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Abstract 

Cancer is a leading cause of mortality characterized by uncontrolled cell growth. 

Neuroblastoma, a type of malignant tumor affecting the nervous system, originates from 

immature nerve cells and is studied using the SH-SY5Y cell line derived from a child's 

bone marrow. This cell line along with HEK293T is crucial for neuroscience and cancer 

studies. Mitochondria, the cell's powerhouse, contain proteins like MICU1 and MICU2 

that regulate calcium ion influx, playing a significant role in cellular processes. Key 

techniques include Biotin Identification and Ascorbate Peroxidase 2 for biotinylation of 

neighboring proteins and CRISPR/Cas9 for genetic modifications. Studies have shown 

that deletions in exon three reduce mitochondrial calcium ion uptake without inducing 

apoptosis and when Ascorbate Peroxidase 2 is fused with the IDG_CACNA2D3_OE_1 

vector, it allows for the biotinylation of tumor suppressor proteins like P53, which are 

crucial for initiating apoptosis. This project investigates the impact of deleting exon three 

of the mitochondrial calcium channel protein and explores potential biotinylation of 

tumor suppressor calcium channel proteins using Ascorbate Peroxidase 2. The deletion 

involved cloning sgRNAs into Lenti CRISPR V2 Puro and the pSp Cas9 (BB) – 2A -GFP 

(PX 458) vectors, followed by transfection into SH-SY5Y cells. Although Nanodrop 

analysis indicated contamination affecting sample purity, Sanger sequencing confirmed 

the correct insertion location. RNA extraction yielded acceptable results, while RT-qPCR 

indicated slight redundancy due to pipetting errors or unstable housekeeping genes. The 

IDG_CACNA2D3_OE_1 and APEX2-OMM vectors were utilized in biotinylation, with 

codon optimization of the IDG_CACNA2D3_OE_1, yielding three successful codon 

optimimzed samples out of 24. Not all 24 samples were codon optimized due to 

incomplete Kinase, Ligase, and DpnI incubation time, resulting in wild-type sequences 

outcompeting mutants. Gradient PCR for APEX2-OMM vector yielded optimal results. 

Ultimately, the experiment was successful, with future studies recommended, focusing 

on minimizing troubleshooting for improved outcomes. 

 

 

 

 

 

 

 

 

 

 



 

List of abbreviations 

Abbreviations 
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Ascorbate Peroxidase 2 APEX2 

ATP Adenosine Triphosphate 

BioID Biotin Identification 

C Colony  

Ca2+  Calcium Ions 

CAC OPT CAC Optimized 

CAC Vector IDG_CACNA2D3_OE_1 

CIP Calf Intestinal Phosphatase 

CRISPR/ Cas9 Clustered Regularly Interspaced Palindromic Repeats 

crRNA CRISPR RNA 

DMEM Dulbecco’s Modified Eagle Medium 

FACS (tubes) Fluorescence-Activated Cell Sorting (Tubes) 

FWD and REV Forward and Reverse Primers 

GFP Vector The pSp Cas9 (BB) – 2A -GFP (PX 458) Vector 

gRNA guide RNA 

HDR Homology Directed Repair 

KLD Kinase, Ligase, and DpnI 

MCU  Mitochondrial Calcium Uniporter 

MOMP  Mitochondrial Outer Membrane Permeabilization 

N/ A Not Available 

NFW Nuclease Free Water 

NHEJ Non-Homologous End Joining 



 

NTC No Template Control 

Oligo(s) Oligonucleotide(s) 

OMM Outer Mitochondrial Membrane 

PAM sequence Protospacer Adjacent Motif  

PCR Polymerase Chain Reaction 

pLenti Vector Lenti CRISPR V2 Puro Vector 

pNTs Peripheral Neuroblastic Tumors 

qPCR Quantitative Polymerase Chain Reaction 

RA Retinoic Acid 

ROS Reactive Oxygen Species 

-RT No Improm-II™ Reverse Transcriptase Enzyme 

S Sample(s) 

sgRNA Single Guide RNA 

Ta Annealing Temperature 

TAE Buffer Tris-acetate-EDTA Buffer 

Tm Melting Temperature 

tracrRNA Trans-activating CRISPR RNA 

WT Wild Type 

 

 

 

 

 



 

Table of contents 

1 Introduction ............................................................................................................. 1 
1.1 History and Defining Cancer .......................................................................... 1 

1.1.1 Neuroblastoma ................................................................................... 1 
1.1.2 SH-SY5Y: A Model Cell Line of Neuroblastoma ................................ 2 
1.1.3 HEK293 and HEK293T ...................................................................... 2 

1.2 Mitochondria: A Historical Perspective and Its Function ............................. 3 
1.3 Biotinylating of Nearby Proteins: Biotin Identification (BioID) and Ascorbate 

Peroxidase 2 (APEX2) ............................................................................................. 3 
1.3.1 BioID................................................................................................... 3 
1.3.2 APEX2 ................................................................................................ 4 

1.4 Clustered Regularly Interspaced Palindromic Repeats (CRISPR/ CAS9): A 

Gene Editing Tool .................................................................................................... 4 
1.5 Different Cloning Strategies ........................................................................... 5 
1.6 Transfection.................................................................................................... 5 
1.7 Similar Studies ............................................................................................... 6 

1.7.1 The Impact of Knocking Out Exon Three of a Specific Calcium 

Channel Protein from the Mitochondria ........................................................ 6 
1.7.2 Biotinylation of Adjacent Tumor Suppressor Proteins ...................... 7 

1.8 Aim ................................................................................................................. 8 

2 Materials and methods ............................................................................................ 8 
2.1 Ethical Approval – Gothenburg University Statement .................................. 8 
2.2 General Laboratory Preparations ................................................................... 9 
2.3 Mitochondrial Protein: Exon Deletion using CRISPR/ Cas9 from The Voltage 

Gated Calcium Channel Protein .............................................................................. 9 
2.3.1 Transformation, Double Inoculation, Preparing Glycerol Stocks and 

storage of Pellets............................................................................................. 9 
2.3.2 Plasmid Purification and Digestion, Gel Electrophoresis and Gel 

Purification ..................................................................................................... 9 
2.3.3 Pairing Oligos, Ligation with the Vector, and Removal of linearized 

plasmids ........................................................................................................ 11 
2.3.4 Second Transformation, Second Inoculation, Second Purification and 

Sanger Sequencing ....................................................................................... 13 
2.3.5 Purifying Vectors for Transfection ................................................... 14 
2.3.6 Transfecting GFP Vector into SH-SY5 Cells using 4D-Nucleofector 

(Lonza) ......................................................................................................... 15 
2.3.7 Sorting GFP Cells Using Cytoflex SRT (Beckman Coulter) .............. 16 
2.3.8 Checking Knockdown: Trizol, RNA Extraction, ImProm-II™ & 

Quantitative Polymerase Chain Reaction (qPCR) ........................................ 16 
2.4 Biotinylation of Nearby Tumor Suppressor Proteins................................... 18 

2.4.1 Codon Optimizing CAC Vector ......................................................... 18 
2.4.2 Amplification of the APEX2 insert ................................................... 21 

3 Results.................................................................................................................... 23 
3.1 Mitochondrial Protein: Exon Deletion using CRISPR/ Cas9 from The Voltage 

Gated Calcium Channel Protein ............................................................................ 23 
3.2 Biotinylation of Nearby Tumor Suppressor Proteins................................... 29 



 

4 Discussion .............................................................................................................. 33 
4.1 Mitochondrial Protein: Exon Three Deletion using CRISPR/ Cas9 from The 

Voltage Gated Calcium Channel Protein ............................................................... 33 
4.1.1 Too Many To Count (TMTC), Nanodrop and Gel Electrophoresis .. 33 
4.1.2 Nanodrop Analysis of the Gel Purified GFP and pLenti Plasmids and 

of the Second Transformation ...................................................................... 34 
4.1.3 Distinguishing Between High Copy Plasmids and Low Copy Plasmids

 34 
4.1.4 Sanger Sequencing Results of inserting the sgRNAs into GFP and 

pLenti Plasmids ............................................................................................ 35 
4.1.5 Nanodrop Measurements of the Glycerol Stock and RNA Extraction

 35 
4.1.6 RT-qPCR Analysis of GFP ................................................................ 36 
4.1.7 Missing Objectives ............................................................................ 37 

4.2 Biotinylation of Nearby Tumor Suppressor Proteins................................... 37 
4.2.1 Analyzing PCR Nanodrop Results and CAC Vector Gel Image ........ 37 
4.2.2 Analyzing Sanger Sequencing Results .............................................. 38 
4.2.3 APEX2 Vector Analysis .................................................................... 39 
4.2.4 Missing Objectives ............................................................................ 39 

4.3 Ethical Consequences/ Impact on Society ................................................... 39 
4.3.1 Ethics and AI .................................................................................... 40 

4.4 Conclusion .................................................................................................... 41 

5 References .............................................................................................................. 41 

6 Appendix A: qPCR Raw Data ................................................................................. 52 
 

 

 

 

 



 

 

 

1 

1 Introduction 

1.1 History and Defining Cancer 

Cancer represents one of the foremost causes of mortality, as evidenced by an increase 

in deaths from 1.2 million to 1.9 million in 2021, according to the World Health 

Organization (2024). Cancer is characterized as the uncontrollable proliferation of cells 

within the body, and it can be classified as either benign or malignant (Cooper & Adams, 

2022; Patel, 2020; Sudhakar, 2009).  

A benign tumor is a localized form of cancer that does not invade adjacent cells and 

tissues, exhibiting slow growth dynamics. Typically, benign tumors are not life-

threatening and are unlikely to recur after surgical removal. Conversely, a malignant 

tumor represents a type of cancer capable of invading, migrating, and disseminating 

across various tissues and cells within the body. Accordingly, only malignant tumors pose 

a life-threatening risk, although certain benign tumors may evolve into malignancies 

(Cooper & Adams, 2022; Patel, 2020).  

1.1.1 Neuroblastoma 

Among the extensive spectrum of pediatric malignancies, one notably severe type is 

neuroblastoma. Neuroblastoma constitutes a tumor of the nervous system that 

originates from immature nerve cells. It frequently manifests in regions such as the 

abdomen, pelvis, neck, cervical ganglia, or adrenal medulla. From a histological 

standpoint, it belongs to Peripheral Neuroblastic Tumors (pNTs), which are 

characterized by the presence of small, circular blue tumor cells composed of 

neuroblasts, frequently accompanied by neuropils and the presence of Homer Wright 

Rosettes, as evident in 50% of cases (Newman et al., 2019; Park et al., 2010; Thiele, 

1998).  

Neuroblastomas exist in different histological variants, such as Ganglioneuroblastoma, 

ganglioneuroma, and grossly neuroblastomas. Ganglioneuroblastoma and 

ganglioneuroma have more ganglion cells (mature nerve cells) and Schwannian Stroma 

(supportive tissues responsible for producing the myelin sheath around peripheral 

nerves). Grossly Neuroblastomas often emerge in the adrenal medulla, the innermost 

part of the adrenal gland, or in the paraspinal ganglia, which are nerve cell cluster bodies 

that are part of the sympathetic nervous system (Park et al., 2010; Thiele, 1998; Schwab 

et al., 2003).  

Neuroblastoma is typically classified into distinct risk groups based on various factors, 

including age at diagnosis, disease stage, chromosomal abnormalities, MYCN 

amplification, and histological characteristics (Cohn et al., 2009). This classification 

categorizes patients into low-risk, intermediate-risk, and high-risk categories, serving as 

a guide for treatment and necessitating specific therapeutic approaches (Cohn et al., 

2009). According to Park et al. (2010), treatment for low-risk and intermediate-risk 

individuals follows surgical procedures and chemotherapy in necessary situations. For 
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high-risk groups, four therapy components are required: biological agent treatments for 

minimal diseases, consolidation, induction, and local control.  

The molecular characteristics of neuroblastomas are extensive and varied. For instance, 

there is an increase in the amplification of the proto-oncogene MYCN. MYCN regulates 

the synthesis of proteins essential for the development of tissues and organs during 

embryonic stages. It also regulates other genes by binding to the DNA in a specific region, 

thereby inducing transcription, the first step in protein synthesis (MYCN gene, n.d.). An 

increase in MYCN, which subsequently enhances chromosome 17q, results in a more 

aggressive tumor and is consequently associated with a poor prognosis characterized by 

rapid progression. Furthermore, this phenomenon leads to the loss of chromosomes 1p 

and 11q in MYCN-amplified neuroblastoma, indicating a loss of tumor suppressor genes, 

while simultaneously causing chromosomal modifications that further contribute to 

high-risk classification and other escalations in disease severity (Kamijo & Nakagawara, 

2012; Takita, 2021).  

1.1.2 SH-SY5Y: A Model Cell Line of Neuroblastoma 

Various neuroblastoma cell lines, including SH-SY5Y, originating from a child's bone 

marrow metastasis, are utilized in neuroscience and cancer research. SH-SY5Y cells 

exhibit similarities to small neuronal cells, aggregating in clusters during their 

undifferentiated state, and upon differentiation, they develop branched extensions 

(Kong et al., 2021).  

At the molecular level, amplification of the MYCN gene is minimal in that cell line. 

Instead, a mutation in the ALK gene, F1174L, exists, which promotes cancer progression 

and facilitates an increase in its copy number by amplifying chromosome 2p, resulting 

in increased levels of ALK protein expression. The differentiated SH-SY5Y have neurotic 

features but are slightly immature. Retinoic Acid (RA) is used to further induce their 

differentiation, causing the cells to extend and leading to neurite extensions and the 

expression of highly mature neuronal markers (George et al., 2008; Kong et al., 2021; 

Lodrini et al., 2017). 

1.1.3 HEK293 and HEK293T 

Similar to SH-SY5Y cells, HEK293 cells are another embryonic cell line extracted from 

kidneys, established through the integration of human adenovirus DNA type 5. A 

significant gene, designated as E1A and E1B within this viral DNA, is expressed by 

HEK293, thereby activating viral genes and facilitating the bypass of apoptosis. This is 

why this cell line is used in recombinant protein production. The morphology exhibited 

by HEK293 is pyramidal, and filopodia are present on its cell surface. Furthermore, 

researchers opt to employ HEK293 due to its high transfection efficiency (Tan et al., 

2021; Kovesdi & Hedley, 2010; Cytion, 2025).  

A derivative of HEK293 is the HEK293T (Hu et al., 2018). HEK293T contains a special 

SV40T antigen, a protein that operates at mild temperatures. DNA vectors with an SV40 

origin of replication are boosted by the SV40T antigen, which causes the cell to produce 
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significantly more proteins during transient transfections.  The presence of the SV40T 

antigen enhances the amplification of the expression vector and stimulates the 

expression of the gene of interest (Hu et al., 2018; Yuan et al., 2018). 

From a medical perspective, HEK293T is used in cancer research, as it is continually 

employed to produce viral vectors, such as adenoviruses or lentiviruses. Though it is not 

a neuroblastoma cell line, it can be used as a control. If scientists want to study mutant 

protein, transfecting that mutant in HEK293T would be assessed in a neuron-free 

background (Kim et al., 2020; Tan et al., 2021). 

1.2 Mitochondria: A Historical Perspective and Its 

Function 

Due to the fact that these cell lines are utilized in numerous studies, they can also 

facilitate the investigation of both the function and dysfunction of The Mitochondrion. 

Mitochondrion is an organelle encased within a double membrane and plays a crucial 

role in various biological functions, including cellular homeostasis, cellular signaling, 

amino acid metabolism, and apoptosis. Its primary function is the production of energy 

in the form of Adenosine Triphosphate (ATP) (Chinnery & Schon, 2003; Scheffler, 2011).  

Numerous functions are governed by the mitochondrion, which necessitates the linking 

and regulation of specific calcium ions (Ca2+). The Mitochondrial Calcium Uniporter 

(MCU) facilitates the entry of Ca2+ into the mitochondrion appropriately. This complex 

consists of various subunits, including MICU1 and MICU2, among others (De Stefani et 

al., 2015; Finkel et al., 2015). 

MICU1 and MICU2 act as calcium sensors outside the mitochondria; more specifically, 

the cytosol, acting as gatekeepers, in which they determine when and the quantity of Ca2+ 

to enter. Too much Ca2+ can lead to the dysfunctionality of the mitochondrion and cell 

death; therefore, both proteins disable Ca2+ overload through maintaining the MCU 

channel enclosed. This happens when the Ca2+ within the cytosol are low. In contrast, 

when the Ca2+ in cytosol are increased, the MICU1 and MICU2 triggers the opening of 

the MCU channel to allow the flow of more Ca2+ into the mitochondrion (De Stefani et 

al., 2015; Finkel et al., 2015). 

1.3 Biotinylating of Nearby Proteins: Biotin 

Identification (BioID) and Ascorbate Peroxidase 2 

(APEX2)  

1.3.1 BioID 

A technique referred to as BioID may be utilized to identify additional proteins that 

contribute to the functionality of the mitochondrial calcium channel. This laboratory 

methodology facilitates the examination of protein interactions within living cells by 

specifically targeting proteins in close proximity. In the implementation of BioID, a 
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promiscuous enzyme known as biotin ligase is employed, which attaches biotin to 

adjacent proteins. For this to occur, a vector construct is established, wherein the target 

protein is fused with the ligase and introduced into living cells through that vector. 

Following this, the biotinylated proteins undergo purification using streptavidin, and the 

target biotinylated proteins are subsequently identified via mass spectrometry (Li et al., 

2017; Roux et al., 2018). 

1.3.2 APEX2 

APEX2, a modernized biotinylation tool, offers enhanced efficiency in proximity labeling 

when compared to BioID. It facilitates the oxidation of biotin phenol in the presence of 

hydrogen peroxide, resulting in the generation of a biotin phenoxyl radical that exhibits 

a brief lifespan due to its rapid reactivity. This radical is specifically designed to target 

electron-rich amino acids, such as tyrosine, located on adjacent protein surfaces, thereby 

leading to the biotinylation process. The operation of APEX2 is considerably more 

expedient, requiring only a matter of minutes, in contrast to BioID, which may 

necessitate hours (Alyssa, 2019). 

1.4 Clustered Regularly Interspaced Palindromic 

Repeats (CRISPR/ CAS9): A Gene Editing Tool   

Given that vectors in BioID function as tools for proximity labeling and biotinylating 

adjacent proteins, various techniques are utilized in conjunction with vectors to facilitate 

gene manipulation, notably the groundbreaking methodology known as CRISPR/Cas9. 

CRISPR/Cas9 comprises sequences inherent to a bacterium's genome, serving a critical 

role in its immune defense system against invading viruses, such as bacteriophages. This 

natural defense mechanism has been adapted for use as a gene editing tool capable of 

precise modifications to the genomes of specific organisms. The CRISPR/Cas9 system 

operates via two principal components: Cas9, an endonuclease enzyme, and guide RNA 

(gRNA). The gRNA directs Cas9 to the specific gene designated for modification, thereby 

inducing a double-strand break (Redman et al., 2016). 

The Single Guide RNA (sgRNA) represents a specific category of gRNA, serving as an 

essential element in directing Cas9 to the designated DNA within the CRISPR/Cas9 

framework. In natural biological systems, gRNA comprises two distinct components: 

CRISPR RNA (crRNA) and Trans-activating CRISPR RNA (tracrRNA). The function of 

crRNA involves binding to the target DNA sequence, while tracrRNA facilitates the 

recognition and binding of Cas9 to the DNA. Although these two molecules exist solely 

in nature, for the purposes of this laboratory exercise, they are combined into a singular 

RNA molecule, known as sgRNA, thus simplifying the targeting process (Redman et al., 

2016). 

Both gRNA and sgRNA comprise a targeting sequence of 18 to 20 nucleotides that 

corresponds with the target DNA sequence, as well as a scaffold sequence that facilitates 

the binding of sgRNA to the Cas9 enzyme. Furthermore, as noted by Jiang & Doudna 

(2017), for the cleavage to occur by Cas9, a Protospacer Adjacent Motif (PAM) sequence 
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must be situated adjacent to the target DNA to enable Cas9 binding and cleavage. The 

PAM sequence consists of a few nucleotides, with the most prevalent being NGG, where 

N can represent any nucleotide followed by two guanines (Ran et al., 2013; Redman et 

al., 2016). 

Upon achieving the desired genomic cut, the DNA can be repaired utilizing two distinct 

methodologies: Non-Homologous End Joining (NHEJ) or Homology Directed Repair 

(HDR). In the NHEJ process, the broken ends of the DNA are rejoined, which may result 

in errors such as insertions and deletions (indels). This can lead to the disabling and 

disruption of the gene, rendering it inactive. In contrast, HDR employs a DNA template 

that is analogous to the cut DNA to guide the repairing process (Ma et al., 2014; Redman 

et al., 2016). 

1.5 Different Cloning Strategies 

Given that CRISPR/Cas9 presents high-risk methodologies for genetic mutations, the 

efficacy of such experiments is dependent on the successful application of cloning 

techniques. Molecular cloning methodologies encompass a range of techniques, 

including Restriction Enzyme Cloning. Restriction Enzyme Cloning represents the 

classical approach, wherein specific enzymes are employed to digest a target DNA 

(insert) at designated sequences, and the same enzymes are utilized to digest the vector. 

Subsequently, these components are joined together using DNA ligase (Addgene, n.d. a). 

1.6 Transfection 

Upon the completion of the desired vector design, the vector can be introduced into a 

eukaryotic cell through transfection. This intricate procedure entails the injection of 

nucleic acids, including DNA or RNA, into a living cell to investigate the functions of 

specific genes or the proteins produced anew. Transfection represents a viable method 

for treating certain diseases through genetic modification and is categorized into two 

distinct types: stable and transient. In the case of stable transfection, the DNA or an 

episomal vector is incorporated into the host cell's genome, resulting in a sustained 

expression of the transgene, even subsequent to numerous cell divisions. In contrast, 

transient transfections do not necessitate genomic integration; they typically involve the 

introduction of episomal nucleic acids delivered in the form of a plasmid or 

oligonucleotide (oligos) (Chong et al., 2021). 

Upon completion of transfection, an individual cell is isolated and expanded into 

identical cells, referred to as clones, for the purpose of validating whether the editing has 

occurred. The DNA of the clones is subsequently extracted, purified, and amplified using 

Polymerase Chain Reaction (PCR). Assays are conducted to assess the impact of a 

specific organelle's morphology and function following the genetic mutation (Wang et 

al., 2023).   
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1.7 Similar Studies 

1.7.1 The Impact of Knocking Out Exon Three of a Specific 

Calcium Channel Protein from the Mitochondria 

Since this experiment aimed at deleting exon three from a specific calcium channel 

protein using sgRNA and CRISPR/Cas9 to examine its effect on mitochondria, other 

studies have shown that the deregulation of this specific calcium channel protein in 

mitochondria prevents the cell from undergoing apoptosis. Apoptosis is the process 

through which a cell self-induces death when it is deemed ineffective, irreparably 

damaged, or poses a threat to the organism. When a cell inhibits apoptosis, it leads to 

uncontrolled proliferation and thus transitions into a tumor (National Human Genome 

Research Institute, 2025). 

Usually, specific signals facilitate the elevation of Ca2+ levels within the cell, of which a 

portion enters the mitochondria. Following cellular damage, this calcium concentration 

is instrumental in inducing cell death. These signals are increased in the event of a 

dysfunction or deletion of the specific calcium channel protein, resulting in decreased 

Ca2+ uptake into the mitochondria, which does not induce apoptosis. Consequently, 

following dysregulation that occurs after transfection, the SH-SY5Y cells are expected to 

exhibit resistance to chemotherapy and other forms of treatment (Conte et al., 2021; Nie 

et al., 2019; Stephani et al., 2019; Li et al., 2013).  

Another significant aspect is that mitochondrial function itself is also affected. One 

critical role of Ca2+ is facilitating energy production from the mitochondria through 

enzyme activation in the TCA cycle. In the absence of a dysfunctional calcium channel 

protein, the mitochondria will not maintain adequate Ca2+ levels, resulting in diminished 

energy production. Consequently, glycolysis will be utilized as an alternative pathway, 

wherein glucose is metabolized without the necessity for oxygen, rather than undergoing 

oxidative phosphorylation (Nie et al., 2019; Stephani et al., 2019; Li et al., 2013).  

Therefore, from a mitochondrial perspective, alterations will occur in energy production, 

membrane potential, and specific genes associated with metabolism. Furthermore, 

reduced levels of Ca2+ also indicate a decrease in Reactive Oxygen Species (ROS); 

although these molecules are recognized as damaging, they play a role in signaling the 

cell when it is appropriate to undergo apoptosis. A decrease in ROS signifies cell 

preservation from impairment and death. Consequently, this makes mitochondria more 

resilient and less stress-resistant (Ricordel et al., 2021).  

The morphology of mitochondria is also changed as an indirect consequence of the 

calcium channel protein. Since these calcium channel proteins cause changes in the 

influx of Ca2+ levels, Ca2+ helps induce proteins such as Drp1, which play a role in 

mitochondrial fission. A decrease in Ca2+ resulting from a dysfunctional calcium 

channel protein will diminish these proteins, leading to a more elongated morphology of 

the mitochondria, rather than fragmentation, as observed using mitochondrial assays 

(Palmieri et al., 2012; Jakoube et al., 2021). 
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Additionally, the dysfunctionality of the genome, specifically the calcium channel 

protein, leads to the activation or deactivation of particular genes within the cell. Genes 

that support cell survival, such as BCl2 and BCL-XL, are activated, while those that 

promote apoptosis, such as p53, are inhibited. As the calcium channel protein is not 

functioning, the cell compensates for this loss, initiating apoptosis (Palmieri, et al., 2012; 

Jakoube et al., 2021).  

In addition to its role in mitochondrial function, this calcium channel protein has been 

identified as a tumor suppressor in various forms of cancer, including gastric cancer, 

lung cancer, and renal cell carcinoma, among others. Dysregulation of this calcium 

channel protein facilitates an accelerated proliferation of cancer cells and enhances their 

survival. Conversely, other studies suggest that the elevated production of this calcium 

channel protein within cancer cells is associated with reduced cellular growth, resulting 

in increased cell mortality. However, complete inhibition of this calcium channel protein 

results in greater tumor aggressiveness and renders the cells less responsive to 

chemotherapy treatments such as cisplatin (Nie et al., 2019).  

1.7.2 Biotinylation of Adjacent Tumor Suppressor Proteins 

In relation to the biotinylation (tagging) of various proteins, once the 

IDG_CACNA2D3_OE_1 vector (CAC vector) (Addgene) is fused with the APEX2 insert 

of the APEX2-OMM vector (APEX2 vector) (Addgene), other studies show that proteins 

that may be tagged include p53, BAX & BAK and PTEN. p53 is recognized as a tumor 

suppressor protein that plays a crucial role in regulating gene expression. In the event of 

DNA damage, a subset of p53 proteins is transported to the Outer Mitochondrial 

Membrane (OMM). Upon arrival, these proteins interact with and inhibit other proteins, 

such as Bcl-2 and Bcl-xL, which are classified as anti-apoptotic proteins, thereby 

facilitating the normal functioning of pro-apoptotic proteins such as BAX and BAK. This 

phenomenon induces mitochondria to permeate through a pathway referred to as 

Mitochondrial Outer Membrane Permeabilization (MOMP), resulting in apoptosis prior 

to the transformation of the cell into a tumorous state (Li et al., 2013; Marchenko et al., 

2014).  

The BAX and BAK proteins facilitate the elimination of tumor cells through the process 

of apoptosis. BAX is located in the cytoplasm and relocates to the mitochondria when the 

cell undergoes stress. Conversely, BAK resides on the surface of the mitochondria and is 

activated through the binding of p53. Upon this binding, pore-like structures are formed 

on the mitochondrial membrane, resulting in the release of cytochrome c outside the 

mitochondria, which triggers cellular apoptosis (Degenhardt et al., 2002). 

PTEN, another well-known tumor suppressor protein, is recognized for its role in 

inhibiting the tumor-promoting PI3K/AKT pathway and for maintaining mitochondrial 

integrity and stability. The variant PTEN-α facilitates the process of mitophagy once 

localized within the mitochondria. Lastly, metabolic enzymes, including fumarase and 

succinate dehydrogenase, are acknowledged as tumor suppressor proteins. Mutations in 

these enzymes can lead to oncogenesis through the induction of oncometabolites 

(Marchenko et al., 2014; Li et al., 2018; Kushner et al., 2021).  
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1.8 Aim 

This project aims to examine the effect of deleting exon three from a specific calcium 

channel protein and to study specific mitochondrial calcium channel proteins, with 

specific proteins that have tumor-inhibiting attributes. Furthermore, the generation of 

the CRISPR/Cas9 sgRNA constructs using the pSp Cas9 (BB) - 2A -GFP (PX 458) Vector 

(GFP vector) and Lenti CRISPR V2 Puro vector (pLenti vector) (Addgene) will aim to 

delete exon three of the calcium channel gene. For this to take place, gRNA sequences 

will be designed and cloned into the CRISPR/ Cas9 vectors. In succession, transfection 

into SH-SY5Y cell lines will take place and since not all cells will have the desired 

deletion, single-cell clones will be isolated and identified by growing them. The DNA 

from the single cells will be extracted, and PCR will be implemented to validate whether 

the deletion by CRISPR has been successfully introduced into exon three of the calcium 

channel protein or not. Assays will be performed to determine the effect of the 

mitochondrial morphology and function post the deletion. Hence, the research question 

is to evaluate the effect of exon three deletion of the calcium channel protein on the 

mitochondria.  

For the second project, a cloning vector that holds this calcium channel protein fused 

along with the APEX2 insert of the APEX2 vector (Addgene) at the c-terminal (CAC 

vector-APEX2 vector) should be generated and transfected into Hek293T cell lines. The 

expression of the vector will help to detect and biotinylate specific nearby proteins that 

interact with the calcium channel protein. Purification of the biotinylated protein will be 

mediated through streptavidin and mass spectrometry, which will aid in protein 

identification and its interaction with the calcium channel proteins. Hence, the research 

question is what other tumor suppressor proteins may be biotinylated when the 

HEK293T cell line is transfected with the CAC-APEX2 fused vector.  

2 Materials and methods 

2.1 Ethical Approval – Gothenburg University 

Statement 

An ethical permit is obtained to work on lentivirus and human cancer cells: 

REK2013/6755.  

Human cancer cell lines: The research will comply with ethical principles and applicable 

international, EU and national law. The project will involve the use of commercial cancer 

cell lines. All cancer cell lines and kidney cell lines such as the SH-SY5Y and the 

HEK293T cell lines were purchased from CLS cell line service, Germany, Leibniz-

Institute DSMZ, Germany, and ATCC USA. All the cell lines are being used as per the 

vendor’s recommendations. Cell lines are also characterized by using Eurofins cell line 

authentication service if a cell line is borrowed from academic collaborators. All cell lines 

are regularly (monthly) checked for mycoplasma contamination. 
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2.2 General Laboratory Preparations 

LB medium, agar plates, and 0.5X Tris-acetate-EDTA (TAE) buffer were prepared. 

2.3 Mitochondrial Protein: Exon Deletion using 

CRISPR/ Cas9 from The Voltage Gated Calcium 

Channel Protein 

2.3.1 Transformation, Double Inoculation, Preparing Glycerol 

Stocks and storage of Pellets 

Due to the absence of the calcium channel protein's promoter, exon three was opted for 

a knockout instead. To assist this experimental design further, GFP vector and pLenti 

vectors (Addgene) were transformed into Stbl3™ chemically competent E. Coli 

(Invitrogen) using One Shot™ Stbl3™ Chemically Competent E. coli (Invitrogen, 2015) 

protocol. Both vectors were diluted to 5 ng/µL, where 25 ng of each vector was added to 

two different bacterial samples.  

The heat shock in the transformation protocol lasted for 90 seconds, thus succeeded by 

the addition of 900 µL of SOC medium, where the cells were plated on different LB agar 

plates, containing Ampicillin 100 µg/ mL (Invitrogen). GFP vector (Addgene) was plated 

on two different plates with different plating amounts, 100 µL and 200 µL, respectively. 

For pLenti vector (Addgene), only one Ampicillin 100 µg/mL (Invitrogen) plate was 

prepared with a volume of 200 µL. 

After overnight incubation at 37 °C, six bacterial colonies were inoculated using the 

Inoculating a Liquid Bacterial Culture (Addgene, 2018) protocol. Six colonies were 

obtained after incubation, where three contained the pLenti vector (Addgene) and three 

contained the GFP vector (Addgene). 

To ensure the longevity and preservation of all the plasmids initially prepared, glycerol 

stocks of all six different cell cultures were prepared using the Creating Bacterial 

Glycerol Stocks for Long-term Storage of Plasmids (Addgene, n.d) protocol. 

A second iteration of inoculation occurred following the same procedure, excluding two 

colonies based on the observation that the selected four exhibited a higher bacterial 

density. Cultures were subsequently incubated overnight at 37°C with constant shaking 

at 225 rpm, and thereafter, stored at 4°C to prevent further growth.   

2.3.2 Plasmid Purification and Digestion, Gel Electrophoresis 

and Gel Purification 

The four bacterial cultures were centrifuged at 4 100 g for 15 mins. The resulting product 

pellets were stored in the -80°C for subsequent plasmid extraction and purification using 
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the QIAGEN® Plasmid Mini, Midi and Maxi Kits (Qiagen, 2016) protocol, following the 

instructions for the Midi kit.  

The remaining centrifugation steps were done at the maximum g force, 4 100 g, for their 

respective time, throughout the rest of the experiment. The concentration and purity 

were measured using the Nanodrop 2000 (Thermo Fisher) following the NanoDrop 

2000/2000c Spectrophotometer (Thermo Fisher, 2009) protocol. Nanodrop 

measurements were conducted on two out of the four cultures, considering the fact that 

they had good pellets compared to the others.   

Following the Nanodrop measurements, two restriction digestion reactions (Table 1 and 

Table 2) were performed, as described in the Restriction Enzyme Digestion (BbsI – HF 

and BsmBI – V2) protocol (NEBCloner, n.d.), using the two plasmids from the four 

cultures as they had good pellets compared to the others. Overnight incubation occurred 

in the Mastercycler EP Gradient S (Eppendorf) thermocycler at 37°C. 2 µL of the Calf 

Intestinal Phosphatase (CIP) 5 000 units/ mL (NEB) was added to remove the 

phosphates, preventing the vectors from self-litigation and incubated for 90 minutes at 

37°C in the Thermocycler Comfort (Eppendorf). 

Table 1. Shows the cut and uncut of GFP, Colony 2 (C2). 

Components Digestion 1 Uncut 

GFP C2 5 µg (3.8 µL) 5 µg (3.8 µL) 

10X rCutSmart Buffer 5 µL (1X) 5 µL 

BbsI HF 20,000 U/ mL 2 µL (40 U) N/ A 

Nuclease Free Water 

(NFW) 

39.2 µL 41.2 µL 

Total 50 µL 

 

Table 2. Shows the cut and uncut of pLenti, C4. 

Components Digestion 2 Uncut 

pLenti C4 5 µg (4.2 µL) 5 µg (4.2 µL) 

10X NEBuffer r3.1 5 µL (1X) 5 µL 

BsmBI V2 10, 000 U/ mL 2 µL (20 U) Not Available (N/ A) 

NFW 38.8 µL 40.8 µL 

Total  50 µL 
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Two different gels for each vector, GFP and pLenti (Addgene) vectors, were prepared 

where 0.8% Agarose Gel was made following the 0.8% Agarose Gel (Dalhousie & Angela, 

2018). The samples were running at 160V for 30 min. Due to the size of the well, the GFP 

vector (Addgene) was separated into two wells. 

After performing gel electrophoresis on both vectors, the bands representing the digested 

GFP and pLenti vectors (Addgene) were excised. Because the gel slice for GFP (Addgene) 

was too large, it was split into samples. Purification of the gel slice followed the Wizard® 

SV Gel and PCR Clean-Up System (Promega, 2024) protocol.  

Centrifugation steps throughout the protocol were conducted at a maximum speed of 17 

g. Concentration and purity were later measured using Nanodrop 2000 (Thermo Fisher) 

following the NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher, 2009) 

protocol.  

2.3.3 Pairing Oligos, Ligation with the Vector, and Removal of 

linearized plasmids 

After the completion of gel purification, annealing the oligos (Sigma Aldrich) and pairing 

it with the vectors occurred using the LentiCRISPRv2 and lentiGuide-Puro: lentiviral 

CRISPR/Cas9 and single guide RNA (ZhangLab, 2014) for pLenti vector (Addgene) and 

Genome engineering using the CRISPR-Cas9 system (Ran et al., 2013) protocol for GFP 

vector (Addgene).  

The following forward (FWD) and reverse (REV) oligo (Sigma Aldrich) pairs were 

annealed and phosphorylated, as observed in Table 3. 

Pair 1: SG1 FWD and SG1 REV  

5’ – CACCG GTTGCCATAGAAGAAATTGA – 3’ 

5’ – AAAC TCAATTTCTTCTATGGCAACC – 3’  

Pair 2: SG2 FWD and SG2 REV 

5’ – CACCG CCTCCAACTGGTAAAGAAGC – 3’  

5’ – AAAC GCTTCTTTACCAGTTGGAGGC – 3’  

Pair 3: SG3 FWD and SG3 REV 

5’ – CACCG TTGCCAGCTTCTTTACCAGT – 3’  

5’ – AAAC ACTGGTAAAGAAGCTGGCAAC – 3’   

Pair 4: SG4 FWD & SG4 REV 

5’ – CACCG AAAGAAGCTGGCAAAGAACA – 3’  
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5’ – AAAC TGTTCTTTGCCAGCTTCTTTC – 3’ 

Table 3. Illustrates the distinct annealing processes of various oligo pairs. 

Components Volume (µL) Final Concentration 

Oligo 1 (100 µM) (Sigma 

Aldrich) 

1 2.5 µM 

Oligo 2 (100 µM) (Sigma 

Aldrich) 

1 2.5 µM 

10X T4 Ligation Buffer (NEB) 4 1X 

T4 PNK (NEB) 2.5   

NFW 31.5  

Total 40  

 

The four distinct paired oligos were ligated with each vector (Table 4), where six 

reactions were made for each vector (12 reactions in total), including two negative 

controls (one for each vector, where it will be the vector only) and an additional reaction 

for pipetting errors. The incubation steps were performed in a Thermocycler Comfort 

(Eppendorf). 

Table 4. Shows the ligation reactions for each pair of the oligos with both vectors.  

Components Volume (µL) Final Concentration 

Digested Vectors 2 (50 ng)  

Diluted oligo duplex (ratio is 

2:98) 

2  

10X Quick Ligase Buffer (NEB) 1.1 1X 

T4 DNA Ligase (NEB)  1  

NFW 4.9  

Total 11  

 

Furthermore, to remove any linearized residues, the reactions were treated with 

PlasmidSafe exonuclease (Table 5 and Table 6), which followed the Genome engineering 

using the CRISPR-Cas9 system (Ran et al., 2013) protocol.  
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Table 5. Shows the PlasmidSafe Exonuclease mixture for removing any linearized residues for one 

reaction. 

Components Volume (µL) Final Concentration 

Ligation Reaction (in the five-

8 well strip) 

11  

PlasmidSafe buffer, 10X 1.5 1X 

ATP 25 mM 0.6  1 mM 

PlasmidSafe Exonuclease  1   

NFW 0.9  

Total 15  

 

Table 6. Shows the PlasmidSafe Exonuclease mixture's Master Mix. 

Components Volume (µL) Final Concentration 

Ligation Reaction (8 well 

strip) 

132 (not included in the 

master mix) 

 

PlasmidSafe buffer, 10X 18 1X 

ATP 25 mM 7.2 1 mM 

PlasmidSafe Exonuclease  12  

NFW 10.8  

Total 180  

 

2.3.4 Second Transformation, Second Inoculation, Second 

Purification and Sanger Sequencing 

The second transformation followed the One Shot™ Stbl3™ Chemically Competent E. 

coli (Invitrogen, 2015) protocol, which was used as the initial transformation for both 

GFP and pLenti vectors (Addgene). For the GFP vector (Addgene), 5 µL of the ligation 

reaction products and the negative control (lacking oligo-insert) were transformed into 

different Stbl3™ competent cells (Invitrogen). The cells were placed on ice for 3 min, 

followed by heat shock and 1 mL SOC medium supplementation. These cells were 
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centrifuged for 5 min at 3 000 g due to the superfluous amounts of SOC medium. Half of 

the supernatant was discarded, and the remaining volume was plated on LB agar 

containing 100 µg/mL Ampicillin (Invitrogen).  

For the pLenti vector (Addgene), three samples were designated as SG4, vector only and 

insert-only, receiving 100 µL of Stbl3™ competent cells (Invitrogen) each. The remaining 

100 µL of Stbl3™ competent cell (Invitrogen) were labeled SG1, SG2 and SG3. 8 µL of 

the ligation reactions were added to their respective designations. The samples were 

incubated on ice for 30 min, heat shocked for 90 sec at 42°C and incubated on ice for 2 

min. 900 µL of LB was applied instead of SOC medium, followed by shaking at 37°C, 225 

rpm for 45 min. Subsequently, cells were centrifuged for 5 min at 3 000 g and 750 µL of 

supernatant was discarded, and the pellet was resuspended with the remaining 

supernatant. In total, 100 µL of each reaction was plated on six different LB agar plates 

containing 100 µg/ µL Ampicillin (Invitrogen).  

Inoculation occurred using four replicates of each sgRNA (Sigma Aldrich) (SG1 – SG4) 

for each vector following the Inoculating a Liquid Bacterial Culture (Addgene, 2018) 

protocol. 

Glycerol stocks of all of the 32 colonies were made using the Creating Bacterial Glycerol 

Stocks for Long-term Storage of Plasmids (Addgene, n.d. b) protocol. 

Afterwards, GFP and pLenti vectors (Addgene) were purified using the Wizard® Plus 

SV Minipreps DNA Purification System (Promega, 2009) protocol. The cultures were 

centrifuged at 10 000 g for 5 min, and the supernatant was discarded. Following the 

addition of neutralization solution, the samples were centrifuged at 16 g for 15 min and 

upon the completion of decanting cleared lysate into spin column, the samples were 

centrifuged at 17 g for 2 mins.  Finally, DNA was eluted in 50 µL TE Buffer.  

Later, concentration and purity were measured using Nanodrop 2000 (Thermo Fisher) 

using the NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher, 2009) protocol. 

Additionally, a U6 primer (Addgene) for sequencing was used to check that sgRNA 

(Sigma Aldrich) had successfully annealed to the GFP vector (Addgene), and the HU5 

sequencing primer (Addgene) was used for the pLenti vector (Addgene). 

2.3.5 Purifying Vectors for Transfection 

Since previous purification was for sanger sequencing, the GFP vector (Addgene) and 

pLenti (Addgene) sgRNA (Sigma Aldrich) glycerol stock constructs were inoculated 

using the Inoculating a Liquid Bacterial Culture (Addgene, 2018) protocol and later 

purified following QIAGEN® Plasmid Mini, Midi, and Maxi Kits (Qiagen, 2016), 

utilizing the Midi Kit protocol. Post the addition of prechilled Buffer P3 (QIAGEN), the 

centrifugation step was performed at 4 100 g for 40 min at 4°C.  

The resulting pellets were air dried for 5 min and pLenti (Addgene) sgRNA (Sigma 

Aldrich) constructs were eluted in 50 µL TAE Buffer and GFP (Addgene) sgRNA (Sigma 

Aldrich) constructs were eluted in 70 µL. Their concentrations and purity were assessed 
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using the Nanodrop 2000 (Thermo Fisher) following the NanoDrop 2000/2000c 

Spectrophotometer (Thermo Fisher, 2009) protocol.  

2.3.6 Transfecting GFP Vector into SH-SY5 Cells using 4D-

Nucleofector (Lonza) 

To initiate the transfection procedure, Dulbecco’s Modified Eagle Medium (DMEM), 

trypsinization solution and PBS were prewarmed to 37°C, following the Amaxa™ 4D-

Nucleofector™ Basic Protocol for Primary Mammalian Epithelial Cells For 4D-

Nucleofector™ X Unit–Transfection in suspension (Lonza, n.d) protocol. A 12-well plate 

was prepared by adding 400 µL of DMEM into two wells labeled as SG1-SG3 pair and 

SG2-SG4 pair. SH-SY5Y cell lines were harvested with trypsin and neutralized with 

DMEM. 

Furthermore, three master mixes were prepared for the two distinct sgRNA (Sigma 

Aldrich) pairs and NFW, and the volume of the sgRNAs was calculated as follows: 

▪ Master Mix 1. SG1 and SG3 

SG1 = 1.2 µL & SG3 = 1.4 µL and 7.4 µL NFW (10 µL total) 

▪ Master Mix 2. SG2 and SG4 

SG2 = 1.1 µL & SG4 = 1 µL and 7.9 µL NFW (10 µL) 

▪ Master Mix for NFW = 80 µL 

Later, the Nucleofector Solution (NF) were added to each master mix accordingly (Table 

7).  

Table 7. NF Master Mix Components for Transfection. 

Components Volume (µL) 

SF Media 32.8 

Supplement 7.2 

GFP Vector-sgRNA constructs 3.2 µg 

NFW 10 (each pair) 

Total Reaction 50 

 

Three different samples contained SH-SY5Y cells only and the other two samples 

represented the sgRNA-vector construct pairs. The cultures were centrifuged at 1.8 rpm 

for 5 min, after which the supernatant was removed using a suction tool, and the cells 

were washed with 2 mL of PBS. The samples were then pelleted again, and the media was 
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aspirated with the suction tool. From the prepared transfection mixtures, 50 µL was 

added to each corresponding sample and mixed thoroughly.  

A 25 µL aliquot was taken from the sample and transferred into an 8-strip 

electroporation cuvette, with an additional 25 µL set aside for a duplicate sample in the 

opposite well of the cuvette. For cell electroporation, a 4D-Nucleofector (Lonza) was 

utilized, with the program adjusted for SH-SY5Y cells. Finally, 80 µL of prewarmed 

DMEM media was added to each cuvette, mixed thoroughly, and then transferred to 

individual wells of a 12-well plate, as earlier prepared. 

2.3.7 Sorting GFP Cells Using Cytoflex SRT (Beckman Coulter) 

The SH-SY5Y cells were detached from the 12 well plate using 400 µL of trypsin, and 

thereafter, 1 mL of DMEM media was added and thoroughly mixed. These cells were 

centrifuged at 4 000 rpm for 5 min and the supernatant was discarded, and the samples 

were incubated on ice. Another 1 mL of DMEM media was added to thoroughly 

resuspend the pellets and then they were transferred to their corresponding 

Fluorescence-Activated Cell Sorting Tubes (FACS tubes). Three samples were prepared, 

one containing SG1 & SG3, one with SG2 & SG4, and one Wild Type (WT) SH-SY5Y Cells 

only.  

100 µL of DMEM media was dispensed into six 96-well plates, with three plates 

designated for each of the sgRNA pairs, as previously outlined. FACS sorting was 

conducted utilizing the Cytoflex SRT (Beckman Coulter), whereby individual cells were 

sorted into each respective well. The remaining mixtures within the FACS tubes were 

subsequently transferred into a 6-well plate, followed by the addition of 1 mL of DMEM 

to each well for further downstream applications, specifically pertaining to knockdown 

validations.  

After every two weeks, DMEM media with 5 mL PLS and FPS (50 mL) were added to 500 

mL DMEM Media and vigorously shaked, followed by pipetting 100 µL in each well.  

2.3.8 Checking Knockdown: Trizol, RNA Extraction, ImProm-II™ 

& Quantitative Polymerase Chain Reaction (qPCR) 

DMEM media was extracted from the 6-well plate and alternated with TRIzol™ Reagent 

(Invitrogen) for RNA extraction using TRIzol™ Reagent (Thermo Fisher Scientific) kit. 

Three different samples were utilized for cell lysis, SG1-SG3 pair, SG2-SG4 pair, and WT. 

Thereafter, the same samples were treated with DNase to remove DNA residues using 

TURBO™ DNase (Thermo Fisher Scientific) Kit. 

Following DNase treatment, cDNA was synthesized using the ImProm-II™ Reverse 

Transcriptase (Promega, 2016), according to the supplier's instructions, with a few 

adjustments, as portrayed in Table 8 and Table 9. 

 



 

 

 

17 

Table 8. Shows the RNA and Primer Binding. 

Component Volume 

RNA 1 µg (9 µL) 

Primer 0.5 µg (1 µL)  

Total 10 µL 

 

Table 9. Displays a master mix for a reverse transcription mix. 

Component Volume 

(µL) 

Final Concentration 

ImProm-II™ 5X Reaction Buffer 48 1X 

MgCl2 25mM 28.8 4 mM 

dnTPS mix 10 mM 12 0.5 mM 

Recombinant RNasin® Ribonuclease 

Inhibitor 

7.2 (20 U) 1 U/ µL 

Vortex the mixture  

Improm-II™ Reverse Transcriptase N/ A  

Total 96  

 

8 µL of the reverse transcription reaction (Table 9) was introduced into previous samples 

(Table 8) including two control samples; No Improm-II™ Reverse Transcriptase Enzyme 

(-RT) and No Template Control (NTC). -RT did not include the RT enzyme, whereas NTC 

did include the RT enzyme. Following the annealing step, the extension temperature was 

optimized at 45 °C and placed at -20°C.  

To conduct a qPCR, all primers were diluted to a concentration of 10 µM in 100 µL in 

NFW. Additionally, the cDNA samples were diluted at a ratio of 7.2:100 with NFW for 

the qPCR reaction, using the PowerUp SYBR Green Master Mix (Thermo Fisher 

Scientific) protocol. Three master mixes were formulated, one for each primer: GAPDH, 

HPRT and CAC (Table 10).  
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Table 10. Displays the volumes used for each master mix. 

GAPDH, HPRT & CAC Primers 

Components Volume Concentration 

SYBR (2X) 7.5 µL * 18 = 135 µL 1X 

Primer (10 µM) 1 µL * 18 = 18 µL  0.5 µM 

 

Upon the preparation of the master mix, 8.5 µL of the mixture was transferred into each 

well. For the GAPDH primers, it was added to wells 1 to 3, HPRT was added to wells 4 to 

6, and CAC was allocated to wells 7 to 9. The samples designated A to E were added as 

follows (Table 11).  

Table 11. Displays the placement of the samples in a qPCR plate.  

 GAPDH HPRT CAC 

 1 2 3 4 5 6 7 8 9 

A: WT + + + + + + + + + 

B: SG1-SG3 + + + + + + + + + 

C: SG2-SG4 + + + + + + + + + 

D: -RT - - - - - - - - - 

E: NTC - - - - - - - - - 

 

2.4 Biotinylation of Nearby Tumor Suppressor Proteins  

Instead of the old BioID technique, APEX2, a modern method for biotinylated proteins, 

has been used. First, the CAC plasmid (Addgene) was diluted to 10 ng/ µL, and the 

APEX2 vector (Addgene) was diluted to 6 ng/ µL.  

2.4.1 Codon Optimizing CAC Vector 

Q5 Site-Directed Mutagenesis Kit was used for introducing a restriction site into the 

vector, where a codon optimization of CAC vector (Addgene) was initiated for 

substituting a stop codon (TAG TAA TGA) with BstBI site (TTC GAA AGA) (New 

England Biolabs, 2025b) followed by a PCR (Table 12 and Table 13), with the following 

primers: 
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FWD primer: 5’ – AAAGAGCTAGCGCTAACCGG – 3’ 

REV primer: 5’ – CGAACGTAGAATCGAGACCG – 3’ 

Table 12. Displays the components used for the preparation of PCR. 

Components Volume (µL) Concentration 

Q5 Hot Start High-Fidelity 

2X Master Mix  

12.5 1X 

FWD Primer 1.25 0.5 µM 

REV Primer 1.25 0.5 µM 

CAC Optimized (CAC OPT) 

vector 

2 (20 ng)  

NFW 8 µL  

Total 20 µL  

 

Table 13. Displays the thermocycling conditions for the Q5 Site-Directed Mutagenesis Kit. 

Cycling Conditions Temperature (°C) Time  

Activation 98 30 sec  

Denaturation 98 10 sec  

28 cycles Annealing 66 30 sec 

Extension 72 5 min and 30 sec 

Fina Extension 72 2 min 

Hold 4°C ∞  

 

The implementation of a 0.8% agarose gel electrophoresis, in accordance with the 0.8% 

Agarose Gel protocol (Dalhousie & Angela, 2018), was conducted with two samples: CAC 

OPT and CAC WT (Table 14), which were run on the gel. The gel electrophoresis process 

was conducted at 160 V for a duration of 40 min. 
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Table 14. Portrays the components used for gel electrophoresis in each well.  

CAC OPT CAC WT 

Components Volume (µL) Components Volume (µL) 

PCR Product 2 µg (4 µL) WT CAC Plasmid 2 µg (2.1 µL) 

Dye 2 Dye 2 

NFW 4 NFW 5.9 

 

Furthermore, the Kinase, Ligase, and DpnI (KLD) Treatment was conducted to ensure 

the formation of a well-circularized plasmid (Table 15).  

Table 15. Shows the reaction of the KLD Treatment. 

Components Volume (µL) Final Concentration 

PCR PRODUCTS  1  

2X KLD REACTION 

BUFFER 

5 1X 

10X KLD ENZYME MIX 1 1X 

NFW 3  

Total 10   

 

The incubation was conducted for 5:30 min in Biorad T100 thermal cycler at 25°C, with 

a deactivated lid temperature. A transformation was executed, following (New England 

Biolabs, 2013) protocol, involving the addition of only 5 µL of KLD to 35 µL of NEB® 

Stable Competent E. coli (High Efficiency) (NEB). Initially, 125 µL of the mixture was 

plated. The remainder was subjected to centrifugation at 3 000 g for a duration of 5 min, 

after which 750 µL was discarded. The resultant supernatant was subsequently 

resuspended with the cell pellets and plated onto a second agar plate. 

Upon the completion of overnight incubation at 37 °C, three single bacterial colonies 

were inoculated following the Inoculating a Liquid Bacterial Culture (Addgene, 2018) 

protocol. Moreover, DNA was purified using the Wizard® Plus SV Minipreps DNA 

Purification System (Promega, 2009) protocol, and it was eluted to a final volume of 45 

µL.   

Later, concentration and purity were measured using Nanodrop 2000 (Thermo Fisher) 

using the NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher, 2009) protocol. 
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Furthermore, the WPRE-R primer (Addgene) was used for sequencing to verify that the 

CAC vector had undergone effective optimization. 

2.4.2 Amplification of the APEX2 insert 

To determine the optimal annealing temperature (Ta), a gradient PCR was performed 

using the following mixture (Table 16) with the Q5 High-Fidelity DNA Polymerase (New 

England Biolabs, 2025a) kit. 

FWD primer sequence: 5’ - TAAGCATTCGAAGACTACAAGGATGACGAC  - 3’ 

REV primer sequence: 5’ – TAAGCAGCTAGCCTAGGCATCAGCAAACCCAAGC – 3’ 

Table 16. Gradient PCR Components for APEX2 vector (Addgene). 

Components Volume (µL) Final 

Concentration 

5X Q5 Reaction Buffer 20 1X 

10 mM dNTPs 2 200 µM 

10 µM FWD Primer 5 0.5 µM 

10 µM REV Primer 5 0.5 µM 

APEX2 Plasmid DNA (Addgene) 4 (30 ng)  

Q5 High-Fidelity DNA Polymerase 

(1 U/ µL) 

2 0.o2 U/ µL 

NFW 63  

Total 100  

 

Subsequently, the samples with different Ta were utilized, and the conditions for the PCR 

are displayed in Table 17. 
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Table 17. Shows Gradient PCR conditions. 

Cycling Conditions Temperature 

(°C) 

Time  

Activation 98 30 sec  

Denaturation 98 10 sec 
 

 

28 Cycles Annealing Extension 68 – 76 60 sec 

Fina Extension 72 2 min  

Hold 4 ∞  

 

1.8% gel electrophoresis followed the 0.8% Agarose Gel (Dalhousie & Angela, 2018) 

protocol, adjusting it to 1.8%. Subsequently, gel electrophoresis was conducted at 160V 

for 40 min. Following the execution of the gel electrophoresis and the identification of 

the optimal Ta, APEX2 insert was amplified utilizing the Q5® High-Fidelity DNA 

Polymerase (MasterMix x2.5) kit (Table 16) using 12 ng of APEX2 vector (Addgene), 

followed by the thermocycling conditions, using Ta of 71°C, following cycling conditions 

in Table 17. 1% gel electrophoresis was prepared following the 0.8% Agarose Gel 

(Dalhousie & Angela, 2018) and adjusting it to 1%.  

Three different samples were used for the gel electrophoresis, APEX2 insert, Ladder and 

APEX2 WT. Subsequent to 1% gel electrophoresis, gel purification was conducted in 

accordance with the Wizard® SV Gel and PCR Clean-Up System (Promega, 2024) 

protocol. APEX2 was then eluted to achieve a final volume of 30 µL of NFW. 

Concentration and purity measurements were obtained using a Nanodrop 2000 

(Thermo Fisher), following the guidelines established in the NanoDrop 2000/2000c 

Spectrophotometer (Thermo Fisher, 2009) protocol. 
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3 Results 

3.1 Mitochondrial Protein: Exon Deletion using 

CRISPR/ Cas9 from The Voltage Gated Calcium 

Channel Protein 

The quality and quantity controls of the selected two vector colonies were measured as 

observed in Table 18 using the Nanodrop. Table 18 shows that the concentration of GFP 

C2 yielded a value of 1325 ng/µL, with A260/280 and A260/230 ratios of 1.9 and 2.2, 

respectively. In contrast, pLenti C4 resulted in a concentration of 1200.7 ng/µL, with 

A260/280 and A260/230 purity ratios of 1.93 and 2.3, respectively.   

Table 18. The results from measuring the concentration and purity of GFP C2 and pLenti C4 after 

purification using the QIAGEN® Plasmid Mini, Midi and Maxi Kits (Qiagen, 2016) protocol, 

following the Midi kit’s instructions before digestion.  

 Samples Nanodrop (ng/µl) A260/280 A260/230 

GFP C2 1325 1.9 2.2 

pLenti C4 1200.7 1.93 2.3 
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A gel image of both vectors after digestion can be seen in Figure 1 and Figure 2. For the 

GFP Vector (Addgene), the uncut (supercoiled) GFP vector (Addgene) exhibits faster 

migration than the cut vectors, where the uncut vector is around the 5 kb fragment and 

the two cut GFP vectors (Addgene) are slightly above the 10 kb fragment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The concentration and purity after gel purification of the GFP vector (Addgene) and 

pLenti vector (Addgene) were quantified by Nanodrop (Table 19). Table 19 shows that 

the concentration of GFP C2 yielded a value of 35 ng/ µL with A260/280 and A260/230 ratios 

of 1.81 and 1.05, respectively, while pLenti C4 resulted in a concentration of 29.9 ng/µL, 

with A260/280 and A260/230 purity ratios of 1.93 and 2.3, respectively.  

Table 19. The results from measuring the concentration and purity of GFP C2 and pLenti C4 after 

gel purification using Wizard® SV Gel and PCR Clean-Up System (Promega, 2024) protocol.  

 Samples Nanodrop (ng/µl) A260/280 A260/230 

GFP C2 35 1.81 1.05 

1         2        3       4           

10 kb 

 

 

 

3 kb 

 

 

  1    2      3    4     5     

10 kb 

 

 

3 kb 

 

 

Figure 1. Shows the gel of the uncut and 

cut GFP vector with BbsI-HF (NEB) 

after digestion. Well 1 contains the 

ladder, well 2 contains the uncut GFP 

vector (Addgene), and wells 4 and 5 

contain the digested GFP vector (25 µL 

in each well) (Addgene). The size of the 

uncut GFP vector (Addgene) is 9300 bp, 

whereas the digested form corresponds 

to a size of 9278 bp. 

Figure 2. Shows the gel of the uncut and cut 

pLenti vector with BsmBI-V2 10 U/ µL 

(NEB). Well 1 contains the digested pLenti 

vector (Addgene), well 3 contains the uncut 

pLenti vector (Addgene), and wells 4 

contains the 1 kb DNA Ladder (NEB). The 

size of the uncut pLenti vector (Addgene) is 

around 14877 bp, whereas the cut pLenti 

vector (Addgene) correspond to a size of 

74385 bp.  
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pLenti C4 29.9  1.78 1.42 

 

The concentration and purity after the second transformation of the GFP vector 

(Addgene) was quantified by Nanodrop (Table 20). Table 20 shows that the 

concentrations of SG1 C1 yielded a value of 45 ng/ µL with A260/280 and A260/230 ratios of 

2 and 0.82, respectively. The concentration of SG2 C6 obtained a value of 73.9 ng/ µL 

with A260/280 and A260/230 ratios of 1.95 and 0.85, respectively, SG3 C11 obtained a 

concentration of 83.2 ng/ µL with A260/280 and A260/230 ratios of 1.94 and 0.91, 

respectively, and SG4 C15 obtained a value of 86.7 ng/ µL with A260/280 and A260/230 ratios 

of 1.95 and 0.89, respectively. Note, not all concentrations of the 16 samples were 

measured, samples to be measured were chosen stochastically.  

Table 20. Nanodrop results by measuring the concentration and purity of GFP after the second 

transformation using the Wizard® Plus SV Minipreps DNA Purification System (Promega, 

2009) protocol. 

 Samples (GFP) Nanodrop (ng/µl) A260/280 A260/230 

SG1 C1 45 2 0.82 

SG2 C6 73.9  1.95 0.85 

SG3 C11 83.2 1.94 0.91 

SG4 C15 86.7 1.95 0.89 
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Sanger Sequencing results of the GFP vector (Addgene) can be seen in Figure 3, 

indicating the successful insertion of SG1’s FWD and REV oligos, 5’ – CACCG 

GTTGCCATAGAAGAAATTGA – 3’and 5’ – AAAC TCAATTTCTTCTATGGCAACC – 3’, 

respectively, in base 213. Given the uniformity in the localization of the insert across all 

samples, only this result has been presented. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. GFP SG1 Sample 1 Sanger Sequencing Result (Same localization of subsequent sgRNA 

inserts). 

The concentration and purity after the second transformation of the pLenti vector 

(Addgene) was quantified by Nanodrop (Table 21). Table 21 shows that the concentration 

of SG1 C1 yielded a value of 1037 ng/ µL with A260/280 and A260/230 ratios of 1.89 and 1.76, 

respectively. The concentration of SG1 C4, obtained a value of 444.4 ng/ µL with A260/280 

and A260/230 ratios of 1.89 and 1.66, respectively, SG2 C2 obtained a concentration of 

1000.7 ng/ µL with A260/280 and A260/230 ratios of 1.91 and 1.87, respectively, and SG2 C4 

obtained a value of 1164.8 ng/ µL with A260/280 and A260/230 ratios of 1.88 and 1.82, 

respectively. SG3 C1 and SG3 C3 obtained a concentration of 1265.4 ng/ µL and 850 ng/ 

µL, respectively, with A260/280 and A260/230 values of 1.87 and 1.65, and 1.86 and 1.67, 

respectively. SG4 C1 and SG4 C3 obtained a concentration of 1158.9 ng/ µL and 560 ng/ 

µL, respectively, with A260/280 and A260/230 values of 1.91 and 1.77, and 1.83 and 1.4, 

respectively. Note that not all concentrations of the 16 samples were measured; the 

samples to be measured were chosen stochastically.  
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Table 21. Nanodrop results by measuring the concentration and purity of pLenti after the second 

transformation using the Wizard® Plus SV Minipreps DNA Purification System (Promega, 

2009) protocol. 

Samples 

(pLenti) 

Concentration (ng/ µL) A260/280 A260/230 

SG1 C2 1037 1.89 1.76 

SG1 C4 444.4 1.89 1.66 

SG2 C2  1000.7 1.91 1.87 

SG2 C4 1164.8 1.88 1.82 

SG3 C1 1265.4 1.87 1.65 

SG3 C3 850 1.86 1.67 

SG4 C1 1158.9 1.91 1.77 

SG4 C3 560 1.83 1.4 

 

Sanger Sequencing results of the pLenti vector (Addgene) can be seen in Figure 4, 

indicating the successful insertion of SG1’s FWD and REV oligos, 5’ – CACCG 

GTTGCCATAGAAGAAATTGA – 3’and 5’ – AAAC TCAATTTCTTCTATGGCAACC – 3’, 

respectively, in base 214. Given the uniformity in the localization of the insert across all 

samples, only this result has been presented. 

 

 

 

 

 

 

 

 

 

Figure 4. pLenti SG1 C2 Sanger Sequencing Result (similar localization insert for SG2, SG3 and 

SG4). 
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The concentration and purity of the sgRNA (Sigma Aldrich) GFP vector (Addgene) 

glycerol stock constructs were measured by Nanodrop (Table 22). Table 22 shows that 

the concentration of SG1 yielded a value of 1325.3 ng/ µL with A260/280 and A260/230 ratios 

of 1.93 and 2.2, respectively. The concentration of SG2 obtained a value of 111.6 ng/ µL 

with A260/280 and A260/230 ratios of 1.92 and 2.24, respectively, SG3 obtained a 

concentration of 1380.2 ng/ µL with A260/280 and A260/230 ratios of 1.92 and 2.24, 

respectively, and SG4 obtained a value of 1656.3 ng/ µL with A260/280 and A260/230 ratios 

of 1.93 and 2.23, respectively.  

Table 22. Nanodrop of sgRNA GFP glycerol stock samples after treating samples with the 

QIAGEN® Plasmid Mini, Midi and Maxi Kits (Qiagen, 2016) protocol. 

sgRNA GFP 

Samples 

Concentration (ng/ µL) A260/280 A260/230 

SG1 1325.3 1.93 2.2 

SG2 1111.6 1.92 2.24 

SG3 1380.2 1.92 2.24 

SG4 1656.3 1.93 2.23 

 

The concentration and purity of the sgRNA (Sigma Aldrich) pLenti vector (Addgene) 

constructs were measured by Nanodrop (Table 23). Table 23 shows that the 

concentration of SG1 yielded a value of 1560 ng/ µL with A260/280 and A260/230 ratios of 

1.94 and 2.25, respectively. The concentration of SG2 obtained a value of 1400.7 ng/ µL 

with A260/280 and A260/230 ratios of 1.92 and 2.26, respectively, SG3 obtained a 

concentration of 1440.1 ng/ µL with A260/280 and A260/230 ratios of 1.90 and 2.22, 

respectively, and SG4 obtained a value of 1207.4 ng/ µL with A260/280 and A260/230 ratios 

of 2.22 and 2.21, respectively. 

Table 23. Nanodrop of sgRNA GFP glycerol stock samples after treating samples with the 

QIAGEN® Plasmid Mini, Midi and Maxi Kits (Qiagen, 2016) protocol. 

sgRNA pLenti 

Samples 

Concentration (ng/ µL) A260/280 A260/230 

SG1 1560 1.94 2.25 

SG2 1400.7 1.92 2.26 

SG3 1440.1 1.92 2.22 

SG4 1207.4 1.93 2.21 
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RNA was extracted from WT, SG1-SG3 pair and SG2-SG4 pair. WT obtained a 

significantly high concentration of 792 ng/ µL, SG1-SG3 pair obtained a concentration of 

316.7 ng/ µL and SG2-SG4 pair obtained a concentration of 404.6 ng/ µL, respectively. 

Their A260/280 purity ratios are 1.98, 1.86 and 1.92, and their A260/230 values are 1.77, 2.13 

and 1.95, respectively (Table 24). 

Table 24. Nanodrop results of RNA extraction utilizing TRIzol™ Reagent (Thermo Fisher 

Scientific) kit. 

Samples Concentration (ng/ 

µL) 

A260/280 A260/230 

WT 792 1.98 1.77 

SG1-SG3 pair 316.7 1.86 2.13 

SG2-SG4 pair 404.6 ng/ µL 1.92 1.95 

 

The fold change of GAPDH for SG1 was calculated to be 1.2 as observed in Table 25. 

Table 25. Shows the fold change in CAC expression in SG1. 

Sample Average Normalization 

Factor (ANF) 

SG1-SG2 pair 1.2 

3.2 Biotinylation of Nearby Tumor Suppressor Proteins 

The concentration and purity of CAC OPT PCR was quantified by Nanodrop (Table 26). 

Table 26 shows that the concentration of CAC OPT was obtained to be 503.1 ng/ µL with   

A260/280 A260/230 purity ratios of 1.87 and 0.78, respectively.  

Table 26. Nanodrop results of the CAC PCR mutagenesis. 

Sample Concentration A260/280 A260/230 

CAC OPT  503.1 1.87 0.78 
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Figure 5 presents the gel electrophoresis analysis of the CAC OPT. The 1 kb DNA Ladder 

(NEB) located in well 1 is not visible, while the CAC WT in well 5 is encircled by a reddish 

hue.  

 

 

 

 

 

 

 

 

Figure 5. Gel electrophoresis of the CAC-optimized PCR product in conjunction with the WT. Well 

1 contained the 1 kb DNA Ladder (NEB) (invisible), well 3 contained the CAC OPT samples and 

well 5 contained the CAC WT, which has a size of 10998 bp. 

The concentration and purity of CAC OPT was quantified by Nanodrop (Table 27). Table 

27 shows that 3 distinct samples were used: C1, C7, and C9. C1 had a concentration of 

446.1 ng/ µL with A260/280 A260/230 ratios of 1.92 and 1,74, respectively. C7 had a 

concentration of 338.7 ng/ µL with A260/280 A260/230 1.89 and 1.47, respectively. C9 had a 

concentration of 302.4 ng/ µL with A260/280 A260/230 ratios of 1.88 and 1.39, respectively. 

Note, those are the only three results recorded as the others did not have the insert. 

Table 27. Nanodrop results of three different CAC-optimized samples after transformation. 

CAC OPT 

samples 

Concentration (ng/ 

µL) 

A260/280 A260/230 

C1 446.1 1.91 1.74 

C7 338.7 1.89 1.47 

C9 302.4 1.88 1.39 
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Sanger Sequencing results of the CAC OPT can be seen in Figure 6, indicating the 

successful substitution of the stop codon with a BstbI restriction site in base 481: 5’ – 

TTCGAAAGA – 3’. Since all sequencing results showed the same insertion at the same 

base, only one of the colony results is presented. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Sanger Sequencing of CAC OPT result of C1. 

 

 

 

 

 

 

 

 

 

 



 

 

 

32 

Gradient PCR was conducted for APEX2 vector (Addgene) to establish the optimal Ta, 

followed by gel electrophoresis as demonstrated in Figure 7, which reported Ta of 71°C 

for APEX2 vector (Addgene). Well 2 (76°C) was also observed to be fainter than the 

others (Figure 7). 

 

Figure 7. Gel electrophoresis of the APEX2 vector (Addgene) PCR gradient, illustrating the 

various Ta employed, where well 2 contained 76°C, well 3 contained, 75.5°C, well 4 contained 

74.5°C, well 5 contained 72.8°C, well 6 contained 71°C (chosen as optimal Ta), well 7 contained 

69.6°C, well 8 contained 68.6°C, well 9 contained 68.0°C, well 10 contained 1 kb DNA Ladder 

(NEB), and well contained 12 APEX2 WT (Addgene). APEX2 size insert is around 774 bp, whereas 

the APEX2 WT (Addgene) is around 8616 bp. 

The concentration and purity of APEX2 vector (Addgene) was quantified by Nanodrop 

(Table 28). Table 28 shows that APEX2 vector (Addgene) was divided among two 

samples (S), yielding concentrations of 26.3 ng/ µL and 35.8 ng/ µL, respectively. The 

A260/280 purity ratios gave a value of 1.83 and 1.8, respectively, while the A260/230 ratios 

gave a value of 1.05 and 1.41, respectively. 

Table 28. Nanodrop results of the gel-purified APEX2 insert (Addgene) following Wizard® SV 

Gel and PCR Clean-Up System (Promega, 2024) protocol.  

Sample Concentration (ng/ 

µL) 

A260/280 A260/230 

APEX2 S1 26.3  1.83 1.05 

APEX2 S2 35.8  1.8 1.41 

  1    2    3    4     5    6    7   8     9   10  11   12  13  14 

10 kb 

3 kb 
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4 Discussion 

4.1 Mitochondrial Protein: Exon Three Deletion using 

CRISPR/ Cas9 from The Voltage Gated Calcium 

Channel Protein 

4.1.1 Too Many To Count (TMTC), Nanodrop and Gel 

Electrophoresis 

In the context of this project, exon three of a specific calcium channel protein has 

undergone knockdown utilizing dual sgRNAs (Sigma Aldrich). These sgRNAs (Sigma 

Aldrich) were cloned into two distinct vectors, namely GFP and pLenti vectors 

(Addgene). From a theoretical perspective, the induction of such a knockout at an early 

exon should result in a complete deletion, thereby inhibiting further translation and 

rendering the gene non-functional. Only two colonies were continued as they had good 

pellets (Table 18). Although transformation showed great success in both plasmids, 

transformation efficiency was difficult to obtain as the colonies were TMTC for both 

vectors.  

Potential reasons for this issue may include the substantial volume of cells plated, 

specifically a significant amount of SOC medium utilized, approximately 900 µL. It is 

advisable to either further dilute the samples or adjust the volume of the cell sample used. 

Another unavoidable factor is the extended incubation time, which should be restricted 

to less than 16 hours. Finally, improper spreading may also contribute to the problem 

(Thermo Fisher Scientific, 2025b). 

Subsequent to the transformation and inoculation processes, Nanodrop results were 

quantified, as delineated in Table 18. These nanodrop results indicated that the GFP C2 

(Addgene) obtained a slightly higher concentration than the pLenti C4 (Addgenne) with 

optimal A260/280 and A260/230 ratios. These ratios suggest that both plasmids contain pure 

DNA with no contaminants; the A260/280 and A260/230 ratios of 1.8 and 2.0, respectively, 

signify highly pure DNA without any contamination, according to Thermo Fisher 

Scientific (2009a). 

Subsequently, the gel image depicting both plasmids in Figure 1 and Figure 2 illustrates 

that the GFP vector (Addgene) in Figure 1 was digested with BbsI – HF 20 U/ µL (NEB), 

as this site is situated in the U6 promoter’s multiple cloning site, which flanks the 

insertion site of the sgRNA, followed by the sgRNA scaffold. Once the vector is digested, 

it generates a linearized plasmid that migrates more slowly through the agarose gel. 

Hence, the uncut GFP vector (Addgene), due to its inherent structure, does not migrate 

strictly in accordance with its size (Tirabassi, 2025; Thermo Fisher Scientific, 2025c). 

Furthermore, the expected migration of the digested GFP vector (Addgene) should align 

with its size, yet this is not the case due to the short duration of gel electrophoresis 

(Tirabassi, 2025).  
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The digestion of the pLenti vector (Addgene) (Figure 2) resulted in the release of the 

anticipated 2 kb fragment, as stated in the LentiCRISPRv2 and lentiGuide-Puro: 

lentiviral CRISPR/Cas9 and single guide RNA (ZhangLab, 2014) protocol. However, the 

migratory concepts discussed regarding the digested and undigested GFP vector 

(Addgene) are also applicable to the pLenti vector (Addgene). 

4.1.2 Nanodrop Analysis of the Gel Purified GFP and pLenti 

Plasmids and of the Second Transformation 

Subsequently, the purification of the plasmids from the gel was performed, followed by 

the assessment of concentration and purity utilizing a Nanodrop spectrophotometer 

(Table 19). The concentrations of GFP C2 and pLenti C4 (Addgene) appear to be optimal 

alongside the A260/280 ratios (Table 19). However, the A260/230 values are somewhat lower 

than expected, indicating potential contamination, possibly due to phenol, guanidine 

and glycogen residuals remaining from the DNA extraction process (Matlock, 2015; 

Thermo Fisher Scientific, 2009a). Additionally, according to Lucena-Aguilar et al., 

(2016), residues of ethanol, guanidine thiocyanate and EDTA could also be present, 

contaminating the samples and resulting in low A260/230 values.  

To confirm the localization of the insert through Sanger sequencing, the Nanodrop 

results for the GFP vector (Addgene) (Table 20) is ideal since sequencing necessitates a 

concentration of 50 ng/µL to 100 ng/µL. The sample SG1 C1 shows a high A260/280 ratio 

of 2.0, indicating no issue (Table 20). In contrast, the A260/280 ratios suggest 

contamination, as previously mentioned. In contrast, the pLenti vector (Addgene) 

exhibited a purer form of DNA with a higher concentration and with optimal A260/280 and 

A260/230 ratios (Table 21) (Matlock, 2015; Thermo Fisher Scientific, 2009a). 

4.1.3 Distinguishing Between High Copy Plasmids and Low 

Copy Plasmids 

Despite being processed with the identical miniprep kit, the disparity in concentrations 

(Table 20 and Table 21) observed between the two plasmids arises from the fact that 

pLenti vector (Addgene) possesses a significantly higher copy number. A high copy 

number is defined as the average quantity of vectors demonstrated by a single bacterial 

cell, which is determined by the origin of replication (O'Hanlon Cohrt, 2024). Although 

it is stated on Addgene that the copy number of the GFP vector (Addgene) is unknown, 

the copy number of the pLenti vector (Addgene) is greater than that of the GFP vector 

(Addgene). Nanodrop measurements can substantiate this observation, as low copy 

number plasmids typically result in lower concentrations, which is evident by Sigma 

Aldrich, (2025). 

Furthermore, to highly validate this, QIAGEN (2025) indicates that low-copy plasmids 

possess a DNA mass ranging from 0.2 to 1 µg per 1 mL of LB culture. In contrast, high-

copy plasmids exhibit a DNA mass of 3 to 5 µg per 1 mL of LB culture. To calculate this, 

GFP C1 sample 1 has a concentration of 45 ng/ µL and was eluted in 50 µL. To find the 

mass: c ∗ v = m 45 ∗ 50 = 2250 ng, which is approximately 2.25 µg. Since the inoculation 
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occurred in 4 mL, 2.25 µg/ 4 mL = 0.5625 µg/ mL. This suggests that GFP vector 

(Addgene) is a low copy plasmid since 0.56 is in the range of 0.2 to 1 µg/ 1 mL. For the 

pLenti vector (Addgene) the same procedure can be implemented. SG1 C4 has a 

concentration of 444.4 ng/ µL. This sample was also eluted in 50 µL. 444.4 ng/ µL * 50 

µL = 22, 220 ng which is approximately 22.2 µg. 22.2/ 4 mL = 5.55 µg/ mL, higher than 

the range of 3 to 5 µg/ 1 mL, indicating that pLenti is a high copy plasmid.  

4.1.4 Sanger Sequencing Results of inserting the sgRNAs into 

GFP and pLenti Plasmids 

The sequencing results for both the GFP and pLenti vectors (Addgene) indicate 

successful insertions of the sgRNAs (Sigma Aldrich) (Figure 3 and Figure 4). According 

to Eurofins Genomics (2014), this can be assessed by verifying that the peaks are evenly 

separated, that there are no background signals, that the peaks are uniformly distributed, 

and that they are well-defined. Furthermore, if the analysis score had been low, the base 

pairs would have been represented as the letter “N”, rather than being designated as G, 

C, T, or A. An optimal sanger sequencing result show clear and symmetric peaks, which 

show the accurate amount and size of the molecule being studied (Al-Shuhaib & Hashim, 

2023; Crossley et al., 2020). 

Additionally, a satisfactory sanger sequencing result would demonstrate no overlapping 

peaks, and ultimately, a favorable sanger sequencing outcome indicates the presence of 

the insert. Hence, for GFP vector (Addgene), the insert has been affixed in base 213 

across all samples, whereas for pLenti vector (Addgene), the insertion has occurred in 

base 214 (see Figure 3 and Figure 4) (Al-Shuhaib & Hashim, 2023; Crossley et al., 2020).  

Specifically, the GFP vector (Addgene) Sanger sequencing results (Figure 3) exhibit some 

initial noise which is normal as this is due to that the first few sequences, especially the 

first 20 to 40 bases are not that clear. During capillary electrophoresis, very short DNA 

fragments are unable to move consistently, which is hard for the software to predict the 

bases exactly. Typically, this is demonstrated by the letter “N” (GeneWiz, 2025). 

4.1.5 Nanodrop Measurements of the Glycerol Stock and RNA 

Extraction 

Pre-transfection, the glycerol stock samples of sgRNA (Sigma Aldrich) GFP vector 

(Addgene) constructs and glycerol stock samples of sgRNA (Sigma Aldrich) pLenti vector 

constructs exhibited similar concentrations and similar A260/280 ratio and A260/230 ratios, 

indicating no contaminants, as observed in Table 22 and Table 23 (Matlock, 2015).  

After extracting the RNA, measurements were taken using a Nanodrop 

spectrophotometer (Table 24). The A260/280 and A260/230 ratios for SG1-SG3 pair and for 

SG2-SG4 pair, is acceptable since RNA A260/280 and A260/230 are around 2.0 (Matlock, 

2015). However, it was observed that the WT obtained a significantly higher 

concentration because WT produces more total RNA, whereas CRISPR/Cas9 knockout 
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transfections can reduce the health of the cell. CRISPR/ Cas9 often have cytotoxic stress, 

which leads to lower cell count (Thermo Fisher Scientific, n.d).   

4.1.6 RT-qPCR Analysis of GFP 

In an RT-qPCR experiment, following a knockout or genetic modification, the selection 

of reference genes is based on the premise that their expression remains unaffected by 

these genetic modifications; therefore, GAPDH and HPRT were selected (Bruckert et al., 

2016; Bustin et al., 2009). Moreover, the choice of these two reference genes is also 

dependent on the availability of these reference genes by the laboratory.  

Appendix A shows elevated Ct values, indicating that CAC is less prevalent than the 

reference gene. Conversely, given that the SG2-SG4 pair exhibited significantly lower Ct 

values, it suggests that CAC is more prevalent in comparison to the reference gene 

(Krause et al., 2021; Rocha et al., 2015; Livak & Schmittgen, 2001). The effect of exon 

three deletion of the specific gene of interest should result in less mRNA expression, 

leading to a higher Ct value (Maquat, L.E. 2004).  

A fold change of > 1 indicates an upregulation and a fold change < 1 indicates a 

downregulation, which should be the case (Krause et al., 2021; Rocha et al., 2015; Livak 

& Schmittgen, 2001). The fold change was calculated (Table 25), which yielded an 

upregulation of the specific gene of interest.   

The reason for this upregulation could be due to the loss of reference gene functionality, 

which would deem them as unstable. Previous studies showed that both reference genes, 

GAPDH and HPRT, change in different biological settings. GAPDH plays a crucial role 

in glycolysis by metabolizing sugars; however, it also possesses other functions, including 

regulating specific genes and apoptosis. The levels of GAPDH increase when the cell 

experiences stress, undergoes metabolic alterations, or is deprived of oxygen (Wang et 

al., 2023).  

Conversely, HPRT is involved in the recycling of DNA building blocks, referred to as 

purines. Like GAPDH, the levels of HPRT fluctuate and change when the cell is subjected 

to stress, although they tend to be more stable than those of GAPDH (Panina et al., 2018; 

Cahyadi et al., 2023; Kozera & Rapacz, 2013). Moreover, Aithal & Rajeswari (2015) 

conducted a study aimed at validating the expression of specific housekeeping genes 

suitable for normalization in glioma cells. The housekeeping genes utilized in this 

experiment comprised GAPDH, HPRT, B2M, TBBP, RPL13A, and RN18S1, indicating 

that GAPDH and HPRT contributed to instability under all conditions due to their 

variable qPCR values. Another issue may also reflect pipetting errors, as 96-well plates 

were utilized, which possibly led to confusion during the process regarding which well 

was ultimately used for addition.  

Moreover, these reference genes are widely recognized as standard controls in a 

multitude of neuroblastoma qPCR studies (Mercatelli et al., 2021; Neufeld et al., 2023). 

For improvement, more reference genes should be employed, with a maximum of three 

reference genes, according to Bruckert et al. (2016). 
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4.1.7 Missing Objectives 

The pLenti vector (Addgene) sgRNA (Sigma Aldrich) construct was not transfected into 

SH-SY5Y cell lines due to time constraints. Using the pLenti (Addgene) sgRNA (Sigma 

Aldrich) constructs, selecting positive colonies would be easier because it utilizes 

puromycin, indicating that the vector contains the puromycin-resistant marker, known 

as Puromycin N-acetyltransferase. Only the cells that take up and successfully express 

that protein after transfection will survive (Addgene, n.d. b). This can also be seen in 

some protocols, such as CRISPR Lentiviral Screening: Antibiotic Selection (Sigma 

Aldrich, n.d) and the Protocol 3 - Lentivirus Transduction into Target Cell Lines (MUSC, 

n.d). 

Furthermore, another significant component that is lacking involves conducting DNA 

extraction on the single-cell clones and performing a human genomic PCR analysis and 

gel electrophoresis on them to ascertain whether a deletion has occurred (Mousavi et al., 

2024; Saito et al., 2024; Takahashi & Miyaoka, 2025). 

Other missing components include conducting assays utilizing a microscope or an image 

analyzer. Mitochondrial assays are performed to study the mitochondria's morphology 

upon genetic altercations. Kamogashira et al. (2017) utilized a MitoTracker dye, such as 

the MitoTracker Green and MitoTracker Orange, to identify the mitochondria in live 

cells. This identification facilitates the determination of the shape of the mitochondria 

through imaging analysis conducted via microscopy.  

Another means of assessing mitochondrial morphological characteristics is through the 

application of Transmission Electron Microscopy (TEM). TEM is a form of microscopy 

that directs electron beams through a thin, small sample, thereby producing high-

resolution images of organelles (Lam et al., 2021). By using TEM, a clear morphology of 

the organelle can be visualized, such as its diameter and the density of its cristae. It can 

also detect mitochondrial fragmentation upon a desirable genetic mutation (Faitg et al., 

2020). 

4.2 Biotinylation of Nearby Tumor Suppressor Proteins 

4.2.1 Analyzing PCR Nanodrop Results and CAC Vector Gel 

Image 

For the second phase of the experiment, the CAC vector (Addgene) was codon optimized 

and subsequently was supposed to be fused with the APEX2 vector (Addgene) to 

facilitate the tagging of nearby tumor suppressor calcium channel proteins. Table 26 of 

the resulting Nanodrop measurements of the CAC PCR product shows a few impurities 

as earlier discussed in previous Nanodrop measurements, with low A260/230 values 

(Matlock, 2015). Once the image of the gel was captured, other issues were noted  (Figure 

5). The ladder in well 1 was not visible, which could be attributed to one or more factors.  
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According to Gallego (2025), several factors may contribute to the observed issues, 

including a low volume of DNA ladder loaded into the well, the denaturation of the 

ladder, and, most importantly, the possibility that the DNA ladder has been swept off the 

gel. Additionally, it has been noted that the final factor could be the reason. This is 

because all the gels analyzed earlier displayed the presence of a ladder.  

Furthermore, the ladder may have run off the gel due to a molecule known as Ficoll. 

Ficoll is a polymer that increases the density of DNA ladder and a DNA dye when stored 

in a refrigerator or on ice. It is included to ensure that either the ladder or the dye remains 

situated adequately within the wells of the gel without dispersing or leaking into the 

buffer. When a DNA ladder or a DNA dye is frozen, the upper portion of the tube becomes 

more liquid, while the bottom becomes denser due to the Ficoll. To prevent this, the DNA 

ladder and dye should be thoroughly mixed and vortexed to guarantee that the Ficoll is 

evenly distributed throughout the tube (New England Biolabs, 2025a; Sun, 2010).  

Another noted issue is that the CAC WT exhibited high concentration, as evidenced by 

its reddish surroundings, due to the lack of sample dilution (Thermo Fisher Scientific, 

2025d). 

4.2.2 Analyzing Sanger Sequencing Results 

After performing a transformation, colonies developed, and their nanodrop 

measurements were taken, as observed in Table 27. However, three of the 24 samples 

sent for sequencing revealed a codon-optimized plasmid. This phenomenon is primarily 

attributable to the DpnI enzyme, which is employed during site-directed mutagenesis. If 

the plasmid digested by DpnI experiences a brief digestion time or exhibits inefficiency, 

WT residues may remain and subsequently outcompete the mutated segments within 

bacterial cultures (New England Biolabs, 2025b).  

Moreover, the quantity of template DNA utilized can present challenges if it deviates 

significantly from the recommended threshold of ≤ 10 ng, which could be a potential 

cause as 20 ng of the CAC-optimized was used. Insufficient incubation during the KLD 

reaction is another concern, as abbreviated KLD reactions may result in incomplete 

mutant PCR. Consequently, it is advisable to extend the incubation period from 30 to 60 

min. Finally, it is important to note that even under optimal conditions, mutagenesis 

typically yields a low percentage of correct clones, ranging between 10% to 50%. Hence, 

a substantial number of colonies are usually required for effective screening (Agilent, 

2005; New England Biolabs, 2025b; Mousavi et al., 2025).   

In analyzing the results of Sanger Sequencing, it is observed that the localization of the 

insert was successfully achieved after several troubleshooting, with the insertion 

occurring at base 481 (Figure 6). As mentioned previously, the characteristics that 

indicate a successful sanger sequencing are present in this case as well; these 

characteristics include clean shapes, sharp peaks, and distinct colors (Al-Shuhaib & 

Hashim, 2023; Crossley et al., 2020).  
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4.2.3 APEX2 Vector Analysis 

After performing Gradient PCR on APEX2 vector (Addgene) (Figure 7) well two of Figure 

7 was observed to be more faint. This faint band is attributed to the fact that the Ta is 

outside the workable range of a PCR, which, when using the NEB Tm Calculator (n.d), 

showed that one of the primers had a spanning range of 7°C and the second primer had 

a spanning range of -2°C with the melting temperature (Tm), yielding no product. The 

ideal spanning range is Ta=Tm - 5°C (Bio-Rad, n.d; NEB, n.d). 

On the other hand, the APEX2 vector (Addgene) worked smoothly with Nanodrop results 

indicating contaminants based on their A260/280 and A260/240 values, as observed in Table 

28  (Matlock, 2015; Thermo Fisher Scientific, 2009a). To purify the APEX2 insert from 

the gel, it was divided into two samples. The reason the APEX2 insert of the APEX2 

vector (Addgene) is divided into two distinct samples is that, during the transfer in 

minicolumn and the addition of 750 µL of membrane wash solution, it did not fit in one 

minicolumn. Instead of centrifuging the sample twice, which had been more efficient, 

the APEX2 vector was distributed among two samples. 

4.2.4 Missing Objectives 

Additionally, key experimental designs that are absent for the biotinylation project 

encompass digesting APEX2 insert and fusing it with the CAC vector (Addgene), 

transfecting the construct into HEK293T cells, the addition of biotin phenol onto cell 

cultures, the lysis of the cells, the streptavidin pull-down procedure, and mass 

spectrometry. Biotin phenol biotinylates adjacent proteins by forming covalent bonds 

with electron rich amino acids after they are converted into highly reactive radicals upon 

the activation of APEX2 by hydrogen peroxide (Bosch et al., 2021).  

Cell lysis is also crucial for disrupting the cellular membrane, thereby facilitating the 

release of cellular contents for the study of DNA, RNA, proteins or other internal parts 

(ABCAM, 2024). Following cell lysis, streptavidin pull-down assays can be employed to 

purify biotinylated proteins. Streptavidin is available in two forms, either beads or as 

fluorescent streptavidin. Streptavidin beads, also referred to as streptavidin Sepharose, 

are utilized to capture proteins, while fluorescent streptavidin is employed to examine 

the cellular content as they remain fixed using microscopy (Tan et al., 2020). 

Lastly, the final missing objective is performing mass spectrometry, which is used to 

study molecules and proteins simultaneously. Performing mass spectrometry would give 

useful insights about how the different molecules interact and how they are changed 

upon genetic alterations (Wang et al., 2023). 

4.3 Ethical Consequences/ Impact on Society 

The ethical implications surrounding the use of CRISPR/Cas9 have garnered significant 

attention, leading to extensive discussions. As these tools are expected to advance into 

clinical applications, it is imperative that careful regulation of this matter is considered. 

The risks associated with the utilization of CRISPR/Cas9 technology include off-target 
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effects and incomplete editing. In the context of cleavage, a larger genome is likely to 

possess a greater number of identical sites, which may result in the CRISPR/Cas9 system 

inadvertently cleaving unintended sites. Indeed, a greater incidence of off-target effects 

is highly anticipated in humans compared to zebrafish, as indicated by Shinwari et al. 

(2018).  

However, as advancements are made and new techniques and tools are introduced, some 

of these concerns may be alleviated in the near future. An additional issue related to the 

CRISPR/Cas9 system pertains to the duration of the genomic modifications and the 

potential consequences, including whether the modified genes may be inherited by 

subsequent generations. Furthermore, if such an inheritance occurs, the implications for 

individual organisms remain uncertain, as well as the potential effects on ecological 

balance, known as gene drive. Gene drives occur when a mutation is introduced into an 

organism and subsequently transmitted among individuals within the population. This 

phenomenon implies that there will be an imbalance in the ecosystem (Shinwari et al., 

2018).  

Furthermore, the distinctions between genotype and phenotype following genomic 

modifications are not clearly understood, which remains perplexing, particularly when 

such modifications occur in either somatic or germline cells. This lack of clarity arises 

because a phenotype is frequently influenced by multiple genes, regulatory elements, and 

environmental factors, including epigenetics. Consequently, challenges are presented 

when attempting to alter a single phenotype through modification of only one genotype 

(Shinwari et al., 2018; Brokowski and Adli, 2019).  

In reference to the biotinylation project, there are no direct ethical considerations to be 

examined, as it did not encompass any genomic modifications, rather it involved 

molecular biology methodologies to create a CAC vector fused with APEX2 for the 

purpose of protein biotinylation. However, it is plausible that future developments may 

necessitate such considerations for mapping proteins and their interactions in real time, 

which would involve incorporating APEX2 or BioID along with biotin phenol (a 

substrate) into humans. The application of APEX2 necessitates the use of hydrogen 

peroxide, which, if not adequately managed, may result in tissue damage and can cause 

cellular damage (Pravda, 2020). Furthermore, biotin phenol is regarded as toxic to living 

organisms, causing nerve tissues respiratory distress, and can even lead to death. 

Therefore, any activities extending beyond the laboratory setting, particularly those 

involving patients, must be conducted with utmost caution (ATSDR, 2014).  

4.3.1 Ethics and AI 

AI tools such as OpenAI (2025) ChatGPT and Grammarly have been employed in this 

thesis report. ChatGPT has been utilized as a means to comprehend certain advanced 

scientific literature, as well as for suggesting scientific synonyms. Furthermore, it has 

been leveraged to investigate specific areas of the research by utilizing its deep search 

function, particularly in addressing parts in the introduction, the research question and 

exploring the APEX2 ethical consequences and impact on society section. Additionally, 

it has been instrumental in identifying several sources of error in the results section and 
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in troubleshooting certain experimental designs in the discussion section. Grammarly 

(2025) has been utilized as an AI writing assistant to rewrite sections in a more scientific 

manner.  

4.4 Conclusion 

Several studies have demonstrated and continue to investigate the impact of inhibiting 

and destabilizing the specific mitochondrial calcium channel protein, examining its 

effects on mitochondria and exploring its potential role as a tumor suppressor. The 

research aimed in this study involved inserting sgRNA (Sigma Aldrich) into GFP and 

pLenti vector (Addgene), and with Sanger sequencing, the insertion was confirmed. For 

the knockout to occur, the sgRNA (Sigma Aldrich) GFP vector (Addgene) constructs were 

transfected into SH-SY5Y cells, and knockdown validation was supposed to be evident in 

RT-qPCR. This was not the case as the fold change yielded an upregulation of the SG1-

SG2 pair.   

In the second experiment, the CAC vector (Addgene) was intended to be fused with the 

APEX2 insert from the APEX2 vector (Addgene) to biotinylate similar nearby tumor 

suppressor mitochondrial calcium channel proteins. However, due to time constraints, 

the fusion was not completed, and the full investigation of these comparable proteins 

was therefore not carried out. Notably, some procedures included replacing a stop codon 

in the CAC vector (Addgene) with a BstbI restriction site to facilitate ligation of the insert, 

which was evident by Sanger sequencing. 

In the future, experimental procedures should be followed exactly or optimized 

thoroughly and with precision. Additionally, this extensive experiment demanded more 

time for completion, which also meant that the project plan was not followed as stated. 

In the future, this issue could be addressed by minimizing the time allocated to 

troubleshooting and proceeding with the experiment in its current state, while striving 

to maintain utmost precision and ensuring that no detail is missing. Overall, the 

experiment has shown some success to some degree as depicted by Sanger sequencing 

results in both experiments.  

5 References 

ABCAM. (2024). Introduction to cell lysis for cellular analysis. Retrieved 2025 May 13 

from https://www.abcam.com/en-us/knowledge-center/cell-biology/cell-

lysis#:~:text=Uses%20physical%20forces%20such%20as,ice%20crystals%20th

at%20rupture%20membranes.  

Addgene. (n.d. a). Molecular Cloning Techniques. Retrieved 2025 January 26 from 

https://www.addgene.org/mol-bio-reference/cloning/ 

Addgene. (n.d. b). lentiCRISPRv2 plasmid design. Retrieved 2025 June 23 from 

https://media.addgene.org/data/plasmids/98/98291/98291-

attachment_iumoz6pvAvMi.pdf  

https://www.abcam.com/en-us/knowledge-center/cell-biology/cell-lysis#:~:text=Uses%20physical%20forces%20such%20as,ice%20crystals%20that%20rupture%20membranes
https://www.abcam.com/en-us/knowledge-center/cell-biology/cell-lysis#:~:text=Uses%20physical%20forces%20such%20as,ice%20crystals%20that%20rupture%20membranes
https://www.abcam.com/en-us/knowledge-center/cell-biology/cell-lysis#:~:text=Uses%20physical%20forces%20such%20as,ice%20crystals%20that%20rupture%20membranes
https://www.addgene.org/mol-bio-reference/cloning/
https://media.addgene.org/data/plasmids/98/98291/98291-attachment_iumoz6pvAvMi.pdf
https://media.addgene.org/data/plasmids/98/98291/98291-attachment_iumoz6pvAvMi.pdf


 

 

 

42 

Agilent. (2005). QuikChange Site-Directed Mutagenesis Kit Instruction Manual. 

Retrieved 2025 May 12 from 

https://www.agilent.com/cs/library/usermanuals/public/200518.pdf  

Aithal, M. G., & Rajeswari, N. (2015). Validation of housekeeping genes for gene 

expression analysis in glioblastoma using quantitative real-time polymerase 

chain reaction. Brain tumor research and treatment, 3(1), 24–29. 

https://doi.org/10.14791/btrt.2015.3.1.24   

Al-Shuhaib, M. B. S., & Hashim, H. O. (2023). Mastering DNA chromatogram analysis 

in Sanger sequencing for reliable clinical analysis. Journal of Genetic 

Engineering and Biotechnology, 21(1), 115. https://doi.org/10.1186/s43141-023-

00587-6  

Alyssa, C. (2019). Proximity Labeling: A Powerful Tool for Protein Complex Purification 

and Proteomic Mapping. Addgene Blog. Retrieved 2025 February 3 from 

https://blog.addgene.org/proximity-labeling-a-powerful-tool-for-protein-

complex-purification-and-proteomic-mapping  

Andersen, C. L., Jensen, J. L., & Ørntoft, T. F. (2004). Normalization of real-time 

quantitative reverse transcription-PCR data: a model-based variance estimation 

approach to identify genes suited for normalization, applied to bladder and colon 

cancer data sets. Cancer research, 64(15), 5245–5250. 

https://doi.org/10.1158/0008-5472.CAN-04-0496   

ATSDR. (2014). Medical Management Guidelines for Phenol. Retrieved 2025 May 5 from 

https://wwwn.cdc.gov/TSP/MMG/MMGDetails.aspx?mmgid=144&toxid=27#:

~:text=Remove%20contaminated%20clothing%20rapidly%20and,no%20detect

able%20odor%20of%20phenol.  

Behind The Bench Staff. (2022). Understanding Ct Values in Real-Time PCR. Retrieved 

2025 May 5 from 

https://www.thermofisher.com/blog/behindthebench/understanding-ct-

values/  

Bio-Rad. (n.d). No Band or Faint Band. Retrieved 2025 June 18 from https://www.bio-

rad.com/en-se/applications-technologies/pcr-

troubleshooting?ID=LUSO3HC4S#gel1   

Bosch, J. A., Chen, C. L., & Perrimon, N. (2021). Proximity-dependent labeling methods 

for proteomic profiling in living cells: An update. Wiley interdisciplinary 

reviews. Developmental biology, 10(1), e392. https://doi.org/10.1002/wdev.392  

Brokowski, C., & Adli, M. (2019). CRISPR ethics: moral considerations for applications 

of a powerful tool. Journal of molecular biology, 431(1), 88-101. 

https://doi.org/10.1016/j.jmb.2018.05.044  

https://www.agilent.com/cs/library/usermanuals/public/200518.pdf
https://doi.org/10.14791/btrt.2015.3.1.24
https://doi.org/10.1186/s43141-023-00587-6
https://doi.org/10.1186/s43141-023-00587-6
https://blog.addgene.org/proximity-labeling-a-powerful-tool-for-protein-complex-purification-and-proteomic-mapping
https://blog.addgene.org/proximity-labeling-a-powerful-tool-for-protein-complex-purification-and-proteomic-mapping
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://wwwn.cdc.gov/TSP/MMG/MMGDetails.aspx?mmgid=144&toxid=27#:~:text=Remove%20contaminated%20clothing%20rapidly%20and,no%20detectable%20odor%20of%20phenol
https://wwwn.cdc.gov/TSP/MMG/MMGDetails.aspx?mmgid=144&toxid=27#:~:text=Remove%20contaminated%20clothing%20rapidly%20and,no%20detectable%20odor%20of%20phenol
https://wwwn.cdc.gov/TSP/MMG/MMGDetails.aspx?mmgid=144&toxid=27#:~:text=Remove%20contaminated%20clothing%20rapidly%20and,no%20detectable%20odor%20of%20phenol
https://www.thermofisher.com/blog/behindthebench/understanding-ct-values/
https://www.thermofisher.com/blog/behindthebench/understanding-ct-values/
https://www.bio-rad.com/en-se/applications-technologies/pcr-troubleshooting?ID=LUSO3HC4S#gel1
https://www.bio-rad.com/en-se/applications-technologies/pcr-troubleshooting?ID=LUSO3HC4S#gel1
https://www.bio-rad.com/en-se/applications-technologies/pcr-troubleshooting?ID=LUSO3HC4S#gel1
https://doi.org/10.1002/wdev.392
https://doi.org/10.1016/j.jmb.2018.05.044


 

 

 

43 

Bruckert, G., Vivien, D., Docagne, F., & Roussel, B. D. (2016). Normalization of reverse 

transcription quantitative PCR data during ageing in distinct cerebral 

structures. Molecular neurobiology, 53, 1540-1550. 

https://doi.org/10.1007/s12035-015-9114-5  

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M., ... & 

Wittwer, C. T. (2009). The MIQE Guidelines: Minimum information for 

Publication of Quantitative Real-Time PCR Experiments. 

https://doi.org/10.1373/clinchem.2008.112797  

Cahyadi, D. D., Warita, T., Irie, N., Mizoguchi, K., Tashiro, J., Hosaka, Y. Z., & Warita, K. 

(2023). Housekeeping gene expression variability in differentiating and non-

differentiating 3T3-L1 cells. Adipocyte, 12(1), 2235081. 

https://doi.org/10.1080/21623945.2023.2235081  

Chinnery, P. F., & Schon, E. A. (2003). Mitochondria. Journal of Neurology, 

Neurosurgery & Psychiatry, 74(9), 1188-1199. 

https://doi.org/10.1136/jnnp.74.9.1188  

Chong, Z. X., Yeap, S. K., & Ho, W. Y. (2021). Transfection types, methods and strategies: 

a technical review. PeerJ, 9, e11165. https://doi.org/10.7717/peerj.11165   

Cohn, S. L., Pearson, A. D., London, W. B., Monclair, T., Ambros, P. F., Brodeur, G. M., 

... & Matthay, K. K. (2009). The International Neuroblastoma Risk Group (INRG) 

classification system: an INRG task force report. Journal of clinical 

oncology, 27(2), 289-297. https://doi.org/10.1200/JCO.2008.16.6785  

Conte, M., Palumbo, R., Monti, A., Fontana, E., Nebbioso, A., Ruvo, M., ... & Doti, N. 

(2021). Relevance of AIF/CypA lethal pathway in SH-SY5Y cells treated with 

staurosporine. International Journal of Molecular Sciences, 23(1), 265. 

https://doi.org/10.3390/ijms23010265  

Cooper, G. M., & Adams, K. (2022). The cell: a molecular approach. Oxford University 

Press.  

Crossley, B. M., Bai, J., Glaser, A., Maes, R., Porter, E., Killian, M. L., ... & Toohey-Kurth, 

K. (2020). Guidelines for Sanger sequencing and molecular assay 

monitoring. Journal of Veterinary Diagnostic Investigation, 32(6), 767-775. 

https://doi.org/10.1177/1040638720905833  

Cytion. (2025). HEK293 Cells. Retrieved 2025 May 15 from 

https://www.cytion.com/HEK293-Cells/300192  

Dalhousie Igem and Angela Tsai (2018). 0.8% Agarose Gel. protocol-10908. 

https://dx.doi.org/10.17504/protocols.io.nv4de8w  

https://doi.org/10.1007/s12035-015-9114-5
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1080/21623945.2023.2235081
https://doi.org/10.1136/jnnp.74.9.1188
https://doi.org/10.7717/peerj.11165
https://doi.org/10.1200/JCO.2008.16.6785
https://doi.org/10.3390/ijms23010265
https://doi.org/10.1177/1040638720905833
https://www.cytion.com/HEK293-Cells/300192
https://dx.doi.org/10.17504/protocols.io.nv4de8w


 

 

 

44 

De Stefani, D., Patron, M., & Rizzuto, R. (2015). Structure and function of the 

mitochondrial calcium uniporter complex. Biochimica et biophysica 

acta, 1853(9), 2006–2011. https://doi.org/10.1016/j.bbamcr.2015.04.008 

Degenhardt, K., Chen, G., Lindsten, T., & White, E. (2002). BAX and BAK mediate p53-

independent suppression of tumorigenesis. Cancer cell, 2(3), 193-203. 

https://doi.org/10.1016/S1535-6108(02)00126-5  

Eurofins Genomics. (2014). DNA SEQUENCING RESULTS GUIDE. Retrieved 2025 May 

12 from https://eurofinsgenomics.eu/media/962732/sequencing-result-

guide_sen_2014.pdf   

Faitg, J., Davey, T., Turnbull, D. M., White, K., & Vincent, A. E. (2020). Mitochondrial 

morphology and function: two for the price of one!. Journal of 

Microscopy, 278(2), 89-106. https://doi.org/10.1111/jmi.12891  

Finkel, T., Menazza, S., Holmström, K. M., Parks, R. J., Liu, J., Sun, J., Liu, J., Pan, X., 

& Murphy, E. (2015). The ins and outs of mitochondrial calcium. Circulation 

research, 116(11), 1810–1819. 

https://doi.org/10.1161/CIRCRESAHA.116.305484  

Gallego, A. (2025). Troubleshooting DNA Ladders. Retrieved 2025 May 5 from  

https://goldbio.com/articles/article/Troubleshooting-DNA-

Ladders#:~:text=DNA%20ladders%20can%20be%20faint,up%20merged%20w

ith%20other%20bands.  

Gaudelli, N. M., Komor, A. C., Rees, H. A., Packer, M. S., Badran, A. H., Bryson, D. I., & 

Liu, D. R. (2017). Programmable base editing of A•T to G•C in genomic DNA 

without DNA cleavage. Nature, 551(7681), 464–471. 

https://doi.org/10.1038/nature24644  

GeneWiz. (2025). Analyzing Sanger Sequencing Data. Retrieved 2025 May 12 from 

https://blog.genewiz.com/analyzing-sanger-sequencing-data  

George, R. E., Sanda, T., Hanna, M., Fröhling, S., Luther, W., 2nd, Zhang, J., Ahn, Y., 

Zhou, W., London, W. B., McGrady, P., Xue, L., Zozulya, S., Gregor, V. E., Webb, 

T. R., Gray, N. S., Gilliland, D. G., Diller, L., Greulich, H., Morris, S. W., Meyerson, 

M., … Look, A. T. (2008). Activating mutations in ALK provide a therapeutic 

target in neuroblastoma. Nature, 455(7215), 975–978. 

https://doi.org/10.1038/nature07397   

Grammarly. (2025). Grammarly. [AI writing assistant]. Retrieved 2025 from 

https://app.grammarly.com/  

Hart, T., Tong, A. H. Y., Chan, K., Van Leeuwen, J., Seetharaman, A., Aregger, M., ... & 

Moffat, J. (2017). Evaluation and design of genome-wide CRISPR/SpCas9 

knockout screens. G3: Genes, Genomes, Genetics, 7(8), 2719-2727. 

https://doi.org/10.1534/g3.117.041277  

https://doi.org/10.1016/j.bbamcr.2015.04.008
https://doi.org/10.1016/S1535-6108(02)00126-5
https://eurofinsgenomics.eu/media/962732/sequencing-result-guide_sen_2014.pdf
https://eurofinsgenomics.eu/media/962732/sequencing-result-guide_sen_2014.pdf
https://doi.org/10.1111/jmi.12891
https://doi.org/10.1161/CIRCRESAHA.116.305484
https://goldbio.com/articles/article/Troubleshooting-DNA-Ladders#:~:text=DNA%20ladders%20can%20be%20faint,up%20merged%20with%20other%20bands
https://goldbio.com/articles/article/Troubleshooting-DNA-Ladders#:~:text=DNA%20ladders%20can%20be%20faint,up%20merged%20with%20other%20bands
https://goldbio.com/articles/article/Troubleshooting-DNA-Ladders#:~:text=DNA%20ladders%20can%20be%20faint,up%20merged%20with%20other%20bands
https://doi.org/10.1038/nature24644
https://blog.genewiz.com/analyzing-sanger-sequencing-data
https://doi.org/10.1038/nature07397
https://app.grammarly.com/
https://doi.org/10.1534/g3.117.041277


 

 

 

45 

Hu, J., Han, J., Li, H., Zhang, X., Liu, L. L., Chen, F., & Zeng, B. (2018). Human 

embryonic kidney 293 cells: a vehicle for Biopharmaceutical Manufacturing, 

Structural Biology, and Electrophysiology: state of the art and future 

perspectives. Cells Tissues Organs, 205(1), 1-8. 

https://doi.org/10.1159/000485501  

Invitrogen. (2015). One Shot Stbl3 Chemically Competent E. coli. Retrieved 2025 

February 13 from 

https://tools.thermofisher.com/content/sfs/manuals/oneshot_stbl3_man.pdf  

Jakoube, P., Cutano, V., González-Morena, J. M., & Keckesova, Z. (2021). Mitochondrial 

Tumor Suppressors—The Energetic Enemies of Tumor Progression. Cancer 

Research, 81(18), 4652-4667. https://doi.org/10.1158/0008-5472.CAN-21-0518  

Jiang, F., & Doudna, J. A. (2017). CRISPR–Cas9 structures and mechanisms. Annual 

review of biophysics, 46(1), 505-529. https://doi.org/10.1146/annurev-biophys-

062215-010822  

Kamijo, T., & Nakagawara, A. (2012). Molecular and genetic bases of 

neuroblastoma. International journal of clinical oncology, 17, 190-195. 

https://doi.org/10.1007/s10147-012-0415-7  

Kamogashira, T., Hayashi, K., Fujimoto, C., Iwasaki, S., & Yamasoba, T. (2017). 

Functionally and morphologically damaged mitochondria observed in auditory 

cells under senescence-inducing stress. npj Aging and Mechanisms of 

Disease, 3(1), 2. https://doi.org/10.1038/s41514-017-0002-2 

Kim, M.-J., Min, Y., Son, J., Kim, J. Y., Lee, J. S., Kim, D.-H., & Lee, K.-Y. (2020). 

AMPK?1 Regulates Lung and Breast Cancer Progression by Regulating TLR4-

Mediated TRAF6-BECN1 Signaling Axis. Cancers, 12(11), 3289. 

https://doi.org/10.3390/cancers12113289 

Kong, X., Li, D., Mansouri, A., Kang, G., Sayood, K., West, J., & Wood, C. (2021). Bone 

marrow-derived SH-SY5Y neuroblastoma cells infected with Kaposi’s sarcoma-

associated herpesvirus display unique infection phenotypes and growth 

properties. Journal of virology, 95(13), 10-1128. 

https://doi.org/10.1128/jvi.00003-21  

Kovesdi, I., & Hedley, S. J. (2010). Adenoviral producer cells. Viruses, 2(8), 1681–1703. 

https://doi.org/10.3390/v2081681  

Kozera, B., & Rapacz, M. (2013). Reference genes in real-time PCR. Journal of applied 

genetics, 54(4), 391–406. https://doi.org/10.1007/s13353-013-0173-x  

Krause, T., Jolkver, E., Bruchhaus, S., Kramer, M., & Hemmje, M. (2021). An RT-qPCR 

data analysis platform. Proceedings http://ceur-ws. org ISSN, 1613, 0073.  

https://doi.org/10.1159/000485501
https://tools.thermofisher.com/content/sfs/manuals/oneshot_stbl3_man.pdf
https://doi.org/10.1158/0008-5472.CAN-21-0518
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1007/s10147-012-0415-7
https://doi.org/10.1038/s41514-017-0002-2
https://doi.org/10.3390/cancers12113289
https://doi.org/10.1128/jvi.00003-21
https://doi.org/10.3390/v2081681
https://doi.org/10.1007/s13353-013-0173-x


 

 

 

46 

Kushner, J., Papa, A., & Marx, S. O. (2021). Use of Proximity Labeling in Cardiovascular 

Research. JACC. Basic to translational science, 6(7), 598–609. 

https://doi.org/10.1016/j.jacbts.2021.01.005  

Lam, J., Katti, P., Biete, M., Mungai, M., AshShareef, S., Neikirk, K., Garza Lopez, E., 

Vue, Z., Christensen, T. A., Beasley, H. K., Rodman, T. A., Murray, S. A., Salisbury, 

J. L., Glancy, B., Shao, J., Pereira, R. O., Abel, E. D., & Hinton, A., Jr (2021). A 

Universal Approach to Analyzing Transmission Electron Microscopy with 

ImageJ. Cells, 10(9), 2177. https://doi.org/10.3390/cells10092177 

Li, G., Yang, J., Yang, C., Zhu, M., Jin, Y., McNutt, M. A., & Yin, Y. (2018). PTENα 

regulates mitophagy and maintains mitochondrial quality 

control. Autophagy, 14(10), 1742–1760. 

https://doi.org/10.1080/15548627.2018.1489477  

Li, P., Li, J., Wang, L., & Di, L. J. (2017). Proximity labeling of interacting proteins: 

application of BioID as a discovery tool. Proteomics, 17(20), 1700002. 

https://doi.org/10.1002/pmic.201700002  

Li, Y., Zhu, C. L., Nie, C. J., Li, J. C., Zeng, T. T., Zhou, J., ... & Guan, X. Y. (2013). 

Investigation of tumor suppressing function of CACNA2D3 in esophageal 

squamous cell carcinoma. PLoS One, 8(4), e60027. 

https://doi.org/10.1371/journal.pone.0060027  

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using 

real-time quantitative PCR and the 2− ΔΔCT method. methods, 25(4), 402-408. 

https://doi.org/10.1006/meth.2001.1262  

Lodrini, M., Sprüssel, A., Astrahantseff, K., Tiburtius, D., Konschak, R., Lode, H. N., 

Fischer, M., Keilholz, U., Eggert, A., & Deubzer, H. E. (2017). Using droplet digital 

PCR to analyze MYCN and ALK copy number in plasma from patients with 

neuroblastoma. Oncotarget, 8(49), 85234–85251. 

https://doi.org/10.18632/oncotarget.19076  

Lucena-Aguilar, G., Sánchez-López, A. M., Barberán-Aceituno, C., Carrillo-Avila, J. A., 

López-Guerrero, J. A., & Aguilar-Quesada, R. (2016). DNA source selection for 

downstream applications based on DNA quality indicators analysis. 

Biopreservation and biobanking, 14(4), 264-270.  

Maquat, L. E. (2004). Nonsense-mediated mRNA decay: splicing, translation and mRNP 

dynamics. Nature reviews Molecular cell biology, 5(2), 89-99. 

https://doi.org/10.1038/nrm1310   

Marchenko, N. D., & Moll, U. M. (2014). Mitochondrial death functions of 

p53. Molecular & cellular oncology, 1(2), e955995. 

https://doi.org/10.1080/23723548.2014.955995  

https://doi.org/10.1016/j.jacbts.2021.01.005
https://doi.org/10.3390/cells10092177
https://doi.org/10.1080/15548627.2018.1489477
https://doi.org/10.1002/pmic.201700002
https://doi.org/10.1371/journal.pone.0060027
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.18632/oncotarget.19076
https://doi.org/10.1038/nrm1310
https://doi.org/10.1080/23723548.2014.955995


 

 

 

47 

Matlock, B. (2015). Assessment of Nucleic Acid Purity. Retrieved 2025 April 30 from 

assets.thermofisher.com/TFS-Assets/CAD/Product-Bulletins/TN52646-E-

0215M-NucleicAcid.pdf  

Mercatelli, D., Balboni, N., Giorgio, F. D., Aleo, E., Garone, C., & Giorgi, F. M. (2021). 

The transcriptome of SH-SY5Y at single-cell resolution: a CITE-seq data analysis 

workflow. Methods and Protocols, 4(2), 28. 

https://doi.org/10.3390/mps4020028  

Mousavi Kahaki, S. A., Ebrahimzadeh, N., Fahimi, H., & Moshiri, A. (2024). 

Development of an optimized protocol for generating knockout cancer cell lines 

using the CRISPR/Cas9 system, with emphasis on transient transfection. PloS 

one, 19(11), e0310368. https://doi.org/10.1371/journal.pone.0310368  

Mousavi, N., Zhou, E., Razavi, A., Ebrahimi, E., Varela-Castillo, P., & Yang, X. J. (2025). 

P3 site-directed mutagenesis: An efficient method based on primer pairs with 3’-

overhangs. Journal of Biological Chemistry, 108219. 

https://doi.org/10.1016/j.jbc.2025.108219  

MYCN gene. (n.d.). MedlinePlus Genetics.  Retrieved 2025 May 24 from 

https://medlineplus.gov/genetics/gene/mycn/  

National Human Genome Research Institute. (2025.). Apoptosis. Retrieved 25 May 2025 

from https://www.genome.gov/genetics-glossary/apoptosis  

NEB .(n.d). Tm Calculator. Retrieved 2025 April 18 from 

https://tmcalculator.neb.com/#!/main   

Neufeld, PM., Frai, J., Matschke, V., Theiss, C., Stahlke, S. (2023). Validation of a 

Suitable Housekeeping Gene in Human Neuroblastoma SHSY-5Y Cell-Line 

Treated with Steroid Hormones Progesterone and Testosterone. Int J Neurol 

Neurother 10:125. https://doi.org/10.23937/2378-3001/1410125    

New England Biolabs. (2025a). FAQ: Why is my DNA Ladder floating out the wells? Why 

are there no bands visible in my DNA ladder gel lane? Retrieved 2025 May 5 from 

https://www.neb.com/en/faqs/2019/06/12/why-is-my-dna-ladder-floating-

out-the-wells-and-why-are-there-no-bands-visible-in-my-dna-ladder-gel-lane  

New England Biolabs. (2025b). Troubleshooting tips for Q5® Site-Directed Mutagenesis 

Kit. Retrieved 2025 May 12 from https://www.neb.com/en/tools-and-

resources/video-library/troubleshooting-tips-for-q5-site-directed-mutagenesis-

kit 

Newman, E. A., Abdessalam, S., Aldrink, J. H., Austin, M., Heaton, T. E., Bruny, J., ... & 

Madonna, M. B. (2019). Update on neuroblastoma. Journal of pediatric surgery, 

54(3), 383-389. https://doi.org/10.1016/j.jpedsurg.2018.09.004  

https://assets.thermofisher.com/TFS-Assets/CAD/Product-Bulletins/TN52646-E-0215M-NucleicAcid.pdf
https://assets.thermofisher.com/TFS-Assets/CAD/Product-Bulletins/TN52646-E-0215M-NucleicAcid.pdf
https://doi.org/10.3390/mps4020028
https://doi.org/10.1371/journal.pone.0310368
https://doi.org/10.1016/j.jbc.2025.108219
https://medlineplus.gov/genetics/gene/mycn/
https://www.genome.gov/genetics-glossary/apoptosis
https://tmcalculator.neb.com/#!/main
https://doi.org/10.23937/2378-3001/1410125
https://www.neb.com/en/faqs/2019/06/12/why-is-my-dna-ladder-floating-out-the-wells-and-why-are-there-no-bands-visible-in-my-dna-ladder-gel-lane
https://www.neb.com/en/faqs/2019/06/12/why-is-my-dna-ladder-floating-out-the-wells-and-why-are-there-no-bands-visible-in-my-dna-ladder-gel-lane
https://www.neb.com/en/tools-and-resources/video-library/troubleshooting-tips-for-q5-site-directed-mutagenesis-kit
https://www.neb.com/en/tools-and-resources/video-library/troubleshooting-tips-for-q5-site-directed-mutagenesis-kit
https://www.neb.com/en/tools-and-resources/video-library/troubleshooting-tips-for-q5-site-directed-mutagenesis-kit
https://doi.org/10.1016/j.jpedsurg.2018.09.004


 

 

 

48 

Nie, C., Qin, X., Li, X., Tian, B., Zhao, Y., Jin, Y., ... & Chen, X. (2019). CACNA2D3 

enhances the chemosensitivity of esophageal squamous cell carcinoma to 

cisplatin via inducing Ca2+-mediated apoptosis and suppressing PI3K/Akt 

pathways. Frontiers in Oncology, 9, 185. 

https://doi.org/10.3389/fonc.2019.00185  

O'Hanlon Cohrt, K. (2024). How (and Why) To Manipulate Plasmid Copy Number. 

Retrieved 2025 May 2 from  https://bitesizebio.com/22824/how-to-manipulate-

plasmid-copy-number/  

OpenAI. (2025). ChatGPT. [Large language model]. Retrieved 2025 from 

https://chat.openai.com/chat   

Palmieri, C., Rudraraju, B., Monteverde, M., Lattanzio, L., Gojis, O., Brizio, R., ... & 

Crook, T. (2012). Methylation of the calcium channel regulatory subunit α2δ-3 

(CACNA2D3) predicts site-specific relapse in oestrogen receptor-positive 

primary breast carcinomas. British journal of cancer, 107(2), 375-381. 

https://doi.org/10.1038/bjc.2012.231  

Panina, Y., Germond, A., Masui, S., & Watanabe, T. M. (2018). Validation of common 

housekeeping genes as reference for qPCR gene expression analysis during iPS 

reprogramming process. Scientific reports, 8(1), 8716. 

https://doi.org/10.1038/s41598-018-26707-8  

Park, J. R., Eggert, A., & Caron, H. (2010). Neuroblastoma: biology, prognosis, and 

treatment. Hematology/oncology clinics of North America, 24(1), 65-86. 

https://doi.org/10.1016/j.hoc.2009.11.011  

Patel, A. (2020). Benign vs malignant tumors. JAMA oncology, 6(9), 1488-1488. 

http://doi.org/10.1001/jamaoncol.2020.2592  

Pravda J. (2020). Hydrogen peroxide and disease: towards a unified system of 

pathogenesis and therapeutics. Molecular medicine (Cambridge, Mass.), 26(1), 

41. https://doi.org/10.1186/s10020-020-00165-3    

QIAGEN. (2025). How do I know if my plasmid is a high- or low copy number type? 

Retrieved 2025 May 2 from 

https://www.qiagen.com/us/resources/faq?id=1f42840e-fbd7-4734-b0cd-

e17372a9e5a4&lang=en  

Redman, M., King, A., Watson, C., & King, D. (2016). What is CRISPR/Cas9?. Archives 

of Disease in Childhood-Education and Practice, 101(4), 213-215. 

https://doi.org/10.1136/archdischild-2016-310459  

Rhee, H. W., Zou, P., Udeshi, N. D., Martell, J. D., Mootha, V. K., Carr, S. A., & Ting, A. 

Y. (2013). Proteomic mapping of mitochondria in living cells via spatially 

restricted enzymatic tagging. Science (New York, N.Y.), 339(6125), 1328–1331. 

https://doi.org/10.1126/science.1230593  

https://doi.org/10.3389/fonc.2019.00185
https://bitesizebio.com/22824/how-to-manipulate-plasmid-copy-number/
https://bitesizebio.com/22824/how-to-manipulate-plasmid-copy-number/
https://chat.openai.com/chat
https://doi.org/10.1038/bjc.2012.231
https://doi.org/10.1038/s41598-018-26707-8
https://doi.org/10.1016/j.hoc.2009.11.011
http://doi.org/10.1001/jamaoncol.2020.2592
https://doi.org/10.1186/s10020-020-00165-3
https://www.qiagen.com/us/resources/faq?id=1f42840e-fbd7-4734-b0cd-e17372a9e5a4&lang=en
https://www.qiagen.com/us/resources/faq?id=1f42840e-fbd7-4734-b0cd-e17372a9e5a4&lang=en
https://doi.org/10.1136/archdischild-2016-310459
https://doi.org/10.1126/science.1230593


 

 

 

49 

Ricordel, C., Chaillot, L., Blondel, A., Archambeau, J., Jouan, F., Mouche, A., ... & 

Pedeux, R. (2021). ING2 tumor suppressive protein translocates into 

mitochondria and is involved in cellular metabolism 

homeostasis. Oncogene, 40(24), 4111-4123. https://doi.org/10.1038/s41388-

021-01832-3  

Rocha, A. J., Monteiro-Júnior, J. E., Freire, J. E., Sousa, A. J., & Fonteles, C. S. (2015). 

Real time PCR: the use of reference genes and essential rules required to obtain 

normalisation data reliable to quantitative gene expression. Journal of Molecular 

Biology Research, 5(1), 45.  

Roux, K. J., Kim, D. I., Burke, B., & May, D. G. (2018). BioID: a screen for protein‐protein 

interactions. Current protocols in protein science, 91(1), 19-23. 

https://doi.org/10.1002/cpps.51  

Saito, A. C., Higashi, T., & Chiba, H. (2024). Protocol for establishing knockout cell 

clones by deletion of a large gene fragment using CRISPR-Cas9 with multiple 

guide RNAs. STAR protocols, 5(3), 103179. 

https://doi.org/10.1016/j.xpro.2024.103179  

Scheffler, I. E. (2011). Mitochondria. John Wiley & Sons.  

Schwab, M., Westermann, F., Hero, B., & Berthold, F. (2003). Neuroblastoma: biology 

and molecular and chromosomal pathology. The lancet oncology, 4(8), 472-480. 

https://doi.org/10.1016/S1470-2045(03)01166-5  

Schwank, G., Koo, B. K., Sasselli, V., Dekkers, J. F., Heo, I., Demircan, T., Sasaki, N., 

Boymans, S., Cuppen, E., van der Ent, C. K., Nieuwenhuis, E. E., Beekman, J. M., 

& Clevers, H. (2013). Functional repair of CFTR by CRISPR/Cas9 in intestinal 

stem cell organoids of cystic fibrosis patients. Cell stem cell, 13(6), 653–658. 

https://doi.org/10.1016/j.stem.2013.11.002 

Shinwari, Z. K., Tanveer, F., & Khalil, A. T. (2018). Ethical issues regarding CRISPR 

mediated genome editing. Current issues in molecular biology, 26(1), 103-110. 

https://doi.org/10.21775/cimb.026.103  

Sigma Aldrich. (2025). General Considerations for Plasmid DNA Preparation. Retrieved 

2025 May 2 from  https://www.sigmaaldrich.com/SE/en/technical-

documents/technical-article/genomics/dna-and-rna-purification/general-

considerations-for-plasmid-dna-

preparation?utm_source=google&utm_medium=cpc&utm_campaign=1019365

1930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTq

TuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOT

nogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB  

Stephani, F., Scheuer, V., Eckrich, T., Blum, K., Wang, W., Obermair, G. J., & Engel, J. 

(2019). Deletion of the Ca2+ channel subunit α2δ3 differentially affects Cav2. 1 

and Cav2. 2 currents in cultured spiral ganglion neurons before and after the 

https://doi.org/10.1038/s41388-021-01832-3
https://doi.org/10.1038/s41388-021-01832-3
https://doi.org/10.1002/cpps.51
https://doi.org/10.1016/j.xpro.2024.103179
https://doi.org/10.1016/S1470-2045(03)01166-5
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.21775/cimb.026.103
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB
https://www.sigmaaldrich.com/SE/en/technical-documents/technical-article/genomics/dna-and-rna-purification/general-considerations-for-plasmid-dna-preparation?utm_source=google&utm_medium=cpc&utm_campaign=10193651930&utm_content=101663337573&gad_source=1&gbraid=0AAAAAD8kLQTqTuK7qqqWKCT0sPdITNF99&gclid=Cj0KCQjw2tHABhCiARIsANZzDWqrKiOTnogB6qvvwChmbb_ActbZI1rw6d3j74Nhiv7hom9jM4KDkgoaAu7JEALw_wcB


 

 

 

50 

onset of hearing. Frontiers in cellular neuroscience, 13, 278. 

https://doi.org/10.3389/fncel.2019.00278  

Sun, W. (2010). General procedures. In Molecular Diagnostics (pp. 49-57). Academic 

Press. https://doi.org/10.1016/B978-0-12-369428-7.00005-7  

Takahashi, G., & Miyaoka, Y. (2025). Efficient Single-Cell Cloning of Genome-Edited 

Cultured Human Cells. In CRISPR-Cas Methods: Volume 3 (pp. 141-157). New 

York, NY: Springer US. https://doi.org/10.1007/978-1-0716-4358-7_12  

Takita, J. (2021). Molecular basis and clinical features of neuroblastoma. JMA 

journal, 4(4), 321-331. https://doi.org/10.31662/jmaj.2021-0077  

Tan, B., Peng, S., Yatim, S. M. J., Gunaratne, J., Hunziker, W., & Ludwig, A. (2020). An 

optimized protocol for proximity biotinylation in confluent epithelial cell cultures 

using the peroxidase APEX2. STAR protocols, 1(2), 100074. 

https://doi.org/10.1016/j.xpro.2020.100074  

Tan, E., Chin, C. S. H., Lim, Z. F. S., & Ng, S. K. (2021). HEK293 cell line as a platform to 

produce recombinant proteins and viral vectors. Frontiers in bioengineering and 

biotechnology, 9, 796991. https://doi.org/10.3389/fbioe.2021.796991   

Thermo Fisher Scientific. (2009. a). T042‐TECHNICAL BULLETIN NanoDrop 

Spectrophotometers 260/280 and 260/230 Ratios. Retrieved 2025 April 30 from 

T042-NanoDrop-Spectrophotometers-Nucleic-Acid-Purity-Ratios.pub  

Thermo Fisher Scientific. (2025. b). Plasmid DNA Midiprep Kits. Retrieved 2025 May 2 

from https://www.thermofisher.com/se/en/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-

biology-resource-library/spotlight-articles/7-common-issues-with-restriction-

digestion-reactions-and-how-to-avoid-them.html   

Thermo Fisher Scientific. (2025. c). Five Considerations for the Nucleic Acid Gel 

Electrophoresis Process Retrieved 20215 May 2 from 

https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-

learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-

education/na-electrophoresis-considerations   

Thermo Fisher Scientific. (2025. d). Nucleic Acid Gel Electrophoresis. Retrieved 2025 

May 5 from https://www.thermofisher.com/se/en/home/life-

science/cloning/cloning-learning-center/invitrogen-school-of-molecular-

biology/na-electrophoresis-education/na-electrophoresis-

troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize

%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20t

hickness%20around,in%20band%20diffusion%20during%20electrophoresis.     

https://doi.org/10.3389/fncel.2019.00278
https://doi.org/10.1016/B978-0-12-369428-7.00005-7
https://doi.org/10.1007/978-1-0716-4358-7_12
https://doi.org/10.31662/jmaj.2021-0077
https://doi.org/10.1016/j.xpro.2020.100074
https://doi.org/10.3389/fbioe.2021.796991
https://dna.uga.edu/wp-content/uploads/sites/51/2019/02/Note-on-the-260_280-and-260_230-Ratios.pdf
https://www.thermofisher.com/se/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/spotlight-articles/7-common-issues-with-restriction-digestion-reactions-and-how-to-avoid-them.html
https://www.thermofisher.com/se/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/spotlight-articles/7-common-issues-with-restriction-digestion-reactions-and-how-to-avoid-them.html
https://www.thermofisher.com/se/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/spotlight-articles/7-common-issues-with-restriction-digestion-reactions-and-how-to-avoid-them.html
https://www.thermofisher.com/se/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/spotlight-articles/7-common-issues-with-restriction-digestion-reactions-and-how-to-avoid-them.html
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-considerations
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-considerations
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-considerations
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis
https://www.thermofisher.com/se/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/na-electrophoresis-education/na-electrophoresis-troubleshooting.html#:~:text=Gel%20preparation%20to%20help%20minimize%20smearing%20in%20gel%20electrophoresis&text=Keep%20the%20gel%20thickness%20around,in%20band%20diffusion%20during%20electrophoresis


 

 

 

51 

Thermo Fisher Scientific. (n.d). Guidelines for RNA Transfection. Retrieved 24 June 

2025 from https://www.thermofisher.com/dk/en/home/references/gibco-cell-

culture-basics/transfection-basics/guidelines-for-rna-transfection.html 

Thiele, C. J. (1998). Neuroblastoma: In (Ed.) Masters. J. Human Cell Culture. Lancaster, 

UK: Kluwer Academic Publishers, 1, 21-53.  

Tirabassi, R. (2025). How to Identify Supercoils, Nicks and Circles in DNA Plasmid Preps 

using Gel Electrophoresis Retrieved 2025 May 2 from 

https://bitesizebio.com/13524/how-to-identify-supercoils-nicks-and-circles-in-

plasmid-preps/   

Wang, J., Yu, X., Cao, X., Tan, L., Jia, B., Chen, R., & Li, J. (2023). GAPDH: A common 

housekeeping gene with an oncogenic role in pan-cancer. Computational and 

Structural Biotechnology Journal, 21, 4056-4069. 

https://doi.org/10.1016/j.csbj.2023.07.034  

Wang, Z., Liu, B., Lin, L., & Qiao, L. (2023). Mass spectrometry for mitochondrial multi-

omics. TrAC Trends in Analytical Chemistry, 163, 117063. 

https://doi.org/10.1016/j.trac.2023.117063   

Whitworth, K. M., Green, J. A., Redel, B. K., Geisert, R. D., Lee, K., Telugu, B. P., ... & 

Prather, R. S. (2022). Improvements in pig agriculture through gene 

editing. CABI Agriculture and Bioscience, 3(1), 41. 

https://doi.org/10.1186/s43170-022-00111-9  

World Health Organization. (2024). The Top 10 Causes of Death. Retrieved 2025 

February 25 from https://www.who.int/news-room/fact-sheets/detail/the-top-

10-causes-of-death  

Yuan, J., Xu, W. W., Jiang, S., Yu, H., & Poon, H. F. (2018). The scattered twelve tribes 

of HEK293. Biomedical and Pharmacology Journal, 11(2), 621-623. 

https://dx.doi.org/10.13005/bpj/1414  

 

 

 

 

 

 

 

https://www.thermofisher.com/dk/en/home/references/gibco-cell-culture-basics/transfection-basics/guidelines-for-rna-transfection.html
https://www.thermofisher.com/dk/en/home/references/gibco-cell-culture-basics/transfection-basics/guidelines-for-rna-transfection.html
https://bitesizebio.com/13524/how-to-identify-supercoils-nicks-and-circles-in-plasmid-preps/
https://bitesizebio.com/13524/how-to-identify-supercoils-nicks-and-circles-in-plasmid-preps/
https://doi.org/10.1016/j.csbj.2023.07.034
https://doi.org/10.1016/j.trac.2023.117063
https://doi.org/10.1186/s43170-022-00111-9
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://dx.doi.org/10.13005/bpj/1414


 

 

 

52 

6 Appendix A: qPCR Raw Data 

Table 29 shows the raw data of the Ct values obtained after RT-qPCR. WT obtained 

values of 25.777 for GAPDH, 24.277 for HPRT, and 33.174 for CAC. As for the SG1-SG3 

pair, the CT values of GAPDDH were to be 25.371, 24.897 for HPRT and 33.018. SG2-

SG4 pair revealed Ct values of 27.780 for GAPDH, 26.332 for HPRT and 18.802 for CAC.  

Table 29. Shows the average GFP RT-qPCR Ct Values. 

Samples GAPDH HPRT ANF 

WT 25.777 24.277 25.027 

SG1-SG3 25.371 24.897 25.134 

SG2-SG4 27.780 26.332 27.056 

 

Table 30 shows the Ct values of CAC relative to WT, the SG1-SG3 pair, and the SG2-SG4 

pair, along with the ΔCt values. The Ct value of CAC relative to WT is 33.174, relative to 

the SG1-SG3 pair is 33.018, and for the SG2-SG4 pair, it is 18.802. The ΔCt values for WT 

is 8.147, 7.884 for the SG1-SG3 pair, and -8.254 for the SG2-SG4 pair, which is 

significantly lower than the other samples. Therefore, SG2-SG4 is regarded as an outlier.  

Table 30. Portrays the ΔCt values of CAC relative to ANF values. 

Samples CAC CAC-NF 

WT 33.174 8.147 

SG1-SG3 33.018 7.884 

 

Table 31 shows the calculations made for the ΔCt indicating that SG1 obtained a ΔCt value of 

7.884. If the, ΔCt value of SG2 were to be calculated, it would yield significantly low values 

of -8.254.  

Table 31. Shows the ΔCt calculations.  

Samples ΔCt 

WT 8.147 

SG1-SG3 7.884 
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Table 32 shows the calculations made for ΔΔCt values, indicating that SG1-SG2 pair obtained 

a ΔΔCt of -0.263 and if SG2-SG4 pair would be calculated, it would yield a significantly 

low ΔΔCt of -16.401.  

Table 32. Shows the ΔΔCt calculations.  

Sample ΔΔCt 

SG1-SG2 pair -0.263 

 

Table 33 shows the relative expression (2-ΔCt), where WT yielded a value of 0.00352, SG1-

SG3 pair yielded a value of 0.00423 and SG2-SG4 pair would yield a significantly higher 

value of 305.28.  

Table 33. Shows the relative expression of the sgRNA pairs. 

Samples 2-ΔCt 

WT 0.00352 

SG1-SG3 pair 0.00423 

 


