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1 INTRODUCTION 

1.1 Colorectal cancer 

1.1.1 Trends in CRC incidence and mortality 

Recent data indicates that colorectal cancer (CRC) incidence patterns do not 

significantly differ by sex but exhibit age-related distinctions. From 2014 to 2018, the 

incidence rate among individuals aged 50 and above decreased by approximately 2% 

annually in the United States, contrasting with a 1.5% yearly increase in those under 

50 (Siegel et al. 2022). Similar trends are evident in Canada, Australia, and numerous 

European countries (Araghi et al. 2019; Siegel et al. 2019; Vuik et al. 2019). The 

upsurge in CRC incidence among younger individuals since the mid-1990s in high-

income countries is not entirely elucidated but is hypothesized to be linked to risk factor 

exposure, particularly related to lifestyles initiated by individuals born around 1950 

(Siegel et al. 2017; Siegel et al. 2019).  

The overall decline in CRC incidence in high-prevalence nations primarily stems from 

increased adoption of healthier lifestyles, such as smoking reduction, and enhanced 

early screening (Arnold et al. 2020; Edwards et al. 2010). While factors like dietary 

habits, overweight, and unhealthy lifestyles may contribute to the rise in young-onset 

CRC, the specific causal aspects necessitate further research, given that these 

adverse factors are also present in the elderly (Hyuna S n.d.). 

Although CRC remains the second most prevalent cause of cancer-related deaths in 

both genders, mortality rates are decreasing. In the United States, CRC death rates 

have declined by 55% among men since 1980 and 60% among women since 1969 

(Siegel et al. 2023). Overall CRC mortality has reduced by approximately 2% annually 

in the recent decade (2011-2020) (Siegel et al. 2023). However, a concealed trend of 

escalating mortality among relatively younger patients is apparent; from 2005 to 2020, 

CRC mortality increased by 1.2% yearly in those under 50 and 0.6% in individuals 

aged 50-54 (Siegel et al. 2023).  

Since 1991, cancer mortality rates have consistently diminished due to diverse factors, 

including lifestyle modifications, screening accessibility, and advancements in 

treatment options (Siegel et al. 2023). Continuous progress in existing cancer 

management strategies and treatments is imperative for expediting advancements in 

the battle against cancer  (Siegel et al. 2023). 
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1.1.2 Prevention and treatment  

The current global scenario is characterized by a substantial epidemic burden of 

colorectal cancer (CRC). Strategies for addressing this challenge encompass primary, 

secondary, and tertiary prevention approaches (Figure 1). 

 

Figure 1. Three levels of prevention strategies for colorectal cancer. Here we list specific factors and 

interventions for etiological prevention, preclinical prevention, and clinical prevention. Created with 

BioRender.com 

Primary (Etiological) prevention 

Involves measures targeting the etiology or risk factors before the onset of the disease. 

Research to discern risk and protective factors provides a foundation for primary 

prevention in CRC. Identified risk factors include age, gender, family history, smoking 

(Botteri et al. 2008), alcohol consumption (Bagnardi et al. 2015), being overweight 

(Freisling et al. 2017), and red or processed meat consumption (Vieira et al. 2017). 

Conversely, protective factors comprise physical activity (Boyle et al. 2012), aspirin 

use (Algra and Rothwell 2012; Cao et al. 2016), hormone replacement therapy (Green 

et al. 2012), and consumption of milk or whole grains (Vieira et al. 2017). 
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Secondary (Preclinical) prevention 

Applies to early detection, early diagnosis, and early treatment of diseases in the 

preclinical stage. Given the slow progression of CRC (Brenner et al. 2013), there is an 

opportunity for effective secondary prevention (Brenner and Chen 2018).  

Screening, particularly through flexible sigmoidoscopy, has been demonstrated to 

reduce CRC mortality (Ladabaum et al. 2020). Flexible sigmoidoscopy every 5 years 

is recommended, reducing CRC morbidity and mortality by 21% and 27%, respectively 

(Ladabaum et al. 2020; Lin et al. 2016). Guaiac-based fecal occult blood test (gFOBT) 

and fecal immunochemical test (FIT) are also effective, with FIT offering advantages 

like higher compliance and substitution for gFOBT (Vart et al. 2012).  

Novel screening strategies, including liquid biopsy technology, epigenetic marker 

detection, and next-generation capsule endoscopy, introduce promising approaches. 

Circulating tumor DNA (ctDNA) detection can predict clinical prognosis or recurrence 

in CRC patients (Chae and Oh 2019). Molecular analysis of circulating tumor cells 

(CTC) is another liquid biopsy method with predictive value in various cancers, 

including CRC (Jin et al. 2022; Rahbari et al. 2010). 

Tertiary (Clinical) prevention  

Actively treating patients to prevent further disease development and deterioration. 

Surgical approaches, particularly minimally invasive techniques like laparoscopic 

surgery, are the mainstay for CRC treatment (Yamauchi et al. 2021). Laparoscopic 

colectomy is considered non-inferior to open surgery in technical and oncological 

safety (Acuna et al. 2019; Martel et al. 2012). Robotic colorectal cancer surgery has 

demonstrated safety feasibility since its inception in 2002. (Blumberg et al. 2019; Park 

et al. 2019; Weber et al. 2002). Transanal total mesorectal excision (TaTME) for middle 

and low rectal cancer is gaining attention (Butterworth et al. 2021; Liu et al. 2023; 

Penna et al. 2017), but the safety and therapeutic efficacy remain subjects of 

controversy, necessitating multicenter randomized controlled trials for validation 

(Larsen et al. 2019; Penna et al. 2019). 

Advanced CRC is managed through chemotherapy, radiotherapy, biological therapy, 

and immunotherapy (Blumberg et al. 2021). The heterogeneous nature of CRC 
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demands a cost-benefit analysis to optimize treatment strategies and combinations 

(Ng et al. 2022). Robust biomarkers for assessing tumor behavior and predicting 

treatment response are also crucial for advancing CRC treatment.  

1.1.3 Drug resistance mechanism of CRC 

While various interventions, such as chemotherapy (e.g., oxaliplatin), targeted therapy, 

and immunotherapy, can extend the overall survival (OS) of CRC patients, the 

emergence of drug resistance over time poses a significant challenge. Tumor drug 

resistance mechanisms manifest in two forms: intrinsic and acquired. Intrinsic 

resistance may arise from inherent properties of tumor cells or genetic mutations, such 

as microsatellite instability in approximately 15% of CRC patients, rendering them 

naturally resistant to 5-fluorouracil (Sun 2021). Additionally, common mutations like B-

Raf proto-oncogene (BRAF) contribute to intrinsic resistance to Epidermal Growth 

Factor Receptor (EGFR) inhibitors (De Roock et al. 2011). Acquired drug resistance 

develops during treatment, hindering the expected response of tumor cells to drugs. 

Mechanisms contributing to acquired resistance include: (1) Overexpression of drug 

pumps: P-glycoprotein (Pgp) actively expels drugs from tumor cells, reducing drug 

efficacy (Beklen et al. 2020). miR-26b increases the sensitivity of CRC to 5-fluorouracil 

in vivo and in vitro experiments by downregulating Pgp protein expression (Wang et 

al. 2018). (2) Gene mutations in drug targets: Mutations, such as in the RAS family 

(Kirsten rat sarcoma (KRAS) exons 3 and 4, NRAS proto-oncogene exons 2, 3, and 

4), arising during treatment lead to resistance to EGFR-targeted therapies like 

cetuximab and panitumumab (Sorich et al. 2015). (3) DNA damage repair (DDR) 

mechanism: Cancer stem cells mediate acquired drug resistance by altering DDR 

activity (Lord and Ashworth 2012). In the absence of p53, cancer stem cells exhibit 

enhanced DNA repair activity, promoting survival after exposure to ionizing radiation 

(Diehn et al. 2009; Zhang et al. 2010). (4) Tumor microenvironment (TME): The TME 

is composed of a variety of stromal cells and extracellular matrix. By subcutaneously 

injecting SW480 cells into mice to establish xenografts, cancer-associated fibroblasts 

(CAFs) transfer exosomes (H19) to promote CRC resistance to oxaliplatin (Ren et al. 

2018). CAFs also secrete cytokines, chemokines, and exosomes that recruit 

immunosuppressive cells, inhibiting cytotoxic lymphocyte-killing ability, and achieving 

immune evasion (Monteran and Erez 2019). The extracellular matrix (ECM) forms a 

physical barrier hindering drug access to cancer cells (Monteran and Erez 2018). 
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Changes in collagen content and distribution affect drug distribution and efficacy 

(Yoshimoto et al. 2023). Collagen alterations impact macrophage infiltration and 

differentiation, in vitro experiments using type I collagen as a matrix for culturing 

macrophages showed that the ability of macrophages to differentiate into the M1 

phenotype and kill tumor cells was attenuated (Afik et al. 2016).  Addressing CRC drug 

resistance requires continued research to comprehend its mechanisms, paving the 

way for new treatment strategies, including combination therapy and personalized 

approaches. 

1.2 AT-rich interaction domain 1A (ARID1A) gene  

1.2.1 Structure of switch/sucrose nonfermentable (SWI/SNF) complex and ARID1A 
protein 

The SWI/SNF complex, a chromatin remodeling complex crucial in humans, consists 

of three subfamilies, with the BRG1/BRM-associated factor identified as the primary 

entity (Figure 2) (Jin et al. 2023). Initial identification of key components of the 

SWI/SNF complex occurred during the analysis of Saccharomyces cerevisiae mutants 

exhibiting fermentation defects (Wilson and Roberts 2011). The sucrose 

nonfermenting (SNF) is indispensable for SUC2 expression in sucrose metabolism, 

while the switch (SWI) facilitates mating-type switching (Neigeborn and Carlson 1984; 

Stern et al. 1984). Approximately 20-25% of human cancers exhibit subunit mutations 

within the SWI/SNF complex, correlating with heightened cancer risk and adverse 

survival outcomes (Monterde and Varela 2022; Savas and Skardasi 2018). The 

ARID1A gene undergoes mutations most frequently, constituting a well-documented 

occurrence (Jin et al. 2023). The functional integrity of the ARID1A protein relies on 

two vital conserved domains. The N-terminal DNA binding domain, characterized by 

evolutionary conservation, specifically binds AT-rich DNA sequences. Conversely, the 

C-terminal domain, containing multiple LXXLL sequence motifs, interacts 

predominantly with stimulatory proteins. This interaction regulates downstream 

transcription factor activity by binding to receptors (Wu et al. 2014).  
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Figure 2. Structure and function of BRG1/BRM-associated factor complexes. The BRG1/BRM-

associated factor complexes consist of multiple subunits, including ARID1A, SMARCC, and SMARCD, 

which slide or eject the nucleosomes using energy generated by ATP hydrolysis, thereby regulating 

nucleosome positioning and the accessibility of chromatin to a variety of related molecules. The 

current image is derived from the reference (Jin et al. 2023). 

 
Abbreviations: ACTB: actin beta; ACTL6A: actin like 6A; ARID1A/B: AT-rich interaction domain 1A/B; ATPase: adenosine 

triphosphatase; BAF: BRG1/BRM-associated factor; BCL7A-C: B-cell CLL/lymphoma 7A-C (BAF chromatin remodeling complex 

subunit BCL7A-C); DNA: deoxyribonucleic acid; DPF1-3: Double PHD fingers 1-3; SMARCA2/4: SWI/SNF related, matrix 

associated, actin dependent regulator of chromatin, subfamily a, member 2/4; SMARCB1: SWI/SNF related, matrix associated, 

actin dependent regulator of chromatin, subfamily b, member; SMARCC1/2: SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin subfamily c member 1/2; SMARCD1-3: SWI/SNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily d, member 1-3; SMARCE1: SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 

subfamily e, member 1; SS18: Synovial sarcoma translocation, chromosome 18 (SS18 subunit of BAF chromatin remodeling 

complex).  

1.2.2 ARID1A loss and clinicopathological feature of CRC 

The ARID1A gene mutation frequency in CRC ranges from 5-13% (Johnson et al. 

2022; Kim et al. 2017). Analyzing The Cancer Genome Atlas Program (TCGA) CRC 

cohort revealed that the most prevalent ARID1A mutation occurred at D1850, 

constituting approximately 8.7% (24/275) of cases, with truncation mutations being the 

most common mutation type, accounting for about 62.2% (171/275) (Tokunaga et al. 

2020). ARID1A protein loss is closely related to the clinicopathological features of CRC 
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(Wei et al. 2014). Immunohistochemical analysis of ARID1A protein expression 

demonstrated a higher prevalence of ARID1A loss in stage IV CRC compared to early 

CRC (35.2% vs. 25.8%). Additionally, patients with ARID1A loss exhibited a higher 

rate of distant metastasis compared to non-loss patients (46.3% vs. 29.7%) and a 

greater proportion of poorly differentiated tumors (25.9% vs. 14.2%) (Wei et al. 2014). 

Similar findings were reported in an independent study, which also noted associations 

between ARID1A loss and advanced patient age and lymph node metastasis (Lee et 

al. 2014). Contrasting results have been reported, indicating an association between 

ARID1A loss and younger CRC patients (Kishida et al. 2019). This discrepancy may 

arise from a study focusing solely on early CRC at the T1 stage. 

1.2.3 Prognostic value of ARID1A loss in CRC  

The correlation between ARID1A loss and CRC prognosis remains inconclusive. 

Despite several studies suggesting a potential reduction in survival for patients with 

ARID1A loss (Luchini et al. 2015; Shi et al. 2022), statistical significance is often lacking 

(Li et al. 2020; Ye et al. 2014). Conversely, ARID1A mutations have been identified as 

predictors of survival benefits in immune checkpoint inhibitor (ICI) therapy for CRC. 

Patients harboring ARID1A mutations exhibited significantly longer OS compared to 

wild-type patients (28 vs. 18 months, HR = 0.73, 95% CI: 0.61-0.93) (Jiang et al. 2020). 

Researchers posit that ARID1A mutations may impair mismatch repair, leading to an 

increased mutational burden conducive to ICI therapy (Shen et al. 2018). 

However, conflicting results exist, as some studies fail to establish the predictive value 

of ARID1A loss for long-term survival in CRC. A study following 1,426 CRC patients 

(average follow-up time: 5.29 years) found no association between ARID1A loss and 

OS in multivariate analysis (HR = 0.60, 95% CI: 0.24 - 1.44) (Chou et al. 2014). This 

discrepancy may be attributed to the absence of disease-specific survival data, with 

only all-cause survival outcomes available. Similarly, another study with 196 patients 

(median follow-up: 48.5 months) reported no correlation between ARID1A loss and 5-

year OS (83.3% vs. 54.2%), acknowledging the small sample size and the need for 

further validation with a larger cohort (Lee et al. 2015). A retrospective study of 578 

stage I-II CRC patients (median follow-up: 49 months) also failed to find an association 

between ARID1A level and OS in univariate analysis (HR = 0.9, 95% CI: 0.5 - 1.6), 

highlighting limitations related to study design and sample size (Lee et al. 2016).  
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1.2.4 Mechanism of ARID1A loss in CRC   

Research on the precise mechanism of ARID1A loss in CRC is increasing, offering 

potential therapeutic target identification. ARID1A loss induces extensive and 

intricate alterations in CRC cells, as illustrated in Figure 3. These changes will be 

discussed individually. 

 

Figure 3. Mechanism and potential therapeutic target of ARID1A mutation in CRC cells. ARID1A 

mutations lead to impaired activity and position shift of the H3K27ac enhancer at the SWI/SNF binding 

site (1) and activate HERVH, which stimulates BRD4 transcription and promotes tumor progression (2). 

In addition, affects the EMT by adjusting the expression of VIM and CDH1 (3). ARID1A loss promotes 

PI3K/AKT signaling (4) and may confer resistance to EGFR therapy in CRC patients (5), but impaired 

MMR, which may ultimately contribute to ICI therapy (6). Created with BioRender.com 

Abbreviations: AKT: Protein kinase B; ARID1A: AT-rich interacting domain containing protein 1A; ARID1B: AT-rich interacting 

domain containing protein 1B; ATR: Ataxia telangiectasia and Rad3-related serine/threonine kinase; BAF: BRG1/BRM-associated 

factor; BRD4: Bromodomain-containing protein 4; CDH1: Cadherin 1; EGFR: Epidermal growth factor receptor; EGFR-TKI: 

EGFR tyrosine kinase inhibitor; EMT: Epithelial-mesenchymal transition; EZH2: Enhancer of the polycomb repressive complex 2 

subunit; H3K27ac: Histone H3 lysine 27 acetylation; HERVH: Human endogenous retrovirus H; ICIs: Immune checkpoint 

inhibitors; MMR: Mismatch repair; mTOR: Mammalian target of rapamycin kinase; PD-1: Programmed cell death protein 1; PI3K: 

Phosphatidylinositol 3-kinase; PIK3CA: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; SP1: Sp1 

transcription factor; TF: Transcription factor; VIM: Vimentin.  

Impaired activity and shifted position of histone H3 lysine 27 acetylation 

In a previous investigation, MX1-Cre Arid1afl/fl mice were employed to establish mouse 

models with Arid1a inactivation by inducing Cre enzyme activity with synthetic 

interferon (poly I: C) (Mathur et al. 2016). Verification of ARID1A loss in mice was 

achieved through histopathological (HE) staining and immunohistochemical staining, 

leading to the development of aggressive colon adenocarcinoma. Notably, the study 
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excluded interference from the Adenomatous polyposis coli (Apc) gene in the mouse 

model, affirming that ARID1A loss autonomously propels CRC without Apc mutation, 

thereby confirming that Arid1a plays a tumor suppressor role (Mathur et al. 2016). 

Subsequent in vitro experiments using HCT116 ARID1AWT and HCT116 ARID1A-/- cell 

lines verified that ARID1A biallelic deletion resulted in spindle morphology and 

filopodia, heightened invasiveness, and reduced E-cadherin expression. However, no 

observed changes were noted in proliferation ability and epithelial-mesenchymal 

transition (EMT). Furthermore, the study corroborated previous findings that mutations 

in ARID1A and AT-rich interaction domain 1B (ARID1B) are mutually exclusive, 

employing co-immunoprecipitation and chromatin immunoprecipitation-quantitative 

real-time PCR (ChIP-qPCR) methods. Knocking down ARID1B using short hairpin 

RNA (shRNA) demonstrated impaired ARID1A-/- cell proliferation, solidifying ARID1B 

as a synthetic lethal target of ARID1A (Helming et al. 2014b; Helming et al. 2014a).  

To investigate alterations in histone modifications associated with active cis-regulatory 

elements upon ARID1A loss, chromatin immunoprecipitation-sequencing (ChIP-seq) 

analysis revealed impaired activity and a positional shift of the histone H3 lysine 27 

acetylation (H3K27ac) enhancer at the SWI/SNF binding site (Mathur et al. 2016). 

Human endogenous retrovirus H (HERVH) - Bromodomain-containing protein 4 

(BRD4) regulatory axis 

HERVH is a product of retroviruses that infiltrated human ancestors, integrating into 

the germ line genome and becoming incapable of infectious activity post-internalization. 

Consequently, these retroviruses transformed into endogenous retrovirus (ERV) 

sequences within the human genome, propagating solely through vertical transmission 

(Benveniste and Todaro 1974; Martin et al. 1981). Initially considered nonfunctional, 

ERV sequences, including HERVH, have been revealed to play roles in various cellular 

processes such as embryonic development, implantation, and the regulation of innate 

immune responses (Blaise et al. 2003; Chuong et al. 2016; Mi et al. 2000).  

The loss of ARID1A results in aberrant activation of HERVH, leading to increased 

transcription of Bromodomain-containing protein 4 (BRD4) and facilitating tumor 

progression (Yu et al. 2014).  
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The generation of an ARID1A knockout (KO) CRC cell line involved transfecting 

HCT116 cells with the LentiCRISPR-V2 plasmid carrying sgARID1A. In light of the 

identified HERVH-BRD4 regulatory axis, this study proposes several alternative 

therapeutic targets, including the Sp1 transcription factor (SP1), ARID1B, BRD4, and 

HERVH. These targets hold potential for intervention in the context of aberrant HERVH 

activation and associated tumorigenesis. 

Regulation of EMT by vimentin (VIM) and cadherin 1 (CDH1) 

ARID1A knockdown (KD) enhances cell proliferation while reducing cell senescence 

and apoptosis. This effect was achieved by transfecting the Caco-2 cell line with small 

interfering RNA (siRNA) in an in vitro setting. Subsequent assessment revealed that 

ARID1A KD also promotes the invasion capability and multicellular sphere formation 

of Caco-2 cells (Peerapen et al. 2022).  

In a separate investigation, researchers utilized siRNA to transfect HCT116, LS174T, 

and other cell lines in vitro, confirming that ARID1A KD acts as a transcription factor 

influencing the expression of VIM and CDH1. This regulatory activity subsequently 

impacts the EMT process in CRC (Baldi et al. 2022). 

Phosphatidylinositol 3-kinase (PI3K) / AKT signaling pathway 

In addition, after transfecting SW480 and SW620 cell lines with siRNA, ARID1A loss 

not only promotes CRC cell proliferation but also promotes 5-fluorouracil-induced 

apoptosis (Xie et al. 2014). Considering the previously detected association between 

ARID1A and the phosphatidylinositol 3-kinase (PI3K) / AKT signaling pathway in 

various cancers (Jin et al. 2023). the authors verified that the KD of ARID1A inhibits 

the phosphorylation level of AKT and vice versa. 

Independent of KRAS mutation 

ARID1A deletion effects on CRC proliferation differ from previously discussed 

inhibitory effects. CRISPR/Cas9-mediated ARID1A deletion in HT29 and 

COLO320DM CRC cell lines did not impact proliferation (Sen et al. 2019).  
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Comparative mRNA sequencing analysis revealed ARID1A loss-induced changes in 

the Wnt signaling pathway and cardiac differentiation gene expression in COLO320DM 

cells. Further exploration implicated gene set enrichment analysis on HCT116 and 

DLD1 cell lines, indicating specific downregulation in Mitogen-activated protein kinase 

kinase (MEK)/ Extracellular signal-regulated kinase (ERK) pathways (EGFR, MEK, 

and ERK) contrary to the transcriptional activation function of the ARID1A-containing 

BAF complex. Both cell lines harboring Kirsten rat sarcoma (KRAS) mutations 

prompted the screening of three candidate targets (Epiregulin, Tissue Factor III, and 

Jagged1) significantly increased in KRAS mutations. Identified as MEK/ERK 

downstream target genes using Trametinib (MEK inhibitor), they were also 

downregulated upon ARID1A loss, suggesting mutual exclusivity between ARID1A 

and KRAS, particularly G12 and G13 mutations. Analysis of the TCGA PanCancer 

Atlas cohort (526 CRC patients) confirmed these mutations in only 16 patients (Liu et 

al. 2018). ARID1A's tumor suppressor function was deemed independent of KRAS 

mutations, indicating its non-assertion of tumor suppressor function in the context of 

KRAS mutation. 

Chromatin immunoprecipitation using a double cross-linking method, combined with 

ChIP-seq analysis, demonstrated ARID1A co-localization with various Activator protein 

1 (AP1) transcription factors, supporting ARID1A's regulation of the MEK/ERK 

downstream pathway through AP1 transcription factor interaction. The study confirmed 

that ARID1A loss significantly reduces H3K27ac. The researchers emphasized careful 

consideration of tumor genetic background when evaluating treatment options for 

ARID1A-deficient cancers. Direct targeting of the BAF complex, potentially through 

PROTACS (Proteolytic Targeting Chimeras) for targeted cellular protein degradation, 

was suggested as a therapeutic option (Sen et al. 2019). 

Association with tumor protein p53 (TP53) and APC mutation 

The association between ARID1A and Tumor protein p53 (TP53) has been explored 

alongside the well-established link with the KRAS gene. Despite some studies 

suggesting a synergistic tumor-suppressive role for ARID1A and TP53 genes (Guan 

et al. 2011), they are generally considered mutually exclusive (Jones et al. 2012; Wang 

et al. 2011). In the TCGA CRC cohort evaluation of 20 mutated genes, specifically, 

TP53 and ARID1A were found to be mutually exclusive (Tokunaga et al. 2020). This 

pattern aligns with observations in other cancers, such as gastric and ovarian cancers, 
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where ARID1A loss is inversely associated with TP53 mutation (Guan et al. 2011). 

Notably, in CRC, the frequency of APC mutations ranges from approximately 27% to 

71.7% (Huang et al. 2019; Huang et al. 2021), and ARID1A loss has been identified to 

inhibit tumor progression in the context of APC mutations (Sen et al. 2019). 

Mutually exclusive with EGFR amplification   

In a study utilizing circulating cell-free DNA (cfDNA) analysis of 333 metastatic CRC 

patients, ARID1A mutations were notably enriched in individuals who received 

cetuximab post-treatment compared to baseline, with no such enrichment observed in 

those treated with bevacizumab (Johnson et al. 2022). This implies that ARID1A 

mutations may confer resistance to EGFR therapy in CRC patients. After accounting 

for confounding factors such as age and gender, the study revealed that among CRC 

patients receiving cetuximab or panitumumab, those with ARID1A mutations 

experienced a worse prognosis than wild-type patients (HR = 2.2, 95% CI: 1.0 - 4.8, P 

= 0.04). Subsequent analysis of a database containing targeted DNA sequencing of 

16,931 CRC tumors indicated mutual exclusivity between ARID1A mutation and EGFR 

amplification. Consequently, CRC patients with detected ARID1A mutations may not 

be suitable candidates for cetuximab treatment. 

Close association with mismatch repair (MMR) deficiency 

The strong correlation between ARID1A loss and Mismatch Repair (MMR) deficiency 

in CRC has been extensively documented. Notably, studies have indicated that 

ARID1A loss occurs in only 4-6% of MMR-intact CRCs, whereas in MMR-deficient 

cases, the loss of ARID1A expression rises to 15-25% (Agaimy et al. 2016). These 

findings were corroborated by another study (Lee et al. 2016). In CRC cases with MMR 

deficiency and ARID1A loss, hypermethylation of the mutL homolog 1 (MLH1) gene 

promoter and BRAF V600E mutation were observed. Furthermore, the prognosis for 

CRC patients with both MMR deficiency and ARID1A loss was notably poor (Ye et al. 

2014). Studies spanning multiple cancers have indicated that the loss of ARID1A 

results in impaired MMR, potentially influencing the efficacy of ICI therapy (Jiang et al. 

2020; Shen et al. 2018; Zhu et al. 2022). 
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1.2.5 Potential targets of synthetic lethality 

Researchers are actively seeking therapeutic targets that demonstrate synthetic lethal 

effects with ARID1A mutations, aiming to uncover potential avenues for treatment. One 

such target is the enhancer of the polycomb repressive complex 2 subunit (EZH2), 

which, despite predicting poor prognosis in multiple cancers, has not yet been reported 

for use in colorectal cancer (CRC) (Jin et al. 2023). Ataxia telangiectasia and Rad3-

related protein (ATR) stands out as a particularly promising synthetic lethal target for 

clinical applications. High-throughput RNA interference (RNAi) screens have unveiled 

a synthetic lethal relationship between ATR inhibitors (ATRi) and ARID1A mutations 

(Williamson et al. 2016). In vitro transfection of the HCT116 cell line with siRNA 

confirmed the selective toxicity of ATRi in ARID1A loss, and subsequent xenograft 

tumor formation in mice validated the synthetic lethality of ARID1A/ATR. Further 

mechanistic insights revealed that ARID1A loss led to the deficiency of the 

topoisomerase DNA topoisomerase II alpha (TOP2A), resulting in reduced TOP2A 

binding to chromatin. This led to a cell cycle defect characterized by a delay in the S 

phase and progression from G2 into mitosis (Williamson et al. 2016). 

However, Loss-of-function mutations of the nonsense-mediated mRNA decay factor 

(SMG8) or SMG9 can lead to ATRi resistance through a mechanism mediated by 

SMG1 through genome-wide clustered regularly interspaced short palindromic repeats 

and CRISPR-associated protein 9 (CRISPR-Cas9) positive selection screening 

(Llorca-Cardenosa et al. 2022: 8). Additionally, loss of the nonsense-mediated decay 

factor UPF2 regulator of nonsense-mediated mRNA decay (UPF2), as well as cyclin C 

or cyclin-dependent kinase 8 (CDK8), has been reported to cause ATRi resistance 

(Lloyd et al. 2021; O’Leary et al. 2022). 

1.3 Aim of our study 

This study addresses the limited understanding of the impact mechanism of the 

ARID1A gene on CRC and aims to fill this knowledge gap. The primary objective is to 

investigate how the ARID1A gene influences essential cellular functions in CRC tumor 

cells, including proliferation, migration, invasion, and drug resistance. The study seeks 

to identify alternative targeted therapies and elucidate their specific mechanisms of 

action, thereby providing a scientific foundation for clinical applications. 

Key objectives of the research include: 
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1. Establishing genetically modified mouse models with a clear genetic background 

and Arid1a gene mutation, along with designing stable mouse and human cell lines for 

comparative analysis. 

 

2. Conducting comprehensive in vitro assessments to evaluate the impact of the 

ARID1A gene on CRC cell functions. 

 

3. Investigating the specific mechanism through which the ARID1A gene affects CRC. 

 

4. Identifying candidate drugs capable of targeting the ARID1A gene and evaluating 

their therapeutic effects. 

 

The study employs cellular functional experiments initially conducted in genetically 

modified mouse models and subsequently extended to human CRC cell lines (Figure 

4). Through these systematic investigations, the research aims to advance our 

understanding of the ARID1A gene's role in CRC and contribute valuable insights for 

the development of targeted therapeutic approaches in clinical settings. 
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Figure 4. Overview of Experimental Design. We established colorectal organoids and 2D cell lines in 

genetically modified mouse models and performed various cell function experiments (proliferation, 

migration, metastasis, EMT, etc.), and extended the above experiments from mouse cell lines to 

human CRC cell lines. Search for potential drugs through methods such as ARID1B KD, drug 

screening, and CRISPR screening. Created with BioRender.com
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2 MATERIAL AND METHODS 

2.1 Materials and Reagents 

2.1.1 Media and solutions 

Product Catalog number Producer 
Advanced dulbecco's modified eagle's 
medium/F-12 (1x) 

11550446 Gibco 

Annexin V binding buffer (1x) 422201 BIOLEGEND 
Dimethylsulfoxide (DMSO) PIER20688 VWR  
Dulbecco's modified eagle medium 
(DMEM) 

41966-029 Gibco 

Dulbecco’s phosphate-buffered saline  14190-094 Gibco 
EDTA (0.5M) 11568896 Invitrogen 
Ethidium bromide solution (1%) 1239-45-8 CARL ROTH 
Fetal bovine serum (FBS)  10500-064 Gibco 
LDS sample buffer (4x)  2045288 Thermo Fisher 
Lipofectamine™ RNAiMAX  13778150 Thermo Fisher 
L-WRN conditioned medium (2x) SCM105 Sigma 
Minimum essential medium (MEM) 
alpha medium  

22561-021 Gibco 

NuPAGE transfer buffer  NP0006-1 Thermo Fisher 
OptiMEM (1x) 31985-062 Gibco 
Organoid harvesting solution  3700-100-01 R&D Systems 
Paraformaldehyd-Lösung (4 % in PBS) J19943.K2 Thermo Fisher 
RIPA lysis buffer  sc-24948 Santa Cruz 
RPMI-1640 medium  RNBM0104 Sigma-Aldrich 
Tris-acetate-EDTA (50x) B49 Thermo Fisher 
Tris-Acetate SDS running buffer LA0041 Life Technologies 
TrypE  12604-013 Gibco 

2.1.2 Equipment, supplies and kits 

Product Catalog number Producer 
6/12/24/48/96-well culture plate 83.3925 Sarstedt 
Azure 400 visible fluorescent western 
imaging system 

AZI400 Azure Biosystems 

BD FACSCanto™ II clinical flow 
cytometry system 

- BD 

Cell counting kit-8 (cck-8) CK04-20 Dojindo 
Coomassie brilliant blue G-250 protein 
stain 

46496364 CEPHAM 

Cuvette (4mm) 620 BTX 
QIAampR DNA mini kit 51306 QIAGEN 
Electroporator  ECM399 BTX 
Hydrophobic PVDF transfer membrane IPVH00010 Fisher Scientific 
LightCycler96 real-time system - Roche 
Mouse epidermal growth factor (EGF)  5331 Cell signaling 
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MycoSPY® master mix - PCR 
mycoplasma test kit  

MSL01 Biontex 

NuPAGETM 3-8% Tris-Acetate gel  EA0375BOX Thermo Fisher 
Revert aid first strand cDNA synthesis 
kit   

K1621 Thermo Fisher 

RNeasy mini kit  74106 QIAGEN 
TECAN System  - Beckman Coulter 

Transwell® insert (8 μm PET membrane) 662638 Greiner Bio-One 

2.1.3 Antibodies and siRNA 

Product Catalog number Producer 
ARID1A/BAF250A (D2A8U) 12354 Cell signal tech 
ARID1B/BAF250B (E1U7D) 65747 Cell signal tech 
Arid1b siRNA  s109134, s109135 Thermo Fisher 
Beta-Actin (13E5) 4970 Cell signal tech 
Control siRNA 4390844 Thermo Fisher 
E-Cadherin (4A2) 14472 Cell signal tech 
N-Cadherin (D4R1H) 13116 Cell signal tech 

2.1.4 Organoid culture medium supplementation factors 

Product Catalog number Producer 
A83-01  101327-5mg Biotrend 
Antibiotika-antimykotikum (100x) 15240-062 Gibco 
B-27 (50x) 17504-044 Gibco 
Brain-derived neurotrophic factor 
(BDNF,100x) 

AF-450-02 Peprotech 

CHIR-99021 HY-10182 MedChem 
HEPES (1M) 15630-080 Gibco 
L-WRN conditioned medium (2x) SCM105 Sigma 
Mouse epidermal growth factor (EGF)  5331 Cell signaling 
N2 (100x) 17502048 Gibco 
N-Acetyl-L-Cystein 616-91-1 Thermo Fisher 
Primocin  ant-pm-1 InvivoGen 
Y-27632  MCE-HY-10583-

10mg 
Hölzel Diagnostika 
Handels GmbH 

2.1.5 Other reagents 

Product Catalog number Producer 
Annexin V-FITC  640920 BIOLEGEND 
Cas9 protein  A36497 Life Technologies 
Cultrex reduced growth factor basement 
membrane extract  

3536-005-02 Bio-Techne 

Fetal bovine serum (FBS)  10500-064 Gibco 
Matrigel 3536-005-02 Bio-techne 
Penicillin/streptomycin (10000 U/ml) 15140122 Gibco 
Propidium iodide 421301 BIOLEGEND 
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Spectra multicolor high range protein 
ladder  

26625 Thermo Fisher 

SYBR® green supermix  S7586 Invitrogen 
 

2.2 Methods 

2.2.1 Animal experiments 

All operating procedures on animals and tissues have been approved by the 

appropriate authorities (Regierungspräsidium Karlsruhe). The Arid1aflox/flox; Apcflox/flox; 

Kraski/wt; Trp53flox/flox (7291, ArAKPf)/Apcflox/flox; Kraski/wt; Trp53flox/flox (0007, AKPf), 

Arid1aflox/flox; Apcflox/flox; Kraski/wt (I610, ArAK)/Apc flox/flox; Kraski/wt(3188, AK) and 

Arid1aflox/flox; Apcflox/flox; Trp53flox/flox (I628, ArAP)/Apcflox/flox; Trp53flox/flox (9829, AP) 

models were generated by crossing, genotyping was provided by an external service 

provider (Transnetyx, Cordova, United States). All mice were kept in isolation cages 

that had been sterilized by high temperature and high pressure, and normal drinking 

water and food were provided ad libitum. The mice were housed in a 12h light/12h dark 

cycle, maintained at 22.5°C (±2°C) and about 50% (±5%) humidity. 

2.2.2 Primary mouse colon organoid culture 

The sacrificed mice were immobilized on the operating table, and the colorectum was 

dissected. After removing feces and minimizing fat tissue, the colorectum was 

longitudinally incised with scissors and sectioned into approximately 1 cm pieces. The 

tissues underwent three washes with 1x Dulbecco’s phosphate-buffered saline (DPBS) 

and were subsequently transferred to a 10 mM EDTA/DPBS buffer. Incubation in a 

37°C water bath for 20 minutes was followed by replacement with pre-cooled DPBS, 

and vigorous shaking for 20 seconds facilitated the separation of colonic crypts. The 

collected colonic crypts were quantified under a microscope, and the supernatant, 

containing the appropriate number of crypts, underwent centrifugation at 1000g for 10 

minutes at 4 °C. Colon crypts were resuspended in Matrigel and seeded into a 48-well 

plate. Approximately 200 colon crypts in 15 μl of Matrigel were added to each well. The 

Matrigel polymerized at 37°C for 10-20 minutes, after which 200 μl of colon organoid 

medium (refer to Table 1) was supplemented. 
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To generate an L-WRN conditioned medium, L cells were cultured, and L cell 

supernatants were collected. The base medium used was DMEM/F-12. Wnt3A protein 

was incorporated into the culture medium at a concentration of 100-200 ng/ml. 

Additionally, R-spondin was added at a concentration of 100-200 ng/mL, and Noggin 

at a concentration of 50-100 ng/ml. 

A83-01 0.5 μM 

Antibiotika-Antimykotikum 1x 

B-27 1x 

BDNF 1x 

CHIR-99021 1 μM 

GlutaMAXTM-I   10x 

HEPES 10 mM 

L-WRN conditioned medium 1x 

N2 1x 

N-Acetyl-L-Cystein 1.25 mM 

Mouse epidermal growth factor (EGF) 50 ng/ml 

Penicillin/streptomycin 1000 U/ml 

Primocin 100 μg/ml 

Y-27632 10 μM 

Table 1. Formulation of the colon organoid medium in advanced dulbecco's modified eagle's medium/F-

12. 

Organoids are cultivated in a humidified incubator at 37 °C with a 5% CO2 atmosphere. 

The culture medium is refreshed every 2-3 days. During organoid passaging, Matrigel 

digestion is initiated using an organoid harvesting solution. Subsequently, the mixture 

is refrigerated at 4 degrees Celsius for 2 hours. An equal volume of TrypE solution is 

added, and the suspension is incubated at room temperature for 10 minutes. Following 

centrifugation at 1000g for 10 minutes at room temperature, the pellet is resuspended 

in Matrigel, and the inoculation process is carried out. All organoids utilized in the 

experiment have undergone more than three passages before commencement. 

2.2.3 Transitioning from three-dimensional (3D) to two-dimensional (2D) cell culture 
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During the experiment, we opted to refresh the medium for the 3D organoids with a 

new medium (Tumor organoid medium: DMEM=1:1) after the standard passage. The 

organoids were then inoculated into a 6-well plate (with a 15 μl drop of Cultrex BME in 

each well). After a one-week incubation period, we observed 2D cells extending 

outward around the matrigel. Subsequently, trypsin was added for digestion, and 

passage expansion was carried out. Following the successful generation of 2D cell 

lines, single-cell clone selection was performed by inoculating a single cell into a 96-

well plate and waiting for 1 - 2 weeks. Single-cell clones were selected for expansion, 

and DNA was then extracted for genotype verification, resulting in the acquisition of 

2D subclonal cell lines with the correct genotype. 

Mouse tumor cells were cultured in DMEM and 10% FBS and 1% 

penicillin/streptomycin at 37°C with 5% CO2 in the incubator. Human tumor cells were 

cultured in RPMI-1640 medium and MEM alpha medium. The cell culture medium was 

changed every two or three days. 

2.2.4 Organoid genotyping   

Retrieve cell samples and execute DNA extraction following the prescribed procedures 

in the DNA extraction kit manual. Subsequently, amplify the DNA sequence at the 

target site using polymerase chain reaction (Table 2). Prepare a 1.5% agarose gel 

incorporating a DNA staining agent (Ethidium bromide). Apply 100 V for 

electrophoresis in Tris-acetate-EDTA buffer (1x) over 1 hour. Analyze and compare 

the molecular weights of DNA fragments in the samples using Azure 400 (Azure 

Biosystems). 

Targeted allele Primers Sequence (5’ - 3’) 

Apctm2Rak Apc_Int13F2 GAGAAACCCTGTCTCGAAAAAA 

Apc_Int13R2 AGTGCTGTTTCTATGAGTCAAC 

Apc_Int14R4 TTGGCAGACTGTGTATATAAGC 

Krastm4Tyj y116-common TCCGAATTCAGTGACTACAGATG 

y117-LSL CTAGCCACCATGGCTTGAGT 

y118-wt ATGTCTTTCCCCAGCACAGT 

Trp53tm1Brn Int1F CACAAAAACAGGTTAAACCCAG 

Int1R AGCACATAGGAGGCAGAGAC 

Int10R GAA GAC AGA AAA GGG GAG GG 

Arid1atm1.1Zhwa Forward TGTTCATTTTTGTGGCGGGAG 

Reverse TGTTCATTTTTGTGGCGGGAG 
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Cre Forward AGTGCGTTCGAACGCTAGAGCCTGT 

Reverse AGTGCGTTCGAACGCTAGAGCCTGT 

 

Table 2. PCR primers were used for genotype verification. Primer sequences are listed. 

2.2.5 Mycoplasma infection detection method 

The detection was performed using the MycoSPY® master mix-PCR mycoplasma test 

kit, following the provided instructions. 

2.2.6 Transfection with siRNA 

Confluent monolayers of CRC cells were obtained by culturing the seeded cells in 6-

well plates for 24 hours. Transfection reagents consisting of 300 μl OptiMEM and 3 μl 

of a mixture containing 10 μM siRNA and 9 μl Lipofectamine RNAiMAX were 

employed. Following transfection, DMEM complete medium was introduced, and the 

cells were incubated for 48 hours. The evaluation of target protein expression was 

conducted through Western blotting. Arid1b siRNA (Thermo Fisher, Catalog number: 

s109134, s109135, abbreviated as siRNA34 and siRNA35, respectively), Control 

siRNA, lipofectamine™ RNAiMAX, and Opti-MEM I Reduced Serum Medium were 

utilized in this study. The final siRNA concentration per well during transfection was 5 

pmol. 

2.2.7 Quantitative reverse transcription PCR 

RNA was extracted with the RNeasy mini kit.  For quantitative reverse transcription 

PCR (RT-qPCR) analysis, RNA was reverse-transcribed with a revert aid first strand 

cDNA synthesis kit, and the relative amounts of each mRNA transcript were analyzed 

using the LightCycler96 real-time system (Roche) with SYBR® green supermix. The 

relative expression levels of specific genes were compared using the 2−ΔΔCt 

calculation method, with the expression of Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) serving as an internal control. Primer sequences were 

obtained from PrimerBank (Table 3). 

Target gene Species Primer name Sequence (5' - 3') Length 
Arid1a Mouse Arid1a_qPCR_F TCCCAGCAAACTGCCTATTC 20 

Arid1a Mouse Arid1a_qPCR_R CATATCTTCTTGCCCTCCCTTAC 23 

Arid1a Mouse Arid1a-qF2 GCCTAACTATAATGCCTTGCC 21 

Arid1a Mouse Arid1a-qR2 GAGTTTTCCTGTTCATTCCCC 21 

Arid1a Mouse Arid1a-qF3 TATGGGTGCTGGAGGTCAGA 20 

Arid1a Mouse Arid1a-qR3 ACCTGAGGTGGCATATTGGC 20 
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Arid1b Mouse Arid1b_qF1 CGTGCGGAGCTTGTCTTTC 19 

Arid1b Mouse Arid1b_qR1 CCTCCTTCTCATAGGTCTGTGG 22 

Cdh1 Mouse Cdh1_qF1 CAGGTCTCCTCATGGCTTTGC 21 

Cdh1 Mouse Cdh1_qR1 CTTCCGAAAAGAAGGCTGTCC 21 

Cdh2 Mouse Cdh2_qF1 AGCGCAGTCTTACCGAAGG 19 

Cdh2 Mouse Cdh2_qR1 TCGCTGCTTTCATACTGAACTTT 23 

Egfr Mouse Egfr_qF1 GCCATCTGGGCCAAAGATACC 21 

Egfr Mouse Egfr_qR1 GTCTTCGCATGAATAGGCCAAT 22 

Epcam Mouse Epcam_qF1 GCGGCTCAGAGAGACTGTG 19 

Epcam Mouse Epcam_qR1 CCAAGCATTTAGACGCCAGTTT 22 

Fn1 Mouse Fn1_qF1 ATGTGGACCCCTCCTGATAGT 21 

Fn1 Mouse Fn1_qR1 GCCCAGTGATTTCAGCAAAGG 21 

Gapdh Mouse Gapdh_qF1 AGGTCGGTGTGAACGGATTTG 21 

Gapdh Mouse Gapdh_qR1 TGTAGACCATGTAGTTGAGGTCA 23 

Itgb1 Mouse Itgb1_qF1 ATGCCAAATCTTGCGGAGAAT 21 

Itgb1 Mouse Itgb1_qR1 TTTGCTGCGATTGGTGACATT 21 

Vim Mouse Vim_qF1 CGTCCACACGCACCTACAG 19 

Vim Mouse Vim_qR1 GGGGGATGAGGAATAGAGGCT 21 

Pik3ca Mouse Pik3ca_qF1 CCACGACCATCTTCGGGTG 19 

Pik3ca Mouse Pik3ca_qR1 ACGGAGGCATTCTAAAGTCACTA 23 

Akt1 Mouse Akt1_qF1 ATGAACGACGTAGCCATTGTG 21 

Akt1 Mouse Akt1_qR1 TTGTAGCCAATAAAGGTGCCAT 22 

Mtor Mouse Mtor_qF1 CAGTTCGCCAGTGGACTGAAG 21 

Mtor Mouse Mtor_qR1 GCTGGTCATAGAAGCGAGTAGAC 23 

Pten Mouse Pten_qF1 TGGATTCGACTTAGACTTGACCT 23 

Pten Mouse Pten_qR1 GCGGTGTCATAATGTCTCTCAG 22 

Eif4e Mouse Eif4e_qF1 ACCCCTACCACTAATCCCCC 20 

Eif4e Mouse Eif4e_qR1 CAATCGAAGGTTTGCTTGCCA 21 

Pik3r2 Mouse Pik3r2_qF1 GGACAGTGAATGCTACAGTAAGC 23 

Pik3r2 Mouse Pik3r2_qR1 CCTGCAACCTCTCGAAGTG 19 

Id1 Mouse Id1_qF1 GGTCCGAGGCAGAGTATTACA 21 

Id1 Mouse Id1_qR1 CCTGAAAAGTAAGGAAGGGGGA 22 

 

Table 3. Primers used in RT-qPCR test. The species and sequences corresponding to the primers are 

listed. 

2.2.8 Western blot 

For total cellular protein extraction, employ RIPA lysis buffer in accordance with the 

user manual. Afterward, collect the supernatant by separating cell debris in a 4°C 

centrifuge (14,000g, 30 min). Determine protein concentration using Coomassie 

Brilliant Blue G-250 protein stain. Subsequently, conduct a Western blot following 

standard procedures, with protein separation achieved using NuPAGETM 3-8% Tris-

Acetate gel. Utilize 4x LDS sample buffer, Tris-Acetate SDS running buffer, Spectra 

Multicolor High Range Protein Ladder, and NuPAGE transfer buffer. Transfer the 

proteins onto a hydrophobic PVDF transfer membrane. Refer to Table 4 for antibody 

information. 
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Antibody Species Series 
No. 

MW (kDa) Company Diluted 

ARID1A/BAF250A (D2A8U) Rabbit #12354 270 Cell signal tech 1:1000 

ARID1B/BAF250B (E1U7D)  Rabbi #65747 250;280 Cell signal tech 1:1000 

Beta-Actin (13E5) Rabbit #4970 45 Cell signal tech 1:1000 
E-Cadherin (4A2) Mouse #14472 135 Cell signal tech 1:1000 
N-Cadherin (D4R1H) Rabbit #13116 140 Cell signal tech 1:1000 
Vimentin (D21H3) Rabbit #5741 57 Cell signal tech 1:1000 

Table 4. Antibodies used in Western blot. The details of the antibodies are listed.  

2.2.9 Cell counting kit-8 assay 

At a density of 1,000 cells per 100 μl of medium, cells were seeded in each well of a 

96-well culture plate. The cells were incubated at 37°C with 5% CO2. Every 24 hours, 

10 μl of CCK-8 solution was added to each well without generating air bubbles. The 

cells were then incubated at 37°C with 5% CO2 for 2 hours, and the absorbance at 

450 nm was measured using a TECAN System (Beckman Coulter, Brea, CA, United 

States). 

2.2.10 Colony formation 

For the colony formation assay, each well of 6-well plates was seeded with 400-800 

cells and cultured at 37°C with 5% CO2. Following 14 days in culture, the cells were 

fixed in a 4% paraformaldehyde solution and stained with a 0.1% crystal violet solution. 

The colonies were then counted and photographed. 

2.2.11 Cell apoptosis assay 

The Annexin V assay was employed to detect apoptosis following the manufacturer's 

protocol. Apoptosis was induced by knocking down ARID1B in 7291 and 0007 cells 

using siRNA34 and siRNA35, respectively. After centrifugation (300g, 5 min), 2 x 105 

cells were collected and resuspended in 500 µL of 1X annexin V binding buffer. 

Subsequently, 5 μL of annexin V-FITC and 5 μL of propidium iodide were added. The 

mixture was then incubated for 10 minutes at room temperature in the dark. Following 

the addition of a working buffer solution, the binding of annexin V-FITC was analyzed 

using flow cytometry (BD FACSCanto II). 

2.2.12 Migration and invasion assays 

2.2.12.1 Wound healing assay 

Confluent monolayers with 90-100% confluence were established by seeding 5 × 104 

cells per well in 6-well plates. Subsequently, a scratch was created across the surface 
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of the well using a 20 µL pipette. The detached cells were meticulously washed away 

by performing two rounds of washing with DPBS. Images were captured at different 

time points (0, 6, 12, 24h) and subsequently analyzed using ImageJ software (version 

1.51s, NIH Image, NIH, Bethesda, MD, USA). Wound closure was quantified using the 

following equation: 

Wound closure (%) = (Original wound area - area at each time point) / Original wound 

area. 

2.2.12.2 Boyden chamber assay 

The Cultrex reduced growth factor basement membrane extract (RGF BME) was 

diluted in serum-free DMEM medium to a final concentration of 200 μg/mL. 

Subsequently, 100 μL of the diluted RGF BME was carefully added to the center of 

each Transwell® insert and incubated at 37°C with 5% CO2 for 1 hour for invasion 

assays. 

 

For the invasion assay, the upper chambers were loaded with 5×104 cells/well in 150 

μl of serum-free DMEM, and then 800 μl of complete DMEM medium was added to the 

lower layer. The plates were incubated at 37˚C with 5% CO2 for 24-48 hours. Following 

incubation, the RGF BME was wiped from the upper membrane. The membranes were 

then fixed in 4% paraformaldehyde for 20 minutes. The cells that migrated to the lower 

side of the filter were stained with 0.5% crystal violet for 15 minutes and observed 

under a light microscope. The experiment was repeated three times. 

2.2.13 CRISPR-Cas9 electroporation (Electroporation) 

2.2.13.1 Prepare DNA constructs 

Following Zhang's experiment protocol, the DNA sequence of the target site was 

cloned into the plasmid. Our project utilized three distinct sgRNA sequences (refer to 

Table 5) along with Cas9 protein. 

Homo sapiens Gencode 
Release 26 
(GRCh38.p10) 

Target 
strand 

PAM 
(5' - 
3') 

guide RNA sequence (5' - 3') Target DNA sequence  

ARID1A_gRNA_E19_1 + CGG GAGGUUUAUUUCAGAACCC GAGGTTTATTTCAGAACCC 

ARID1A_gRNA_E19_2 + AGG GUUUAUUUCAGAACCCCGG GTTTATTTCAGAACCCCGG 
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Table 5. Details of sgRNA used for electroporation. 

2.2.13.2 Electroporation 

The prepared DNA construct (CRISPR-Cas9 system) is introduced into the cells using 

an electroporator. A mixture of 2.5×105 cells in 25 μl, 180 pmol sgRNA in 6 μl and 20 

pmol Cas-9 in 1 μl is placed in a 4 mm gap cuvette. Subsequently, the electroporation 

parameters are set to 270V voltage and a duration of 21-23 ms. 

2.2.13.3 Cultured cells 

Transfected cells are cultured and allowed to grow in the culture medium. Following 

one week, the cells are harvested, and single-cell sorting is performed. Expanded 

single-cell subclones are collected, and DNA is extracted from these subclones. 

Subsequently, the extracted DNA is analyzed using Sanger sequencing. 

2.2.13.4 Sanger sequencing 

The extracted DNA underwent PCR amplification, with primer information provided in 

Table 6. Subsequently, following the operational instructions of the TubeSeq Supreme 

sequencing service (Eurofins Genomics in Ebersberg, Germany), the PCR products 

were submitted for testing. The results were later provided by Eurofins. 

Gene Species Primer name Sequence (5’ - 3’) Length 

ARID1A Human Arid1a_sg_F1 ATT CGG CGG GAT ATC ACC TT 20 

ARID1A Human Arid1a_sg_R1 ATC TTC CCC AGG CAC TGA TAC 21 

Table 6. Primers of PCR amplification were used for Sanger sequencing. 

2.2.14 Determination of dose-response curves 

All inhibitors were procured from MedChemExpress. The drugs used in the experiment 

were dissolved in DMSO to obtain desired concentrations. To assess the potential 

influence of DMSO on the experimental outcomes, a vehicle control group was 

implemented. Within this group, both human and mouse CRC cells were exposed to 

an identical DMSO concentration as the experimental group, with the exception that 

ARID1A_gRNA_E19_3 - GGG CAUACCCGCCAUGCCUCCG CATTACCCGCCATGCCTCCG 



Medizinische Fakultät Mannheim der Universität Heidelberg  

 

28 
 

no drugs were introduced. This design enables us to differentiate between the effects 

induced by the drugs and any potential effects attributable to DMSO itself. Initially, cells 

were seeded at a density of 5 × 103 cells per well in a 96-well standard plate. B-cell 

lymphoma 2 (BCL-2) inhibitor and ATR inhibitor were applied at eight different 

dilutions, ranging from 0.2uM to 200uM. After 48 hours of exposure, cell viability was 

assessed using the CCK-8 kit. 

 

Utilizing GraphPad Prism 9 software (GraphPad Software, Inc., Boston, USA), drug 

response curves were simulated employing a nonlinear log(inhibitor) versus slope 

equation of the response variable. Half-maximal inhibitor concentration values (IC50) 

were determined, considering IC50 values only when the software yielded 

unambiguous results and R2 values were above 0.90. The experiment was iterated 

three times, each time with a minimum of three replicate wells. 

2.2.15 Synergy was determined using Chou-Talalay and SynergyFinder 

Following the determination of IC50 values for different inhibitors, two groups of drug 

combinations were prepared at a constant ratio (1:1). At least five dilution series of 

concentration gradients were established. Subsequently, cells were treated with both 

single drugs and the combined drugs for 48 hours, and cell viability was measured 

using the CCK-8 kit on the TECAN System (Beckman Coulter, Brea, CA, United 

States). 

 

Combination index (CI) values were calculated utilizing CompuSyn software 

(ComboSyn, Inc., Paramus, USA). For determining synergy using the SynergyFinder 

method, the online SynergyFinder plus software (https://tangsoftwarelab.shinyapps.io 

› synergyfinder) was employed to calculate drug interaction relationships using the ZIP 

calculation method. 

2.2.16 Statistical analysis 

The means of two groups were compared utilizing an unpaired two-tailed Student's t-

test, and experiments were replicated at least three times with more than two 

replicates. Data are presented as mean ± standard error (S.E.). One-way ANOVA tests 

were applied when comparing drug response curves, and all statistical analyses were 

conducted using GraphPad Prism 9 (GraphPad Software, Inc., Boston, USA). A 
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significance level of p<0.05 was considered statistically different, and all tests were 

two-sided. 
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3 RESULTS 

3.1 Loss of ARID1A protein is prevalent in colorectal cancer and predicts poor 
survival. 

We conducted an analysis of ARID1A gene mutation frequency in human cancers 

using TCGA cohort studies. ARID1A is frequently mutated across various human 

cancers, with notable prevalence in ovarian and endometrial cancers (up to 50%). In 

CRC, its mutation frequency is approximately 10% (cBioPortal calculation). 

Subsequently, we assessed the impact of ARID1A mutation on the clinical prognosis 

of CRC (Figure 5B). CRC patients harboring ARID1A mutations demonstrated a trend 

toward a poorer OS prognosis in comparison to wild-type patients. However, this 

observation did not reach statistical significance, consistent with similar findings 

reported by others (Li et al. 2020). 

 

 
 
Figure 5. ARID1A mutation profile in human cancers (A) and impact on overall survival of CRC 

patients (B). A. Among human cancers, ARID1A mutations occur most frequently in women's 

endometrial cancers (more than 40%), while the mutation rate in CRC is about 10%. B. The overall 

survival of CRC patients carrying ARID1A mutations tended to decrease, but there was no statistical 

difference (p = 0.142). Mut: mutation. The current image is derived from the reference (Liu et al. 2018). 

3.2 Establishment of animal models and cell lines 

3.2.1 Generation of CRC organoids 

The tumor-suppressive role of Arid1a in the mouse colon was demonstrated, and 

invasive Arid1a-deficient adenocarcinoma was shown to mimic human CRC (Mathur 

et al. 2016). In our study, the Cre-loxP system was employed to establish Arid1a 

mutant mice with a mutation in exon 8 and wild-type mice. Adenovirus-mediated Cre 

deletion of floxed sequences, a method previously utilized for inducing primary tumors, 
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was employed (Wang et al. 1996). CRC organoids were generated by introducing the 

Ad5CMV-Cre vector (The University of Iowa) into the organoids of the mouse 

colorectum in vitro models (Figure 6). 

 

 
Figure 6. Flowchart for generating CRC organoids carrying mutations in the ARID1A gene. The colonic 

tissue was extracted from the genetic mouse model carrying the Cre-loxP system, the colonic crypt 

lumens were obtained after in vitro digestion, and the organoid tissue was generated after in vitro culture 

in organoid culture medium, and then transfected with adenovirus carrying Cre vector, and finally Obtain 

ARID1A KO organoids. Created with BioRender.com 

The initial organoid culture system was pioneered by Sato using mouse intestinal 

epithelial cells (Sato et al. 2009). Subsequently, the establishment of tumor organoids 

has been extensively documented, demonstrating the ability to maintain key features 

of primary tumors even after prolonged passages (Sachs et al. 2018). Following 

cultivation with tumor organoid medium, we successfully generated and genotyped 

stably passaged organoids identified as ArAKPf and AKPf. 
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3.2.2 Single cell clone selection and genotype verification 

Organoids are complex multicellular structures characterized by a high degree of 

cellular diversity (Takebe and Wells 2019). To minimize the impact of non-tumor or 

wrong-genotype cells, we isolated individual 2D cells through serial dilutions and 

established a clonal cell line after an expansion period. As a result, we tested the 

genotype of tumor cell colonies (Figure 7) and selected the ones with the right 

genotype, ensuring that we obtained a purified tumor sub-clonal cell line. 

 
Figure 7. Genotype verification results of ArAKPf and AKPf cell lines. A. The Arid1a gene; B. The Apc 

gene; C. The Kras gene; D. The Trp53 gene. 

3.2.3 Arid1a gene expression  

We assessed the mRNA and protein expression levels of Arid1a genes using real-time 

quantitative PCR and western blotting. The results unequivocally demonstrated a 

significant reduction in the expression of ARID1A in ArAKPf cells compared to AKPf 

cell lines, with statistical significance observed. 

For the quantitative reverse transcription polymerase chain reaction (RT-qPCR) test, 

three different Arid1a primers targeting exons 2 and 8 were chosen. The results 

consistently revealed a substantial downregulation of ARID1A in the ArAKPf cell line 

in comparison to the AKPf cell line (Figure 8A). The Western blot (WB) analysis further 

confirmed the successful knockdown of ARID1A at the protein level (Figure 8B). 
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Figure 8. The results of ARID1A expression in AKPf and ArAKPf. A. ARID1A was significantly 

decreased in the ArAKPf cell line compared with the AKPf cell line. Three different Arid1a primers (target 

on exons 2 and 8) were tested by RT-qPCR. The experiment was repeated 3 times, mean ± SD are 

shown, ****: p<0.0001; B. Western Blot showed the protein expression levels of ARID1A and ARID1B 

in ArAKPf and AKPf cells. ARID1B was knocked down using two different siRNAs (No.34,35). ARID1A 

and ARID1B are co-expressed in the AKPf cell line. When ARID1B was knocked down, the expression 

responsiveness of ARID1A increased; while ARID1A was not expressed in the ArAKPf cell line, there 

was no change in ARID1A after knocking down ARID1B. Experiments were repeated twice.  

Given the mutual exclusivity between ARID1A and ARID1B, we examined the 

expression of the Arid1b gene in AKPf and ArAKPf cell lines. The results aligned with 

prior studies, revealing a compensatory increase in the expression of the Arid1b gene 

in Arid1a mutant cell lines.  
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Figure 9. mRNA expression levels of ARID1A and ARID1B relative to GADPH. In the AKPf cell line, the 

mRNA expression level of ARID1A was compensatory increased after the knockdown of ARID1B (A), 

while the expression of ARID1B was confirmed to be decreased (C). Knockdown of ARID1B in the 

ArAKPf cell line means decreased expression of both ARID1A (B) and ARID1B (D). mean ± SD are 

shown, *: p<0.05, **: p<0.01; ****: p<0.0001. 

Utilizing two validated siRNAs (siRNA 34 and siRNA 35) helps rule out non-specific 

effects in ARID1B KD and enhances the reliability of experimental results. Prior to 

conducting cellular functional experiments, we assessed the working efficiency of the 

siRNAs through RT-qPCR assay and Western blotting. The results demonstrated that 

the knockdown efficiency of the two different siRNAs reached 80% at the mRNA level 

(Figure 9). The knockdown effect at the protein level was also significant (Figure 8B).  

We investigated whether ARID1B KD affects ARID1A. Interestingly, ARID1B KD leads 

to compensatory high expression of ARID1A in AKPf, but not in ArAKPf. According to 

previous reports, when ARID1A and ARID1B are lost simultaneously, the BAF complex 

cannot function normally (Helming et al. 2014b).  
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3.2.4 CRISPR/Cas9-mediated ARID1A knockout in human CRC cell line  

To validate the aforementioned findings, we established human CRC cell line models 

with ARID1A mutations using CRISPR technology, which induces indel mutations 

during the cutting process, leading to a population of cells with mutated genes. Two 

different methods were attempted to deliver the CRISPR/Cas9 system into human 

CRC cells. 

 

Initially, we designed three distinct sgRNAs (Figure 10), mixed them with Cas9 protein, 

and electroporated them into HCT116 cells to generate cell clones with ARID1A protein 

mutations (Figure 11). Single cells from the electroporated population were sorted into 

individual wells of a 96-well plate, followed by clonal expansion. The ARID1A indel in 

the sgRNA-targeted region was confirmed by Sanger sequencing (Figure 12). The loss 

of ARID1A expression in the cell clones was further confirmed by Western blotting 

(Figure 13), depicting the expression levels of ARID1A in multiple clones of HCT-116. 

Combining the results from Sanger sequencing and Western blotting, we selected 

subclone cell line No.5 as the ARID1A knockout experimental group. 

 

 
Figure 10. Sequences of three different sgRNAs. All three sgRNAs target exon 2 of the human 

ARID1A gene. Created with BioRender.com 
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Figure 11. Main parameters and flowchart of electroporation. The detailed procedure is shown in 

Materials and Methods. Created with BioRender.com 

 

Figure 12. Sanger sequencing results of No.5 HCT116 subclone cells generated after electroporation. 

Indel %: The percentage of sequences that contain an indel in the sample. Model Fit (R2): is a measure 

of how well the proposed indel distribution fits the Sanger sequence data of the edited sample. Knockout 

Score: The proportion of sequences that are likely to result in functional protein knockout. 
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Figure 13.  Western blot results confirmed that ARID1A was successfully knocked out in HCT116 

subclone cells. Subcloned cells submitted for Sanger sequencing are marked in red. The results showed 

that ARID1A was knocked out in clones 5, 14, and 15. CI: clone. 

3.3 Impact and mechanism of ARID1A gene on the function of CRC tumor cells 

3.3.1 Loss of ARID1A expression promotes proliferation in vitro 

Given the tumor suppressor role of ARID1A, we proceeded to investigate the 

consequences of its loss in vitro using the CCK-8 assay. A phenotypic characterization 

was performed on the paired cell lines (ArAKPf/AKPf, ArAK/AK, and HCT116 

ARID1AWT/ARID1AKO). In line with the known tumor-suppressive effects of ARID1A, 

the deletion of ARID1A resulted in a significant enhancement of cell proliferation 

(Figure 14). 

 

Furthermore, we evaluated the impact of ARID1A loss on the organoid-forming ability 

of CRC. Quantification and comparison of the maximum observable organoid 

diameters validated that the deletion of ARID1A promotes organoid clonogenesis. 

(Figure 15). 
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Figure 14. Loss of ARID1A resulted in significantly enhanced cell proliferation in CRC cells. The cck-8 

assay was tested on AKPf/ArAKPf 2D cell line (A), AK/ArAK organoids (B), and HCT116 

ARID1AWT/ARID1AKO 2D cell lines. Results from three independent experiments, mean ± SD are shown, 

*: p<0.05; ****: p<0.0001. 

 
Figure 15. Diameter change of AK/ArAK organoids cultured for 10 days. A. Morphology of the 

organoids. Scale bar: 100um. B. Box plots were used to show the statistical difference in diameter. 

Results from two independent experiments. mean ± SD are shown, ****: p<0.0001. 
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3.3.2 Loss of ARID1A expression promotes migration and invasion in vitro 

The Boyden Chamber assay was employed to verify the migration and invasion ability 

of the cells. The results consistently demonstrated that the loss of ARID1A promotes 

migration and invasion in both human and murine CRCs. Additionally, these findings 

were validated through a wound healing assay using ImageJ software to quantify 

digital images of migrating cells in the wound region. Our results confirmed that the 

ARID1A defect significantly increased the migration and invasion ability of CRCs, as 

illustrated in Figure 16-18. 

 
Figure 16. Migration and invasion assays of AKPf and ArAKPf cell lines using Boyden chamber. A. 

Arid1a mutations promote migratory and invasive abilities of mouse CRC cell lines. Scale bar: 200um. 

B. Violin plots showing the statistical results of migration and invasion assays. Results from three 

independent experiments. mean ± SD are shown, *: p<0.05. 
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Figure 17. Migration and invasion assays of HCT116 ARID1AWT and HCT116 ARID1AKO cell lines 

using Boyden chamber. A. ARID1A mutations promote migratory and invasive abilities of HCT116 cell 

lines. Scale bar: 200um. B. Box plots showing the statistical results of migration and invasion assays. 

Results from three independent experiments. mean ± SD are shown, ***: p<0.001. WT: Wild-type; KO: 

Knock-out. 

 
Figure 18. Wound healing assays of AKPf and ArAKPf cell lines were cultured for 24 hours. A. Light 

microscopy images revealed that mutations in Arid1a promote wound healing. Scale bar: 50um. B. 

Define the wound width at 0 h as 100%. Wound closure capacity was assessed by measuring the area 

without cell coverage as a percentage of the initial blank area after 24 hours. Three independent 

experiments were performed and mean ± SD are shown. 
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3.3.3 ARID1A loss regulates EMT by activating VIM and inhibiting CDH1   

Cancer cells of epithelial origin typically exhibit a continuum between epithelial-

mesenchymal phenotypes (Tam and Weinberg 2013). The epithelial-dominant 

phenotype is predominantly observed in primary cancers. As the metastatic process 

unfolds, tumor cells undergo a phenotypic shift, losing epithelial features such as cell-

cell adhesion and adopting a mesenchymal phenotype. This phenomenon is referred 

to as EMT (Thiery et al. 2009).  

VIM and CDH1 are commonly used markers for EMT, with the VIM/CDH1 ratio being 

a widely employed method to distinguish epithelial, mixed, and mesenchymal 

phenotypes of tumor cells (He et al. 2023: 2; Park et al. 2008; TANABE et al. 2014). 

Our study verified that the loss of ARID1A resulted in a significantly increased 

VIM/CDH1 ratio, while epidermal markers were not reduced. This suggests that the 

loss of ARID1A function contributes to the epithelial-mesenchymal transition (EMT) of 

colorectal cancer (CRC) cells (Figure 19A). Concurrent knockdown of ARID1B in 

Arid1a-mutated CRC cells did not reverse this trend (Figure 19B). 

 
Figure 19. The results of EMT markers expression in AKPf and ArAKPf. A. Mesenchymal markers 

and transcription factors were significantly increased in the ArAKPf cell line compared with the AKPf 

cell line. The experiment was repeated 3 times, mean ± SD are shown, **: p<0.01; ****: p<0.0001; B. 

Western Blot showed the VIM and CDH1 protein expression levels of ARID1A and ARID1B in ArAKPf 

and AKPf cells. ARID1B was knocked down using two different siRNAs (No.34,35). ARID1A loss 

resulted in a significantly increased VIM/CDH1 ratio, but impairment of ARID1A and ARID1B does not 

reverse mesenchymal changes. Experiments were repeated twice. CDH1: cadherin 1; CDH2: 

cadherin 2; CK19: Cytokeratin 19; EpCAM: Epithelial cell adhesion molecule; FN1: Fibronectin 1; 

ITGB1: Integrin subunit beta 1; VIM: Vimentin. 

3.3.4 Arid1a mutation enhances CRC metastasis in vitro via the PI3K signaling 
pathway 

The bar plot in Figure 20B reveals that 210 genes (dark red dots) were significantly 

positively correlated with ARID1A mutations, while 128 genes (dark green dots) were 



Medizinische Fakultät Mannheim der Universität Heidelberg  

 

42 
 

significantly negatively correlated (FDR<0.01, t-test followed by multiple testing 

correction). An enrichment analysis of the varied gene set was performed against 

multiple common signaling pathway sets to identify their overlap. The results indicated 

the activation of the PI3K/Akt signaling pathway. In line with prior research conclusions 

(Jin et al. 2023; Xie et al. 2014), we posit that the PI3K/Akt signaling pathway is one of 

the mechanisms by which ARID1A loss promotes CRC metastasis. 

 

 
Figure 20. Bioinformatic analysis of RNA-seq results in GSE101966 data. A. Distribution of mRNA 

expression of different genes shown using a scatterplot. B. Histogram showing the set of differentially 

expressed genes. Red represents genes that are upregulated and blue represents downregulated 

genes. C. Venn diagram of PI3K/Akt signaling pathway and ARID1A mutations leading to differentially 

expressed genes. D. The mRNA expression levels of PI3K/Akt signaling pathway-related genes were 

significantly increased in the ArAKPf cell line compared with the AKPf cell line. The experiment was 

repeated 3 times, mean ± SD are shown, *: p<0.05; **: p<0.01; ***: p<0.001. WT: Wild-type; KO: 

Knock-out; Akt1: AKT serine/threonine kinase 1; Id1: Inhibitor of DNA binding 1; Mtor: Mechanistic 

target of rapamycin kinase; Pik3ca: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

alpha; Pten: Phosphatase and tensin homolog; Snal1: Snail family transcriptional repressor 1. 
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3.4 Potential therapeutic targets for ARID1A mutations 

3.4.1 ARID1B loss results in reduced proliferation of ARID1A mutant cell lines 

We initially verified whether clonogenicity could be affected. As expected, the 

knockdown of ARID1B in the AKPf cell line did not affect its clonogenic ability, but it 

significantly inhibited clonogenicity in the ArAKPf cell line (Figure 21) 

 
Figure 21. Colony formation experiment results. ARID1A deletion can enhance the clonogenic ability of 

ArAKPf cells, but knocking down ARID1B can inhibit the above changes. Cell lines with normal 

expression of ARID1A were not affected by knockdown of ARID1B. A. Colony formation assay results 

of 0007 and 7291 cells and the changes after ARID1B knockdown using siRNA. B. Violin plots show the 

results of the statistical analysis. Results from three independent experiments, mean ± SD are shown, 

ns: p>0.05; **: p<0.01; ***: p<0.001. 

 

We evaluated the impact of ARID1B KD on CRC proliferation ability. The results 

demonstrated that knocking down ARID1B in the absence of ARID1A significantly 

inhibited cell proliferation. However, when ARID1B was knocked out alone, cell 

proliferation was not affected due to the compensatory effect of ARID1A (Figure 22). 
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Figure 22. AKPf and ArAKPf cell proliferation test results obtained by cck-8 assay. A. The proliferation 

ability of the AKPf cell line is not affected by the expression level of ARID1B. B. The impaired expression 

of ARID1B can significantly inhibit the proliferation ability of ArAKPf cells. Results from three 

independent experiments, mean ± SD are shown, ns: p>0.05; ****: p<0.0001. 

3.4.2 Dose-response assays of selected inhibitors on CRC cells 

Simultaneous deletion of ARID1A and ARID1B has been shown to impair the SWI/SNF 

complex and inhibit CRC cell proliferation. However, designing specific inhibitors 

against ARID1B poses challenges due to the proteins sharing more than 60% 

homology (Helming et al. 2014b). Furthermore, the occurrence of co-mutations of both 

ARID1A and ARID1B in CRCs complicates the development of targeted therapies 

(Mathur 2018).  

We assessed the efficacy of the conventional chemotherapeutic agent oxaliplatin in 

ARID1A-mutant CRC. The results indicated no specific effect on ARID1A mutations in 

mouse cell lines. In HCT116 cell line experiments, the ARID1A mutant line exhibited 

resistance to oxaliplatin (results not shown). 

We also tested the targeted therapeutic effect of ATRi on ARID1A mutations. Utilizing 

insights gleaned from the vehicle control cohort, we maintained the DMSO 

concentration in the experimental group at or below 2.5%. This rigorous control was 

implemented to ascertain that the observed experimental results emanated from the 

pharmacological impact of the administered drug, mitigating any confounding non-

specific effects attributable to DMSO. Interestingly, in mouse cell lines, two different 

ATRi were more lethal to Arid1a mutant cell lines (Figure 23 A and B). However, in the 

HCT116 cell line, ATRi did not show significant differences and even exhibited specific 

drug resistance (Figure 23 C and D). Given the multiple drug resistance mechanisms 

of ATRi reported in some studies, further clinical validation is essential before 

promoting ATRi as a treatment option. 
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Figure 23. Drug response curves of mouse and human CRC cell lines treated with ART inhibitors for 

48 hours. Cell viability was detected by the cck-8 assay. The survival rate of the control group was 

100%, and the drug response curve showed the percentage of surviving cells after treatment with 

different drug concentrations. ARID1A deletion resulted in increased sensitivity of ArAKPf cells to two 

different ATRi (AZ20 and Ceralasertib) compared with wild-type controls (A and C) and concordantly 

in the HCT116 cell line (B and D). One-way ANOVA revealed significant differences (P<0.05). The 

experiment was repeated 3 times, and mean ± SD is shown. 

A drug library consisting of 140 compounds was screened to identify potential 

therapeutics for addressing mutations in the Arid1a gene. The murine organoid cell 

lines (AKPf and ArAKPf) carrying the mutant Arid1a gene and their wild-type 

counterparts were subjected to drug screening. The ArAKPf cell line, with mutations in 

the Arid1a gene, exhibited greater resistance to most drugs compared to AKPf (Figure 

24). This highlights the significance of screening therapeutic drugs targeting Arid1a 

gene mutations. Upon evaluating treatment effects, BCL-2 inhibitors were identified as 

more effective for CRC cell lines with Arid1a gene mutations. 
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Figure 24. The result of the drug screening test on 140 compounds. The results showed that compared 

with Arid1a wild-type organoids (0007, AKPf), Arid1a mutant organoids (7291, ArAKPf) were relatively 

resistant to most types of drugs, and only a small number of drugs were relatively sensitive, among 

which the most obvious is BCL-2 inhibitor. 

To validate the efficacy of BCL-2 inhibitors in the ARID1A gene mutant CRC cell line, 

we conducted in vitro viability assays using HCT116 ARID1AWT/ARID1AKO cells. A 

dose-response curve was generated to calculate the IC50 value (Figure 25). To 

corroborate these findings, we also tested another BCL-2 inhibitor in HCT116 cells. 

Considering the cell-killing potency, assay reproducibility, and the quality of dose-

response curves, we conclusively determined that BCL-2 inhibitors can be effective 

against CRC with mutations in the ARID1A gene. 
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Figure 25. Drug response curves of mouse and human CRC cell lines treated with BCL-2 inhibitors for 

48 hours. Cell viability was detected by the cck-8 assay. The survival rate of the control group was 

100%, and the drug response curve showed the percentage of surviving cells after treatment with 

different drug concentrations. ARID1A deletion resulted in increased sensitivity of ArAKPf cells to two 

different BCL-2i (Venetoclax and ABT737) compared with wild-type controls (A, B) and concordantly in 

the HCT116 cell line (C, D). One-way ANOVA revealed significant differences (P<0.05). The experiment 

was repeated 3 times, and mean ± SD is shown.  

3.4.3 The pairwise combinations of Bcl-2i, ATRi and Oxaliplatin did not demonstrate 
synergistic effects  

Integrating our discoveries with prior studies indicating the lethal impact of ATR 

inhibitors on Arid1a-mutated mouse cells (Williamson et al. 2016), along with the 

efficacy of widely used clinical chemotherapy drugs, we sought to explore potential 

combination therapy strategies, we combined BCL-2i, ATRi and Oxaliplatin in pairs 

and administered them continuously to the HCT116 cell line for 48 hours. Drug-drug 

interactions were assessed using CompuSyn software based on the Chou-Talalay 

method and SynergyFinder software. The combination index (CI) was calculated by 

CompuSyn, where CI < 1, = 1, or > 1 indicated synergy, additivity, or antagonism, 

respectively. SynergyFinder software, employing ZIP, Loewe, Bliss, and HAS 

reference models, provided synergy scores. Results revealed antagonistic effects in 

all combinations, indicating that our findings do not support the use of combination 

therapy (Results not shown).  



Medizinische Fakultät Mannheim der Universität Heidelberg  

 

48 
 

4 DISCUSSION 

4.1 Summary of experimental results 

In this investigation, we utilized a mouse model incorporating the Cre-loxP system and 

generated CRC tumor organoids with ARID1A gene mutations in vitro through 

Ad5CMV-Cre vector transfection. The objective was to elucidate the impact of ARID1A 

gene mutations on CRC using 2D and 3D cell culture models. 

 

Our generated mouse CRC organoid models and human CRC cell lines bearing 

ARID1A mutations provided evidence that these mutations significantly modify the 

functional properties of CRC cells. Specifically, our findings indicate that ARID1A gene 

mutations promote cell proliferation, migration, and drug resistance in both 2D and 3D 

cell models, underscoring their diverse and profound impact on CRC. 

 

Furthermore, we investigated the mechanistic basis for the promotion of EMT by 

ARID1A gene mutations. Our study demonstrates that these mutations regulate the 

expression of VIM and CDH1, enhancing the metastatic potential of CRC cells. This 

discovery enhances our understanding of CRC biology by delineating the molecular 

pathways through which ARID1A gene mutations exert their effects. 

 

Bioinformatics analysis revealed activation of the PI3K/Akt pathway in CRC cells with 

ARID1A gene mutations, providing key insights into associated molecular mechanisms. 

To corroborate these findings, PCR experiments were conducted to assess the 

expression levels of key genes within the PI3K/Akt pathway. The results confirmed 

pathway activation in ARID1A-mutated CRC cells, reinforcing our bioinformatics data. 

 

In pursuit of targeted therapies, traditional drug screens were performed, revealing 

BCL-2 inhibitors as promising candidates against ARID1A gene mutations. Notably, 

these inhibitors exhibited killing efficacy as single agents against CRC cell lines 

harboring ARID1A mutations, offering the potential for precision medicine strategies in 

treating CRC patients with this genetic alteration. 

 

While our results demonstrate the efficacy of BCL-2 inhibitors alone, their lack of 

synergistic effects in combination suggests the need for further studies to optimize 

combination therapies for maximal therapeutic efficacy in ARID1A-mutated CRC. 
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In summary, our study provides valuable insights into the multifaceted effects of 

ARID1A gene mutations on CRC tumor cells, influencing cell proliferation, invasion, 

and drug resistance. By elucidating molecular pathways and identifying potential 

therapeutic targets, our investigation contributes to a deeper understanding of ARID1A 

gene mutations in the context of CRC, paving the way for more effective treatment 

strategies for patients with this genetic alteration. 

4.2 Comparison and analysis of experimental results 

The mutation rate of ARID1A in CRC is well documented and is indicative of a poor 

prognosis for patients. Initial analysis of CRC cohort data in ATCG revealed an 

approximate 10% incidence of ARID1A mutations, with patients bearing these 

mutations displaying a trend toward decreased survival, consistent with prior research 

(Li et al. 2020). However, these results lacked statistical significance, possibly due to 

the absence of subgroup analysis considering ARID1A mutation types, expression 

levels, tumor stage, etc., potentially leading to an underestimation of the prognostic 

value of ARID1A mutations.  

KRAS and APC gene mutations are very common in CRC, ARID1A gene mutations 

and KRAS or APC mutations can significantly promote tumor progression (Huang et 

al. 2019; Sen et al. 2019). Therefore, we established ArAK/AK, ArAKPf/AKPf, and 

ArAP/AP mouse models. Despite previous observations of mutual exclusivity between 

ARID1A and TP53 mutations (Jones et al. 2012; Wang et al. 2011), our established 

mouse cell lines demonstrated that concurrent mutations in Arid1a and p53 heightened 

CRC malignancy, contingent upon the simultaneous presence of Kras and Apc 

mutations. This supports the argument that the exploration of the oncogenic role of the 

ARID1A gene in CRC should consider other genetic backgrounds (Sen et al. 2019). 

ARID1A mutations were found to enhance the proliferation, migration, and invasion 

capabilities of CRC cells, consistent with previous studies. However, the impact of 

ARID1A mutations on epithelial-mesenchymal transition (EMT) remains contentious. 

While some studies failed to prove that ARID1A mutation promotes EMT (Mathur et al. 

2016). Baldi et al. observed that ARID1A KD can affect the EMT process by regulating 

the expression of VIM and CDH1 in a variety of human CRC cell lines (Baldi et al. 

2022). Since they used siRNA transcription to knock down ARID1A expression, we 
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hope to verify it by establishing a stable Arid1a KO mouse cell line. We found that 

ARID1A loss can lead to an increase in the VIM/CDH1 ratio, thereby regulating EMT 

conversion. We also explored whether ARID1B KD can reverse the above changes, 

and the results showed that the overall loss of ARID1 protein could not significantly 

reverse EMT, neither at the mRNA level (results not shown) nor at the protein level. 

Since we knocked down the expression of ARID1B using siRNA, we cannot determine 

whether this short-term knockdown effect limits the true effect. 

Moreover, our analysis revealed that ARID1A mutations activate the PI3K/Akt 

pathway, aligning with previous findings (Xie et al. 2014). The comprehensive 

integration of bioinformatics analysis and RT-qPCR experiments supports the 

conclusion that ARID1A mutations induce changes in gene expression associated with 

the PI3K/Akt signaling pathway.  

Exploring the chemotherapeutic response of ARID1A mutant CRC cell lines, we found 

increased resistance to most drugs, emphasizing the need for targeted therapies. 

While alternative targets like ARID1B and ATR inhibitors have been proposed  

(Helming et al. 2014b; Williamson et al. 2016), there are still challenges in developing 

drugs targeting ARID1B (Mathur et al. 2016). In addition, our study found that knocking 

down ARID1B in Arid1a mutant mouse cell lines could inhibit cell proliferation, but did 

not show the effect of promoting apoptosis and reversing EMT. ATR inhibition exhibited 

synthetic lethality in Arid1a mutant mouse cell lines but not in human CRC cell lines. 

Given the reported mechanisms of resistance to ATR inhibition (Llorca-Cardenosa et 

al. 2022; Lloyd et al. 2021; O’Leary et al. 2022), there remains a critical need to identify 

targeted drugs. 

BCL-2 inhibitors, however, demonstrated specific lethality against ARID1A mutations 

in both in vitro validation and drug screening. BCL-2 assumes a pivotal role in 

apoptosis regulation, and its aberrant activation or overexpression is instrumental in 

sustaining the survival and drug resistance of cancer (Goff et al. 2013). BCL-2 

inhibitors have demonstrated the capability to significantly enhance the apoptosis 

sensitivity of tumor cells (Davids and Letai 2013). Consequently, the inhibition of BCL-

2 activity has emerged as one of the most compelling anti-cancer strategies (Zhang et 

al. 2021). 
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Unfortunately, combined treatment plans involving BCL-2 inhibitors, ATR inhibitors, 

and oxaliplatin did not exhibit notable synergy, discouraging the recommendation of 

combination therapy. 

4.3 Significance and contribution of the results 

The results of this study have important implications for the field of colorectal cancer 

(CRC) research, with far-reaching implications for both basic science and potential 

clinical applications. The main contributions and significance of the research results 

are as follows: 

1. Understanding the role of ARID1A gene mutations in CRC: This study advances our 

understanding of the role of ARID1A gene mutations in CRC. By demonstrating that 

ARID1A mutations affect various aspects of CRC cell behavior, including proliferation, 

metastasis, and drug resistance, we provide valuable insights into the specific 

mechanisms underlying this genetic alteration. 

2. Comprehensive evaluation: This study used 2D and 3D mouse cell culture models 

and human CRC 2D cell lines to conduct a comprehensive evaluation of the impact of 

ARID1A gene mutations on CRC. This multifaceted approach enhances the credibility 

and generalizability of the findings. 

3. Mechanistic Insights: The identification of PI3K/Akt pathway activation in ARID1A-

mutated CRC cells, as well as the molecular mechanisms regulating EMT, provides 

mechanistic insights into the effects of these mutations. This knowledge can serve as 

the basis for further research and drug development efforts. 

4. Identification of potential therapeutic targets: The key finding of this study is that 

BCL-2 inhibitors are effective in treating ARID1A-mutated CRC. Through the 

implementation of a vehicle control group, we effectively mitigated the potential impact 

of DMSO on the observed effects, thereby reinforcing the reliability and reproducibility 

of our experimental findings.  

5. Contribution to precision medicine: This study highlights the importance of 

personalized medicine in cancer treatment. It highlights the importance of identifying 

specific genetic alterations and tailoring treatments to an individual patient's unique 

genomic profile. 
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6. Foundation for future research: Insights gained from this study can serve as the 

basis for future research efforts in the field of CRC, allowing for a deeper exploration 

of ARID1A gene mutations and their broader impact on cancer biology. 

Altogether, this study significantly advances our understanding of the impact of 

ARID1A gene mutations in CRC and provides a platform for future research and 

potential therapeutic intervention. The knowledge gained from this investigation has 

the potential to improve patient care and contribute to ongoing efforts to combat 

colorectal cancer. 

4.4 Research shortcomings and open questions 

While our study provides valuable insights into the role of ARID1A mutations in 

colorectal cancer (CRC), its limitations must be acknowledged as well as the open 

questions that remain for future research: 

1. Limited clinical background: Our research mainly focuses on in vitro and mouse 

models, and the research results need to be verified with a clinical background. Further 

research is needed to understand how these molecular insights translate into actual 

patient outcomes. 

2. Complex interactions: The mechanism by which ARID1A mutations affect CRC cells 

is undoubtedly multifaceted. Our study focused primarily on the PI3K/Akt pathway and 

EMT, but there may be other pathways and interactions that need to be explored. 

3. Lack of in vivo data: Although our study used a mouse model, it did not address all 

aspects of the in vivo microenvironment. We have performed in vivo experiments in a 

CAM model. Although some evidence supporting this argument was observed (results 

not shown), further studies involving xenograft models or genetically engineered 

mouse models could provide a more comprehensive understanding of ARID1A 

mutations in a physiological context. 

4. Interaction with other genetic alterations: CRC often involves multiple genetic 

mutations. The interaction between ARID1A mutations and other genetic alterations 

remains unclear and should be studied to provide a more accurate representation of 

the clinical situation. 
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5. Synergistic effects and clinical trials: Although we did not observe synergistic effects 

between BCL-2 inhibitors, it is still possible that combinatorial approaches involving 

different drug classes or timing may produce enhanced therapeutic effects. The 

identification of BCL-2 inhibitors as potential therapies for ARID1A mutant CRC is 

promising but has not been tested in the clinical setting. Clinical trials are needed to 

evaluate the safety and effectiveness of these targeted therapies. 

6. Mechanistic details: Detailed mechanistic insights into how BCL-2 inhibitors target 

ARDI1A mutated CRC are areas where further research can provide valuable 

knowledge. 

In summary, although our study makes a significant contribution to understanding the 

impact of ARID1A gene mutations on CRC, there are still unanswered questions and 

research gaps that require further investigation. Resolving these limitations and 

uncertainties will lead to a more complete understanding of ARID1A loss and its impact 

on CRC. 
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5 SUMMARY 

The incidence of ARID1A mutation in human CRC is about 10%, and it indicates that 

there is a downward trend in the survival of patients. 

Loss of ARID1A leads to morphological changes in CRC cells and can promote the 

proliferation activity, migration, and invasion of CRC cells, the mechanism behind 

which includes the activation of the PI3K/Akt pathway. ARID1A regulates the EMT 

transformation of CRC cells by regulating the expression ratio of VIM/CDH1. 

Mutations in ARID1A lead to broad drug resistance in CRC cells, including traditional 

chemotherapeutics (oxaliplatin). 

The therapeutic effect of ATR inhibitors on ARID1A-mutated CRC cell lines is still 

uncertain. Knockdown of ARID1B can produce synergistic lethal effects, but the clinical 

application prospect is still unclear. 

BCL-2 inhibitors can be used as candidates for ARID1A mutations.  
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