumors that lack REV7 expression and their matched controls (treatment naïve 

tumors) orthotopically into syngeneic mice. The REV7 depleted tumors were still 

hypersensitive and shrink in response to cisplatin. . However, they relapsed 

significantly faster when compared with the matched drug-sensitive tumors that 
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were treated with cisplatin (see addendum in Chapter 2). These data are 

consistent with our model that REV7 is in the same pathway as 53BP1. 

 

How to overcome the HELB or REV7 loss-mediated PARPi resistance in 

BRCA1-deficient tumors?  

Our findings suggest that BRCA1-related breast cancer patients who have lost 

functional HELB or REV7 in their tumor cells, may not benefit from PARPi 

treatment. Hence, drug-sensitizing screens with or without PARPi combination 

using Rev7 or Helb; Brca1; p53-deficient tumor cells may provide novel 

information. In Chapter 2 I showed that REV7 loss-mediated PARPi resistance 

is reversed by ATM inhibition by KU55933 treatment in vitro. I obtained similar 

findings in Helb loss cells using ATM inhibition by KU55933 or KU60019 (our 

unpublished data). Given that the pharmacokinetic properties of KU55933 are 

not sufficient to inhibit ATM in vivo, we did not make an attempt to test this 

treatment in our mouse model. However, the DNA damage in normal tissues 

resulting from treatment with a potentially efficient ATM inhibitor may be greatly 

exacerbated when combined with PARPi; any future combinations of PARPi and 

ATMi should therefore target solely the tumors to avoid excessive toxicity to 

normal tissues.  

A therapeutic approach to increase the benefit of PARP inhibition was observed 

in the MMTV-CreBRCA1f/fp53+/− mouse model (Brodie et al., 2001). I note in 

passing that also in this model there is an exon 11 deletion of Brca1 in the 

mammary gland and the expression of a hypomorphic BRCA1 protein is 

maintained. In this model (Juvekar et al., 2012) showed that PI3K inhibitors 

increase the efficacy of PARPi. Thus, the combination of PI3K and PARP 

inhibitors may prevent the development of drug resistance in our model and 

even eradicate tumors. However, using our BRCA1; P53-deficient B11 and G3 

cell lines, I did not see any synergistic or additive effect when combining PI3K 

inhibitor (BEZ235, PI103 or GDC-0941 ) with olaparib in vitro (our unpublished 

data). Also this difference may be explained by the different models used. 
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Outlook 

An important question is whether our findings on new mechanims of PARPi 

resistance can be translated into the clinic. This question should be ideally 

addressed using tumors from BRCA1 mutation carriers that initially responded 

to PARPi and eventually acquired resistance. Unfortunately, we are not aware of 

a clinical trial that has generated matched samples of BRCA1-mutated breast 

cancer patients who initially responded to PARP inhibitors and eventually 

acquired resistance in order to prove our findings. Since we observe that the 

PARPi-resistant tumors are still sensitive to platinum drugs we do not think that 

platinum salts are a suitable substitution. In fact, none of the components of this 

pathway with functions related to DSB resection/PARPi sensitivity, including 

53BP1, Rev7, RIF1 or PTIP, has so far been reported to cause resistance in 

patients treated with PARP inhibitors. However, it has also not been carefully 

analyzed in suitable matched samples. In the future it will be important to get 

matched samples from the new clinical trials that have been started. 

Another important tool that should be implemented in the clinic is a functional 

assay to test HR. Determining REV7 expression on its own may not be 

sufficient. In our mouse model, Ewa Gogola established an in situ assay to 

quantify RAD51 foci formation as readout for HR. Since this requires a single 

high dose of radiotherapy, it may not be feasible in patients, however. Another 

promising approach is the use of an ex vivo RAD51 foci formation assay (Naipal 

et al., 2014) to measure the HR status. This may help clinicians to give 

personalized therapy when treating Brca1-related cancer patients with mutant or 

predictive biomarkers. In addition, it may provide clinicians with more options to 

find the actual drug resistant mechanisms and execute more effective strategies 

to overcome drug resistance.  

In line with this, we have shown that the DSB-REV7 and DSB-HELB pathways 

are conserved between human and mouse cells. Therefore, the fact that the 

selection for REV7 or HELB loss in BRCA1-deficient tumors and PARPi 

sensitivity/resistance operate in vivo in such mouse tumors strongly argues that 

this is also preserved in human tumors. So far, we have investigated this issue 

using two independent cohorts of human breast carcinomas, the smaller cohort 

of TNBC cases and a much larger, independent cohort of breast cancer 
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specimens from the NKI biobank, available in the form of tissue microarrays of 

breast cancers (random subtypes). We investigated REV7 and 53BP1 

expression of 366 patients by immunohistochemistry.  In the larger data set we 

found that loss of REV7 expression is more frequent in triple negative breast 

cancer (TNBC), in which most of BRCA1-related breast cancer is found. The 

staining distribution is shown in Chapter 2 and the Wilcoxon rank sum test with 

continuity correction gives a P value of 0.009 and we also consistently observed 

the trend for mutually exclusive defects in 53BP1 and REV7 expression in both 

cohorts (see addendum in Chapter 2 and our unpublished data). In addition, 

although the tumor sample is small, we have found that in the NKI cohort of 

human breast cancer patients there were 9 BRCA1-mutation carriers and in 4 of 

these, REV7 expression was aberrantly lost and all of these still express 53BP1 

(our unpublished data). This indicates that such a dual defect (BRCA1/REV7) 

also occurs in human tumors in the clinic, and suggests that this happens with a 

significant frequency. Fortunately, many PARPi clinical trials now mandate 

biopsies once resistance occurs and this should allow us  further studies in the 

future.  Finally, we have tried to analyze HELB expression by IHC, but both the 

commercially available and our lab-made antibodies seem to be unsuitable for 

this demanding application, either due to unacceptable background staining, or 

not being applicable on routinely processed formalin-fixed paraffin sections 

deparaffinized through xylene exposure, a standard procedure that destroys 

some antibody-recognized epitopes.  

Based on our preclinical model, we also expect that there must be more 

mechanisms that cause PARPi resistance, which we have not solved yet. For 

example, we observed that RNF8 loss or XRN2 loss may also serve as a 

potential mechanism of PARPi resistance in those tumors (Chapter 4). However, 

these mechanisms, even together with 53BP1 loss, do not account for all 

PARPi-resistant tumors, suggesting the existence of more mechanisms that 

contribute to PARPi resistance.  We have already performed genome-wide 

expression analysis by RNAseq or whole exome capture sequencing in order to 

identify alternative mechanisms of PARPi resistance in our tumor model. 

However, possible heterogeneity within the tumors, might hinder these 

approaches. Hence, further functional screens may be warranted to identify 
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novel factors involved in PARPi resistance. Since targeting mRNAs with 

shRNAs results only in gene knockdown, CAS9-sgRNA-mediated gene 

knockout may help to find hits that promote PARPi resistance when the gene is 

completely inactivated.. Thus far, I have only employed hairpins that target the 

DDR. To identify the remaining mechanisms, future studies should include a 

whole-genome shRNA library or at least other shRNAs pools such as those 

targeting chromatin-remodeling genes. Because over-expression of a certain 

gene may also cause PARPi resistance, gain of function screens using cDNA 

libraries should also be employed.  
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