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Útdráttur 

Umritunarþátturinn MITF er lykilstjórnprótein í litfrumum þar sem hann er nauðsynlegur 
fyrir þroskun og virkni þessara fruma. MITF er einnig mikilvægur þáttur í sortuæxlum og 
veldur kímlínubreyting í geninu aukinni áhættu á myndun sortuæxla. Rannsóknarstofa 
Evrópu í Sameindalíffræði (EMBL) í Hamborg greindi þrívíddarbyggingu MITF próteinsins 
árið 2012 í samstarfi við rannsóknarhóp Eiríks Steingrímssonar. Niðurstöður greinarinnar 
sem birt var í kjölfarið leiddu meðal annars í ljós að tvö stökkbreytt MITF afbrigði sem 
vantaði hvort um sig þrjár amínósýrur á upphafssvæði leucine zipper hneppis (MITFdel3aa) 
hafa aðra hæfileika til tvenndarmyndunar en villigerðin. Nýlega hafa samstarfsaðilar í 
Hamburg ákvarðað kristalbyggingu stökkbreytts próteins sem hefur sams konar úrfellingu á 
þremur amínósýrum á amínóenda leucine zippersins. Markmið þessa verkefnis var að 
framkvæma virknigreiningar til þess að skilja betur áhrif stökkbreytingarinnar. Tilraunir sem 
fólu í sér yfirtjáningu, mótefnalitun og lagsjárgreiningu leiddu í ljós að staðsetning 
MITFdel3aa var sambærileg við villigerðarprótein sem gefur til kynna að úrfelling á þremur 
amínósýrum á upphafshluta zipper hneppisins hafi ekki áhrif á staðsetningu próteinsins í 
kjarna fruma. Stökkbreytta próteinið sýndi einnig sambærilega getu til að virkja umritun frá 
stýrilsvæði tyrosinasa gensins og ekki reyndist munur á milli ólíkra bindiseta fyrir 
umritunarþáttinn þegar tilraunir voru gerðar með luciferasa klöguskjóðu. Vinna var hafin 
við að útbúa breytinguna (del3aa) í erfðamengi SKmel28 fruma með CRISPR/Cas9 
aðferðinni en var ekki lokið á tímabilinu.  

Abstract 

The transcription factor MITF is considered to be a master regulator of melanocytes because 
it is necessary for the growth, differentiation and function of these cells. MITF is also an 
important factor in melanoma and a germline mutation in the gene that confers increased 
risk of melanoma has previously been described. A research group at the European 
Molecular Biology Laboratory (EMBL) in Hamburg determined the three-dimensional 
crystal structure of the MITF protein and published their results in collaboration with the 
Steingrimsson laboratory in 2012. The results from this paper proposed that two MITF 
mutants, both containing a three amino acid deletion in the front part of the leucine zipper 
domain (MITFdel3aa), exhibited different dimerization specificity from the wild type 
protein. Recently, the same research group in Hamburg determined the crystal structure of 
an MITF mutant with a mutation in the front part of the zipper domain comparable to that of 
the aforementioned mutants. The aim of the current study was to perform a functional 
analysis of this mutated form of MITF to obtain a better understanding of this mutation. 
Overexpression, immunostaining and confocal imaging were used to determine subcellular 
localization. Localization of the mutant compared to the wild type protein revealed that the 
nuclear localization of the transcription factor is not affected by removing the three residues 
in the front part of the zipper domain. The luciferase reporter assay was used to analyse the 
transcriptional activation potential of the mutant compared to the wild type protein. This 
indicated that the mutant could activate expression from the tyrosinase promoter and that 
activation appeared to be independent of the two DNA binding motifs tested. Further 
experiments need to be conducted to finish the generation of a human melanoma cell line 
with the deletion (del3aa) in its genome using the CRISPR/Cas9 technique.  
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1 Introduction  
1.1 Gene transcription 

The central dogma of molecular biology concerning the sequential flow of information states 

that the genetic information stored in a sequence of four nucleotides in the form of a DNA 

double helix does not itself direct protein synthesis. Instead, the sequence is copied to an 

RNA intermediate in the nucleus of eukaryotic cells that is subsequently translated in the 

cytoplasm to a particular amino acid sequence of the polypeptide (Watson et al. 2014). Thus, 

the first step of gene expression is transcription where the enzyme RNA polymerase 

catalyzes the addition and linkage of ribonucleotides in the primary transcript 

complementary to the DNA template and reads it in a 5’ to 3’ dependent manner. This is a 

tightly regulated process that involves many protein complexes, including specific gene 

regulatory proteins collectively called transcription factors that are required for the attraction 

of RNA polymerase to the initiation site of transcription (Alberts et al. 2008).  

1.2 Transcription factors  

As referred to above, transcription factors regulate the process of transcription, and hence 

the expression pattern of genes by binding in a sequence-specific manner to a particular 

DNA region, called the promoter, to direct the transcription of a downstream gene. The 

promoter sequences are non-coding stretches of DNA that contain response elements that 

provide the binding sites for gene-specific transcription factors. Transcription factors in 

eukaryotes are composed of DNA binding domains and activating regions that are required 

for the specific function of the protein, for example to bind other factors necessary for 

transcription initiation (Watson et al. 2014). 

  



 2 

1.2.1 The bHLH leucine zipper family of transcription factors 

The basic helix-loop-helix leucine zipper (bHLH-Zip) family of transcription factors 

includes proteins that share a conserved DNA binding site, the so called basic domain. This 

domain contains basic amino acid residues that contact the major groove of DNA for 

sequence-specific binding. The HLH and zipper domains are responsible for the 

homodimerization of two identical proteins or heterodimerization of the protein with another 

member of the family (Steingrimsson et al. 2004).  

1.3 Function and structure of MITF 

The microphthalmia-associtated transcription factor, MITF, is a member of the bHLH-Zip 

family of transcription factors and is described as a master regulator of melanocytes, since 

it is involved in the growth, differentiation and function of these cells (Cheli et al. 2009). 

Melanocytes are dendritic cells that are located in various parts of the body. Among other 

things they produce is the pigment melanin, which accumulates in membrane bound 

organelles called melanosomes, for delivery to adjacent keratinocytes in the epidermis of the 

skin (Steingrimsson et al. 2004). The melanin pigment acts as a UV protector in the skin 

which is repeatedly exposed to radiation from the sun. Its purpose is to shield the cell’s DNA 

from UV radiation by forming a protective barrier over the nucleus and absorbing UV rays 

(Brenner and Hearing, 2008). MITF has been shown to be an important factor in malignant 

melanoma where it has been proposed that it acts as a switch between growing tumor cells 

and dormant migrating cells (Carreira et al. 2006). The factor has been termed a lineage 

survival oncogene in melanoma and appears to be a particularly sensitive marker for this 

cancer type (Garraway et al. 2006; King et al. 1999). A germline variant has also been found 

in MITF that confers increased risk of melanoma (Yokoyama et al. 2011; Bertolotto et al. 

2011). MITF directly controls the expression of numerous target genes, including the gene 

that codes for the tyrosinase enzyme, an oxidase which is involved in the synthesis of the 

pigment melanin (Cheli et al. 2009).  

The MITF gene is conserved and has for example been found in all vertebrate species 

(Steingrimsson et al. 2004), which demonstrates its functional importance for these 

organisms. MITF controls expression of target genes by binding to DNA response elements 

as a homodimer or as a heterodimer with each of the three members of the bHLH-Zip family, 
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TFEB, TFE3 or TFEC. The response elements that MITF recognizes are binding sites in the 

promoters of target genes and an example of such a site is the 5’-CACGTG-3’ E-box 

sequence. MITF has also been shown to bind to a melanocyte-specific promoter containing 

the 5’-CATGTG-3’ sequence flanked by a 5’T and/or a 3’A, sometimes called the M-box 

sequence (Steingrimsson et al. 2004). These sequences are present in the tyrosinase gene 

promoter, among others.  

Several isoforms of the MITF protein have been recorded in the different tissues that express 

MITF and many of them differ in their N-terminal domains. One of these isoforms is the 

MITF-M isoform which appears to be solely expressed in melanocytes and melanoma cells 

(Yasumoto et al. 1998). The longest isoform of the MITF protein is the MITF-A isoform 

which is under normal conditions located in the cytoplasm of cells and is translocated into 

the nucleus under certain conditions, including starvation. In contrast, the MITF-M isoform 

is a shorter polypeptide and is mainly located in the nucleus of the cells that express it. The 

localization of the MITF-M isoform has previously been determined by immunostaining of 

the protein in both a melanoma cell line (501Mel) and a human embryonic kidney cell line 

(HEK293T) in the Steingrimsson laboratory (Gudmundsson, 2015). 

The crystal structures of the MITF homodimer bound to both the E-box and the M-box DNA 

response elements as well as in the absence of DNA (apo conformation) have been 

determined by collaborators of the Steingrimsson laboratory at the European Molecular 

Biology Laboratory (EMBL) in Hamburg, which resulted in a collaborative publication in 

2012. The apo conformation of the protein demonstrates that it is able to form a homodimer 

in the absence of DNA, where the leucine zipper mediates the assembly of the two protomers 

(Figure 1). The N-terminus of one of the zipper helices shows a distinctive kink due to a 

three-residue insertion that is a feature of both MITF and the TFE proteins (Pogenberg et al. 

2012). 
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Figure 1: The structure of MITF in both its apo conformation and bound to DNA 

oligonucleotides containing the E-box and M-box motifs respectively. A) The sequence 

of the oligonucleotides used for determination of MITF structure when bound to DNA (M-

box and E-box highlighted in yellow), as well as a random sequence. The nucleotides that 

differ between the E-box and the M-box are highlighted in orange in the M-box sequence. 

B) Crystal structure of MITF when bound to DNA (grey) and in its apo conformation (in 

absence of DNA). The yellow part of the DNA sequences indicates the two DNA motifs. 

One of the protomers has a kink in its apo conformation near the N-terminus of the leucine 

zipper domain (Zip) caused by a three-residue insertion in the front part of the zipper. The 

HLH denotes the helix-loop-helix domain of the protein and the BR marks the basic DNA 

binding domain (Pogenberg et al. 2012). 
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1.3.1 Restrictive heterodimerization of MITF  

As was previously mentioned, the bHLH-Zip transcription factors bind DNA as dimers. As 

such, MITF is capable of forming a homodimer or as a heterodimer with the TFE proteins 

(TFEB, TFEC and TFE3). However, assembly with other members of the bHLH-Zip family, 

such as with the MYC, MAX and MAD proteins, which are important regulators of both cell 

proliferation and differentiation, is not possible. The latter three factors have been associated 

with tumorigenesis and have been shown to bind to the E-box element as both homodimers 

or heterodimers with other factors of the bHLH-Zip family, excluding MITF and the TFE 

proteins, to activate gene expression (Steingrimsson et al. 2004).  

The aforementioned kink that is present in one of the MITF alpha helices of the leucine 

zipper is apparent from the three-dimensional structure of the protein in the apo 

conformation (Figure 1). This demonstrates an asymmetrical homodimer assembly that has 

not been previously described for other bHLH-Zip proteins. It is proposed that this is caused 

by a structural feature of the protein where the junction of the first two heptad repeat registers 

of the leucine zipper appears to be broken by a three-residue insertion (Figure 2). These 

repeats constitute the assembly region that allows coiling of the helices of the two protomers 

(Pogenberg et al. 2012).  
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Figure 2: Alignments of the amino acid sequence of MITF to eight other members of the bHLH-Zip family of transcription factors. The 

MITF sequence, as well as that of the other factors, is demonstrated in the one-letter code. The structural elements of the proteins are 

indicated in the top part of the image; BR is the basic DNA binding domain, HLH is the helix-loop-helix and Zip is the leucine zipper segment. 

Heptad repeats of the zipper are denoted by roman numerals. The 0 repeat is separated from the I-IV repeats by a three amino acid insertion 

(EQQ, residues 260-262, in orange) in the MITF and TFE proteins, which is not present for the other five transcription factors below (yellow 

highlighted dashes). The conserved leucine residue in the repeats is highlighted in pink. Asterisks mark the invariant residues and the 

conserved residues in all sequences are indicated by colons (Pogenberg et al. 2012). 
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1.3.2 The three-residue insertion in the front part of the zipper 

domain alters the heterodimerization abilities of MITF  

MITF demonstrates different heterodimerization abilities with several related bHLH-Zip 

transcription factors such as the MYC, MAX and MAD proteins, despite their ability to bind 

a common DNA E-box motif. It is proposed that this is explained by the aforementioned 

structural feature of MITF and the TFE transcription factors, more specifically an 

interruption of one of the alpha helices of the leucine zipper consisting of a three amino acid 

insertion. Previous experiments performed in the Steingrimsson laboratory involved 

generating two MITF mutants that lack the three residues that separate the heptad repeat 0 

from the I-IV repeats in the front part of the zipper (dEQQ and dRAK). From these 

experiments it was revealed that these mutants exhibited different heterodimerization 

properties compared with the WT protein. Electrophoretic mobility assay (EMSA) 

demonstrated that these mutants, and not the WT protein, could heterodimerize with the 

related MAX bHLH-Zip protein. An MITF mutant with three residues in the front part of 

the zipper changed to alanine (EQQ->AAA) exhibited similar binding properties to the WT 

protein. The structure of the mutant proteins with the three residue deletions is expected to 

have the zipper in the same register as the MAX factor, which likely explains the observed 

difference in dimerization abilities (Pogenberg et al. 2012). 

Recently the collaborators at EMBL who previously published the crystal structure of the 

WT MITF protein have also determined the structure of an MITF mutant that has the three 

amino acids, REQ (residues 259-261 on Figure 2), deleted in this region of the protein. This 

mutant does not possess the insertion that separated the heptad repeat 0 from the I-IV 

heptads, a comparable mutation to that of the dEQQ (residues 260-262) and dRAK (residues 

263-265) mutants (Pogenberg et al. manuscript in preparation). 
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2 Project goals  
In collaboration with EMBL, scientists from the Steingrimsson laboratory revealed that two 

mutated forms of MITF that lack three amino acids upstream of the leucine zipper (dEQQ 

and dRAK) exhibit different dimerization properties compared to the wild type protein. 

Recently, the same group in Hamburg has determined the crystal structure of the dREQ 

mutant that has a deletion of three amino acids comparable to the aforementioned mutant 

proteins. The goal of the current project was to shed some light on the function of this 

specific mutated form.  

The project was divided into three parts all contributing to the overall objective of 

performing a functional analysis of the dREQ MITF mutant. To begin with, wild type MITF 

and the dREQ mutant were overexpressed in a human cell line as were the dEQQ, dRAK 

and EQQ->AAA mutants for comparison. The subcellular localization of these proteins was 

determined after immunostaining using confocal microscopy. Secondly, the transcriptional 

activation potential of the mutant protein from the tyrosinase promoter was compared to that 

of the WT and the other previously mentioned MITF mutants by performing a luciferase 

reporter assay. Finally, the work on generating a melanoma cell line that contains a nine 

basepair deletion, corresponding to the three amino acid deletion dREQ in its genome, using 

the CRISPR/Cas9 technique was started. 
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3 Materials and methods  

3.1 Cell culturing 

In this study, the melanoma cell line SKmel28 and the human embryonic kidney cell line 

Hek293T were cultured under sterile conditions. Throughout the study both cell lines were 

cultured in 25 ml polystyrene flasks (T25) with filter caps in DMEM medium from GIBCO 

containing 10% FBS at 37°C and 5% CO2. Cells were subcultured/passaged when they were 

at least ~80% confluent, most often after about 48h of growth.  

3.1.1 The Hek293T cell culture 

The Hek293T cell line was used for the overexpression and transcription activation assay. 

This cell line was specifically picked because the HEK293T cells have very low endogenous 

MITF levels, which made it possible to use an antibody against an untagged MITF protein 

for confocal imaging. The adherent cells were cultured on DMEM medium from GIBCO 

with 10% FBS in T25 flasks in a cell incubator at 37°C and 5% CO2. When the cells had 

reached 90-100% confluency they were seeded for transfection.  

The HEK293T cell line, at fifth passage, was retrieved from liquid nitrogen and thawed at 

37°C until no crystals remained. The cells were centrifuged and the pellet was resuspended 

in DMEM medium with 10% FBS before seeding.  

3.1.2 The SKmel28 cell culture 

The tetraploid SKmel28 human melanoma cell line was used for the CRISPR/Cas9 part of 

the study. The adherent cells were cultured on DMEM medium from GIBCO with 10% FBS 

in T25 flasks in a cell incubator at 37°C and 5% CO2. When the cells had reached 90-100% 

confluency they were seeded for transfection.  

  



 12 

3.2 Overexpression and subcellular localization 

of MITF constructs 

In this part of the project, overexpression of each of the five mutant variants of MITF in 

addition to an empty vector (EV), was performed in HEK293T cells. Immunostaining and 

subsequent characterization of the subcellular localization of the proteins was done using 

confocal microscopy. Experiments were performed for the following five mutants: dEQQ, 

dRAK, EQQ/AAA, dREQ in addition to an EV. All MITF mutant constructs, excluding 

dREQ, had been cloned prior to this study and all but the dEQQ contain a Kozak sequence 

(5’-GCCACC-3’) upstream of the start codon, 5’-AUG-3’.  

3.2.1 Generation of the MITF dREQ construct  

A construct where nucleotides 775-783 (amino acids 259-261 corresponding to REQ) of 

Mitf were deleted was generated in the pcDNA3.1-Mitf vector using Q5 site-directed 

mutagenesis. Custom mutagenic primers that flank the region to be deleted were designed 

(Figure 3) and a Q5 Hot Start High-Fidelity DNA polymerase from New England Biolabs 

(NEB) was used for the PCR amplification reaction.  
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Figure 3: The location of mutagenic primers for generation of the dREQ mutant 

construct. Location and nucleotide sequence of both the reverse (dREQ reverse in red) 

and forward (dREQ forward in blue) primers used to generate the dREQ mutation in the 

WT Mitf gene (pcDNA3.1). The number of nucleotides is denoted on the bottom of the 

figure. Below the cDNA sequence of Mitf is the corresponding amino acid sequence in the 

one-letter code of the protein and the number of amino acids is denoted above the 

sequence. The dREQ amino acids to be deleted are indicated by the red box.  

The first step involved a PCR amplification reaction using a high fidelity and thermostable 

Q5 Hot Start DNA polymerase. The reaction was prepared in a 200 µl PCR tube with a total 

volume of 25 µl using sterile deionized H2O, 5X Q5 Reaction Buffer from NEB, 5X Q5 

High GC Enhancer from NEB, 10 mM dNTP mix, 10 µM dREQ reverse primer, 10 µM 

dREQ forward primer, 23 ng plasmid DNA (pcDNA3.1 mitf+) and Q5 Hot Start DNA 

polymerase (final concentration 0.02 U/µl). The reaction mixture was gently mixed by 

pipetting, centrifuged briefly to collect all liquid to the bottom of the tube and transferred to 

a PCR machine for thermocycling. The Q5 polymerase does not require a separate activation 

step so the PCR reaction was performed as follows: 98°C for 30 sec (initial denaturation), 

25 cycles of [98°C for 10 sec, 56°C for 20 sec, 72°C at 3 min] and the final extension was 

performed at 72°C for 2 min. Samples were stored at 4°C after the PCR reaction. A negative 

no-template control was used for the PCR reaction using the same protocol as for the sample 

but adding water instead of plasmid DNA. The PCR products were visualized on a 1% 

agarose gel (0.5 g agarose in 50 ml TAE buffer and 2.5 µl ethidium bromide (10 mg/ml)) to 

ensure purity of samples before transformation into bacteria. Samples were dyed with 6X 

MassRuler DNA loading dye and run at 100V for 45 min before being imaged under UV 

light.  
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After PCR, DpnI was added to the reaction mixture and incubated for 1h at 37°C to reduce 

background (starting template). Part of this solution (1 µl) was then mixed with 10X T4 

DNA ligase buffer, T4 polynucleotide kinase (adds 5’-phosphates to allow subsequent 

ligation) and deionized H2O and incubated again for 1h at 37°C. Finally, T4 DNA ligase was 

added to the mixture and incubated for 1h at RT before storage at 4°C.  

3.2.2 Cloning  

After generation of the construct, dREQ mitf pcDNA3.1 was transformed into competent E. 

coli cells for cloning. A tube of the DH5α (prepared in the laboratory) strain of competent 

bacteria cells were thawed on ice for 10 min and 100 µl of cells were added to the plasmid 

mixture (after ligation) in a 1.5 ml Eppendorf tube. The mixture was placed on ice for 30 

min and then heatshocked in a waterbath at 42°C for 30 sec. The tube was then placed on 

ice for 4 min before 950 µl of LB media were added and the culture incubated at 37°C for 

1h in a shaker (350 rpm). After incubation, the culture (90 µl and 150 µl) was spread on two 

prewarmed selection plates, with final concentration of ampicillin at 100 µg/ml, and grown 

overnight at 37°C.  

Five colonies were picked from the 90 µl selection plate and transferred to 15 ml round 

bottom Falcon tubes with 2 ml LB media and 2 µl ampicillin (100 mg/ml). One Falcon tube 

with the same volume of selection media was used as a negative control. The tubes were 

incubated at 37°C in a shaker for 8.5h before they were centrifuged at 11,000 g in an 

Eppendorf table-top centrifuge for 30 sec, the supernatant removed and the pellet stored at -

20°C overnight.  

3.2.3 Isolation of plasmid DNA  

Plasmids were isolated from the E. coli culture by using the GeneJet plasmid miniprep kit 

from Thermo Scientific for a small-scale preparation. All centrifugations were carried out in 

a table-top centrifuge at 12,000 g. The pellets were thawed before being completely 

resuspended in resuspension buffer by pipetting up and down. Lysis solution was added, the 

tubes were inverted to mix the solution and incubated at RT for under 5 min. Neutralization 

solution was then added, tubes inverted again to mix and centrifuged for 5 min to pellet cell 

debris and chromosomal DNA. The supernatant was then loaded on a GeneJET spin column 
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and centrifuged for 1 min. The flow-through was discarded and the column washed twice 

with Wash Solution and centrifuged for 1 min between washes and flow-through discarded. 

After the second wash, the column was centrifuged for 1 min before being transferred to a 

fresh 1.5 ml Eppendorf tube. Elution was performed in two steps using the elution buffer, 

which was added to the column and incubated for 2 min at RT for each step before 

centrifugation for 2 min. The concentration of isolated plasmids was measured using a 

Nanodrop spectrometer and the samples were run on a 1% agarose gel (0.5 g agarose in 50 

ml TAE buffer and 2.5 µl ethidium bromide) to confirm that the plasmids were of the right 

size. After electrophoresis plasmid samples were sent to sequencing.  

3.2.4 Sequencing and plasmid preparation 

Plasmid DNA samples were sent to Beckman Coulter Genomics (part of GENEWIZ) for 

Sanger DNA sequencing to confirm the deletion. Two forward primers were used for 

sequencing of the pcDNA3.1 Mitf+ dREQ clones to span all the coding sequence of the gene. 

The forward primers used were MITFE5_9F (5’-TCTGGAAACTTGATCGACCTC-3’) 

which pairs to nucleotides 451-472 of the Mitf cDNA, and T7P (5’-TAATACGAC-

TCACTATAGGG-3’), which pairs to the T7 promoter of the vector. Sequencing results 

were aligned to the nucleotides of the mouse MITF-M isoform to identify and confirm the 

mutagenesis using Benchling (a free browser-based software).  

3.2.5 Large-scale preparation of MITF dREQ construct 

After sequencing, the MITF dREQ plasmid solution was transformed to DH5α E. coli cells 

for subsequent large-scale isolation of the construct. Cells were spread onto ampicillin plates 

and incubated at 37°C overnight. Two colonies were picked and grown in LB medium with 

ampicillin for 8h in a 37°C shaker. After incubation, 100 µl of the culture were pipetted in a 

1.5 mL Eppendorf and centrifuged to remove supernatant. The cell pellet was resuspended 

in 50 ml LB medium with ampicillin and incubated in 37°C shaker overnight. A glycerol 

stock was prepared from the first culture, for long-term storage of the plasmid, by adding 

equal amounts of bacterial solution and 50% glycerol (in H2O) and stored frozen at -80°C. 

After incubation, the cell culture was centrifuged at 11,000 g in an Eppendorf table-top 

centrifuge for 30 sec, supernatant media removed and pellet stored at -20°C.  
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GeneJET Plasmid Midiprep Kit from Thermo Scientific was used for isolation of plasmid 

from the E. coli culture. Cells were harvested by centrifugation in a swinging bucket rotor. 

Cell pellet was resuspended in resuspension solution by pipetting up and down before Lysis 

solution was added and tubes inverted to mix and incubated for 3 min at RT. Neutralizing 

solution was then added and tubes inverted to mix before addition of 96% ethanol. The 

solution was centrifuged for 40 min at 4,500 g and the supernatant transferred to a fresh 15 

ml tube along with 96% ethanol. The sample was pipetted to a GeneJET spin column and 

centrifuged for 3 min at 2,000 g. The flow-through was discarded and the column washed 

once with wash Solution I and twice with wash Solution II, both of which were diluted in 

isopropanol. Columns were centrifuged for 2 min between washes and the flow-through 

discarded. After the last wash, columns were centrifuged and transferred to a fresh collection 

tube. Elution of plasmid DNA was performed in two steps to increase the overall yield. The 

concentration of isolated plasmid was measured using a Nanodrop spectrophotometer and 

plasmid samples were sent to sequencing to confirm the presence of the deletion (see part 

3.2.4).  

3.2.6 Gel electrophoresis for MITF constructs 

DNA concentration of all constructs was measured using a Nanodrop spectrophotometer and 

700 ng of each plasmid sample were run on a 1% agarose gel (0.5 g agarose in 50 ml TAE 

buffer and 2.5 µl ethidium bromide) for 35 min at 100 V to ensure good quality of each 

plasmid preparation. Samples were dyed using 6X Mass Ruler loading dye and a High Range 

DNA ladder from Thermo Scientific was used for size comparison.  

3.2.7 Transfection of MITF constructs in Hek293T 

Cells were seeded 24h before transfection. A total of 15,000 cells in 300 µl of DMEM + 

10% FBS medium was seeded in each well in an 8 well glass chamber slide. Before 

detachment, the old cell culture medium was removed from the culture flask and cells 

washed with 1X PBS solution. Pre-warmed 1% trypsin solution (in PBS) was added to the 

side of the flask and it was rocked back and forth and then incubated at 37°C for around 2 

min, or until the cell layer had detached from the bottom of the flask. After incubation, 

DMEM + 10% FBS medium was distributed by pipetting over the cell layer surface several 

times. The cell solution was transferred to a 15 ml Falcon tube and centrifuged at 2,000 rpm 
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for 3 min. The cells were counted using a Countess automated cell counter by mixing 10 µl 

of cell solution and 10 µl of Trypan Blue dye in a small Eppendorf tube. The dyed cell 

solution was pipetted to a chamber slide and counted in the instrument.  

The transfection reagent used for this study was FuGENE from Promega and a total of four 

biological replicates were completed for the overexpression experiment. The cell medium 

was changed before addition of the transfection reagent. For each well to be transfected, 0.25 

µg of plasmid were prepared in 12 µl total volume of DMEM (without FBS) and 0.7 µl of 

FuGENE reagent added. This solution was incubated at RT for 8 min before adding 11 µl 

per well so the final reagent:DNA ratio was 3:1. Cells were incubated at 37°C in a cell 

incubator for 24h before fixing.   

3.2.8 Immunostaining 

Cells were fixed and stained 24h after transfection. Medium was removed from all wells 

before covering the cell layer with 4% formaldehyde diluted in PBS. Cells were fixed for 15 

min at RT, the formaldehyde solution was removed and cells washed with PBS for 5 min. 

Before primary antibody staining, samples were incubated in blocking buffer (5% normal 

goat serum and 0.3% Triton X-100 in PBS) for 1h to minimize non-specific antibody 

binding. The blocking solution was then aspired and diluted primary antibody in antibody 

dilution buffer (1% BSA and 0.3% Triton X-100 in PBS) was applied to cells and incubated 

overnight at 4°C. Cells were primarily stained using mouse monoclonal MITF C5 antibody 

from Abcam which recognizes the N-terminus of the MITF-M isoform, at a 1:500 dilution.  

Before secondary staining with a fluorescent secondary antibody, the primary antibody 

solution was removed from the cells and they were rinsed in PBS for 15 min. Samples were 

then incubated with secondary antibody and DAPI in an antibody dilution buffer for 1h at 

RT in a closed box protected from light. Cells were secondary stained using anti-mouse 

Alexa Fluor 546 secondary antibody from Thermo Scientific diluted 1:1000 and DAPI in 

1:5000 dilution. After incubation, cells were rinsed three times in PBS. Slides were 

incubated at 37°C for a short period to remove residual PBS before Fluoroshield mounting 

medium from Sigma Aldrich was added and coverslips placed on top. Slides were stored at 

4°C.  

 



 18 

3.2.9 Confocal imaging 

Confocal microscopy (FV1200 Olympus inverted confocal microscope) was used for 

determining the subcellular localization of MITF constructs in HEK293T cells. Fluorescence 

of C5 MITF secondary antibody has an absorption maximum at a wavelength of 435 nm and 

DAPI bound to dsDNA at 358 nm.  

3.3 Luciferase Transcription Activation Assay 

The aim of this part of the study was to determine if the MITF mutants could activate gene 

expression using a promoter region that is a well known target of the WT MITF transcription 

factor. Tyrosinase promoter containing an M-box (5’-TCATGTG-3’) or an E-box (5’-

CACGTG-3’) DNA motif had previously been cloned upstream of the luciferase reporter 

gene in a pGL3 basic vector (two DNA binding motifs in each promoter vector) and was 

transfected along with MITF constructs into HEK293T cells. The renilla luciferase control 

reporter vector was used as an internal control. The reporter assay was performed using the 

Luciferase DualGlo kit from Promega. Cells were seeded on day 0, transfected after 24h and 

the luminescence was measured 48h after seeding in a 96-well plate luminometer.  

3.3.1 Transfection of HEK293T cells for luciferase reporter assay 

Cells were seeded 24h before transfection. A total of 20,000 cells in 100 µl of DMEM + 

10% FBS medium were seeded in each well in a 96-well plate with black background. Each 

MITF construct was seeded in five wells (five technical replicates) for a total of 30 wells per 

plate. The old cell culture medium was removed from the culture flask and the cells washed 

with 1X PBS solution. Pre-warmed 1% trypsin solution (in PBS) was added to the side of 

the flask and it was rocked back and forth before the flask was incubated at 37°C for around 

2 min, or until the cell layer had detached from the bottom of the flask. After incubation, 

DMEM + 10% FBS medium was dispersed by pipetting over the cell layer surface several 

times. The cell solution was transferred to a 15 ml Falcon tube and centrifuged at 2,000 rpm 

for 3 min. The cells were counted using a Countess automated cell counter by mixing 10 µl 

of cell solution and 10 µl of Trypan Blue dye in a small Eppendorf tube. The dyed cell 

solution was pipetted to a chamber slide and counted in the instrument.  
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The transfection reagent used for this study was FuGENE from Promega and a total of four 

biological replicates were completed for the M-box motif and three for the E-box motif. The 

cell medium was changed before addition of the transfection reagent. For each well to be 

transfected, 0.22 µg of the tyrosinase promoter vector, 0.22 µg of renilla internal control 

vector and 0.22 µg of MITF vector were prepared in 31 µl total volume of DMEM (without 

FBS) and 0.7 µl of FuGENE reagent added. This solution was incubated at RT for 8 min 

before adding 5 µl of the complex per well so final reagent:DNA ratio was 3:1 and ratio of 

plasmids was 1:1:1. Cells were incubated at 37°C in cell incubator for 24h before 

luminescence measurements.   

3.3.2 Luminescence measurements 

After incubation for 24h after transfection, 50 µl of Dual-Glo Luciferase reagent were added 

to each well, which contained cells in 100 µl of DMEM + 10% FBS medium. Samples were 

incubated for 20 min at RT before firefly luminescence was measured at RT. To measure 

renilla luciferase activity, 50 µl of Dual-Glo Stop & Glow reagent (diluted 1:100) were 

added to each well and incubated for 20 min at RT before luminescence measurement at RT.  

The ratio of luminescence from the luciferase reporter and the renilla internal control 

reporter was calculated and normalized to the ratio of the empty vector (EV) control that 

was treated in the same way as the samples. Unpaired two-tailed Student’s t-test was used 

to assess whether the mean of each sample was statistically different from the WT sample.   

3.3.2 Protein extraction and Western blot 

To confirm that possible differences observed between samples after the luciferase assay 

were not due to differences in MITF protein levels between samples, Western blot was 

performed. The cells were treated in the same way as for luminescence measurements and 

protein extracted for quantification. For protein extraction, 50,000 cells were seeded per well 

in 500 µl DMEM + 10% FBS medium in a 24-well plate and proteins were extracted 24h 

after transfection.  

Protein extraction was carried out using 6X Laemmli sample buffer. The medium was 

removed from the cells and rinsed afterwards with PBS. Sample buffer was added to each 

well and adherent cells were detached from the surface by using a large pipet tip to scrape 



 20 

them off. Cell lysate was transferred to a 1.5 ml Eppendorf tube and boiled at 95°C for 5 

min before storing at -20°C.  

Before running, 1 mm 5% stacking and 8% resolving gels were made and samples were 

loaded on the stacking gel. After filling the chambers with running buffer, the samples were 

run for 20 min at 90 V and then 70 min at 120 V. Gels were removed from their casting 

molds and placed in transfer buffer for 15 min. A polyvinylidene difluoridetransfer (PVDF) 

membrane was activated in 100% methanol for 30 sec and placed in transfer buffer for 15 

min. Proteins were transferred to the membrane at 90 V for 90 min. The membrane was then 

blocked in 5% BSA (w/v) in TBS-T for 1h at RT before staining with primary antibody at 

4°C overnight. The primary antibodies used to stain the membrane were: the mouse 

monoclonal MITF C5 antibody from Abcam, which recognizes the N-terminus of the MITF-

M isoform (diluted 1:500 in 5% (w/v) BSA in TBS-T) and the rabbit monoclonal β-actin 

from Cell Signaling (diluted 1:2000 in 5% (w/v) BSA in TBS-T). Prestained protein ladder 

from Thermo Scientific (10-180 kDa) was used as size standard. After primary staining, the 

membrane was washed four times with TBS-T and stained with fluorescent secondary 

antibodies (anti-mouse DyLight 800 diluted 1:15,000 and anti-rabbit DyLight 580 in 

1:15,000 dilution) for 1h at RT. Finally, membranes were imaged using the Odyssey 

fluorescence imaging system. 

Quantification of proteins was performed by comparing the intensity of the bands using the 

ImageJ image processing program. This is done by comparing areas under peaks that are 

relative to the intensity of each band.   
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3.4 Generation of a MITF dREQ human melanoma 

cell line using CRISPR/Cas9 

For this part of the study, the aim was to generate a nine bp genomic deletion in the MITF 

gene in the SKmel28 melanoma cell line using the CRISPR/Cas9 technique. This melanoma 

cell line was chosen for this part of the study because other MITF knock-out (KO) mutants 

have been generated in this line using the CRISPR/Cas9 method in our laboratory, which 

enables comparison of the mutant cell line with other KO SKmel28 cells and the WT. The 

nucleotide deletion corresponds to the deletion of the three amino acids REQ (d259-261). 

The work involved designing a few possible gRNAs to the target region where the deletion 

should be made and testing their target efficiency to determine which one should be used for 

the actual genome editing. A repair template that includes the nine basepair deletion flanked 

by homology arms for the targeted genomic site would need to be generated specifically for 

the gRNA chosen. The repair template is essential for the homology directed repair after 

cleavage by the Cas9 endonuclease 

3.4.1 Designing gRNAs for targeting genomic deletion 

gRNAs were designed using specific algorithms provided by several types of free browser-

based software. The gRNAs constructs were generated by annealing oligonucleotide pairs 

and ligating the dsDNA product into the human MLM3636 gRNA expression vector which 

contains the U6 promoter.  

First, the deletion of nine nucleotides to be generated was mapped in the human WT mRNA 

sequence of the MITF gene. Unfortunately, this deletion does not affect a restriction enzyme 

recognition site so a size comparison of WT and mutant genomic sequence has to be used to 

detect the genomic edit. Possible gRNA sequences were obtained with the following online 

software: CCTop (cc2), Broad (br1, br2) and Rgenome (rg). For all gRNAs, a flanking G for 

the U6 promoter to start transcription was added to the 5’ end of the forward oligonucleotide 

and a corresponding flanking C on the 3’ end of the reverse oligonucleotide. Also, five 

nucleotide long sequences on the outermost 5’ ends of the oligonucleotides and a single 

nucleotide on the 3’ ends were added. These sequences allow annealing to the MLM3636 

gRNA open backbone after digestion with BsmBI restriction enzyme (Table 1). All gRNAs 

were tested for possible off-target effects.  
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Table 1: Information on the gRNA oligonucleotides designed for the CRISPR/Cas9 

Skmel28 cell line. gRNA oligonucleotide (oligo) pairs to be annealed and ligated to 

MLM3636 gRNA backbone. Green nucleotides anneal to the open MLM3636 gRNA 

vector, blue are flanking G/C for start of expression from the U6 promoter and red is the 

core gRNA sequence (reverse oligo has the reverse complement of forward oligo).  

Name of  
gRNA 

Forward/reverse 
oligo Sequence (5’ -> 3’) Tm [°C] 

cc2 
Forward ACACCGCTCGTTGCAACTTTCGGATAG 66,5 
Reverse AAAACTATCCGAAAGTTGCAACGAGCG 63,4 

br1 
Forward ACACCGAACCATCTTAAAAGCATCCGG 65,0 
Reverse AAAACCGGATGCTTTTAAGATGGTTCG 61,9 

br2 
Forward ACACCGTCCACGGATGCTTTTAAGAG 64,8 
Reverse AAAACTCTTAAAAGCATCCGTGGACG 61,6 

rg 
Forward ACACCGCAACTTTCGGATATAGTCCAG 65,0 
Reverse AAAACTGGACTATATCCGAAAGTTGCG 61,9 

 

3.4.2 Generation of the gRNA plasmid constructs  

Annealing of each of the four separate oligonucleotide pairs was prepared in small PCR 

tubes by mixing 1 µl of F and R oligonucleotides, 5 µl of 10X NEBuffer 2 and filling to 50 

µl with H2O. The tubes were placed in a thermocycler with the following cycling profile for 

annealing: 95°C for 3 min, cool down from 75 to 50°C with 1 min pause after each 5°C 

decrease and kept at 4°C.  

All four annealed oligonucloeotides were then ligated to the MLM3636 backbone which had 

been cut with BsmBI restriction enzyme and transformed to E. coli for cloning. Before 

starting the ligation reaction, DH5-α competent E. coli cells were thawed on ice. For the 

ligation reaction 1 µl of the MLM3636 open backbone, 3 µl of annealed oligonucleotides, 5 

µl 2X Instant Sticky End Ligase MasterMix and H2O was added up to 11 µl. This solution 

was mixed by pipetting up and down and then immediately proceeded with transformation 

to bacterial cells. For transformation 100 µl of DH5-α cells were added to the ligation 

mixture and kept for 20 min on ice. The cells were then heat shocked for 45 sec in a 42°C 

waterbath and then stored on ice for 30 min. After adding 1 ml of LB medium, the culture 
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was incubated for 1h at 350 rpm in a 37°C shaker. The cells were spread onto prewarmed 

LB ampicillin plates and incubated overnight at 37°C. A negative control was done to ensure 

that the backbone was open, in which the supposedly cut backbone was transformed in to 

bacteria and incubated overnight at 37°C and should show no colonies after incubation.  

3.4.3 Colony PCR and agarose gel electrophoresis 

Colony PCR was performed to determine the presence of the gRNA inserts in the MLM3636 

vector. The reaction mixture was prepared in a 200 µl PCR tube with a total volume of 25 

µl using sterile H2O, 10X PCR buffer from Thermo Scientific, 10 mM dNTP, 10 µM reverse 

oligonucleotide of each gRNA sample, 10 µM forward primer (located ~500 bp upstream of 

gRNA insert) and Taq DNA polymerase (final concentration 0.625 U/µl). Four colonies 

from each plate were picked and added to the each tube and the rest were streaked onto fresh 

ampicillin plate. The PCR mixture was gently mixed by pipetting, centrifuged briefly to 

collect all liquid at the bottom of the tube and transferred to a PCR machine for 

thermocycling. The PCR reaction was performed as follows: 94°C for 5 min (cell lysis), 30 

cycles of [94°C for 25 sec, 58°C, 59°C or 57.5°C depending on sample for 30 sec, 68°C for 

35 sec] and the final extension was performed at 68°C for 5 min. Samples were stored at 

4°C after PCR reaction. A negative, no-template control was used for the PCR reaction using 

the same protocol as for the sample but H2O was added instead of streaking a colony in the 

tube. The same forward primer was used for amplification of all gRNA inserts and was 

complementary to a site on the MLM3636 vector approximately 500 bp upstream of the 

inserts. The reverse primer was the reverse oligonucleotide of each gRNA and thus the 

annealing temperature was specific for each sample. Samples were run on a 2% agarose gel 

(1 g agarose in 50 ml TAE buffer and 2.5 µl ethidium bromide) after PCR reaction and this 

should show an approximately 520 bp band for each gRNA sample. DNA samples were 

dyed with 6X MassRuler DNA loading dye and ran at 95V for 35 min before being imaged 

under UV light. 

gRNA plasmid DNA was isolated from bacterial colonies and sequenced using the same 

procedure as was described in parts 3.2.3 and 3.2.4. The primer used for the sequencing was 

the forward primer used in colony PCR.  
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3.4.4 Isolation of gDNA for T7 endonuclease I (T7E1) assay  

The T7 endonuclease 1 assay (T7E1) was used to test the efficiency of the four gRNAs. This 

method is based on a mismatch sensitive nuclease to detect mutations caused by gRNA 

targeting and Cas9 cleavage and the effects of the subsequent error-prone nonhomologous 

end joining (NHEJ) by the DNA repair system of the cells. The T7 endonuclease cleaves 

non-perfectly matched DNA which makes it possible to detect point mutations and indels 

after treatment with gRNA and Cas9. The Cas9 vector, pST1347, was used for the transient 

transfection and contains blasticidin selectable marker for selection of positively transfected 

cells.  

SKmel28 cells were seeded on day 0 at 20,000 cells in 200 µl per well in a 48 well plate and 

transfection performed after 24h, on day 1. Each gRNA plasmid was introduced to the cells 

in one well each, along with Cas9. A scrambled gRNA was used as a negative control. A 

positive control for blasticidin selection after transfection was also included. The cell 

medium was changed before addition of the transfection reagent. For each well to be 

transfected, 0.425 µg of the Cas9 plasmid pST1347 and 85 µg of each gRNA plasmid were 

prepared in 25 µl total volume of DMEM (without FBS) and 1 µl of FuGENE reagent from 

Promega added. This solution was incubated at RT for 8 min before addition of 24 µl per 

well. Cells were incubated at 37°C in a cell incubator for 24h before changing to fresh 

DMEM + 10% FBS medium. On day 2, blasticidin selection medium was applied to the cells 

in a total concentration of 3 µg/ml and fresh selection medium added on day 4.  

On day 5 (120h after seeding) isolation of gDNA was performed using IGEPAL cell lysis 

containing Proteinase K (1 mg/ml). Medium was removed from the cells and rinsed once 

with PBS before adding 1X trypsin to cover the cell layer. Trypsinized cells were incubated 

at 37°C until completely dissociated and then transferred to fresh 1.5 ml Eppendorf tubes. 

Detached cells were centrifuged for 10 min at 16,000 g and the supernatant removed before 

addition of the IGEPAL buffer to each well. Tubes were incubated for 90 min at 60°C, then 

15 min at 95°C and centrifuged for 15 min at 16,000 g. Supernatant containing DNA was 

then removed and stored at -20°C. 
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3.4.4 T7 endonuclease I (T7E1) assay  

Analysis primers were designed to amplify an approximately 490 bp part of the MITF gene 

that contains the nine bp deletion to be generated, which makes it possible to detect and 

validate the genome edit. Isolated gDNA was amplified in a PCR reaction using primers 

flanking the targeted deletion site in the cells’ genomes. The reaction mixture was prepared 

in a 200 µl PCR tube with a total volume of 25 µl using sterile H2O, 5X Q5 Reaction Buffer 

from NEB, 5X Q5 High GC Enhancer from NEB, 10 mM dNTP, 10 µM reverse primer (5’-

TTTTCATCGCAGAGACATGC-3’), 10 µM forward primer  

(5’-GTGCTCCTTTCGTGGTCTGT-3’) and Q5 Hot Start DNA polymerase (final 

concentration 0.02 U/µl). The PCR mixture was gently mixed by pipetting, centrifuged 

briefly to collect all liquid at the bottom of the tube and transferred to a PCR machine for 

thermocycling. The PCR reaction was performed as follows: 98°C for 30 sec, 35 cycles of 

[98°C for 7 sec, 64°C for 20 sec, 72°C at 25 sec] and the final extension was performed at 

72°C for 2 min. The samples were stored at 4°C after the PCR reaction. A negative, no-

template control was used for the PCR reaction using the same protocol as for the sample 

but H2O was added instead of DNA template. The samples were run on a 2% agarose gel 

(0.5 g agarose in 50 ml TAE buffer and 2.5 µl ethidium bromide). Samples were dyed with 

6X MassRuler DNA loading dye and run at 70V for 45 min before being imaged under UV 

light.  

For the T7E1 assay, 12 µl of PCR product were mixed with 2.5 µl of NEBuffer 2 and 11 µl 

of H2O in a 200 µl PCR tube and placed in thermocycler for denaturation and reannealing. 

This was done by heating the samples at 95°C for 5 min and cooling gradually from 95°C to 

85°C with a decrease of 2°C per sec and from 85°C to 25°C with a decrease of 0.1°C per 

sec. After reannealing, 0.5 µl of T7 endonuclease from NEB was added to the sample and 

incubated in a thermocycler for 15 min. After nuclease treatment, samples were run on a 

2.5% agarose gel at 70 V for 45 min before being imaged under UV light. A positive control 

consisting of gDNA from a SKmel28 cell line with two of four MITF copies mutated was 

generated. This should produce a distinct band after endonuclease treatment. 
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4 Results  
4.1 Removal of the three amino acid insertion in 

the front part of the leucine zipper does not affect 

nuclear localization 

The nine basepair deletion (nucleotides 775-783), corresponding to the REQ amino acid 

deletion, was generated using Q5 site-directed mutagenesis; mutagenic primers flanking the 

region to be deleted were designed for this purpose. After PCR mutagenesis the Dam 

methylated template plasmids were degraded and the 5’ end of the open unmethylated 

plasmid was phosphorylated, ligated to the 3’ end and transformed into E. coli for cloning. 

After large-scale isolation of the plasmid, the concentration (560 ng/µl) and purity (260/280 

was 1.85) of the DNA was measured and the insert was then Sanger sequenced. The resulting 

mutant part of the Mitf gene is demonstrated and aligned to the mouse WT mRNA sequence 

of Mitf in Figure 4. The dREQ (residues 259-261) deletion is located in front part of the 

leucine zipper domain of the transcription factor.  
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Figure 4: Sequencing results confirming the generation of the dREQ MITF mutant 

construct. The bottom two lines show the sequencing results after large-scale plasmid 

preparation, using two sequencing primers both located upstream of the nucleotide 

sequence. The MITF_T7P primer is complementary to the T7 RNA polymerase promoter 

of the plasmid and the MITFE5_9F primer is complementary to exon 5 of the Mitf mRNA. 

The top line shows the nucleotide sequence for the WT mRNA of Mitf and below is the 

corresponding amino acid sequence (the number of residues shown above and the number 

of nucleotides shown below). The dREQ amino acid deletion is indicated by a red box. 

Before constructs were transfected into HEK293T cells, they were run on an agarose gel to 

ensure the purity and correct size of the constructs. All constructs showed a strong lower 

band as can be seen on Figure 5, corresponding to a supercoiled plasmid, which enhances 

the transfection efficiency. Importantly, the ratio of supercoiled to uncoiled DNA was 

similar between plasmids thus increasing the likelihood of getting equal transfection 

efficiency with the different constructs. The empty vector (pcDNA3.1) should give a band 

around ~5500 bp when linearized and the Mitf insert is around ~1300 bp.  
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Figure 5: Sizes of the uncut MITF mutant constructs before transfection and 

overexpression in HEK293T cells. 700 ng of each plasmid were loaded on the gel. The 

ladder is a High Range DNA ladder from Thermo Scientific. Two dREQ constructs from 

different E. coli transformation batches are included. The dREQ(2) was used for the 

subsequent overexpression in HEK293T cells. The empty construct (pcDNA3.1) is around 

5500 bp and the Mitf insert is around 1300 bp. The lower band for each constructs 

corresponds to the supercoiled plasmid.  

To determine if the three amino acid deletion in the N-terminus part of the leucine zipper 

affects the subcellular localization of the MITF protein, the mutant constructs were 

overexpressed in HEK293T cells by transient transfection. Experiments were conducted on 

four mutants (dEQQ, dRAK, dREQ and EQQ->AAA), three of which contain a deletion of 

three residues from the insertion in the zipper domain. The fourth mutant has three of the 

amino acids in the insertion site changed to alanine. By comparing the results of three 

mutants that have a deletion of different amino acids in the front part of the zipper to the 

EQQ->AAA mutant, possible effects on the function of the protein observed from the 

deletion mutants can be attributed to the shift in the zipper domain and not to the loss of any 

specific amino acids from this region.  

The subcellular localization of the four mutants was compared to the WT protein. An empty 

vector lacking the Mitf insert was used as a negative control. The overexpression was 

conducted in four biological replicates. HEK293T cells were transiently transfected with 

EV, WT and the mutant constructs. After transfection and fixation, immunostaining was 

performed where the cells were stained with an MITF antibody (C5) that recognizes the N-
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terminus of the MITF-M isoform and a DAPI nuclear stain. A fluorescent secondary 

antibody was then used to characterize the localization of the proteins under inverted 

confocal microscopy. Confocal analysis of these samples demonstrated that all four MITF 

mutants appear to be mainly located in the nucleus of cells with a minor presence in the 

cytoplasm. By comparison there does not seem to be a significant difference in the cytoplasm 

to nucleus ratio between mutants and the WT protein (Figure 6). The empty vector has no 

MITF signal which confirms that the endogenous levels of MITF protein are low in 

HEK293T cells, since an anti-MITF antibody was used for the staining.  

The results from the overexpression experiment demonstrate that deletion of any three amino 

acids in front of the leucine zipper does not affect the ability of the protein to translocate into 

the nucleus. Also, changing three amino acids of the same region in the zipper to alanine 

does not appear to change the subcellular localization of the protein.  
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Figure 6: Subcellular localization of the MITF mutants (dEQQ, dRAK, EQQ->AAA, dREQ) is similar to the WT transcription factor. The 

upper panels show MITF stainings and the lower panels show the MITF staining (red) merged with DAPI (blue). All mutant proteins are 

located mainly in the nucleus but seem to be able to stay in the cytoplasm to some extent. There is no apparent difference of the cytoplasm to 

nucleus ratio between mutants and the WT protein. Cells were stained with DAPI and a primary anti-MITF antibody (C5) that recognizes 

the N-terminus of the protein. Scale bar is denoted on the WT panel, represents 10 µm and applies to all panels 
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4.2 MITF mutants are able to activate expression  

The tyrosinase promoter, with either an E-box (5’-CACGTG-3’) or an M-box (5’-

TCATGTG-3’) response element, had prior to this study been cloned upstream of the 

luciferase gene in a mammalian expression vector. The WT MITF protein binds both 

sequences and to control for the possibility that any effects we might observe with the mutant 

constructs are sequence-specific, both promoter constructs were included for this 

transcription activation assay. The Dual Glo luciferase assay kit from Promega was used for 

the gene reporter experiments and the tyrosinase promoter vector, along with the MITF 

mutant constructs and the renilla internal control vector were transiently cotransfected into 

HEK293T cells. After cell lysis and bioluminescence measurements, the ratio of the 

luminescence of luciferase and renilla products was measured using a luminometer, and 

normalized to an empty vector.  

The results from the transcription activation assay showed that all the mutants had a good 

ability to activate expression from the tyrosinase promoter when compared to the WT protein 

(Figure 7). Surprisingly, the EQQ->AAA mutant seems to have a superior ability to activate 

gene expression relative to the other mutants and WT proteins. However, the differences 

observed are not significant according to an unpaired two-tailed t-test. The dREQ mutant 

appears to be able to bind both DNA motifs and activate expression from both the E-box and 

the M-box motifs to the same extent as the WT protein.  
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Figure 7: The final results from the transcription activation assay for the tyrosinase 

promoter with an M-box and an E-box DNA binding motif respectively, indicates that 

the three amino acid deletion in the zipper domain of the protein does not affect 

transcriptional activation. a), b) Relative ability of different MITF mutants to activate 

gene expression from the tyrosinase promoter containing an M-box (a) or an E-box (b) 

compared to the WT transcription factor. The results shown in a) are the mean ratio of 

four biological replicates and in b) the experiment was performed in three replicates. 

Error bars indicated standard error of the mean (SEM). An unpaired two-tailed Student’s 

t-test revealed no significant difference between each sample and the WT sample. 

To ensure that the differences observed for the luciferase reporter assay for the mutants are 

not simply due to uneven protein levels between samples, cells were treated in the same way 

as for the luciferase assay but instead of measuring bioluminescence, protein was extracted 

from cells 24h after transfection. The protein samples were run on a Western blot and protein 

levels quantified based on the fluoresence of the secondary antibody (Figure 8).   
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Figure 8: Western blot and relative quantification of proteins reveals equal expression 

levels in HEK293T cells. a) Western blot of samples transfected with different MITF 

construct after luciferase treatment of HEK293T cells. MITF shows two bands after 

electrophoresis since the anti-MITF antibody used recognizes specific serine 

phosphorylation of the protein (upper band) as well as the unphosphorylated site (lower 

band). Actin was used as a reference protein. b) Relative quantification of proteins based 

on the signal from the Western blot. Quantification of total protein levels was based on 

both of the MITF bands observed in a) for each sample. Primary antibody used for 

staining was a mouse monoclonal (C5) that specifically recognizes the N-terminus of 

MITF. Quantification was performed using the image processing software, ImageJ.  

The results from the luciferase assay demonstrate that the dREQ MITF mutant is likely able 

to form homodimers and bind to DNA motifs to activate gene expression. Since activation 

depends on both DNA binding and dimerization, it can be assumed that the transcription 

activation is observed because of homodimerization and DNA binding. However, further 

experiments need to be conducted to confirm dimerization and/or DNA binding of the 

mutant proteins to these two DNA motifs before such statements can be made. 
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4.3 Generation of a CRISPR/Cas9 cell line  

The aim of this part of the study was to use the CRISPR/Cas9 technique to generate a human 

melanoma cell line that codes for the mutant dREQ MITF protein. The tetraploid SKmel28 

cell line was chosen for this purpose because the Steingrimsson laboratory has previously 

generated KO MITF SKmel28 cell lines, which offers the possibility of comparing the 

properties of the dREQ cell line with both KO cells and the WT. This involved designing 

expression vectors with a specific gRNA insert that targets the site to be edited in the 

genome. A total of four gRNA vectors were generated, and the efficiency of these to guide 

the editing was compared by using the T7 endonuclease I (T7E1) assay, where a nuclease 

specifically recognizes and cleaves mismatched DNA targets. First, gDNA from cells was 

isolated after transfection with both the gRNA vector and the Cas9 endonuclease plasmid 

containing a blasticidin selectable marker for selection of positively transfected cells. 

Subsequently, the genomic site to be edited was amplified in a PCR reaction. The PCR 

products were then denatured, reannealed and digested with T7 endonuclease I. The sizes of 

the fragments produced were analyzed on an agarose gel and the efficiency of gRNA 

targeting determined. gRNAs with the most efficiency direct the Cas9 to target sites and the 

endonuclease induces a double-stranded break in the DNA with a higher frequency than less 

efficient gRNAs. If the error-prone repair system mends this break, it can introduce point 

mutations or short indels. An SKmel28 cell line with two of four copies of the MITF gene 

mutated that had previously been generated in the Steingrimsson laboratory was used as a 

positive control for the T7E1 assay and should give a clear cut product after the reannealing 

and endonuclease reaction.  

Before starting the T7E1 assay, the gRNA constructs were Sanger sequenced to confirm that 

the insert was correct. Sequencing showed the expected sequences and no mutations were 

introduced. The PCR reaction to amplify the genomic region was optimized regarding 

annealing temperature and cycling profile. The T7E1 assay was performed for all gRNA 

constructs. Results from one replicate can be seen in Figure 9. These results show only one 

strong band around 500 bp which corresponds to the uncut PCR product after nuclease 

digestion. The positive control, an SKmel28 cell line with two mutated MITF alleles and 

two WT, shows two weak bands after digestion (Figure 9, wells 14 and 15). However, these 



 36 

should be stronger given that 50% of the upper 500 bp band should be digested after the 

nuclease treatment.   

 

Figure 9: Results from the T7 endonuclease I (T7E1) assay performed in SKmel28 cells 

indicate that the assay needs further optimization. The nuclease digestion gives only one 

~500 bp product after reannealing of PCR products that contain the region to be edited. 

This corresponds to an uncut product. Digestion should give two smaller products. Wells 

1-5 include PCR products for all gRNA constructs (1: cc2, 2: br1, 3: br2, 4: rg) and in 

wells 6 and 7 are two positive control samples, all of which were run before reannealing 

and nuclease digestion. Well 8 contains a no-template control for the PCR reaction. Wells 

9-15 contain the PCR products from lanes 1-7 in the same order after reannealing and 

nuclease digestion reaction. Mass Ruler Low Range DNA ladder was used for size 

comparison of bands.  

It was not possible to compare the target efficiency of different gRNAs since the T7E1 assay 

did not show strong bands for the cut product. There is a possibility that the transfection did 

not work properly, or that the endonuclease digestion was not working. However, since the 

positive control sample that contains gDNA that was not isolated after transfection of Cas9 

and gRNA did not show strong bands, it must indicate that the endonuclease cleavage itself 

was the problem. Both the transfection and blasticidin selection for positive Cas9 

transfection was repeated and the parameters for both the reannealing and nuclease digestion 

reactions were changed to try and optimize the assay. Also, a fresh batch of T7 endonuclease 

was used, which demonstrated the same results. These modifications of the assay did not 

show any improvements, so future work will have to involve optimizing the method further. 

Since the repair template is specific for the gRNA used to generate the genomic edit by 

homology directed repair, it should only be designed based on the results of the T7E1 assay, 

that is, the most efficient gRNA. 
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5 Discussion  
The results of this study demonstrate that a deletion of three amino acids in the front part of 

the zipper, which results in a shift of the zipper domain, does not affect the nuclear 

localization of the protein in HEK293T cells that express low levels of endogenous MITF. 

A total of three mutants with a deletion of three different amino acids in the N-terminus of 

the zipper were examined during this study and these were shown to exhibit a similar 

cytoplasm to nucleus ratio to that of the WT protein and the EQQ->AAA mutant which had 

three amino acids in the insertion region of the zipper all changed to alanines. The possible 

effects observed can therefore be attributed to the loss of the insertion in the front part of the 

zipper domain and not to specific effects caused by changing the amino acid sequence of 

this domain.  

The luciferase transcription activation assay demonstrated that all mutants mentioned above 

are able to activate transcription from the tyrosinase promoter in HEK293T cells. The 

strength of activation was inferred from the bioluminescence of the luciferase reaction which 

is assumed to be proportional to the expression levels of the luciferase gene. According to 

these results, the dREQ mutant seems to be able to bind both of the DNA motifs that were 

tested. Surprisingly, the EQQ->AAA appeared to have a superior ability to activate 

expression relative to the other mutants and WT protein. This difference observed might be 

due to some structural changes in the protein that enhance its DNA binding abilities or 

somehow increases its capacity to activate expression. However, statistical analysis showed 

that there was not a significant difference in activation potential between each mutant and 

the WT protein. 

As previously mentioned, the HEK293T cells express low levels of endogenous MITF. It is 

possible that the MITF proteins that were transfected in HEK293T cells were activating 

transcription by dimerizing with other factors present in the cell or by forming a homodimer. 

Since the dEQQ and dRAK mutants have previously been shown to be able to bind to MYC 

and other members of the bHLH-Zip with which neither the WT nor the EQQ->AAA mutant 

can heterodimerize in vitro, it would be interesting to conduct further experiments to 
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understand the role regarding heterodimerization and gene activation of these mutants 

containing a three amino acid deletion in the front part of the zipper in human cells. It would 

also be interesting to take a better look at the EQQ->AAA mutant in human cells and analyse 

if it shows increased dimerization abilities or a higher affinity for DNA binding. Taken 

together, further experiments in a close-to-in vivo context would be immensly interesting 

and a good place to start would be to perform co-immunoprecipitation of both the WT and 

the mutants to analyze possible binding partners and see if they differ between the three 

amino acid deletion mutants, the EQQ->AAA mutant and the WT.  

Another method of investigating the biological effects of the mutants and their altered 

dimerization abilities would be to examine human melanoma cells that have this mutation 

in their genome. For this reason, work on generating the SKmel28 with a genomic deletion 

that corresponds to the dREQ MITF amino acid mutation was started in the current project 

using the CRISPR/Cas9 technique. This cell line would be very useful to study the 

dimerization abilites of the mutant as an example. Further experiments are needed to finish 

preparing this cell line since the T7E1 assay did not show clear results. The next steps in 

such a study would be to optimize this assay to determine which of the gRNA has the most 

efficiency. It would be also be useful to add a negative control for comparison with the T7E1 

assay consisting of a WT gDNA from SKmel28 cells. The most efficient of these gRNA 

could subsequently be used for generating the actual genomic edit. Also, a repair template 

that includes the deletion flanked by homology arms for the targeted genomic site would 

need to be generated for the homology directed repair after cleavage by the Cas9 

endonuclease.  
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Appendix 
Composition of buffers and solutions prepared in 

the laboratory 

Western blot 

6X Laemmli Sample Buffer: 40% glycerol, 240 mM Tris pH 6.8, 8% SDS, 0,04% 

bromophenol blue and 5% β-mercaptoethanol 

10X Running buffer: 29 g Tris Base, 144 g Glycine, 10 g SDS mixed in 1 L 

H2O 

1X Transfer buffer: 100 ml 10X Transfer Buffer (30.3 g Tris Base, 144.1 

g Glycine, 1 g SDS mixed in 1 L H2O), 200 ml MeOH 

and 700 ml H2O 

TBS: 10 ml Tris-HCl (pH 7.4), 20 ml 5 M NaCl, filled to 1 

L with H2O 

TBS-T: 10 ml 1M Tris-HCl (pH 7.4), 30 ml 5M NaCl, 10 ml 

10% Tween-20 and filled to 1 L with H2O 

UTB:      1.5 M Tris-HCl (pH 8.8), 0.4% SDS in 1 L 

LTB:      0.5 M Tris-HCl (pH 6.8), 0.4% SDS in 1 L 

Resolving gel (8%):  2.0 ml 40% Acrylamide, 2.5 ml LTB, 5.4 ml H2O, 100 

µl 10% APS, 10 µl TEMED 

Stacking gel (5%):  630 µl 40% Acrylamide, 1.26 ml UTB, 3.05 ml H2O, 
50 µl 10% APS, 5 µl TEMED  
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Agarose gel electrophoresis 

50X TAE buffer: 242 g Tris Base, 57.1 ml Acetate, 100 ml 0.5M sodium 

EDTA and filled to 1 L with H2O 

Bacterial cultures 

LB medium: 5.0 g Tryptone, 2.5 g Yeast extract, 5.0 g NaCl and 

filled to 500 ml of H2O before autoclaving. For agar 

plates, 7.5 g of Agar was added before autoclaving. 

Isolation of genomic DNA (gDNA) 

IGEPAL cell lysis buffer:  50 mM Tris-HCL, 50 mM KCl, 3.15 mM MgCl2, 

0.25% (v/v) IGEPAL, 0.5% (v/v) Tween 20, pH 8.0 

 

 

 

 


