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1. Introduction 

Colorectal cancer (CRC) is considered as the third most common type of cancer [1]. It 

is currently the most common malignant cancer of the gastrointestinal tract, accounting for 

13% of all malignancies [2]. In addition, it is considered the second most common cause 

of death affecting men and women alike worldwide. Approximately one in eight cancers in 

Germany affects the large intestine (colon) or rectum (Figure 1.1).  

Figure1.1: The number of new CRC cases in top 10 countries with highest incident cases in 2020 and 
projections for 2040. (Xi Y et al. 2021) 
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 no data on prevalence in this paper [3]. Approximately 2/3 of such patients are diagnosed 

with cancer of the colon and the risk increases with age (Figure 1.2). The diagnosis of half 

of the cases is made after 70 years, while only approximately 10% of cases of CRC occur 

before the age of 55; thus, the diagnosis is made at an average age of 72 years in males and 

76 in females.  

Figure1.2: Age standardised incidence rates of malignant neoplasms of the colon and rectum by 

localisation and sex, ICD-10 C18–C20, Germany. 
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CRC is usually diagnosed among young adults, meaning that it may be associated with 

risk factors such as sedentary lifestyle, obesity, smoking, unfavorable eating habits (high 

protein/fat diet), as well as aging[4]. The clinical manifestations of CRC depend on the 

tumor size, location, presence or absence of metastatic lesions, and include abdominal 

distension, stomachache, changes in bowel movement/chronic bowel habits, vomiting, 

nausea, involuntary weight loss, anorexia, and malaise [5]. Two main carcinogenic 

pathways have been identified: the suppressor or chromosome instability pathway and 

the mutator or microsatellite instability pathway [6]. The former is due to a chromosomal 

instability that determined the progression of the adenoma observed in 80% of sporadic 

CRC cases, while the latter is due to a microsatellite instability, including diverse gene 

mutations in 80% of the hereditary CRC and 20% of sporadic CRC cases, which mostly 

include p53 70%, DCC 70%, APC 60%, BAX 50% and KRAS 40%[7]. CRC generally 

develops from an intestinal mucosal polyp, but it may also start as benign adenoma that 

converts to malignancy according to the size and histological presentation. Approximately 

40% and 60% of patients have multiple adenoma and single adenoma, respectively, while 

the lesions in 24% of cases progress into cancer if left untreated[8].  
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1.1 Current situation of Colon cancer Treatment 

CRC treatments currently in use include surgical therapy, neoadjuvant radiotherapy and 

chemotherapy, postoperative chemotherapy, targeted therapy, maintenance therapy, and 

immunotherapy[9]. So far, the survival time of CRC patents has greatly improved thanks to 

advances in primary and adjuvant therapies. To be specific, an appropriate treatment for CRC 

is to completely remove the tumor and metastasis using surgery as the main treatment. 

Nonetheless, although many screening programs have been developed to reduce CRC 

incidence, the diagnosis of about 1/4 of CRC cases is made at the late stage when metastatic 

lesions occur, whereas the 20% rest patients have metachronous metastatic lesions, making 

radical surgical treatment difficult, resulting in cancer-associated mortality[9].  

Recent years, the identification of molecular biomarkers for the diagnosis and treatment 

of CRC gives us hope. In early 1900s, the idea of a chemical compound specifically targeting 

one microorganism was initially proposed, theory that expanded to tumor therapy in 1988[9]. 

The idea of targeted therapy has been well developed over the past 2 decades. Targeted therapy 

is effective on tumor cells through the direct inhibition of cell growth, migration, and 

differentiation (Figure1.3).  
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Figure 1.3 Pathways offering potential sites for targeted therapy. CRC: colorectal cancer; 
VEGF/VEGFR: vascular endothelial growth factor/vascular endothelial growth factor receptor; 
EGF/EGFR: epidermal growth factor/epidermal growth factor receptor; HGF: hepatocyte growth factor; 
c-MET: mesenchymal–epithelial transition factor; IGF/IGF-1R: insulin-like growth factor/ insulin-like 
growth factor 1 receptor; TGF: transforming growth factor. (Xie Y H, et al. 2021 

 

 

Targeted drugs can alter tumor microenvironment (TME), which includes immune cells 

and local blood vessels, to inhibit cancer development and perform an enhanced immune attack 

and surveillance[9]. Micromolecules like monoclonal antibodies have a molecular weight 

lower than 900 Da and exert important effects on targeted therapy. These molecules enter cells 

and usually work by inactivating selective target proteins, inducing apoptosis and thus blocking 
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cancer development [10]. Currently, numerous clinical trials demonstrated that the use of such 

targeted therapies using cetuximab and bevacizumab improves the survival of patients with 

metastatic CRC by targeting epidermal growth factor receptor (EGFR)/HER1 and vascular 

endothelial growth factor (VEGF). In addition, prognostic markers contribute to decision-

making; for instance, mutations of the KRAS gene predict the benefits that can be obtained 

from anti-EGFR antibodies. Nevertheless, regardless of these advances, specific diagnostic and 

prognostic markers and therapeutic targets for CRC cases are lacking. Therefore, it is necessary 

to identify trustable markers for CRC. 

1.2 Mating Type Switching/Sucrose Non-Fermentable (SWI/SNF) complex 

The human genome contains 3 billion base pairs, corresponding to approximately 2 

meters of DNA condensed to form chromatin, in order to adapt to the nucleus whose 

diameter is just 5 µm[11]. The nucleosome is the core particle that consists of 147 base 

pairs of DNA wrapped in helical turns surrounding the histone octamer consisting of 4 core 

histones (H2A, H2B, H3, and H4), thus creating the compact chromatin structure[12]. The 

heterochromatin, which is the highly condensed chromatin DNA, is transcriptional silent 

[12]. Epigenetic mechanisms, such as histone acetylation and DNA demethylation, change 

the chromatin structure to a more open euchromatin state. Thus, chromatin remodelers, 

along with the related enzymes, change the composition of nucleosomes to which 

transacting factors bind, resulting in the initiation of gene expression and activation of 

biological pathways and signaling cascades[12]. 
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Four evolutionarily conserved ATP-dependent chromatin remodeling complexes exist 

in mammalians: ISWI, CHD, INO80 and SWI/SNF [13]. The multiprotein complexes 

(approximately 2 MDa in size) have the same central Snf2-like ATPase domain, whereas 

different compositions in the interaction of subunit or recruited protein decide their 

biological functions. Specifically, SWI/SNF complexes contain the combinatorial product 

of a minimum of 29 proteins[14]. The detailed description of the discovery and 

evolutionary history of SWI/SNF chromatin remodelers is available. SWI/SNF complexes 

are important in regulating the proliferation and differentiation of the cells. However, the 

mechanism used by remodelers to perform these functions is still unclear. Multiple 

nucleosome-binding domains contain DNA-binding domains, like AT-rich interactive 

domains (ARIDs), zinc-finger domains or high-mobility group box domains (HMGs), as 

well as histone-binding domains, like bromodomains (BRDs), plant homeodomains (PHDs) 

or chromodomains in most of the SWI/SNF subunits (Figure 1.4)[14] . 
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Figure 1.4 Overview of mammalian SWI/SNF complexes. (A) Subunits that comprise the mammalian 
SWI/SNF complex. Protein domains present in each subunit are listed on the right. (B–F) Examples of 
known SWI/SNF subunit configurations. (B,C) BAF and PBAF represent two alternative subunit 
arrangements for SWI/SNF that can exist in the same cell type. (D–F) Examples of cell type-specific 
SWI/SNF subunit configurations.  (Hohmann A F, et al. 2014) 
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Three mammalian SWI/SNF complexes are known, such as BRG1/BRM-associated 

factor (BAF), polybromo-associated BAF (PBAF) and the recently discovered non-

canonical BAF (ncBAF or GBAF) domain [14]. All of them include one mutually exclusive 

catalytic ATPase subunit, SMARCA2 or SMARCA4, sharing some relevant proteins. BAF 

and PBAF include one ARID and one SMARCB1 subunit. Besides, the newly reported 

cryo electron microscopy (EM) structures in recombinant and endogenous human BAF 

complexes offer encouraging novel perspectives to better understand the overall complex 

assembly and mechanism regulating the interaction between nucleosomes and BAF 

complexes [15]. The structures show the modular organization in the complex, in 

agreement with former data on the complex assembly pathway, and in the meantime allow 

a deeper understanding on the mechanism of histone eviction caused by ATP-driven 

rearrangements [15]. ARID1A represents the structural core in the base module, in which 

SMARCC1/2 serves as a scaffolding protein and SMARCE1/D1 as a supporting complex 

formation. In addition, the nucleosome is located between SMARCB1 and the ATPase 

module SMARCA4, and they have interactions with the acidic patch regions of the 

nucleosome H2A/H2B. ATP-driven bind of nucleosome to SMARCA4 finally causes 

nucleosome eviction, such as the elongation of the nucleosome-free DNA that is used as 

transcription factor. 

PBAF is the second major human SWI/SNF chromatin remodeler highly homologous 

with BAF, although they are very different in the composition of subunits. ARID1A, the 

structural core of the base module of the BAF complex, is replaced by the paralogue ARID2 
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of PBAF[16]. Additionally, PBAF includes the bromodomain-containing protein 7 (BRD7). 

With an especially entertaining property, The subunit polybromo-1 (PBRM1) is a subunit 

of PBAF, and contains six tandem-acting bromodomains (PBs 1-6). the central ARID1A 

subunit in smaller ncBAF is replaced by the glioma tumor suppressor candidate region gene 

1 (GLTSCR1) subunit[17]. ncBAF is short compare to other base module BAF subunits, 

such as SMARCC2, SMARCE1 as well as nucleosome-recognition unit SMARCB1, and 

contains the bromodomain-containing BRD9 subunit unavailable in the other two 

complexes, according to the latest systematic research on SWI/SNF complex assembly[18]. 

The three human SWI/SNF chromatin remodelers have interactions with different 

enhancers and promoters in a cell-type-specific manner due to the diversity in combination 

and structure [19]. Similarly, BAF complex subunits are subjected to different transitions 

during development, causing different transcriptional signatures. BAF is often related to 

the bind to enhancers, while PBAF or ncBAF enrichment often occurs in promoter regions. 

SMARCA4 co-localizes with H3K27ac in the enhancers, which regulate lineage-specific 

developmental programs [16; 20]. Besides, two recently published articles provide 

interesting perspectives on how the expression of the key subunit SMARCB1, exclusive to 

BAF and PBAF, changes the balance between canonical and non-canonical SWI/SNF 

complexes, which in turn change transcriptional signatures. SMARCB1 loss leads to an 

extensive damage of the representative enhancer activity, excluding the super-enhancer 

activity[21]. On the contrary, SMARCB1 reversely regulates super-enhancers of all cell 

types, indicating that the high expression of SMARCB1 prevents ncBAF formation[22]. 
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1.3 SWI/SNF complex in cancer 

The SWI/SNF complex exerts significant effects on the maintenance and regulation 

of the transcription factor access, thus characterizing its strong tumor-suppressive 

activity[23]. Thus, SWI/SNF perturbation may cause the reprogramming of cellular 

processes, including the oncogenic ones. Loss-of-function mutations of genes that encode 

the SWI/SNF subunits occur in over 20% human cancers, and the frequency of point 

mutations is approximately twice than that of deletions [23; 24; 25].  

According to the latest study on cryo EM structures in human BAF complex, most 

oncogenic mutations map to intra-complex subunit–subunit interfaces, and the exposed 

surfaces can have potential interactions with regulatory proteins or interaction sites with 

nucleosome to alter the complex chromatin remodeling activity[26]. SWI/SNF genes also 

undergo amplifications in numerous cancer types. The occurrence of common 

amplifications is largely determined by cancer types, mostly lung squamous cell carcinoma, 

ovarian cancer or sarcoma[23]. Particularly, BRD9 and ACTL6A show a high propensity 

for amplification in many tumors, which highlights their oncogenic capacity[23]. 

SWI/SNF chromatin remodelers on cancer development were first studied over 20 

years ago, at which time biallelic loss-of-function mutations in the SMARCB1 gene were 

reported as driving tumorigenesis of malignant rhabdoid tumors (MRTs)[27]. Additionally, 

SMARCB1 rescue trials in MRTs restored enhancer-based activation, demonstrating the 

role of wild-type BAF in antagonizing gene repression mediated by polycomb repressive 
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complexes [28]. The results are in agreement with those in a former report which shows 

that SMARCB1 loss contributes to the enhanced expression pf the polycomb subunit EZH2 

(enhancer for zeste 2) and increased H3K27me3 gene silencing transforms MRT[29]. In 

addition, the loss of SMARCB1 activity is the main factor for the development of synovial 

sarcoma[30]. Indeed, the loss of SMARCB1 is associated with the development of 

malignant tumors and the activation of some oncogenic signaling pathways[31].  

According to previous findings, SMARCA4, as the most common mutated Snf2-like 

ATPase, is inactivated in multiple types of cancers, such as lung cancer[32; 33]. Indeed, 

BAF’s ARID1 subunit and PBAF’s PBRM1 subunit have the highest prevalence of 

mutations. However, SMARCA4-mutant cancer tends to be more aggressive and is 

associated to a relatively poor prognosis[32]. At present, the ATPase subdomain of 

SMARCA4 is considered a hotspot. It is noteworthy that mutations of this subdomain lead 

to impaired ATPase activity and damage the competition of BAF with the polycomb 

repressive complex[34]. However, SMARCA2 mutation in cancer is less frequent. 

Nevertheless, it tends to be silenced, which is confirmed by restoring SMARCA2 functions 

in cancers with deficient SMARCA2[35]. 

ARID1A, which connects DNA through its AT-abundant DNA-binding domain, is the 

one mutating most frequently among the subunits of BAF [36]. ARID1A works as a tumor 

suppressor, and the loss of function is related to the development of breast cancer [37] and 

pancreatic cancer [38]. It is interesting that cancer mutation is spread across nearly all areas 
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of the ARID1A genes and does not gather in the DNA binding domain [36]. This is because 

ARID1A participates in many contacts that stabilize the base modules of the complexes. 

Apart from that, the loss of the suppressive function of ARID1A leads to the development 

of cancers through the interference of DNA-damaging response pathways [36]. According 

to some studies, the loss of ARID1A is associated to the activation of PIK3CA together 

with a loss of PTEN expressions, which triggers the PI3K/AKT/mTOR cell-cycle pathway 

[39; 40]. 

Cancer related to ARID1B is less common [41]. Nevertheless, the mutation of this 

gene is associated to the disability of development [42]. ARID2 also works as a tumor 

suppressor. Apart from that, ARID2 is usually mutated in hepatocellular carcinoma [43]. 

According to studies on the mechanism associated to the function of ARID2 in lung cancer 

and hepatocellular carcinoma [44], ARID2 loss not only triggers transcriptional 

reprogramming but also damages the DNA-damage response pathway [45]. 
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1.4 Frequent mutation of the SWI/SNF chromatin remodeling complex in colon cancer  

Over decades, research has provided insights into how mutations in classical 

oncogenes and colon cancer tumor suppressor genes (TSGs) such as APC, TP53, KRAS, 

CDKN2A and PIK3CA drive tumor development[46; 47]. Importantly, recent reports from 

large-scale cancer genome landscape studies such as the Cancer Genome Atlas (TCGA) as 

well as others firmly establish the frequent occurrence of these pathogenic mutations in 

colon cancer[48; 49; 50]. For example, TP53 carries the 70% of somatic coding mutations, 

APC in 60% and KRAS in 49%[46; 51; 52]. However, one unexpected finding from these 

studies is the pathogenic mutations in components of the SWI/SNF chromatin remodeling 

complex in nearly 15% of colon cancers[53]. The SWI/SNF complex, first discovered in S. 

cerevisiae, is an evolutionarily conserved multi-subunit complex that utilizes the energy of 

ATP hydrolysis to mobilize nucleosomes and remodel chromatin. Since the complex 

consists of 12–15 subunits, multiple complex configurations can appear, depending on the 

subunit composition. All complexes include a catalytic ATPase subunit (mutually 

exclusive SMARCA4/BRG1 or SMARCA2/BRM) and core subunits including BAF155 

and SMARCB1. Three broad sub-families of SWI/SNF complexes have been identified: 

BRG1 associated factors (BAF), polybromo-associated BAF (PBAF) and the recently-

described ncBAF, each defined by signature subunits including ARID1A or ARID1B 

(BAF), PBRM1 and ARID2 (PBAF) and GLTSCR1 (ncBAF). SWI/SNF complex 

subfamilies also contain variant subunits, often encoded by multi-gene families. Multiple 

reports showed the role of the complex in the regulation of a broad range of normal 
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functions such as gene transcription, RNA processing, cell cycle, apoptosis, development, 

differentiation of the tumor and DNA replication and repair. Thus, this pivotal role in 

regulating these diverse pathways may predict an association of altered SWI/SNF function 

with diseases. Therefore, the identification of cancer vulnerability associated with the 

mutation of the SWI/SNF chromatin remodeling complex has a high clinical significance 

in colon cancer, because it promotes more effective applications of the combination of 

radiotherapy with chromatin-targeted therapy.  

1.5 Synthetic lethal in SWI/SNF complex 

The term of synthetic lethality, which was introduced by the geneticist Calvin 

Bridges[54], was named in 1946 by Theodor Dobzhansky[55]. Synthetic lethality refers to 

the condition in an organism, in which mutations in two genes together result in cell death 

or death of an organism, while a mutation in either gene alone exerts little or no effect [56] 

(Figure 1.5).  
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Figure 1.5 Schematic representation of synthetic lethality. Two genes are synthetic lethal only 

when their simultaneous inactivation results in cellular or organismal death. In this example, deletion of 

either gene A or gene B does not affect viability whereas inactivation of both at the same time is lethal. 

(Sebastian M.B, et al. 2011)  

 

 

Many developmental biologists and geneticists investigated this paradigm. Notably, 

the research by Hartwell et al[57] shows the application of the synthetic lethality concept 

to develop cancer therapeutics. The synthetic lethal interaction is also a context-dependent 

form, since the alteration of a given gene makes the second gene important for the survival 

of cells[58]. Furthermore, the pharmacological inhibition of the product of these synthetic 

lethal genes can be detrimental to tumor cells, but most of the non-malignant cells are not 

affected[59]. Hence, synthetic lethality may represent an approach to target tumor cells 

without affecting the healthy cells of the patients. Moreover, the application of the principle 

of synthetic lethality improves the possibility to accurately target subgroup of cancers, 
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enabling individual therapeutic approaches.  Indeed, the synthetic lethal connection 

increases the chance to target the residual SWI/SNF complex for treating cancers with 

mutations in the SWI/SNF. Experiments on SWI/SNF-regulating proteins or SWI/SNF 

subunits were performed in the project of Achilles (http://www.broadinstitute.org/achilles) 

[16; 60]. Some genes for the therapy of SWI/SNF-mutant cancers have been identified [61; 

62]. Some SWI/SNF mutations have been associated with synthetic lethal phenotypes in 

SWI/SNF deficient tumors (Figure 1.9). In some cases, the two mutually exclusive 

paralogues’ concomitant knockout leads to synthetic lethality [63]. For example, the 

SMARCA4-deficient tumors are quite sensitive to the depletion of SMARCA2[25], and 

ARID1B is needed for the survival of ARID1A-mutant cancers [64].  

 

The vulnerability of SWI/SNF-mutant cancer is discovered in the interactome of 

SWI/SNF chromatin remodelers. Indeed, not all protein kinases can be targeted, but there 

are many inhibitors for each kinome family that can offer excellent starting points for 

targeted therapies. As a result, targeting particular SWI/SNF vulnerable proteins with small 

molecule is a good strategy for cancer treatment. Nonetheless, this method needs the 

validation and identification of targets as well as the development of high-quality probes 

to demonstrate the biological function of the targets [65]. Apart from that, such kind of 

probe needs to meet multiple specific criteria, such as potency and selectivity. Besides, 

their action mode should be well characterized[66; 67]. 
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1.6 ARID1A directed synthetic lethal in SWI/SNF complex 

ARID1A, also called BAF250a as well, belongs to the SWI/SNF complex subunit[36]. 

Besides, it is the most frequently mutated gene of the SWI/SNF subunit genes. In addition, 

ARID1A is characterized by the greatest frequency of mutations in malignancies because 

associated with tumor activity and poor prognosis [68]. The mutation frequency of 

ARID1A in CRC increases in cancer showing microsatellite instability (MSI) [69; 70; 71]. 

Since the mutation frequency of ARID1A is high in CRC, it is important to develop drugs 

for selectively targeting ARID1A-deficient cancer cells to promote the development of 

novel treatment options to combat CRC. 

Since the high mutation frequency and loss of expression of ARID1A in cancer were 

discovered, ARID1A deficiency has been used to treat cancer based on synthetic lethality 

(Figure 1.6).  
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Figure 1.6 Synthetic lethal interactions in SWI/SNF- mutant cancers with chemical tools for 

targeted cancer therapy. (Sasaki M, et al. 2020 ) 

 

 

 

ARID1A and ARID1B, which form a synthetic lethal pair, are mutually exclusive 

elements of BAF complexes [72]. It is worth mentioning that the loss of ARID1B and 

ARID1A not only leads to the collapse of the BAF complex, but also results in the loss of 

functional activities of the BAF complexes [72]. Hence, the inhibition of ARID1B function 

is a prospective strategy to treat cancers with deficient ARID1A. Nonetheless, the 

development of an inhibitor against ARID1B can result very challenging because ARID1B 

has no functional domain (e.g. catalytic domain) [73]. However, the ARID1A-guided 

synthetic lethality can be obtained through several types of molecular mechanisms[74]. The 
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synthetic lethal interactions with mutations of ARID1A are not only associated ARID1B 

direct targeting. 

In addition to the regulatory function in SWI/SNF complexes that bind to DNA, 

ARID1A is involved in the repair of DNA double-strand break (DSB) as well [75]. 

SMARCA2 and SMARCA4 interact with the DSB once formed, suggesting a function of 

SWI/SNF in the DNA damage response (DDR). Furthermore, ARID1A and ARID1B are 

localized in the DSBs and promote the activity of the NHEJ pathway [76]. ARID1A also 

plays a function in Homologous recombination (HR) [77]. NHEJ is a more error-prone 

DSB repair mechanism than HR. Apart from that, ARID1A and ARID1B recruit the NHEJ 

proteins KU70 and KU80 to the DNA damaging sites, thus participating in the early phase 

of DSB repair [78].  

The synthetic lethality concept was explored by targeting DDR proteins in ARID1A 

mutant cancers [77; 79]. Shen et al. [77] confirmed that ARID1A plays a role in DSB repair 

as ATR binding partner. They discovered that ARID1A is increased in chromatin areas 

approaching DSBs, as revealed by the chromatin immunoprecipitation assay. The 

inactivation of ARID1A by introducing a stop codon in the colorectal carcinoma cell line 

HCT116 leads to impaired G2/M checkpoint control after DSB induction. Cells lacking 

ARID1A re-enter the cell cycle more frequently after irradiation than control cells. Besides, 

the phosphorylation of ATR and CHK1 is decreased in ARID1A mutant cells. Thus, 

ARID1A seems to actively control G2/M progression. In addition, loss of ARID1A 
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decreases the localization of the DDR adaptor proteins at the DSBs sites. In short, these 

results indicate a significant function of ARID1A in the ATR-mediated DDR signaling. 

However, it is still unclear whether ARID1A localizes to DSBs and activates ATR as well 

as subsequent DDR. Based on the participation of ARID1A in the DSB repairing, Shen et 

al[77] examined the synthetic lethality of PARP inhibitors in ARID1A mutant cells, since 

these types of inhibitors are lethal in the DSB repair deficient cells. Beyond that, many 

inhibitors of PARP are toxic in isogenic pairs of breast epithelial carcinoma and colorectal 

carcinoma cells, which show more than three times less colony formation in ARID1A-

depleted cell lines. Moreover, the efficacy of PARP treatment increases in ARID1A-

depleted xenograft cancer models [77]. Williamson et al. discovered that ARID1A loss is 

a dominant factor for the sensitivity to ATR inhibition in breast cancer cell line 

HCC1143[79]. Besides, ATR inhibition by VX-970 in ARID1A deficient cell lines is three 

times more effective in multiple cancer types [80; 81]. Moreover, increased sensitivity to 

the inhibition of ATR is observed in ARID1A mutated HCT116 cells in xenograft models 

as well as in models of ARID1A mutant TOV21G OCCC cells.  

Recently, an epigenetics drug screen showed that inhibitors of aurora kinase A 

(AURKA) work as a synthetic lethality partner of ARID1A [82]. AURKA belongs to a 

member of the mitotic serine protein family, and it plays many roles in mitosis and non-

mitotic biologic processes [83]. AURKA activates the nuclear localization of CDC25C [84], 

consequently phosphorylating some substrates to drive the entry into mitosis from the G2-

phase [85]. In addition, the over-expression of AURKA is involved in tumorigenesis and 
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genetic instability in multiple types of cancers, such as lung, pancreas, and CRC [86; 87; 

88]. High expression of AURKA is related to poor outcome in patients with lung and colon 

cancer. This evidence makes it a significant therapeutic target to develop anti-cancer drugs. 

As pointed out by Wu [82], ARID1A has an interaction with the AURKA in CRC cells. In 

addition, genetic and pharmacological perturbations of AURKA hinder the growth of 

ARID1A-deficient CRC cells. Indeed, ARID1A occupies the promoter of AURKA gene 

and regulates its transcription in a negative way. Cells that lack ARID1A show an increased 

AURKA transcription, leading to the constant activation of CDC25C. Moreover, the 

inhibition of AURKA activities in ARID1A-deficient cells not only greatly leads to G2/M 

arrest but also triggers cellular multinucleation and apoptosis [82]. 

The present work investigated the role of ARID1B silencing in the radiosensitivity of 

CRC cells through the detection of the clonogenic survival after the exposure to irradiation 

in the presence/absence of ARID1A mutation. Subsequently, the synthetic lethality concept 

was performed to identify drugs affecting DNA repair with potential synergistic effect with 

irradiation on ARID1A-depeleted cancer cells. Our results demonstrated that ATR was the 

most potent synthetic lethal interactor.  
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2. Aims of the present study 

ARID1A as a member of the SWI/SNF complex is frequently mutated in colorectal 

cancer. Thus, it is of fundamental clinical importance to understand its molecular functions 

and determine whether this specificity can be exploited therapeutically by combined 

treatment modalities. Usually, loss of ARID1A compromises DNA damage repair, and 

induced DNA damage burdens may increase the reliance on PARP or ATR-dependent 

DNA repair pathways of cancer cells to maintain genome integrity and renders cell 

susceptible to ATR or PARP inhibitor therapy. In the present study, the effect of ionizing 

radiation (IR) in combination with ATR was tested in colon carcinoma cell lines with wild 

type (wt) and mutant (mt) ARID1A. Besides, our recent studies showed that loss of its 

homolog ARID1B is synthetically lethal with ARID1A mutation. Here, the effect of 

radiation in combination with small molecules inhibiting repair factors on the sensitivity 

was tested in wild type and mutant ARID1A in colon carcinoma cell lines. 

For this, colon carcinoma cell lines with wild-type (HCT15, HCT116, Colon320) and 

mutant ARID1A (RKO, SW48, LS180) were treated with inhibitors of ATR, PARP and 

AURKA and its consequences for radiation sensitivity was measured by clonogenic 

survival. In addition, the effect of ARID1B knock-down with siRNA in combination with 

ATRi on radiation sensitivity was further tested. Mechanistically, the effect on double 

strand break (DSB) repair markers measured by immunofluorescence staining of ɣ-H2AX 

and Rad51-foci was investigated. In addition, the homologous recombination (HR) direct-

repeat green fluorescent protein (DR)-GFP) system was used to confirm the effect of ATRi 
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on DSB repair in ARID1A depleted cells. Lastly, the effect of ATRi in the background of 

ARID1A deficiency was tested in an ex-vivo model. For this, cells from CRC patients with 

and without ARID1A expression were tested for the efficacy of ATRi by using a ATP-

tumor chemosensitivity assay (ATP-TCA). 
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3. Materials and Methods  

3.1 Materials  

Description Supplier 
6-Well Cell Culture Plates TPP 
4-8-Well Culture Slides Falcon 
15-50 mL Tubes Greiner Bio-One 
Coverslips Roth 
flexiPERM® slide reusable 8-Well SARSTEDT 
SuperFrost® Plus GOLD Culture Slides Thermo Scientific 

 

3.1.1 Biological and chemical substances 

Description Supplier 

Antibiotic-Antimycotic (100X) GibcoÔ 

BSA Calbiochem 

Click-iTÔ Plus EdU Assay Kit InvitrogenÔ 

DC Protein Assay Reagent A & B Bio-Rad 

DMSO Sigma-Aldrich 

ECL Prime Blocking Agent GE Healthcare 

EDTA Sigma-Aldrich 

Ethanol Honeywell 

FBS GibcoÔ 

Fibroblast Basal Medium ATCCÒ 

Formaldehyd 37% Roth 

HBSS  GibcoÔ 

Immu MountÔ Thermo ScientificÔ 

Kristallviolett Merck 

LipofectamineÒ RNAiMAX InvitrogenÔ 

LowCross Buffer Candor 

MEM GibcoÔ 
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NEAA, Nicht essentielle Aminosäuren GibcoÔ  

Methanol J.T.Baker 

NuPAGE Transfer Buffer 20x InvitrogenÔ 

NuPAGE 7% Tris-Acetat Gel 12 Well InvitrogenÔ 

OptiMEM GibcoÔ  

PBS (20x) GibcoÔ  

Phosphatase & Protease Cocktail 100x Thermo ScientificÔ 

PierceÒ RIPA Buffer Thermo ScientificÔ 

RotiÒ-Histofix 4% Roth 

RPMI GibcoÔ  

Super Signal Stable Peroxide Puffer Thermo ScientificÔ 

Super Signal Luminol/ Enhancer Solution Thermo ScientificÔ 

Tris-Acetat SDS Running Buffer 20x InvitrogenÔ 

Triton 100 Sigma-Aldrich 

Trypan Blue Stain 0,4% Logos Biosystems 

0,05 % Trypsin-EDTA GibcoÔ 

Tween20 Sigma-Aldrich 

 

3.1.2 Solutions and Buffers 

Cristallviolett 3,75g Kristallviolett 

1,75g NaCl 

162,5ml Ethanol 

43,2ml Formaldehyd 37% 

ad 500ml dH2O 

P1 Puffer 

(Permeabilisierung) 

100mM Tris-Cl pH 7,4 

50nM EDTA 

0,5% Triton 100 

Block Puffer (IF) 3% BSA 
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7,7 mM NaN3 

4x SSC 

0,1%Tween20 

in dH2O 

Block Puffer (WB) 5 % ECL Prime Blocking Agent 

0,5 % TWEEN20 

in TBS 

TBS 10mM Tris-Cl pH 7,4  

150mM NaCl 

in dH2O 

 

3.1.3 Primary antibodies and dyes 

Antibody Company Cat. No. Host  Dilution 

ARID1B GeneTex GTX130708 Mouse 1:500 (WB) 

ARID1B LSBio LS-C382223 Rabbit 1:500 (WB) 

ARID1B Abcam Ab57461 Mouse 1:500 (WB) 

ARID1A CellSignalling 12354P Rabbit 1:1000 (WB) 

GAPDH Abcam ab8245 Mouse 1:2000 (WB) 

gH2A.X EMD Millipore  05-636 Mouse 1:500 (IF) 

Rad51 CalbiochemÒ PC130-100UL Rabbit 1:500 (IF) 

Histone H3 
(pS10)  

EMD Millipore 05-373 Mouse 1:500 (IF) 

 

 

 

3.1.4 Secondary antibodies 

Antibody Company Cat. No. Host  Dilution 

Anti-Mouse, 
Alexa Fluor 488 

InvitrogenÔ A11029 Goat 1:2000 (WB) 
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Anti-Mouse, 
Alexa Fluor 488 

InvitrogenÔ A11017 Goat 1:500 (IF) 

Anti-Mouse, HRP 
linked 

GE Healthcare NA931V 
 

Sheep 1:10000 (WB) 

Anti-Rabbit, HRP 
linked 

GE Healthcare NA934V Donkey 1:100000 (WB) 

Anti-Rabbit, 
Cyanine CyÔ3 

Jackson 111-165-008 Goat 1:500 (IF) 

DAPI InvitrogenÔ D1306  1gg/ml (Flow 
Cytometry) 
20gg/ml (IF) 

 

3.1.5 siRNAs und inhibitors 

 Company ID 

siARID1B a AmbionÒ s199170 

siARID1B b AmbionÒ s199168 

si Negative Control No. 1 AmbionÒ Cat# 4390843 

VE-821 (ATR Inhibitor) Selleckchem S8007 

VE-822 (ATR Inhibitor)  S7102 

AZD2461 (PARP Inhibitor) Selleckchem S7029 

Olaparib (PARP Inhibitor) Selleckchem S1060 

Alisertib (AURKAi Inhibitor) Selleckchem MLN8237 

 

 

 

3.1.6 Softwares 

Software Version Provider 

Prism 6 Graphpad Software, Inc. 

FloMax 2.4 Partec GmbH 

Imagelab 4.1 Bio Rad 

Multicycle für Windows 3 Washington Universität, USA 
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Axiovision 8.4.2 Zeiss 

EndNote X7 Thomson Reuters, USA  

ImarisXT® 7.0  7.0 Bitplane Scientific Solutions, 
Switzerland  

3.1.7 Technical devices 

Description Supplier 
CO2 Incubator Thermo scientific 
Centrifuge Universal 32R, Hettich zentrifugen 

Rotina 380R, Hettich zentrifugen 
Mikro 200, Hettich zentrifugen 

ChemiDOC, Imaging System Bio RAD 
FluorImager Typhoon 9400, Molecular Dynamics, 

Germany 
Light Microscopy LEITZ DM IL, Leica, Germany 
Florescence Microscopy Imager.Z1, Zeizz, Germany 
Confocal Microscopy TCS SP5 Leica Microsystems, Wetzlar, 

Germany 
Flow cytometry system, Galaxy DAKO 
iBlot® Dry Blotting System Introgen, Life Technologies, Germany 
Spectrophotometer, Multiskan 
Ascent 

Thermo Electron Corporation 

X-ray machine, Isovolt 320 HS  General Electric, Pantak/Seifert  
SDS-PAGE equipment  Bio-Rad, USA  
pH meter  WTW GmbH, Germany  
Imaging scanner  GE Healthcare, USA  
Laminar flow cabinet  Heraeus, Germany  
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3.2 Methods 

3.2.1 Cell lines 

The human CRC cell lines LS180, RKO, SW48, HCT15, HCT116 and Colo320DM were 

obtained from ATCC (LGC Standards, Wesel, Germany). LS180, RKO and SW48 were 

kept in MEM (Invitrogen) supplemented with 15% FBS, 1% essential amino acids and 

antibiotics. HCT15, HCT116 and Colo320DM were kept in RPMI (Invitrogen) 

supplemented with 10% FBS plus antibiotics. U2OS and A549 cells harboring DSB repair 

reporter substrates (DR-GFP) were grown as a monolayer in McCoy’s 5A medium 

supplemented with 10% fetal bovine serum (FBS) and antibiotics.  Cells were cultivated 

at 37 °C in 5% CO2. Irradiation was done usig the RS320 X-Ray machine by XStrahl Ltd. 

at 300 kV, 10 mA, dose rate 0,9 Gy/min. 

3.2.2 Transfection with siRNA 

Cells were seeded in 6-well plates and incubated for 24 hours, obtaining a 70–80% 

confluent monolayer. Cells were then washed in HBSS and OptiMEM (both Gibco), and 

subsequently incubated with transfection reagent for 4 hours. We used 500 ul OptiMEM 

with 40 nM siRNA and 6 ul Lipofectamine RNAiMAX (Invitrogen) as a transfection 

reagent. To downregulate ARID1B, we established a mix of two siRNAs (Ambion s199170, 

Ambion s199168,) at 40 nM each for optimal efficiency. To downregulate ARID1A, we 

ues siRNAs (Ambion s15786) at 40 nM for optimal efficiency. As controls, we used non-

targeting siRNA (Ambion 4390843) as well as lipofectamin alone. After 4 hours of 

incubation with the transfection reagent, 500 μl of culture medium with double FBS was 
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added and cells incubated for 48 hours until harvesting for further experiments. Expression 

of targeted proteins was regularly checked by western blot. 

 

 

3.2.3 Immunoblotting 

Western blots were performed with anti-ARID1A (CellSignalling, 12354P), anti-ARID1B 

(LS-Bio, LS-C382223) and anti-GAPDH (Abcam, ab8245). The secondary antibodies were 

HRP-linked antibodies raised against mouse or rabbit IgG (GE Healthcare, NA931V and 

NA934V) and Alexa Fluor 488-linked antibodies against mouse (Invitrogen A11029).  

3.2.4 Clonogenic survival assay 

48 hours after transfection, cells were harvested and plated in triplicates in 9,6 cm2 6-well 

culture dishes. After 4–6 hours in culture, cells were irradiated and subsequently incubated 

for 10–14 days at 37 °C in 5% CO2. Cells were fixed and stained with 96% ethanol, 15% 

Giemsa and destained with distilled water. Colonies consisting of at least 50 cells were 

counted. Surviving fractions after the indicated treatments are presented as a fraction of 

colony formation of irradiated to non-irradiated cells. 

SF = number of colonies after IR/number of colonies in non-irradiated cells 

 

 

3.2.5 Immunofluorescence (IF) assay. 

In IF assay, we cultured cells directly onto coverslips. To specifically rate the scores of IR-

mediated repair foci at G2-phase, cells at exponential growth phase were subject to 30-min 
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pulse-labeling using EdU (10 uM) immediately prior to irradiation. Subsequently, cells 

were subject to 15-min 2% paraformaldehyde (PFA) fixation at specific time points and 

PBS (0.01 M phosphate buffer, 0.14 M NaCl, pH 7.0) washing. Later, we processed cells 

by 5-min permeabilization within the solution containing 0.5% Triton X-100, 50 mM 

EDTA and 100 mM Tris–HCl. After PBS washing, we blocked cells with PBG buffer 

(consisting of 0.5% BSA fraction V and 0.2% Gelatin dissolved within PBS) under 4◦C 

overnight. To detect RAD51, we adopted the mouse anti-RAD51 monoclonal antibody 

(mab, clone 14B4, GeneTex; diluted with PBG at 1/400). To detect y-H2AX, we adopted 

the mouse anti- y-H2AX mab (clone 3F2, Abcam; diluted at 1/400). Cells were subject to 

1.5-h incubation with primary antibodies, followed by PBS rinsing for 5 min thrice. Later, 

secondary antibody including anti-rabbit Alexa Fluor 568-labeled IgG or anti-mouse Alexa 

Fluor 488-labeled IgG (ThermoFisher Scientific) was added to further incubate cells for 

another 1 h. Thereafter, we treated slides using Click-IT staining kit (ThermoFisher 

Scientific) in line with specific protocols with EdU. At last, we rinsed coverslips by PBS, 

followed by 15-min incubation with DAPI solution (0.1 ug/ml) as well as embedding into 

the Prolong Gold Antifade mounting medium (ThermoFisher Scientific). For detecting the 

repair foci, we used the Leica TCS SP5 confocal microscope to scan those processed slides. 

Spillover out of diverse channels was eliminated by sequential scanning. To compare 

different experiments, we maintained the constant detector settings in identical antibody 

batch.  

3.2.6 Analysis of digital images 
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To analyze those 3D image stacks obtained, we utilized Spots and Split Spots module in 

Imaris 8.0 software (Bitplane) or Cell module in Imaris 8.0-9.3 software for determining 

the number of foci. We maintained the constant threshold of grayscale value to separate 

background from signal within diverse experiments using identical antibody batch, for the 

sake of ensuring that the two datasets were comparable. We deemed objects that had the 

lowest diameter of 0.5 um following thresholding to be the foci. We calculated about 150 

cells at each time point and dose. To analyze the cell cycle of DSB repair foci within G2-

phase EdU- cells, we acquired data by Imaris software and analyzed them using the Orange 

graphic software.  

 

3.2.7 Quantitative image-based cytometry (QIBC) conducted to evaluate 
DSB repair foci dependent on cell cycle 

RAD51 and H2AX foci were evaluated depending on cell cycle phase, following the 

aforementioned IF processing through high-throughput slide-scanning analysis using 

AxioScan.Z1 platform (Zeiss). EdU (10 uM) was used to label cells for a 30-min period, 

followed by irradiation at increasing X-ray doses. Following irradiation, cells were fixed at 

specific time points, placed them onto coverslips and scanned the areas of 4 × 4 mm. We 

obtained 10 000–20 000 cells according to the cell density of the screened area. Thereafter, 

we analyzed cell fragmentation on the images (Imaris), so as to offer nuclear fluorescence 

intensity information for EdU and DAPI staining, and for RAD51- and H2AX focus 

number. We transformed the Imaris software-produced data into the format for flow 
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cytometric analysis (Kaluza, Beckman Coulter); besides, we also generated data in relevant 

figures. Only cells in the G2/M-phase during irradiation and post-irradiation incubation 

were analyzed.  

3.2.8 HRR functional analysis on the I-SceI-induced DSBs based on GFP 
reporter cells 

For experiments, 2 × 106 A549 DR-GFP and U2OS DR-GFP cells were firstly knockdown 

ARID1A expression by siRNA and then transfection by nucleofection (Lonza) with 2 ug 

of the I- SceI expressing plasmid, pCMV3xNLS-I-SceI. After 24 of transfection, we 

harvested cells through trypsinization and then conducted flow cytometry (Gallios, Beck- 

man Coulter) to analyze GFP level with the 488-nm argon laser. The 510BP filter was 

utilized to collect GFP emission at FL1. Besides, we determined repair event frequency as 

GFP-positive cell frequency. Replicate cultures containing GFP-expressing pEGFP-N1 

construct (1 ug/1 × 106 cells) were adopted to determine transfection efficiency in every 

assay. We just analyzed experiments whose transfection efficiency was more than 80%.  

3.2.9 Ethics statement 

All patients provided written informed consent for their information to be stored and used 

in the MianYang Fulin hospital database. Study approval was obtained from the 

independent ethics committee at the MianYang Fulin hospital, China (IRB ID: TJ-

C20210701). The study was undertaken in accordance with the ethical standards of the 

World Medical Association Declaration of Helsinki. All excised samples were obtained 
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from tumor tissues within 1 h after surgery. For each specimen, half sent to lab for ATP-

TCA Test, and the remainder was fixed with formalin for immunohistochemistry (IHC). 

3.2.10  Patient information and tissue specimens 

This study was conducted using a total of 41 archived paraffin-embedded primary CRC 

samples. All patients underwent resection of primary tumors between July 2021 and 

January 2022 at MianYang Fulin hospital, China. All procedures performed with these 

biopsies were performed at the Mian Yang Fulin hospital, China. None of the patients had 

preoperative chemotherapy or preoperative radiotherapy. The staging of tumors was 

determined according to the American Joint Committee on Cancer (AJCC) TNM staging 

system. Each tumor was pathologically classified according to the World Health 

Organization classification criteria.  

3.2.11  IHC and scoring 

We analyzed ARID1A expression within 41 primary CRC tissues by means of IHC 

according to previous description. In brief, we processed each tissue section by 

deparaffinage, rehydration, blocking of endogenous peroxide and antigen retrieval, 

followed by overnight incubation using ARID1A (PSG3):sc-32761 antibody (Santa Cruz 

Biotechnology, Inc., CA, United States) under 4℃. Later, sections were rinsed by PBS 

contained within Tween-20, followed by 30-min incubation using anti-mouse secondary 

antibody and subsequently incubation using the streptavidin-HRP complex. Afterwards, 

diaminobenzidine tetrahydrochloride was adopted for color developing of sections, 
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followed by hematoxylin counterstaining. All immunostained sections were examined and 

scored by 2 reviewers blinded to pathological and clinical data of patients. We examined 

1000 or more cancer cells in every slide upon the thresholds of staining degree and stained 

cell percentage. We scored positive cell percentages below, 0, ≤10%; 1, 10%-25%; 2, 25%-

50%; 3, 50%-75%; and 4, >75%. We deemed nuclear immunoreactivity to be positive 

expression. Besides, we rated staining degree below, 0, 1, 2 and 3 indicating negative, weak, 

moderate, and strong staining, separately. We classified those immunostained sections as 

2 groups, positive (overall score≥1) and negative (overall score=0) ARID1A expression 

groups.  

 

3.2.12  ATP-TCA 

We conducted ATP-TCA according as previously described[89]. We cut solid tumor 

tissues into pieces before overnight collagenase digestion (1.5 mg/ml, Sigma, Poole, UK; 

C8051). Later, Ficoll-Hypaque (Sigma; 1077-1) was adopted to purify samples for 

removing excessive debris as well as red blood cells, followed by resuspension within the 

complete medium without serum (CAM; DCS Innovative Diagnostik Systeme, Hamburg, 

Germany) that contained gentamicin (Sigma), penicillin–streptomycin (Sigma), 

metronidazole (Rhône Poulenc Rorer, Eastbourne, UK) along with amphotericin B (Sigma). 

Thereafter, we determined cell number and evaluated cell viability through the Trypan blue 

exclusion approach. The final cell suspension was made up to a concentration of 200000 
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cells/ml for solid tumors and 100000 cells/ml for malignant effusions. Round-bottomed 

polypropylene 96-well plates (Corning-Costar, High Wycombe, UK) were prepared with 

CAM and cytotoxic drugs at six dilutions (6.25–200%) of the test drug concentration (TDC) 

in triplicate. The TDC for each drug has previously been calculated from pharmacokinetic 

and response data. The drugs were stored appropriately and made up according to the 

manufacturer's instructions. Dilutions were prepared in the plates from freshly made up 

800% TDC drug solutions. Combinations of drugs were made by adding both drugs each 

at their 800% TDC. Two endogenous reference rows were prepared in every plate, 

including the medium only (MO) of CAM with no drug, and the maximum inhibitor (MI) 

killing the whole cells that gave the zero ATP count. At 6-day post-incubation under 37°C, 

5% CO2 and 100% humidity conditions, we used the detergent-based Tumor Cell 

Extraction Reagent (DCS Innovative Diagnostik Systeme) to lyse cells, and determined 

ATP level in every well with the microplate luminometer by luciferin–luciferase system 

(MPLX; Berthold, Pforzheim, Germany). 

 

3.2.13  Statistical analysis 

All statistical analyses were performed using SPSS 14.0 statistical software, or  SAS 

software version 9.4, SAS/STAT 15.1 (SAS-Institute, Cary, NC). A p value < 0.05 was 

considered statistically significant in all cases. The association between ARID1A 

expression and the clinicopathological characteristics was analyzed by χ 2 test or Kruskal-
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Wallis H test based on the type of data. The interaction between ARID1B knock down and 

the radiation dose response or ATRi with ARID1A+/ ARID1A- and the radiation dose 

response was described as a slope modifying effect of the linear term of the linear-quadratic 

model. ANOVA was used to calculate the statistical significance between two groups at 

certain radiation dose.  
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4. Results 
4.1 ARID1B knockdown and its effect on radiosensitivity 

CRC cell lines with wild type ARID1A (HCT15, HCT116, and Colo320) and mutant 

ARID1A (LS180, RKO, and SW48) were used in the present study. The expression of 

ARID1A was examined in all cell lines by immunoblotting (Figure 4.1). The results clearly 

show that cells with mutant ARID1A, in comparison to CRC with wild-type ARID1A have 

no detectable expression of ARID1A protein and thus considered as ARID1A deficient 

(ARID1A-) and proficient (ARID1A+). 

 

Figure 4.1 Western blot results of ARID1A+ and ARID1A- CRC cell lines 

 

 

The radiosensitivity was evaluated in all cell lines by measuring the clonogenic 

survival fraction after irradiation with 2 Gy (SF2). Slightly lower SF2 values were found 
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in ARID1A- CRC cells compared with ARID1A+ CRC cells (P>0.05), as shown in Table 

1. 

 

Table 1: The radiosensitivity of ARID1A+/ ARID1A- colon cancer cell lines.  

SF2: survival fraction in 2Gy. P1: ANOVA was used to calculate the statistical significance between groups, N=3. 

 
 

In addition, the effect of siRNA targeting ARID1B, a mutually exclusive homolog of 

ARID1A in the SWI/SNF complex, on cell viability was evaluated in ARID1A+ and 

ARID1A- cells by colony formation assay. For this purpose, cells were transfected for 48 

h, seeded for colony formation and irradiated 4 h later with doses from 0 to 6 Gy. 

Transfection of the cells with siRNA targeting ARID1B significantly reduced the 

expression of ARID1B to 55 ± 9.1% compared to the non-transfected cells (Figure 4.1A). 

As a result, ARID1B knockdown led to a selective and significant reduction of the viability 

after irradiation of CRC cells harboring ARID1A mutation (P<0.05) (Figure 4.1B) (Table 

2), but not of ARID1A+ cell lines.  

 ARID1A + ARID1A -  
 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

SF2 0.39 ± 0.019 0.38 ± 0.021 0.4±0.042 0.36 ± 0.018 0.35 ± 0.019 0.35 ± 0.058 >0.05 
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Figure 4.2 ARID1A/ARID1B synthetic lethality on radiosensitivity A: Western blot results of ARID1A+ and ARID1A- 

CRC cell lines, ARID1B knockdown and ARID1A knockdown of our CRC cell lines; B: Effect of ARID1B knockdown 

on radiosensitivity. Representative results of 4 independent experiments are shown. Statistically significant differences 

compared with corresponding control cells. P values indicate the results from the ANOVA F-test. 

 

 

 



 

 42 

Table 2: The radiosensitivity of ARID1B knock down on ARID1A+/ ARID1A- colon cancer cell lines. 

SF2: survival fraction in 2Gy. P1: ANOVA was used to calculate the statistical significance between groups, N=3. 

 

 

4.2 ARID1A-directed synthetic lethality concepts on radiosensitivity 

Although ARID1B knockdown increased the radiation sensitivity of ARID1A- CRC 

cells, currently no ARID1B inhibitors are available. Thus, the translation of these results 

into clinical practice is limited. However, several studies showed that ARID1A-dependent 

synthetic lethality can be obtained through diverse molecular mechanisms [79; 90; 91]. 

Some studies suggested that PARP, AURKA and ATR and inhibitors can also be synthetic 

lethal partner for ARID1A deficient cancer cells [79; 82; 92].  

 

 

 

 

 

 

 ARID1A + ARID1A -  

 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

Control  
SF2 

 
0.39 ± 0.019 

 
0.38±0.021 

 
0.4±0.042 

 
0.36 ±0.018 

 
0.35±0.019 

 
0.35±0.058 

 
>0.05 

ARID1B KD 
SF2 

 
0.36 ± 0.027 

 
0.36±0.03 

 
0.37±0.045 

 
0.30 ±0.016 

 
0.26±0.013 

 
0.30±0.011 

 
<0.05 



 

 43 

4.2.1 Impact of ARID1A/ PARPi synthetic lethality on radiosensitivity 

Usually, loss of ARID1A compromises DNA damage repair, and the induced DNA 

damage burdens may increase the dependence on PARP dependent DNA repair pathways 

in cancer cells to maintain genome integrity which render cells susceptible to PARP 

inhibitor therapy [93]. Therefore, two PARP inhibitors, Olaparib and AZD2461, were used 

to evaluate the effect on the synthetic lethality of PARP inhibition and ARID1A deficiency 

in ARID1A+ and ARID1A- colon cancer cell lines. ARID1A+ and ARID1A- CRC cells 

were treated with different concentrations of PARP inhibitors (0-5 µM for Olaparib and 0-

5 nM for AZD2461) and the respective concentration for half maximal reduction of the 

viability (IC50) was measured in all cell lines and PARP inhibitors (Figure 4.3) (Table 3). 

IC50 values defined as the concentration resulting in 50% inhibition of colony formation 

were estimated from nonlinear regression analysis of concentration–response curves 

obtained. Curve fitting was performed using the GraphPad Prism computer program 

(version 9.0). As a result, ARID1A-cell lines were more sensitive to both PARP inhibitors, 

compared with ARID1A+ cell lines. 
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Figure 4.3 The IC50 of ARID1A+ and ARID1A- CRC cell lines to PARPi were calculated using the colony 
formation assay. A: IC50 of PARPi (Olaprib) in ARID1A+ and ARID1A- CRC cell lines; B A: IC50 of PARPi 
(AZD2461) in ARID1A+ and ARID1A- CRC cell lines; Dose-response curves and IC50 were calculated with 
GraphPad Prism software; Representative results of 3 independent experiments are shown. 
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Table 3: IC50 values of PARP inhibitors in ARID1A+and ARID1A- colon cancer cell lines. 

 

P1: ANOVA was used to calculate the statistical significance between groups, N=3. 

 

For the evaluation of the radiosensitization effect, cells were irradiated with 2 Gy after 

pre-treatment with PARPi for 1 h and its effect on viability was measured by colony 

formation assay. Both PARP inhibitors led to a slight but not significant reduction of the 

viability after the irradiation of ARID1A+ CRC cells. In comparison, a significant decrease 

in the viability of ARID1A- CRC cells were evident (Figure 4.4A and 4.2B). 

 

 

 

 

 

 

 ARID1A + ARID1A - P1 

 HCT15 HCT116 Colon320 SW48 RKO LS180  

AZD2461 (nM) 2±0.73 1.5±1.1 1.4±0.54 1.3±0.3 1.1±0.51 1.0±0.4 <0.05 

        

Olaparib  (µM) 2.9±1.4 2.0±1.09 1.8±0.83 1.0±0.9 1.2±0.67 1.0±0.57 <0.05 
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Figure 4.4 ARID1A/ PARPi synthetic lethality with 2Gy radiation; A: PARPi (Olaprib) results of 
ARID1A+ and ARID1A- CRC cell lines; B: PARPi (AZD2461) results of ARID1A+ and ARID1A- CRC cell 
lines. Representative results of 3 independent experiments are shown. 
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In order to better explore the synthetic lethal effect of ARID1A- and PARP inhibitors, 

we selected the IC50 concentration of ARID1A- cells for calculation of the survival fraction 

(1 µM for Olaprib and 1 nM for AZD2561). As a result, the effect of both PARP inhibitors 

was significantly higher in ARID1A- cell lines compared to wild type cells (P<0.05) (Table 

4).   

 

 

 

Table 4: The radiosensitivity of PARP inhibitors on ARID1A+ and ARID1A- CRC lines. 

 
SF2: survival fraction in 2Gy. P1: ANOVA was used to calculate the statistical significance between groups, N=3. 

 

 
 
 
 
 

 ARID1A + ARID1A -  

 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

Control        SF2 0.39 ± 0.019 0.38±0.021 0.40±0.042 0.36 ±0.018 0.35±0.019 0.35±0.058 >0.05 

Olaprib  (1 μM ) SF2 0.37±0.018 0.35±0.02 0.41±0.017 0.27±0.011 0.25±0.033 0.28±0.031 <0.05 

AZD2561 (1 nM) SF2 0.38±0.022 0.35±0.09 0.31±0.038 0.26±0.032 0.24±0.018 0.27±0.022 <0.05 
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4.2.2 Impact of ARID1A/ AURKAi synthetic lethality on radiosensitivity 

 

Aurora kinases (Aurora A, B, and C) are a family of serine/threonine kinases that play 

critical roles during mitotic initiation and progression[94]. Overexpression and/or 

amplification of Aurora A in CRC have been associated with poor prognosis. Recently, the 

screening of epigenetic drugs revealed that Aurora kinase A (AURKA) inhibitors showed 

synthetic lethality interaction with ARID1A-, especially in CRC cells [82]. Therefore, the 

effect of the AURKA inhibitor Alisertib on the viability of ARID1A- and ARID1A+ CRC cell 

lines was evaluated. Cells were treated with Alisertib at different concentrations (from 0 to 100 

nM) and IC50 values were determined. IC50 values defined as the concentration resulting in 

50% inhibition of colony formation were estimated from nonlinear regression analysis of 

concentration–response curves obtained. Curve fitting was performed using the GraphPad 

Prism computer program (version 9.0). The IC50 values were significantly lower in ARID1A- 

compared with ARID1A+ cell lines (Figure 4.5) (Table 5). 
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Figure 4.5 The IC50 of ARID1A+ and ARID1A- CRC cell lines to AURKAi were calculated using the colony formation 

assay. Dose-response curves and IC50 were calculated with GraphPad Prism software; Representative results of 3 independent 

experiments are shown. 
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Table 5:  IC50 values of AURKA inhibitor in ARID1A+ and ARID1A- CRC cell lines. 
 
 P1: ANOVA was used to calculate the statistical significance between groups. N=3 

  
 
 
 
 
 
 

In addition, the effect of AURKAi on radiation induced cell death was determined after 

the irradiation with 2 Gy. AURKA inhibitor decreased the radiation sensitivity, especially in 

in ARID1A- CRC cells (Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ARID1A + ARID1A - P1 

 HCT15 HCT116 Colon320 SW48 RKO LS180  

Alisertib (nM) 40±5.73 30.5±8.13 52±8.21 19±1.6 20±1.2 22±2.2 <0.05 
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Figure 4.6 ARID1A/ AURKAi synthetic lethality with 2Gy radiation. Representative results of 3 independent 

experiments are shown. 
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The IC50 concentration of Alisertib obtained in ARID1A- cells (20 nM) was chosen for 

the calculation of the viability to better compare the synthetic lethal effect of the AURKA 

inhibitor and ARID1A-. The radiosensitization effect of the AURKA inhibitor was 

significantly higher in ARID1A- compared to the wild type cell lines (P<0.05) (Table 6) 

(Figure 4.6). 

 
 

 

 

 

 

 

Table 6: The radiosensitivity of AURKA inhibitor on ARID1A+/ ARID1A- colon cancer cell lines.  
 

 

SF2: survival fraction in 2Gy.  P1: ANOVA was used to calculate the statistical significance between groups, N=3. 

 

 

 

 

 

 

 

 

 

 

 

 

 ARID1A + ARID1A -  

 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

Control        SF2 0.39 ± 0.019 0.38±0.021 0.4±0.042 0.36 ±0.018 0.35±0.019 0.35±0.058 >0.05 

Alisertib (20 nM) SF2 0.38±0.031 0.32±0.02 0.31±0.034 0.26±0.02 0.22±0.013 0.25±0.07 <0.05 
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4.2.3 Impact of ARID1A/ ATRi synthetic lethality on radiosensitivity 
 

 Recent studies showed that defects in ARID1A sensitize tumor cells to clinical 

inhibitors of the DNA damage checkpoint kinase ATR [79]. Therefore, two ATR inhibitors 

VE821 and VE822 were used to evaluate the synthetic lethality of ATR inhibition and 

ARID1A- on CRC cell lines. ARID1A+ and ARID1A- CRC cell lines were treated with 

different concentrations of VE821 (0-10 μM) and VE822 (0-100 nM) and the respective 

IC50 values were determined (Figure 4.7) (Table 7). IC50 values defined as the 

concentration resulting in 50% inhibition of colony formation were estimated from 

nonlinear regression analysis of concentration–response curves obtained. Curve fitting was 

performed using the GraphPad Prism computer program (version 9.0). 
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Figure 4.7 The IC50 of ARID1A+ and ARID1A- CRC cell lines to ATRi were calculated using the colony 
formation assay. A: IC50 of ATRi (VE821) in ARID1A+ and ARID1A- CRC cell lines; B: IC50 of ATRi (VE822) 
in ARID1A+ and ARID1A- CRC cell lines; Dose-response curves and IC50 were calculated with GraphPad Prism 
software; Representative results of 5 independent experiments are shown. 
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Table 7: IC50 values of ATR inhibitors in ARID1A+ and ARID1A- colon cancer cell lines 

P1: ANOVA was used to calculate the statistical significance between groups, N=5. 

 

 

Next, the effect of ATRi on radiation sensitivity was determined after the irradiation 

with 2 Gy. Both ATR inhibitors decreased more efficiently the viability of ARID1A- CRC 

cells after irradiation, compared with ARID1A+ CRC cell lines (Figure 4.8) 

 

 

 

 

 

 

 ARID1A + ARID1A - P1 

 HCT15 HCT116 Colon320 SW48 RKO LS180  

VE822 (nM) 60.95±22.3 56.76±16.7 59.54±18.3 19.0±1.5 23.0±1.3 20.0±2.3 <0.05 

VE821 (µM) 6.3±1.3 5.75±2.2 5.3±1.7 1.1±0.3 1.3±0.18 1.4±0.3 <0.05 
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Figure 4.8 ARID1A/ ATRi synthetic lethality with 2Gy radiation; A: ATRi (VE821) results of ARID1A+ and 
ARID1A- CRC cell lines; B: ATRi (VE822) results of ARID1A+ and ARID1A- CRC cell lines. Representative 
results of 5 independent experiments are shown. 
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The IC50 concentration of VE821 (1 µM) and VE822 (20 nM) obtained in ARID1A- 

cells was used to compare the viability to better compare the synthetic lethal effect of 

ARID1A- and ATR inhibitor in both groups of CRC cell lines. Both ATR inhibitors 

increased the radiosensitivity in ARID1A- cell lines (P<0.05) (Table 8). 

 

Table 8: The radiosensitivity of ATR inhibitor on ARID1A+/ ARID1A- colon cancer cell lines. 

 

 

SF2: survival fraction in 2Gy. P1: ANOVA was used to calculate the statistical significance between groups, N=5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ARID1A + ARID1A - 

 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

Control      SF2 0.39 ± 0.019 0.38±0.021 0.4±0.042 0.36 ±0.018 0.35±0.019 0.35±0.058 >0.05 

VE821 (1 μM) SF2 0.35±0.012 0.34±0.023 0.38±0.021 0.28±0.032 0.20±0.045 0.28±0.033 <0.01 

VE822 (20 nM) SF2 0.34±0.055 0.35±0.031 0.37±0.018 0.25±0.017 0.13±0.016 0.22±0.011 <0.001 
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Table 9: The radiosensitivity of ATR inhibitors, PARP inhibitors and AURKA inhibitor on 
ARID1A+ and ARID1A- colon cancer cell lines 
 

SF2: survival fraction in 2Gy. P1: ANOVA was used to calculate the statistical significance between ARID1A+ and 

ARID1A- groups. 

 

Among these inhibitors, the ATRi VE822 was more effective in sensitizing ARID1A- 

CRC cell lines and thus were used for further experiments (Table 9). ARID1A+ and ARID1A- 

cell lines were pre-treated for 1 h with 20 nM VE822 and irradiated with 0 Gy, 2 Gy, 4 Gy and 

6 Gy. The radiosensitising effect of VE822, as quantitated by the dose modifying factor (DMF), 

was highly significant (P<0,0001) for ARID1A- cells but not for ARID1A competent cell lines 

(Figure 4.9 and Table 10). 

 ARID1A + ARID1A - 

 HCT15 HCT116 Colon320 RKO SW48 LS180 P1 

Control SF2 0.39 ± 0.019 0.38±0.021 0.4±0.042 0.36 ±0.018 0.35±0.019 0.35±0.058 >0.05 

ARID1B KD SF2 0.36 ± 0.027 0.36±0.03 0.37±0.045 0.30 ±0.016 0.26±0.013 0.30±0.011 <0.05 

ATRi        

VE821 (1 μM) SF2 0.35±0.012 0.34±0.023 0.38±0.021 0.28±0.032 0.20±0.045 0.28±0.033 <0.01 

VE822 (20 nM) SF2 0.34±0.055 0.35±0.031 0.37±0.018 0.25±0.017 0.13±0.016 0.22±0.011 <0.001 

PARPi        

Olaprib (1 μM ) SF2 0.37±0.018 0.35±0.02 0.41±0.017 0.27±0.011 0.25±0.033 0.28±0.031 <0.05 

AZD2561 (1 nM) SF2 0.38±0.022 0.35±0.09 0.31±0.038 0.26±0.032 0.24±0.018 0.27±0.022 <0.05 

AURKAi        

Alisertib (20 nM) SF2 0.38±0.031 0.37±0.02 0.31±0.034 0.26±0.02 0.22±0.013 0.25±0.07 <0.05 
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Figure 4.9 Effect of ATRi on radiosensitivity. Effect of ATRi (VE822) on radiosensitivity. ARID1A+ and 
ARID1A- cell lines were pre-treated for 1 h with 20 nM VE822 and irradiated with 0 Gy, 2 Gy, 4 Gy and 6 Gy. 
Plating efficiency of sham treated (untr) and VE822 treated (ATRi) cells were plotted as log10 for ARID1A+ and 
ARID1A- cell lines. Results of 3 independent experiments are shown for CRC cell lines. 
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 Table 10: Radiosensitizing effect of ATRi (VE822) for ARID1A+ and ARID1A- colon cancer 

cell lines from the clonogenic assay. 

 

 

 

Colony data were analyzed using a linear-quadratic model describing the dependence of the logarithm of cellular survival on 

dose. The interaction between ATRi and the radiation dose response was described as a slope modifying effect of the linear 

term of the linear-quadratic model. ANOVA was used to calculate the statistical significance between groups, N=5. 

 

 

 

 

In addition, ARID1A+ cell lines were also exposed to a concentration of 90 nM V822, 

but the slope of the linear term of the survival curves did not change (p>0.4 for all three 

ARID1A+ cell lines)  

 

Cell line Dose modifying factor (DMF) 

 

P 

HCT15 (ARID1A+) 0.995 (95% CI:0.959-1.032) 0.78 

HCT116 (ARID1A+) 0.962 (95% CI:0.894-1.036) 0.30 

Colon320 (ARID1A+) 0.981(95% CI:0.924-1.041) 0.51 

SW48 (ARID1A-) 0.726 (95% CI:0.669-0.790) <0.0001 

RKO(ARID1A-) 0.721 (95% CI:0.664-0.783) <0.0001 

LS180 (ARID1A-) 0.766 (95% CI:0.691-0.849) <0.0001 
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Figure 4.10: Effect of ATR inhibitor (VE822) in ARID1A+ cell. Plating efficiency of sham treated (untr) and different 

concentration of VE822 treated (ATRi) cells were plotted as log10 for ARID1A+ cell lines. Results of 3 independent 

experiments are shown for CRC cell lines. 

 

 

 

Because of the mutually exclusive nature of subunits ARID1A and ARID1B, when 

ARID1A is missing, ARID1B can substitute for ARID1A in SWI/SNF complexes in 

maintaining DNA accessibility to various nuclear proteins[95]. It was of interest to evaluate 
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whether inhibition of ATR with VE822 and VE821 increased the radiosensitization effect of 

ARID1B- cells. In the present study, colon cancer cells were transfected with siRNA targeting 

ARID1B for 48 h and treated with either VE822 or VE821 1 h before 2Gy irradiation. The 

results confirmed the previous results[96], such as the knock-down of ARID1B significantly 

sensitized ARID1A- (P<0.01) but not ARID1A+ CRC cell lines. In addition, the combined 

treatment ATRi with ARID1B knock-down further increased the radiosensitization effect in 

ARID1A- CRC cell lines (Figure 4.11). Results also show that VE822 has better 

radiosensitivity in ARID1A- CRC cell lines. Overall, these results showed that ARID1A- CRC 

cell lines were more sensitive to the single as well as the combined treatment with siARID1B 

and ATRi. 
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Figure 4.11: Effect of ARID1B/ARID1A on radiosensitivity. Survival curves for ARID1B depleted and non-targeted 

siControl transfected cells are shown together with residual values of the observed surviving fractions. Surviving fraction: 

Natural logarithm of the surviving fraction normalized to the mean of the sham irradiated controls, exposed to control- or 

ARIDIB-siRNA. Representative results of 5 independent experiments are shown. P values indicate the results from the 

ANOVA F-test for the radiation response-modifying effect ofARID1B-knockdown.  
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Since the cell lines were not isogenic and thus have different gene expression profiles, it 

is unclear how these heterogeneities among different cell lines influence the observed results 

and if this only depends on the ARID1A status. Therefore, the effect of ATRi after the knock-

down of ARID1A expression was evaluated in two different ARID1A+ CRC cell lines (HCT15 

and HCT116) to assess the effect of different genetic background on the treatment response 

(Figure 4.12). The treatment of ARID1A+ cell lines with 20 nM V822 after transfection with 

control siRNA had no effect on the viability after irradiation. In comparison, ARID1A knock-

down led to a significant (P<0.01) reduction of the viability in both ARID1A+ CRC cells. In 

addition, knock-down of ARID1A combined with VE822 further enhanced the radiosensitivity 

of ARID1A+ CRC cells (P<0.001). These results were consistent with our previous 

observations that ARID1A- CRC cell lines are more sensitive to ATR inhibitors and indicated 

that the radiosensitising effect after ATRi treatment mainly relied on the ARID1A status of the 

cell lines. 
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Figure 4.12 Effect of ARID1A knockdown in ARID1A+ cell plus ATR inhibitor (VE822) on radiosensitivity. 
A: Western blot results of ARID1A knockdown by siRNA. B: The effect of ARID1A knockdown in ARID1A+ 

CRC cell lines and the effect of ARID1A knockdown plus ATR inhibitor (VE822) in ARID1A+ CRC cell lines. 
Representative results of 5 independent experiments are shown. Statistically significant differences compared 
with corresponding control cells, P values indicate the results from the ANOVA F-test. 

 

 

 



 

 70 

 
4.3 Cell cycle specific radiosensitization of CRC cell lines by ATRi 

 

The present results show that inhibition of ATR increased the radiosensitising effect 

especially in ARID1A deficient CRC cell lines. Therefore, the evaluation of the mechanism 

into the inhibitor induced synthetic lethality effects after ARID1A loss is necessary.  

ATR is an important mediator of the intra-S-phase and G2/M cell cycle checkpoint. Thus, 

the effect of cell cycle distribution on the synthetic lethality effect of ATRi in the background 

of ARID1A deficiency was evaluated. Aphidicoline was used to synchronize the cell lines at 

an early S phase or mid S phase of the cell cycle. Cells in the early S- and in mid S-phase of 

the cell cycle were treated with the ATR inhibitor VE822 and its effect on radiosensitization 

was assessed. ARID1A- and ARID1A+ cells were firstly treated with aphidicoline for 20 h, 

then the medium supplemented with the drug was replaced with fresh medium and cell cycle 

distribution was measured at different time points (0 h, 2 h, 4 h, 6 h, 8 h and 24 h) after the 

washout of aphidicoline. Cell cycle analysis at 0 h showed that approximately 70% of the cells 

were mainly in early S phase, while approximately 65% were in mid S stage phase at 6 h after 

washout (Figure 4.13).  
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Figure 4.13: Cell cycle synchronization by Aphdicoline. ARID1A+ and ARID1A- colon cancer cells were synchronized 

by 20 h incubation with aphidicolin. After aphidicolin removal, cells were collected at different time thereafter (from 0 

to 24 h). DNA content was measured by flow cytometry by tracing the fluorescence intensity of the cells. Treatment with 

aphidicolin for 20 h synchronizes cells at early S-phase stage of the cell cycle and at mid S-phase at 6 h after release from 

the aphidicolin block. 
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Cells were divided into two groups to test whether the radiosensitising effect of the ATRi 

VE822 was higher on cells in early S- or in mid S-phase: cells were treated in the early S phase 

(Group 1) or mid S phase (Group 2). The effect on radiation sensitivity in these two different 

groups was measured by colony formation assay. ARID1A- and ARID1A+ CRC cell lines were 

firstly treated with aphidicoline and then the medium supplemented with the drug was replaced 

with fresh medium at 0 h and 6 h after the treatment with aphidicoline. Cells were then seeded 

into 6 well plates and treated with ATRi VE822 for 1 h, irradiated with 0 Gy or 4 Gy and 

colony formation was determined at approximately 2-3 weeks. 

As a result, treatment with ATRi significantly reduced the surviving fraction of ARID1A- 

but not of ARID1A+ cell lines at both early as well as in mid S-phase irradiated cells (Figure 

4.14). The respective dose modifying factor for radiosensitization by ATRi are depicted in 

Table 11. The data show a tendency towards higher DMF in mid S-phase cells.  
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Figure 4.14: Cell cycle effect of ATRi/ARID1A. Synchronized cells in early S phase and mid S phase were pre-treated for 

1 h with VE822 and irradiated thereafter with 0 Gy, 2 Gy and 4 Gy. Plating efficiency of sham treated (untr) and VE822 

treated (ATRi) cells were plotted as log10 for ARID1A+ and ARID1A- cell lines. Representative results of 3 independent 

experiments are shown. Statistically significant differences compared with corresponding control cells, P values indicate the 

results from the ANOVA F-test. 
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Table 11: The radiosensitising effect of ATRi in ARID1A-colon cancer cell lines in early S and S 

phase quantified by the dose modifying factor (DMF) 
 

Cell line Cell cycle phase 
Dose modifying factor (DM) 

due to ATRi 

P1-value 
for the ATRi 

effect 

P1 for dependence 
of DM on cell 
cycle position 

HCT15 Early S phase 0.969 (95% CI:0.891-1.055) 0.44 
0.88 

HCT15 Mid S phase 0.968 (95% CI:0.928-1.010) 0.12 

HCT116 Early S phase 0.988 (95% CI:0.903-1.081) 0.78 
0.29 

HCT116 Mid S phase 0.976 (95% CI:0.863-1.104) 0.68 

SW48 Early S phase 0.828 (95% CI:0.770-0.891) <0.0001 
0.09 

SW48 Mid S phase 0.740 (95% CI:0.660-0.830) <0.0001 

RKO Early S phase 0.827 (95% CI:0.765-0.894) 0.0002 
0.44 

RKO Mid S phase 0.780 (95% CI:0.736-0.826) <0.0001 

 
1P: Colony data were analyzed using a linear-quadratic model describing the dependence of the logarithm of cellular 

survival. ANOVA was used to calculate the statistical significance between groups, N=3. 

 
 

Above results indicated that ATRi had better effect on cells in mid S phase. To further 

investigate the effect of ATRi on the activation of cell cycle checkpoint after irradiation, we 

examined the cell cycle distribution by flow cytometer. ARID1A- and ARID1A+ CRC cells 

were treated ATRi mainly in early S phase (Group 1) or mid S phase (Group 2). ARID1A- and 

ARID1A+ CRC cell lines were firstly treated with aphidicoline and then the medium containing 

the drug was replaced with medium containing ATRi at 0 h (Group 1) and 6 h (Group2) after 

the treatment with aphidicoline. Cells were treated with ATRi VE822 for 1 h, irradiated with 
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0 Gy or 4 Gy and collected for cell cycle analysis. A significant increase of cells at G2/M phase 

was observed in ARID1A- CRC cell lines whether it was group 1 or group 2, suggesting that 

ATRi plus ARID1A-cells weakened S phase checkpoint activation (Figure 4.15). 
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Figure 4.15: Cell cycle redistribution of ATRi/ARID1A. 

A: HCT15 (ARID1A+) and SW48 (ARID1A-) CRC cells; B: HCT-116 (ARID1A+) and RKO (ARID1A-) CRC 
cells; Synchronized cells in early S phase and mid S phase were pre-treated for 1 h with VE822 and irradiated 
thereafter with 0 Gy and 4 Gy. Representative results of 3 independent experiments are shown. Statistically 
significant differences compared with corresponding control cells, P values indicate the results from the 
ANOVA. 
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ATR is a principal mediator of the G2/M cell cycle checkpoint that prevents the premature 

entry of cells into mitosis[97]. Thus, ATR inhibition could abrogate the G2/M cell cycle 

checkpoint and increase the sensitivity of cancer cells. The transition of cells from the G2 phase 

into mitosis was measured by the level of phosphorylated histone H3 (Ser-10) as a marker for 

mitosis to investigate the effect of ATR inhibition on the cell cycle checkpoint after irradiation. 

Wild type and mutant ARID1A CRC cell lines, as well as siRNA mediated ARID1A silenced 

cells were used. Cells were treated with the ATR inhibitor VE822 for 1 h and then irradiated 

with 4 Gy. The fraction of phospho-histone H3 staining cells was measured at different time 

points (4 h, 8 h, and 24 h) after the exposure to 4 Gy. The results showed that radiation 

significantly reduced the fraction of mitotic cells at approximately 4 h after irradiation because 

of radiation induced G2 arrest. Cells continuously release thereafter from the G2 arrest and 

enter mitosis. Interestingly, no apparent difference in the percentage of mitosis was observed 

between ATRi and non-treated ARID1A wild type cell line HCT116 (Figure 4.16). In contrast, 

the treatment with ATRi inhibitor resulted in a significantly increased percentage of mitotic 

cells at 4 h, 8 h and 24 h after the exposure to 4 Gy in the ARID1A deficient cell line SW48. 

This effect was confirmed after silencing of ARID1A by siRNA in the wild-type cell line 

HCT116, showing the same pattern as ARID1A deficient cell line SW48 with a remarkable 

increase in the mitotic percentage after irradiation.  
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Figure 4.16: ATRi/ARID1A synthetic lethality on phospho-Histone H3 expression. MI= H3 in radiation / H3 in no-

radiation * 100%. Representative results of 3 independent experiments are shown. Statistically significant differences 

compared with corresponding control cells, P values indicate the results from the ANOVA F-test. 

 
 
 
 
 
4.4 Impact of ATRi /ARID1A- on DSB repair 
 

ARID1A participates in the early phase of DSB repair through its rapid localization to the 

DSB sites, clearing the local nucleosome occupancy, and physically facilitating the recruitment 

of DNA repair enzymes and other modulators to the vicinity of DSBs. Therefore, loss of 

ARID1A may disturb the balance of HR/NHEJ DNA repair efficacy and may render cells 

susceptible to a specific genotoxic treatment. In addition, the inhibition of ATR activity not 

only blocks the cell cycle checkpoint activation but also impairs DNA repair. Therefore, the 

molecular mechanisms underlying the synthetic lethality effect of ATRi /ARID1A were 
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evaluated by measuring DSB repair signaling in the form of RAD51 focus formation as a 

marker of homologous recombination repair (HRR) and ɣH2AX associated with non-

homologous end-joining (NHEJ). 

gH2AX focus formation in both ARID1A+ and ARID1A- cells were firstly examined in the 

G2-phase. Cells were pulse labelled for 30 mins with EdU, irradiated with different doses and 

fixed at different times. Repair foci were measured in the EdU negative cell population on the 

G2/M phase, which represented cells irradiated at the G2 phase of the cell cycle (Figure 4.17). 

 

 

 

Figure 4.17 Foci formation in the G2-phase based on EdU staining. A: ARID1A+ CRC cells EdU staining; B: ARID1A- 
CRC cells. Histogram and dot plots of data obtained by quantitative image-based cytometry analysis (QIBC) of ARID1A+ 
and ARID1A- CRC cells.  
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The number of radiation induced gH2AX foci as a measure for overall repair increases 

with time after irradiation and reached its peak at about 1 h (tmax). The results showed that 

VE822 did not affect initial radiation induced gH2AX foci formation at tmax (Figure. 4.18) and 

its decay with time (Figure. 4.19) in the G2/M phase of ARID1A+ (HCT116, HCT15, 

Colo320D) and ARID1A- (SW48, RKO) cell lines. However, in the ARID1A-cell line LS180, 

a slight but significant decrease in foci formation at tmax was observed (Figure 4.20). 
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Figure 4.18: Effect of ATRi on ɣH2AX foci formation in G2-phase CRC cell lines. Maximum intensity projection (MIP) 

images of gH2AX foci (red) at tmax (1h) in G2-phase ARID1A+ (A, B) and ARID1A- (C, D) cells without (untr) and with 20 

nM VE822 (ATRi) in EdU- (green) cells after exposure to the indicated IR doses. Cells were counterstained with DAPI (blue). 

The respective numbers of gH2AX foci at tmax as a function of IR dose are shown in B (ARID1A+ cells) and D (ARID1A- 

cells). Results of 3 independent experiments are shown for CRC cell lines. 
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Figure 4.19: Kinetics of gH2AX foci formation and decay in G2-cells in ARID1A+ and ARID1A- CRC cells exposed to 0 

Gy, 0.5 Gy, 1.0 Gy and 2.0 Gy. A: Kinetics of gH2AX foci formation and decay in ARID1A+ cells. B: Kinetics of gH2AX 

foci formation and decay in ARID1A- cells. Results of 3 independent experiments are shown for CRC cell lines. 
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Figure 4.20: Effect of ATRi on ɣH2AX foci formation in G2-phase CRC cell lines. The respective numbers of gH2AX 

foci at tmax (1h) in G2-phase ARID1A+ and ARID1A- cells without (untr) and with 20 nM VE822 (ATRi) after exposure to 

the indicated IR doses. Results of 3 independent experiments are shown for CRC cell lines. 

 

 

 

 

 

 

 



 

 84 

 

 

 

 

In comparison, radiation induced RAD51 foci as a measure for HR reached its peak at 

about 6 h (tmax) after irradiation. Irradiation with increasing radiation doses shows no 

significant difference between VE822 and sham treated ARID1A+ cell line HCT116 in the 

initial RAD51 foci formation at tmax (Figure 4.21A) and its decay with time (Figure 4.22A). 

In comparison, VE822 significantly (p<0.01) decreased the initial number of IR induced 

RAD51 foci especially in the ARID1A- cell line SW48 (Figure 4.21B and Figure 

4.22B). Figure 4.18B clearly shows a significant (P <0.001) decrease of RAD51 foci in the 

presence of ATR inhibitor at tmax in ARID1A- cell line SW48 (P<0.01). We also confirmed 

above results from other ARID1A+ (HCT15, Colo320) and ARID1A- (RKO, LS180) CRC cell 

lines (Figure 4.23). 
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Figure 4.21: Effect of ATRi on RAD51 foci formation in G2-phase CRC cells. Maximum intensity projection (MIP) images 

of RAD51 foci (red) at tmax (6h) in G2-phase ARID1A+ (A, B) and ARID1A- (C, D) cells without (untr) and with 20 nM 

VE822 (ATRi) in EdU- (green) cells after exposure to the indicated IR doses. Cells were counterstained with DAPI (blue). 

The respective numbers of Rad51 foci at tmax as a function of IR dose are shown in B (ARID1A+ cells) and D (ARID1A- 

cells). Results of 3 independent experiments are shown for CRC cell lines. 
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Figure 4.22: Kinetics of RAD51 foci formation and decay in G2-cells in ARID1A+ and ARID1A- CRC cells exposed to 0 

Gy, 0.5 Gy, 1.0 Gy and 2.0 Gy. A: Kinetics of RAD51 foci formation and decay in ARID1A+cells. B: Kinetics of RAD51 

foci formation and decay in ARID1A- cells. Results of 3 independent experiments are shown for CRC cell lines. 
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Figure 4.23: Effect of ATRi on RAD51 foci formation in G2-phase CRC cell lines. The respective numbers of RAD51 

foci at tmax (6h) in G2-phase ARID1A+ and ARID1A- cells without (untr) and with 20 nM VE822 (ATRi) after exposure to 

the indicated IR doses. Results of 3 independent experiments are shown for CRC cell lines. 
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To determine whether this effect on HR could be reproduced with an HR specific reporter 

assay, DR-GFP-U2OS and DR-GFP-A549 cell lines were used as a model system for HR repair. 

The reporter expresses GFP upon repair by HR of an I-SceI induced DSB as outlined under 

materials and methods. At first, ARID1A expression was knocked-down in these 2 cell lines 

with siRNA (Figure. 4.24A). Next, cells were treated with or without VE822. The data show, 

that ARID1A knock-down reduced the number of GFP+ cells and thus HR by 50.4 ± 8.3%. In 

comparison, ARID1A knock down plus ATR inhibitor has the lowest fraction of GFP+ cells at 

5.4 ± 1.7% (Figure. 4.24B).  

To further elucidate the impact of ATRi /ARID1A on the single strand annealing repair 

pathway, SA-GFP-U2OS cells which report for single strand annealing (SSA) efficiency [98] 

was used in our experiment. After knocked-down ARID1A expression in SA-GFP-U2OS cells 

(Figure 4.24A), cells were treated with or without VE822. The results show that ARID1A 

knock-down (94 ± 3.3%) and ARID1A knock down plus ATR inhibitor (88 ± 4.1%) did not 

significantly reduce SSA (Figure 4.24C). To test if ARID1A knockdown affects another well 

described alternative repair pathway to NHEJ (alt-NHEJ), the well-established EJ2-GFP 

reporter for alt-NHEJ[99] was used. The results show that ARID1A knockdown impaired alt-

NHEJ (65 ± 9.3%). In addition, ARID1A knock down plus ATR inhibitor enhanced this effect 

(40 ± 5.3%) (Figure 4.24D). 
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Figure 4.24: Knockdown of ARID1A decreases HRR in U2OS/DR-GFP and A549/DR-GFP reporter cells. A: Western 

blot results of ARID1A knockdown in U2OS/DR-GFP and A549/DR-GFP reporter cells; B: Relative expression in U2OS/DR-

GFP and A549/DR-GFP reporter cells；C: Relative expression in U2OS/SA-GFP reporter cells; D: Relative expression in 

U2OS/EJ2-GFP reporter cells. Results of 3 independent experiments are shown for CRC cell lines. 
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We also tested different concentration of VE822 in DR-GFP reporter cell line with or 

without ARID1A knock down. The results show (Figure 4.25) that treatment with 20 nM 

VE822 of DR-GFP-U2OS reporter cell line with ARID1A knock down halved HR repair (45.1 

± 9.1%). This result confirmed that VE822 could significantly potentiate the effect on HR 

repair after knocked-down of ARID1A.  

 

 
Figure 4.25: ATRi effect on HRR in ARID1A+ U2OS/DR-GFP reporter cells and ARID1AKD U2OS/DR-GFP reporter 

cells. ATRi: VE822, concentration from 5nM to 100nM. U2O2/DR-GFP cells were firstly transfected with siRNA for knock-

down of ARID1A expression, and then U2O2/DR-GFP positive cells are measured 24h after I-SceI transfection in untreated 

cells, as well as in cells treated with VE822 from 0 to 100 nM. Results shown are normalized to those of untreated controls . 

Results of 3 independent experiments are shown for CRC cell lines. 



 

 91 

   
4.5 ARID1A expression and characteristics in CRC primary tumors 

ARID1A expression in tumor specimens from a total of 46 CRC patients was evaluated. 

Patient clinicopathologic characteristics are summarized in Table 12.  

 

Table 12: Clinicopathologic characteristics and ARID1A expression in patient samples of colorectal 
cancer.  

Characteristics ARID1A 

Expression 

  

 Negative (n=5) Positive (n=41) P 

Age   >0.05 

≤50 3 18  

>50 2 23  

Gender   >0.05 

Male 3 34  

Female 2 7  

Tumor location   >0.05 

Right Colon 2 10  

Left colon 0 2  

Rectal 3 29  

TNM stage (AJCC)   >0.05 
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AJCC:	American	Joint	Committee	on	Cancer;	TNM:	Tumor-node-	metastasis;	ARID1A:	AT-rich	interactive	domain	1A.	  

Five of 46 tumors (10.8%) showed low or no expression of ARID1A in tumor cell 

nuclei. Loss of ARID1A expression was not associated with gender, age, tumor location, 

TNM stage, or tumor size. However, a statistically significant difference was found 

between ARID1A expression and pathologic differentiation and lymphatic penetration 

I 0 14  

II 1 10  

III 4 17  

Pathologic 

differentiation 

  <0.05 

Poor 3 2  

Moderate 2 10  

Well 0 29  

Tumor size (cm)   >0.05 

≤5 1 9  

>5 4 32  

Lymphatic 

penetration 

  <0.05 

Negative 2 36  

Positive 3 5  
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(P<0.05). The lack of ARID1A expression is relevant to poor pathologic differentiation and 

higher lymphatic penetration. 

 

4.6 ATRi /ARID1A interaction in primary tumors of CRC patients 

The sensitization effect of ATRi on CRC with and without ARID1A expression was 

further evaluated in an ex vivo experimental setting. Cells from primary tumors with and 

without ARID1A expression were tested in an ATP-based tumor chemosensitivity assay (ATP-

TCA) (Figure 4.26A). Among the 46 CRC specimens, 43 completed the ATP-TCA test, and 3 

were discarded due to the low cell number or weak colon cancer marker CK20 (Figure 4.26B). 

The evaluable rate of the ATP-TCA method for CRC specimens was 93.4%. 

All the 43 cases (4 negative CRC specimens and 39 positive CRC specimens) were used 

to generate a dose-response curve of ATRi using the ATP-TCA method (Figure 4.26C). The 

results clearly demonstrated that ARID1A negative cells were significantly (p value) more 

sensitive to ATRi compared with ARID1A positive cells, with an IC50 value of 19.83 ± 7.83 

nM for the ARID1A negative cells and 98.8 ± 45.4 nM for the ARID1A positive cells. 
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Figure 4.26: Effect of ATRi on ex vivo explants from CRC patients. A: Example of IHC staining of ARID1A expression 

from clinical CRC tumor cells with and without ARID1A expression. B: Western blot of CK20 expression from primary CRC 

cells; GAPDH was used as an internal control. C: ATP-Tumor Chemosensitivity Assay for the effect of the ATR inhibitor 

VE822 on ex-vivo cells from CRC patients. ATP activity was measured after treatment of ex-vivo cells with concentration 

ranged from 0, 2.5 up to 100 nM in cells from CRC patients with (+) and without (-) ARID1A expression. 
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5. Discussion 

5.1 ARID1A directed synthetic lethal in SWI/SNF complex 

Among the SWI/SNF complex subunits, ARID1A has the highest frequency of mutations 

in cancer and is related to poor prognosis and tumor activity. It is also involved in DNA repair, 

a molecular function that plays a significant role in the resistance to radiation and 

chemotherapy. Thus, research mainly focused on the development of cancer therapeutics 

related to the mutational status of ARID1A. Up to now, the research on ARID1A- cancer has 

identified some vulnerabilities [91; 100]. Many of them based on the concept of synthetic 

lethality, where the simultaneous perturbation of two genes results in cellular death. Like other 

epigenetic complexes, paralog pairs are recognized as vulnerabilities. According to Helming 

et al [103], ARID1B is not only the closely connected paralog of ARID1A, but it is also a 

synthetic target in ARID1A negative cells. Nevertheless, the mechanistic basis of synthetic 

lethality between ARID1A and ARID1B is unclear. Our previous work provided one possible 

mechanism, such as the depletion of ARID1B in ARID1A negative CRC cell lines significantly 

reduces the homologous recombination repair[102]. Kelso et al.[27] reported that ARID1B 

knockdown in ARID1A negative cells results in further up- or down-regulation of accessibility 

at ARID1A-dependent unique sites. Regions sensitive to ARID1A or ARID1B loss are 

predominantly found at enhancers and distal regulatory sites, where ARID1A and ARID1B are 

required for the maintenance of active enhancer histone marks. Additionally, ARID1A and 

ARID1B are critical for the binding of AP-1 family members at the enhancers, consistent with 

the reduced nucleosome spacing around AP-1 motifs after the loss of ARID1A and ARID1B. 

These alterations are highly correlated with changes in gene expression after the loss of one or 
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both ARID proteins and significant changes are found in the expression of genes encoding 

signaling intermediates in cell growth and adhesion, including MET. The use of similar 

techniques in a naturally occurring ARID1A negative ovarian cancer cell line leads to the 

discovery that knockdown of ARID1B results in the loss of accessibility and active histone 

marks around AP-1 motifs at enhancers, suggesting a common mechanistic function for ARID 

proteins among cancer types. Although ARID1B targeted treatment has some effect in 

ARID1A negative cancer cells, some challenges exist in the design of an ARID1B-targeted 

therapy. Specifically, ARID1B does not include small molecule-binding domain, thus, the 

targeting of a protein-protein or protein-DNA domain is necessary.  

 

5.2 Effect ATRi/ ARID1A synthetic lethality on colon cancer cell lines 

Several studies showed that ARID1A-directed synthetic lethality can be achieved through 

diverse molecular mechanisms[74], including the targeting of DNA damage response, 

PI3K/AKT signaling in ARID1A- cancers. Shen et al. 2015[80] revealed that ARID1A plays a 

role in regulating the DNA damage checkpoint of DNA DSBs and a loss of ARID1A leads to 

an increased dependence on Ataxia Telangiectasia and Rad3 Related (ATR) kinase[82]. Firstly, 

different inhibitors involved in the DNA damage response such as ATR, PARP and AURKA 

were used. As results, ATR inhibitors, PARP inhibitors and AURKA inhibitor sensitized 

ARID1A- CRC cell lines more effectively than ARID1A+ CRC cell lines. These results 
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reconfirm that ATR, PARP and AURKA inhibitors exerted synthetic lethality effects in 

ARID1A- colon cancer cell lines.  

Among these inhibitors, ATR inhibitors were the most effective in ARID1A- CRC cell 

lines. Results from the literature also suggested that ATR inhibitors can be a synthetic lethal 

partner of ARID1A deficiency [77; 79]. ATR refers to a significant element in the cellular 

DNA damage response and is activated by the single-stranded DNA that is induced during 

replicative stress. Deficiency of ARID1A results in defects of cell cycle progression and 

topoisomerase 2A, leading to a strengthened dependence on ATR checkpoint activities[79]. 

Suppression of ATR in ARID1A-mutant cancer cells induces genomic instability and 

consequent programmed cell death [79]. Hence, ATR inhibitors may represent a potential 

synthetic lethal strategy to target cancer cells with mutant or low expressed ARID1A.  

The results of the present work showed that the combination of radiation with ATR 

inhibitor therapy was highly effective in eradicating ARID1A- CRC cancer cells. Both ATR 

inhibitors (VE821 and VE822) significantly increased the radiation sensitivity in ARID1A- 

CRC cells, while no sensitizing effect was observed ARID1A+ CRC cells. Of particular 

importance, ATR inhibitor plus ARID1B knockdown further increased the radiosensitivity in 

ARID1A- CRC cells. In addition, ARID1A was down-regulated by siRNA in ARID1A+ colon 

cancer cell lines (HCT15 and HCT116) to evaluate the effect of ATRi in the same genetic 

background. Our results showed that ARID1A knockdown led to a significant reduction in the 
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viability of both ARID1A+ CRC cells after siRNA mediated knock-down of ARID1A, 

suggesting the necessity of ARID1A deficiency to obtain the sensitizing effect of ATRi.  

Therefore, our data suggest that ATRi has a potential synthetic lethality effect with respect 

to the radiation sensitivity of ARID1A- CRC cells. This effect tends to be higher in S-phase 

enriched cell populations, indicating a higher sensitizing effect on cells with higher 

proliferation capacity, i.e. in tumor cells compared to normal cells, which should increase the 

therapeutic window. The rather marginal increase in the radiation sensitivity of cells in the 

middle S phase compared to cells in the early S could possibly be increased by comparing cells 

in the early G1 phase versus middle S phase. 

5.3 ATRi/ ARID1A impact on DNA damage repair in colon cancer 

The effect of ATR inhibitor on the formation of DSB repair foci in ARID1A+ and 

ARID1A- CRC cell lines was evaluated to further investigate the mechanisms of radiation 

sensitization of ARID1A- cell lines. RAD51 focus formation as a marker of HRR and ɣH2AX 

associated with overall repair was examined especially in G2-phase at different times after the 

exposure to different doses of irradiation. The results showed that the ATR inhibitor VE-822 

significantly decreased RAD51 focus formation in ARID1A- CRC cells, but not in ARID1A+ 

cell lines, suggesting that VE-822 mediated radiosensitization was mainly associated with the 

inhibition of HRR. In contrast, ATR inhibitor did not influence γH2AX foci in ARID1A- as 

well as in ARID1A+ CRC cell lines.  
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In addition the well-established DR-GFP reporter assay[101] was used to specifically 

measure the effect of ARID1A deficiency on HRR to strengthen the above results with Rad51. 

The data showed that knockdown of ARID1A also resulted in reduced HRR. Shen et al. [77] 

suggest that ARID1A recruits BAF to DSBs through the interaction with ATR and promotes 

DNA end resection at DSB. BAF complexes are implicated in DSB repair by regulating DNA 

end-resection and RAD51 loading on the damaged sites. The consequences of ARID1A 

deficiency in this setting are a homologous recombination defect and increased sensitivity to 

ATR inhibitors. In addition, Tsai et al. [102] showed that ARID1A deletion increases 

transcription-replication conflicts and R-loop associated genome instability. The dysregulation 

of replication and transcriptional programs is associated with altered targeting of TOP2A to R-

loop prone regions. Taken together, these different studies suggested that HRR can be affected 

by ARID1A knockdown, especially after the exposure to an ATR inhibitor. 

Our observation that ATRi did not equally reduce the different repair pathways that play 

a role in S/G2 phases of the cell cycle and where end-resection is implicated in the repair 

pathways, may either derive from the concentration used or the duration of the treatment with 

ATRi. Especially, the resection capacity of the cells upon long-term versus acute ATR 

inhibition may be different. In this respect, it has been shown that distinct modes of ATRi 

treatment, i.e. acute and chronic treatment, lead to different outcomes as to how DNA lesions 

are repaired[103]. ATR inhibition was previously reported to impair RAD51 localization to 

IR-induced foci, which requires ATR-mediated phosphorylation of PALB2 and its subsequent 

interaction with BRCA1[104].  Since resection is only mildly affected upon acute ATR 
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inhibition, cells treated acutely with ATR inhibitors should still be proficient in utilizing Single 

Strand Annealing (SSA), a homology-directed repair pathway dependent on RAD52, but 

independent of RAD51. Consistent with this prediction, it was found that acute VE-821 

treatment of U2OS cells impaired PARPi-induced RAD51 foci, as a measure for HR, but did 

not alter RAD52 foci, as a measure for SSA[103]. Therefore, the concentration and time we 

used in the present study seems to be differentially effective on the repair pathways, which are 

active in S/G2 phases of the cell cycle and may thus partially explain the differential effect of 

ATRi on the different repair pathways. 

 

5.4 ATRi/ ARID1A significantly decreased maintenance of radiation induced G2 

checkpoint in colon cancer 

Multiple studies indicated the tumor-suppressor role of ATR inhibitor and ARID1A in the 

transcriptional regulation of cell-cycle progression [79; 105]. Our study showed that ARID1A- 

cells treated with ATRi resulted in a significant increase of cells at G2/M phase as well as 

number of mitotic cells after irradiation exposure. Williamson et al. [79] suggested that the loss 

of ARID1A causes a reduced rate of S-phase progression and increases the utilization of the 

second growth G2/ M cell cycle checkpoint. Caumanns et al. [74] demonstrated that ARID1A 

loss in HCT116 cells resulted in the accumulation of cells in G2/M phase of the cell cycle. In 

comparison, our present results further revealed the evidence that ATR inhibition forced 

ARID1A- cells with DNA damage in G2 phase to rapidly progress into the M phase with DNA 
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repair that was severely incomplete. Interestingly, Vávrová et al. [105] and Kim et al. [106] 

demonstrated a significant increase in the proportion of HL-60 cells and HER2-positive breast 

cancer cells in the S phase after the treatment with an ATR inhibitor. These results indicate that 

the inhibition of ATR delays the progression of cells through the S and G2 phases of the cell 

cycle. However, the present study showed that ATR inhibitor decreased the maintenance of the 

G2 checkpoint and increased the persistent DNA damage, thereby sensitizing ARID1A- CRC 

cells to ionizing irradiation. Mechanistically, the role of ARID1A in the ATR-mediated DNA 

damage checkpoint plays a dominant role in determining cell cycle progression after DNA 

damage[92]. It is likely that impaired DSB repair and cell cycle checkpoint activity may allow 

ARID1A-deficient cells to transmit damaged (unrepaired) DNA to the next cell cycle, which 

could potentially lead to genomic instability.  

 

5.5 ATRi/ ARID1A synthetic lethality in clinical colon cancer patients 

Although currently a lot of evidence showing the advantages of ATR inhibitors in the 

treatment of ARID1A- tumor cells is available, clinical verification is lacking. This reason led 

us to investigate the efficacy of ATR inhibitors in an ex-vivo setting using primary tumor cells 

from CRC patients with and without ARID1A expression. Our results showed that no ARID1A 

protein expression was detectable in 5 out of 46 cases of CRC (10.8%). No significant 

correlation was found between the loss of ARID1A negative expression and gender, age, tumor 

location, TNM stage, or tumor size. However, a statistically significant association was found 
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between ARID1A negative expression and poor pathologic differentiation and lymphatic 

penetration, suggesting that ARID1A may play an important role in the progression of CRC. 

Lee, et al. [107] also showed that ARID1A loss is associated with poor tumor differentiation, 

lymphovascular invasion, and microsatellite instability. In addition, Wei et al. [70] showed that 

ARID1A protein expression is a prognostic factor for a better overall survival in stage IV CRC. 

Hence, the above pieces of evidence showed that ARID1A mutations may be potential 

candidates for new targeted therapeutic approaches in CRC patients. 

The ATP-based tumor chemosensitivity assay (ATP–TCA) was developed in the early 

1990s, and proved to be a useful tool for cell-based research and drug development work [108]. 

The ATP-TCA assay is more effective compared with previous comparable methods in terms 

of standardization, evaluability, tumor cell number required, reproducibility and accuracy 

[109]. It is possible to test cells from needle biopsies and malignant effusions as well as solid 

tumor biopsies from as low as 1500 cells[110]. The present study used ATP-TCA directed 

ATR inhibitor therapy on ex-vivo material from a total of 43 untreated colon cancer 

patients. The ATP-TCA assay showed that the ATR inhibitor VE-822 had a significantly 

higher sensitivity by a factor of approximately 5 in ARID1A negative compared to ARID1A 

positive cells from CRC.  

In conclusion, the present study showed for the first time the impact of ATR inhibitor on 

ARID1A- in CRC cells. ARID1A deficiency regulated DNA repair especially HRR, which was 

the obviously the main mechanism for the observed increase in radiation sensitivity after ATR 
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inhibition. Collectively, our results provided mechanistic insights into the synthetic lethality 

and radiation sensitization of ARID1A defective CRC cells caused by ATR inhibitors and 

provided new therapeutic approaches for patients with ARID1A- tumors. 
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6. Summary 

ARID1A is frequently mutated in CRC cells. Thus, it is of fundamental clinical 

importance to understand its molecular functions and determine whether ARID1A 

deficiency can be used in CRC therapy. Usually, the loss of ARID1A compromises DNA 

damage repair, and induced DNA damage burdens may increase the reliance on PARP or 

ATR-dependent DNA repair pathways of cancer cells to maintain genome integrity and 

render these cells susceptible to ATR inhibitors (ATRi) and PARP inhibitors (PARPi). The 

present study evaluated the effect of IR in combination with ATRi, PARPi and Aurora 

Kinases A/B inhibitor in colon carcinoma cell lines with ARID1A- and ARID1A+. Besides, 

recent studies from our laboratory showed that its homolog ARID1B is synthetically lethal 

with ARID1A-. Thus, the effect of IR in combination with these inhibitors on the sensitivity 

after ARID1B knockdown was assessed in ARID1A-and ARID1A+ CRC cell lines. 

In the present work CRC cell lines with ARID1A+ (HCT15, HCT116, Colon320) and 

ARID1A- (RKO, SW48, LS180) were used and treated with ATRi, PARPi and Aurora 

Kinases A/B inhibitor and the consequence on radiation sensitivity was measured by 

clonogenic survival. In addition, the effect of ARID1B knock-down with siRNA in 

combination with ATRi on radiation sensitivity was further assessed. The effect on DSB 

repair signaling as a molecular endpoint for non-homologous and homologous repair was 

measured by immunofluorescence staining of g-H2AX and RAD51-foci, respectively. In 

addition, a plasmid based direct-repeat green fluorescent protein (DR-GFP) repair system 



 

 105 

was used to evaluate its effect specifically on the homologous recombination repair (HRR) 

of DNA double-strand breaks (DSBs). The concept of selective vulnerability of ARID1A 

deficient CRC cells to ATRi was also evaluated in an ex-vivo system in cells from untreated 

CRC patients with ARID1A- and ARID1A+ genotypes using the ATP-tumor 

chemosensitivity assay (ATP-TCA). 

The results showed and confirmed that CRC cell lines with mt ARID1A were 

selectively sensitized to IR after the silencing of ARID1B by siRNA (P< 0.01). Moreover, 

our results reconfirm that ATR, PARP and AURKA inhibitors had synthetic lethality in 

ARID1A- colon cancer. Among these inhibitors, ATR inhibitors were more effective in 

ARID1A- CRC cell lines, which showed reduced viability compared to the viability of 

ARID1A+ (P<0.01) also after the combined treatment with ATRi and IR (P<0.001). 

Therefore, ATR inhibitors were used for further experiments. Downregulation of ARID1B 

in addition to ATRi in ARID1A- CRC cell lines further increased the radiosensitization 

effect compared with ARID1A+ CRC cell lines (P <0.01). Mechanistically, the treatment 

with ATRi in ARID1A deficient cells significantly decreased the maintenance of radiation 

induced G2 checkpoint (P <0.01), decreased the number of RAD51 foci induced by 

radiation in ARID1A- CRC cell lines compared with ARID1A+ CRC cell lines (P <0.01) 

and thus negatively affect HRR. DR-GFP homologous recombination reporter system 

confirmed that knock-down of ARID1A selectively decreased HRR in ARID1A- cell lines. 

Ex-vivo experiments using the ATP-TCA assay showed that ATRi exerted the highest 

sensitizing effect in ARID1A negative cells of CRC patients. 
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In conclusion, the present results provide clues for a pre-clinical and clinical 

mechanism of action of ARID1A defects as a biomarker for ATR inhibitor response as a 

single agent or as a synthetic lethal approach in combination with ionizing radiation for 

CRC with ARID1A-.  
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7. Zusammenfassung 

ARID1A ist in CRC-Zellen häufig mutiert. Daher ist es von grundlegender klinischer 

Bedeutung, seine molekularen Funktionen zu verstehen und festzustellen, ob ein ARID1A-

Mangel in der Therapie von Patienten mit Kolonkarzinomen (CRC, colo rectal cancer) 

eingesetzt werden kann. Normalerweise beeinträchtigt der Verlust von ARID1A die Reparatur 

von DNA-Schäden  und induzierte DNA-Schäden in diesen Zellen können die Abhängigkeit 

von PARP- oder ATR-abhängigen DNA-Reparaturwegen von Krebszellen erhöhen, um die 

Genomintegrität aufrechtzuerhalten, und machen diese Zellen anfällig für ATR-Inhibitoren 

(ATRi) und PARP-Inhibitoren (PARPi). Die vorliegende Studie bewertete die Wirkung von 

ionisierenden Strahlen (IR) in Kombination mit ATRi, PARPi und Aurora-Kinasen-A/B-

Inhibitor in Kolonkarzinom-Zelllinien mit ARID1A- und ARID1A+. Zudem haben neuere 

Studien aus unserem Labor gezeigt, dass der Ausfall des homologen Partners ARID1B 

synthetisch letal mit ARID1A- ist. Daher wurde die Wirkung von IR in Kombination mit diesen 

Inhibitoren auf die Empfindlichkeit nach Reduzierung der Expression von ARID1B in 

ARID1A- und ARID1A+ CRC- Zelllinien untersucht. 

In der vorliegenden Arbeit wurden CRC-Zelllinien mit ARID1A+ (HCT15, HCT116, 

Colon320) und ARID1A- (RKO, SW48, LS180) verwendet, diese mit ATRi, PARPi und 

Aurora Kinases A/B-Inhibitoren behandelt und die Auswirkung auf die 

Strahlenempfindlichkeit mittels klonogenem Überleben gemessen. Darüber hinaus wurde die 

Wirkung von ARID1B-Knockdown mit siRNA in Kombination mit ATRi auf die 

Strahlenempfindlichkeit weiter untersucht. Die Wirkung auf die DSB-Reparatur als 
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molekularer Endpunkt wurde durch Immunfluoreszenzfärbung von gH2AX- und RAD51-Foci 

als Signale für die nicht-homologe und homologe Rekombinationsreparatur gemessen. Zudem 

wurde ein plasmidbasiertes Reparatursystem (direct-repeat green fluorescent protein, DR-GFP) 

verwendet um die Wirkung spezifisch auf die homologe Rekombinationsreparatur (HRR) von 

DNA Doppelstrangbrüchen (DSBs) zu evaluieren. Das Konzept der selektiven Vulnerabilität 

von ARID1A-defizienten CRC-Zellen gegenüber ATRi wurde auch in einem ex-vivo System 

in Zellen von unbehandelten CRC-Patienten mit ARID1A- und ARID1A+-Genotypen unter 

Verwendung des ATP-Tumor-Chemosensitivitätsassays (ATP-TCA) bewertet. 

Die Ergebnisse zeigten und bestätigten, dass CRC-Zelllinien mit mt ARID1A nach der 

Reduzierung der Expression von ARID1B durch siRNA selektiv für IR sensibilisiert wurden 

(P < 0,01). Darüber hinaus bestätigen unsere Ergebnisse erneut, dass ATR-, PARP- und 

AURKA-Inhibitoren bei ARID1A- CRC eine synthetische Letalität aufwiesen. Unter diesen 

Inhibitoren waren ATR-Inhibitoren wirksamer in ARID1A- CRC-Zelllinien, die auch nach der 

kombinierten Behandlung mit ATRi und IR (P < 0,001) eine reduzierte Lebensfähigkeit im 

Vergleich zu ARID1A+ (P < 0,01) zeigten. Daher wurden ATR-Inhibitoren für weitere 

Experimente verwendet. Die Herunterregulierung von ARID1B zusätzlich zu ATRi in 

ARID1A- CRC-Zelllinien verstärkte die sensibilisierende Wirkung im Vergleich zu ARID1A+ 

CRC-Zelllinien weiter (p < 0,01). Mechanistisch verringerte die Behandlung mit ATRi in 

ARID1A-defizienten Zellen signifikant die Aufrechterhaltung des strahlungsinduzierten G2-

Checkpoints (P <0,01), verringerte die Anzahl der durch Strahlung induzierten RAD51-

Reparaturfoci in ARID1A- im Vergleich zu ARID1A+ CRC-Zelllinien (P <0,01 ) und 
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verringerte somit die homologe Rekombinationsreparatur. Das DR-GFP-homologe 

Rekombinations-Reportersystem bestätigte, dass die Herunterregulation der Expression von 

ARID1A die HRR in ARID1A- Zelllinien selektiv senkte. Ex-vivo Experimente unter 

Verwendung des ATP-TCA Tests zeigten, dass ATRi die höchste sensibilisierende Wirkung 

in ARID1A negativen Zellen von CRC Patienten ausübte. 

Zusammenfassend liefern unsere Ergebnisse einen Hinweis auf den vorklinischen und 

klinischen Wirkungsmechanismus von ARID1A-Defekten als Biomarker für die ATR-

Inhibitor-Reaktion als Einzelwirkstoff oder als synthetischer letaler Ansatz in Kombination mit 

ionisierender Strahlung für CRC mit einem ARID1A- Status. 
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