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1. Introduction 

1.1  Glioblastoma 

1.1.1 Definition 

Globally, the age-standardized prevalence rates of tumors in the central nervous system 

(CNS) exhibited a notable increase of around 17.3 % from 1990 to 2016 (Patel et al., 

2019). In 2016, the prevalence of brain and other CNS tumors was approximately 0.33 

million cases, resulting in approximately 0.227 million deaths (Patel et al., 2019). Gliomas, 

considered to arise from glial cells, are the most predominant malignant brain tumors in 

adults, with an incidence rate of 4.67 to 7.73 per 100, 000 people (Canoll and Goldman, 

2008; Delgado‐Martín and Medina, 2020).  

According to the World Health Organization (WHO) grading system, glioblastoma is a 

WHO grade IV adult–type glioma and is considered as the most common and aggressive 

primary brain tumor, accounting for almost 57 % of all gliomas and 48 % of all primary 

malignant tumors in CNS (Dewdney et al., 2023; Ostrom et al., 2018). The pathologic 

characteristics of glioblastoma encompass those of a diffusely infiltrative neoplasm with 

an astroglial appearance, accompanied by microvascular proliferation and/or 

pseudopalisading necrosis (Wen et al., 2020). Although recent advances in the molecular 

pathogenesis, biology, and multimodal therapy of glioblastoma, it’s still incurable. A five 

year of survival after the initial diagnosis is achieved only in less than 5 % of patients with 

glioblastoma, and this rate has not improved in the past century (Brodbelt et al., 2015; 

Dobes et al., 2011; Stupp et al., 2009; Topkan et al., 2018). Recurring tumorigenesis and 

chemoresistance are the two main roadblocks to improve the prognosis of glioblastoma 

patients (Wen et al., 2020). 

1.1.2 Epidemiology  

The incidence of glioblastoma ranges from 0.59 to 5 per 100,000 people in the world 

(highest in North America, Australia, Northern and Western Europe), and some studies 
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have reported an increase in the incidence, as shown in Figure 1 (Grech et al., 2020; 

Leece et al., 2017). Additionally, this incidence varies by age and sex. The median age at 

glioblastoma diagnosis is 65 years, with peak incidence occurring between 75 and 84 

years, and is higher among white men (Tan et al., 2020). 

Figure 1: Annual cases and incidence of glioblastoma, along with potential causal 
factors. The figure is taken from (Grech et al., 2020). 

Glioblastoma arises supposedly from DNA mutations, resulting in uncontrolled cellular 

proliferation. Unfortunately, only a few risk factors for glioblastoma have been validated. 

Exposure to ionizing radiation of the head and neck is the only known risk factor; 

conversely, a history of allergies, asthma, and other atopic diseases have been validated 

as a protective factor (Amirian et al., 2016; Fisher et al., 2007; Linos et al., 2007). The 

overwhelming majority of patients with glioblastoma has no family history of cancer, and 

only about 5 % of all glioma patients manifest genetic syndromes such as Lynch and 

Li-Fraumeni syndrome (Ranger et al., 2014; Scheurer et al., 2010). 

1.1.3 Classification and characteristics 

Traditionally, glioblastoma has been categorized into primary and secondary forms. The 

primary glioblastomas account for approximately 90 %, which are Isocitrate 
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dehydrogenase-wildtype (IDH-wt) and predominate in elderly patients without any 

identifiable precursor lesion, resulting in the worst prognosis (Delgado‐Martín and 

Medina, 2020; Ohgaki and Kleihues, 2013). In contrast, secondary glioblastomas 

typically emerge from lower-grade gliomas (diffuse or anaplastic astrocytoma), which 

harbor the IDH mutation and appear in younger patients with a more favorable prognosis 

(Delgado‐Martín and Medina, 2020; Tan et al., 2020). Notably, according to the updates 

for WHO classification of CNS tumors in 2021, the term IDH mutant “glioblastoma” has 

been dropped and replaced with the term IDH-mutant “astrocytoma or oligodendroglioma” 

to distinguish them from IDH-wt glioblastoma, as shown in Figure 2 (Torp et al., 2022). 

Figure 2: Streamlined classification and diagnostic algorithm of diffuse glioma 
based on the 2021 WHO classification of CNS tumor. The figure is taken from (Torp et 
al., 2022). 

In recent years, a deeper understanding of glioblastoma pathology has been facilitated 

by continued advances in genetic sequencing capabilities. Therefore, glioblastomas can 

also be separated into three subgroups based on their genomic profiling, which include 

classical, mesenchymal, and proneural, each containing specific somatic alterations. For 

example, the classical subgroup is enriched for the tumors with a high frequency of 
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epidermal growth factor receptor (EGFR) amplifications, and loss of cyclin-dependent 

kinase inhibitor 2A/B (CDKN2A/B). The mesenchymal subgroup is marked by deletion of 

neurofibromatosis type 1 (NF1), and heightened tumor infiltration by macrophages. The 

proneural subgroup is characterized by amplifications of cyclin-dependent kinase 4 

(CDK4) and platelet-derived growth factor alpha (PDGFRα) (Wen et al., 2020). These 3 

subgroups, along with mixed entities between them, collectively encompass the majority 

of glioblastomas, and all linked to human telomerase reverse transcriptase (TERT) 

promoter mutations (Brennan et al., 2013; Ceccarelli et al., 2016; Sturm et al., 2012; 

Wang et al., 2017). In addition, the development of single-cell RNA sequencing 

(scRNAseq) analysis is also helpful in redefining the classification and characteristics of 

glioblastoma. Some scRNAseq studies revealed that tumor composition varies not only 

across patients but also exhibits significant heterogeneity within a single tumor in 

glioblastoma (Brennan et al., 2013; Couturier et al., 2020; Neftel et al., 2019). 

1.1.4 Clinical presentation and diagnosis 

The clinical presentation of glioblastoma is typically associated with the location and size 

of the tumor at diagnosis (Gilard et al., 2021). The headache is the most prevalent initial 

symptom in 30-50 % of glioblastoma patients, followed by motor deficits, weight loss, 

diminished overall condition, confusion, and visual or speech impairments (Gilard et al., 

2021; Yuile et al., 2006). Furthermore, seizures appear in 20-40 % of patients with 

glioblastoma, effectively managed with anticonvulsants throughout the disease course 

(Chaichana et al., 2009). Occasionally, symptoms may escalate rapidly, potentially 

leading to misdiagnosis as a stroke (Omuro and DeAngelis, 2013). 

Magnetic resonance imaging (MRI) scans have evolved as the gold standard imaging 

technique in the diagnosis of glioblastoma. The imaging characteristics of glioblastoma 

typically encompass an infiltrative, heterogeneous, ring-enhancing lesion exhibiting 

central necrosis and surrounded by peritumoral edema, and involvement of the corpus 

callosum is frequently observed in butterfly glioblastoma (Alexander and Cloughesy, 
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2017). Moreover, advancements in MRI technology also contributed to diagnosing 

glioblastoma more accurately by assessing the specific physiological or metabolic 

features. For example, Dynamic Susceptibility Contrast (DSC) MRI can employ the 

spatial distribution of a contrast agent to evaluate the size of blood vessels 

(Kalpathy-Cramer et al., 2014). Perfusion-weighted imaging, derived from the DSC 

technique, involves serial imaging capturing the initial passage of the contrast agent to 

generate maps of parameters, like cerebral blood volume (CBV) (Kalpathy-Cramer et al., 

2014). Given that microvascular proliferation induced by tumor-induced angiogenesis is a 

characteristic of glioblastoma, CBV measurement may help to differentiate glioblastoma 

from other tumor types and grades (Kickingereder et al., 2014; Law et al., 2004; Lee et al., 

2018; Suh et al., 2019; Wesseling et al., 1994). The apparent diffusion coefficient (ADC) 

based on diffusion-weighted MRI is inversely proportional to the density of the cell; which 

can be used as a tool to identify glioblastoma from lower-grade glioma and lymphoma 

(Guo et al., 2002; Hayashida et al., 2006; Higano et al., 2006; Lu et al., 2019; Sugahara 

et al., 1999). 

1.1.5 Treatment and prognosis 

So far, no curative treatment is available, and the protocol of standard treatment has 

remained unchanged for nearly 20 years (Wen et al., 2020). The current standard 

therapy consists of surgical resection followed by temozolomide (TMZ) chemotherapy, 

and concomitant ionizing radiotherapy; nevertheless, the prognosis of glioblastoma 

patients remains poor with a median overall survival of almost 15-18 months (Wen et al., 

2020; Yang et al., 2022). 

The gross total resection (GTR) is typically recommended when it is feasible. Some 

studies have revealed that GTR may enhance survival outcomes, even in old patients 

with glioblastoma; simultaneously, the improved survival by maximal resection is 

irrespective of molecular status (Brown et al., 2016; Chaichana et al., 2014; Molinaro et 

al., 2020; Noorbakhsh et al., 2014). A randomized trial also indicated that the utilization of 
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5-aminolevulinic acid (5-ALA), an optical imaging agent, facilitates the visualization of 

malignant tissue during surgery, leading to enhanced rates of gross total resection and 

improved 6-month progression-free survival (Stummer et al., 2006).  

Even with GTR, infiltrating tumor cells will remain after surgical resection, in part because 

of the balance between resection and preservation of neurological function during 

surgery (Kelly et al., 1987; Lacroix and Toms, 2014; Wen et al., 2020; Yamahara et al., 

2010). Therefore, patients with glioblastoma need to receive adjuvant therapy. Typically, 

patients undergo a 6-week course of radiation therapy (60 gray, delivered in 30 fractions 

of 2 gray) along with concurrent administration of TMZ (Schaff and Mellinghoff, 2023; 

Stupp et al., 2009; Stupp et al., 2005). TMZ, one of the first-line chemotherapeutic agents, 

is commonly used to treat glioblastoma because of its limited side effects. TMZ is a DNA 

alkylating agent known to induce cell cycle arrest at G2/M leading to apoptosis. The 

cytotoxicity of TMZ is mainly mediated by the addition of methyl groups at multiple sites; 

especially, O6 sites on guanines in genomic DNA as shown in Figure 3 (Della Monica et 

al., 2022). This leads to the insertion of a thymine instead of a cytosine opposite the 

methylguanine during subsequent DNA replication and can induce cell death through the 

DNA mismatch repair (MMR) pathway (Della Monica et al., 2022). Notably, the 

incorporation of TMZ has demonstrated an improvement in survival by several months 

and an enhancement in long-term survival when compared with radiotherapy alone 

(Stupp et al., 2005). However, patients with glioblastoma frequently develop TMZ 

resistance, largely due to O6-methylguanine DNA methyltransferase (MGMT) expression 

which is determined by DNA methylation in MGMT promoter (Hegi et al., 2005; Wang et 

al., 2022a). We will further explain the relationship between the TMZ effect and MGMT 

expression in the following sections. 
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Figure 3: Mechanism of temozolomide and temozolomide resistance. TMZ adds 
methyl groups at different positions on nucleic acid (N7 and O6 sites on guanine, N3 sites 
on adenine), and the mutation can be retained. On one hand, the damaged DNA is fixed 
through the activated MMR pathway, resulting in glioblastoma cells being sensitive to 
TMZ. On the other hand, the methylated positions can also be removed through different 
pathways, such as MGMT, APNG, and BER; subsequently, the glioblastoma cells are 
TMZ-resistant. TMZ, temozolomide; MMR, DNA mismatch repair; MGMT, 
O6-methylguanine methyltransferase; APNG, alkylpurine-DNA-N-glycosylase; BER, base 
excision repair. The figure is taken from (Lee, 2016). 

The recurrence of glioblastoma is inevitable, and the median progression-free survival is 

around 7 months for the patients (Stupp et al., 2005; Stupp et al., 2017). Once recur, the 

estimated median overall survival ranges from 24 to 44 weeks, and no standardized 

systemic treatment is currently established for patients with glioblastoma (Clarke et al., 

2011; Lamborn et al., 2008; Wu et al., 2010). Therefore, there is an urgent demand for 

the improvement of glioblastoma therapeutic strategies, some novel approaches have 

emerged in recent years such as precision therapy, immunotherapy, and viral therapy. 

However, these efforts have not translated into substantial outcomes due to the unique 

biological factors of glioblastoma, like significant inter- and intratumoral heterogeneity, 

the blood-brain barrier, and the special tumor microenvironment (Wen et al., 2020). 
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1.2  The role of DNA methylation and MGMT in glioblastoma 

1.2.1 DNA methylation definition 

Epigenetics encompasses the inherited changes in gene expression during mitosis, 

which is caused by structural and chemical alterations in DNA and its associated 

regulatory proteins, excluding changes in nucleotide sequences (Felsenfeld, 2014; 

Holliday, 2006). Epigenetic modifications include DNA methylation, histone modification, 

non-coding RNA-induced modification, and chromatin remodeling (Dawson and 

Kouzarides, 2012; Johnson et al., 2015).  

DNA methylation is the most widely studied epigenetic modification. It is characterized by 

the addition of methyl group at various positions, including the C-5 site of cytosine, N-4 

site of cytosine, N-7 site of guanine, and N-6 site of adenine (Jones, 2012; Lövkvist et al., 

2016). Among these, DNA methylation at the C-5 site of cytosine within the context of 

cytosine-guanine dinucleotides (CpG) is the most common in mammalian cells, as shown 

in Figure 4A (Uddin et al., 2022). Furthermore, DNA methylation plays a crucial role in 

cell physiology, encompassing the regulation of gene expression, silencing of 

retroelements, maintenance of centromere stability and chromosome segregation during 

mitosis, as well as governing X chromosome inactivation and the monoallelic silencing of 

imprinted genes (Bird, 1986; Gartler and Riggs, 1983; Mohandas et al., 1981). 

The reaction of DNA methylation is induced by DNA methyltransferases (DNMTs). The 

identified members of the DNMT family include DNMT1, DNMT2, DNMT3a, DNMT3b, 

and DNMT3L (Berger, 2007). These enzymes transfer a methyl group from a common 

methyl donor, S-adenosyl methionine (SAM), to different positions on DNA (Bird, 2002; 

Dong and Cui, 2019). DNMT1 is mainly responsible for maintaining this epigenetic 

modification (Kulis and Esteller, 2010). DNMT3a and DNMT3b are de novo DNA 

methyltransferases, simultaneously responsible for the correction during the methylation 

process (House, 2013). Although DNMT2 and DNMT3L do not have the function of 

promoting DNA methylation, research suggests that DNMT3L can enhance the 
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methyltransferase activity of DNMT3a and inhibit gene transcription through interaction 

with histone deacetylase 1 (Chedin et al., 2002; Deplus et al., 2002). 

 
Figure 4: The differential profiling of DNA methylation in normal and cancer 
genomes. (A) The DNA DNMT enzymes transfer a methyl group to the C-5 site of 
cytosine within the context of CpG dinucleotide. (B) The widespread distinct pattern of 
DNA methylation between normal (upper) and cancer (down) tissues across the whole 
genome, including all of the gene regulatory elements. One of the hallmarks of cancer 
tissue is the overall loss of 5mC compared with normal tissue, accompanied by aberrant 
DNA methylation across enhancers and promoters. This feature leads to the activation of 
oncogenes and repression of tumor suppressor genes. White circle, unmethylated CpG; 
black circle, methylated CpG. DNMT, DNA methyltransferase; CpG, cytosine-guanine 
dinucleotides; 5mC, 5-methylcytosine. The figure is taken from (Skvortsova et al., 2019). 

There are approximately 28 million CpG sites in the human genome, 70 % of which are 

methylated (Skvortsova et al., 2019). However, CpG sites are not as evenly distributed as 

imagined; instead, they are concentrated in certain regions called CpG islands (CGIs) 

(Gardiner-Garden and Frommer, 1987). The CGIs are generally about 500-1000 bases in 

length and are widely distributed in the promoter or the first exon of genes, and 
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housekeeping genes (Gardiner-Garden and Frommer, 1987; Takai and Jones, 2002). 

Studies have shown that CGIs exist in 60 % of gene promoter regions (Saxonov et al., 

2006). In normal somatic cells, in contrast to scattered CpG sites, CpG sites within CGIs 

are typically unmethylated, as shown in Figure 4B. In addition, the distribution density of 

the CpG site itself does not affect the expression of genes, but is regulated by the 

methylation level of CGIs in the promoter region. Unmethylated or hypomethylated CGIs 

can maintain the open structure of chromatin and provide a binding platform for 

transcription factors to activate gene transcription (Tost, 2009). However, when CGIs are 

hypermethylated, they will prevent the transcription of transcription factors, resulting in 

the inhibition of gene expression (Maxwell et al., 2009). 

1.2.2 The role of DNA methylation in the regulation of MGMT expression 

Although TMZ is widely used as a chemotherapy agent for postoperative treatment in 

glioblastoma patients, chemoresistance is in high prevalence. This is because the DNA 

adducts generated by TMZ can be rapidly reversed by an intracellular suicide DNA repair 

enzyme called MGMT, resulting in reduced effectiveness of TMZ in patients, as shown in 

Figure 3 (Mansouri et al., 2019). MGMT is ubiquitously expressed in normal human 

tissues, it can transfer the methyl group at the O6 position of guanine to its own cysteine 

residue, restoring the nucleotide to its natural state and facilitating the repair of DNA 

(Gerson et al., 1986; Hegi et al., 2008; Yu et al., 2019). 

The MGMT encoding gene is located on chromosome 10, with a total length of 300,437 

bp (Kent, 2002; Pruitt et al., 2005). It is well known that MGMT gene expression is 

controlled by DNA methylation of the promoter region and hypermethylation results in 

decreased transcription and expression of the MGMT protein (Christmann et al., 2010). 

The state of CGI hypermethylation can cause heterochromatinization, accompanied by 

rearrangement and random positioning of nucleosomes; which may cover the 

transcription start site (TSS) and prevent transcription factors (TFs) from binding 

(Costello et al., 1994; Watts et al., 1997). MGMT promoter hypermethylation has been 
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observed in a variety of tumors, which is consistent with epigenetics serving as a 

common mechanism for tumor suppressor gene silencing during malignant tumor 

progression (Esteller et al., 2001; Esteller et al., 1999; Ting et al., 2006). 

In glioblastoma, the effectiveness of TMZ is closely related to the methylation status of 

the MGMT promoter region. Several clinical studies demonstrated that glioblastoma 

patients with hypermethylation of the MGMT promoter benefit most from treatment with 

TMZ and have significantly improved overall survival compared with patients with 

hypomethylation of the MGMT promoter (Hegi et al., 2005; Hegi et al., 2008; Stupp et al., 

2009). Patients with a hypermethylated MGMT promoter experienced recurrence after a 

more extended time interval under the combined treatment of radiotherapy and TMZ, in 

contrast to patients with an unmethylated MGMT promoter (Brandes et al., 2009). 

Therefore, the methylation status of the MGMT promoter is not only a valid biomarker for 

predicting tumor sensitivity to TMZ but also for the prognosis of glioblastoma patients 

(Mansouri et al., 2019; Perry et al., 2017). On the other hand, this finding makes MGMT a 

potential target for modulating TMZ resistance in tumors with MGMT expression. Some 

MGMT inhibitors, such as O6-benzylguanine (O6-BG) is a synthetic derivative of guanine, 

have been tested in combination with TMZ treatment; unfortunately, the systemic toxicity 

of O6-BG reduced TMZ therapeutic window instead of a better clinical benefit compared 

with TMZ alone (Quinn et al., 2009; Warren et al., 2012). 

1.2.3 DNA methylation in other cancer-related research 

More and more studies revealed aberrant epigenetic changes as a hallmark in human 

cancers, including glioblastoma (Kelly and Issa, 2017; Lu et al., 2020; Topper et al., 2020). 

Many studies also indicated that the methylation patterns in glioma cells differ from those 

in normal cells (de Souza et al., 2018; Liao et al., 2018). Thus, the initiation and 

progression of tumorigenesis involve the disruption of normal epigenetic processes, 

which is mainly featured by genome-wide hypomethylation accompanied by 

hypermethylation of GGI in certain gene promoter regions, as shown in Figure 4B  
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(Baylin and Jones, 2011; Jones and Baylin, 2002; Jones and Baylin, 2007).  

Genome-wide hypomethylation contributes to heightened genomic instability and 

aneuploidy, which are common features across various cancer genomes (Ehrlich and 

Lacey, 2012). Simultaneously, the loss of DNA methylation can result in abnormal 

expression of oncogenes, transposable elements, and repetitive sequences (Ehrlich and 

Lacey, 2012; Jones and Baylin, 2007). Interestingly, some CpG-deficient enhancer 

regions that are unmethylated in normal tissues, are often methylated in tumor tissues 

(Akhtar-Zaidi et al., 2012; Aran et al., 2013; Taberlay et al., 2016).  

Hypermethylation of GGI in gene promoter regions is typically related to the silencing of 

some tumor suppressor genes, as well as genes regulating cell growth and downstream 

signaling pathways (Skvortsova et al., 2019). The CpG island methylator phenotype 

(G-CIMP) that is related to other predictive biomarkers of glioblastoma, such as the 

methylation statues of MGMT and IDH-1 mutation, is thought to be a predictor of 

prognosis in patients with glioma (Mack et al., 2014; Malta et al., 2018). The G-CIMP in 

the majority of glioblastoma patients is negative (Kloosterhof et al., 2013). 

DNA methylation also plays an important role in glioblastoma metabolism, such as 

glycolysis, mitochondria function, and oxidative phosphorylation (OXPHOS) (Dong and 

Cui, 2019). For instance, pyruvate kinase M2 (PKM2), an enzyme governing the destiny 

of pyruvate during glycolysis, exhibits a high expression that is closely associated with 

the hypomethylation of intron 1 in its coding genes in a variety of tumors, including 

glioblastoma (Desai et al., 2014). Conversely, other genes related to glycolysis are 

hypermethylated in IDH1-mutant glioblastoma, such as GLAM, GAPDH, LDHA, and 

ENO1 (Chen et al., 2017). Another study showed that Krüppel-like factor 4 (KLF4), as a 

zinc finger transcription factor, stimulates mitochondrial fusion and augments spare 

respiratory capacity by methylation-dependent KLF4 binding activity in glioblastoma 

(Wang et al., 2018). 
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1.3  Genome editing and the CRISPR/Cas9 system 

1.3.1 The development of genome editing 

DNA, carrying the genetic code, serves as the blueprint for the synthesis of proteins, 

which are essential macromolecules with diverse functions in cells. This relationship is 

governed by the processes of transcription and translation. Mutations at specific DNA loci 

can lead to abnormal protein expression, and more than 3,000 mutations have already 

been confirmed to be associated with disease phenotypes. In classic genetics, radiation 

and chemical mutagens were utilized to mediate the non-specific DNA mutations in lower 

organisms to reveal important processes in development and human disease, but it's 

infeasible for higher organisms such as mice due to the generation of a large number of 

mutations (Bier, 2005; Capecchi, 2001; Nüsslein-Volhard and Wieschaus, 1980). On the 

contrary, reverse genetics is a molecular genetics method to elucidate the function of a 

gene by analyzing the phenotypic effects resulting from specific engineered gene 

sequences (Khalil, 2020). Advances in genetic promoted the development of therapeutic 

genome editing techniques. 

Programmable nucleases-mediated genome editing technologies have been shown 

effective genome editing in various model organisms and mammalian cells. Ongoing 

endeavors in both industry and academia aim to further develop these tools into potential 

therapeutics (Genovese et al., 2014; Li et al., 2011; Tebas et al., 2014; Yin et al., 2014). 

These nucleases mainly include four main types: meganucleases, zinc finger nucleases 

(ZFNs), transcription activator-like effector nuclease (TALENs), and clustered regularly 

interspaced short palindromic repeats (CRISPR)-associated nuclease 9 (Cas9) 

(CRISPR/Cas-9) (Khalil, 2020). All the nucleases achieve specific DNA binding through 

protein-DNA interactions, except Cas9 which is targeted to specific DNA positions under 

the guidance of a short RNA molecule that base-pairs directly with the target sequence 

and through protein-DNA interactions (Cox et al., 2015). 
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The mechanism of programmable nucleases-mediated genome editing is based on the 

induction of DNA double-strand breaks (DSBs) at specific genomic positions, and 

followed by the recruitment of endogenous repair machinery. There are two different 

ways to repair the DSB: The first one is homology-directed repair (HDR), which requires 

precise DNA repair through homologous recombination based on exogenous DNA 

templates. In contrast to this, the second one is non-homologous end-joining (NHEJ), 

which could repair the DNA by directly rejoining the two ends of DSB without a template. 

While this process is effective in DNA repair, it is also susceptible to introducing errors 

and mutations (Jasin and Rothstein, 2013; Rouet et al., 1994). 

1.3.2 The origin, composition, and function of CRISPR/Cas9 system 

The CRISPR/Cas system, a 21-47 bp repetitive DNA cluster, was originally discovered in 

bacteria and archaea as a naturally occurring protective immunity (Godde and Bickerton, 

2006; Horvath et al., 2008; Hsu et al., 2014; Marraffini and Sontheimer, 2010). It protects 

prokaryotic cells from infection by phages and viruses, as well as any other harmful 

events, such as foreign genetic elements, invading pathogens, and plasmids 

(Chekani-Azar et al., 2020; Xu and Li, 2020). The CRISPR/Cas system is mainly 

composed of two components: a repeat spacer array capable of generating CRISPR 

RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA), along with Cas proteins 

exhibiting endonuclease activity (Xu and Li, 2020). Typically, upon the initial invasion of a 

foreign genetic element, it will be broken down into short fragments by the Cas proteins 

and integrated into the CRISPR array to form a new spacer (naidu gopal Hariprabu et al., 

2021). Therefore, when the same invader invades again, prokaryotic cells can quickly 

recognize foreign DNA under the guidance of crRNA, and then Cas proteins cleave it to 

protect the host (Chekani-Azar et al., 2020; Xu and Li, 2020). 

CRISPR/Cas9 system, class1-typeⅡ CRISPR/Cas system, derived from Streptococcus 

pyogenes (SpCas9) (naidu gopal Hariprabu et al., 2021; Zhan et al., 2019). Since it relies 

on a single Cas protein to cleave foreign DNA, it has become the fastest-developing and 



 22 

widely used genome editing tool (Jinek et al., 2012). The CRISPR/Cas9 system consists 

of two main parts: single guide RNA (sgRNA) and Cas9 protein (Cong et al., 2013; Mali et 

al., 2013). sgRNA is a synthetic complex formed by the hybridization of crRNA and 

tracrRNA: crRNA contains a 20bp nucleotide sequence that is complementary to the 

target DNA, which determines the specificity of the Cas9 protein cleavage; the main 

function of tracrRNA is to bind and activate Cas9 protein (Nishimasu et al., 2014; Sander 

and Joung, 2014). Cas9 primarily comprises two nuclease domains, HNH and RuvC, 

working collaboratively to generate ribonucleoprotein (RNP) (naidu gopal Hariprabu et al., 

2021). The HNH domain is responsible for cleaving the DNA strand complementary to the 

spacer sequence, whereas the non-complementary strand is cleaved by the RuvC 

domain (Redman et al., 2016; Uddin et al., 2020; Xu and Li, 2020). Generally, the sgRNA 

initially binds to a complementary sequence at the specific DNA position, subsequently 

activating the Cas9 endonuclease enzyme to conduct gene editing on the target DNA loci, 

resulting in DNA DSBs as shown in Fig 5. Moreover, sgRNA can be readily designed 

using some specialized web-based tools, such as CHOPCHOP and CRISPROR. A 

crucial requirement in the design process is the presence of the protospacer adjacent 

motif (PAM) sequence, positioned immediately downstream of the sgRNA target 

sequence in the genome (Ansari et al., 2022). The PAM sequence plays a crucial role in 

sgRNA target recognition and varies based on the Cas9 protein source. For example, it is 

5'-NGG-3’ in SpCas9 (Xu et al., 2020).  

The CRISPR-Cas9 system has been widely applied in research areas such as gene 

knockout, knock-in, and high-throughput screening and modeling of the genome. Gene 

knockout mainly relies on the subsequent NHEJ repair method after the formation of DNA 

DSBs, NHEJ mediates the insertion and deletion of some base pairs, ultimately leading 

to gene inactivation and gene knockout; as for gene knock-in, it is mainly realized through 

the HDR method that relies on donor templates as shown in Fig 5 (Cai et al., 2023). In 

recent years, the CRISPR system has emerged as the predominant tool for gene 

knock-out in both cellular and animal studies (Wang et al., 2022b; Zhu, 2022). In addition, 
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whether in vivo or in vitro experiments, CRISPR-Cas9 genome high-throughput 

screening can unveil novel biomarkers, oncogenic drivers, chemotherapy resistance 

mechanisms, and genes that enhance tumor cell sensitivity to standardized or 

coordinated treatments (Al-Sammarraie and Ray, 2021).  

 

Figure 5: The mechanism of CRISPR/Cas9 genome editing system. The DSB 
generated through the sgRNA-mediated cleavage of Cas9 protein is closed to the region 
of the PAM sequence. Subsequent DNA repair occurs via the NHEJ or HDR pathways. 
The NHEJ-mediated error-prone repair is commonly used for gene knock-out, while the 
HDR pathway based on a donor DNA template is used for gene knock-in. The figure is 
taken from (naidu gopal Hariprabu et al., 2021). 

1.3.3 dCas9-mediated epigenetic editing and CRISPRoff system 

While CRISPR enables precise DNA editing, the stability of the genome structure may be 

compromised by structural changes resulting from the insertion or deletion of extensive 

DNA sequences (Cullot et al., 2019; Egli et al., 2018). With the ongoing advancement of 
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CRISPR gene editing technology, a novel system that regulates gene expression at the 

gene transcription or post-transcriptional level without damaging the genome sequence 

has been invented, called the CRISPR/ catalytically inactive Cas9 (dCas9) system. This 

modified CRISPR system is attained by introducing point mutations into the nuclease 

domain of the Cas9 protein (point mutations of D10A in the RuvC domain and H840A in 

the HNH domain) (Ansari et al., 2022; Jinek et al., 2012). These point mutations render 

the Cas9 protein devoid of endonuclease activity, but it does not impact the 

sgRNA-mediated binding efficiency to the target genome (Gilbert et al., 2013; Jinek et al., 

2012). 

The binding of the dCas9 protein itself at the target site disrupts transcriptional activity by 

impeding transcription elongation, RNA polymerase binding, or transcription factor 

binding (Gilbert et al., 2013). However, while this editing technology is highly effective in 

prokaryotic cells like bacteria and fungi, the efficiency of inhibiting gene expression in 

mammalian cells is very low (Gilbert et al., 2013). Notably, the dCas9 protein can be 

further fused to a variety of effector domains to mediate different types of gene editing at 

specific DNA targets. These effector domains are mainly divided into transcriptional 

modifiers (TM) and epigenetic modifiers (EM) (Brocken et al., 2018). The gene editing 

system fused with TM is called CRISPR interference (CRISPRi), which mainly relies on 

the fusion of dCas9 and the KRAB repressor domain to suppress gene transcription; and 

CRISPR activation (CRISPRa), which activates gene transcription through the fusion of 

dCas9 and the activator domain (Ansari et al., 2022; Gilbert et al., 2013; Kampmann, 

2018). Common examples include the herpes simplex virus protein 16 (VP16) and its 

various copies such as VP48, VP64, VP120, along with the nuclear factor kappa B 

transactivation domain (p65) (Ansari et al., 2022). 

In addition to the above-mentioned TMs, various EMs are fused to the dCas9 protein. 

Guided by sgRNA, these fusion effectors conduct precise epigenetic modification at 

specific DNA target locations. For instance, CRISPR systems incorporating 
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dCas9-DNMT3A or DNMT3A-DNMT3L fusion proteins can suppress gene transcription 

by inducing DNA methylation at CpG sites within specific DNA target regions (McDonald 

et al., 2016; Stepper et al., 2016; Vojta et al., 2016). Conversely, the dCas9-TET1 fusion 

protein selectively decreases DNA methylation levels (Xu et al., 2016). Furthermore, the 

dCas9 conjugated with p300 exhibits programmable histone acetyltransferase properties, 

enabling direct modification of the chromatin state and enhancing the accessibility of 

genomic regions (Hilton et al., 2015). 

CRISPRoff is a CRISPR/dCas9 gene editing system (DNMT3A-DNMT3L-dCas9-KRAB) 

invented by Nunez et al., which contains multiple fusion effector domains (Nunez et al., 

2021). It can induce hypermethylation at specific CpG sites in DNA through transient 

expression in cells. Compared with previously reported similar CRISPR systems, it has 

the following advantages: 1. It can not only induce DNA methylation within the CGI region 

but also increase the methylation level of scattered CpG sites, enabling the inhibition of 

the expression of a majority of genes. 2. It can precisely mediate methylation within a 

targeted window, typically spanning approximately 1000 base pairs; 3. The mediated 

gene inhibition effect is heritable and remains stable through cell division and stem cell 

differentiation (Nunez et al., 2021). 
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1.4  Aim of the study 

In summary, glioblastoma is the most common malignant and incurable tumor in the CNS. 

Despite the limited benefit of TMZ-mediated chemotherapy and the frequent occurrence 

of chemoresistance, it remains an important part of current standard therapy. Hence, it’s 

urgent to solve the problem of TMZ resistance. According to the current studies, the 

intracellular expression of MGMT plays a crucial role in TMZ resistance, whose 

expression is negatively correlated with the DNA methylation level of its promoter region. 

In this study, we used the CRISPRoff epigenetic editing system to address the following 

questions: 

(1) Test whether we could downregulate the MGMT expression through targeted DNA 

methylation using CRISPRoff in different stable transfection human glioblastoma cell 

lines. 

(2) Investigate whether successful downregulation of MGMT expression can reverse the 

TMZ resistance in human glioblastoma cell lines. 

(3) Characterize the changes of DNA methylation level at CpG sites within the MGMT 

promoter region, and evaluate potential off-target effects of the CRISPRoff epigenetic 

editing system. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and reagents 

Table 1: Chemicals and reagents 

Item Manufacturer 

10X NEB buffer New England Biolabs, Frankfurt, Germany 

10X Oligo annealing buffer Invitrogen, Carlsbad, USA 

2-Propanol AppliChem GmbH, Darmstadt, Germany 

30 % Hydrogen peroxide Merck, Darmstadt, Germany 

6X DNA loading buffer Biotium, Fremont, CA, USA 

Agar-Agar, Kobe I Carl Roth, Karlsruhe, Germany 

Agarose Sigma-Aldrich, Steinheim, Germany 

AlamarBlue cell viability reagent Invitrogen, Carlsbad, USA 

Ammonium persulfate Sigma-Aldrich, Steinheim, Germany 

Ampicillin sodium salt Carl Roth, Karlsruhe, Germany 

Ampuwa rinsing solution Fresenius Kabi, Bad Homburg, Germany 

Benzonase Merck, Darmstadt, Germany 

Boric acid Sigma-Aldrich, Steinheim, Germany 

Bromophenol blue sodium salt Sigma-Aldrich, Steinheim, Germany 

BsaI-HF®v2 restriction enzyme New England Biolabs, Frankfurt, Germany 

DNA-exitusPlus IF AppliChem GmbH, Darmstadt, Germany 

Ethanol Merck, Darmstadt, Germany 

Ethanol 70 % Fischar, Saarbrücken, Germany 

Ethylene diamine tetra-acetic acid 

disodium salt (EDTA) 

Sigma-Aldrich, Steinheim, Germany 

GelRed® Nucleic Acid Gel Stain Biotium, Fremont, CA, USA 
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Glucose Carl Roth, Karlsruhe, Germany 

Glycerol Carl Roth, Karlsruhe, Germany 

Glycine Carl Roth, Karlsruhe, Germany 

Halt Protease Inhibitor-Cocktail Thermo Fisher Scientific, Waltham, USA 

Hydrochloric acid 37 % Carl Roth, Karlsruhe, Germany 

LB Broth Carl Roth, Karlsruhe, Germany 

Methanol Sigma-Aldrich, Steinheim, Germany 

PageRuler™ Plus Prestained Protein 

Ladder, 10 to 250 kDa 

Thermo Fisher Scientific, Waltham, USA 

Phosphate buffered saline tablet Sigma-Aldrich, Steinheim, Germany 

Pierce ECL Western Blotting Substrate Thermo Fisher Scientific, Waltham, USA 

Potassium hydroxide (KOH) Sigma-Aldrich, Steinheim, Germany 

Powdered milk Carl Roth, Karlsruhe, Germany 

Propidium iodide (PI) Merck, Darmstadt, Germany 

Proteinase K solution Carl Roth, Karlsruhe, Germany 

Puromycin dihydrochloride Carl Roth, Karlsruhe, Germany 

PyroMark annealing solution Qiagen, Dusseldorf, Germany 

PyroMark binding solution Qiagen, Dusseldorf, Germany 

PyroMark denaturation solution Qiagen, Dusseldorf, Germany 

PyroMark Gold Q96 Reagents Qiagen, Dusseldorf, Germany 

PyroMark washing buffer, 10X Qiagen, Dusseldorf, Germany 

Ready-to-Use 1 kb DNA Ladder Biotium, Fremont, CA, USA 

Ready-to-Use 100bp DNA Ladder Biotium, Fremont, CA, USA 

ROTI ® Fect PLUS Carl Roth, Karlsruhe, Germany 

ROTIPHORESE®Gel 30 (37.5:1) Carl Roth, Karlsruhe, Germany 

SDS solution (20 %) Bio-Rad Laboratories, Munich, Germany 

Silicone paste KORASILON Carl Roth, Karlsruhe, Germany 
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Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 

Sodium citrate dihydrate Merck, Darmstadt, Germany 

Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, Germany 

Streptavidin Sepharose High 

Performance 

Cytiva, Marlborough, United States 

T4 DNA ligase Thermo Fisher Scientific, Waltham, USA 

T4 DNA Ligase Buffer (10X) Thermo Fisher Scientific, Waltham, USA 

TEMED Carl Roth, Karlsruhe, Germany 

Temozolomide (TMZ) Sigma-Aldrich, Steinheim, Germany 

Triton X-100 Sigma-Aldrich, Steinheim, Germany 

Trizma base Sigma-Aldrich, Steinheim, Germany 

Tween 20 Carl Roth, Karlsruhe, Germany 

Water, HPLC Gradient Grade JT Baker, New Jersey, United States 

β-mercaptoethanol Sigma-Aldrich, Steinheim, Germany 

2.1.2 Equipment 

Table 2: Equipment 

Device Manufacturer 

AccuBlock Digital Dry Baths Labnet, Edison, NJ, USA 

Automatic cell counter Nanoentek, Seoul, Korea 

Biometra TAdvanced cycler Analytik Jena, Jena, Germany 

BP211D Balance Sartorius, Goettingen, Germany 

Cell culture CO2 incubator Heraeus, Hanau, Germany 

Centrifuge 5415 R Eppendorf, Hamburg, Germany 

Centrifuge 5810 R Eppendorf, Hamburg, Germany 

ChemoCam imager system Intas, Göttingen, Germany 

Conical flask Technische Glaswerke Ilmenau, Minden, 

Germany 
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E1-ClipTip Electronic pipette Thermo Fisher Scientific, Waltham, USA 

Electrophoresis power supply (E831) Consort, Turnhout, Belgium 

Electrophoresis power supply 

(PowerPac 300) 

Bio-Rad Laboratories, Munich, Germany 

FACSCanto II Flow Cytometry System BD Bioscience, Heidelberg, Germany 

Flake ice maker AF 103 Scotsman, Vernon Hills, IL, USA 

Grant Y22 Thermostatic water bath Grant, Royston, UK 

Heraeus MULTIFUGE X3 centrifuge Heraeus, Hanau, Germany 

Innova™ 40/40R Benchtop  

Incubator Shaker 

New Brunswick Scientific,  

Edison, NJ, USA 

Intas Gel iX Imager system Intas, Göttingen, Germany 

Leica DMIL LED Fluo Microscopes Leica, Wetzlar, Germany 

Magnetic stirrer (MR 3001) Heidolph, Schwabach, Germany 

Memmert BE500 Incubator Memmert, Schwabach, Germany 

Micro diaphragm vacuum pump 

LABOPORT® N 86 KT.18 

KNF Neuberger, Freiburg, Germany 

Microwave AEG, Frankfurt, Germany 

Mikro plate Mixer (RS-MM10) Phoenix Instrument, Garbsen, Germany 

Mini Protean glass plates Bio-Rad Laboratories, Munich, Germany 

Mini Protean short plates Bio-Rad Laboratories, Munich, Germany 

Mini-Centrifuge (SU1550) Sunlab, Aschaffenburg, Germany 

Mini-Protean Tetra Vertical 

Electrophoresis Cell 

Bio-Rad Laboratories, Munich, Germany 

Mini-PROTEAN® Casting Frame Bio-Rad Laboratories, Munich, Germany 

Multipette Xstream Eppendorf, Hamburg, Germany 

Nanodrop one Thermo Fisher Scientific, Waltham, USA 

Pipette controller, PIPETBOY 2 Integra Biosciences, Zizers, Switzerland 
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Portable Balance (SKX 222) Ohaus, Parsippany, NJ, USA 

PyroMark Q24 Cartridge (0015) Qiagen, Dusseldorf, Germany 

PyroMark Q24 system Qiagen, Dusseldorf, Germany 

PyroMark Q24 working station Qiagen, Dusseldorf, Germany 

Rotating shaker, Roto-Shake Genie Scientific Industries, Bohemia, NY, USA 

S20 SevenEasy™ pH meter METTLER TOLEDO, Giessen, Germany 

Safety Cabinet Heraeus, Hanau, Germany 

SPECTRAMAX GEMINI Microplate 

Reader/Spectrofluorometer 

Molecular Devices, Munich, Germany 

SPECTROstar Nano Reader BMG Labtech, Ortenberg, Germany 

Steam sterilizer high-pressure climate 

chamber 

HP Laboratory Technology, 

Oberschleissheim, Germany 

StepOnePlus™ Real-time PCR system Thermo Fisher Scientific, Waltham, USA 

Sub-Cell Model 96  Agarose Gel 

Electrophoresis Systems 

Bio-Rad Laboratories, Munich, Germany 

Table top autoclaves 25 T – 195 T HP Laboratory Technology, 

Oberschleissheim, Germany 

ThermoMixer comfort Eppendorf, Hamburg, Germany 

ThermoMixer F1.5 Eppendorf, Hamburg, Germany 

Thermostatic circulator, MultiTemp III Pharmacia Biotech, Potsdam, Germany 

Tube Roller (SU1400) Sunlab, Aschaffenburg, Germany 

Vacuum pump system BVC 21 Vacuubrand, Wertheim, Germany 

Vortex mixer, VORTEX Genius 3 IKA-Werke, Staufen, Germany 

Wet/Tank Blotting Systems Bio-Rad Laboratories, Munich, Germany 
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2.1.3 Consumables 

Table 3: Consumables 

Item Manufacturer 

0.45 µm Nitrocellulose membrane GE Healthcare, Solingen, Germany 

10 cm petri dish Sarstedt, Nümbrecht, Germany 

10 cm tissue culture dish Sarstedt, Nümbrecht, Germany 

adhesive seals (PCR plates) Thermo Fisher Scientific, Waltham, USA 

Bacteria culture tubes, 13 ml Sarstedt, Nümbrecht, Germany 

Cell counting slide Nanoentek, Seoul, Korea 

Cell culture flasks (T25, T75) Sarstedt, Nümbrecht, Germany 

Cell culture plates (12, 24, 48, 96 well) Sarstedt, Nümbrecht, Germany 

ClipTip sterile, 300 μl Thermo Fisher Scientific, Waltham, USA 

Combitips advanced Eppendorf, Hamburg, Germany 

CryoPure tube, 1.6ml, sterile Sarstedt, Nümbrecht, Germany 

Disposable scalpel B/Braun, Tuttligen, Germany 

Falcon tubes (15, 50 ml) Greiner Bio-One, Frickenhausen, Germany 

Filter Paper Qualitative 24.0 cm GE Healthcare, Solingen, Germany 

Filtered pipette tips (10, 20, 100, 200 

1000 μl) 

Nerbe plus, Winsen, Germany 

Flow cytometry Tube, 5 ml Sarstedt, Nümbrecht, Germany 

Glass beads 4 mm Carl Roth, Karlsruhe, Germany 

Kim wipes Kimtech Science, Koblenz, Germany 

MicroAmp Fast Optical 96-Well  

Reaction Plate 

Thermo Fisher Scientific, Waltham, USA 

Microcentrifuge tubes (1.5, 2, 5 ml) Sarstedt, Nümbrecht, Germany 

Nalgene filtration product Thermo Fisher Scientific, Waltham, USA 

Parafilm Bemis, Neenah, USA 
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Pasteur pipettes, glass Brand, Wertheim, Germany 

PCR tube，200 μl Eppendorf, Hamburg, Germany 

Peha-soft nitrile gloves, powder-free Hartmann, Heidenheim, Germany 

Pipettes (5, 10, 25 ml) Greiner Bio-One, Frickenhausen, Germany 

Pipettes tips (10, 20, 100, 1000 μl) Nerbe plus, Winsen, Germany 

Screw cap tubes graduated and sterile Greiner Bio-One, Frickenhausen, Germany 

Syringe filters, 0.22 μm pore size GE Healthcare, Solingen, Germany 

Syringes  BD Bioscience, Heidelberg, Germany 

2.1.4 Cell culture reagents 

Table 4: Cell culture reagents 

Reagent Manufacturer 

1 % Trypsin-EDTA (1X) Gibco, Grand Island, NY, USA 

Dimethyl sulfoxide (DMSO) Carl Roth, Karlsruhe, Germany 

DMEM (1X) + GlutaMAX medium Gibco, Grand Island, NY, USA 

DPBS PAN-Biotech, Aidenbach, Germany 

FBS superior Sigma-Aldrich, Steinheim, Germany 

Ham’s F-10 Gibco, Grand Island, NY, USA 

Opti-MEM I (1X) Gibco, Grand Island, NY, USA 

Penicillin/Streptomycin Gibco, Grand Island, NY, USA 

Trypan blue stain 0.4 % Nanoentek, Seoul, Korea 

2.1.5 Kits 

Table 5: Kits 

Kit Manufacturer 

DNA Clean & Concentrator kit Zymo Research, Freiburg, Germany 

EZ DNA Methylation-GoldTM kit Zymo Research, Freiburg, Germany 

HotStarTaq Plus Master Mix kit Qiagen, Dusseldorf, Germany 



 34 

MethylFlash Global DNA methylation 

(5-mC) ELISA kit 

Epigentek, Farmingdale, USA 

NucleoBond Xtra Maxi kit Macherey-Nagel, Dueren, Germany 

PierceTM BCA Protein Assay kit Thermo Fisher Scientific, Waltham, USA 

PyroMark PCR kit Qiagen, Dusseldorf, Germany 

QuantiTect SYBR Green RT-PCR kit Qiagen, Dusseldorf, Germany 

QuantSeq FWD 3' -mRNA-Seq Kit  Lexogen, Vienna, Austria 

Quick-RNA MiniPrep kit Zymo Research, Freiburg, Germany 

ZR Plasmid Miniprep-Classic kit Zymo Research, Freiburg, Germany 

Zymoclean™ Gel DNA Recovery kit Zymo Research, Freiburg, Germany 

2.1.6 Cell lines 

Table 6: Cell lines 

Cell line Origin Source 

LN18 Human glioblastoma Institute for Neuropathology at UKB 

T98G Human glioblastoma Institute for Neuropathology at UKB 

U138MG Human glioblastoma Leibniz Institute DSMZ, Braunschweig, Germany 

2.1.7 Antibodies  

Table 7: Antibodies 

Antibody Catalog No. 

/Clone 

Dilution Dilution Company 

MGMT Monoclonal Antibody 
MA5-13506/

MT 3.1 
1:1000 

Thermo Fisher Scientific, 

Waltham, USA 

Monoclonal Anti-β-Actin, 

antibody  
A5441/AC-15 1:10000 

Sigma-Aldrich, Steinheim, 

Germany 

Polyclonal Goat Anti-mouse 

Immunoglobulins/HRP 
P0447 1:5000 

Agilent Technologies, 

Santa Clara, CA, USA 
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2.1.8 Primers 

Table 8: Primers used in plasmid construction 

item Sequence (5’-3’) 

hU6-F GAGGGCCTATTTCCCATGATT 

MGMT-gRNA2 U6 top CCGGGGACCGGGATTCTCACTAAG (CGG) 

MGMT-gRNA2 U6 bottom AAACCTTAGTGAGAATCCCGGTCC 

MGMT-gRNA4 U6 top CCGGCCCGGCTTGTACCGGCCGAA (GGG) 

MGMT-gRNA4 U6 bottom AAACTTCGGCCGGTACAAGCCGGG 

MGMT-gRNA10 U6 top CCGGCACACCCGACGGCGAAGTGA (GGG) 

MGMT-gRNA10 U6 bottom AAACTCACTTCGCCGTCGGGTGTG 

Note: U6 top strand is the sgRNA sequence, PAM sequence is in brackets. 

Table 9: Primers used in qRT-PCR 

Gene Sequence (5’-3’) Amplicon 

size (bp) 

Annealing 

temperature (°C) 

MGMT 
F: CCTGGCTGAATGCCTATTTC 

132 60 
R: ATTTCACAACCTTCAGCAGC 

UBC 
F: ATTTGGGTCGCGGTTCTTG 

133 60 
R: TGCCTTGACATTCTCGATGGT 

HPRT1 
F: TGACACTGGCAAAACAATGCA 

94 60 
R: GGTCCTTTTCACCAGCAAGCT 

Table 10: Primers used in pyrosequencing 

Pyro 
assay 

ID Sequence (5’-3’) Application 
CpG sites 
covered 

PCR1 

DMR1 FW ATTATTTTTGTGATAGGAAAAG
GTA 

Amplification  

DMR1 RV  biotin-AAAACCTAAAAAAAACAA
AAAAAC 

Amplification  

DMR1 
seq-1 FW 

TTGGTAAATTAAGGTATAGA Sequencing CpG 25-29 
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DMR1 
seq-2 FW 

GGGTTAGGAGTATAGGGTAG Sequencing CpG 30-42 

PCR2 

DMR2 FW  biotin-GGATATGTTGGGATAGTT Amplification  
DMR2 RV AAACTAAACAACACCTAAA Amplification  
DMR2 seq 
RV 

CCCAAACACTCACCAAA Sequencing CpG 76-83 

PCR3 

DMR2 FW GGATATGTTGGGATAGTT Amplification  
DMR2 RV  biotin-AAACTAAACAACACCTAA

A 
Amplification  

DMR2 seq 
FW 

TTTGGTGAGTGTTTGGG Sequencing CpG 84-90 

2.1.9 Solutions and buffers 

Table 11: 0.5 M EDTA (pH 8.0) 

component Volume or amount 

disodium EDTA•2H2O 9186.1 g 

ddH2O Up to 1000 ml 

Adjust pH to 8.0 using NaOH solution 

 

Table 12: 1 M Tris-HCl buffer with different pH values 

component Volume or amount 

Tris base 6.05 g 

ddH2O Up to 50 ml 

Adjust to the desired pH (6.8, 7.5, 8.0, 8.5) using 37 % HCl solution 

 

Table 13: Freezing media 

component Volume (ml) 

fetal bovine serum (FBS) 25 

Dimethyl sulfoxide (DMSO) 20 

10x oligo annealing buffer 5 

Total volume 50 

 



 37 

Table 14: RIPA lysis buffer 

component Volume (ml) 

1M Tris-HCl (PH 8.0) 2.5 

1M NaCl 7.5 

20 % Triton X 1.25 

1M MgCl2 0.5 

ddH2O Up to 50 

 

Table 15: 5X TBE buffer 

component Volume and amount 

Tris base 108 g 

boric acid 55 g 

0.5M EDTA (pH 8.0) 40 ml 

ddH2O Up to 2 l 

Dilute 5X TBE buffer at a ratio of 1: 10 using ddH2O for agarose gel 

preparation and electrophoresis 

 

Table 16: DNA lysis buffer 

component Volume (ml) 

1 M Tris-HCl (pH 8.0) 5 

0.5 M EDTA (pH 8.0) 20 

5 M NaCl 2 

20 % SDS 5 

ddH2O Up to 100 
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Table 17: TE buffer 

component Volume (ml) 

0.5M EDTA (pH 8.0) 0.2 

1 M Tris-HCl (pH 8.0) 1 

ddH2O Up to 100 

 

Table 18: 10X T buffer 

component Volume and amount 

Tris base 30.3 g 

Glycine 143 g 

ddH2O Up to 1000 ml 

 

Table 19: SDS-PAGE gel buffer 

Separating gel buffer Stacking gel buffer 

component Volume and amount component Volume and amount 

Tris base 90.8 g Tris base 15.1 g 

20 % SDS 10 ml 20 % SDS 10 ml 

Adjust pH to 8.8 using 37 % HCl 

solution, add ddH2O to 500 ml 

Adjust pH to 6.8 using 37 % HCl 

solution, add ddH2O to 500 ml 

 

Table 20: WB electrophoresis running and blotting buffer 

electrophoresis running buffer blotting buffer 

component Volume (ml) component Volume (ml) 

10X T buffer 200 10X T buffer 200 

20 % SDS 10 Methanol 400 

Add ddH2O to 2 l 
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Table 21: 10X TBS buffer 

component Volume and amount 

NaCl 80 g 

KCl 2 g 

Tris base 30 g 

Adjust pH to 8.8 using 37 % HCl solution, and add ddH2O to 1 l 

 

Table 22: TBST washing buffer 

component Volume (ml) 

10X TBS buffer 80 g 

Tween 20 2 g 

ddH2O Up to 1 l 

 

Table 23: Blocking buffer 

component Volume and amount 

Powdered milk 2.5 g 

TBST buffer 50 ml 

Store in 4 °C for a week 

 

Table 24: ECL solutions 

 ECL-1 solution ECL-2 solution 

component Volume  Volume  

1 M Tris-HCl (pH 8.5) 0.5 ml 0.5ml 

Peroxide Solution 22 µl -- 

Luminol Enhancer Solution 50 µl -- 

30 % Hydrogen peroxide -- 3 µl 

ddH2O 4.5 ml 4.5ml 
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Table 25: 100 mg/mL Ampicillin and 1 mg/mL puromycin stock  

 Ampicillin  puromycin 

component Volume and amount Volume and amount 

antibiotics 1 g 10 mg 

ddH2O Up to 10ml Up to 10ml 

The antibiotics solution is filtered by a 0.22 μm sterile filter, and store at -20 °C 

 

Table 26: LB agar plate with Ampicillin 

component Volume and amount 

Agar-Agar 3.75 g 

LB Broth 6.25 g 

ddH2O 250 ml 

autoclave, cool it down to 50 °C and add 250 µl 100 mg/mL Ampicillin stock, 

pour 25 ml into each 10 cm dish, and store at 4 °C 

 

Table 27: 4X Laemmli sample buffer 

component Volume  

1 M Tris-HCl (pH 6.8) 10 ml 

20 % SDS 20 ml 

Glycerol 17 ml 

β-Mercaptoethanol 3 ml 

Bromophenol blue 0.1 g 

Table 28: PI staining buffer 

component Volume  

0.1 % trisodium citrate dihydrate solution 95 ml 

PI stock (1 mg/ml) 5 ml 

Triton X 100 µl 



 41 

2.1.10 Softwares 

Table 29: Software 

software Manufacturer 

Adobe Illustrator  Adobe, San Jose, USA 

ApE  M. Wayne Davis 

FlowJo V10 FlowJo LLC, Oregon, USA 

GraphPad Prism 8 GraphPad Software, San Diego, USA 

Illumina GenomeStudio Illumina, San Diego, USA 

Image J National Institutes of Health, Bethesda, USA 

PyroMark Assay Design 2.0 Qiagen, Dusseldorf, Germany 

PyroMark Q24 Qiagen, Dusseldorf, Germany 

SPECTROstar Nano-Data Analysis  BMG Labtech, Ortenberg, Germany 

StepOne™  Thermo Fisher Scientific, Waltham, USA 

 

2.2 Methods 

2.2.1 Cell culture  

2.2.1.1 Culture of human glioblastoma cell lines 

Details of all glioblastoma cell lines that we used are shown in Table 6. The glioblastoma 

cell lines T98G and LN18 were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) 

Glutamax supplemented with 10 % heat-inactivated fetal bovine serum (FBS) and 1 % 

penicillin/streptomycin. The glioblastoma cell line U138MG was cultured in Ham’s F-10 

supplemented with 10 % heat-inactivated FBS and 1 % penicillin/streptomycin. All cell 

lines were cultured in a humidified incubator containing 5 % CO2 at 37 °C. For 

subculturing, when the cultured cell reached about 80 % confluence, discarded the 

growth medium and washed the cells once time with DPBS, then the cells were detached 

using 1 % trypsin EDTA with incubation for 5-10 min at 37 °C. 9 volumes of the complete 
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growth medium was added to neutralize trypsin and resuspended the cells. The cells 

were subcultured at a ratio of 1:5-1:10 depending on the different cell lines two or three 

times a week.  

2.2.1.2 Thawing and freezing of cells 

For the thawing of cells, the cryovials with frozen cells were removed from -80 °C and 

quickly immersed by gently swirling in the water bath at 37 °C until only a small amount of 

ice remained in the tube. The cells were transferred to a T25 tissue culture flask 

containing the complete growth medium and cultured in a humidified incubator containing 

5 % CO2 at 37 °C for 24 h. Afterward, the medium was replaced with a fresh one to 

remove the DMSO. 

When the cells reached about 80-90 % confluence, they were trypsinized, suspended in 

the complete growth medium, and transferred to a 15 ml falcon tube. Afterward, the cell 

suspension was centrifuged at 1500 rpm for 5 min, resuspended in the freezing medium, 

and 1 ml containing about 1-2 million cells was dispensed into cryovials. The cryovials 

were rapidly transferred to a cryo container and put in a -80 °C freezer for long-term 

storage. 

2.2.1.3 Cell counting by cell counter 

The cells were trypsinized and completely resuspended in the complete growth medium. 

10 μl of the cell suspension was transferred to a 1.5 ml epi containing the same volume of 

0.4 % trypan blue stain and piped up and down. 10 ul stained cell suspension was loaded 

in a cell counting slides and the cell numbers were calculated using an automatic cell 

counter. The cell counting was performed at least twice every time. 

2.2.1.4 Cell pellet preparation 

The cells were detached by trypsin, suspended in the complete growth medium, and 

transferred to 1.5 ml epi. The cell suspension was centrifuged at 1500 rpm for 5 min. 

Afterward, the cell pellet was washed once with PBS and centrifuged again at the same 
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condition, aspirated the supernatant, and stored the epi with the cell pellet in a -80 °C 

freezer for the DNA, RNA, or protein extraction. In addition, the cell pellet for RNA 

extraction was stored in the RNA lysis buffer to prevent RNA degradation. 

2.2.2 Plasmid construction 

2.2.2.1 Commercial plasmid preparation 

The CRISPRoff plasmid and sgRNA cloning plasmid were purchased from Addgene. The 

map of the above plasmids is shown in Figure 6. After we received the bacterial stab 

culture containing plasmid, took some bacteria from the stab culture by a sterile pipette 

tip, and drew some streaks in an order in a LB agar plate with 100 μg/mL ampicillin. The 

agar plate was incubated in an incubator at 37 °C overnight. The next day, bacterial 

single colonies were picked up from the LB agar plate, transferred to culture tubes 

containing 5 ml sterile LB media with 100 μg/mL ampicillin, and incubated in an orbital 

shaker-incubator at 37 °C overnight. The glycerol stock (300ul sterile glycerol + 700ul 

bacteria suspension) was prepared and put in a -80 °C freezer for long-term storage. The 

plasmid DNA was isolated using a plasmid miniprep kit according to the manufacturer’s 

instructions. The Sanger sequencing was performed by Eurofins Genomics and the 

plasmid sequence was analyzed by ApE software.  

According to the sequencing result, the bacterial colony containing CRISPRoff or sgRNA 

cloning plasmid was chosen for a large amount of plasmid preparation. The appropriate 

amount of glycerol stock was added in 200 ml LB medium with 100 μg/mL ampicillin in a 

conical flask, and incubated in an orbital shaker-incubator at 37 °C for 14-16 h. The 

plasmid DNA was isolated using a plasmid maxiprep kit according to the manufacturer’s 

instructions, eluted in 1 ml nuclease-free water, and the DNA concentration was 

measured by the Nanodrop spectrophotometer. 
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Figure 6: Map of different commercial plasmids. (A) The map of CRISPRoff plasmid 
contains a methyltransferase Dnmt3A/3L gene except the dCas9. (B) The map of empty 
sgRNA cloning plasmid containing a sgRNA insertion position downstream of a U6 
promoter and a puromycin resistance gene. 

2.2.2.2 Different recombinant sgRNA plasmid construction 

We designed the sgRNAs targeting CGI in the MGMT promoter region by the UCSC 

genome browser (https://genome.ucsc.edu/) and the integrated CRISPOR tool 

(http://crispor.tefor.net). Based on the position, efficiency, and off-target effect of different 

sgRNAs, three sgRNAs were selected, named gRNA2, gRNA4, and gRNA10. The 

primers for different sgRNAs are shown in Table 8. We need to clone the sequence of 

different sgRNAs to the empty sgRNA cloning plasmid respectively. 

Double-stranded DNA oligos generation 

The primers of different sgRNAs were dissolved in nuclease-free water, and the 

concentration was 200 μM. The required reagents were added to a sterile 0.2 ml epi at 

room temperature as shown in Table 30. Diluted the 50 μM double-strand DNA oligos 

stock using nuclease-free water with a ratio of 1:100, then the 5 nM working solution was 

prepared according to Table 31. 
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Table 30: 50 μM double-strand DNA oligos stock 

Reagent Volume (μl) 

Forward strand oligo (200 μM) 5 

Reverse strand oligo (200 μM) 5 

10x oligo annealing buffer 2 

Nuclease free water 8 

Total volume 20 

Incubated at 95 ℃ for 4 min, cooled it down to room temperature 

for 5-10 min, stored in -20 °C 

 

Table 31: 5 nM double-strand DNA oligos working solution 

Reagent Volume (μl) 

500 nM double-strand DNA oligos 1 

10x oligo annealing buffer 10 

Nuclease free water 89 

Total volume 100 

Empty sgRNA cloning plasmid linearization 

The empty sgRNA cloning plasmid was linearized using restriction enzyme BsaI, and the 

reaction system was set up as shown in Table 32. 

 

  Table 32: Plasmid linearization by restriction enzyme reaction 

Reagent Amount or volume  Final conc. or amount 

Plasmid DNA 1 μg  

10X NEB buffer 5 μl 1X 

Restriction enzyme--BsaI 1μl 10 units 

Nuclease-free water To 50  
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Restriction enzyme was added last, incubated at 37 °C for 30 min, and heat 

inactivated at 80 °C for 20 min 

 

Agarose gel electrophoresis was performed to verify the plasmid linearization, 1.0 % 

agarose gel was prepared by dissolving 1 g agarose in 100 ml Tris-borate-EDTA (TBE) 

buffer in the microwave, and 2.5 μl GelRed® Nucleic Acid Gel Stain was added before 

polymerization of agarose solution. Afterward, the linearized plasmid solution containing 

an appropriate volume of 6X DNA loading buffer was loaded into the agarose gel. The 

electrophoresis was performed at 150 V for 50 min. Finally, the bands were visualized 

under ultraviolet – light and photographed by the Intas GDS system. A small volume of 

origin and linearized plasmid DNA was also loaded as the negative and positive control 

respectively as shown in Figure 7A. The bands of linearized plasmid DNA were cut and 

recovered using a gel DNA recovery kit according to the manufacturer’s instructions, the 

recovered DNA was measured by nanodrop and verified again by agarose gel 

electrophoresis as shown in Figure 7B.  

 

Figure 7: Verification of Empty sgRNA cloning plasmid linearization. (A) The 
agarose gel showed the two independent samples of linearized empty sgRNA cloning 
plasmid (lane 1,2), the corresponding original plasmid control (lane 3,5), and linearized 
plasmid control (lane 4,6). (B) The agarose gel showed the two independent samples of 
the gel-recovered linearized plasmid. 
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Ligation reaction 

The ligation reaction system for different sgRNA plasmids was set up with a molar ratio of 

7:1 (insert: vector), and the required reagents were added in the order as shown in Table 

33. 

Table 33: sgRNAs plasmid ligation reaction 

Reagent Volume (μl) 

10X ligation buffer 2 

Linearized sgRNA cloning vector (13.6 ng/ul) 2.2 

double-strand DNA oligos (5 nM) 13.8 

Nuclease free water 1.5 

T4 DNA ligase 0.5 

Total volume 20 

Ligation mixture Incubated at 14 °C overnight  

 

Bacterial transformation with ligation mixture 

4 ul of different sgRNAs ligation mixture were added to 1.5 ml tubes containing 50 μl 

thawed Top10 E.coli, mixed up gently, and incubated on ice for 30 min. A heat shock was 

given to transformation tubes at a 42 °C water bath for 35 s, then put tubes back on ice 

for 40 s. 250 μl of Soci medium was added to each tube and bacteria was incubated in an 

orbital shaker-incubator at 37 °C for 45 min. 50 μl and 250 μl bacterial suspension were 

added to two LB agar plates with 100 μg/mL ampicillin respectively, and sterile glass 

beads were also added to dispend the bacterial suspension by gently shaking. The plates 

were incubated in a 37 °C incubator overnight. 

Afterward, at least 10 colonies were picked up from each sgRNA agar plate, transferred 

to a 96-well tissue culture plate containing 100 μl LB medium with 100 μg/mL ampicillin, 

and the plate was incubated in an orbital shaker-incubator at 37 °C for 30 min. During the 
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30 min of incubation, the reaction system of colony PCR was set up on ice according to 

Table 34. 

Table 34: Colony PCR reaction system 

Reagent Volume (μl) 

HotStarTaq master mix 12.5 

10 pM Forward primer (hU6 promoter) 0.5 

10 pM Reverse primer (sgRNAs U6 bottom strand) 0.5 

Template 2 

Nuclease free water 7 

10X Coraload 2.5 

Total volume 25 

Cycling conditions: 

95 °C 5 min; 25 x cycles (94 °C 30 s, 51 °C 45 s, 72 °C 1 min); 72 °C 

10 min; 8 °C ∞  

Agarose gel electrophoresis was performed to check the colony PCR product, and the 

different sgRNAs ligation mixture was used as the positive control. 4 μl PCR product was 

loaded into the prepared 1.5 % agarose gel, the electrophoresis was performed at 150 V 

for 30 min, and the bands were visualized under ultraviolet – light as shown in Figure 8. 

50 μl bacterial suspension from at least three colonies of each sgRNA was transferred to 

bacterial culture tubes containing 5 ml LB medium with 100 μg/mL ampicillin and 

incubated in an orbital shaker-incubator at 37 °C overnight. The recombinant sgRNA 

plasmid DNA miniprep, maxiprep, and Sanger sequencing were described in section 

2.2.2.1 commercial plasmid preparation. 
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Figure 8: Colony PCR of different MGMT-targeted sgRNAs. The agarose gels 
showed the PCR amplicons from 10 independent bacterial colonies (lanes 1-10) and the 
corresponding negative control (lane 11) of gRNA2 (A), gRNA4 (B), and gRNA10 (C). 

2.2.3 Different sgRNA stably expressing glioblastoma cell lines construction  

2.2.3.1 Co-transfection of CRISPRoff and different sgRNAs in glioblastoma cell lines 

To construct different sgRNA stably expressing glioblastoma cell lines, 1.5 x 106 cells of 

T98G or LN18 were seeded on four 10 cm tissue culture dishes 24-48 h before the cell 

transfection. When the cells reached a density of about 80 %, cells were co-transfected 

with the CRISPRoff plasmid and one of each of the sgRNA or the empty sgRNA plasmid 
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with a molar ratio of 10:1. Transfection reagents and plasmid DNA were prepared in 

sterile 1.5 ml epi as shown in Table 35. 

Table 35: Cell transfection by ROTI ® Fect PLUS 

 Reagent Volume per 10 cm dish (μl) 

Solution A 

Opti-MEM 600 

CRISPRoff plasmid (1 μg/ul ) 19.2 

sgRNA plasmid (1 μg/ul ) 0.8 

Solution B 
Opti-MEM 600 

ROTI ® Fect PLUS 60 

Mixed of solutions A and B within 5 min, incubated at room temperature for 20 min 

During the incubation of the transfection solution, the old growth medium was aspirated in 

the 10 cm dishes, cells were washed once with DPBS, and 4 ml Opti-MEM was added to 

the dishes. After 20 min, the mixed transfection solutions were added dropwise to the 

dishes and shaken well gently. The dishes were incubated in a humidified incubator 

under appropriate conditions (5 % CO2 at 37 °C) for 6 h. Afterward, 5 ml of complete 

growth medium was added to each dish and continued incubation until 24 h. 

2.2.3.2 Different sgRNAs stably expressing clonal cell lines selection 

After 24 h of co-transfection, 1 µg/ml puromycin was added to the transfected cells for the 

selection of single colonies. Single puromycin-resistant colonies were picked using 

cloning cylinders after approximately 3-4 weeks of cultivation and transferred into single 

wells of 24-well tissue culture plates. When picked colonies were confluent in 24-well 

plates (approximately 5–7 days), colonies were split into two separate 12-well tissue 

culture plates. One 12-well plate was used for further expansion and the another for 

analysis of MGMT expression by Western blot. The different sgRNA clonal cell lines 

carrying the desired MGMT expression were transferred to T25 flasks, and the cell stocks 

were prepared and stored at -80 °C for further analysis. 
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2.2.4 Protein extraction, quantification, and Western blot analysis 

2.2.4.1 Protein extraction and quantification 

The frozen cell pellet was thawed and lysed in 1x RIPA lysis buffer supplemented with 10 

µl/ml Halt protease Inhibitor-cocktail and 0.5 µl/ml Benzonase on ice for 30 min. The cell 

lysate was centrifuged at 13200 rpm, 4 °C for 10 min, and the supernatant was 

transferred to a new 1.5 ml epi for subsequent analysis. The protein concentrations were 

determined using Bicinchoninic Acid (BCA) Protein Assay. Briefly, the Bovine Serum 

Albumin (BSA) standard proteins with different concentrations were plated in triplicates, 

the protein samples were also plated in duplicates with a water dilution at a ratio of 1:10 

in a 96-well tissue culture plate. Afterward, 200 µl BCA working solution was added to 

each well and incubated at 37 °C for 30 min. The intensity of the color in each well was 

measured by a SPECTROstar Nano Absorbance Reader, and protein concentration was 

calculated by SPECTROstar Nano-Data Analysis software. An appropriate volume of 4X 

Laemmli loading buffer was added to cell lysates to a final concentration of 1X and boiled 

at 95 °C for 5 min. 

2.2.4.2 Western blot analysis 

40 µg protein samples with loading dye and 3 µl of protein ladder were loaded on the 10 % 

SDS-PAGE gels that were prepared according to Table 36. 

Table 36: 10 % SDS-PAGE gel 

10 % Separating gel (for 2 gels) 7.5 % Stacking gel (for 2 gels) 

Solution Volume Solution Volume  

ddH2O 8.3 ml ddH2O 5 ml 

Separating gel buffer 5 ml Stacking gel buffer 2.5 ml 

30 % Acrylamide 6.7 ml 30 % Acrylamide 2.5 ml 

TEMED 10 µl TEMED 5 µl 

10 % APS 100 µl 10 % APS 50 µl 
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The electrophoresis was performed at 80 V for 20 min, and 120 V until the loading dye 

moved to the bottom of the separating gel. Afterward, the separated proteins were 

transferred from the gel to 0.45 µm nitrocellulose membranes. The membranes were 

incubated in the blocking buffer at room temperature for 1 h, and incubated with 

anti-MGMT (1:1000) or anti-beta-actin (1:10000) antibodies at 4 °C overnight. 

Subsequently, the membranes were washed three times with TBST for 15 min, and 

incubated with a secondary, horseradish peroxidase (HRP)-conjugated anti-mouse 

antibody (1:5000) at room temperature for 1 h. After washing three times again with 

TBST for 15 min, the membranes were developed with ECL solution using the 

ChemoCam imager, photographed by the ChemoStar Imager system. Densitometric 

quantification was performed using Image J software and normalized to the 

corresponding beta-actin levels. 

2.2.5 RNA isolation and quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) 

2.2.5.1 RNA isolation 

In order to investigate MGMT mRNA expression, the total RNA was isolated from the cell 

pellet using a Quick-RNA MiniPrep kit according to the manufacturer‘s instructions. The 

concentration and quality of RNA samples were measured by a nanodrop 

spectrophotometer. An A260/280 ratio ranging from 1.8 to 2.0, along with an A260/230 ratio 

between 2.0 and 2.2, serve as reliable benchmarks for assessing excellent RNA quality. 

Reduced ratios suggest the potential presence of protein, phenol, or other contaminants 

within isolated RNA samples. 

2.2.5.2 qRT-PCR analysis 

qRT-PCR stands as an efficient method for real-time monitoring of the entire PCR 

process. This technique integrates fluorescent dyes like SYBR Green into the PCR 

reaction system, enabling observation of fluorescence during the exponential growth 

phase. Notably, an inverse correlation exists between the cycle threshold (Ct) value and 
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the initial template quantity (Taylor et al., 2010). Consequently, this method facilitates the 

comparative analysis of gene expression across diverse samples. In this study, 

qRT-PCR was performed using the QuantiTect SYBR Green RT-PCR Kit in a 96-well 

format on StepOnePlus™ Real-time PCR system. The reaction system and conditions of 

qRT-PCR were set up as shown in Tables 37 and 38. 

Table 37: qRT-PCR reaction system 

Reagent Volume (μl) 

2x QuantiTect SYBR Green RT PCR Master Mix 10 

10 µM Forward primer  2 

10 µM Reverse primer  2 

Template 2 

QuantiTect RT Mix 0.2 

5x Qsolution 1 

Nuclease free water 2.8 

Total volume 20 

Table 38: qRT-PCR cycler conditions 

Number of cycles Step Time temperature 

1 Reverse transcription 30 min 50 °C 

1 PCR initial activation  15 min 95 °C 

35 

Denaturation 15 s 94 °C 

Annealing 30 s 60 °C 

Extension 30 s 72 °C 

Melt curve Dissociation 5 s 65-95 °C 

Ubiquitin C (UBC) and hypoxanthine phosphoribosyl-transferase 1 (HPRT1) were used 

as endogenous normalization controls. The sequences of primers are shown in Table 9. 

All samples were performed as triplicates. The mRNA relative expression was 

determined by the 2−ΔΔCt method (Livak and Schmittgen, 2001). ΔCt = Ct (a target gene) 
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– Ct (a housekeeping gene). ΔΔCt = ΔCt (a target sample) – ΔCt (a control sample). The 

relative gene expression was standardized to 1 for the control sample. 

2.2.6 Cell cytotoxicity analysis by Alamar blue assay 

Different glioblastoma cells were collected by trypsin and the cell number was estimated 

as previously described. Cells were seeded at a density of 2,500 cells/well in triplicates in 

96-well tissue culture plates and cultured for 24 h. Subsequently, the medium was 

replaced by fresh growth medium with TMZ at the indicated concentrations, and 

continued culturing for 144 h; DMSO was used as the control. The cell viability was 

determined by adding Alamar blue reagent (1:10) into each well and incubation for 2 h at 

37 °C. After 2 h, the fluorescence was measured at 560 nm excitation and 590 nm 

emission wavelengths using a fluorescence spectrophotometer.  

2.2.7 Flow cytometry 

To evaluate cell death after treatment with TMZ at different time points, 

DNA-fragmentation of propidium iodide (PI)-stained nuclei was measured by flow 

cytometric analysis on a FACSCanto II in the Core Facility, University of Bonn, Germany. 

Apoptotic cells are characterized by DNA fragmentation and loss of nuclear DNA content 

among other typical signs (Riccardi and Nicoletti, 2006). As a result, dead cells subjected 

to Triton-X treatment and PI staining showcase a hypodiploid (sub-G1) peak, distinctly 

discernible from the narrow peak observed in cells possessing typical (diploid) DNA 

content. Briefly, cells were collected by trypsin and the cell number was estimated as 

previously described. Cells were seeded at a density of 20,000 cells per well in triplicates 

in 24-well tissue culture plates and cultured for 24 h. Then, the medium was replaced with 

the growth medium containing DMSO or TMZ at the indicated concentrations and the 

cells were cultured for an additional 72 or 144 h. Afterward, the cells were harvested by 

trypsin and centrifuged at 1300 rpm 4 °C for 5 min, resuspended in PI staining buffer, and 

incubated at 4 °C for 1 h. The data were analyzed using FlowJo V10 Software. The rates 

of specific DNA fragmentation were calculated by the following equation: 100 × 
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(experimental DNA fragmentation (%) - spontaneous DNA fragmentation (%))/(100 % - 

spontaneous DNA fragmentation (%)). 

2.2.8 Genomic DNA extraction, Bisulfite conversion, and pyrosequencing 

2.2.8.1 Genomic DNA extraction 

Genomic DNA was extracted from a frozen cell pellet of different sgRNAs stably 

expressing glioblastoma cell lines using DNA lysis buffer supplemented with Proteinase 

K (20 mg/ml). Briefly, the cell pellet was incubated with 500 µl DNA lysis buffer and 12.5 

µl Proteinase K at 55 °C overnight. The next day, 210 µl saturated NaCl solution (5 M) 

was added and centrifuged for 30 min. The supernatant was transferred into a new sterile 

1.5 ml epi, mixed with 700 µl isopropanol, and incubated for 10 min at room temperature. 

Afterward, samples were centrifuged for another 30 min, the supernatant was discarded 

and the pellet was washed with 70 % fresh ethanol followed by another centrifugation 

step for 30 min. The supernatant was discarded and dried the left ethanol at 37 °C. After 

this step, the DNA pellet was dissolved in 200 µl TE buffer, and stored at 4 °C. The 

concentration and quality of DNA samples were measured by a nanodrop 

spectrophotometer. 

2.2.8.2 Bisulfite conversion and pyrosequencing 

The bisulfite conversion is a landmark technology for the study of DNA methylation, The 

sodium bisulfite treatment can convert unmethylated cytosine (C) into uracil (U), and 

preserve methylated cytosine in DNA samples. In the subsequent PCR process, uracil (U) 

is further converted back to thymidine (T). The pyrosequencing can measure the 

methylation levels of individual CpG sites in the PCR product amplified using primers 

shared by methylated and unmethylated sequences following bisulfite conversion. In 

pyrosequencing, the amount of C and T at specific CpG sites are converted to the 

amount of released pyrophosphates by sequencing primers, so that the quantitative DNA 

methylation level can be detected by the Pyrosequencer System (Hattori and Ushijima, 

2017). 
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Briefly, 500 ng genomic DNA was used for the bisulfite conversion that was performed 

using a DNA Methylation-Gold kit according to the manufacturer’s protocol. The 

bisulfite-converted DNA was eluted in 25 µl elution buffer and stored at -20 °C. The PCR 

production was amplified with biotinylated primers using a PyroMark PCR kit, and the 

different reaction systems for MGMT DMR1 and DMR2 regions were set up according to 

Table 39. 

Table 39: bisulfite-converted DNA PCR reaction systems 

 DMR1 DMR2 

Reagent Volume (µl) Volume (µl) 

PyroMark PCR Master Mix, 2x 12.5 6.25 

CoralLoad Concentrate, 10x  2.5 1.25 

25 mM MgCl2 0.5 0.25 

Forward primer 0.5 0.75 

Reverse primer 0.5 0.75 

Template 2 1.5 

Nuclease free water 6.5 1.75 

Total volume 25 12.5 

Cycling conditions: 

95 °C 15 min; 50 x cycles (94 °C 30 s, 49.5 or 55 °C 30 s, 72 °C 30 s); 

72 °C 10 min; 8 °C ∞ 

Note: The annealing temperature for DMR1 and DMR2 regions is 55 and 49.5 °C 
respectively. 

10 µl of PCR product was used for the pyrosequencing using PyroMark Gold Q96 

Reagents on the PyroMark Q24 Sequencer System according to the manufacturer’s 

instructions. The data of pyrosequencing were analyzed by PyroMark Q24 Software. The 

sequence of PCR primers and sequencing primers are shown in Table 10. 
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2.2.9 Global DNA methylation assay 

In order to evaluate the off-target effect of the CRISPRoff system in the edited cell lines, 

the global DNA methylation status of the WT and edited cell lines was detected through 

specifically measuring the levels of 5-methylcytosine (5-mC) by the MethylFlash Global 

DNA methylation (5-mC) ELISA kit according to the instructions of the manufacturer. The 

optical density in each well was measured at 450 nm using a SPECTROstar Nano 

absorbance reader. The percentage of methylated DNA is proportional to the OD 

intensity measured. To calculate the fraction of methylated cytosines, the ODs are 

referenced to a standard curve set in parallel. The samples were measured in duplicate 

in three independent experiments. 

2.2.10 DNA methylation profiling by 850K array 

The Illumina 850K array is a technique that detects the methylation status of 

approximately 853,307 CpG sites in the human genome. The 850K chip comprehensively 

covers gene promoter regions, gene coding regions, CpG islands, and enhancer regions, 

which is widely used in complex disease methylation research. In this study, we 

performed the 850K array to evaluate the off-target effect of the CRISPRoff system, 

especially the predicted potential off-target sites of gRNA10 obtained from CRISPROR 

software.  

Briefly, Genomic DNA samples of three EgRNA control and three gRNA10 edited T98G 

cell lines were transferred to the Core Facility, University of Bonn, Germany. Each 

sample was isolated according to the methods described previously, purified using spin 

columns, and the DNA quantity and quality were assessed. Bisulfite-conversion was 

carried out using the Epitect 96 bisulfite kit according to the manufacturer‘s instructions, 

and 300 ng of converted DNA were hybridized to Illumina Infinium MethylationEPIC 850K 

BeadChips, following the manufacturer’s instructions. Methylation profiles were exported 

from Illumina GenomeStudio as IDAT files. The Sesame Bioconductor package v 1.18.3 

was utilized for quality control, differential methylation analysis, and visualization. 
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2.2.11 Gene expression profiling by RNA sequencing 

2.2.11.1 Library preparation and RNA sequencing 

Total RNA isolation and quantification as described above. The library construction was 

performed using the QuantSeq FWD 3' -mRNA-Seq Kit (Lexogen, Vienna, Austria) 

according to the manufacturer's instructions (procedure executed by the NGS core facility, 

University Hospital Bonn). Each sample was diluted in 14 ul TE buffer with the same 

concentration of 100 ng/ul. An oligo-dT primer containing an Illumina-compatible 

sequence at its 5′ end was hybridized to the RNA and reverse transcription was 

performed. After degradation of the RNA template, second-strand synthesis was initiated 

by a random primer containing an Illumina-compatible linker sequence at its 5′ end. The 

double-stranded library was purified by using magnetic beads to remove all reaction 

components. The library was amplified to add the complete adapter sequences required 

for cluster generation. The finished library was purified from PCR components. 

High-throughput sequencing was performed as single-end 100 bp sequencing using 

NovaSeq 6000 (Illumina, Inc., San Diego, CA, USA). 

2.2.11.2 RNA sequencing data analysis 

For RNA sequencing analysis and visualization, the R/Bioconductor computing platform 

was used. Initial raw read counts, in a FASTQ file format, were aligned to the Hg38 

human reference genome using the RSubread aligner package (Liao et al., 2019). As 

suggested by Lexogen, the Rsubread align function was executed without trimming but 

allowing for mismatches in the initial cycles. For the final analysis, only those reads, 

spanning a maximum length of 45 bases were included. The gene-level summary was 

generated with unique mapping using the featureCounts function. The aligned 

sequencing reads were then assigned to genomic features specified by an ENTREZ 

Gene ID (NCBI Gene database) (Maglott et al., 2010). Quality control steps such as 

variance stabilizing transformation (VST) and principal component analysis (PCA) have 

been applied. The differential gene expression analysis for EgRNA or gRNA10 stably 
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expressing cell line was performed using the DESeq2 package (Anders and Huber, 

2010). Following filtering steps based on a p-adjusted value of less than 0.05 and a log2 

fold change greater than 2.5 or less than -2.5 and displayed in a Volcano Plot 

(EnhancedVolcano). To investigate the genes of gRNA10 potential off-target sites, we 

generated boxplots using the Limma package. Subsequently, we conducted pairwise 

t-tests to assess significant differences in mRNA expression levels among the various 

groups. 

2.2.12 Statistical analysis 

The GraphPad Prism 8 software was used to perform all statistical analysis. Student’s 

t-test or multiple t-test was conducted to analyze the comparisons between two groups, 

while one-way ANOVA was performed to analyze the differences among three groups. P 

values less than 0.05 were considered statistically significant. All data are expressed as 

mean ± standard deviation (SD) from at least three independent experiments. 
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3. Results 

3.1 Characterization of CGI in the MGMT promoter region and design of different 

sgRNAs 

The promoter of the MGMT gene contains a CGI encompassing 98 CpG sites that spans 

760bp (chr10: 131264949-131265710), which contains promoter, exon 1, enhancer, and 

intron 1 regions (Fig9. A-C). Notably, 2 distinct differentially methylated regions (DMR1 

and DMR2) were previously defined (Fig19. A). To achieve efficient epigenetic editing of 

CpG sites within the CGI, three individual sgRNAs (gRNA2, gRNA4, and gRNA10) 

targeting three specific regions distributed across the CGI of the MGMT promoter were 

selected from UCSC based on the on-target capacity and off-target risk of sgRNA (Fig. 

9C). 
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Figure 9: Schematic representation of the epigenetically targeted region of the 
MGMT gene promoter. (A) Structure of the MGMT promoter region and location of the 
minimal promoter (-69 to +19) and enhancer (+143 to +202) (blue arrows), as well as the 
transcriptional start site (TSS +1, black arrow) and exon 1 (orange box). (B) Location of 
the CGI with 98 CpG sites in the MGMT promoter region. (C) The DNA sequence of the 
CGI (-452 to +308) in the MGMT promoter region; CpG sites are shown in capital letters, 
the sequences and location of the sgRNAs used are marked in green and the PAM motifs 
are in red. MGMT, O6-methylguanine DNA methyltransferase; CGI, CpG island. 

 

3.2 The expression of MGMT and TMZ cytotoxicity in different TMZ-resistant 

human glioblastoma cell lines 

In order to identify the suitable glioblastoma cell lines for the subsequent experiments, 

the expression of endogenous MGMT was characterized in three human glioblastoma 

wild-type (WT) cell lines (LN18, T98G, and U138MG), known for their resistance to TMZ. 

Western blot analysis showed a high expression of MGMT in the T98G and LN18 cell 

lines, but only slight MGMT expression in the U138MG cell line (Fig. 10A). Subsequently, 

to investigate the sensitivity of T98G and LN18 cells to TMZ, different cells were treated 

with increasing concentrations of TMZ (50, 100, 200, 400, 800 and 1000 µM) for 144 h 

and the cell viability was measured by Alamar blue assay. Our results revealed a 

dose-dependent decrease of cell viability in both cell lines (Fig. 10B). The 50 % 

growth-inhibitory concentrations (IC50) after TMZ treatment for 144 h were 475.6uM in 

T98G cells, 424.7uM in LN18 cell lines (Fig. 10C). 
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Figure 10: Characterization of different glioblastoma wild-type cell lines. (A) 
Western blot analysis of endogenous MGMT and actin expression in whole cell lysates 
prepared from T98G, LN18, and U138MG WT cells. (B) Cell viability of T98G (left) and 
LN18 (right) WT cells treated with increasing concentrations of TMZ (0, 50, 100, 200, 400, 
800, and 1000 µM) for 144 h using the Alamar blue assay. (C) Calculated IC50 values for 
TMZ of T98G (blue) and LN18 (red) WT cells treated with increasing concentrations of 
TMZ. Results are averaged from triplicates and are expressed as the mean ± SD. Data 
are representative of three independent experiments.  

 

3.3 Construction of different glioblastoma cell lines containing increased DNA 

methylation in the MGMT promoter region through the CRISPRoff system  

3.3.1 Different sgRNA stably expressing T98G clonal cell lines 

T98G cells were first co-transfected with the CRISPRoff plasmid containing 

dCas9-DNMT3A/3L and one of the selected MGMT promoter region targeting sgRNA; 

simultaneously, an empty sgRNA (EgRNA) cloning plasmid was also co-transfected with 

CRISPRoff as the negative control. Several T98G clonal cell lines stably expressing 

different sgRNAs were constructed under the treatment of 1 µg/mL puromycin and 

analyzed for MGMT protein expression by Western blot analysis. The expression of 
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MGMT was reduced to varying degrees in different T98G clonal cell lines stably 

expressing gRNA2 or gRNA10 compared with the corresponding EgRNA control cell 

lines (Fig. 11A-C); whereas, no gRNA4 stably expressing clonal cell line with decreased 

MGMT expression was isolated (Fig. 11B).  

 
Figure 11: The screening of T98G clonal cell lines stably expressing different 
sgRNAs. (A-C) (left) Representative western blot analysis showed MGMT and actin 
protein expression in different T98G clonal cell lines stably expressing gRNA2 (A and B), 
gRNA4 (B), or gRNA10 (B and C). (A-C) (right) Semi-quantitative analysis revealed the 
degree of reduction in MGMT protein expression levels in different T98G clonal cell lines 
stably expressing gRNA2 (A and B), gRNA4 (B), or gRNA10 (B and C) compared with 
the T98G clonal cell lines stably expressing EgRNA. EgRNA, empty sgRNA. 

3.3.2 gRNA10 stably expressing LN18 clonal cell lines 

To further verify the inhibitory effect of gRNA10 on MGMT expression, LN18 cell lines 

were stably transfected with CRISPRoff and gRNA10. According to the western blot 

analysis, reductions of MGMT expression were also detected in different LN18 clonal cell 
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lines stably expressing gRNA10 in comparison with the EgRNA control cell lines (Fig. 

12A-C). 

 
Figure 12: The screening of LN18 clonal cell lines stably expressing gRNA10. (A-C) 
(left)Representative western blot analysis of MGMT and actin protein expression in 
different LN18 clonal cell lines stably expressing gRNA10. (A-C) (right) 
Semi-quantitative analysis revealed the degree of reduction in MGMT protein expression 
levels in different LN18 clonal cell lines stably expressing gRNA10 compared with the 
LN18 clonal cell lines stably expressing EgRNA. EgRNA, empty sgRNA. 

 

3.4 Downregulation of MGMT mRNA and protein expression levels in different 

sgRNA-edited cell lines 

Representative clonal cell lines were selected, one each from T98G stably expressing 

gRNA2 or gRNA10, and LN18 stably expressing gRNA10. To test whether the reduction 

of MGMT is stably transmitted, we analyzed the MGMT mRNA and protein expression 
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levels in at least three consecutive cell generations from different representative clonal 

cell lines. The results of quantitative RT-PCR and western blot analysis revealed a 

significant decrease in MGMT mRNA and protein expression levels by approximately 50 % 

in T98G cell line stably expressing gRNA2 in comparison with the T98G EgRNA control 

cell line (Fig. 13A and Fig. 14A); a stronger reduction of MGMT mRNA and protein 

expression levels was observed in T98G cell line stably expressing gRNA10 which 

decreased more than 60 % compared with the T98G EgRNA control cell line (Fig. 13B 

and Fig. 14B). In comparison with edited T98G cell line, the strongest repression of the 

MGMT expression was achieved in LN18 cell lines stably expressing gRNA10. Our 

results showed that MGMT mRNA and protein expression were almost silenced in LN18 

cell line stably expressing gRNA10 compared with the LN18 EgRNA control cell line (Fig. 

13C and Fig. 14C). 
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Figure 13: MGMT protein expression level of edited glioblastoma cell lines in 
different cell generations. (A-C) (left) Representative western blot analysis of MGMT 
and actin expression in whole cell lysates of T98G clonal cell lines stably expressing 
gRNA2 (A) or gRNA10 (B), and LN18 clonal cell lines stably expressing gRNA10 (C) 
compared with the corresponding cell lines stably expressing EgRNA. (A-C) (right) The 
relative protein amounts of MGMT were detected by Western blots and quantitated by 
densitometry. The MGMT levels were normalized to the corresponding actin levels. 
Results are averaged from triplicates and are expressed as the mean ± SD. Data are 
representative of three independent experiments. ***P<0.001, **P<0.01. EgRNA, empty 
sgRNA. 

 

Figure 14: MGMT mRNA expression level of edited glioblastoma cell lines in 
different cell generations. (A-C) Quantitative RT PCR of MGMT mRNA expression 
levels in T98G clonal cell lines stably expressing gRNA2 (A) or gRNA10 (B), and LN18 
clonal cell lines stably expressing gRNA10 (C) compared with the corresponding cell 
lines stably expressing EgRNA. The data were normalized to the housekeeping genes 
ubiquitin C and hypoxanthine phosphoribosyl-transferase 1 (see Materials & Methods). 
Results are averaged from triplicates and are expressed as the mean ± SD. Data are 
representative of three independent experiments. ****P<0.0001. EgRNA, empty sgRNA. 

 

3.5 Reduction of MGMT expression enhances the effect of TMZ in different 

sgRNA-edited cell lines 

To detect whether edited human glioblastoma cells show enhanced cytotoxicity to TMZ 

treatment, different cell lines stably expressing gRNA2 or gRNA10 were treated with 

increasing concentrations of TMZ for 144 h and the cell viability was measured by the 
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Alamar blue assay. In the different cell lines stably expressing gRNA10, the cytotoxicity of 

TMZ increased significantly resulting in dramatically reduced TMZ IC50 values compared 

with the corresponding EgRNA control cell lines (TMZ IC50: 110.9 µM vs 498.9 µM in 

T98G cells, 8.5 µM vs 386.5 µM in LN18 cells) (Fig. 15B-C). In addition, we also 

observed a significant reduction of TMZ IC50 values in the T98G cell line stably 

expressing gRNA2 in comparison with the EgRNA control cell line albeit to a much lower 

extent (TMZ IC50: 437.2 µM vs 619.0 µM) (Fig. 15A). The obtained results from the 

T98G and LN18 cell lines stably expressing the different sgRNAs clearly confirmed the 

relationship between MGMT expression level and TMZ resistance in glioblastoma. 

 
Figure 15: Targeted editing of the CGI in the MGMT promoter increases the 
cytotoxicity of TMZ and reduces the IC50 values for TMZ in edited glioblastoma cell 
lines. (A, B) (upper) T98G cells stably expressing gRNA2 (A) or gRNA10 (B), and the 
corresponding EgRNA were treated with increasing concentrations of TMZ (50, 100, 200, 
400, 800, and 1000 µM) for 144 h, and cell viability was measured using Alamar blue 
assay. (A, B) (lower) Calculated IC50 values of TMZ for T98G clonal cell lines expressing 
gRNA2 (A) or gRNA10 (B) compared with the corresponding EgRNA control cell lines. (C) 
LN18 cells stably expressing EgRNA or gRNA10 were treated with increasing 
concentrations of TMZ (10, 25, 50, 100, 200, 400, 800, and 1000 µM) for 144 h, and cell 
viability was measured using Alamar blue (upper). Calculated IC50 values of TMZ for 
EgRNA and gRNA10 expressing LN18 clonal cell lines (lower). Data are shown as mean 
± SD of values from three independent experiments with each of three replicates. 
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****P<0.0001, **P<0.01. TMZ, temozolomide; EgRNA, empty sgRNA. 

 

3.6 Downregulation of MGMT expression restores the ability of TMZ to induce 

apoptosis in different sgRNA-edited cell lines 

The significant reduction of the IC50 values for TMZ in the modified glioblastoma cell 

lines indicated that targeted DNA methylation of the MGMT promoter can restore the 

capability of TMZ to induce cell death in normally TMZ-resistant glioblastoma cell lines. 

To study the TMZ-induced cell death in more detail, T98G and LN18 stably expressing 

gRNA 10 cell lines were treated for 72 h and 144 h with increasing concentrations of TMZ 

(100, 200, and 400 µM for T98G; 25, 50, and 100 µM for LN18), and DNA fragmentation 

was measured as readout reflecting cell death induction by flow cytometry after PI 

staining of the cell nuclei (Fig. 17). As expected, TMZ increased the percentage of cell 

death in a dose- and time-dependent manner in both cell lines stably expressing gRNA10. 

For T98G cells stably expressing gRNA10, the percentage of DNA fragmentation 

increased up to almost threefold at the highest TMZ concentration (400 µM) after 72 h 

and displayed the highest increase in the proportion of sub-G1/dead cells after 144 h 

each compared with the respective T98G EgRNA control cell line (Fig. 17A-C). 

Interestingly, LN18 cells stably expressing gRNA10 showed a significantly increased 

cytotoxicity already at 100 µM TMZ with 20 % cell death after 72 h and 55 % cell death 

after 144 h each compared with the respective LN18 EgRNA control cell line; at the TMZ 

concentrations tested, virtually no induction of cytotoxicity or change in cell viability was 

detectable in LN18 EgRNA control cell line (Fig. 17D-F). Furthermore, in T98G cell line 

stably expressing gRNA2, a significantly increased percentage of cell death was 

observed in comparison with the EgRNA control cell line after treating the cells with 400 

µM TMZ for 72 h and 144 h (Fig. 16A-D). Thus, targeted DNA methylation of the MGMT 

promoter is sufficient to overcome the TMZ resistance of established glioblastoma cell 

lines and induce cell death by TMZ. 
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Figure 16: Targeted methylation of the MGMT promoter enhances TMZ-induced 
apoptotic cell death in gRNA2 stably expressing T98G clonal cell line. (A, C) 
Representative density plots (upper) and histograms (lower) from flow cytometric 
analysis of T98G cells stably expressing EgRNA or gRNA2 treated with 400 µM TMZ or 
vehicle control (DMSO) for 72 h (A) or 144 h (C). The percentage of DNA fragmentation of 
PI-stained nuclei under the different concentrations of TMZ for 72 h (A) or 144 h (C) is 
indicated in the plots, respectively. In the overlays of the histograms, gRNA2 stably 
expressing T98G cells is shown in red, and EgRNA stably expressing T98G cells in blue. 
(B, D) The specific DNA fragmentation rates in T98G cell lines stably expressing EgRNA 
or gRNA2 in response to treatment with 400 µM TMZ for 72 h (B) or 144 h (D), 
respectively. Data are shown as mean ± SD of values from three independent 
experiments with each of three replicates. ***P<0.001. DMSO, Dimethyl sulfoxide; TMZ, 
temozolomide; PI, propidium iodide; SSC-A, side scatter area, EgRNA, empty sgRNA. 
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Figure 17: Targeted methylation of the MGMT promoter enhances TMZ-induced 
apoptotic cell death in different gRNA10 stably expressing clonal cell lines. (A and 
B) Representative density plots (upper) and histograms (lower) from flow cytometric 
analysis of T98G cells stably expressing EgRNA or gRNA10 treated with increasing 
concentrations of TMZ (100, 200, and 400 µM) or vehicle control (DMSO) for 72 h (A) or 
144 h (B). The percentage of DNA fragmentation of PI-stained nuclei under the different 
concentrations of TMZ for 72 h (A) or 144 h (B) is indicated in the plots, respectively. In the 
overlays of the histograms, gRNA10 expressing T98G cells is shown in red, and EgRNA 
expressing T98G cells in blue. (C) The specific DNA fragmentation rates in T98G cell lines 
stably expressing EgRNA or gRNA10 in response to different concentrations of TMZ for 
72 h (upper) or 144 h (lower), respectively. (D and E) Representative density plots 
(upper) and histograms (lower) from flow cytometric analysis of LN18 cells stably 
expressing EgRNA or gRNA10 treated with increasing concentrations of TMZ (25, 50, and 
100 µM) or vehicle control (DMSO) for 72 h (D) or 144 h (E). The percentage of DNA 
fragmentation of PI-stained nuclei in response to different concentrations of TMZ for 72 h 
(D) or 144 h (E) is indicated in the plots, respectively. In the overlays of the histograms, 
gRNA10 stably expressing LN18 cells is shown in red, and EgRNA stably expressing 
LN18 cells in blue. (F) The specific DNA fragmentation rates of LN18 cell lines stably 
expressing EgRNA or gRNA10 in response to the treatment with TMZ for 72 h (upper) or 
144 h (lower) are shown in the histograms. Data are shown as mean ± SD of values from 
three independent experiments with each of three replicates. ****P<0.0001, **P<0.01. 
DMSO, Dimethyl sulfoxide; TMZ, temozolomide; PI, propidium iodide; SSC-A, side scatter 
area, EgRNA, empty sgRNA.  

 

3.7 CRISPRoff induced increased DNA methylation level of MGMT promoter CGI in 

different sgRNA-edited cell lines 

CRISPRoff-mediated downregulation of MGMT expression reversed TMZ resistance in 

the different glioblastoma cell lines. Therefore, we next determined whether it was 

caused indeed by changes in the methylation pattern of MGMT promoter CGI in different 

sgRNA-edited cell lines. According to the findings of Malley et al, different regions of the 

MGMT promoter region were amplified from bisulfite-converted DNA by PCR (Fig. 18A 

and B), subsequent pyrosequencing was performed to measure the methylation level of 

CpG sites 25-42 in DMR1 region and CpG sites 76-90 in DMR2 region in the different cell 

lines stably expressing gRNA2 or gRNA10 and compared with corresponding EgRNA 

control cell lines (Fig. 19A). 
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Figure 18: Bisulfite-converted DNA PCR in different sgRNA stably expressing cell 
lines for pyrosequencing. The representative agarose gels showed the PCR amplicons 
of MGMT promoter DMR1 (329 bp, A) and DMR2 (266 bp, B) regions in different sgRNA 
stably expressing cell lines. (lane 1-6: different sgRNA stably expressing cell lines, lane 7: 
positive control, lane 8: negative control). 

According to the results of pyrosequencing, the methylation levels in the DMR2 region 

particularly of CpG sites 84-90 were significantly increased in T98G and LN18 cell lines 

stably expressing gRNA10 in comparison with the corresponding EgRNA control cell 

lines (Fig. 19C) (Fig. 20D and F). Interestingly, a significantly increased methylation of 

CpG sites 25-38 in the DMR1 region was found only in the gRNA10 edited T98G cell line 

while in gRNA10 edited LN18 cell line only a few CpG sites in DMR1 showed increased 

methylation levels (Fig. 19C) (Fig. 20C and E). On the contrary, in the gRNA2 edited 

T98G cell line, only a significantly increased methylation of CpG sites in the DMR1 region 

was observed but no significant methylation level changes in the DMR2 region compared 
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with the T98G EgRNA control cell line (Fig. 19B) (Fig. 20A and B). Thus, the most 

significant changes in MGMT expression and mean methylation were achieved by 

gRNA10-mediated methylation of the DMR2 region in both T98G and LN18 edited cell 

lines. 

 

Figure 19: Differential DNA methylation pattern of the CGI in the MGMT promoter of 
the established edited glioblastoma cell lines. (A) Schematic showing the location of 
DMR1 and DMR2 (orange rectangle) and target site of gRNA2, gRNA10 (red rectangle) 
within the CGI of MGMT promoter. The location of the minimal promoter and enhancer 
(blue arrows) and the position of the transcription start site (TSS, black arrow) are 
indicated. (B) Heatmap showed the methylation level of single CpG sites in T98G cell 
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lines stably expressing EgRNA or gRNA2 determined by pyrosequencing. (C) Heatmap 
showed the methylation level of single CpG sites in different T98G and LN18 cell lines 
stably expressing EgRNA or gRNA10 determined by pyrosequencing. Each column 
represents one CpG site, CpG25-42 in the DMR1 region and CpG76-90 in the DMR2 
region; each row represents one edited clonal cell line. Higher and lower rates of 
methylation are shown in red and blue, respectively. Data are shown as mean ± SD of 
values from two independent experiments with each of three replicates. DMR1, 
differentially methylated region 1; DMR2, differentially methylated region 2: EgRNA, 
empty sgRNA. 

 

 
Figure 20: Methylation levels of individual CpG sites located in the CGI of the 
MGMT promoter of established edited T98G and LN18 cell lines. Methylation levels of 
single CpG sites in different T98G and LN18 cell lines stably expressing gRNA2 or 
gRNA10 in comparison with the corresponding EgRNA control cell lines. (A-D) 
Histograms showed the methylation level of CpG 25-42 in DMR1 (A) and CpG 76-90 in 
DMR2 (B) of T98G cell lines stably expressing EgRNA or gRNA2; the methylation level of 
CpG 25-42 in DMR1 (C) and CpG 76-90 in DMR2 (D) of T98G cell lines stably expressing 
EgRNA or gRNA10. (E, F) Histograms show the methylation level of CpG 25-42 in DMR1 
(E) and CpG 76-90 in DMR2 (F) of LN18 cell lines stably expressing EgRNA or gRNA10. 
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The percentage of methylation was determined by pyrosequencing. Data are shown as 
mean ± SD of values from two independent experiments with each of three replicates. 
****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. DMR1, differentially methylated region 1; 
DMR2, differentially methylated region 2; EgRNA, empty sgRNA. 

 

3.8 No obvious off-target effects of the CRISPRoff system were observed in 

different gRNA10 stably expressing cell lines 

The above findings demonstrated that the CRISPRoff-mediated epigenetic editing with 

gRNA10 efficiently methylated CpG dinucleotides flanking the MGMT promoter target 

site, and was associated with transcriptional repression of MGMT expression. However, 

the off-target effects mediated by sgRNAs are an unavoidable problem for the 

CRISPR/Cas9 system, which holds true also for the CRISPRoff that can cause off-target 

methylation on untargeted genomic sites. Considering that optimal MGMT repression 

was mediated by gRNA10, we evaluated the off-target effect of gRNA10 in T98G and 

LN18 cell lines from different aspects. The off-target sites of gRNA10 predicted by the 

tool CRISPOR included in the UCSC genome browser are shown in Table 40. 

3.8.1 Determination of global methylation level  

To verify the target specificity of the RNA-guided methylation, we performed an 

immunoassay quantifying the global DNA methylation by measuring the percentage of 

5’-methylcytosine using DNA samples of the respective parental cell lines, the 

corresponding EgRNA control cell lines and the gRNA10 stably expressing cell lines of 

T98G and LN18, respectively (Fig. 21). The results for WT, EgRNA control, and the 

gRNA10 cell lines did not reveal significantly altered global methylation in either the T98G 

(0.15 % vs 0.16 % vs 0.18 %, respectively) or LN18 cell lines (0.35 % vs 0.34 % vs 

0.32 %, respectively). 
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Table 40: The list of potential off-targets for gRNA10 

Off-target ID Locus Position 
CpG sites 

covered by 850k 
array probes 

Off-target 1 
Intergenic 
RP5-1071N3.1/ECE-E
CE1 

Chr1: 21334529 (-) 2 

Off-target 2 
Intergenic 
AC062017.1-AC07961
2.1 

Chr2: 239554941 (+) 0 

Off-target 3 
Exon 
UBXN7-AS1/UBXN7 

Chr3: 196432453 (-) 11 

Off-target 4 Intron ACOX3 Chr4: 8370901 (-) 5 
Off-target 5 Exon ARSJ Chr4: 113979451 (+) 12 

Off-target 6 
Intergenic 
MIR1202-SNORD28 

Chr6: 156155681 (-) 0 

Off-target 7 Exon C9orf9/AK8 Chr9: 132878102 (+) 13 

Off-target 8 
Intergenic 
RP11-260M19.2- 
RP11-260M19.1 

Chr14: 104315879 (+) 2 

Off-target 9 
IntergenicRP11-37/J13
.1/snoZ278- 
FAM189A1 

Chr15: 29239951 (-) 0 

Off-target 10 
Intergenic 
RP11-20G13.4-RPL7P
5 

Chr15: 99511316 (+) 1 

Off-target 11 
Intergenic 
RP11-420N3.3-RBFOX
1 

Chr16: 5922921 (+) 0 

Off-target 12 
Intergenic 
CTA-481E9.4- 
CTA-481E9.3 

Chr16: 17989338 (-) 0 

Off-target 13 Intron RP11-118F19.1 Chr16: 85582314 (-) 2 

Off-target 14 
Intergenic 
Rp11-542M13.3- 
RP11-542M13.2 

Chr16: 85953646 (+) 1 

Off-target 15 
Intergenic 
RP11-316M20.1- 
AC104981.1 

Chr17: 77755142 (+) 0 

Off-target 16 Intron ENPP7 Chr17: 79736419 (-) 4 
Off-target 17 Intron COL4A5 ChrX: 108440528 (-) 4 
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Figure 21: Global DNA methylation of WT, and edited T98G and LN18 cell lines. The 
analysis of the global DNA methylation (5-mC %) among the WT cell lines of T98G and 
LN18 and the cell lines established from them expressing EgRNA or gRNA10. Data are 
shown as mean ± SD of values from three independent experiments. WT, wild type; 
EgRNA, empty sgRNA. 

3.8.2 Gene expression profiling by RNA sequencing 

To detect the potential changes in mRNA expression due to the epigenetic modification of 

the CRISPRoff system, we performed RNA sequencing in gRNA10 stably expressing 

T98G and LN18 cell lines compared with the different EgRNA control cell lines 

respectively. Using differential gene expression (DGE) analysis (in addition to the 

reduced mRNA expression of MGMT), we found a relatively small number of 91 genes in 

the whole genome with a slight increase or decrease in mRNA expression in gRNA10 

edited LN18 cell lines in comparison with the EgRNA control cell line (Fig. 22A-B). 

Simultaneously, the mRNA expression of genes related to different potential off-target 

sites was also analyzed; and only a decrease in COL4A5 mRNA expression was 

detected (Fig. 22C-M), which was identified as an off-target site (Table 40). Similar 

trends of changes in mRNA expression were also detected in gRNA10-edited T98G cell 

lines in comparison with its control cell line (data not shown). 
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Figure 22: Gene expression profiling in gRNA10 stably expressing LN18 cell lines 
and its corresponding EgRNA control cell line. (A) The volcano plot showed all 
expressed transcripts in gRNA10 and EgRNA edited LN18 cell lines: of 13069 expressed 
transcripts, 91 statistically significant differentially expressed genes were identified in 
gRNA10 stably expressing LN18 cell line compared with its EgRNA control cell line 
(p-value < 0.05, FC cutoff 2.5); including 56 down- (blue dots) and 35 up-regulated (red 
dots) genes. (B) The box plot showed the MGMT mRNA expression level. (C-M) Different 
box plots represented the mRNA expression level of predicted off-target site-related 
genes. ***P<0.001, *P<0.05. 
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3.8.3 Genomic DNA methylation profiling by 850K array  

To further evaluate the potential genome-wide off-target methylation status of the 

gRNA10-CRISPRoff transgene, we analyzed the gRNA10 stably expressing T98G cell 

line and its corresponding EgRNA control cell line using the Illumina EPIC (850K) bead 

array. Out of seventeen predicted off-target regions (Table 40), only ten regions were 

covered by the Illumina EPIC array probes. All ten regions showed no signs of differential 

methylation between control and gRNA10-edited T98G cell lines (Fig. 23A-J). Although 

seven regions were not covered by methylation probes, the overall results suggested the 

likelihood of off-target methylation occurring in the gRNA10-edited T98G cell line is quite 

low.
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Figure 22: Genomic DNA methylation profiling in EgRNA and gRNA10 stably 
expressing T98G clonal cell lines. (A-J) Different heat maps represented the 
methylation levels of specific CpGs within predicted genomic off-target sites of gRNA10 
in gRNA10 or EgRNA stably expressing T98G clonal cell lines (arrayed using 
IlluminaEPIC 850k bead array). Each row is representative for the analysis of one DNA 
sample from each EgRNA or gRNA10 edited cells, each column represents one probe 
present on the 850K array for the analysis of specific CpG sites. Higher and lower rates 
of methylation are shown in red and blue, respectively; gray indicates that the probe did 
not detect the target in the sample. The list of predicted gRNA10 off-targets is shown in 
Table 40. EgRNA, empty sgRNA. 
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4. Discussion 

TMZ is the current standard therapy for glioblastoma, but TMZ chemotherapy is 

compromised by the development of resistance in nearly 40 % of all patients with 

glioblastoma (Stupp et al., 2005). The endogenous expression level of MGMT is an 

important factor associated with TMZ resistance in glioblastoma; approximately 60 % of 

glioblastoma patients harbor an unmethylated MGMT promoter, leading to a poor 

prognosis as they experience limited benefit from TMZ treatment. Overall, this study 

shows that the CRISPR/dCas9-based epigenetic editing system can induce targeted 

DNA methylation with remarkable density and frequency at CpG sites within the CGI in 

the MGMT promoter region. Subsequently, this induced DNA methylation was sufficient 

to downregulate the MGMT expression and reversed the TMZ resistance of known 

TMZ-resistant glioblastoma cell lines. Furthermore, no obvious off-target effects of 

CRISPRoff were identified by analyzing gene expression profiling and genomic DNA 

methylation patterns. 

 

4.1 Downregulation of MGMT expression in edited glioblastoma cell lines 

As a cellular DNA repair protein, MGMT is regulated by multiple factors including 

transcription factors, microRNAs, histone modifications such as acetylation, and 

especially methylation of the MGMT promoter region (Nie et al., 2021). Previous studies 

have already linked high levels of MGMT activity to resistance to alkylating agents such 

as TMZ in tumor tissue, and are used to predict its therapeutic effect in glioblastoma 

(Baer et al., 1993; Friedman et al., 2000). Given the enormous importance of MGMT in 

TMZ resistance, a variety of approaches have already been used to improve the 

sensitivity of TMZ. 
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Except for the pseudosubstrate for MGMT that we mentioned above, a common 

approach for the treatment of TMZ-resistant glioblastoma cells consists of a combination 

of different compounds that inhibit MGMT or suppress its expression. For example, 

NCT503 a highly selective inhibitor of the rate-limiting enzyme of serine biosynthesis was 

shown to inhibit the expression of MGMT and synergistically enhance the efficiency of 

TMZ in glioblastoma (Jin et al., 2022). Interestingly, treatment with NCT503 did not result 

in any change of methylation levels in the MGMT promoter, and other pathways such as 

the Wnt/ß-catenin pathways are likely involved in the regulation of MGMT expression (Jin 

et al., 2022). In addition, a small molecule compound, EPIC-0412, was discovered which 

enhanced the TMZ sensitivity in glioblastoma by acting on the p21-E2F1 DNA damage 

repair axis and ATF3-p-p65-MGMT axis (Zhao et al., 2023). In combination with TMZ, 

EPIC-0412 synergistically reduced the viability of glioblastoma cells and reversed TMZ 

resistance.  

Toward this goal, small interfering RNAs (siRNAs) are considered to be another 

promising tool. siRNAs targeting transcription of MGMT succeeded in suppressing the 

expression of MGMT and increased the cytotoxicity of TMZ in T98G glioblastoma cells 

(Kato et al., 2010). In addition, some microRNAs have also been reported to be involved 

in the downregulation of MGMT expression. For instance, miR-181d effectively 

downregulates MGMT by directly interacting with the 3’UTR of MGMT, thereby 

enhancing the efficacy of TMZ as a sensitizing agent in MGMT-targeted therapy (Zhang 

et al., 2012). MiR-198 inhibited the translation of MGMT mRNA in glioblastoma cells by 

directly binding to the MGMT 3’UTR, which can reverse the TMZ resistance in 

glioblastoma with MGMT overexpression. However, the effectiveness of siRNAs may be 

limited by the poor specificity, causing potential safety issues and sometimes reducing 

therapeutic efficacy (Nie et al., 2017). 

The CRISPR/Cas9 system has become an important technology for human genome 

editing. Originally discovered as an adaptive immune system in prokaryotes consisting of 
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a DNA endonuclease and a sgRNA, it has been widely used in glioblastoma to uncover 

the function of genes involved in tumor cell growth, suppression of apoptosis, induction of 

autophagy, deregulation of the immune response, cell migration, and metastasis 

(Al-Sammarraie and Ray, 2021). In recent years, modifications of the CRISPR/Cas9 

system have been developed using dCas9 for epigenetic editing in glioblastoma. For 

instance, Jameson et al. identified two enhancers within the first intron of the epidermal 

growth factor receptor (EGFR) gene which is frequently overexpressed in a variety of 

cancer types including glioblastoma (Jameson et al., 2019; Salomon et al., 1995). Using 

a dCas9 protein fused to the Krüppel-associated box (dCas9-KRAB), the authors were 

able to target the enhancer elements and repress EGFR transcription by histone 

deacetylation (Jameson et al., 2019). In addition, glioblastoma progression was also 

successfully suppressed with an RNA-guided CRISPR/dCas9 synergistic activation 

mediator system overexpressing full-length HECT domain-containing E3 ubiquitin ligase 

(HUWE1) (Yuan et al., 2022). HUWE1 is widely known to regulate the complex 

interactions between proliferation, differentiation, and DNA damage response (Hao et al., 

2012; Inoue et al., 2013; Kurokawa et al., 2013; Zhang et al., 2011). 

Here, we used a CRISPR/dCas9 (CRISPRoff) system in different glioblastoma cell lines 

to achieve targeted methylation of CpG sites in the MGMT promoter region by a 

methyltransferase (DNMT3A/3L) fused to dCas9. Three individual sgRNAs targeting 

different regions of the MGMT promoter were studied for their capability to repress the 

endogenous MGMT expression. Using the CRISPRoff system we isolated several clonal 

cell lines of LN18 and T98G showing a strong reduction in their endogenous MGMT 

expression at both the mRNA and protein levels, which is almost silenced in gRNA10 

stably expressing T98G and LN18 cell lines. Moreover, expression of MGMT was stably 

repressed over multiple generations in the epigenetically silenced clonal cell lines of 

T98G and LN18 for at least 10-15 passages. 
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In comparison with other MGMT silencing techniques described above, the approach of 

CRISPRoff has several advantages: 1. A high efficiency of MGMT repression by specific 

epigenetic modification without changing in DNA sequence. 2. The downregulation of 

MGMT is heritable during cell division. 3. If some side effects due to silencing of MGMT 

expression are observed, the CRISPRoff-induced DNA methylation can be reversed by 

another epigenetic editing system called CRISPRon. 

 

4.2 Enhancement of TMZ sensitivity in different TMZ-resistant glioblastoma cell 

lines 

The CRISPRoff-based hypermethylation of the MGMT promoter enhanced the sensitivity 

for TMZ in resistant glioblastoma cell lines. The IC50 values for TMZ which were initially 

measured in the parental cell lines of T98G (476 µM) and LN18 (425 µM) were 

comparable to those reported previously for T98G (502 µM) and LN18 (511 µM) 

(Hermisson et al., 2006; Lee, 2016).  

Using CRISPRoff-mediated methylation of MGMT promoter CGI in the TMZ-resistant 

glioblastoma cell lines decreased the IC50 values of TMZ by 78 % and 98 % in gRNA10 

stably expressing T98G and LN18 cell lines, respectively. In addition, the increased 

sensitivity to TMZ of the gRNA10 edited cell lines was confirmed by DNA fragmentation 

analysis using PI staining and flow cytometry. The epigenetically silenced different 

gRNA10 clonal cell lines showed significantly higher levels of DNA fragmentation upon 

treatment with a lower concentration of TMZ compared with the respective control cell 

lines indicating an enhanced induction of apoptotic cell death by TMZ treatment.  

Interestingly, the cytotoxic effect of TMZ in gRNA2 stably expressing T98G cell line was 

less pronounced, and no increased cell death induced by a lower concentration of TMZ 

was observed; which can be explained most likely by an insufficient reduction of the 

MGMT expression and still too high residual expression of MGMT. During the DNA repair 
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process, one MGMT molecule irreversibly removes only one alkyl group from the O6 

position of guanine to its cysteine residue; hence, the capacity of the DNA repair depends 

on the amount of MGMT (Malley et al., 2011). 

 

4.3 Remodeling of methylation patterns of MGMT promoter CGI in glioblastoma 

cell lines edited by different sgRNAs 

Given the impact of MGMT expression levels on TMZ resistance, the methylation status 

of MGMT promoter is routinely assessed by diverse technologies to stratify patients with 

glioblastoma. In the past two decades, several studies identified distinct regions across 

MGMT promoter CGI, whose methylation level may play a critical role in the regulation of 

MGMT expression (Everhard et al., 2009; Malley et al., 2011; Nakagawachi et al., 2003; 

Watts et al., 1997). Particularly, the DMR1 (contains CpG25-50) and DMR2 (contains 

CpG73-90) regions, which were defined previously (Malley et al., 2011). Except for the 

demonstration of the methylation status of these two regions that strongly correlates with 

MGMT mRNA expression, the authors also confirmed the important role of several 

specific CpG sites within the DMR2 region in controlling MGMT expression by selective 

site-directed mutagenesis (Malley et al., 2011). In addition, Bady et al. revealed that 

methylation of the DMR1 and DMR2 regions in the MGMT promoter CGI is associated 

with improved overall survival of glioblastoma patients treated with alkylating agents 

(Bady et al., 2012). 

Here, we tested individual sgRNAs targeting three different regions of the CGI in the 

MGMT promoter and evaluated their capability to repress endogenous MGMT 

expression. While one sgRNA (gRNA4) showed no repressive effect at all, two sgRNAs 

(gRNA2, 10) targeting both ends of the CGI, showed a different degree of reduction of 

their endogenous MGMT expression. In this regard, the location of the sgRNA-targeted 
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sequence appears to play an important role in regulating MGMT expression. We further 

assessed the modified methylation pattern in the MGMT promoter CGI. 

The gRNA2 binds to a DNA sequence on the sense strand close to the DMR1 region in 

the MGMT promoter CGI and causes increased methylation level of multiple CpG sites in 

the DMR1 region decreasing endogenous MGMT expression by 50 %, especially the 

CpG25-32 sites. For gRNA10, which targets a DNA sequence at the end of MGMT 

promoter CGI on the antisense strand, mediated strong increased methylation level of 

the DMR2 region resulting in a strong to almost complete reduction of endogenous 

MGMT expression in both T98G and LN18 glioblastoma cell lines stably expressing 

gRNA10. In particular, we found hypermethylation of CpG84-89 sites in the DMR2 region 

of gRNA10 stably expressing glioblastoma cell lines. These CpG sites are located within 

the enhancer region of the MGMT promoter and 5’upstream of the gene region targeted 

by gRNA10. These findings show that by using CRISPRoff and one specific sgRNA, 

efficient methylation of CpG sites in the DMR2 region and silencing of the MGMT 

expression can be achieved in formerly TMZ-resistant glioblastoma cell lines. Consistent 

with our results, Malley et al. reported that CpG sites 83, 86, 87, and 89 closely correlate 

with the transcriptional control of MGMT expression by luciferase assay; in particular, the 

mutation of CpG site 89 alone almost entirely extinguished the promoter activity (Malley 

et al., 2011).  

The critical role of the methylation status within the DMR2 region in promoting MGMT 

gene transcription may be explained by nucleosome positioning, which is an important 

mechanism for gene expression regulation because linker DNA is more approachable for 

regulatory proteins like transcription factors (TFs) than nucleosome-bound DNA (Segal 

and Widom, 2009). It is possible that CpG83-89 located within the DMR2 region is less 

affected by nucleosome binding and methylation. Therefore, when aberrant methylation 

occurs in this region, it may prevent regulatory proteins from binding to this region, either 

by direct blockade or by remodeling chromatin via methyl CpG-binding proteins like 
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methyl CpG binding protein 2 (MeCP2). It has been reported that the binding sites of 

some TFs are located in this region, such as the Signal transducer and activator of 

transcription 3 (STAT3), which is associated with gliomagenesis (la Iglesia et al., 2009). 

Furthermore, nuclease accessibility analysis revealed that the open chromosomal 

structure is lost in cells with MGMT methylation; subsequently, the TSS becomes 

unapproachable, even though the TSS region itself is unmethylated (Patel et al., 1997; 

Watts et al., 1997). This indicates that the hypermethylation of regions outside of the TSS 

like DMR2 region, may block the TSS through chromatin remodeling, resulting in 

silencing of gene transcription. 

 

4.4 Evaluation of CRISPRoff potential off-target effect in different gRNA10 stably 

expressing cell lines 

While the CRISPR/Cas9 gene editing system has been extensive utilization and ongoing 

advancements, demonstrating promising potential for clinical transformation, the 

persistence of off-target effects remains a major issue that urgently needs to be 

addressed (Fu et al., 2013; Hsu et al., 2013; Pacesa et al., 2022). Generally, off-target 

effects refer to the adverse consequences caused by the sgRNA binding at non-targeted 

genomic locations (1-5 base pairs mismatch) and resulting from Cas9 cleavage, which 

has been widely reported in CRISPR/Cas9-edited human cell lines (Guo et al., 2023; Han 

et al., 2020). The specificity of the CRISPR/Cas9 system is thought to be closely 

governed by the 20bp nucleotide sequence of the crRNA within the sgRNA, along with 

the PAM sequence. Notably, the “seed sequence”, 10–12 base pairs of the crRNA 

adjacent to the PAM sequence, was defined and confirmed to be more important in 

determining Cas9 specificity than the rest of the crRNA sequence (Cong et al., 2013; 

Jinek et al., 2012). The subsequent studies further showed that the 1-5 base pairs within 

the seed sequence proximal to the PAM sequence are the most crucial ones (Wu et al., 
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2014). Moreover, mismatches spanning 1-5 base pairs at the 5' end of the crRNA are 

more readily tolerated compared with those occurring at the 3' end (Zhang et al., 2015). 

In our research, off-target effects manifest as the CRISPRoff-induced hypermethylation 

at non-target sites of sgRNA in the genome. First of all, the global methylation levels of 

the silenced, parental, and control cell lines of T98G and LN18 did not exhibit significant 

changes in the genome-wide methylation status. Subsequently, combined with the RNA 

sequencing analysis and 850k genomic methylation profiling, no off-target effects were 

identified at the predicted gRNA10 off-target sites, except for the COL4A5 gene.  

The COL4A5 gene is located on the X chromosome and encodes one of the six subunits 

of type IV collagen, mutations in this gene are associated with X-linked Alport syndrome, 

also known as hereditary nephritis (Pierides et al., 2013). According to the previous study, 

the hypermethylation of the COL4A5 promoter region is related to the suppression of its 

expression (Ikeda et al., 2006). Interestingly, the COL4A5 promoter hypermethylation 

was reported to be responsible for the development of colorectal cancer; on the contrary, 

it is also associated with improved survival in gastric cancer (Peng et al., 2020; Xu et al., 

2019). In this study, we observed a decrease in COL4A5 mRNA expression by RNA 

sequencing in gRNA10 edited cell lines compared with EgRNA control cell lines; on the 

other hand, no changes of methylation were found in the probes of 850k located in the 

COL4A5 gene. Furthermore, the predicted off-target site in the COL4A5 gene is located 

in the intron 1 region rather than the promoter region. Therefore, it is possible that 

changes in COL4A5 gene expression levels are not due to off-target effects of the 

CRISPRoff system, however, future investigations are needed.  

In order to reduce the off-target effects of the CRISPR/Cas9 system at unintended sites 

in the genome, various strategies are currently being considered, such as sgRNA 

alteration, Cas9 protein modification, and delivery modality improvement (Han et al., 

2020). First, the alteration of sgRNA includes two possibilities: truncation of base pairs at 

the 5' end of the crRNA, resulting in 17-18 bp complementary sequence within sgRNA, 
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and adjunction of 2 guanine nucleotides to the 5' end of the crRNA; both ways are 

confirmed to effectively decrease the off-target effects (Cho et al., 2014; Fu et al., 2014; 

Pattanayak et al., 2013). second, it has been reported that the use of recombinant Cas9 

protein results in much lower off-target editing than expression-based approaches 

(Vakulskas and Behlke, 2019). In addition, the frequency of off-target effects can be 

minimized by ribonucleoprotein (RNP)-based methods to limit the exposure of the 

genome to active Cas9 complexes. Recently, Yan et al. developed a noninvasive 

CRISPR/Cas9 brain nano-delivery system that could be used in combination with RNPs 

to limit off-target effects and provide excellent gene editing efficiencies (Zou et al., 2022).  

 

4.5 Limitations and outlook of the study 

The study proved the feasibility of reversing TMZ resistance caused by high expression 

of MGMT in glioblastoma through the CRISPR/dCas9-based epigenetic editing system. 

While no apparent off-target effects were observed at the cellular level through RNA 

sequencing and 850K analysis, it is imperative to acknowledge that this does not 

preclude the possibility of side effects arising from potential off-target effects in animal 

models and within the organism. For example, the COL4A5 gene, although changes in its 

methylation level were not detected with the currently available methods, investigations 

to determine the COL4A5 mRNA level and its potential consequences in patient-derived 

glioblastoma organoids and vivo xenograft studies are pending. This will also determine 

whether we need to make subtle adjustments to the DNA sequence binding position of 

the sgRNA in the DMR2 region to eliminate potentially serious off-target effects. 

In this study, indirect effects of MGMT gene silencing through the CRISPRoff system 

were not excluded. MGMT is an important DNA repair enzyme in cells, so silencing its 

activity could potentially lead to some indirect negative effects. For instance, in the 
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absence of MGMT protein expression, DNA demethylase cannot be effectively repaired, 

which will lead to the failure of downstream target gene demethylation. 

In summary, CRISPRoff-based epigenetic modifications in patient-derived glioblastoma 

organoids and animal models will be the remaining steps on the road towards a new 

therapy. In addition, it is also needed to determine the minimum amount of sgRNA 

required to achieve the current effective methylation pattern in subsequent preclinical 

translation studies. 
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5. Summary 

Glioblastoma is the most common and aggressive primary tumor of the central nervous 

system with poor outcomes. The current gold standard treatment is surgical resection 

followed by a combination of radio- and chemotherapy. The efficacy of temozolomide 

(TMZ), the primary chemotherapeutic agent, depends on the DNA methylation status of 

the O6-methylguanine DNA methyltransferase (MGMT), which has been identified as a 

prognostic biomarker in glioblastoma patients. Clinical studies revealed that glioblastoma 

patients with hypermethylated MGMT promoter have a better response to TMZ treatment 

and a significantly improved overall survival.  

In this study, we thus used the CRISPRoff genome editing tool to mediate targeted DNA 

methylation within the MGMT promoter region. The system carrying a CRISPR-dCas9 

fused with a methyltransferase (Dnmt3A/3L) domain downregulated MGMT expression in 

TMZ-resistant human glioblastoma cell lines through targeted DNA methylation. The 

reduction of MGMT expression levels reversed TMZ resistance in TMZ-resistant 

glioblastoma cell lines resulting in TMZ-induced dose-dependent cell death rates. In 

addition, no obvious off-target effects of the CRISPRoff system are detected at the 

cellular level. 

In conclusion, we demonstrate that targeted RNA-guided methylation of the MGMT 

promoter emerged as a promising tool to overcome chemoresistance and improve the 

cytotoxic effect of TMZ in glioblastoma. 
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