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Abstract 

BRCA1 and BRCA2 tumour suppressors are essential for homologous 

recombination-mediated double-strand break repair and replication fork 

protection. Therefore, BRCA1 and BRCA2 are essential for cell viability. 

Deactivating mutations in one of these genes lead to genome instability and are 

associated with breast and ovarian cancer. We thus performed a chemical library 

screen and identified glycogen synthase kinase 3 (GSK3) inhibitors as a potent 

tool to kill BRCA2-deficient cells.  

One of the best-characterised cellular functions of serine/threonine kinase 

GSK3 is its role in the WNT pathway. Here, it acts as a regulator of β-catenin, 

with the inactivation of GSK3 leading to the stabilisation of β-catenin. 

In this study, we show that inhibition of GSK3 reduces the viability of human 

BRCA2-deficient cells. In addition, GSK3 inhibition leads to replication stress, 

DNA damage and genome instability in the context of BRCA2 deficiency. GSK3 

inhibition sensitivity can be reversed by depleting β-catenin. Furthermore, GSK3 

inhibition-induced replication stress and checkpoint activation is reduced when 

β-catenin is depleted.  

BRCA1-deficient cells that have lost 53BP1 are able to overcome PARP 

inhibitor olaparib sensitivity by reactivating homologous recombination. 

Interestingly, we find that olaparib-resistant Brca1-/-, 53BP1-deficient cells are 

sensitive to GSK3 inhibition, whilst Brca1+/+ cells remain unaffected. 

In summary, these results demonstrate that GSK3 inhibitors may be used 

to target HR deficiency, including cells that have acquired resistance against 

currently used therapies.  
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1 Introduction 

Cancer is the disease that leads to the most deaths worldwide. In 2015, it cost 

8.8 million individuals their life (WHO, 2017). Cancer is characterised by the 

uncontrolled growth of cells. A small modification in the DNA can cause the cell 

to start growing rapidly and become aggressive by invading multiple tissues.  

This transformation can rise from DNA damage, which cells are exposed to 

throughout their life cycle (Lindahl et al., 2000). Besides by-products of cellular 

processes such as the immune response (Kawanishi et al., 2006) or oxidative 

respiration (Valko et al., 2006), exogenous sources like ultraviolet light can cause 

DNA damage (Jackson et al., 2009). DNA lesions occur in various ways and 

appear in different forms, among which double-strand breaks (DSBs) are the 

most detrimental. Accurate repair is necessary to preserve genome stability. 

Homologous recombination (HR) is an error-free mechanism for the repair of 

DSBs that most commonly uses the sister chromatid as a template to restore the 

original DNA sequence. Genes involved in HR are commonly mutated in tumours 

leading to genome instability, a hallmark of cancer (Negrini et al., 2010).  

 

1.1 HR is required for genome stability 

The key mechanism for accurate DSB repair is HR, which requires an intact, 

homologous DNA sequence as a template (Johnson et al., 2000; Johnson et al., 

1999; Valerie et al., 2003). HR is not only vital for DSB repair but also for DNA 

replication, during which it is needed to protect, repair and restart stalled 

replication forks in a precise manner (Lomonosov et al., 2003; Nagaraju et al., 

2007). Replication forks can stall as a consequence of DNA damage, proteins 

bound to DNA and secondary DNA structures. To protect stalled replication forks, 
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HR prevents nucleolytic degradation of nascent DNA mediated by MRE11 

nuclease (Schlacher et al., 2011; Schlacher et al., 2012). In more severe cases, 

stalled replication forks collapse leading to DSB formation. HR is then required 

for the repair of the DSB followed by the reactivation of DNA synthesis 

(Arnaudeau et al., 2001; Segurado et al., 2002).  

Two major proteins in HR are breast cancer susceptibility protein 1 

(BRCA1) and breast cancer susceptibility protein 2 (BRCA2). Due to their role in 

HR, BRCA1 and BRCA2 are essential for cell viability (Hakem et al., 1996; Suzuki 

et al., 1997). Mutations in BRCA1 and BRCA2 have been implicated in breast 

and ovarian cancer (King et al., 2003; Welcsh et al., 2001). In addition, patients 

who have mutations in BRCA1 or BRCA2 display extreme levels of genome 

instability (Lord et al., 2016). This is presumably caused by inaccurate repair of 

DSBs. 

 

1.1.1 Double-strand break repair by HR 

The roles of BRCA1 and BRCA2 in DSB repair by HR have been studied 

extensively. The first step in DSB repair is the recognition of the break. Hereof, 

the MRE11-RAD50-NSB1 (MRN) complex binds to the DSB in approximately 13 

seconds (Haince et al., 2008) and activates ataxia telangiectasia mutated protein 

(ATM) (Moreno-Herrero et al., 2005; Shiloh, 2003; Stracker et al., 2004). This 

triggers the DNA damage response, which acts as a safeguard to allow repair of 

the break before the cell cycle progresses (Lowndes et al., 2000). 

There are two main pathways for the repair of DSBs, HR and non-

homologous end joining (NHEJ). NHEJ, which is active throughout the cell cycle, 

is an error-prone repair mechanism. On the contrary, HR is error-free and only 
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active during S and G2 phase (Ahnesorg et al., 2006; Grawunder et al., 1997; 

Gu et al., 2007). During G1 phase, NHEJ is promoted by p53 binding protein 1 

(53BP1) that inhibits resection (Bothmer et al., 2010; Bunting et al., 2010). HR is 

activated during S and G2 phase by BRCA1. The MRN complex, in concert with 

CtIP, initiates resection on both sides of the DSB (Huertas et al., 2008). Extensive 

resection is then mediated by BLM helicase and the nucleases DNA2 and EXO1 

(Nimonkar et al., 2011; Nimonkar et al., 2008; Sartori et al., 2007). This generates 

single-stranded DNA (ssDNA) that is protected from degradation by replication 

protein A (RPA) (Chen et al., 2013). To initiate strand invasion into intact 

homologous double-stranded DNA (dsDNA), RPA is displaced by radiation 

resistance protein 51 (RAD51), which is loaded by BRCA2 (Moynahan et al., 

2001) together with BRCA1 and PALB2 (Sy et al., 2009a; Sy et al., 2009b; Zhang 

et al., 2009). RAD51 forms nucleoprotein filaments and mediates strand invasion, 

leading to the formation of a displacement loop (D-loop) (Baumann et al., 1996; 

Sung, 1994; Sung et al., 1995). This causes the formation of Holiday junctions 

which need to be dissolved by BLM-TOPIIIα-RMI1 or resolved by GEN1 or 

MUS81-EME1, leading to crossover or non-crossover products (Boddy et al., 

2001). The complete process of repairing a DSB by HR takes roughly 20 minutes 

(Mine-Hattab et al., 2012). An overview of the key activities during HR-mediated 

DSB repair is illustrated in Figure 1.1. 
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Figure 1.1. DSB repair by HR. 
Once a DSB occurs, MRN binds to the break within 13 seconds and initiates resection. 
RPA coats the exposed ssDNA to protect it from degradation. BRCA2 loads RAD51 onto 
the ssDNA, thereby displacing RPA. RAD51 forms nucleofilaments and triggers strand 
invasion into the homologous dsDNA, leading to the formation of Holiday junctions (HJ). 
HJ are dissolved by BLM-TOPIIIα-RMI1 or resolved by GEN1 or MUS81-EME1, 
resulting in crossover or non-crossover products. The process from recognition of the 
break to the repair takes approximately 20 min. 
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1.1.2 Role of HR during DNA replication 

BRCA1 and BRCA2 are essential proteins in the accurate repair of DSBs. 

Besides their role in HR, they are required during DNA replication (Lomonosov 

et al., 2003; Nagaraju et al., 2007). Problems that arise during DNA synthesis 

lead to a replication stress response (Zeman et al., 2014).  

Replication stress is defined by the slowing down or stalling of the 

replication fork, resulting in long stretches of ssDNA (Zeman et al., 2014). These 

ssDNA stretches are usually formed when the replicative helicase continues to 

unwind the dsDNA even though the polymerase has stalled (Pacek et al., 2004). 

The replication stress response is activated when the ssDNA adjacent to the 

stalled replication fork persists (Byun et al., 2005). One of the central kinases in 

the replication stress response, which is recruited to these structures, is ataxia 

telangiectasia and Rad3 related (ATR). Recruitment of ATR to stalled forks leads 

to the phosphorylation and activation of checkpoint kinase 1 (CHK1) to inhibit cell 

cycle progression (Liu et al., 2000; Melo et al., 2002; Zhao et al., 2001; Zou et 

al., 2003b). In addition, ATR restrains late origin firing (Tercero et al., 2001). To 

prevent degradation of the ssDNA exposed at the replication fork by MRE11 

nuclease, BRCA1 and BRCA2 are recruited to the replication fork to protect the 

nascent DNA (Figure 1.2) (Schlacher et al., 2011; Schlacher et al., 2012). After 

the source of stress has been removed, replication forks can be restarted 

(Petermann et al., 2010). However, the cell may fail to restart the replication fork 

because of persistence of the source. It is believed that these fail-to-restart 

replication forks collapse (Cobb et al., 2003; De Piccoli et al., 2012; Lopes et al., 

2001; Ragland et al., 2013; Tercero et al., 2001). A collapsed replication fork can 

be transformed into a DSB. One way that a stalled replication fork is processed 
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into a DSB is through cleavage by endonucleolytic activity of MUS81 (Hanada et 

al., 2006). DSBs that arise from replication fork collapsing are primarily repaired 

by HR (Arnaudeau et al., 2001). In addition, HR activities are required to restart 

DNA synthesis (Figure 1.2) (Arnaudeau et al., 2001; Segurado et al., 2002). 
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Figure 1.2. Fork protection and restart by HR. 
When a replication fork stalls, RPA binds to the exposed ssDNA. BRCA2 prevents 
MRE11-mediated DNA degradation. Endonucleases cleave DNA at the fork, resulting in 
a HR-like reaction to repair the break. 
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1.1.3 Therapeutic targeting of HR-deficient tumours 

Gene-inactivating mutations in either BRCA1 or BRCA2 are associated with high 

risk of breast and ovarian cancer (King et al., 2003; Welcsh et al., 2001). One 

explanation for the increased risk of developing cancer may be that the error-

prone DSB repair mechanism NHEJ takes over when HR is inactive (Lord et al., 

2016; Prakash et al., 2015). DSB repair by NHEJ often leads to insertions or 

deletions, which can lead to chromosome rearrangements (Lord et al., 2012; 

Simsek et al., 2010; Zhang et al., 2011). Therefore, BRCA-associated tumours 

exhibit high levels of genome instability (Lord et al., 2016). Currently, patients 

with HR-inactive tumours are usually treated with radiation and/or chemotherapy. 

These treatments rely on the incompetent repair of the induced DNA damage. 

Cells proficient in HR are capable of repairing the damage in an accurate way. 

This enables selectively targeting of HR-deficient tumour cells.  

More recently, a promising approach has been exploited to treat different 

types of cancer, called synthetic lethality. Similarly to the aforementioned 

treatments that rely on inadequate DSB repair of HR-defective cells, the concept 

of synthetic lethality is based on defects in multiple genes that result in cell death. 

In brief, individual inactivation of two genes is tolerated but deletion of both genes 

simultaneously is not compatible with cell viability (Dobzhansky, 1946). Based on 

synthetic lethality, the inhibition of poly (ADP-ribose) polymerase (PARP) by 

olaparib was identified to specifically kill HR-deficient cells (Bryant et al., 2005; 

Farmer et al., 2005). PARP is involved in single-strand break repair (Fisher et al., 

2007). Olaparib primarily targets PARP1-3 causing the trapping of PARP1-3 on 

the DNA. The persistence of PARP on the DNA can lead to fork stalling and 

collapse, causing DSB formation (Helleday, 2011). Cells defective in BRCA1 or 
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BRCA2 are unable to repair the collapsed fork. Healthy cells remain unaffected 

because they are capable of accurate repair by HR. This promising approach of 

targeting HR-deficient tumours by the inhibition of PARP provided encouraging 

results in clinical trials (Audeh et al., 2010; Fong et al., 2009; Tutt et al., 2010).  

A major setback for the therapeutic approaches to treat BRCA-associated 

tumours has been the development of resistance. The high levels of genome 

instability in HR-defective cancers gives the cells an opportunity for 

rearrangements in BRCA1 and BRCA2 genes that can re-establish their 

functionality (Barber et al., 2013; Edwards et al., 2008; Sakai et al., 2008). This 

means that the cells regain HR function. Furthermore, other mechanisms have 

been identified that restore HR activity in BRCA1-deficient cells. These 

mechanisms rely on the restoration of resection through loss of 53BP1, its 

downstream target REV7 or helicase HELB (Boersma et al., 2015; Bouwman et 

al., 2010; Bunting et al., 2010; Cao et al., 2009; Tkac et al., 2016; Xu et al., 2015). 

RAD51 is then loaded onto the ssDNA overhangs by BRCA2 and HR is restored. 

More recently, another model of chemoresistance has been suggested, in which 

replication forks are stabilised in the absence of BRCA2 by silencing of PTIP, 

CHD4 or PARP, thereby preventing MRE11-mediated resection (Ding et al., 

2016; Ray Chaudhuri et al., 2016). However, these cells are not able to reactivate 

HR. The findings of Ray Chaudhuri et al. (2016) suggest that fork stability in the 

absence of BRCA2 correlates with drug resistance. 

Promising therapies have been identified that are able to selectively target 

resistant BRCA1-dysfunctional tumour cells (Yazinski et al., 2017; Zimmer et al., 

2016). Yazinski et al. (2017) report that PARP-resistant BRCA1-deficient cells 

are sensitive to a combination treatment of ATR inhibition and PARP inhibitor 
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olaparib. Mechanistically, BRCA1-deficient cells resistant for PARP inhibition are 

able to load RAD51 after olaparib treatment (Yazinski et al., 2017; Zimmer et al., 

2016). However, additional treatment with an ATR inhibitor prevents loading of 

RAD51 by disturbing the BRCA1, PALB2 and BRCA2 interaction (Buisson et al., 

2017; Yazinski et al., 2017). Zimmer et al. (2016) found that treatment with 

pyridostatin, a G-quadruplex stabiliser, kills BRCA1-deficient cells resistant for 

PARP inhibition. In addition, pyridostatin treatment was suggested to prevent 

resection, which blocks RAD51 loading in BRCA1-, 53BP1-deficient cells 

(Zimmer et al., 2016). 

Overall, current approaches and therapies to target BRCA-deficient 

tumours lack selectivity and are vulnerable to the development of resistance. To 

identify novel approaches to target these difficult-to-treat cancer cells, we 

performed a chemical library screen (Tacconi, 2015), in which we identified 

inhibitors of glycogen synthase kinase 3 (GSK3).  

 

1.2 Role of GSK3 in the WNT pathway 

GSK3 is a serine/threonine kinase that was first identified in 1980 (Embi et al., 

1980), but only ten years later it became clear that GSK3 is involved in a great 

number of cellular processes such as stem cell renewal, apoptosis and cell 

proliferation (Hanger et al., 1992; Pei et al., 1997). Because of GSK3’s multi-

functionality, it is also involved in the onset and development of human diseases 

like cancer and bipolar mood disorder as well as life-long disorders such as 

diabetes, neurodegenerative diseases and muscle hypertrophy (Martinez, 2008; 

Patel et al., 2008; Takahashi-Yanaga, 2013). Remarkably, GSK3 is barely 

mutated in cells, suggesting that GSK3 may be a promising target to treat these 
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devastating diseases. Thus, various inhibitors of GSK3 have been synthesised, 

some of which have been tested in clinical trials (Cohen et al., 2004; Eldar-

Finkelman et al., 2011; Frame et al., 2001; Meijer et al., 2004).  

GSK3 exists of two genes, GSK3α and GSK3β. They are located on 

different chromosomes but are 85% homologous (Woodgett, 1990). The distinct 

function between the two genes is not very well studied. Nevertheless, a study in 

mice revealed that GSK3α knockout is viable, even though the mice displayed 

increase levels of insulin and glucose. In addition, GSK3α knockout mice had a 

reduced fat mass. In contrast, deletion of GSK3β in mice led to liver degradation 

after 16 days and was lethal (Hoeflich et al., 2000). Thus, this study suggests 

that GSK3α and GSK3β have separate functions. 

Despite GSK3’s role in other pathways, its function in the WNT pathway 

has been studied the most (Figure 1.3). Here, both GSK3α and GSK3β are 

required (Doble et al., 2007). In resting, non-proliferating cells, the WNT receptor 

Frizzled is unbound (Figure 1.3A). This leads to the activation of GSK3 by 

autophosphorylation of tyrosine (Y) 279 on GSK3α and Y216 on GSK3β (Cole et 

al., 2004). Active GSK3 forms a destruction complex together with CK1, APC, 

Axin and β-TrCP. Here, Axin scaffolds the destruction complex and CK1 

phosphorylates β-catenin on serine (S) 45. Active GSK3 recognises 

phosphorylated β-catenin and further phosphorylates β-catenin on S33, S37 and 

threonine (T) 41 (Amit et al., 2002; Dominguez et al., 1995; He et al., 1995; Liu 

et al., 2002; Pierce et al., 1995). β-TrCP ubiquitinates phosphorylated β-catenin 

and targets it for proteasomal degradation (Hart et al., 1999; Kitagawa et al., 

1999; Latres et al., 1999; Liu et al., 1999; Winston et al., 1999). On the other 

hand, when a WNT ligand binds to the Frizzled receptor, the WNT pathway is 
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activated (Figure 1.3B). The binding of the ligand to the receptor causes a dimer 

formation with the LRP5/6 receptor, leading to the inactivation of APC and Axin 

(Zeng et al., 2008). DVL prevents activation of GSK3 by phosphorylation of S21 

and S9 on GSK3α and GSK3β, respectively (Cross et al., 1995; Cross et al., 

1994; Stambolic et al., 1994; Sutherland et al., 1993). This causes the 

stabilisation of β-catenin, which is then transferred to the nucleus where it acts 

as an activator of transcription factors TCF/LEF (Novak et al., 1999). One of the 

proteins that is stimulated upon TCF/LEF-mediated transcription is the oncogene 

MYC (He et al., 1998). 
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Figure 1.3. Overview of the WNT pathway. 
(A) In the absence of WNT stimulation, GSK3 is activated by autophosphorylation. This 
leads to the formation of a destruction complex, containing GSK3, CK1, APC, Axin and 
β-TrCP. Here, Axin scaffolds the destruction complex and interacts with all components. 
APC is an essential protein in the complex, however, its exact role remains unclear. CK1 
phosphorylates β-catenin on S45, which is recognised by GSK3. In turn, GSK3 
phosphorylates β-catenin on S33, S37 and T41 leading to the ubiquitination of β-catenin 
mediated by β-TrCP. Finally, β-catenin is degraded by the proteasome. (B) When a WNT 
ligand binds to the Frizzled receptor, a dimer is formed with the LRP5/6 receptor. This 
leads to the activation of DVL, which inhibits the destruction complex, causing β-catenin 
stabilisation. β-catenin is then transferred into the nucleus where it acts as an activator 
of transcription factors TCF/LEF. Ub, ubiquitin; p, phosphorylated. 
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1.3 Aim of this study 

A chemical library revealed GSK3 inhibitors as a potent tool to kill BRCA2-

deficient cells (Tacconi, 2015). The aim of this study was to understand the 

mechanism by which the inhibition of GSK3 leads to the killing of BRCA2-

deficient cells. First, the outcome of the library screen was validated in different 

cell lines lacking BRCA2. Secondly, we sought to investigate a potential synthetic 

lethal interaction between GSK3 and BRCA2. Thirdly, we monitored replication 

stress accumulation, replication dynamics and DNA damage induction upon 

GSK3 inhibition. Fourthly, we assessed the role of β-catenin in GSK3 inhibitor-

treated cells. Lastly, we tested the potential of GSK3 inhibition in cells resistant 

to PARP inhibitor olaparib.   
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2 Materials and methods 

2.1 Cell culture 

Human colorectal adenocarcinoma DLD1 cells (parental and BRCA2-mutated; 

Horizon Discovery; Hucl et al. (2008)) and non-small lung carcinoma H1299 cells 

(America Type Culture Collection) were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM; Sigma-Aldrich #D5796). Media for DLD1 cells were 

supplemented with 10% fetal bovine serum (FBS; Invitrogen #10270-106) and 

1% penicillin-streptomycin (Sigma-Aldrich #P4333). Media for H1299 cells were 

supplemented with 10% tetracycline-free FBS (Thermo Fisher Scientific 

#SH3007003) and 1% penicillin-streptomycin. Cells were cultured at 37˚C in 5% 

CO2. H1299 cells expressing doxycycline (DOX)-inducible small hairpin RNA 

(shRNA) against BRCA2 were previously established in Prof. Madalena 

Tarsounas’ lab (Zimmer et al., 2016) using the ‘all-in-one’ system, described by 

Wiederschain et al. (2009). Using lentiviral infection, BRCA2 shRNA (GGG AAA 

CAC TCA GAT TAA A) cloned into pLKOTetOn vector were introduced into H1299 

cells. Efficient BRCA2 knockdown was confirmed after eight days in the presence 

of 2 µg/mL DOX (Sigma-Aldrich #D9891). The mechanism of DOX-inducible 

shRNA-mediated depletion is shown in Figure 2.1. H1299 cells were grown in 

the presence or absence of DOX for three days before the start of an experiment.  

Brca1+/+ (KP3.33; wild type), Brca1-/- (KB1PM5; olaparib-sensitive) and 

Brca1-/-, 53BP1-deficient (KB1PM5; olaparib-resistant) mouse mammary tumour-

derived cell lines were cultured at 37˚C, 5% CO2 and 3% O2. All three cell lines 

were grown in DMEM/F-12 (Life Technologies #31331-028) supplemented with 

10% FBS, 1% penicillin-streptomycin, 5 µg/mL insulin (Sigma-Aldrich #I0516-

5ML), 5 ng/mL epidermal growth factor (Life Technologies #53003018) and 5 
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ng/mL cholera toxin (Gentaur #LST10). Cholera toxin was added to the cells as 

it has been shown to promote cell growth of epithelial cells by stimulating cyclic 

adenosine monophosphate levels (Okada et al., 1982; Stampfer, 1982). 

Cells were detached using Trypsin-EDTA (Sigma-Aldrich #T3924) for 5 

minutes (min) at 37˚C in 5% CO2, after washing cells with phosphate-buffered 

saline (PBS; Fisher Scientific #BR0014). Cells were counted using a 

haemocytometer.  

BRCA2-deficient DLD1 cells and their parental -proficient counterpart were 

used as a cell model for stable BRCA2 deficiency. In contrast, H1299 cells were 

used as an inducible model of BRCA2 deficiency mediated by DOX-inducible 

shRNA against BRCA2. These two models enabled us to assess the effect of 

GSK3 inhibitors in cells that have adapted to BRCA2 loss and in cells that suffer 

from prompt depletion of BRCA2. Importantly, DLD1 cells harbour a mutation in 

APC, resulting in higher endogenous levels of β-catenin (Tang et al., 2008), 

whilst H1299 cells are WNT pathway wild type. This allowed us to study GSK3 

inhibitor sensitivity in cells that are mutated in the WNT pathway and in cells with 

a wild type WNT pathway. Additionally, KP3.33 (Brca1+/+) and KB1PM5 (Brca1-/- 

and Brca1-/-, 53BP1-deficient) mouse mammary tumour-derived cells were used 

as a model to study the effect of GSK3 inhibition on olaparib-resistant cells. 
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Figure 2.1. Mechanism of DOX-inducible shRNA-mediated protein depletion. 
(A) In the absence of DOX (-DOX), expression of shRNA is suppressed by constitutively 
expressed TetR protein. TetR binds to the TREs within the H1 promotor, thereby 
preventing shRNA expression. (B) In the presence of DOX (+DOX), shRNA is expressed 
due to the sequestering of TetR protein. DOX, doxycycline; GlobinIVS-TetR, GlobinIVS-
Tet repressor fusion, H1, H1 promoter; hPGK, constitutive polymerase II hPGK 
promoter; IRES, internal ribosomal entry site; LTR, long terminal repeats; PUR, 
puromycin resistance gene; TATA, TATA box; TetR, Tet repressor; TRE, Tet-responsive 
element. Modified from Wiederschain et al. (2009) with permission from Taylor & 
Francis.  

 

2.2 Cell viability assay 

Cells were seeded in triplicate at densities between 250 to 3000 cells per well in 

96-well plates (Corning #353072). After cells had attached, growth media were 

removed and replaced with drug-containing media. Following six days of 

treatment, cell viability was measured after incubation with 10 µg/mL resazurin 

(Sigma-Aldrich #R7017) for 2 hours (h) at 37˚C and 5% CO2. In viable cells, the 

blue dye resazurin is converted to red fluorescent resofurin by enzymatic activity 

in the mitochondria. Fluorescent resofurin was measured using a plate reader 

(POLARstar Omega, BMG Labtech) at 544 nm. Prism software (GraphPad) was 
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used to analyse data. Viability of cells was expressed relative to untreated cells 

of the same cell line.  

 

2.3 RNAi transfection 

DLD1 (8 x 105) or H1299 (3 x 105) cells were seeded in 6 cm dishes (Greiner Bio-

One #628160), before cells were reverse-transfected using Dharmafect 1 

(Dharmacon #T-2001) according to manufacturer’s instructions. First, 5 µL of 

Dharmafect reagent was added to 0.5 mL of Opti-MEM reduced serum media 

(Thermo Fisher Scientific #31985062) and incubated at room temperature (RT) 

for 5 min. Secondly, this solution was mixed with 40 nM of small interfering RNA 

(siRNA) in 0.5 mL Opti-MEM reduced serum media, followed by a 20-min 

incubation at RT and addition to the cell suspension. Media were replaced after 

24 h. Immunoblotting was used to determine depletion of proteins of interest 48 

h after transfection. In this study, we used the following siRNAs: GSK3α, GSK3β 

(Thermo Fisher Scientific #4390824; s6238 and s6241 respectively), GSK3α/β 

(Cell Signaling #6301) and β-catenin (Dharmacon; AUC AAC UGG AUA GUC 

AGC ACC). 

 

2.4 Proliferation assay 

Proteins of interest were depleted as described above, before DLD1 or H1299 

cells were seeded at a density of 500 to 2000 cells per well in 96-well plates. 

Proliferation rate was assessed using resazurin every two days for either six days 

(DLD1) or eight days (H1299). Data were analysed using Excel (Microsoft) and 

Prism software. Population doublings were calculated relatively to day zero 

measurements using the following equation: Population doubling	= log2
day	x
day	0 . 
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2.5 Drug treatment 

Compounds used in this study are listed in Table 1. 

Table 1: Compounds used in this study. 
Name Target Solvent IC50 Concentration Supplier 

AZD1080 GSK3 DMSO 31 nM 0.3-10 µM Selleckchem 
(#S7145) 

CHIR99021 GSK3 DMSO 10 nM 0.3-10 µM Selleckchem 
(#S1263) 

LY2090314 GSK3 DMSO 1.5 nM 0.15-5 µM 
15-500 nM 

Selleckchem 
(#S7063) 

SB216763 GSK3 DMSO 34.3 nM 0.15-5 µM Selleckchem 
(#S1075) 

Olaparib PARP1/2 DMSO 5 nM 0.3-10 µM Selleckchem 
(#S1060) 

 

The in vitro IC50 values stated in Table 1 were provided by the manufacturer of 

the compounds. It is likely that the IC50 values determined in vitro are not 

sufficient to inhibit the respective target in cellular assays, where cell permeability 

of the compounds needs to be considered. Therefore, concentrations above the 

IC50 values were used in this study. However, it must be noted that off-target 

effects by the compounds are more likely to occur under these conditions. 

 

2.6 Immunoblotting 

Cells were harvested using trypsin and washed with PBS before cells were 

resuspended in appropriate amounts of SDS-PAGE loading buffer (0.16 M Tris-

HCl pH 6.8, 4% SDS (National Diagnostics #EC-874), 20% glycerol (MP 

Biomedical #193996), 0.01% bromophenol blue (Thermo Fisher Scientific 

#B392-5), 100 mM DTT (Thermo Fisher Scientific #BP172-5)). Samples were 
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then sonicated, boiled for 10 min at 70˚C and centrifuged at 20,000 x g for 7 min. 

Protein absorbance was measured at a wavelength of 280 nm using a 

spectrophotometer. Proteins in solution absorb ultraviolet light at 280 nm 

because of the aromatic rings of certain amino acids, such as tryptophan. Using 

the Beer-Lambert Law, protein concentrations were calculated with the following 

equation: c = A
ε*L

. Here, c is the protein concentration, A is the absorbance value 

measured at 280 nm, ε is the molar extinction coefficient and L the path length in 

centimetres. Equal protein amounts were analysed by SDS-PAGE and 

immunoblotting. Bis-Tris (Life Technologies #NP0302) or Tris-Acetate (Life 

Technologies #EA03752) gels were used in either MOPS or Tris-Acetate SDS 

running buffer (Life Technologies #NP0001 and #LA0041). Samples were 

separated at 180 V using the XCell SureLock Mini-Cell system (Thermo Fisher 

Scientific EI0001) and transferred onto a nitrocellulose membrane (GE 

Healthcare Life Sciences #10600001) using semi-dry transfer in transfer buffer 

(Life Technologies #NP00061) with 10% methanol. Membranes were blocked for 

unspecific binding sites in blocking buffer (5% dried skimmed milk in PBS-Tween 

(0.05% Tween 20 (Sigma-Aldrich #P7949) in PBS)) for 1 h. Next, membranes 

were incubated with primary antibody (diluted in 2% bovine serum albumin (BSA; 

Sigma-Aldrich #A7906) and 0.05% azide in PBS-Tween) overnight at 4˚C to 

detect protein of interest. Hereafter, membranes were washed three times in 

PBS-Tween for 5 min at RT, followed by incubation with secondary antibody 

(1:5000 times diluted in blocking buffer) for 1 h. Membranes were then washed 

in PBS-Tween three times for 10 min at RT. To detect proteins on X-ray films 

(Fujifilm #4741019289), ECL western blotting detection reagent (Thermo Fisher 
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Scientific #1859701, Millipore #WBKLS0100 or GE Healthcare #RPN2235V1/2) 

was used.  
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2.7 Antibodies 

Antibodies used in this study for immunoblotting (IB) and immunofluorescence 

(IF) are summarised in Table 2 and Table 3.  

Table 2: Primary antibodies used in this study. 

Target, name Host 
Dilution 
(Purpose) 

Target size 
(kDa) 

Supplier 

53BP1 Rabbit 1:5,000 
(IF) 214 

Novus 
Biologicals 
(#NB100-304) 

β-catenin Rabbit 1:1,000 
(IB) 92 Cell Signaling 

(#9562S) 

β-catenin phospho 
S33, S34, T41 

Rabbit 1:1,000 
(IB) 92 Cell Signaling 

(#9561) 

BRCA2 Mouse 1:2,000 
(IB) 390 Calbiochem 

(#OP95) 

CHK1 (G-4) Mouse 1:1,000 
(IB) 56 

Santa Cruz 
Biotechnology 
(#SC-8408) 

CHK1  
phospho S317 

Rabbit 1:1,000 
(IB) 56 Cell Signaling 

(#2344) 

CHK1  
phospho S345 

Rabbit  1:1,000 
(IB) 56 Cell Signaling 

(#2341) 

GAPDH, 6C5 Mouse 1:30,000 
(IB) 37 

Novus 
Biologicals 
(#NB600-502) 

GSK3α/β Rabbit 1:1,000 
(IB) 47 & 51 Cell Signaling 

(#5676S) 

GSK3α/β  
phospho Y279/Y216 

Rabbit 1:1,000 
(IB) 47 & 51 Abcam 

(#AB75745) 

RPA2, 9H8 Mouse 1:1,000 
(IB) 29 Abcam 

(#AB2175) 

RPA32  
phospho S33 

Rabbit 1:1,000 
(IB) 32 

Bethyl 
Laboratories 
(#A300-246A-1) 

SMC1, BL308 Rabbit 1:10,000 
(IB) 160 

Bethyl 
Laboratories 
(#A300-055A) 
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Table 3: Secondary antibodies used in this study. 
Name Type Supplier 

DAR Cy3 
Cy3 donkey anti-rat 
IgG 

Jackson Immuno Research 
(#712-165-153) 

GAM 
Goat anti-mouse 
polyclonal IgG-HRP Dako (#P0447) 

GAM Alexa 488 
Alexa Fluor 488 goat 
anti-mouse IgG Invitrogen (#R37120) 

GAR 
Goat anti-rabbit 
polyclonal IgG HRP Dako (#P0448) 

GAR Alexa 546 
Alexa Fluor 546 goat 
anti-rabbit IgG Invitrogen (#A11035) 

 

2.8 Immunofluorescence 

Cells were washed in PBS, swollen in hypotonic solution (85.5 mM NaCl and 5 

mM MgCl2) for 5 min at RT to increase their fragility and fixed in 4% 

paraformaldehyde (Electron Microscopy Services #15710) for 10 min at RT. 

Next, cells were permeabilised (4% paraformaldehyde and 0.03% SDS) for 3 min 

at RT, washed with PBS supplemented with 0.4% Photoflo (Sigma-Aldrich 

#P7417) and blocked with antibody dilution buffer (1% goat serum (Sigma-

Aldrich #G6767), 0.3% BSA, 0.005% Triton X-100 (Sigma-Aldrich #X100) in 

PBS). Incubation with primary antibody (diluted in antibody dilution buffer) was 

performed overnight at RT. On the next day, PBS supplemented with 0.4% 

Photoflo was used to wash the cells three times, followed by 1 h incubation with 

secondary antibody (1:400 dilution in antibody dilution buffer). Cells were then 

washes as described above and coverslips were dried and mounted on 

microscope slides using Prolong Antifade Gold supplemented with DAPI 

(Thermo Fisher Scientific #P36931). Slides were viewed with an inverted 

microscope (Leica DMI6000B) equipped with a HCX Plan-Apochromat 100x oil 
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objective with a variable numerical aperture of 1.4 to 0.7, used at the maximum 

numerical aperture. Images were acquired using a DFC350 FX R2 digital camera 

(Leica) with a pixel resolution of 2088 x 1560 and LAS-AF software (Leica). 

Acquired images were analysed blindly using ImageJ (National Institutes of 

Health, USA). The contrast of representative images was adjusted and images 

were cropped using Photoshop (Adobe). 

 

2.9 DNA fibre assay 

To label replicated DNA, 25 µM 5-chloro-2’-deoxyuridine (CldU; Sigma-Aldrich 

#C6891) was added to the media and incubated for 30 min, before cells were 

washed with warm PBS and followed by 30-min incubation with 250 µM 5-iodo-

2’-deoxyuridine (IdU; Sigma-Aldrich #I7125). Next, cells were detached using 

trypsin and 5 x 105 cells were resuspended in ice-cold PBS. Two µL of cell 

suspension were incubated on a microscopy slide for 2 min, before 7 µL of lysis 

buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA (Sigma-Aldrich #E9884), 0.5% 

SDS) were added to the cell suspension and incubated for another 5 min at RT. 

Microscopy slides were then tilted at an angle of 30˚ - 45˚ to spread DNA. DNA 

was air-dried and fixed in 3:1 mixture of methanol-acetic acid (VWR #20103.330) 

for 10 min at RT. DNA was rehydrated in PBS twice for 3 min and denatured in 

2.5 M HCl (VWR #20252.244) for 1 h at RT. Five washes with PBS for 3 min 

each were used to bring the pH back to neutral. Slides were then incubated with 

blocking buffer (2% BSA, 0.1% Tween 20, PBS; 0.22 µm filtered) for 40 min at 

RT. Primary antibodies (rat anti-CldU, 1:500 (Abcam #AB6326) and mouse anti-

IdU, 1:100 (Becton Dickinson #347580)) were diluted in blocking buffer and 

added for 2.5 h at RT. Slides were washed five times for 3 min with PBS-Tween 
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(0.2% Tween 20 in PBS) followed by a brief wash in blocking buffer. Secondary 

antibodies (anti-rat Cy3, 1:300 (Jackson Immuno Research #712-165-153) and 

anti-mouse Alexa 488, 1:300 (Invitrogen #R37120)) were diluted in blocking 

buffer and added for 1 h at RT. Slides were washed five times for 3 min with PBS-

Tween and air-dried. Prolong Antifade Gold (Thermo Fisher Scientific #P36930) 

was used to mount slides. Images were acquired and analysed as described for 

immunofluorescence. 

 

2.10 Cell cycle analysis 

To analyse cell cycle distribution, 5-ethynyl-2’-deoxyuridine (EdU; Thermo Fisher 

Scientific #A10044) was added to the media and incubated for 45 min at 37˚C to 

label newly synthesised DNA. Cells were then processed using the Click-iT EdU 

Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher Scientific #C10634) 

according to manufacturer’s instructions. In brief, cells were harvested using 

trypsin and washed in PBS supplemented with 1% BSA. Cells were then fixed in 

4% paraformaldehyde in PBS for 15 min at RT. Subsequently, samples were 

washed as before and resuspended in 100 µL saponin-based permeabilisation. 

Next, 100 µL Click-iT reaction, containing copper, fluorescent dye azide and 

reaction buffer additive in PBS, were added and cells were incubated for 30 min 

in the dark at RT. Saponin-based permeabilisation was then used to wash cells. 

Cells were resuspended in PBS containing 20 µg/mL propidium iodide (Sigma-

Aldrich #P4864) and 10 µg/mL RNase A (Sigma-Aldrich #R6513). Cells were 

processed using flow cytometry (FACSCalibur, Becton Dickinson). Cell cycle 

distribution was analysed using CellQuest Pro (Becton Dickinson) and FlowJo 

software.  
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2.11 Statistical analysis 

Statistical differences were calculated using Prism 6 (Graphpad). p-values lower 

than 0.05 were considered statistically significant. Levels of statistical 

significance are expressed as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; 

****, p < 0.0001. 

  



 40 

3 Results 

3.1 Inhibition of GSK3 specifically kills HR-deficient cells 

Although treatments for BRCA2-associated tumours are improving, novel 

approaches are still needed to cure patients. For this reason, a chemical library 

screen was performed in BRCA2-proficient and -deficient VC-8 hamster cells that 

identified GSK3 inhibitors as one of the top hits (Tacconi, 2015). VC-8 hamster 

cells were used as they were the only available eukaryotic BRCA2-deficient cell 

line with a proficient counterpart at the time. 

As the chemical library screen was performed in hamster cells, we sought 

to validate the results in human cells. Therefore, we used BRCA2-proficient and 

-deficient human colorectal adenocarcinoma DLD1 cells and assessed their 

viability using resazurin after six days of treatment with GSK3 inhibitors 

LY2090314 (LY) and SB216763.  

Immunoblotting confirmed the BRCA2 status of BRCA2-proficient and -

deficient DLD1 cell lines (Figure 3.1A). Another way to confirm BRCA2 deficiency 

is to treat cells with PARP inhibitor olaparib (Bryant et al., 2005). Whilst viability 

of BRCA2-proficient cells was unaffected, we found that BRCA2-deficient DLD1 

cells were sensitive to olaparib (Figure 3.1B), verifying that these cells lack HR 

capacity. In line with the outcome of the chemical library screen, we found a 

decrease in viability of BRCA2-deficient DLD1 cells upon GSK3 inhibition by LY 

or SB216763 compared to BRCA2-proficient cells (Figure 3.1C, D). 
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Figure 3.1. Inhibition of GSK3 leads to selectively killing of BRCA2-deficient DLD1 
cells. 
(A) Human DLD1 cells (± BRCA2) were processed for immunoblotting when treatments 
were initiated. SMC1 was used as a loading control. (B, C and D) Human DLD1 (± 
BRCA2) cells were incubated with the indicated concentrations of olaparib (B), 
LY2090314 (C) or SB216763 (D) for six days before processed for dose-dependent 
resazurin-based viability assays. Graphs shown are representative of three independent 
experiments, each performed in triplicate. Error bars represent SD of triplicate values 
obtained from a single experiment. Data shown in this figure were acquired during my 
Bachelor studies for Hogeschool Leiden, the Netherlands, in 2015. 

 

To confirm these findings, we treated human H1299 cells harbouring DOX-

inducible shRNA against BRCA2 with GSK3 inhibitors LY and CHIR99021 for six 

days before assessing cell viability using resazurin. BRCA2 depletion by addition 

of DOX was confirmed using immunoblotting (Figure 3.2A). In addition, H1299 

cells lacking BRCA2 were sensitive to olaparib (Figure 3.2B). Interestingly, when 
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we compared viability of BRCA2-deficient cells to their proficient counterpart after 

six days of treatment with different GSK3 inhibitors, we found that cells lacking 

BRCA2 were more sensitive to the inhibition of GSK3 (Figure 3.2C, D). 

Overall, these results are consistent with the outcome of the chemical 

library screen and support the idea that BRCA2-deficient cells can be targeted 

with GSK3 inhibitors.  
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Figure 3.2. BRCA2-deficient H1299 cells are sensitive to GSK3 inhibition. 
(A) Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cell extracts were processed for immunoblotting. SMC1 was used as a loading 
control. (B, C and D) Human H1299 cells were treated with the indicated concentrations 
of olaparib (B), LY2090314 (C) or CHIR99021 (D). Viability was measured using 
resazurin after six days of treatment. Graphs shown are representative of two 
independent experiments, each performed in triplicate. Error bars represent SD of 
triplicate values obtained from a single experiment. Data shown in this figure were 
acquired during my Bachelor studies for Hogeschool Leiden, the Netherlands, in 2015. 
DOX, doxycycline. 

 

3.2 Depletion of GSK3 is synthetic lethal with BRCA2 abrogation 

The GSK3α and GSK3β genes encode the two proteins of the serine/threonine 

kinase GSK3 (Plyte et al., 1992; Woodgett, 1990). Importantly, inhibitors that 

target GSK3 bind to both GSK3α and GSK3β (Meijer et al., 2004). To investigate 

whether GSK3α or GSK3β needs to be suppressed to reduce the viability of 
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BRCA2-deficient cells, we monitored the proliferation rate of BRCA2-proficient 

and -deficient DLD1 cells depleted in GSK3α, GSK3β or both. Resazurin-based 

proliferation assays were used to assess population doublings every 48 h.  

Immunoblotting established specific RNAi-mediated depletion of the 

respective GSK3 protein (Figure 3.3A). We found that neither GSK3α nor GSK3β 

depletion affected the proliferation rates of BRCA2-proficient or -deficient DLD1 

cells (Figure 3.3B, C). When we depleted both GSK3α and GSK3β, we observed 

a mild decrease in the proliferation rate of BRCA2-proficient cells. Remarkably, 

cells lacking BRCA2 failed to proliferate when GSK3α and GSK3β were depleted 

(Figure 3.3D).  
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Figure 3.3. Depletion of GSK3 is synthetic lethal with BRCA2 abrogation in DLD1 
cells. 
Human DLD1 cells were transfected with a non-targeting, GSK3α, GSK3β or GSK3α/β 
siRNA. (A) After 48 h of incubation with siRNA, extracts were processed for 
immunoblotting to check depletions. SMC1 was used as a loading control. (B, C and D) 
Population doubling was measured using resazurin every 2 days for 6 days of GSK3α 
(B), GSK3β (C) and GSK3α/β (D) depleted cells. Graphs shown are obtained from a 
single experiment, performed in triplicate. Error bars represent SD of triplicate values. 

 

We obtained similar results in H1299 cells, in which BRCA2 depletion was 

mediated by DOX-inducible shRNA and GSK3α, GSK3β or both were depleted 

using RNAi (Figure 3.4A). No proliferation decrease was observed when GSK3α 

or GSK3β was depleted in BRCA2-proficient or -deficient H1299 cells (Figure 
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3.4B, C). Nonetheless, we found that H1299 cells lacking BRCA2 hardly 

proliferated when expression of both GSK3α and GSK3β was abrogated (Figure 

3.4D). 

 

 

Figure 3.4. Synthetic lethal interaction between GSK3 and BRCA2 in H1299 cells. 
Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were transfected with a non-targeting, GSK3α, GSK3β or GSK3α/β siRNA. 
(A) After 48 h of incubation with siRNA, extracts were processed for immunoblotting to 
check depletions. SMC1 was used as a loading control. (B, C and D) Population doubling 
was measured using resazurin every 2 days for 8 days of GSK3α (B), GSK3β (C) and 
GSK3α/β (D) depleted cells. Graphs shown are representative of two independent 
experiments, each performed in triplicate. Error bars represent SD of triplicate values 
obtained from a single experiment. DOX, doxycycline. 
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In summary, we found that depletion of either GSK3α or GSK3β alone is not 

synthetic lethal with BRCA2 abrogation, indicating that one of the GSK3 proteins 

can compensate for the loss of the other. However, simultaneous depletion of 

GSK3α and GSK3β is lethal in BRCA2-deficient cells. These results are in line 

with the results observed with the chemical inhibitors, which inhibit both GSK3α 

and GSK3β, and indicate that HR-defective cells rely on GSK3 activity. 

 

3.3 GSK3 inhibition causes replication stress 

Recently, a study showed that cancer cells overexpressing the oncogene HRAS 

accumulate replication stress, DNA damage and genome instability caused by 

upregulation of transcription activity (Kotsantis et al., 2016). Furthermore, 

multiple studies have demonstrated that stabilised β-catenin acts as an activator 

of transcription and that the accumulation of β-catenin leads to the oncogenic 

activation of the protein (Anastas et al., 2013; Morin et al., 1997; Polakis, 1999; 

Rubinfeld et al., 1997). Thus, we hypothesised that GSK3 inhibition-mediated β-

catenin accumulation may cause replication stress, similarly to HRAS 

overexpression. 

To test our hypothesis, BRCA2-proficient and -deficient H1299 cells were 

processed for immunoblotting after treatment with the GSK3 inhibitor LY for one, 

two or three days (Figure 3.5A). Lack of phosphorylation at Y279 on GSK3α and 

at Y216 on GSK3β was indicative of efficient GSK3 inhibition (Figure 3.5A). 

Consistently, proteasome-targeting phosphorylation of β-catenin was abolished 

and β-catenin was stabilised upon GSK3 inhibition (Figure 3.5A). Upon 

replication stress, ATR kinase phosphorylates ssDNA-binding protein RPA on 

S33 to facilitate fork recovery. Therefore, phosphorylation of RPA on S33 is 
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commonly used as an indicative of replication stress (Zeman et al., 2014; Zou et 

al., 2003a). Interestingly, we found an induction of phospho (p)-RPA on S33 after 

LY-mediated GSK3 inhibition (Figure 3.5A).  

 

 

Figure 3.5. GSK3 inhibition leads to β-catenin accumulation and induces 
replication stress. 
(A) Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were treated as indicated with 250 nM LY2090314 and prepared for 
immunoblotting. SMC1 and GAPDH were used as loading controls. Immunoblot shown 
is representative of two independent experiments. (B) Quantification of fibre track length 
of H1299 cells treated as indicated with 250 nM LY2090314. Middle line represents 
median, and the box extends from the 25th to 75th percentiles. The whiskers mark the 
10th and 90th percentiles. Each dot represents one fibre. At least 100 fibres were 
quantified per condition and experiment. n = 3 for 0 and 1 day treatment; n = 2 for 3 days 
of treatment. ****, p < 0.0001 (two-tailed Mann-Whitney test). (C) Representative images 
of fibres treated as in (B). Scale bar, 10 µm; DOX, doxycycline; LY, LY2090314; p, 
phospho; min, minutes.  

 

Replication stress can be visualised more directly using the DNA fibre technique, 

which is based on the incorporation of thymidine analogues CldU and IdU 
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(Bianco et al., 2012). We treated BRCA2-proficient and -deficient H1299 cells for 

either one or three days with GSK3 inhibitor LY before replicated DNA was 

labelled with CldU and IdU. Total track length was quantified as a readout for the 

rate of DNA synthesis.  

Whilst the replication track length of BRCA2-proficient cells remained unaffected, 

we detected a significant increase in the track length of BRCA2-deficient cells 

after one day of LY treatment (Figure 3.5B, C). Strikingly, a marked decrease in 

the track length of BRCA2-deficient cells was observed after three days of GSK3 

inhibition (Figure 3.5B, C).  

Overall, accumulation of pRPA and altered replication dynamics indicate 

that the inhibition of GSK3 leads to replication stress.  

 

3.4 Inhibition of GSK3 leads to DSBs and genome instability 

It has been suggested that replication stress can lead to DNA damage (Zeman 

et al., 2014). Therefore, we stained BRCA2-proficient and -deficient H1299 with 

the DSB marker 53BP1 to monitor DNA damage accumulation after GSK3 

inhibition using immunofluorescence. Foci were counted manually and cells with 

more than 10 53BP1 foci were considered as DNA damage-positive. It must be 

noted that there are limitations to quantifying foci manually. Firstly, overlapping 

foci may not visible and, secondly, the intensity and size of foci are not 

considered. 

BRCA2-proficient H1299 did not accumulate 53BP1 foci after one or three 

days of LY-mediated GSK3 inhibition (Figure 3.6A, C). Interestingly, we found a 

significant increase in the percentage of BRCA2-deficient cells with 10 or more 
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53BP1 foci after treatment (Figure 3.6A, C). These results indicate that GSK3 

inhibition leads to DSB formation specifically in cells lacking BRCA2. 

Micronuclei are commonly used as a readout for genome instability (Fenech 

et al., 2011). Errors during mitosis can lead to lagging chromosomes, which often 

result in micronuclei (Thompson et al., 2011). In contrast to BRCA2-proficient 

cells, we found a robust increase in cells with micronuclei after three days of 

GSK3 inhibition in cells lacking BRCA2 (Figure 3.6B, C). This suggests that 

inhibition of GSK3 leads to mitotic errors in the context of BRCA2 deficiency.  
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Figure 3.6. Chemical inhibition of GSK3 triggers DNA damage and genome 
instability. 
Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were treated as indicated with 250 nM LY2090314 and prepared for 
immunofluorescence staining with 53BP1 antibody. (A) Quantification of the frequency 
of cells with ≥10 53BP1 foci. n = 2; error bars, SD. * p < 0.05; ** p < 0.01 (unpaired two-
tailed t test). (B) Quantification of percentage of cells with micronuclei. At least 100 cells 
were analyses per condition and experiment. n = 2; error bars, SD. (C) Representative 
images of cells treated as in (A). Arrow indicates micronuclei; scale bar 10 µm; DOX, 
doxycycline; LY, LY2090314. 

 

3.5 Lethality induced by GSK3 inhibition is β-catenin depended 

We have shown that inhibition of GSK3 leads to replication stress and genome 

instability specifically in cells defective in HR through loss of BRCA2 expression. 
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However, it remained unclear how the silencing of GSK3 caused these 

phenotypes. Given that simultaneous depletion of GSK3α and GSK3β was lethal 

in BRCA2-deficient cells (Figure 3.3D and Figure 3.4D) and that both proteins 

are required for the regulation of β-catenin (Doble et al., 2007), we set out to 

investigate the role of β-catenin in this context. More specifically, we sought to 

address whether the accumulation of β-catenin, caused by the inhibition of GSK3 

(Figure 3.5A), was toxic to BRCA2-deficient cells.  

 

Figure 3.7. Depletion of β-catenin rescues lethality induced by GSK3 inhibition. 
Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were transfected with a non-targeting or β-catenin siRNA. (A) After 48 h of 
incubation with siRNA, extracts were processed for immunoblotting to check depletion. 
SMC1 was used as a loading control. (B and C) Cells were incubated with the indicating 
concentrations of LY2090314 (B) or CHIR99021 (C) for six days before processing for 
dose-dependent viability assays. Graphs shown are representative of three independent 
experiments, each preformed in triplicate. Error bars represent SD of triplicate values 
obtained from a single experiment. DOX, doxycycline; si, siRNA. 
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To prevent the stabilisation of β-catenin, we depleted β-catenin using RNAi, 

before we treated the cells with two different GSK3 inhibitors (LY and 

CHIR99021) in resazurin-based viability assays. Depletion of β-catenin was 

confirmed using immunoblotting (Figure 3.7A). Similar to our previous results 

(Figure 3.2C, D), we observed a marked reduction in the viability of BRCA2-

deficient H1299 cells compared to their proficient counterparts, after six days of 

treatment with either GSK3 inhibitor (Figure 3.7B, C). Strikingly, viability of both 

BRCA2-proficient and -deficient H1299 cells was rescued in cells depleted in β-

catenin upon LY- or CHIR99021-mediated GSK3 inhibition (Figure 3.7B, C).  

These results suggest that the accumulation of β-catenin by GSK3 inhibition 

may cause the decrease in cell viability.  

 

3.6 Accumulation of β-catenin causes replication stress  

Next, we investigated whether the replication stress induced by GSK3 inhibition 

(Figure 3.5) was mediated by β-catenin accumulation. Therefore, β-catenin was 

silenced using RNAi in BRCA2-proficient and -deficient H1299 cells followed by 

treatment with GSK3 inhibitor LY for one or three days and immunoblotting.  

Lack of the activating phosphorylation sites Y279 on GSK3α and Y216 on 

GSK3β, after LY treatment, confirmed efficient GSK3 inhibition (Figure 3.8). In 

addition, phosphorylation of β-catenin on S33, S37 and T41 was abrogated after 

GSK3 inhibition, indicating that β-catenin was not targeted for degradation by the 

proteasome. Accordingly, total levels of β-catenin were increased upon treatment 

with LY compared to the untreated controls. However, β-catenin stabilisation was 

only observed in cells transfected with control siRNA (Figure 3.8 lanes 1-3 and 

7-9) and not in cells depleted in β-catenin (Figure 3.8 lanes 4-6 and 10-12). 
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Overall, these results confirmed the efficient inhibition of GSK3 and silencing of 

β-catenin by RNAi. 

To explore whether β-catenin stabilisation triggered replication stress, we 

investigated the phosphorylation of ssDNA-binding protein RPA. We found an 

increase in phosphorylation of RPA on S33 specifically in cells deficient in 

BRCA2, transfected with control siRNA (Figure 3.8 lanes 7-9). Strikingly, in cells 

lacking both BRCA2 and β-catenin, we found a reduction in pRPA after GSK3 

inhibition (Figure 3.8 lanes 10-12) compared to cells lacking only BRCA2 (Figure 

3.8 lanes 7-9). This indicates that GSK3 inhibition-mediated β-catenin 

accumulation causes replication stress.  

RPA accumulation on ssDNA leads to ATR activation, which triggers 

checkpoint activation (Liu et al., 2000; Melo et al., 2002; Zhao et al., 2001; Zou 

et al., 2003a). To explore whether GSK3 inhibition led to checkpoint activation 

mediated by β-catenin accumulation, we assessed phosphorylation of CHK1 on 

S317 and S345. Accumulation of pCHK1 was observed upon treatment with 

GSK3 inhibitor LY, which was more pronounced in the cells lacking BRCA2 

(Figure 3.8 compare lanes 1-3 with 7-9). Interestingly, lower levels of pCHK1 

were found in cells deficient in BRCA2 and β-catenin (Figure 3.8 compare lanes 

7-9 with 10-12), indicating that checkpoint activation in response to GSK3 

inhibition was at least partially caused by β-catenin accumulation.  
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Figure 3.8. GSK3 inhibition-mediated β-catenin accumulation causes replication 
stress. 
Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were transfected with a control or β-catenin siRNA. After 48 h of incubation 
with siRNA, cells were treated with 250 nM LY2090314 for indicated times and 
processed for immunoblotting (n = 1). DOX, doxycycline; CTR, control; β-cat, β-catenin; 
LY, LY2090314; p, phospho. 

 

Checkpoint activation can lead to cell cycle arrest (Liu et al., 2000; Melo et al., 

2002; Zhao et al., 2001). Therefore, we were interested whether the observed 

phosphorylation of CHK1 induced cell cycle arrest and if this was dependent on 

β-catenin accumulation. Using RNAi, we depleted β-catenin and treated BRCA2-

proficient and -deficient H1299 cells with LY for one day, followed by incubation 

with thymidine analogue EdU to label newly synthesised DNA. The cell cycle 

distribution was assessed using FACS analysis.  

Untreated BRCA2-proficient and -deficient cells displayed distinct cell cycle 

profiles (Figure 3.9A). Approximately 30% of the total population of untreated 

BRCA2-proficient cells were in G1 phase compared to 60% of untreated BRCA2-

deficient cells (Figure 3.9A). Interestingly, the percentage of S phase cells was 

significantly increased after one day of treatment with the GSK3 inhibitor, in both 
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BRCA2-proficient and -deficient cells (Figure 3.9B). The percentage of BRCA2-

proficient cells in S phase increased from 54% in untreated cells to 61% after 

treatment (Figure 3.9B). In BRCA2-deficient S phase cells, an increase from 19% 

to 50% was observed upon GSK3 inhibition (Figure 3.9B). Interestingly, the 

accumulation of cells in S phase after GSK3 inhibition was prohibited by depleting 

β-catenin in BRCA2-proficient cells (Figure 3.9B). In BRCA2-deficient cells, 

however, β-catenin depletion reversed the GSK3 inhibitor-mediated rise in the 

percentage of S phase cells only partially (Figure 3.9B).  

 

 

Figure 3.9. Prevention of β-catenin accumulation partially rescues S phase 
accumulated cells. 
(A) Human H1299 cells were grown in the presence or absence of DOX for three days, 
before cells were transfected with a non-targeting or β-catenin siRNA. After 48 h of 
incubation with siRNA, cells were treated as indicated with 250 nM LY2090314 before 
cells were incubated for 45 min with EdU and processed for FACS analyses of DNA 
content. n = 2; error bars, SD (B) Quantification of cells in S phase of cells treated as in 
(A). n = 2; error bars, SD; * p < 0.05; ** p < 0.01 (unpaired two-tailed t test). At least 
10,000 cells were analyses per condition and experiment. DOX, doxycycline; LY, 
LY2090314; ns, not significant; si, siRNA. 

 

In summary, these results indicate that accumulation of β-catenin through GSK3 

inhibition triggers replication stress and checkpoint activation. In addition, 
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inhibition of GSK3 leads to an accumulation of cells in S phase in both BRCA2-

proficient and -deficient, which is partially mediated by β-catenin stabilisation.  

 

3.7 Olaparib-resistant Brca1-deficient cells exhibit sensitivity to 

GSK3 inhibition 

A common problem with HR-associated tumours is that patients acquire 

resistance against currently used therapies. One mechanism, by which Brca1-

deficient tumour cells can gain resistance against PARP inhibitors, is mediated 

by the loss of 53BP1 (Bouwman et al., 2010; Bunting et al., 2010; Cao et al., 

2009). It is believed that cells lacking both BRCA1 and 53BP1 are able to reactive 

HR activity by restoring resection at the DSB (Bunting et al., 2010). 

To assess whether cells that have acquired resistance against PARP 

inhibitor olaparib were sensitive to GSK3 inhibition, we used mouse mammary 

tumour cells that were wild type (Brca1+/+), Brca1-/- or Brca1-/- and 53BP1-

deficient. Resistance to olaparib of Brca1-/-, 53BP1-deficient mouse cells was 

confirmed in a viability assay, where Brca1-/- cells were sensitive to PARP 

inhibition and wild type cells remained unaffected (Figure 3.10A). Interestingly, 

viability of both PARP-sensitive (Brca1-/-) and -resistant (Brca1-/-, 53BP1-

deficient) cells was decreased after treatment with GSK3 inhibitor AZD1080, 

whilst wildtype (Brca1+/+) cells remained viable (Figure 3.10B).  

These results imply that GSK3 inhibitor may be effective to treat BRCA1-

deficient tumours that have acquired resistance against PARP inhibitors. 
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Figure 3.10. Olaparib-resistant mouse tumour-derived cells are sensitive to GSK3 
inhibition. 
Mouse mammary tumour-derived cell lines were treated with the indicated 
concentrations of olaparib (A) or AZD1080 (B) for six days before processing for dose-
dependent viability assays. Graphs shown are representative of three independent 
experiments, each preformed in triplicate. Error bars represent SD of triplicate values 
obtained from a single experiment. def., deficient. 
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4 Discussion 

Despite continuous improvements in the treatment of cancer, the cure rates of 

BRCA-associated tumours remain low. GSK3 inhibitors were identified as a 

potent tool to kill BRCA2-deficient cells in a chemical library screen (Tacconi, 

2015). In this study, we sought to characterise GSK3 inhibitors as a novel means 

to target BRCA2 deficiency.  

Chemical and genetic approaches for inhibition of GSK3 reduced the 

viability of BRCA2-deficient DLD1 and H1299 cells (Figure 3.1, Figure 3.2, Figure 

3.3 and Figure 3.4), confirming the outcome of the chemical library screen. A 

higher concentration of the GSK3 inhibitor LY was used in DLD1 cells compared 

to the H1299 cells, up to 5 µM in contrast to 500 nM, respectively (Figure 3.1C 

and Figure 3.2C). It is important to note that DLD1 cells harbour a mutation in 

APC, leading to elevated levels of β-catenin (Tang et al., 2008). Interestingly, 

DLD1 cells accumulate β-catenin when treated with GSK3 inhibitor LY 

(Zonderland, 2016). However, due to the mutation in APC, silencing of β-catenin 

is lethal in DLD1 cells (Hwang et al., 2016), regardless of BRCA2 status. This led 

us to focus on the characterisation of GSK3 inhibitors in the context of BRCA2 

deficiency in H1299 cells.  

Serine/threonine kinase GSK3 plays a central role in the WNT pathway, in 

which the inactivation of GSK3 leads to the stabilisation of β-catenin (Figure 1.3). 

Treatment with the GSK3 inhibitor LY confirmed efficient silencing of its target 

using immunoblotting. Phosphorylation of GSK3α on Y279 and GSK3β on Y216, 

which mediates activation, was abrogated after treatment, and β-catenin was 

stabilised (Figure 3.5A). Moreover, phosphorylation of β-catenin on S33, S37 and 
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T41 was abolished upon GSK3 inhibition (Figure 3.5A). Overall, this confirmed 

activation of the WNT pathway by GSK3 inhibition.  

Multiple studies have argued that oncogene activation can lead to 

replication stress, often referred to as oncogene-induced replication stress (Di 

Micco et al., 2006; Gorgoulis et al., 2010; Halazonetis et al., 2008; Hills et al., 

2014; Kotsantis et al., 2016; Murga et al., 2011). Accordingly, we hypothesised 

that β-catenin accumulation may lead to its oncogenic activation and therefore 

cause replication stress. Indeed, RPA phosphorylation on S33 was increased in 

cells treated with LY (Figure 3.5A). Furthermore, we observed a longer track 

length after one day of GSK3 inhibition, specifically in BRCA2-deficient cells 

(Figure 3.5B, C). Remarkably, the track length in cells lacking BRCA2 was 

shorter after three days of treatment (Figure 3.5B, C). One explanation for this 

phenotype may be that β-catenin induces cell proliferation, which can lead to 

uncontrolled replication. This can in turn induce DNA damage, which has to be 

repaired and therefore replication slows down. Consistently, we observed an 

increase in 53BP1 foci upon GSK3 inhibition specifically in BRCA2-defective 

cells (Figure 3.6A, C). Additionally, only in cells lacking BRCA2 treated for three 

days with LY, we observed an enhanced percentage of cells with micronuclei 

(Figure 3.6B, C). This suggests that GSK3 inhibition leads to DNA damage and 

mitotic defects in BRCA2-deficient cells. 

To investigate β-catenin’s role in the killing of BRCA2-deficient cells upon 

GSK3 inhibition, we prevented its accumulation using RNAi and treated the cells 

in resazurin-based viability assays with two different GSK3 inhibitors (Figure 3.7). 

Remarkably, we found that cells lacking β-catenin were less sensitive for GSK3 

inhibition than cells proficient in β-catenin (Figure 3.7), indicating that β-catenin 
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accumulation upon GSK3 inhibition decreases cell viability. To further test 

whether GSK3 inhibition-mediated β-catenin accumulation causes replication 

stress, we monitored phosphorylation of RPA on S33 after GSK3 inhibition in 

cells depleted in β-catenin. Whilst BRCA2-deficient cells exhibited a robust 

increase of pRPA upon GSK3 inhibition compared to untreated cells, cells lacking 

both BRCA2 and β-catenin did not display this increase (Figure 3.8). Accordingly, 

checkpoint activation was delayed in cells simultaneously depleted for BRCA2 

and β-catenin, in contrast to cells lacking only BRCA2 (Figure 3.8). These results 

support our hypothesis that β-catenin accumulation caused by GSK3 inhibition 

leads to replication stress. Furthermore, inhibition of GSK3 led to an increase of 

percentage of cells in S phase, a phenotype that was only partially mediated by 

β-catenin (Figure 3.9). 

Cells lacking BRCA1 can acquire resistance against currently used 

therapies. BRCA1-deficient cells lacking 53BP1 expression are able to reactivate 

HR by restoration of resection (Bunting et al., 2010). Strikingly, we found that 

Brca1-, 53BP1-deficient cells, resistant for PARP inhibitor olaparib, were 

sensitive to GSK3 inhibition (Figure 3.10). However, further mechanistic insight 

is needed to understand the underlying mechanism of the sensitivity to the GSK3 

inhibitor. Previously, ATR inhibitors and a G-quadruplex stabiliser have been 

shown to kill olaparib-resistant cells due to failure to load at DSB sites (Yazinski 

et al., 2017; Zimmer et al., 2016). Therefore, it would be interesting to test 

whether RAD51 is loaded at break sites in Brca1-, 53BP1-deficient cells treated 

with the GSK3 inhibitor. If not, this could provide an explanation why olaparib-

resistant cells remain sensitive to GSK3 inhibition. 



 62 

Given that GSK3 regulates many proteins and pathways, it has been debated 

whether targeting GSK3 therapeutically is a clinically relevant approach 

(Rayasam et al., 2009). However, treatment of bipolar mood disorder patients 

with GSK3 inhibitor lithium did not increase the risk for developing cancer (Cohen 

et al., 2004; Cohen et al., 1998). In addition to lithium, other GSK3 inhibitors have 

been tested to treat a range of diseases, including cancer (McCubrey et al., 

2014). For example, GSK3 inhibitor LY was used in a clinical trial for metastatic 

pancreatic cancer (ClinicalTrial.gov identifier: NCT01632306). This supports the 

notion that GSK3 inhibitors can be used therapeutically. However, long-term 

treatments and further trials are necessary to address the clinical potential of 

GSK3 inhibitors in cancer and especially in a BRCA-deficient context.  

Future work is required to gain a better understanding of the mechanism, 

by which GSK3 inhibition leads to selectively elimination of BRCA-deficient cells. 

It will be important to test whether the inhibition of GSK3 causes mitotic defects, 

given that BRCA2 is involved in the mitotic spindle checkpoint (Choi et al., 2012). 

In addition, GSK3 and β-catenin are required for accurate centrosome separation 

(Bahmanyar et al., 2008; Kaplan et al., 2004; Yoshino et al., 2015). Therefore, it 

is possible that the inhibition of GSK3 causes incorrect centrosome separation 

leading to mitotic defects. This can lead to genome instability in cells without a 

functional spindle checkpoint and thereby induce selective killing of BRCA2-

deficient cells (Figure 4.1A, B).  
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Figure 4.1. Model for GSK3 inhibition-induced genome instability. 
A model that potentially explains the synthetic lethal interaction between BRCA2 and 
GSK3. (A) During mitosis chromosomes are separated accurately by two centrosomes, 
resulting in two identical daughter cells. (B) In the context of GSK3 inhibition, 
centrosomes are separated inaccurately, leading to chromosome missegregation. This 
can result in the formation of micronuclei, aneuploidy or multiple centrosomes in the 
daughter cell. Due to the role of BRCA2 in the mitotic spindle checkpoint, mitosis can be 
blocked and genomic instability in the daughter cell is prevented. 
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Another option is that the inhibition of GSK3 leads to elevated levels of 

transcription activity. Newly formed RNA can bind to the ssDNA generated by 

DNA replication, causing RNA:DNA hybrid formation (Daniels et al., 1995; 

Reaban et al., 1990; Reaban et al., 1994). These RNA:DNA hybrids  cannot be 

repaired efficiently in the absence of BRCA2 (Bhatia et al., 2014). In addition to 

RNA:DNA hybrids, elevation of transcription activity can trigger collision of the 

transcription machinery and a replication fork, leading to fork stalling (Aguilera, 

2002). Therefore, an increase of transcription activity can be a source of genome 

instability (Figure 4.2A, B) (Kotsantis et al., 2016). These two hypotheses that 

may explain the selectively killing of BRCA-deficient cells by GSK3 inhibitors will 

require further experimental evidence. 
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Figure 4.2. Model for GSK3 inhibition-induced replication stress. 
Second potential model that may explain the sensitivity of BRCA2-deficient cells to 
GSK3 inhibitors. (A) During S phase, replication forks and RNA polymerases are tightly 
regulated to prevent collisions between the two. (B) In this model, we propose that 
inhibition of GSK3 leads to the accumulation of β-catenin, which acts as a transcription 
activator. As a result, transcription activities are increases and replication forks slow 
down. This can lead to the collision of RNA polymerases and replication forks, which 
causes DSBs. Due to the role of BRCA2 in repairing DBSs, this is lethal in BRCA2-
deficient cells. 

 

Conclusion 

Here, we show that the inhibition of GSK3 is toxic to human cells lacking BRCA2. 

This study indicates that the sensitivity of BRCA2-deficient cells to GSK3 

inhibition stems from replication stress and DNA damage. In addition, mouse 

cells resistant to PARP inhibitor olaparib are susceptible to GSK3 inhibition. 

Overall, this study highlights the potential of GSK3 inhibitors to abrogate BRCA-

deficient cell survival. 
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