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Abstract 

Infectious diseases have negative impacts on fish welfare and sustainable aquaculture. 

Knowledge on host pathogen relationship and genes responsible for disease resistance could 

lead to development of vaccines and therapeutics and other potential commercial applications. 

The application of CRISPR/Cas9 methods like genome-scale CRISPR knock-out screening 

(GeCKO screening) has great potential in identification of functional genes for a particular 

trait. However, application of CRISPR in fish cell lines is still in its infancy and has several 

limitations. In CRISPR screens, expression of sgRNA, one of the important components of the 

CRISPR/Cas9 method, is driven by a U6 promoter situated in a lentiviral vector. For the 

success of the CRISPR screen, it is crucial that the U6 promoter is efficient in the cell line used. 

This has never been tested in any Atlantic salmon cell line before. The aim of this thesis was 

to test the efficiency of different U6 promoters – human, mouse, zebrafish, and novel 

uncharacterised salmon U6 promoter in the Atlantic salmon cell line, SHK-1 (Salmon head 

kidney-1). This was done with a sgRNA expression assay. In short, 4 different U6 promoters 

and GFP knockout gRNA were cloned into a single lentiviral vector system. The plasmids 

generated were then transfected into SHK-1 cells with electroporation. After two days, total 

RNA from the cells was isolated and used for cDNA synthesis. Finally, the transcription of 

sgRNA under each promoter was compared using qPCR. Since this has never been done before, 

and the methods used was new in our lab, this thesis involved a lot of method development and 

optimization. Due to technical difficulties and Covid-19 restrictions, I had only time to perform 

one single biological replicate in the SHK-1 cell line with the partially optimized protocol. I 

was able to demonstrate that one of the plasmids that we designed was able to express sgRNA 

under zebrafish U6 promoter. Although the expression level was low, it was a huge success for 

us as it showed overall success of plasmid design, transfection of cells, primer validation, and 

qPCR assay optimization. One of the major findings in this thesis is that it is crucial to digest 

DNA in the sample before qPCR, since we use a large amount of DNA for transfection. This 

thesis describes and discuss the development and optimization of a method for determining U6 

promoter efficiency using a sgRNA expression assay with qPCR, from construction of vectors 

to optimization and analysis of the qPCR experiment. The methods optimized in this thesis can 

be used to assess the efficiency of multiple U6 promoters in different cell lines in the future.  
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1 Introduction 

1.1 Background 

Global demand for salmonid fish is growing every year. To meet the demand, production of 

farmed salmonid fish has also increased (FAO, 2018). There have been many technical 

advancements in aquaculture industry. However, infectious diseases still have negative impacts 

on fish welfare and sustainability as approximately 40% of the total potential production is lost 

per year (Jobling, 2011). This is one of the factors that is limiting future expansion of the 

aquaculture industry. One possible solution to this problem is development of vaccines and 

therapeutics. However, host response to the pathogens, functional genes and their variants that 

are responsible for disease resistance in host is largely unknown. This knowledge could 

potentially be used to create a healthier salmon breeding population through potential 

commercial applications like selective breeding (Houston, 2017; Yáñez et al., 2014), genomic 

selection (Houston et al., 2020; Zenger et al., 2019) and genome editing (Gratacap et al., 2019). 

CRISPR/Cas9 system is a powerful, targeted genome editing tool and due to its simplicity and 

efficiency, it has become very popular over a short period. The application of CRISPR/Cas9 

has great potential in the identification of function of a particular gene and its variant in a 

particular trait, for example, genes responsible for disease resistance (Staller et al., 2019). 

CRISPR/Cas9 has been successfully applied in vivo and in cell lines of various aquaculture 

species like rohu, grass carp, common carp, catfish, Pacific oyster, sea bream, Nile tilapia and 

salmonids like rainbow trout and Atlantic salmon (Gratacap et al., 2019). The methods that are 

currently established for in vivo CRISPR/Cas9 application in fish use microinjection of the 

CRISPR/Cas9 complex into fresh fertilized eggs in its one cell stage. Microinjection is suitable 

for larger cell size like embryos but not practical for high throughput application in cell lines. 

The establishment of CRISPR/Cas9 in cell lines require more practical high throughput 

delivery systems like viral transduction or transfection of plasmid. In addition, the success 

relies on expression of single guide RNA (sgRNA) and Cas9 which requires identification of 

optimal promoters. However, the methods that are successfully established for CRISPR/Cas9 

in other cell lines, might not be directly applicable in fish cell lines and have some limitations 

that should be addressed. 



The goal of our team is to establish genome-scale CRISPR knock-out (GeCKO) screening for 

host pathogen relationship between Atlantic salmon and infectious salmon anaemia (ISA) 

virus. Generally, in GeCKO screening, lentiviral transduction is used to deliver CRISPR/Cas9 

components using lentiviral vector into the cells. For successful application of GeCKO 

screening in fish cell lines, it is important to determine optimal promoter for expression of 

sgRNA and Cas9. U6 RNA polymerase type III promoter for the transcription of spliceosomal 

U6 small nuclear RNA (snRNA) have been widely used for expression of sgRNA in cell lines. 

Efficient U6 promoter for zebrafish (Clarke et al., 2013) and tilapia (Hamar & Kültz, 2021) 

cell lines has been identified. Human and zebrafish U6 promoters has been used previously to 

drive the expression of sgRNA in chinook salmon cell lines (Escobar-Aguirre et al., 2019; 

Gratacap et al., 2020). However, efficiency of different U6 promotors for the sgRNA 

expression has not been tested in any salmonoid cell lines so far. The aim of this thesis is to 

find the efficiency of commonly used heterologous promoters (promoters that are not naturally 

found in salmon) – Human U6, Mouse U6 and Zebrafish U6 together with one previously 

uncharacterized endogenous promoter – Salmon U6 promoter in Atlantic salmon cell line using 

sgRNA expression assay.  

1.2 CRISPR/Cas9 system, its components, mechanism, and potential use 

CRISPR/Cas9 stands for Clustered regularly interspaced short palindromic repeats/ associated 

protein 9. The discovery of CRISPR/Cas9 has revolutionized the genome editing technology 

(Adli, 2018; Zhang, 2019). CRISPR/Cas9 system is adapted from the Streptococcus pyogenes 

bacteria’s defence system (Deltcheva et al., 2011). When the bacterium is exposed to foreign 

genetic elements, short fragments of DNA get integrated into bacteria’s CRISPR repeat-spacer 

array, known as protospacer sequence as a genetic record. This will defend bacteria upon 

invasion by same phage in future (Barrangou et al., 2007; Mojica et al., 2005). The small 

CRISPR RNAs (crRNA) are transcribed from the protospacer sequences (Brouns et al., 2008), 

which will eventually guide Cas9 endonuclease to cut viral DNA and block horizontal DNA 

transfer of virus (Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012; Marraffini & 

Sontheimer, 2008). Gene modification through CRISPR/Cas9 requires 3 main components: 

Cas9 protein, sgRNA and a protospacer adjacent motif (PAM) site (Doudna & Charpentier, 

2014; Jiang & Doudna, 2017; Makarova et al., 2011; Zhang, 2019).  



1.2.1 Cas9 protein 

Cas9 protein derived from S. pyogenes is a large and multifunctional DNA endonuclease that 

consists of 1368 amino acid. Cas9 consists of two endonuclease domains: the HNH-like 

endonuclease that cut the target strand and the n-terminal RuvC-like nuclease domain that cut 

the complementary strand of the target strand, and hence create double strand break (DSB) 

(Chen et al., 2014; Gasiunas et al., 2012; Jinek et al., 2012). To repair the DSB, cell activates 

DNA repair system, non-homologous end-joining (NHEJ), which is error prone and frequently 

results in disruption of the reading frame via deletions or insertions. This leads to expression 

of truncated, non-functional protein (Lieber, 2010; Wyman & Kanaar, 2006). 

New methods for using CRISPR is developed in a great pace. For example, Cas9 protein can 

be catalytically inactivated, either one of its nuclease domain or both domains to create nickase 

Cas9 or dead Cas9 respectively, which means these Cas9 can specifically bind to the target site 

but cannot create DSB or is able to create a nick (Qi et al., 2013; Sapranauskas et al., 2011). 

Such impaired Cas9 can be used to guide effectors like gene activators or repressors (Bikard et 

al., 2013; Gilbert et al., 2014; Gilbert et al., 2013), base editors (Kim et al., 2017; Li et al., 

2018; Nishida et al., 2016) which can modulate and modify gene and gene expression, or even 

visualize DNA or RNA (Chen et al., 2013; Konermann et al., 2013; Tanenbaum et al., 2014), 

and many more. This opens several applications of CRISPR/Cas9 and leads to next generation 

genome editing tools. 

1.2.2 sgRNA 

Cas9 is guided by short, ~20 bp long RNA sequence that is specific and complementary to 

target sequence (Brouns et al., 2008) followed by 5’-PAM sequence (Mojica et al., 2009). In 

nature, the guide RNA is comprised of two RNA pieces: the crRNA (described earlier) and the 

trans-activating crRNA (tracrRNA) which is 75-100 bp long and responsible for forming a 

scaffold that links crRNA and Cas9 and also helps in maturation of pre-crRNAs (derived from 

CRISPR array) to crRNA (Brouns et al., 2008; Deltcheva et al., 2011; Gasiunas et al., 2012). 

In 2012, Jinek et al. (2012) combined these two RNAs into one single RNA chimera, which 

was equally capable to direct Cas9 to target site. The RNA chimera is now known as single 

guide RNA (sgRNA) or guide RNA (gRNA). This simplified the use of CRISPR/Cas9 tool. A 



typical sgRNA cloning vector that are generally used for CRISPR/Cas9 applications consist of 

75-100 bp gRNA scaffold, restriction sites to clone ~20 bp sequence specific gRNA upstream 

to the scaffold, promoter to drive the expression of sgRNA and antibiotic selection marker.  

1.2.3 PAM site 

PAM is a 2-5 bp short, conserved sequence motif, located downstream (3’) to the crRNA 

targeting sequence in template DNA strand and acts as binding signal for Cas9 (Mojica et al., 

2009). PAM is crucial for the function of CRISPR/Cas9 system and in absence of PAM 

sequence Cas9 mediated DNA cleavage does not occur. PAM sequence varies between the 

different Cas9 variants and the PAM sequence for the most used S. pyogenes Cas9 is 5’NGG’3 

(Adli, 2018; Doudna & Charpentier, 2014; Jiang & Doudna, 2017; Makarova et al., 2011; 

Mojica et al., 2009). 

1.2.4 Application of CRISPR/Cas9 in aquaculture 

CRISPR/Cas9 has introduced a radical change in genome editing field. Successful in vivo 

execution of CRISPR/Cas9 has been accomplished in embryo of several aquaculture species, 

like carp (Chakrapani et al., 2016), tilapia (Li et al., 2014), catfish (Elaswad et al., 2018) and 

salmon (Edvardsen et al., 2014) to name few. Most of these studies have followed established 

protocol in model organisms like zebrafish (Jao et al., 2013) and focus on proof-of-principle 

by targeting genes that result in clearly observable phenotype such as pigmentation. The in vivo 

application utilizes microinjection mode of delivery to deliver CRISPR/Cas9 components into 

one cell stage of the fish embryo. Recently, medaka (Liu et al., 2018), carp (Ma et al., 2018) 

and salmonid cell lines (Dehler et al., 2016; Escobar-Aguirre et al., 2019; Gratacap et al., 

2020a; Gratacap et al., 2020) has been successfully edited with CRISPR/Cas9. Genome editing 

with CRISPR/Cas9 has been applied to target traits like sterility (Qin et al., 2016; Wargelius et 

al., 2016), growth (Cleveland et al., 2018; Kishimoto et al., 2018) and disease resistance and 

immunology (Chakrapani et al., 2016; Ma et al., 2018) so far.  

CRISPR/Cas9 system was first applied in Atlantic salmon in 2014 (Edvardsen et al., 2014). 

Two genes that were responsible for pigmentation – tyrosinase (tyr) and solute carrier family 

45, member 2 (slc45a2) was successfully knocked out in vivo.  In 2016, the same group of 



researchers created sterile salmon by knocking out dead end (dnd) gene (Wargelius et al., 

2016). Similarly in 2019, Datsomor et al. (2019) applied CRISPR/Cas9 mediated in vivo 

knockout of ELOVL fatty acid elongase 2 (elov2) gene. Successful CRISPR/Cas9 editing in 

SHK-1 and ASK cell line via transfection of ribonucleoprotein complex (discussed later in 

section 1.5) has been recorded (Gratacap et al., 2020a). In addition, CRISPR/Cas9 has been 

successfully applied in embryonic chinook salmon cell line that stably expresses EGFP and 

Cas9 (Dehler et al., 2016) and CRISPR/Cas9 has been successfully applied to produce Signal 

transducer and activator of transcription 2 (stat2) gene knock out cell line embryonic chinook 

salmon cell line that was resistant to viral infection (Dehler et al., 2019). Such initial success 

of CRISPR/Cas9 mediated genome editing both in vivo and in cell lines, opens new 

opportunities to improve production and sustainability via genetic improvement of disease 

resistance and other traits in Atlantic salmon as well as in other aquaculture species. 

1.2.5 Genome-scale CRISPR knockout (GeCKO) screening 

Recently GeCKO screening in cell cultures has been one of the promising applications of 

CRISPR that can be used to solve different biological questions such as identification of genes 

responsible for drug sensitivity or resistant, environmental toxin susceptibility, components of 

cellular pathways and genes responsible for diseases like genes involved in tumour growth and 

metastasis (Doench, 2018). The basic concept behind the CRISPR knockout screening is to 

knockout either every single gene present in the genome or a selection of genes of interest 

(illustrated in Figure 1). This involves designing of thousands of gRNAs in a library, targeting 

every gene in genome, synthesising these gRNA, packing them into lentiviral vector and 

transducing cells with virus such that single gene is knocked out per cell. Then the cells are 

screened by either letting them grow in normal conditions, which results in identification of 

genes that are important for cell growth/survival, or by challenging cells with stress or 

perturbation for example, drug treatment, viral infection, or toxin treatment. Over the time, this 

will result in limited cell population that are able to survive the conditions or even show better 

prevalence. Thus, the cells that were able to survive are sequenced to identify which genes’ 

knockout is leading to cell survival and which genes’ knockout led to cell death in the given 

condition (Adli, 2018; Doench, 2018; Zhang, 2019).  



Generally, retroviruses, mostly lentiviruses are used 

to deliver CRISPR/Cas9 components into the cells in 

CRISPR screens (Doench, 2018; Joung et al., 2017; 

Shalem et al., 2015). The reason behind this is that 

they efficiently integrate their genetic material into 

mammalian cell’s genome regardless if it is dividing 

or non-dividing cell and results in long-lasting 

expression of sgRNA with low risk of insertional 

mutagenesis (Merten et al., 2016).  

Delivery of Cas9 and sgRNA using lentiviral vector 

into the cells can be done in two ways, first using 

single lentiviral vector system (lentiCRISPRv2) to 

deliver both Cas9 and sgRNA. lentiCRISPRv2 

backbone contains humanU6 promoter, gRNA 

scaffold, elongation factor 1a (EF1a) promoter to 

drive Cas9 expression, Cas9 gene and Puromycin 

antibiotic selection marker. Second is two vector 

system which uses two different vectors to deliver 

Cas9 (lentiCas9-Blast) and sgRNA (lentiGuide-

Puro). Second method results in 10-fold higher 

functional viral titre over the first. However, both are 

equally efficient (Sanjana et al., 2014). The 

advantage of using two vector system is that 

lentiCas9-Blast can be used to generate cell lines that 

stably express Cas9 which can be used further for 

screening using lentiGuide-Puro. This method is 

preferred over single lentiviral vector system 

because of higher functional viral titre (Doench et al., 

2014; Sanjana et al., 2014).  

CRISPR screening led to the identification of 

Norovirus receptor (Orchard et al., 2016) and host 

Figure 1: Illustration of steps involved 
in typical CRISPR screening 
experiment. First, gRNA library 
targeting different genes is designed, 
synthesized cloned in vector, and packed 
into lentivirus. The virus is then 
transduced into desired cells. Cells 
successfully transduced are selected and 
further selected in specific condition 
leading to enrichment of cells with 
desired phenotype. Sequencing of these 
cells lead to identification of genes 
involved in the phenotype. Figure taken 
from Zhang (2019) 



cell dependencies in dengue and Zika virus infection (Savidis et al., 2016) in human cells. 

Apart from human, CRISPR screening has also been applied in some model animals (Shrock 

& Güell, 2017) and economically important animals like cow (Tan et al., 2020) and pig (Xu et 

al., 2020). As mentioned earlier, infectious diseases are major barrier for sustainable 

aquaculture and successful application of CRISPR screening in aquacultural fish cell lines 

could lead to identification of genes that are responsible for disease resistance. This knowledge 

could be used in potential commercial application for production of disease resistance fish. 

However, CRISPR screening is still in its infancy in fish species. One of the major limitations 

that needs should be addressed for successful application of CRISPR screening in fish cell lines 

is lentiviral transduction as the virus is generally hosted in mammalian species and does not 

infect fish species. Besides, various other important aspects of CRISPR screens like genomic 

integration of large inserts like Cas9 gene and identification of optimal promoter to drive the 

expression of sgRNA and Cas9 in different fish cell lines need to be optimized. 

Chinook salmon cell line is the only cell line that has been successfully transduced with 

lentiviral vectors (Gratacap et al., 2020), showing feasibility of lentiviral mediated GeCKO 

screening in salmonid cell lines. Another milestone for GeCKO screening was reached when 

Dehler et al. (2016) generated chinook salmon cell line that stably expresses Cas9. However, 

successful lentiviral transduction has not been recorded for Atlantic salmon cell lines. 

Similarly, promoter efficiency for expression of Cas9 and sgRNA has not been tested in any 

salmonid cell lines so far.  

1.3 U6 RNA polymerase III promoter 

A promoter is a DNA sequence upstream (5’ to the sense strand) to a functional gene where 

RNA polymerase and transcription factors (TFs) bind to initiate transcription. Generally, 

promoters are around 100 to 1000 bp long and consists of response elements that provide stable 

binding site and control and regulate the transcription of gene (Feng et al., 2018). Transcripts 

can be either long protein encoding mRNA or short functional RNAs like tRNA, rRNA, U6 

snRNA, H1 snRNA etc (Khatter et al., 2017; Willis, 1994). Generally, RNA polymerase type 

III (Pol III) is responsible for transcription of short RNA sequences (Arimbasseri & Maraia, 

2016; Khatter et al., 2017; Willis, 1994). Pol III promotors like H1 and U6 are commonly used 

for expression of interference RNA and sgRNA in different biotechnological applications like 



RNAi (Miyagishi & Taira, 2002; Shukla et al., 2007; Zenke & Kim, 2008) and CRISPR/Cas9 

(Ranganathan et al., 2014; Schuster et al., 2016; Zheng et al., 2018). For CRISPR screens, U6 

promoters are used to drive the expression of the sgRNA in the cells using lentiviral vector 

(Sanjana et al., 2014). 

 

Generally, U6 Pol III promoter are around 200-300bp long and provide binding site for Pol III 

transcription of spliceosomal U6 snRNA, which is used for RNA splicing in eukaryotes 

(Arimbasseri & Maraia, 2016; Huang & Maraia, 2001; Willis, 1994). U6 Pol III promoter 

consists of three major regions namely, TATA box, proximal sequence element (PSE) and 

distal sequence element (DSE) (illustrated in Figure 2). The TATA box 5’-TATAAA-3’ is 

situated upstream nearest to the start codon, transcription start site (TSS) which consists of 

RNA polymerase binding site. PSE lies upstream TATA box and consists of snRNA activating 

protein complex (SNAPc) binding site (Didychuk et al., 2018; Gao et al., 2018; Helbo et al., 

2017; Schramm & Hernandez, 2002; White, 2011; Willis, 1994). Likewise, the distal promoter 

is located further upstream of PSE and consist of regulatory sequences like octamer (OCT) 

where TF Oct-1 binds and SPH element (Didychuk et al., 2018; Kunkel et al., 1996; Kunkel & 

Hixson, 1998). 

The efficiency of different U6 promoters differs in organism or cell type being used.  Clarke et 

al. (2013) showed that zebrafish U6 promoters were more effective in Zebrafish ZF4 cell line 

compared to mammalian cells, whereas mouse and chicken U6 promoters were more effective 

in mammalian cells rather than ZF4 cells. Similarly, Hamar and Kültz (2021) claimed 

insufficient mutation when most commonly used human and zebrafish U6 promoters were used 

in Tilapia brain cell line compared to endogenous U6 promotor. 

Figure 2: Illustration of U6 promoter showing different regions and binding sites 
for RNA pol III, different gene activators and transcription factors. 



However, in contrast, a study has reported that Human U6 promoter has been effective in 

transcription of sgRNA in the CHSE cell line (Gratacap et al., 2020). Roelz et al. (2010) 

showed that human U6 promoter was four times more efficient in knockdown when compared 

with murine U6 promoter in both murine and human cells. Likewise, Zheng et al. (2018) 

compared two heterologous (human and yeast) U6 promoter and one endogenous U6 promoter 

for the expression of sgRNA in Aspergillus Niger.  All three U6 were efficient in producing 

sgRNA, however endogenous U6 was the most efficient one among them. These studies show 

the importance of testing U6 promoter efficiency before establishment of CRISPR screen in a 

new species like Atlantic salmon. 

1.4 Fish cell lines  

Primary cell culture is the culture of cells that is isolated directly from the tissue, whereas cell 

lines are derived primary cell culture that are immortalized to proliferate indefinitely. 

Generally, for research purpose, cell lines from different tissues of an organism are used as 

biological alternative instead of using primary cell cultures or whole animals. One of the major 

benefits of using cell lines is that they produce highly reproducible results compared to primary 

cell culture (Wolf & Quimby, 1976). Beside this, cell lines are cheap, readily available, easy 

to propagate, and can be sub-cultured several times. Such subcultures can be easily stored and 

transferred between labs. Cell lines are beneficial for studying organ or tissue- specific viral 

responses, close observation of viral diseases, detection and isolation of viruses, vaccine 

development, cell signalling pathways and so on (Genzel, 2015). Establishment of cell lines 

will provide a more realistic possibility for various research applications including CRISPR 

screening.  

However, lack of suitable, well-characterized and well-tested cell line is one of the major 

limitations in aquacultural research. Due to this, primary cell cultures are often used. First 

permanent fish cell line was established in 1962 by Wolf and Quimby (1962) from gonads of 

rainbow trout, RTG-2. Since then, many fish cell lines derived from different fish tissues like 

skin, gill, heart, liver, kidney, spleen, swim bladder, brain, embryo, fin, ovary etc have been 

established. Until 2011, around 283 fish cell lines have been established (Lakra et al., 2011), 

where 3 were from Atlantic salmon, all from head kidney tissue – SHK-1 (Dannevig et al., 

1995), ASK (Devold et al., 2000) and TO (Wergeland & Jakobsen, 2001). 



1.4.1 SHK-1 cell line 

SHK-1 cell line stands for Salmon Head Kidney-1 cell line (ECACC; 97111106) was 

established in 1995 (Dannevig et al., 1995). It was established from head kidney tissue of 

Atlantic Salmon. The cell line was established for the purpose of isolation and detection of 

casual virus of infectious salmon anaemia disease, which is a contagious disease in farmed 

Atlantic Salmon. The cells are flat and elongated in morphology and appear like fibroblast. 

SHK-1 cell line is of leucocytic origin having some macrophage like properties (Dannevig et 

al., 1997). Thus, SHK-1 cell line has been very effective tool for the study of cellular immunity 

mechanisms (Koppang et al., 1999; Lee et al., 2014; Lee et al., 2013; Lee et al., 2015) and viral 

detection and susceptibility of different salmon virus like ISA virus (Molloy et al., 2013; Opitz 

et al., 1999), infectious pancreatic necrosis virus (Reyes-Cerpa et al., 2012), and salmonid 

alphavirus-1 (Herath et al., 2009). In addition, SHK-1 cell line has been used to study host 

response against bacterial pathogen Piscirickettsia salmonis (Díaz et al., 2021; Oliver et al., 

2015) and polyphenols (Santana et al., 2021).  

1.5 Delivery methods for CRISPR/Cas9 system to cells in a culture 

As mentioned earlier, CRISPR/Cas9 complex consist of Cas9 protein and sgRNA. This 

complex needs to be delivered into nucleus of the cell for gene editing to occur (Doudna & 

Charpentier, 2014; Gasiunas et al., 2012; Jinek et al., 2012). CRISPR/Cas9 complex can be 

delivered in three forms to a cell – first is, plasmid DNAs encoding both Cas9 protein and 

sgRNA, second is, mRNA that translates Cas9 protein together with sgRNA and third is, 

ribonucleoprotein (RNP) complex that consists of Cas9 protein along with sgRNA (Lino et al., 

2018; Liu et al., 2020). The plasmid DNA can be delivered into the cell in two different ways, 

first is to pack plasmid into a virus and then infect the cells with the virus, known as viral 

transduction. As described above, viral transduction is generally used in CRISPR screening 

experiments. Second is use of transfection methods like physical transfection and chemical 

transfection (Lino et al., 2018). One of the commonly used physical delivery methods is 

electroporation. In this study, we have mainly used electroporation to deliver the lentiviral 

vector into the cells which is discussed in more details below. 



Electroporation is used for delivering components into the cells and generally works well 

irrespective of cell type. In electroporation, pulsed high-voltage electrical current is applied to 

cells suspended in buffer which temporarily opens nanopores in cell membrane. This allows 

flow of intra cellular and extracellular components in and out of the cell, facilitating the entry 

of nucleic acids, proteins, drugs etc. Once the electric current is turned off, nanopores close 

and cells go back to their normal state (Chen et al., 2006; Fajrial et al., 2020; Lino et al., 2018; 

Liu et al., 2020). 

Electroporation has been used in various salmonid cell lines in order to produce genetically 

engineered cell lines for example ASK cell line with an inducible gene expression system was 

produced in 2011 (Collet & Lester, 2011).  In 2016, Chinook salmon cell line was developed 

that was able to stably express EGFP and Cas9, which can serve as valuable tool for functional 

genomics study via CRISPR screening (Dehler et al., 2016). Transfection via electroporation 

has been reported as an effective tool to deliver RNP complex in difficult to transduce Atlantic 

salmon – SHK-1 and ASK and rainbow trout RTG-2 cell lines (Gratacap et al., 2020) and 

RtgutGC cell line (Zoppo et al., 2021).  

1.6 Quantitative polymerase chain reaction (qPCR) 

In this study, the amount of sgRNA produced under each promoter in the cells was quantified 

using qPCR. In this method, mRNA is first converted to complementary DNA (cDNA) using 

reverse transcriptase enzyme and then followed by real time quantitative PCR. qPCR is most 

used method for the detection and quantification of gene expression. It is considered as one of 

the most powerful techniques in molecular biology as it has high sensitivity and specificity 

(Bustin et al., 2005; Taylor et al., 2010; Taylor et al., 2019).  

1.6.1 Reverse transcription 

After purification of mRNA from the sample, cDNA is synthesised from the mRNA template 

using reverse transcriptase enzyme in the reverse transcription (RT) reaction (Bustin et al., 

2005; Simpson & Brown, 1995; Stahlberg et al., 2004). This step has been shown to contribute 

for most observed problem in qPCR experiment like variability and lack of reproducibility 

(Bustin et al., 2005; Taylor et al., 2019). First possible reason behind this is RT reaction 



efficiency is dependent on amount of template present in the sample where significantly low 

efficiency is observed when the template amount is considerably low as it is negatively affected 

by background non-specific nucleic acids  (Curry et al., 2002; Karrer et al., 1995; Stahlberg et 

al., 2004a). 

 

Figure 3: Illustration of three types of priming approaches for cDNA synthesis. a) Random 
hexamer binds non-specifically to multiple sites of RNA, b) Oligo-dT primer binds specifically 
to the polyA tail of mRNA, and c) sequence-specific primer binds specifically to the mRNA. 

Second reason is priming approaches used for cDNA synthesis. Random hexamers, oligo-dT, 

target gene-specific primers or a combination of random hexamers and oligo-dT are commonly 

used priming approaches (Deprez et al., 2002). The description of how these primers work is 

illustrated in Figure 3. The drawback of using random hexamers is that it can overestimate the 

original mRNA copy numbers as it binds at multiple origins along the mRNA template and 

consequently produces more than one cDNA per original mRNA (Bustin & Nolan, 2004; 

Zhang & Byrne, 1999). Oligo-dT provides more specific priming compared to random 

hexamers. However, if the length of mRNA is very long and has RNA secondary structure, it 

may fail to reach extreme 5’-end. This can be a drawback if upstream primer-binding site lies 

extreme 5’-end (Bustin et al., 2005; Bustin & Nolan, 2004). Target specific primers produces 

most sensitive and specific cDNA. It requires separate priming reaction per target gene which 

can be drawback if the amount of sample RNA is limited (Deprez et al., 2002). It is also 

possible to multiplex the RT reaction in same tube, however in order to produce good 

quantitative data, experimental design and reaction conditions optimisation should be done 



very carefully (Wittwer et al., 2001). Thus, each priming strategy has its own benefit and 

drawback, however to produce comparable qPCR data, it is important that same priming 

strategy and reaction conditions is applied (Stahlberg et al., 2004).  

1.6.2 qPCR assay 

A typical PCR run has three phases, an exponential phase, a linear phase, and a plateau phase 

(illustrated in Figure 4). In the exponential phase, the amount of PCR product increases 

exponentially due to high abundance of reagents. As reagents starts to be used up, a linear 

increase of PCR product is seen in the linear phase. Eventually, some of the reagents get 

depleted and there is no increase in PCR product. This is where the PCR run hits the plateau 

phase (Ginzinger, 2002; Yuan et al., 2006). Each reaction reaches plateau at different points 

because PCR reaction kinetics for each PCR reaction is different. This is why quantification of 

PCR product at end-point is not reliable as this does not resemble the initial quantity of the 

template (Ginzinger, 2002; Polz & Cavanaugh, 1998). However, during the exponential phase, 

under optimal PCR conditions like primer characteristics, template purity, and amplicon length, 

a high PCR reaction efficiency can be achieved, meaning PCR product will almost double after 

each cycle. Thus, by comparing the PCR cycle number by which the different reactions reach 

a certain level in this phase, it is possible to extrapolate back in order to find out the initial 

template quantity (Gibson et al., 1996; Heid et al., 1996).  

 

Figure 4: A typical PCR run plot obtained by plotting amount of PCR product in y-axis and 
cycle number in x-axis, showing 3 phases of PCR run namely exponential, linear and plateau 
phase. Figure from Yuan et al. (2006) 



In real-time quantitative PCR, it is possible to measure the amount of PCR product generated 

after each cycle throughout the process. Typically, dynamics of a PCR run is visualized by 

using either DNA-binding dyes like SYBR green or DNA hybridization probes like molecular 

beacons (Strategene) and TaqMan probes (Applied Biosystems) (Bustin, 2000). The 

fluorescence signal is proportional to the number of amplicons in the reaction. In a typical 

amplification plot (Figure 5), the fluorescence signal is plotted against cycle number. For 

further analysis, a baseline and signal threshold are set up. During initial cycles of exponential 

phase, up to cycle 20 in the Figure 5, fluorescence signal is at background level which is not 

detected by the machine. This phase is known as baseline. After this, as amount of amplicon 

continues to increase exponentially, the signal coming from samples becomes significantly 

detectable. At this point a fluorescence signal threshold line is set up, where fluorescence signal 

from all samples can be compared. The cycle number at which the amplicon amount hits the 

threshold line is known as cycle threshold (Ct). Ct value is the observed value in a real-time 

PCR experiment, as it is directly proportional to the initial template amount. Thus, Ct value 

provides the base for quantification of DNA or RNA in any given sample (Bustin, 2000; Heid 

et al., 1996; Yuan et al., 2006). 

 

Figure 5: A typical real-time qPCR amplification plot, obtained by plotting fluorescence signal 
vs PCR cycle number, illustrating baseline, threshold and Ct. Figure from Ahmed (2005) 

 



1.6.2.1 Absolute quantification 

Real-time PCR data can be quantified in two ways, absolute and relative quantification. 

Absolute quantification also known as standard-curve quantification requires an external 

calibration curve of 5-fold or 10-fold serial dilution of known copy number to quantify 

unknown template copy number. Thus, absolute quantification helps to determine the exact 

copy number of the template in the sample (Boeuf et al., 2005; Bustin, 2000; Sivaganesan et 

al., 2010). The standard curve can be generated by plotting Ct value against known 

concentration of DNA or RNA molecules. Standards are generally generated from in vitro 

synthesized RNA (Boeuf et al., 2005), PCR fragment (Leong et al., 2007) or plasmid 

(Dhanasekaran et al., 2010). 

For gene expression analysis, RNA molecules of known copy number are used as standards 

and are considered more accurate compared to DNA molecules as DNA standard curve 

assumes RT efficiency is constant and 100%. Whereas amount of cDNA produced depends on 

RT reaction efficiency and sequence and structure of RNA molecule. Use of RNA standard 

curve will even out any differences created during cDNA synthesis (Boeuf et al., 2005). The 

RNA standards can be generated by cloning part or whole transcript of interest into a standard 

cloning vector with RNA polymerase T7 or T3 or SP6 promoter. From the in vitro 

transcription, transcripts can be obtained, quantified and serial diluted solutions with desired 

copy number can be made, which is then reverse transcribed to generate a standard curve. 

However, it should be ensured that mRNA is free from any plasmid DNA contamination. RNA 

is more unstable than DNA so, stability of standards should be checked more often. This is the 

reason for DNA standards are generally preferred over RNA.  

1.6.2.2 Relative quantification 

Relative quantification is a quantification method in which mRNA level of gene of interest is 

compared with one or several control genes in same sample. This is done by normalizing the 

mRNA level of target gene to mRNA level of reference gene in the sample, provided that all 

the samples are treated the same way. The normalized ratio is then compared between different 

samples. Normalization will compensate for bias created due to differences in starting material 

amount, RNA isolation process, quality and purity of RNA, RT efficiencies etc that lead to 



variation in data generated and hence more reliable and biologically significant results are 

produced (Bustin et al., 2005; Ginzinger, 2002). However, the expression level of target gene 

is dependent on expression level of reference gene and relative quantification can be biased if 

only one normalizing gene is used as the expression level of these genes may vary depending 

on cell type, experimental treatment, and condition. Thus, appropriate normalization is very 

critical to produce biologically relevant results. Hence, it is required to validate normalizing 

gene based on the experimental design (Huggett et al., 2005). To avoid the bias generated by 

using only one normalizing gene, it is generally recommended to use more than one 

normalizing gene (Vandesompele et al., 2002).  

To quantify relatively, PCR efficiency of the reactions should be similar, preferable 90% or 

more. PCR efficiency can be determined by doing PCR of a 10-fold serial dilution of cDNA 

or a positive control template. By plotting Ct value against log (10) concentration of template 

(illustrated in Figure 6), a trend line is obtained, and the slope of the line will be the function 

of the PCR efficiency. 100% PCR efficiency is achieved when slope of the line is -3.32. 

Generally, qPCR efficiency ranging from 90% - 110% and R2 value > 0.980 is desirable for 

qPCR reactions. R2 value of a standard curve shows how linear the experimental data are and 

how well they fit in the regression line.  

 

Figure 6: A typical standard curve plot for determination of PCR efficiency, obtained by 
plotting Ct value of 10-fold serially diluted positive control template vs log (10) template 
concentration. Figure from Ginzinger (2002) 



Generally, relative quantification is done in two ways: comparative Ct method or ΔΔCt method 

and efficiency based relative quantification method. In ΔΔCt method, quantification is done by 

calculating the difference between Ct value of control gene and gene of interest, which is then 

exponent of the base 2 (as in optimal condition PCR efficiency is between 90-110%). This will 

represent the fold difference of template of these genes. Comparative Ct method is used only 

when the amplification efficiencies of both target and reference gene are comparable (Livak & 

Schmittgen, 2001) whereas, efficiency based relative quantification method can be used in both 

cases i.e., when the amplification efficiency is comparable and non-comparable (Pfaffl & 

Hageleit, 2001; Pfaffl et al., 2002). The amplification efficiency is affected by various 

contaminants and inhibitors present in the sample. Amplification efficiencies is generally 

compared from the standard curves that is prepared from the dilution series of each cDNA 

sample. This will reduce any error introduced due to different PCR efficiencies of cDNA.  

  



1.7 Aims of study 

The main objective of this study was to evaluate and compare the efficiency of different U6 

promoters: human U6, mouse U6, salmon U6 and zebrafish U6 promoter in an Atlantic salmon 

head kidney cell line – SHK-1, using a sgRNA expression assay. The specific objectives of 

this study were: 

• To design and construct plasmid vectors with different U6 promoter and sgRNA 

• To optimize transfection protocol and transfect SHK-1 cell line with the vectors 

• To design qPCR primers and optimize and validate the qPCR assay 

• To quantify expression of sgRNA under different promoters with the qPCR assay 

  



2 Materials and methods 

List of all the reagents with their catalogue number and manufacturer, equipment and 

instruments, software, plasmids, and online tools with their links are listed in Appendix I. 

2.1 Experimental outline 

In this study, the overall experiment was divided into 3 main steps. First step of the experiment 

was to construct plasmids that contained 4 different U6 promoters and clone them with GFP 

knockout gRNA. The second step was to transfect SHK-1 cell line with the plasmids 

constructed using electroporation. The final step was to quantify the sgRNA expressed under 

different U6 promoter using qPCR, as shown in Figure 7. 

 

Figure 7: A systematic overview of experimental outline carried out in this study. I started with 
cloning of plasmid that will contain 4 different U6 promoters followed by insertion of 
gfp_ko_gRNA. The SHK-1 cells were then transfected with the plasmids and total RNA was 
isolated from the cells transfected, quantified and quality checked. cDNA was synthesised from 
the RNA sample and used further for qPCR optimization and qPCR assay.  



2.2 Plasmid construction 

2.2.1 lentiCRISPR_v2_no_U6 plasmid design for insertion of different U6 promoter 

The lentiviral vector, lentiCRISPR v2 vector (Addgene plasmid # 52961), commonly used in 

GeCKO screening experiments was used as the expression vector. All the digital work related 

to designing and visualizing plasmid DNA sequence, and primers was carried out in cloud-

based software Benchling: https://www.benchling.com. The size of lentiCRISPR v2 vector is 

14873 bp and it contains the human U6 promoter followed by two BsmBI cut sites for sgRNA 

insertion, a gRNA scaffold, a Cas9 gene driven by a EF-1-alpha core promoter (see Figure 8). 

 

Figure 8: lentiCRISPR v2 plasmid from Addgene contain human U6 promoter, gRNA scaffold 
(blue starred), EF-1-alpha core promoter (blue starred) and Cas9 gene. Marked blue arrow 
in the plasmid shows human U6 promoter and nearby restriction sites, KpnI and BaeI (inside 
blue rectangle). XbaI restriction site (starred) was used later to verify lentiCRISPR_v2_no_U6 

To replace the human U6 promoter with zebrafish, mouse, and salmon U6 promoter, a U6 

promoter less plasmid was created to facilitate the insertion of the different promoters and 

named lentiCRISPR_v2_no_U6 plasmid (shown in Figure 9 step 1). To do this, an insert of 38 

bp was designed containing XhoI restriction site for later insertion of U6 promoters and BsmBI 



for later insertion of gRNA, and it had KpnI and BaeI overhangs for the cloning of the insert 

into the lentiCRISPR v2 vector (see Figure 10 and Table 1 for sequences). The primers used 

in this experiment were designed according to method described later in section 2.7.1. The 

primers and oligonucleotides including insert that were used in this experiment were ordered 

from Invitrogen. The forward and reverse oligos of insert were annealed using the following 

protocol: 1 ul of 100 uM of each forward and reverse oligo, 1 ul of 5x T4 buffer (New England 

Biolabs) was added to an Eppendorf tube and final solution was made up to 10 ul using nuclease 

free water. The mixture was incubated at 95 ºC for 5 min then cooled down to 25 ºC at 1% 

ramp rate.  

 

Figure 9: A systematic overview of plasmid construction. Step 1: human U6 promoter in 
lentiCRISPR v2 plasmid was replaced with insert that contained XhoI and BsmBI cut site for 
further insertion of different U6 promoter and gRNA. Step 2: cloning of mouse, zebrafish, and 
salmon U6 promoter in lentiCRISPR_v2_no_U6. Step 3: cloning of gfp_ko_gRNA in all 4 
plasmids including lentiCRISPR v2 with human U6. 

The human U6 promoter was removed by digesting lentiCRISPR v2 vector with KpnI and BaeI 

(New England Biolabs) and linear plasmid without human U6 was gel extracted using 

QIAquick Gel Extraction kit (Qiagen). Linear plasmid without promoter was then ligated with 

the annealed insert, following the protocol: 50 ng linear vector, 1 ul of 200 times diluted 



annealed insert, 2 ul of 5x T4 buffer was added to an Eppendorf tube and final solution was 

made up to 10 ul with nuclease free water, then 1 ul of T4 ligase (New England Biolabs) was 

added to final solution and incubated at room temperature for 1 hour. Now the plasmid with 

insert was named lentiCRISPR_v2_no_U6 hereafter. 

 

Figure 10: Insert sequence showing XhoI and BsmBI restriction site and KpnI and BaeI 
overhangs. 

50 ul of one shot Stbl3 competent E. coli cells (Thermofisher Scientific) were then transformed 

with lentiCRISPR_v2_no_U6, using the heat shock treatment at 42 ºC for 30 sec. The cells 

were then kept in 250 ul of SOC medium (Invitrogen) and incubated at 37 ºC, 250 rpm for 1 

hour. The cells were then inoculated in LB agar plate with 100 ug/ml Ampicillin and then 

incubated overnight at 37 ºC. 

Random colonies from agar plate were selected and inoculated in 5 ml LB broth with 100 ug/ml 

ampicillin and incubated overnight at 37 ºC and 250 rpm. 1:1 glycerol stock was prepared for 

colonies in 50% glycerol (autoclaved), where 500 ul overnight bacterial culture was mixed 

with 500 ul 50% glycerol and stored in -80 degrees. Rest of the bacterial culture was used for 

plasmid extraction using ZR plasmid miniprep-classic kit (Zymo Research Crop). To check the 

success of ligation, the plasmids were then restriction digested with XhoI and XbaI (New 

England Biolabs) and visualized in a 1% agarose gel. The successfully ligated plasmid upon 

restriction digestion with XhoI and XbaI (restriction site shown in Figure 8 and 9) will produce 

two fragments of size 2144 bp and 12398 bp, which is easily visible in agarose gel. Thus, the 

plasmids that showed two clear bands were selected. Final verification of 

lentiCRISPR_v2_no_U6 vector was done by Sanger sequencing the plasmid with 

lenti_check_primer (refer to primer sequences in Table 1) which is located 26 bp upstream the 

KpnI cut site in the plasmid. For Sanger sequencing, the plasmids were sent to GATC 



LightRun, Eurofins Genomics. The chromatograms data (in forms of .abi files) from 

sequencing were aligned and analysed in Benchling to assess the insertion of correct sequence 

in the plasmid. After verification the bacteria colony containing correct insert was kept and 

stored in 1:1 glycerol stock at -80 ºC for further use. 

2.2.2 Insertion of different U6 promoter in lentiCRISPR_v2_no_U6 

For zebrafish U6 promoter, sequence was obtained from Professor Sebastián Escobar Aguirre 

(Pontificia Universidad Católica de Chile), and synthetic DNA was ordered from Integrated 

DNA Technologies (sequences of all heterologous U6 promoters given Appendix III). The 

synthetic DNA included KpnI and XhoI cut sites followed by 5 random base pairs as 

overhangs. The zU6 promoter was then restriction digested with KpnI and XhoI (New England 

Biolabs) to create sticky ends, gel extracted and then ligated into the KpnI and XhoI digested 

linear lentiCRISPR_v2_no_U6 (as shown in Figure 9, step 2). All the protocols of linearization, 

ligation, and transformation was done as described in section 2.2.1. Random colonies from 

agar plate were selected for colony PCR using Platinum II Hot-Start Green PCR Master Mix 

(2X) (Invitrogen) and ZebrafishU6_fwd_KpnI and ZebrafishU6_rev_XhoI primers (refer to 

primer sequences in Table 1). Each reaction volume contained: 10 ul of Platinum II Green PCR 

Master Mix (2X), 4 ul of Platinum GC enhancer, 1 ul of each 10 uM forward and reverse primer 

and 4 ul of nuclease free water, total volume was 20 ul and finally each reaction mix was 

inoculated with selected bacterial colony. PCR conditions were: 94 ºC for 2 min, 35 cycles of 

94 ºC for 15 sec, 60 ºC for 15 sec and 68 ºC for 15 sec, and finally 4 ºC. The PCR products 

were visualized in a 1% agarose gel. Plasmids from the colonies which PCRs were showing a 

clear band on the gel were extracted. For final verification, the plasmids were sent for Sanger 

sequencing using lenti_check_primer. Thus, created vector was then named 

lentiCRISPR_v2_zebrafish_U6. 

Mouse U6 promoter sequence was PCR synthesized from the pSico plasmid (Addgene plasmid 

# 11578), using MouseU6_fwd_KpnI and MouseU6_rev_XhoI primers that included KpnI and 

XhoI cut sites followed by 5 random base pairs as overhangs (refer to primer sequences in 

Table 1). AccuPrime™ Pfx DNA Polymerase kit (Invitrogen) was used with; PCR reaction 

mix: 5 ul 10X AccuPrime Pfx Reaction Mix, 1.5 ul of 10 uM forward and reverse primer, 1 ul 

of template DNA, 0.5 ul AccuPrime Pfx DNA Polymerase and finally nuclease free water was 



added to make 50 ul of final volume; and PCR condition: 95 ºC for 2 min, 35 cycles of (95 ºC 

for 15 sec, 54 ºC for 15 sec and 68 ºC for 15 sec) and finally 4 ºC. The PCR product was then 

gel extracted, restriction digested with KpnI and XhoI, gel extracted and ligated into linear 

lentiCRISPR_v2_no_U6. All the protocols of linearization, ligation, transformation, bacterial 

colony selection, colony PCR condition, plasmid extraction and final verification was done as 

described in section 2.2.2 for zebrafish U6 promoter insertion. The primer set used for DNA 

synthesis was used for colony PCR as well and lenti_check_primer was used for sequencing. 

The vector was named lentiCRISPR_v2_mouse_U6. 

Salmon U6 promoter sequence was identified in the genome by our collaborator at CIGENE, 

Dr. Thomas Nelson Harvey. The salmon U6 DNA was then obtained by PCR synthesis from 

salmon genomic DNA (provided by Professor Simen Rød Sandve, CIGENE) with the primer 

SalmonU6_fwd_KpnI and SalmonU6_rev_XhoI which included KpnI and XhoI cut sites 

followed by 4-5 random base pairs as overhangs (refer to primer sequences in Table 1) using 

the same kit and same PCR condition as described in section 2.2.2 for mouse U6 promoter 

insertion. Like mouse and zebrafish U6, the salmon U6 promoter was also restriction digested, 

ligated into linear lentiCRISPR_v2_no_U6, transformed and finally verified using same 

method described earlier. The primers used for DNA synthesis and colony PCR were same and 

lenti_check_primer was used for sequencing. The vector was named 

lentiCRISPR_v2_salmon_U6. Finally, after verification all the bacteria colony containing 

correct U6 promoter sequence was kept and stored in 1:1 glycerol stock at -80 ºC for further 

use. 

2.2.3 Insertion of gfp_ko_gRNA in lentiCRISPR vector with different U6 promoter 

 Since we also want to do GFP knockout assay of a GFP cell line to further assess the promoter 

efficiency, GFP knockout gRNA (gfp_ko_gRNA) was used as the gRNA and cloned into each 

plasmid with different U6 promoter (as shown in Figure 9, step 3). The gRNA sequence was 

taken from Shalem et al. (2014) and designed with BsmBI overhangs on both sense and 

antisense nucleotide (refer to Table 1 for sequence and overhangs). Sense and anti-sense 

gfp_ko_gRNA oligonucleotides were annealed following annealing protocol mentioned in 

section 2.2.1. All four vectors: lentiCRISPR_v2 containing human U6, 

lentiCRISPR_v2_mouse_U6, lentiCRISPR_v2_zebrafish_U6 and 



lentiCRISPR_v2_salmon_U6 were linearized with BsmBI (New England Biolabs) which 

produced two fragments of size 1885 bp and approx. 13000 bp. The bigger fragment was gel 

extracted. The annealed gfp_ko gRNA was ligated to each linearized U6 carrying vector and 

one shot Stbl3 competent E. coli cells were transformed separately. All the protocols of 

linearization, ligation, transformation, bacterial colony selection, colony PCR condition, 

plasmid extraction and final verification was done as discussed in section 2.2.1 and 2.2.2, 

except the primers used for colony PCR was gfp_ko_rev and lenti_check_primer (refer to 

Table 1 for primer sequence) with melting temperature 56 ºC. lenti_check_primer was used for 

sequencing. The vectors were named:  

• lentiCRISPR_v2_human_U6_with_GFP_KO,  

• lentiCRISPR_v2_zebrafish_U6_with_GFP_KO,  

• lentiCRISPR_v2_mouse_U6_with_GFP_KO and  

• lentiCRISPR_v2_salmon_U6_with_GFP_KO.  

After verification the bacteria colony containing correct gRNA sequence was kept and stored 

in 1:1 glycerol stock at -80 ºC for further use. These were the final vectors that were further 

used for transfection into the SHK-1 cells. The plasmids were prepared in larger quantity using 

ZymoPURE II Plasmid Midiprep Kit, (Zymo Research Crop) following user manual provided 

by the manufacturer. 

Table 1: List of primers and oligonucleotides and their sequences used in cloning vectors used 
in this experiment. The base pairs in red are respective cut site and overhangs. 

Name of primers and 
oligonucleotides 

Sequence  

Insert_fwd CCTGCAGGCGACCTCGAGCACCGGAGACGAGAAT 
Insert_rev CATGGGACGTCCGCTGGAGCTCGTGGCCTCTGC 

ZebrafishU6_fwd_KpnI TACGGGTACCCACCTCAACAAAAGCTCCTCG  
ZebrafishU6_rev_XhoI ACTACTCGAGTGGGAGTCTGGAGGACGG 
MouseU6_fwd_KpnI CGATGGTACCGATCCGACGCGCCATCTC 
MouseU6_rev_XhoI AGATCTCGAGAATTACTTTACAGTTAGGGTGAGTT 

SalmonU6_fwd_KpnI TGAGGTACCAGTGTACTTGCATATCACCCAGC 
SalmonU6_rev_XhoI TAGACTCGAGAATACAGACATAGGAGAGGCCCTC 
lenti_check_primer CGGGTTTATTACAGGGACA 

gfp_ko_fwd (sgRNA) CACCGGGCGAGGAGCTGTTCACCG 
gfp_ko_rev (sgRNA) AAACCGGTGAACAGCTCCTCGCCC 



2.3 Maintaining SHK-1 Cell line 

All the cell work was carried out under biosafety cabinet. The SHK-1 cells were maintained at 

ambient CO2 and 20 ºC in Leibovitz’s L-15 media (Gibco) with 10% Fetal Bovine Serum 

(Gibco), 40 uM 2Mercapto-ethanol (Gibco) and 1% penicillin-streptomycin (Gibco). First, 

SHK-1 cells were revived from -80 ºC liquid nitrogen storage using the protocol discussed 

here. At first a vial of SHK-1 cell line was taken out from liquid nitrogen and fast thawed in 

20 ºC water bath. The content of vial was transferred to 9 ml of prewarmed (at 20 ºC) SHK-1 

culture media. The cell in media was then centrifuged at 200 g for 5 min. Supernatant was 

discarded and cell pellet was resuspended in 4 ml prewarmed SHK-1 culture media. Finally, it 

was transferred to filter-cap T-25 flask and incubated. The cells were let grow until they were 

80-90% confluent. In case of too many dead cells, media was changed in between until the 

desired confluency was reached. When the cells had reached 80-90% confluency level, they 

were sub-cultured in filter-cap T-75 flask and every time when the confluency had reached 80-

90% in T-75 flask, cells were splitted into two flasks. The protocol used for sub culturing and 

splitting is detailed below.   

The confluency level of cells was checked under microscope (Carl Zeiss), if 80-90% confluent 

go further. The old media from the flask was transferred into a clean falcon tube and the cells 

were washed twice with PBS solution (Gibco). Then, the old media was syringe filtered using 

0.2 um filter and conditioned media was prepared by adding same amount of prewarmed fresh 

culture media as of filtered media i.e., 1:1 and mixed by inverting the tube 2-3 times. 1 ml 

0.25% Trypsin EDTA (Gibco) was added to the flask and the flask was moved in circular 

motion so that trypsin was spread out evenly all over the cells. The flask was incubated at room 

temperature for 1 min and then checked under microscope. By this time, if the cells were 

circular, bright and some started to float on the surface, the flask was then smacked from all 3 

sides to facilitate detachment of cells from the flask surface. 5 ml conditioned media was added 

into the trypsinated flask to stop the action of trypsin and cells were collected by pipetting up 

and then flushing media to all the corners of the flasks. Thus, collected cells in media was 

transferred to a Falcon tube and centrifuged at 200 g for 5 min. 10 ul of cells was taken before 

centrifuging for cell counting and mixed with 10 ul of Typhan Blue dye (Gibco). 10 ul from 

the mixture was added into the groove of cell counter plate (Bio-Rad) and inserted into TC-20 

Automated cell counter (Bio-Rad). The supernatant from the centrifuged cells was discarded, 



and cell pellet was resuspended in conditioned media. Depending on the cell count, 

resuspended cells were thus distributed in such a way that each T-75 flask get 2 million cells. 

Finally, conditioned media was added to make final volume 10 ml in each flask and incubated 

at 20 ºC incubator until the desired confluency was reached. 

2.4 Transfection via Electroporation 

Transfection was done using Neon Transfection System (Invitrogen) and Neon transfection 10 

ul Kit (Invitrogen). The transfection protocol for SHK-1 cell line was experimentally optimized 

by my co-supervisor PhD fellow Noman Reza based on the proportion of EGFP (Enhanced 

Green Fluorescence Protein) expressing cells, 2 days after getting transfected. For the 

optimization, 24 well optimization protocol mentioned in user manual provided by the 

manufacturer was used. A 24 well plate and 0.5 ml plating media volume (used same media 

condition that is used for growing SHK-1 cell line, but without antibiotics) was used throughout 

the experiment. Cells with different cell densities – 0.5x105, 1x105 and 2x105 were transfected 

with 1 and 2 ug of pEGFP-Puro (Addgene plasmid #45561). 24 different pulse programs 

mentioned in the user manual was applied to each well. Two days after transfection cells were 

observed for GFP expressing cells, non-GFP expressing cells and dead cells under a 

fluorescence microscope (Carl Zeiss). The optimal transfection protocol was selected based on 

the proportion of EGFP expressing cells over non-GFP expressing cells and viable cells over 

non-viable cells. 

After optimization, cell density 2x105 cells/well, and 2 ug of DNA (plasmid) amount was 

selected for further experiment. The pulse program with pulse voltage 1050, pulse width 30 

and pulse no. 2 was used throughout the experiment except for the negative control without 

electroporation. 

Two days before transfection desired number of cells were seeded on T-75 flask. On the day 

of transfection, plating media was prepared, and 0.5 ml was added to each well of 24 well plate, 

and pre-incubated. Then, the seeded flasks were taken out, media was removed, the cells were 

washed with PBS, trypsinized and all the cells were collected. 10 ul from the cell collection 

was used for cell count and rest was centrifuged, the supernatant was discarded, and the pelleted 

cells were washed with PBS. The cell pellet was resuspended in PBS and centrifuged. The 



supernatant was then removed and then the cells were resuspended in Opti-MEM I Reduced 

Serum media (Gibco), pre-warmed at 20 ºC, and the number of cells and volume of media was 

adjusted to get 2 x 105 cells in 10 ul of media in each well. The cells were then divided into 5 

groups, volume depending on number of wells for each group and mixed with 5 different 

plasmid DNA, namely:  

• pEGFP-Puro,  

• lentiCRISPR_v2_human_U6_with_GFP_KO,  

• lentiCRISPR_v2_zebrafish_U6_with_GFP_KO,  

• lentiCRISPR_v2_mouse_U6_with_GFP_KO and   

• lentiCRISPR_v2_salmon_U6_with_GFP_KO 

The pEGFP-Puro was used as controls, one negative control where cells were mixed with 

plasmid but not electroporated, and one positive control, where cells were mixed with plasmid 

and electroporated. With the help of Neon pipette, 10 ul of cell and DNA mix was taken and 

electroporated, following the user manual. The above-mentioned pulse program was applied. 

After transfection the mixture was evenly distributed into the well of the pre-incubated 24-well 

plate and incubated. 4 wells were used for each plasmid with different promoters.   

One day after transfection, transfected cells were selected via antibiotic selection. The cells 

were washed twice with PBS and replaced with antibiotic selection media i.e., regular media 

with 1ug/ml Puromycin (Gibco). Two days after transfection, the cells were harvested for total 

RNA isolation.  

2.5 Total RNA isolation, its quantification and quality check  

RNeasy Plus Universal Kit (Qiagen) and QIAzol Lysis reagent (Qiagen) was used for the total 

RNA isolation from the transfected cells. First, media was removed, and cells were washed 

twice with PBS. 900 ul of QIAzol lysis reagent was added to each well, cells were then scraped 

with the help of cell scraper and collected in an Eppendorf tube. Then the cells were incubated 

at RT for 5 min. The cells from all four wells transfected with each plasmid were pooled into 

one tube and used for RNA extraction. Hereafter the protocol provided by the manufacturer 



was followed. The kit uses organic phase extraction using chloroform for removal of cell debris 

and other residues. In addition, the kit contains gDNA eliminator solution that claims to 

effectively remove genomic DNA contamination during organic phase extraction. At the end, 

I had 4 RNA samples from cells transfected with 4 different plasmids:  

• lentiCRISPR_v2_human_U6_with_GFP_KO,  

• lentiCRISPR_v2_zebrafish_U6_with_GFP_KO,  

• lentiCRISPR_v2_mouse_U6_with_GFP_KO and  

• lentiCRISPR_v2_salmon_U6_with_GFP_KO  

which were named hU6, zU6, mU6 and sU6 RNA samples respectively. Finally, isolated total 

RNA samples were stored at -80 ºC. 

The concentration (in ng/ul) and purity of the RNA isolated was measured using NanoDrop 

8000 Spectrophotometer (Thermofisher Scientific) and NanoDrop 8000 V2.1.0 software. 

Generally, spectrophotometer detect nucleic acid at 260 nm, protein at 280 nm and organic 

compounds like chaotropic salt, carbohydrates, phenols, and aromatic compounds in general 

at 230. Any possible contamination of protein and organic compounds can be determined in 

terms of optical density (OD) 260/280 ratio and OD 260/230 ratio, which was also measured 

using NanoDrop. The sample is considered of pure if the ratio is greater or equal to 1.8. 

The RNA integrity was assessed using Agilent 4150 TapeStation system (Agilent) according 

to RNA ScreenTape Assay for TapeStation Systems quick guide. The TapeStation system uses 

capillary electrophoresis to separate the RNA strands which is detected by laser induced 

fluorescence detection. Generally, ribosomal RNA 18S and 28S is used to assess the integrity 

of total RNA in sample by generating a gel-like image and a graph of fluorescence plotted over 

time known as electropherogram. An intact RNA will give 2 sharp peaks of 18S and 28S rRNA 

in the electropherogram and 2 clear bands in gel-like image, where 28S is approximately twice 

in size of 18S (see Figure 11). In contrast, a degraded RNA will appear as a low molecular 

weight smear and lack sharp peak and band in electropherogram and gel-image respectively. 

Finally, the quality of RNA is given in terms of RNA integrity number equivalent (RINe) value, 

ranging from 1-10, 10 being the highest quality RNA. The RINe value is calculated by the 

software using mathematical model that make assessment based on ribosomal peak ratios, 



separation, and purity of the sample. In addition to RNA integrity, ScreenTape assay can also 

quantify the RNA in the sample. 

 

Figure 11: An electropherogram and a gel-like image of cells transfected with 
lentiCRISPR_v2_zebrafish_U6_with_GFP_KO generated by RNA ScreenTape assay. 

2.6 cDNA synthesis 

500 ng of total RNA in 20 ul of reaction volume of each RNA sample was used in the cDNA 

synthesis reaction using QuantiTect Reverse Transcription Kit (Qiagen) following the user 

manual. The kit comes with unique gDNA wipe-out buffer and claims to effectively remove 

genomic DNA from the sample before cDNA synthesis. In addition, the kit comes with 

Quantiscript Reverse Transcriptase enzyme and RT primer mix, which consists of mixture of 

random primers and oligo-dT primers. The synthesized cDNA was then 5 times diluted by 

making final volume up to 100 ul with nuclease free water. A qPCR assay was carried out with 

this sample (described later in section 2.7.4) with a 5x diluted negative RT control (RNA 

sample before reverse transcription reaction) to check if our samples were DNA contamination 

free. Unfortunately, Ct value showing high DNA contamination was observed. Thus, it was 

decided to treat the RNA samples with DNase I and repeat the qPCR assay. 

To remove all DNA from the samples, 500 ng of RNA from each RNA sample was treated 

with DNase I, RNase-free HC (Thermofisher Scientific), according to the user manual. Since, 



the concentration of total RNA in some samples was low and very little volume was left, instead 

of 10 ul reaction volume 14 ul was used, to have 500 ng of RNA in the reaction volume, along 

with 0.6 ul DNase I enzyme and 1.4 ul 10x reaction buffer. DNase I treated RNA was then 

directly used in the cDNA synthesis reaction using QuantiTect Reverse Transcription Kit 

except the step with gDNA wipe-out buffer due to reaction volume limit, as the RNA sample 

was already treated with DNase I. Finally, the cDNA was 5x diluted as earlier. The RNA 

samples after DNase I treatment was named as dhU6, dzU6, dmU6 and dsU6 RNA. 

2.7 qPCR 

In this experiment, absolute quantification method was used for quantification of sgRNA and 

Cas9 mRNA level in SHK-1 cells, where set of external standards using PCR fragment was 

used and amount of sgRNA and Cas9 expressed were measured in terms of copy number per 

ul. In addition, we did relative quantification by using absolute quantification data where Cas9 

gene was taken as normalization gene. The sgRNA mRNA level was normalized with respect 

to Cas9, by dividing copy number sgRNA by Cas9. This kind of relative quantification from 

absolute quantification data was done previously, described by Leong et al. (2007). 

SYBR Select Master Mix (Applied Biosystems) was used for preparing the reaction mix, which 

contains SYBR GreenER dye, AmpliTaq DNA polymerase UP, cNTPs with dUTP/dTTP 

blend, heat liable UDG, ROX passive reference dye and optimized buffer components. 

Instrument CFX96 Touch Real-Time PCR detection system (Bio-Rad) with 96-well BR-white 

optical plate was used for running the qPCR. The instrument uses CFX Maestro software to 

analyse the qPCR data. 

2.7.1 Primer design 

Online tool Oligo Calc:  http://biotools.nubic.northwestern.edu/OligoCalc.html was used with 

values of 300 nM for primer concentration and 50 nM for salt concentration to assess the primer 

properties like, GC content, melting temperature (Tm), self-complementary regions and 3’ 

complementarity region of forward and reverse primers. 2 sets of primers for both sgRNA and 

Cas9 was designed such that the amplicon size ranged between 75-150 bp and Tm around 60ºC. 



2.7.2 Primer and annealing temperature optimization 

To find out optimal primer among two primers and its annealing temperature, all four cDNA 

samples were pooled and used to optimize primer and annealing temperature. A reaction mix 

for 8 reactions per primer pair for sgRNA and Cas9 was prepared separately as: 10 ul SYBR 

Select Master mix, 0.8 ul 10 uM forward and reverse primer, 1 ul of pooled cDNA sample and 

nuclease free water was added to make 20 ul final reaction volume. PCR condition: 50 ºC 2 

min, 95 ºC 2 min and 40 cycles of 95 ºC 15 sec and temperature gradient from 55 ºC to 65 ºC 

for 1 min, was applied. In temperature gradient, 8 temperature points between 55 ºC to 65 ºC 

were selected and each temperature was applied to a reaction tube per primer pair. Thus, 8 

annealing temperatures were evaluated in same reaction plate. The primer pair that showed 

single sharp peak in the melting curve analysis and temperature that had lowest Ct value were 

selected and annealing temperature was set to 63 ºC for further qPCR experiments. Hereafter, 

PCR condition: 50 ºC 2 min, 95 ºC 2 min and 40 cycles of 95 ºC 15 sec and 63 ºC for 1 min, 

was applied. 

Table 2: List of selected qPCR primers for sgRNA and Cas9 expression and their sequence. 

Primer name Sequence  
GFP_KO_qPCR_pLenti_Fwd 2 GCGAGGAGCTGTTCACCG 
GFP_KO_qPCR_pLenti_Rev1,2 ACTCGGTGCCACTTTTTCAAG 
Cas9_KO_qPCR_pLenti_Fwd 1 ACCTATGCCCACCTGTTCG 
Cas9_KO_qPCR_pLenti_Rev1 AGGATTGTCTTGCCGGACTG 

2.7.3 Standard curve and qPCR efficiency estimation 

In this experiment, a 10-fold dilution series with known concentration set of external DNA 

standards was prepared using PCR fragment. For this, pooled cDNA sample was PCR 

amplified using Platinum II Taq Hot-Start DNA Polymerase Kit (Invitrogen). 50 ul reaction 

volume was prepared using previously selected primer set for sgRNA and Cas9 separately and 

pooled cDNA sample, which included 10 ul of 5 x Platinum II PCR buffer, 1 ul of 10 uM 

dNTP, 1 ul of 10 uM forward and reverse primer, 10 ul of Platinum GC enhancer, 1 ul of 

template DNA, 0.4 ul of Taq. DNA polymerase and water was added to make volume 50 ul. 

The PCR program used was: 94 ºC 2 min (94 ºC, 15 sec – 63 ºC, 15 sec – 68 ºC 15 sec) X 35, 

4 ºC. The PCR products were then visualized in a 2% certified low range ultra-agarose gel 



(Bio-Rad). Then, the DNA band was cut, and gel extracted using QIAquick gel Extraction Kit. 

Finally, the concentration of the extracted PCR product for sgRNA and Cas9 was measured 

using NanoDrop spectrophotometer. 

The copy number of the PCR products were calculated using the formula below: 

𝑐𝑜𝑝𝑦	𝑛𝑢𝑚𝑏𝑒𝑟 𝑢𝑙⁄ =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑎𝑚𝑝𝑙𝑖𝑐𝑜𝑛3𝑖𝑛	 𝑔 𝑢𝑙5 6

𝑎𝑚𝑝𝑙𝑖𝑐𝑜𝑛	𝑙𝑒𝑛𝑔𝑡ℎ	(𝑏𝑝) 	× 	660 × 6.022 × 10!" 

The PCR products were then diluted to in 1 x 1010 copy number/ul and then serially diluted 

until 1 x 101 copy number/ul, for both sgRNA and Cas9 PCR amplicon. 2 ul of template DNA 

from dilution range from 1 x 106 to 1 x 101 copy number/ul was taken for preparing reaction 

mix and PCR condition described earlier was applied. qPCR was performed in triplicate. The 

Ct value was calculated by the CFX Maestro program using baseline subtracted curve fit setting 

for baseline determination and single threshold mode for Ct determination mode. The standard 

curve was generated by the CFX Maestro software by plotting Ct value against log initial 

quantity of the 10-fold serially diluted PCR amplicons. qPCR efficiency and R2 value was then 

calculated by the program, based on standard curve.  

2.7.4 qPCR assay 

2 ul of cDNA from all 4 cDNA samples from each promoter was used in qPCR reaction with 

GFP_KO_qPCR_pLenti and Cas9_KO_qPCR_pLenti primers separately, the qPCR was done 

in triplicates. Different standards, positive and negative controls were included in each plate. 

One standard curve set for both sgRNA and Cas9 was included as described in previous 

chapter. Two negative controls were included: 2 ul of one no cDNA template control in 

duplicate and one non-RT control (the RNA 5 x diluted) was run in triplicate. 2 ul of plasmid 

DNA that was used to transfect the cells (diluted to 1 x 104 copy number/ul) was run as positive 

control. PCR conditions as described earlier. 



2.7.5 Data analysis 

The Sq value was calculated by the CFX Maestro software by extrapolating Ct value of the 

samples in the standard curve. The Sq value represents the initial amount of cDNA in the 

sample (in terms of copy number/ul). The average of Sq value and its standard deviation for 

sgRNA and Cas9 expression was then calculated for 4 cDNA samples from each promoter. 

Finally, sgRNA expression relative to Cas9 expression was also calculated by dividing Sq 

value of sgRNA by Cas9. All data are expressed as average + SD, n=3, where n is 3 technical 

qPCR replicates not biological replicate.  



3 Results  

3.1 Plasmid construction  

In this experiment, we constructed 4 different lentiCRISPR vectors with human, mouse, 

zebrafish, and salmon U6 promoter to express sgRNA for GFP knockout that will be used in 

the future for optimization of genome wide CRISPR knockout screening experiment. The 

original lentiCRISPR v2 vector contained human U6 promoter that was replaced with the insert 

to obtain lentiCRISPR_v2_no_U6.  3 more lentiCRISPR vector with Mouse, zebrafish, and 

salmon U6 promoter were then obtained by cloning the lentiCRISPR_v2_no_U6 plasmid with 

synthetic DNA fragment of mouse, zebrafish, and salmon U6 promoter. The final plasmids 

were obtained by cloning gfp_ko_gRNA into those 4 plasmids (refer to Figure 9, step 1-3). To 

assess the success of lentiCRISPR_v2_no_U6 plasmid, a restriction digestion analysis with 

XhoI and XbaI was performed which showed release of a filler fragment of size between 2-3 

kb. Whereas the unsuccessfully ligated plasmid showed single band of size above 10kb, Figure 

12A.  

 

Figure 12: Confirmation of the success of lentiCRISPR_v2_no_U6 plasmid construction by 
replacing human U6 with insert. A: restriction digestion analysis of successfully ligated 
plasmid by XhoI and XbaI gave a filler fragment of size above 2 kb. B: further confirmation of 
correct sequence insertion via Sanger sequencing showed exact match. Two nucleotides are 
missing from the template and sample sequence because multiple sample sequences were 
aligned at the same time and some samples had insertion of two extra nucleotides that 
generated gap in the template. 



In addition, to assess correct insert sequence being inserted, Sanger sequencing of the plasmid 

showed exact match of the plasmid insert sequence with the template, Figure 12B. The 

successful cloning of mouse, zebrafish, and salmon U6 promoter in lentiCRISPR_v2_no_U6 

and gfp_ko_gRNA (as shown in Figure 13) in each plasmid was also determined via Sanger 

sequencing. 

 

Figure 13: Confirmation of successful cloning of gfp_ko_gRNA in lentiCRISPR_v2 with 
Sanger sequencing, here exemplified by the lentiCRISPR_v2_human_U6_with_GFP_KO 
plasmid. 

3.2 Electroporation of SHK-1 

The success of electroporation in SHK-1 cells was determined visually for cells transfected 

with EGFP and with PCR followed by cDNA synthesis for cells transfected with plasmids 

containing 4 different U6. Cells transfected with EGFP showed bright green fluorescence with 

80-90% confluency under fluorescence microscope, Figure 14B. Whereas, the cells transfected 

with plasmids containing 4 different U6 had lower confluency, around 50-60%, compared to 

cells transfected with EGFP.  

Pooled cDNA from cells transfected with 4 different plasmids upon PCR amplification by 

sequence specific qPCR primer showed clear bands in agarose gel, Figure 14A. Amplicon size 

for sgRNA and Cas9 was 93 and 128 respectively. However, this result was generated with 

initial cDNA samples that was DNA contaminated as they were not treated with DNase I. The 



success of electroporation and successful expression of the plasmids in the cells cannot be 

determined with this result.  

 

Figure 14: A) sgRNA and Cas9 PCR amplicon showing clear bands in agarose gel. B) GFP 
expressing cells visualized under fluorescence microscope. 

3.3 RNA quantification and quality check 

The concentration of total RNA in all 4 RNA samples, hU6, zU6, mU6 and sU6, was lower 

than 100 ng/ul when measured by NanoDrop. The ScreenTape assay showed the concentration 

was even lower, less than 50 ng/ul, except for zU6 whose concentration didn’t change in both 

assessments, (different values obtained from NanoDrop and ScreenTape assay are listed in 

Table 3). The purity assessment of RNA samples showed the samples were free from protein 

contamination as the value for OD 260/280 was equal or greater than 1.8 except for mU6 RNA 

sample which was slightly lower than 1.8. However, most of the RNA samples were highly 

contaminated with organic compounds, exception zU6 that was free from organic compounds. 

Overall, the NanoDrop data showed that among the 4 RNA samples, zU6 RNA sample was 

most pure with highest concentration of total RNA isolated and mU6 was highly contaminated 

with lowest concentration of total RNA isolated. The RINe value showed the RNA samples 

were intact and free from RNA degrading compounds. The gel-like image and 

electropherogram also supported the RINe value by showing 2 clear bands and 2 sharp peaks 

A) B) 



respectively, Figure 15 A-B. Due to limited sample amount and its low concentration, the 

quantity, purity, and quality of RNA sample after DNase I treatment couldn’t be assessed.  

Table 3: List of different values obtained from NanoDrop and ScreenTape assay. 

 hU6 zU6 mU6 sU6 
Concentration (ng/ul) from NanoDrop 55.3 78.5 42.5 54.1 

OD 260/280 1.85 1.92 1.78 1.82 
OD 260/230 1.27 1.80 1.09 0.87 
RINe number 9.7 9.8 9.3 9.0 

Concentration (ng/ul) from RNA 
ScreenTape assay 

41.2 78.1 36.5 45.7 

 



 

Figure 15: Gel-like image (A) and electropherogram (B) of all four RNA samples marked in 
the figure. 

A) 

B) 



3.4 qPCR assay optimization 

The melting curve analysis showed single sharp peak for both sgRNA and Cas9 expression and 

lowest Ct value, 28.35 and 25.79 respectively at 63 ºC annealing temperature for the primers 

that were selected for further qPCR assay, see Figure 16 A-B.  

 

 

Figure 16: Melting curve (A) and amplification plot (B) for sgRNA and Cas9 expression at 63 
ºC annealing temperature. 
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CFX Majestro software generated a standard curve made from 10-fold dilution of PCR 

amplicon of sgRNA and Cas9 with slope value of 3.2 and 3.3 respectively. From this curve the 

efficiency and R2 value was calculated by the program itself as 104.5% and 0.99 respectively 

for sgRNA and 97.4% and 0.98 respectively for Cas9, Figure 17 A-B. 

 

Figure 17: Standard curve for a) sgRNA and b) Cas9 generated by plotting Ct value against 
log of starting quantity in copy number/ul by CFX majestro program. 

A) 

B) 

B) 



3.5 qPCR assay 

3.5.1 Initial qPCR results showed high contamination of DNA 

The absolute quantification of sgRNA in different cDNA samples showed that sgRNA level 

from human U6 promoter was comparatively more than other promoters, lowest being salmon 

U6 promoter, see Figure 18A (see Appendix II for raw Sq and Ct values). However, these 

values are not corrected for possible differences in transfection efficiency, which we can assess 

with the measurement of Cas9 mRNA level. Indeed, absolute quantification of Cas9 in 

different samples also showed that the mRNA level of Cas9 in the cells that where transfected 

with lentiCRISPR_v2_human_U6_with_GFP_KO was highest, Figure 18B, indicating that the 

transfection efficiency was highest for this plasmid. In contrast, when sgRNA level in the 

samples was normalized to Cas9, the expression of sgRNA by salmon U6 promoter was 

observed to be highest, followed by zebrafish, mouse, and human, see Figure 19. These results 

show the necessity of a reference to normalize the qPCR results. 

 

 

 

 

 



 

 

Figure 18: Absolute quantification of sgRNA (A) and Cas9 (B) in different cDNA samples from 
cells transfected with different plasmids. Data are expressed as average +SD, n=3, where n is 
technical qPCR replicate. 

Furthermore, despite the use of a gDNA wipe-out buffer in our cDNA synthesis kit, the hU6 

RNA sample which was run as a negative RT control showed high level of DNA contamination 

in our RNA sample. The Ct value 28.28 and 27.63 for sgRNA and Cas9 expression respectively 

was close to the values of the hU6 cDNA sample, Ct value 27.18 and 24.46 for sgRNA and 

Cas9 mRNA levels (see Appendix II for raw Sq and Ct values), respectively. 
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Figure 19: sgRNA levels normalized to Cas9 in different cDNA samples from cells transfected 
with different plasmids. Data are expressed as average +SD, n=3, where n is technical qPCR 
replicate. 

3.5.2 DNase I treated samples 

After an additional DNase I treatment, no Ct values was observed for negative RT controls, 

indicating that the samples were free from DNA contamination this time. Low level of sgRNA 

expression, 13.1 copy number/ul, was seen in case of dzU6 cDNA sample. Regarding Cas9 

mRNA level, 14.7 copy number/ul was seen in case of dzU6 cDNA sample (see Figure 20 and 

Appendix II for raw Sq values). In the dhU6 and dsU6 samples, the Cas9 mRNA level was at 

the detection limit; 2 out of 3 technical replicates showed low Cas9 expression, 5.4 copies/ul 

for dhU6 sample and 1 technical replicate showed Cas9 expression for dsU6 sample, 3.9 

copies/ul. No Ct values for neither sgRNA nor Cas9 was observed in case of dmU6 RNA 

sample. 
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Figure 20: Absolute quantification of sgRNA and Cas9 in dzU6 sample after DNase I 
treatment. Data are expressed as average +SD, n=3, where n is technical qPCR replicate. 

Despite the Ct values were higher than 35 (see Figure 21 A-B and Appendix II for raw Ct 

values), we can trust this result, since the negative template control showed no Ct value. This 

was a great achievement for us as this showed that the plasmid that we designed worked and 

zebrafish U6 was able to produce sgRNA. However, no sgRNA expression was detected in 

dhU6, dmU6 and dsU6 samples. 
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Figure 21: Amplification plot for sgRNA(A) and Cas9 (B) gene expression in dzU6 cDNA 
sample after DNase I treatment.  
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4 Discussion  

The main goal of this experiment was to test and compare the efficiency of different U6 

promoters using sgRNA expression assay. Unfortunately, I could not reach the main aim during 

this master thesis, because the time was used on trial and errors and set-up of new methods in 

our lab. Another major reason behind this was Covid-19 restriction to lab and limitation in 

availability of different lab resources for the experiments. Nevertheless, this thesis involved a 

lot of method development and optimization which has brought us much closer to our goal. 

Different aspects of the method optimization and suggestions for improvements will be 

discussed in this chapter. 

4.1 Plasmid design 

The first step of this experiment was to clone different U6 promoters and gfp_ko gRNA into 

lentiCRISPR vector.  The success of cloning was confirmed via Sanger sequencing of the 

plasmids, as discussed in section 3.1 and Figure 12-13. As mentioned in section 3.5.2, Figure 

20 and 21, the qPCR assay after DNase I treatment of the samples showed the successful 

expression of sgRNA under zebrafish U6 promoter. This shows the overall success of our 

plasmid design, transfection protocol, cDNA synthesis and primer validation and qPCR assay.  

4.2 Cell culture and cell line selection 

The SHK-1 cell line that we used in this study is a slow growing cell line and takes around 10-

14 days to reach confluency (Dannevig et al., 1997; Dannevig et al., 1995). It took time to 

accumulate the desired number of cells for transfection. However, we were able to solve this 

problem later by changing the media composition from 5% FBS to 10% FBS, which improved 

the growth of the cells. Besides, we faced considerable contamination problems during this 

master’s project, and had to discard all the cells and revive cells twice during the experiment. 

Due to Covid-19 restriction to access the cell lab, I was unable to observe cells daily and change 

media whenever necessary. I had to subculture cells in same flask for more than 3-4 times due 

to shortage of T-75 flasks and other necessary accessories during pandemic. All this led to 

contamination. 



Studies have shown that SHK-1 cell line is difficult to maintain compared to another Atlantic 

salmon head kidney cell line, ASK cell line. In contrast to SHK-1 cell line, ASK cells are fast 

growing, easy to maintain and more adaptable to standard cell culture routines (Rolland et al., 

2005; Rolland et al., 2003). ASK cell line was also developed to isolate ISA virus by Devold 

et al. (2000) and has been used to study immune response against ISA virus (Andresen et al., 

2020), salmonid alphavirus (SAV) (Munir et al., 2020), Renibacterium salmoninarum (Bethke 

et al., 2019), cellular pathway in response to ISA virus (Jørgensen et al., 2006) and bisphenol-

a toxicity response (Yazdani et al., 2016). This shows ASK cell line is equally competent and 

could be a better choice for this experiment in future as well as for overall CRISPR screening 

experiment which demands large number of cells.  

4.3 qPCR assay 

One of the major source of errors in qPCR is nucleic acid contamination (Taylor et al., 2019). 

In a qPCR where the RNA is extracted from cells or tissue, genomic DNA is also extracted and 

needs to be removed before the cDNA synthesis. As a safety, the qPCR primers should be 

placed such as they are separated by a large intron, or placed directly at the exon/exon border, 

so that the reaction can only take place at the cDNA strands, not the genomic DNA (Ginzinger, 

2002). However, in this case, where we were doing qPCR on RNA from intron-less genes in a 

plasmid, DNase I treatment of RNA sample is even more crucial to avoid DNA contamination 

(Ginzinger, 2002).  

In the initial experiment, we trusted the RNA isolation kit and cDNA synthesis kit, which 

claimed to wipe out genomic DNA. In addition, NanoDrop and TapeStation do not show 

whether the RNA sample is free from nucleic acid contamination or not, the only way is to do 

qPCR on the RNA samples before the cDNA synthesis (Taylor et al., 2019). When we did this, 

we could see that our qPCR results showed high DNA contamination in our RNA samples 

(refer to section 3.5.1 for Ct values). The source of DNA contamination could be the residual 

of plasmids that were still present inside the transfected cells which came along RNA during 

RNA isolation process. Further, we observed that almost everything we thought was mRNA 

expression observed prior to the DNase I treatment was due to the DNA contamination, as 

there was very low level or no expression after the samples were treated with DNase I.  The 

optimal way to remove genomic DNA contamination is to treat the RNA sample with DNase 



I followed by phenol extraction before cDNA synthesis (Naderi et al., 2004), and these steps 

should be included in the future protocol.  

However, after DNase I treatment, we succeeded to remove DNA contamination and observed 

no or very low level of sgRNA and Cas9 expression, with only zebrafish U6 showing sgRNA 

levels above the detection limit. The possible reasons for the presence of low level of our target 

RNAs could be low transfection efficiency, poor RNA quality and low RT efficiency for cDNA 

synthesis. These reasons are discussed in detail below: 

4.3.1 Transfection efficiency  

As mentioned in section 2.4, the optimal electroporation protocol was determined visually 

based on proportion of EGFP expressing cells over non-EGFP expressing cells. The 

transfection efficiency and cell viability of lentiCRISPR plasmids was lower than that of 

pEGFP-Puro plasmid, as confluency of cells transfected with lentiCRISPR plasmids was lower 

compared to cells transfected with pEGFP-Puro, as mentioned in section 3.2. In transfection 

using electrical pulse, the transfection efficiency and cell viability after transfection are highly 

affected by physical size of plasmid being used, larger plasmid size result in lower transfection 

efficiency and cell viability (Lesueur et al., 2016). The size of pEGFP- Puro plasmid is 5 kbp 

whereas, the size of lentiCRISPR vector is big and our final plasmids became around 13 kbp 

after cloning, which is 2.5 times bigger than pEGFP- Puro. This could result in lower 

transfection efficiency, lower cell viability and eventually lower transgene expression in cells 

with lentiCRISPR vector compared to cells with EGFP.  

We should consider reoptimizing transfection protocol for a large plasmid size, as Lesueur et 

al. (2016) find that recovery time up to 45 min after electroporation has increased the 

transfection efficiency and cell survival rate that is similar to small plasmid. Or even better if 

we could have created a transgenic Atlantic salmon cell line that stably express Cas9 and EGFP 

and transfect cells with a smaller plasmid without Cas9, then both the cell line and the plasmid 

could be used for CRISPR screening experiment in future. This kind of cell line has been 

already developed in Chinook salmon cell line (CHSE-EC) (Dehler et al., 2016) and has been 

used to study antiviral immunity (Dehler et al., 2019).  



4.3.2 Quality and quantity of RNA 

Another possible reason for low initial RNA level is poor RNA quality (Taylor et al., 2019). 

The NanoDrop data showed that, among the 4 samples, zU6 RNA sample was highest in 

concentration and lowest in contamination level, whereas mU6 RNA sample was lowest in 

concentration and highest in contamination level (see Table 3). Likewise, we observed low 

level of sgRNA and Cas9 expression in dzU6 sample whereas no expression was seen in case 

of dmU6 sample. This shows the purity and concentration of RNA samples are important to 

produce significant qPCR data. 

 We observed that OD 260/230 was very low which means the sample is contaminated with 

organic compounds (see Table 3). The possible contaminant could be guanidine salt that is 

present in Qiazol and RWT buffer which came along with sample during organic phase 

extraction. Such contaminants could affect downstream RT-qPCR application by interfering 

with primer annealing and polymerase efficiency making data generated unreliable (Taylor et 

al., 2019). However, Qiagen claims that concentration of guanidine salt up to 100mM in RNA 

sample doesn’t compromise the reliability of RT-qPCR (Qiagen, 2010). Beside this, the quality 

and integrity of RNA sample was good according to the ScreenTape analysis (see Figure 15 

A-B).  

The concentration of total RNA isolated from cells transfected with lentiCRISPR was low. 

This means the amount of our target mRNA was even lower which was supported by the low 

Sq values that we observed in DNase I treated samples, (refer to the section 3.5.2). The lower 

concentration of target mRNA (< 10 copies/ul or < 100 copies per reaction) could lead to both 

systemic error via stochastic amplification and measurement uncertainty and random error via 

subsampling error (which we saw in our result after DNase I treatment, refer to Figure 21 and 

raw qPCR data for DNase I treated samples in Appendix II), hence increasing the gross error 

(Taylor et al., 2019). To minimize the error and data variability, we could have included larger 

volume of sample and increased the number of technical replicates. More importantly, we 

should consider transfecting more cells than we did in this experiment to increase the amount 

of target RNAs in the samples and isolate total RNA more carefully to produce high quality 

RNA samples. 



4.3.3 cDNA synthesis 

Another important possible reason for having low template level in cDNA sample is low RT 

efficiency of target RNA due to either contamination present (discussed earlier) or priming 

strategy. As mentioned in section 1.6.1, cDNA synthesis has been shown to be a crucial step 

in qPCR, with the possibility of introducing substantial variability. It is very important to apply 

same priming strategy and reaction conditions in order to normalize sgRNA expression with 

Cas9 expression (Stahlberg et al., 2004). The primer mix that we used for cDNA synthesis 

contained mixture of random hexamer and oligo-dT. Our target sgRNA doesn’t contain any 

polyA tail at the end, whereas Cas9 contains polyA tail. However, Cas9 is transcribed together 

with nuclear localization signal (NLS) and Puromycin, and cleaved after translation. The polyA 

tail is located 3.6 kbp far away from our target Cas9 amplicon. If the distance between target 

amplicon of mRNA and polyA tail is very long and has RNA secondary structure, it may fail 

to synthesize the target amplicon. However, if oligo-dT primer succeed to synthesise Cas9 

cDNA (which we don’t know), this will generate a biased result that are not comparable.  

In addition, the amount of target mRNA compared to background nonspecific nucleic acid can 

have major impact on RT efficiency of target mRNA (Curry et al., 2002; Karrer et al., 1995; 

Stahlberg et al., 2004a; Taylor et al., 2019). The cDNA synthesis of nonspecific mRNA will 

reduce the efficiency of our target mRNA even more since we are using primer mix. The use 

of primer combination is a drawback in this case where the concentration of template RNA is 

low and more importantly only one of our target gene has polyA tail. We should consider using 

a kit that uses random hexamers as primer for cDNA synthesis, as this will produce the least 

bias in cDNA synthesis and treat all the mRNAs same compared to oligodT and sequence 

specific primers (Ginzinger, 2002). 

4.4 Optimization and validation of qPCR  

In this experiment, optimal primer set, and its annealing temperature was selected based on 

melting curve analysis that showed one sharp peak and amplification plot that showed lowest 

Ct value (refer to Figure 16). In addition, we observed the efficiency of the PCR reaction for 

sgRNA and Cas9 standards were high enough and the data generated was linear (see Figure 17 

A-B). This shows that the standards we prepared were valid and reaction efficiency and primer 



annealing temperature are optimal. Primer validation is a way to assess optimal annealing 

temperature and dilution factor in order to get accurate Ct value that represent template amount 

in the sample regardless of contaminants present (Taylor et al., 2019). However, dilution of 

cDNA, 1:5, was done randomly without optimization. Appropriate dilution factor is essential 

to ensure minimal presence of contaminants that could affect primer efficiency and hence 

reliability and accuracy of data. In case of this experiment, where we saw our sample was 

contaminated with organic compounds, optimization of dilution factor could have given us 

more reliable data. We should consider optimization of dilution factor in our future experiments 

to produce biologically significant data. 

4.5 qPCR data analysis 

Despite that these data are unreliable because of the presence of DNA contamination in the 

RNA samples, I chose to analyze them because of the lack of valid data. In this way, I could 

go through the pipeline for qPCR data analysis and optimize how we should set up and analyze 

the qPCR experiment in the future. I am showing the results as an example on how it could 

look like when we get data from RNA samples with high quality and quantity.  

Cas9 gene was used as normalization gene because of these reasons: first, the target gene and 

normalization gene are present in same plasmid to be transfected into the cells. This will 

normalize the gene of interest only to the gene that is expressed in transfected cells. Second, 

Cas9 gene has been exposed to same experimental condition as target gene form the beginning 

of the experiment and both genes are transiently expressed in the cells. Thus, normalization 

using Cas9 will significantly reduce the standard deviation within biological replicates as it 

will even out any differences in transfection efficiencies and will generate reproducible, valid 

and interpretable data (Jiwaji et al., 2010). Relative quantification of sgRNA normalized with 

Cas9 showed higher expression of sgRNA by salmon U6 promoter followed by zebrafish, 

mouse and human. Since both genes are exposed to same experimental condition throughout 

the experiment, normalization to Cas9 will even out the bias created due to presence of 

contamination, different RT efficiencies and different transfection efficiencies.  

Absolute quantification gives the exact copies of mRNA present in sample and the data 

generated are independent of any normalizing gene. However, absolute quantification is 



dependent on set of external standards, and results are highly reproducible with same set of 

standard and varies if different set of standards are used. In addition, errors can be easily 

introduced during measurement of standard and hence the exact number of copies present in 

standard is questionable (Ginzinger, 2002). Similarly, other source of errors like errors in 

experimental design, contaminants, and inhibitors present, RT efficiency, sampling and 

handling errors are not considered which could be present in sample but not in the standard.  

Hence, the result may not reflect the exact amount of template present in sample.  

In contrast, relative quantification mRNA level of target gene is normalized to mRNA level of 

reference gene in the same sample, provided that all the samples are treated the same way. The 

normalized ratio is then compared between different samples. Normalization will compensate 

for any bias created due to differences in starting material amount, RNA isolation process, 

quality and purity of RNA, RT efficiencies etc that lead to variation in data generated and hence 

more reliable results are produced (Bustin et al., 2005; Ginzinger, 2002). However, the relative 

quantification method we used in this experiment may not consider these differences as the 

relative quantification calculation was based on copy number of the genes which was 

calculated based on external standard that were free from the inhibitors and contaminants, 

possibly present in sample. To address this, we should maybe consider using RNA standard, 

as this will consider different RT efficiencies (described in section 1.6.2.1). Even better, if we 

consider preparing standards from the pool of cDNA and apply relative quantification method 

(described in section 1.6.2.2) which will even out most of the sources of errors mentioned 

above.  



5 Concluding remarks 

This experiment was an initial attempt to find the most efficient U6 promoter for the expression 

of sgRNA in Atlantic salmon head kidney cell line, SHK-1 cell line. Since this has never been 

done before, and the methods used was new in our lab, this thesis involved a lot of method 

development and optimization. Due to technical difficulties and Covid-19 restrictions, I had 

only time to perform one single biological replicate in the SHK-1 cell line with the partially 

optimized protocol. The experiment will be further carried out by my co-supervisor PhD fellow 

Noman Reza. Although I was unable to reach the main goal of the thesis, the methods that I 

developed and optimized has brought us much closer towards our goal. I was able to 

demonstrate that one of the plasmids that we designed was able to express sgRNA under 

zebrafish U6 promoter. Although the expression level was low, it was a huge success for us as 

it showed overall success of plasmid design, transfection of cells, primer validation, and qPCR 

assay optimization. One of the major findings in this thesis is that it is crucial to digest DNA 

in the sample before qPCR, since we use a large amount of DNA for transfection. In addition, 

it is important to have high quality RNA samples in higher quantity to produce significant 

qPCR data. The methods optimized in this thesis can be used to assess the efficiency of multiple 

U6 promoters in different cell lines in the future.  
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7 Appendix 

Appendix I: Reagents, equipment, plasmids, and software 

Reagents: product, catalogue number and manufacturer 

1. 2-Mercapto-ethanol, 31350010, Gibco 

2. AccuPrime™ Pfx DNA Polymerase kit, 12344024, Invitrogen 

3. Certified low range ultra-agarose gel, 1613107, Bio-Rad 

4. DNase I, RNase-free HC, EN0523, Thermofisher Scientific 

5. Fetal Bovine Serum, 26400044, Gibco 

6. Leibovitz’s L-15 media, 11415064, Gibco 

7. Neon™ Transfection System 10 μL Kit, MPK1025, Invitrogen 

8. One shot Stbl3 competent E. coli cells, C737303, Thermofisher Scientific 

9. Opti-MEM I Reduced Serum medium, 31985062, Gibco 

10. PBS, pH 7.4, 10010023, Gibco 

11. Penicillin-streptomycin, 15140122, Gibco 

12. Platinum II Hot-Start Green PCR Master Mix (2X), 14001012, Invitrogen 

13. Platinum II Taq Hot-Start DNA Polymerase Kit, 1496600, Invitrogen 

14. Puromycin Dihydrochloride, A1113803, Gibco 

15. QIAquick Gel Extraction kit, 28706X4, Qiagen 

16. QIAzol Lysis reagent, 79306, Qiagen 

17. QuantiTect Reverse Transcription Kit, 205311, Qiagen 

18. RNeasy Plus Universal Kit, 73404, Qiagen  

19. SOC medium, 15544034, Invitrogen 

20. SYBR Select Master Mix, 4472908, Applied Biosystems 

21. Trypsin-EDTA, 25200056, Gibco 

22. Typhan Blue solution, 15250061, Gibco 

23. ZR plasmid miniprep-classic kit, D4054, Zymo Research Crop 

24. ZymoPURE II Plasmid Midiprep Kit, D4201, Zymo Research Crop 

  



Equipment: product, catalogue no, manufacturer 

1. Agilent 4150 TapeStation system, G2992AA, Agilent 

2. CFX96 Touch Real-Time PCR detection system, Bio-Rad 

3. Fluorescence microscope, 3849000909, Carl Zeiss 

4. NanoDrop 8000 Spectrophotometer, ND-8000-GL, Thermofisher Scientific 

5. Neon Transfection System, MPK5000, Invitrogen 

6. TC-20 Automated cell counter, 1450102, Bio Rad 

Plasmids 

1. lentiCRISPR v2 - Addgene plasmid # 52961 

2. pEGFP-Puro - Addgene plasmid # 45561 

3. pSico plasmid - Addgene plasmid # 11578 

Software 

1. Agilent 4150 TapeStation system software 

2. CFX Maestro software 

3. NanoDrop 8000 V2.1.0 software 

Free software 

1. Benchling: https://www.benchling.com. 

2. Oligo Calc:  http://biotools.nubic.northwestern.edu/OligoCalc.html 

  



Appendix II: Raw data from qPCR assay 

Initial qPCR results 

sample Ct values Sq values Mean Sq 
value, n=3 

Standard 
deviation, 

n=3 

Mean 
U6/Cas9 
Sq value, 

n=3 

Standard 
deviation, 

n=3 

hU6 27.17 
 

8,78E+04 
 

8,72E+04 5,09E+02 1,39E-01 0,008 
 27.20 

 

8,62E+04     
 27.17 8,76E+04     

zU6 27,43 
 

7,24E+04 
 

7,12E+04 4,55E+03 1,78E-01 0,014 
 27,63 6,28E+04     
 27,32 7,85E+04     

mU6 28,36 
 

3,67E+04 
 

3,71E+04 4,63E+02 1,69E-01 0,010 
 28,37 3,65E+04     
 28,32 3,80E+04     

sU6 29,10 
 

2,14E+04 
 

2,09E+04 5,20E+02 2,17E-01 0,017 
 29,21 1,99E+04     
 29,10 2,15E+04     

hCas9   24.49 
 

6,18E+05 
 

6,31E+05 3,45E+04   
 24.33 6,96E+05     
   24.58 

 

5,79E+05     
zCas9 25,16 

 

3,81E+05 
 

4,02E+05 1,11E+04   
 25,03 

 

4,19E+05     
 25,07 4,05E+05     

mCas9 25,85 
 

2,30E+05 
 

2,21E+05 9,99E+03   
 25,84 2,32E+05     
 26,03 2,01E+05     

sCas9 27,09 9,27E+04 
 

9,73E+04 5,44E+03   
 26,88 9,10E+04     
 27,12 9,10E+04     

Note: here, n is 3 technical qPCR replicates not biological replicate. 

 

  



DNase I treated sample 

sample Ct 
values 

Sq 
values 

Mean Sq 
value, n=3 

Standard 
deviation, 

n=3 

Mean 
U6/Cas9 Sq 
value, n=3 

Standard 
deviation, 

n=3 
zU6 38,35 6,52 13,05 3,91 0,526 1,14 

 37,50 12,61     
 36,90 20,04     

zCas9 36,77 22,12 14,68 3,81   
 36,77 12,42     
   37,86 9,53     

hCas9   38,03 8,33 5,48    
 39,52 2,63     

sCas9 39,52 3,92 3,92    

Note: here, n is 3 technical qPCR replicates not biological replicate.  



Appendix III: U6 promoter sequences 

Human U6 promoter: 

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgtaaacacaaag

atattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttacc

gtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggac 

Zebrafish u6 promoter: 

cacctcaacaaaagctcctcgatgtcacacaggaagttcaggaacttatccaatcactctaaagaaacggcctgtttccttcgcatacgc

ttacagctccaaaactctacggtaaacctacataaactgctggttttcaaattttaaagaatttaagggtttacaggtttactactacacagtg

atttactgacacatgtaggtgtaaatgagttgaataagtaagtaagctatataccacacatgaaacacatacccagaagtcactggtatat

atagccgtcctccagactccca 

Mouse u6 promoter: 

gatccgacgcgccatctctaggcccgcgccggccccctcgcacagacttgtgggagaagctcggctactcccctgccccggttaattt

gcatataatatttcctagtaactatagaggcttaatgtgcgataaaagacagataatctgttctttttaatactagctacattttacatgatagg

cttggatttctataagagatacaaatactaaattattattttaaaaaacagcacaaaaggaaactcaccctaactgtaaagtaatt 



 

 

 


