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Útdráttur 

Sortuæxli er hættulegasta gerð húðkrabbameins og uppruni þess er rakinn til litfruma. Um 60% 

allra sortuæxla hafa BRAFV600E stökkbreytingu með þeim afleiðingum að MAPK boðferilinn 

verður ofvirkur. Umritunarþátturinn MITF (microphthalmia associated transcription factor) er 

afar mikilvægt stjórnprótein í litfrumum og sortuæxlum þar sem það hefur verið nefnt frumulínu 

sértækt æxlisgen. MITF er fosfórýlerað á serín73 (S73) vegna fyrrnefnds MAPK boðferils. 

Þessi ákveðna fosfórun hefur verið tengd umritunarvirkjun, niðurbroti og flutningi MITF úr 

kjarna. Hér skoðum við áhrif þessarar fosfórunar á umritunarhæfni MITF, hraða 

frumuskiptingar og frumufar í sortuæxlisfrumum. Til þess að skoða þetta voru gerðar tvær 

stökkbreytingar í villigerðar MITF, annars vegar S73A sem getur ekki verið fosfórað og S73E 

sem líkir eftir fosfórun á S73. Í ljós kom að stökkbrigðin tvö skiptu sér um tvöfalt hraðar en 

villigerð. Þar að auki hafði meðferð með sértækum S73 forfórunar hindra, vemurafenib (PLX), 

ólík áhrif á frumulínunnar háð arfgerð þeirra. Frumufar villigerðar MITF frumulínunnar var 

einnig minnkað. Mikilvæg prótein í stjórn frumuhringsins voru misjafnlega tjáð milli frumulína. 

Frumuhrings tengdu genin p21, CDC25A og CDC16 voru auk þess mis mikið umrituð í 

stökkbrigðunum miðað við villigerð. Tekið saman gefur þetta til kynna áhrif S73 fosfórunar á 

breytta umritun MITF og áhrif á frumufar og hraða frumuskiptinga í sortuæxlisfrumum.   

Abstract 

Melanoma is the most dangerous form of skin cancer and originates from malignantly 

transformed melanocytes. Around 60% of melanomas harbour an activating BRAFV600E 

mutation resulting in a hyperactive MAPK pathway. MITF (microphthalmia associated 

transcription factor) is a transcription factor with a crucial role in melanocyte biology and has 

been termed a lineage survival oncogene in melanoma. Interestingly, MITF becomes 

phosphorylated on serine73 (S73) as a result of MAPK signalling. Phosphorylated S73 has been 

implicated in transcriptional activation, degradation and nuclear export of MITF. In this project 

we explored whether S73 phosphorylation affects MITF’s target gene repertoire and its impact 

on cell proliferation and migration in melanoma cells. We generated two MITF mutants to 

characterize the role of S73 phosphorylation, an S73A mutant which cannot be phosphorylated 

and an S73E mutant which mimics phosphorylation. We found that the mutants proliferated 

nearly twice as fast as the wild-type MITF cell line. Furthermore, their response to the 

BRAFV600E inhibitor vemurafenib (PLX) had divergent effects on proliferation depending on 

the genotype. Migration capabilities of melanoma cells were also affected by MITF where the 

WT MITF cells showed decreased migration compared to the other cell lines. At the protein 

level, the cell lines also tended to differentially express some key cell-cycle proteins. We also 

found that the cell cycle regulators p21, CDC25A and CDC16 were differentially expressed at 

the transcript level in the mutants compared to the WT expressing cell line. These results 

implicate phosphorylated S73 in altering MITF transcription and impacting melanoma 

proliferation and migration.  
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1 Introduction 

1.1 Melanoma 

Melanoma is a rare, but aggressive type of skin cancer with a five-year survival of ~20-25% for 

distantly metastasized melanoma (Siegel et al., 2019). Melanoma originates from malignantly 

transformed melanocytes, which are the pigment producing cells of the skin, supplying melanin 

to keratinocytes around them. Genetic variation impacting melanocytes biology are responsible 

for the diverse skin and hair coloration seen in humans and many animals. It is worth noting 

that melanoma is not only a cancer of the skin, with four major subtypes recognized i.e. 

cutaneous, uveal, mucosal and acral melanoma. Cutaneous melanoma (CM) is, however, by far 

the most common sub-type and will be referred to just as melanoma, unless otherwise stated. 

Localized malignant transformations can often be detected early due to the pigment producing 

nature of melanocytes and are then promptly excised, almost always preventing recurrence 

(Siegel et al., 2019). Distantly metastasized melanoma proves much harder to treat which is 

problematic for internally formed melanoma, hindering prevention by early detection, as well 

as the tendency of melanoma to metastasize early, sometimes recurring years after excision 

(Damsky et al., 2010).     

Melanoma is primarily of sporadic origin owing much to ultra-violet (UV) light exposure from 

sun-induced damage or tanning beds. Melanomas from sun-damaged skin have a high mutation 

burden with a strong signature of C>T transitions. It is interesting to note that uveal, mucosal 

and acral melanoma all have vastly different mutational landscapes as, for instance, uveal 

melanoma has one of the lowest mutational burdens known compared to cutaneous melanoma 

with the highest of all cancers (Cancer Genome Atlas, 2015; Rabbie et al., 2019). Familial 

melanoma contributes to around 5-10% of all melanomas (Ainger et al., 2017). Variants in 

CDKN2A conferring risk of melanoma were the first to be discovered (Cannon-Albright et al., 

1992) with more discoveries since then such as the protection of telomeres 1 gene, POT1, 

(Robles-Espinoza et al., 2014) and an interesting variation in MITF, microphthalmia associated 

transcription factor, resulting in a SUMOylation deficient transcription factor (Bertolotto et al., 

2011). MITF is a lineage-specific transcription factor with a crucial role in melanocyte biology 

and oncogenesis (Garraway et al., 2005) and is the primary focus of this project. 

A common feature of melanoma is a somatic, gain of function mutation in BRAF, found in 

approximately 60% of melanomas. Although mutations in BRAF are often found in cancers of 

different origins, in no other cancer is it as pervasive as in melanoma, pointing to its 

significance. The most common mutation is the BRAFV600E mutation which results in a 

constitutively active BRAF/MAPK pathway (Davies et al., 2002) and subsequently led to the 

development of a BRAF inhibitor called Vemurafenib (PLX4032, PLX) which is now 

commonly used in melanoma therapy (Bollag et al., 2010; Kim and Cohen, 2016). However, 

Vemurafenib monotherapy commonly leads to drug resistance as either NRAS or downstream 

kinases acquire mutations and become active (Lidsky et al., 2014).
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1.2 MITF, melanocytes and melanoma 

MITF is a basic helix-loop-helix leucine zipper (bHLHZip) transcription factor and belongs to 

the MiT family of proteins. The basic region makes contact with and recognizes certain DNA 

base sequences, while the HLH region mediates dimerization. It is known that MITF forms both 

homodimers as well as heterodimers with a restricted set of other MiT proteins, namely TFEB, 

TFEC and TFE3. This restricted dimerization is a result of the unique structural kink in the 

leucine zipper region due to a three amino acid insertion, disrupting a repeated interaction 

between two leucine amino acids unless the interacting protein also has this insertion 

(Pogenberg et al., 2012). MITF is able to bind E-box [CACGTG] and the M-box [TCATGTG] 

elements. The M-box element has been found in melanocyte differentiation and pigmentation 

related genes. Another feature of MITF is its many isoforms which are differentially expressed 

between tissues. The isoforms mainly differ in their first one or two N-terminal exons whilst 

most isoforms share the remaining nine exons with some known alternative splicing patterns 

(Kawakami and Fisher, 2017). However, for the purposes of this project and all subsequent text, 

we will be referring to the M isoform of MITF, unless otherwise stated. The M isoform is the 

shortest isoform and is prominently expressed in melanocytes and melanoma (Hodgkinson et 

al., 1993). 

As a transcription factor, MITF needs to be nuclear to exert its transcriptional effects. Nuclear 

import and export of molecules larger than 40 kDa is regulated by karyopherin proteins which 

recognize amino acids sequences on the cargo protein and guide them through the nuclear pore 

complex. The sub-cellular localization of MITF-M is mainly nuclear due to three patches of 

arginine and lysine rich residues at positions 197-206, 214-217 and 255-265 (Fock et al., 2019). 

Nuclear export, in turn, has been shown to be regulated by phosphorylation of S73 which likely 

exposes hydrophobic residues at M75, L78 and L80 for CRM1 mediated export. Mutation of 

any one of these residues to alanine prevented cytoplasmic localization after stimulus (Ngeow 

et al., 2018). 

MITF has been dubbed a master transcription factor in melanocytes biology (Kawakami and 

Fisher, 2017; Levy et al., 2006). It plays a role in survival, differentiation, proliferation and 

metabolism among other functions while it represses senescence (Kawakami and Fisher, 2017). 

In melanoma, MITF was quickly identified as a gene of importance and has been called a 

“lineage survival” or “lineage addiction” oncogene, referencing how it is necessary for 

melanocyte and melanoma survival and, within a cancerous context, promotes cancer 

phenotypes through its dysregulation. A study from 2005 found MITF gene amplification in 

20% of metastatic melanomas and by inhibiting MITF with either a dominant negative MITF 

or shRNA resulted in growth arrest or apoptosis (Garraway et al., 2005). A direct link between 

MITF and melanoma was formed when an MITFE318K germline mutation was found to 

predispose to melanoma (Bertolotto et al., 2011; Yokoyama et al., 2011). 

MITF’s role in melanoma is complex and mechanistically, MITF dysregulation and the road to 

melanoma is still unclear. One of the ways in which MITF can promote survival is through 

transcription of the gene BCL2 (McGill et al., 2002). In both melanocyte development and 

melanoma, the transcription of this anti-apoptotic factor is required as its depletion rendered 

cells very vulnerable to death by apoptosis. Additionally, MITF and BCL2 expression were 

strongly correlated in melanoma biopsies (McGill et al., 2002). On the cell cycle side, MITF 

binds and promotes transcription of CDK2, a cell cycle regulator. This promotes growth in 



3 

melanoma where this protein has a more crucial role in promoting cell cycle progression than 

most other cancers (Du et al., 2004). Expression of MITF in melanoma is highly heterogenous 

(Ennen et al., 2017) and one current view holds that high MITF levels promote a proliferative 

and differentiated phenotype whereas low MITF levels promote de-differentiation and invasion. 

This model is called the rheostat model of MITF activity (Carreira et al., 2006). 

1.3 MITF phosphorylation 

MITF undergoes many post-translational modifications such as SUMOylation, acetylation and 

phosphorylation. Analysis of MITF amino acid sequence predicts many sites of 

phosphorylation, few of which have been well characterized. Hemesath et al. (1998) were first 

to show how S73 in MITF becomes phosphorylated after activation of the MAPK pathway. The 

phosphorylated S73 (pS73) was shown to selectively associate with the co-activator p300/CBP 

even in the presence of primarily unphosphorylated MITF (Price et al., 1998). The plot 

thickened when Wu et al. (2000) reported on MITF protein stability as being dependent on two 

phosphorylation events, pS73 and pS409. They showed that S409 is also phosphorylated 

through MAPK signalling but by another kinase, the RSK1 kinase. The S73 phosphorylation 

increased transcriptional potential but, together with pS409, also targeted the protein for 

ubiquitination and proteasome mediated degradation. This posits that MAPK signalling 

activates MITF transcriptional potential, but only in short burst as the protein is actively 

degraded as a result of these same activating phosphorylation. The double S73A and S409A 

mutant was reported as being profoundly stable and transcriptionally inert. 

As briefly mentioned earlier, phosphorylated S73 and S69 have recently been described as 

signals for nuclear export. In a screen for kinase inhibitors affecting the subcellular localization 

of MITF, Ngeow et al. (2018) found that inhibiting the GSK3 kinase resulted in greater nuclear 

localization. They found that pS73 primes S69 for phosphorylation by GSK3 which then likely 

exposes a nuclear export signal and through Chromosome Maintenance 1 (CRM1) is exported 

out of the nucleus. The single S73 phosphorylation was also able to promote a greater 

cytoplasmic localization but not as efficiently as pS69 and pS73 together. Of interest to 

melanoma, GSK3 activity is regulated by both the Wnt and PI3K pathways whereas ERK, as 

mentioned, is controlled by the MAPK/BRAF pathway. This puts the nuclear export of MITF 

due to two phosphorylation events at the intersection of three prominent signalling pathways 

with roles in melanoma (Ngeow et al., 2018). 

Ngeow et al. (2018) also showed in a luciferase assay that the S73A mutant had increased 

transcription activation ability as determined using a reporter containing the tyrosinase 

promoter. These results stand in contrast to the results of Hemesath et al. (1998) and Wu et al. 

(2000) who showed abrogated transcriptional potential, especially for the S73/409A double 

mutant. The in vivo significance of these sites also points towards a more complex view of these 

sites. A bacterial artificial chromosome (BAC) rescue of MITF loss of function mutations in 

mice was used to study these sites in vivo (Bauer et al., 2009). MITF loss of function mice are 

completely white and have abnormally small and underdeveloped eyes. A BAC containing an 

MITF gene carrying the S73A mutation was able to fully rescue eye development and almost 

fully rescue coat colour, except for a small white belly spot. This was also the case for S409A 

and for a double mutant carrying both mutations which rescued the coat colour in an even more 

complete manner than the individual serine to alanine mutations. In fact, both exon 2A and 2B 

were found to be dispensable for the phenotypic rescue (Bauer et al., 2009). Additionally, it has 
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been shown that N-terminal truncated MITF was transcriptionally active in a luciferase assay 

(Vachtenheim et al., 2007). A more stable, although less transcriptionally active version of 

MITF could help to explain these results, but the recently discovered role of S73 in nuclear 

export could also provide a part of the answer as a larger portion of the mutant protein is located 

in the nucleus (Ngeow et al., 2018). 

In order to study the effect of phosphorylation, phosphorylatable amino acids are commonly 

mutated to either alanine, which cannot be phosphorylated, or glutamic/aspartic acid. Glutamic 

and aspartic acid are commonly used to mimic phosphorylation given their size and charge 

similarities to phosphorylated serine or threonine. These two amino acids are said to be 

phosphomimetic. The use of unphosphorylatable and phosphomimetic amino acids is a 

common trick and often successful for the study of phosphorylation. However, this is not always 

the case and their efficacy and ability to fully reconstitute the desired effect should be evaluated 

on a case-by-case basis (Chen and Cole, 2015). 

1.4 Aims of the project 

MITF’s importance in melanoma and the prevalence of a constitutive BRAF/MAPK pathway 

due to a BRAFV600E mutation points to an important role for pS73 in MITF regulation and 

melanoma. Strikingly, its significance for cancer phenotypes such as proliferation and 

migration as well as its possible transcriptional consequences remain largely unexplored. In this 

project we aimed to further characterize the effects of S73 phosphorylation on proliferation and 

migration in a melanoma cell line. Furthermore, we aimed to address whether S73 

phosphorylation controls target gene specificity of MITF and as such is involved in directing 

the transcription factor´s target gene repertoire. 
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2 Materials and methods 

2.1 Cell culture 

2.1.1 General maintenance 

Cells were incubated at 37.0 °C and 5% CO2 and maintained in cell culture flasks, either 25 

cm2 or 75 cm2, for up to 8 weeks. Cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% (v/v) fetal calf serum (both from Gibco). Cells were routinely 

grown to 80-95% confluency and then split, usually 1:5 for a nearly confluent flask three days 

later. Cells were not kept in the same medium for longer than three days at a time. 

2.1.2 Splitting, cell counting and seeding 

Depending on the task at hand, cells would need to reach a certain confluency to ensure an 

adequate number of cells for seeding before they would be split and seeded. When splitting, old 

medium was aspirated, the cells washed with PBS and trypsinized in a 1x trypsin/EDTA 

solution (Gibco). When a single cell suspension was obtained, a portion was moved to a new 

flask whereas the rest was transferred to a Falcon tube. To assess the cell number of the 

suspension, 10 μL were pipetted under a cover slip on a Neubauer improved haemocytometer 

and manually counted under a microscope. If the numbers of cells in each quadrant were not 

adequately similar, the counting would be repeated. Cell density was then calculated by taking 

the average of the counted quadrants and multiplying by 10.000 to get cells/mL.   

2.2 Generation of a stable cell line 

2.2.1 Site-directed mutagenesis PCR 

In order to introduce an S73E mutation into WT MITF-M within a Piggybac vector, Q5 PCR 

mutagenesis was performed with the following two primers: 

 F: 5´-CGCACCCAACgaaCCTATGGCTATGCTCACTC-3´ 

 R: 5´-CTGCTCCCCGGCACTGGT-3´ 

The Q5 PCR reaction mix was as described in Table 1 and the program used for PCR as listed 

in Table 2 
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Table 1: Q5 mutagenesis PCR reagents and volumes for a 1x 

 reaction 

Reagents Volume (μL) 

Q5 Polymerase 0.25 

dNTPs 0.5 

5x Buffer 5 

Forward primer 1.25 

Reverse primer 1.25 

WT MITF plasmid (25 ng/μL)  0.5 

MilliQ water 16.25 

Total volume 25 

 

Table 2: PCR program for the Q5 mutagenesis 

Step Temperature (°C) Time (s)  

1 98 30  

2 98 10 

27x 3 70 20 

4 72 150 

5 72 120  

6 4 ∞  

 

Verification of the PCR product was done by running 5 μL of the PCR product on a 2% agarose 

gel and staining with ethidium bromide. The remaining PCR product was then treated with 1 

μL DpnI, digesting only the original template due to methylated adenine in GATC sequences, 

and incubated at 37°C for 1 hour. The product was PNK treated to introduce a 5′ phosphate 

group as described (Table 3) and incubated at 37°C for 30 minutes. 

Table 3: PNK treatment of linearized plasmid  

Reagents Volume (μL) 

Linearized plasmid 1.0 

10x T4 ligase buffer 0.5 

PNK mix 0.5 

MilliQ water 3.0 

Total volume 5.0 

 

The PNK treated samples were ligated by adding 0.5 μL of 10x T4 DNA ligase buffer, T4 DNA 

ligase and 4 μL of MilliQ water to the samples and the mixture was incubated overnight at 

16°C. 
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2.2.2 Transformation of E. coli 

NEB 5α E. coli at subcloning efficiency were transformed with the circularized ligation product 

using the following heat shock procedure: 20 uL of thawed sub-competent E. coli were 

combined with 2 uL of the ligation product in an eppendorf tube, gently mixed and incubated 

on ice for 30 minutes. Following a heat shock treatment in a heat block at 42°C for 45 seconds, 

the tube was immediately put back on ice for approximately 5 minutes. 500 uL of SOC medium 

were then added to the mix and incubated at 37°C for 60 minutes with shaking at 300 rpm. 100 

uL were then plated on a selection agar plate (100ug/mL ampicillin) and incubated at 37°C 

over-night. At random, five colonies were then picked off the selection plate with a pipette tip 

and the tip placed in 2mL LB medium containing 100ug/mL ampicillin and incubated over-

night at 37°C. 

The GeneJET Plasmid miniprep kit was used to isolate DNA from the five colonies according 

to the protocol from Thermo Scientific. DNA concentrations were measured with the Thermo 

Scientific NanoDrop One spectrometer and the results are shown in (Table 4). 

Table 4: Miniprep plasmid concentrations from  

transformed E. coli 

#Colony Plasmid concentration (ng/uL) 

1 484 

2 462 

3 452 

4 427 

5 440 

 

The plasmids were sent to Genewiz for sequencing and prepared so that the final plasmid 

concentrations were 100 ng/μL and final primer concentrations were 5 μM in a total volume of 

10 μL, topping off with MilliQ water. The primers used are given below: 

 F: 5´- CTGGTCATCATCCTGCCTTT -3´ 

 R: 5´- TAGAAGGCACAGTCGAGG -3´ 

Aligning the sequencing results of the mutant clones to WT MITF confirmed the introduction 

of the S73E mutation in all of the constructs with colony #4 showing no additional mutations. 

For this reason, this plasmid was chosen for the subsequent generation of a stable S73E cell 

line. 

2.2.3 Transfection and selection 

Parental A375P cells were thawed and seeded at 350.000 cells/3 mL in two wells of a 6-well 

plate, a transfection well and a non-transfected control well, one day prior to the transfection. 

On the day of transfection, old medium was aspirated and 3 mL of fresh medium added in order 

to remove floating dead cells. 
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The transfection was carried out with three plasmids: S73E MITF-FLAG in pBHA vector, 

pBase carrying a transposase and the rtTA neo plasmid. Cells were transfected in a 750 ng: 750 

ng: 75 ng transfection ratio, respectively. All of the plasmids were added together, topped off 

with DMEM to 75 uL to which 5 uL of the Fugene reagent was then added. After gently mixing, 

the entire contents were then added to the transfection well only. Cells were split and transferred 

to 25 cm2 cell culture flasks. After two days of incubation, selection with 500 μg/mL geneticin 

was started. Cells were split and the medium changed as needed while continuing the geneticin 

treatment until the non-transfected cells were all dead. At that point the geneticin treatment was 

discontinued. 

At around 90-95% confluency the S73E cells were prepared to be frozen down for storage in a 

-150°C freezer. Medium was aspirated and the cells trypsinized with 1 mL of a 1x trypsin 

solution. After the cells had fully detached, 4 mL of 10% FCS in DMEM were added and the 

entire contents transferred to a 15 mL falcon tube. The cells were then centrifuged at 1200 rpm 

for 5 minutes. The supernatant was discarded and the pellet resuspended in 1 mL medium before 

adding 2 mL more of medium. 300 μL of sterile DMSO was added to the cell suspension which, 

after gentle mixing, was aliquoted into three cryogenic vials (Wheaton), 1 mL into each vial. 

The vials were then promptly taken to a -80 °C freezer and, one day later, transferred to a -150 

°C freezer for long term storage. 

2.3 Incucyte live cell imaging 

All four cell lines were seeded in a 96-well Eppendorf plate in triplicates for each treatment 

condition at a density of 1000 cells/ 100 μL i.e. 1000 cells per well. The treatments themselves 

were applied one day after seeding on the same day as the plates were brought to the Incucyte 

(Table 5). To apply the treatment, old medium was aspirated and 200 μL new medium with an 

appropriate concentration of treatment added instead, taking care not to dry the cells while 

changing the medium. The plate was then brought to the Incucyte and kept there and monitored 

for 144 hours. 

Table 5: Treatments and their respective concentrations 

Treatment/ inhibitor Concentration 

Doxycycline (DOX) 1 μg/mL 

PLX4032 (PLX) 1 μM 

TORIN 1 (TOR) 200 nM 

SB203580 5 μM 

CHIR99021 2 μM 

  

The Incucyte imaging system was set to take four pictures of each well at predetermined sites 

every two hours, assessing their confluency. At least three biological replicates were performed 

for each condition. Averaging within the triplicates gives a time-lapse of cell growth as 

determined by confluency and can be reported as cell confluency or as fold increase of 

confluency by dividing with the original confluency for every timepoint. To quantify the effects 

of various treatments on proliferation, relative viability was used. Relative viability takes the 

confluency values of a control treatment and the treated cells at the same time point and divides 

the treated with the control. This gives a relative read-out of inhibitor effects on proliferation. 



9 

2.4 Scratch assay 

Cells were seeded in a 24-well plate in duplicates or triplicates, with a seeding density between 

200.000-280.000 cells/mL per well, resulting in confluent or nearly confluent wells the day 

after. Doxycycline (DOX) treatment, 1 μg/mL, was added on the day of seeding. The scratches 

were made manually and horizontally across confluent wells with a P200 pipette tip with only 

one scratch per well. Prior to the scratches, if noticeably many cells were floating in the medium 

then the medium would be changed first. After making the scratch, each well was washed two 

times with PBS before adding 1 mL medium with DOX. We found that washing either more or 

less could sometimes result in too many floating cells on the newly made scratch, possibly 

complicating and skewing analysis of migration. The cells were then placed in a heated and 

CO2 supplied protective casing and imaged under a Leica DMI6000B inverted microscope. 

Each scratch was imaged at three non-overlapping positions set by the researcher and imaged 

every two hours for 96 hours (4 days). 

The images were analysed in ImageJ where the initial scratch area was normalized to 100. 

Scratch area closure was then plotted against time elapsed (in hours) using Excel. The slope of 

the linear portion of the graph was calculated and used as the measure of migration rates. The 

three positions were averaged for one well and then averaged over all replicate wells. The data 

presented is from two biological replicates normalized to the EV. 

2.5 Western blots 

2.5.1 Sample lysis and PAGE  

Cells were usually seeded at a density of 45.000-50.000 cells/well in a 24-well plate and treated 

72 hours before lysis with DOX in combination with DMSO, PLX or Torin 1 (TOR). The 

concentrations of the treatments were the same as for the Incucyte (see 2.3 Incucyte live cell 

imaging). Before lysis, the medium was aspirated, and the cells were washed with PBS. They 

were then lysed in 100 μL 1x Laemmli buffer (see below). The lysates were then transferred to 

Eppendorf tubes and boiled at 95 °C for 10 minutes. Samples could then be stored at -20 °C. 

Along with a pre-stained protein ladder (PageRuler Plus 10-250kDa, ThermoScientific), 12 μL 

of sample were run on an 8% polyacrylamide gel (Table 6) at 90 V in 1x running buffer (see 

below) until the bromophenol blue started to run off the gel.  

Proteins were transferred to a methanol-activated PVDF membrane by over-night transfer with 

pre-frozen cooling packs at 20 V and 4°C in 1x transfer buffer (see below). Membranes were 

blocked in 5% BSA in 1x TBS-T (see below) for 1 hour on a shaker after which primary 

antibodies (Table 7) were added into the BSA solution incubating over night at 4°C on a shaker. 

The membranes were then washed three times with TBS-T for 5 minutes before incubating with 

anti-mouse and/or anti-rabbit secondary antibodies (Table 7) for 1 hour and 30 minutes at room 

temperature. Membranes were again washed three times with TBS-T for 5 minutes before 

imaging in the Odyssey® CLx Imaging System (LI-COR). 
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Table 6: The composition of stacking gel and an 8% resolving gel (1 gel). 

Reagents  8% resolving gel   Stacking gel  

Water 5.2 mL 3.6 mL 

LBT 2.6 mL - 

UTB - 0.680 mL 

40% acrylamide 2.1 mL 0.625 mL 

10% APS 100 μL 50 μL 

TEMED 10 μL 5 μL 

 

Table 7: List of antibodies used for Western blotting. 

 

 

 

 

 

 

Antibody Cat. no Producer Type Host Dilution 

FLAG 14793S 

Cell 

Signaling 

Technologies 

Primary Rabbit 1:1000 

pS73 MITF SAB4503940 
Sigma 

Aldrich 
Primary Rabbit 1:1000 

AIF 5318S 

Cell 

Signaling 

Technologies 

Primary Rabbit 1:1000 

p53 48818S 

Cell 

Signaling 

Technologies 

Primary Mouse 1:1000 

Cyclin B 12231S 

Cell 

Signaling 

Technologies 

Primary Rabbit 1:1000 

Actin 3018859 
EMD 

Millipore 
Primary Mouse 1:5000 

Actin 13E5S 

Cell 

Signaling 

Technologies 

Primary Rabbit 1:4000 

Anti-Mouse 5257S 

Cell 

Signaling 

Technologies 

Secondary Goat 1:15,000 

Anti-Rabbit 5366S 

Cell 

Signaling 

Technologies 

Secondary Goat 1:15,000 
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The composition and preparation of buffers used for Western blots are given below: 

UTB: 

60.5 g Tris Base (0.5 M) 

Set pH at 6.8 

16 mL 25% SDS solution 

Fill up to 1L with water 

LBT: 

181.5 g Tris Base (1.5 M) 

Set pH at 8.8 

16 mL 25% SDS solution 

Fill up to 1L with water 

10x Running buffer: 

29 g Tris Base 

144 g Glycine 

10 g SDS 

Fill up to 1L with water 

10x Transfer buffer: 

30.3 Tris base 

144.1 g Glycine 

5 g SDS 

 

1x Transfer buffer: 

200 mL methanol 

700 mL water 

100 mL 10x transfer buffer 

 

10x TBS: 

24 g Tris base 

88 g NaCl 

Fill up to 1L with water 

 

Set pH at 7.6 

 

1x TBS-T: 

100 mL 10x TBS 

10 mL Tween (10%) 

890 mL water 

 

4x Sample (Laemmli) buffer: 

10 mL β-mercaptoethanol 

8 mL Glycerol (50%) 

1.5 g Tris base 

 

Set pH at 6.8 and add 16 mL 25% SDS 

Fill up to 50 mL water 

Add 0.02 g bromophenol blue 

 

 

2.6 RNA isolation 

For the isolation of RNA, cells were seeded in 6-well plates with a seeding density of 300.000-

400.000 cells per well. The cells were then either mock treated with DMSO+DOX or received 

PLX+DOX treatment. The same concentrations of PLX and DOX were used as for the Incucyte 

imaging described above (see 2.3 Incucyte live cell imaging). The cells were then incubated for 

72 hours before starting the TRIzol RNA isolation procedure. 

When ready to lyse, the medium was aspirated and 1 mL of TRIzol added to the wells and 

allowed to incubate at room temperature for 5 minutes before pipetting to an RNA free 2 mL 

tube. At this point, the RNA isolation can proceed further or the 2 mL tubes can be stored at -

80°C for RNA isolation later. To the 1 mL TRIzol lysate, 0.3 mL of chloroform was added, the 

tubes closed securely and shaken vigorously by hand for 15 seconds and then allowed to 
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incubate at room temperature for 2-3 minutes. The tubes were then centrifuged at 12.000 rcf 

for 15 minutes in a 4 °C pre-cooled centrifuge after which three phases can be seen. The clear 

supernatant was collected in an Eppendorf tube, making sure not to collect any of the interphase 

or lowest red phase. In order to precipitate the RNa, 0.5 mL of 100% isopropanol were added 

to the aqueous phase and samples were incubated for 10 minutes at room temperature before 

centrifuging at 12.000 rcf for 10 minutes in a 4 °C pre-cooled centrifuge. The supernatant was 

then removed, and the pellet washed with 1 mL 75% ethanol, per 1 mL of TRIzol reagent used 

in the initial homogenization. The samples were briefly vortexed before centrifuging at 7500 

rcf for 5 minutes at 4 °C. The ethanol was removed without disturbing the pellet, which was 

then air-dried taking care not to over dry them as that reduces solubility. The pellets were 

resuspended in 25 μL RNase free water, pipetting up and down to fully suspend the RNA. The 

samples were then promptly placed on ice and the concentration of ssRNA measured in a 

NanoDrop One spectrophotometer. 

2.7 RT-PCR and qPCR 

2.7.1 RT-PCR 

For cDNA synthesis of isolated RNA, 1 μg RNA in a 10 μL total reaction volume was 

transcribed in a reaction containing High Capacity cDNA Reverse Transcription Kit reagents 

from Thermo Fisher Scientific, as described in Table 8: 

Table 8: Reagents and volume for a 1x RT-PCR. 

Reagent Volume (μL) 

10x reaction buffer 1.0 

25x (100 μM) dNTP mix 0.4 

10x RT random primers 1.0 

MultiScribe reverse transcriptase 0.5 

RNase inhibitor 0.5 

RNase free water 1.6 

200 ng/μL RNA 5.0 

 

The RNA was diluted to the appropriate 200 ng/μL concentration in RNase free water, total 

volume of 5 μL. In cases where RNA concentration was less than 200 ng/μL, the RNase free 

H2O used in the RT-PCR reaction was substituted for RNA. If that did not suffice to reach the 

desired concentration, then the cDNA had to be diluted accordingly in a later step for the qPCR. 

The RT-PCR program is shown in Table 9. 
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Table 9: The program used for RT-PCR. 

Step Temperature (°C) Time (min) 

1 25 10 

2 37 120 

3 85 5 

4 4 ∞ 

 

The cDNA was stored at -20 °C. 

2.7.2 qPCR 

cDNA was diluted to 2 ng/μL which usually meant diluting 10 μL of the cDNA in 490 μL 

RNase free water, a 1:50 dilution. For a 1x reaction, 2 μL of 2 ng/μL cDNA was used. A 1x 

SYBR Green and primer mix was prepared in the manner described in (Table 10). 

Table 10: A 1x SYBR Green reaction mix. 

Reagent Volume (μL) 

2x SYBR Green 2.5 

RNase free H2O 0.4 

F+R primers (5 μM) 0.1 

 

A master mix was made containing SYBR Green and primers and 3 μL pipetted for each well 

for a total volume of 5 μL in each well. Each cell line and treatment combination were done in 

triplicate for all the primers presented and replicated in three independent experiments. The 

qPCR was run on a C1000 Touch Thermal Cycler (Bio-Rad) on the following program (Table 

11): 

Table 11: The program used for qPCR.   

Step 
Temperature (°C) 

/action 

Time (s)  

1 95°C 120  

2 95°C 5  

39x 
3 60°C 10 

4 Plate-Read --- 

5 72°C 10 

6 65°C 31  

7 
65°C 5 sec 5, but I#,0.5°C/cycle, Ramp 0.5 

°C/sec 60x 

8 Plate Read --- 

 

All the primers used are listed in the table below (Table 12): 
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Table 12: List of all genes and primer sequences used for qPCR. 

Gene F-Primer R-Primer Manufacturer 

Actin 

(housekeeping) 

5´- AGG CAC CAG GGC 

GTG AT-3´ 

5´- GCC CAC ATA GGA ATC 

CTT CTG AC -3´ Eurofins Genomics 

CABLES1 
5’- ATG CGG CAA CAC 

GAT AC AG -3’ 

5’- AGT CCC CGA CTT GGG 

TAC TG -3’ 
Eurofins Genomics 

CDC16 
5’- TCA AAG TGC TCT 

ATT TTG GGC A -3’ 

5’- TTG TCC AGT TTT CGT 

GAC CGA -3’ Eurofins Genomics 

CDC25A 
5’- TAG ATT CTC CTG 

GGC CAT TG -3‘ 

5‘- ATC CCA ACA GCT TCT 

GAG GTA G -3’ Sigma-Aldrich 

CDK2 
5’- CCA GGA GTT ACT 

TCT ATG CCT GA -3’ 

5’- TTC ATC CAG GGG AGG 

TAC AAC -3’ 
Eurofins Genomics 

CDK5R1 
5´- CAG ATC CAA GGG 

GGC AGC -3´ 

5´- AGG GAT AAA ACC GCT 

CAC CG -3´ Eurofins Genomics 

HARP 

(housekeeping) 

5´- CAC CAT TGA AAT 

CCT GAG TGA TGT -3´ 

5´- TGA CCA GCC CAA AGG 

AGA AG -3´ 
Eurofins Genomics 

LZTS1 
5’- AGC GTC AGT AGC 

CTC ATC TC -3’ 

5’- AGT CTT CGC TCT TGC 

CCA TTT -3’ 
Eurofins Genomics 

NGFR 
5´- TGT CTA TTG CTC 

CAT CCT GGC -3´ 

5´- CTG TTC CAC CTC TTG 

AAG GC -3´ Eurofins Genomics 

p18 
5´- GAG ACG GAT GGA 

AAC CGA GC -3´ 

5´- TAG GGT CCC TTG TTC 

ACG GT -3´ 
Eurofins Genomics 

p21 
5’- CAT GTG GAC CTG 

TCA CTG TCT TGT A -3’ 

5´- GAA GAT CAG CCG GCG 

TTT G -3’ 
Sigma-Aldrich 

 

2.8 Flow cytometry 

Cells were seeded in 12-well plates for either a 72- or 120-hour treatment with DOX by seeding 

40.000 cells/well and 25.000/well respectively. Cells were then either given a 24-hour treatment 

of PLX or DMSO mock treatment before preparation for FACS. Medium was aspirated and 

collected in Eppendorf tubes for the respective well. Cells were then washed with PBS and 

trypsinized before transferring to the corresponding Eppendorf tube containing the supernatant. 

Samples were centrifuged for 3 minutes at 350 rcf. Supernatant was removed, being careful to 

not disturb the pellet. The pellet was then resuspended in 1 mL PBS and the samples centrifuged 

again for 3 minutes at 350 rcf. PBS was then removed and 1 mL of Vindelöv’s reagent added, 

resuspending and then placing the samples into a heat block at 37 °C for 30 minutes. While 

incubating in the heat block, the samples were shielded from light as much as possible. After 

incubation, the samples were filtered through cap-strainer into 5 mL polystyrene round-bottom 

tubes (Falcon). 

The samples were run on an Attune NxT Flow Cytometer, taking in 25.000 events. Data was 

analysed in FlowJo where cell debris and doublets were manually gated out from the 

histograms.  
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3 Results 

3.1 Cell proliferation in response to kinase 

inhibition 

We aimed to study the effects of S73 phosphorylation on cell proliferation and for this reason 

we used A375P cells for the generation of mutant forms of MITF. A375P cells derive from 

amelanotic melanoma cells and have very low to no endogenous MITF themselves. To these 

cells we stably introduced a construct allowing the expression of a DOX inducible FLAG 

tagged MITF protein in WT or mutated form. Prior to the start of this project, a cell line 

expressing WT MITF (hereafter called WT expressing or WT) and S73A mutant had already 

been made and verified for transfection efficiency and MITF protein expression after DOX 

induction. During this project, an S73E mutant was added in order to allow the study of a mimic 

of constitutive phosphorylation. Construct expression was confirmed by Western blot and the 

transfection efficiency checked by fluorescence microscope after staining with a FLAG 

antibody (data not shown).  

After making and verifying the S73E MITF cell line, we performed live-cell imaging on cell 

lines carrying the three constructs in order to observe effects on proliferation. Under DMSO 

treated control conditions the cell lines differed markedly in their rates of proliferation, 

measured as their fold increase during confluency (Figure 1A). The empty vector (EV) cell line 

grew the fastest with both of S73A and S73E mutants growing at roughly equal rates. The cell 

line expressing WT MITF, however, grew notably slower than the mutants being around half 

as confluent after 144 hours. When treated with the BRAFV600E inhibitor PLX, all of the cell 

lines continued to grow but at a much slower rate. To fairly assess PLX effects on proliferation, 

their growth was normalized to control treated conditions (Figure 1B). WT and S73A cell lines 

were least affected under these conditions whereas the EV had its proliferation reduced the most 

in response to the treatment. S73E grew much slower than the WT and S73A expressing cell 

lines, but better than the EV. These results were consistent enough to merit the continued use 

of PLX treatments in subsequent assays. A panel of different inhibitors targeting other kinases 

was also tested. However, in contrast to our results with PLX, these treatments either resulted 

in cell death as for Torin 1 or showed no distinct effect on any cell line, at least not in a 

consistent and reproducible manner (Figure 1C - F).    
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Figure 1: Cell line growth curves and relative viability in response to kinase inhibitor treatments. 

The fold increase in cell confluency under DMSO-treated control (CTRL) conditions and the relative 

viability after treatment with various kinase inhibitors for four cell lines. This data was obtained by 

live-cell imaging in the Incucyte system. The treatment concentration is indicated. PLX 

(Vemurafenib) inhibits BRAFV600E, SB inhibits p38, TOR (Torin 1) inhibits mTOR and CHIR inhibits 

GSK3. All graphs represent a minimum of three biological replicates. A and B: EV, S73A and S73E 

significant compared to WT after 96 hours, p < 0.05. Two-way Anova.  

 

Changes in cell morphology were also observed in response to PLX treatment (Figure 2). All 

the cell lines exhibit cobblestone shaped morphologies in the absence of treatments. Over-

expression of MITF seemed to increase the prevalence of star-shaped, highly branched and 

more transparent cell morphologies in PLX treated cells in the WT, S73A and S73E MITF 

expressing cell lines. Conversely, these morphologies were not seen among the cobblestone 

shaped cells of the EV cell line. In response to PLX treatment, cells of the EV cell line turned 

more transparent and spread out whereas the other cell lines remained opaque in comparison. 

Finally, we noticed that after DOX induction of WT MITF, more cells were rounded and 

detached.  
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Figure 2: Changes in cell morphology in response to DOX induced MITF overexpression and PLX 

treatment. Representative images are shown for each cell line, all from the same timepoint. Upper 

row shows control (DMSO) treated and lower row PLX treated cells with identical treatment 

concentrations as for the live-cell imaging (see methods). The blue scale bar (= 300 μm) applies for 

all figures. 

 

3.2 Cell cycle analysis 

From the proliferation data we assumed that the cell cycle profiles of the different cell lines 

might differ in respect to the number of cells in S and G2/M phase of the cell cycle. For this 

reason, flow cytometry was performed, staining the DNA with 7-aminoactinomycin D (7-

AAD). As can be seen from the proliferation data, the earliest time point at which the cell lines 

began showing significant differences in their confluency and response to treatment was around 

72 hours into the live-cell imaging. For this reason, this time point was chosen as well as 120 

hours. Under DMSO-treated conditions and 72 hours of growth, the EV and WT MITF cell 

lines showed comparable cell cycle profiles (Figure 3). For the S73A and S73E mutants 

however, an increased proportion of cells was detectable in S and G2/M phase. Under PLX-

treated conditions, interestingly, the S phase almost disappeared in the EV cell line. The WT, 

S73A and S73E cells all showed comparable profiles with a greater number of cells in S and 

G2/M phase (Figure 3). 
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Incubating cells for 120 hours in the presence of DOX and 24 hours of PLX treatment resulted 

in comparable results to the 72 hours. The EV cell line experienced a more dramatic reduction 

of S and G2/M phase when PLX treated than seen in figure 3 and this appears to be the case for 

the other cell lines as well (Figure 4). 

 

Figure 3: Cell cycle profiles after 72 hours of DOX induction and 24 hours of PLX treatment. Cell 

cycle profiles the four cell lines under control DMSO (CTRL) and PLX (1 μM) treated conditions 

are shown. DNA content was determined by 7-AAD staining and flow cytometry.  

 

Figure 4:  Cell cycle profiles after 120 hours of DOX induction and 24 hours of PLX treatment. Cell 

cycle profiles of the four cell lines under control DMSO (CTRL) and PLX (1 μM) treated conditions 

are shown. DNA content was determined by 7-AAD staining and flow cytometry.  
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Thus, notable differences in cell cycle profiles can be seen after treating the cell lines with PLX, 

both after 72 and 120 hours of incubation.  

3.3 Cell migration 

We also assessed possible effects of S73 phosphorylation on the migration potential of 

melanoma cells. The ability of the cell lines to migrate after MITF induction was assayed under 

control conditions via a wound-scratch assay. After normalization of the data, the cell line 

expressing WT MITF showed a decreased ability for migration compared to the EV, S73A and 

S73E cell lines which are all roughly equal in that respect (Figure 5). We note that visually, 

more cells were detached in WT wells, perhaps due to the DOX-mediated induction of WT 

MITF expression. 

 

Figure 5: Normalized fold change in wound closure as determined by a wound-scratch assay. 

Cells were treated with 1 μg/mL DOX to induce MITF expression. 

 

3.4 Protein and transcript quantification 

3.4.1 Western blots  

To explore a mechanistic basis for the observed differences in cell line proliferation, we 

performed Western blots against p53, apoptosis-inducing factor (AIF), Cyclin B1 and FLAG-

tagged MITF. Each cell line received three treatments i.e. control, PLX and Torin 1 (TOR, an 

inhibitor of mTOR). Protein levels were then quantified and normalized against actin (Figure 

6). On the blot itself the MITF-FLAG band patterns are characteristic for mutated and WT 

MITF (Figure 6A). WT MITF showed two bands known to correspond to phosphorylated 

(upper) and unphosphorylated (lower) MITF. The S73A mutant only appeared as one band of 

the same size as the unphosphorylated band of WT MITF. Interestingly, the S73E mutant also 

showed a single band in an intermediary position between phosphorylated and 

unphosphorylated MITF. A noticeable decrease in MITF protein levels was observed in PLX 
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treated samples and even more so for TOR, which resulted in large cell death and consequently 

low protein levels (note the near absence of MITF in S73E TOR samples). 

Under control conditions there was no significant change in the expression of the AIF protein 

between the EV cell line and WT, S73A and S73E MITF expressing cell lines. However, in the 

PLX-treated samples a significant increase in AIF levels was seen in the S73E line when 

compared to the WT (Figure 6B). For p53, a trend for increased protein expression was 

observed in the mutants compared to the WT (Figure 6C). A more dramatic increase was 

observed for Cyclin B1 protein expression in S73A and S73E in control treated samples where 

the WT seems to have decreased levels of this protein compared to the EV. Within the TOR 

treated samples a significant decrease was observed in the mutants compared to the WT (Figure 

6D). Due to low protein levels of TOR treated samples, the significance of these results is, 

however, questionable. 

 

Figure 6: Quantification of cell cycle proteins upon overexpression of WT and mutant MITF. A) 

Western blot of MITF-FLAG, AIF, p53, Cyclin B1 and actin. The blot shows all four cell lines under 

three conditions each: a DMSO control (CTRL), PLX and TOR (Torin 1) treatments. B - D) Left 

column: Relative amount of protein normalized to the EV, under control conditions only. Right 

column: Relative amount of protein to actin for all treatment conditions, mutants compared to the 

WT. Asterisk denotes statistical significance, p < 0.05. N=3; one-way Anova (Dunnett‘s multiple 

comparison test). 

 

3.4.2 qPCR of cell cycle genes 

A part of our research question was to see if gene regulation was affected upon mutation of 

MITF at S73 and in response to PLX treatment. For this, we performed qPCR for quantifying 

the expression of nine MITF target genes in all cell lines, control and PLX treated (Figure 7).  
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The transcript levels of control treated cells expressing WT MITF cells were most often equal 

to the control treated EV cell line or somewhat increased with the exception of LZTS1. 

Interestingly, the S73A and S73E cell lines showed significant changes in the expression of p21 

and CDC25A when compared to the WT control. While p21 was increased in expression in the 

WT line, both of the mutants were similar to the EV cell line. CDC25A, on the other hand, was 

expressed at a reduced level in the S73A mutant when compared to WT. PLX treated cell lines 

showed a general trend towards increased transcript levels of all the genes assayed, with two 

exceptions, namely p21 and CDC25A. Uniquely, CDC16 is the only gene that showed a 

significant increase in expression in the PLX treated mutants when compared to WT cells. We 

also observed a large increase in NGFR levels after treating the EV with PLX, the extent of 

which is not seen in the other three cell lines. 

 

Figure 7: qPCR of cell cycle regulatory and MITF target genes. qPCR for selected cell cycle genes 

after DOX induction for all four cell lines under DMSO control and PLX treated conditions, mutants 

compared to WT. Asterisk denotes statistical significance, p < 0.05. N=3; 2-way Anova (Dunnett‘s 

multiple comparison test). 

 

In summary, we observed a trend for increased expression of the p53 and Cyclin B1 proteins 

important in cell cycle control, in both mutants under control conditions. Additionally, the genes 

encoding p21, a cell cycle inhibitor, and CDC25A were significantly altered in their expression 

between the control conditions and a third one, CDC16 which is a part of the anaphase 

promoting complex, was increased in expression only after PLX treatment.  
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4 Discussion 

4.1 General discussion 

The results of this study revealed that overexpression of WT, S73A and S73E MITF in 

melanoma cells affected proliferation rates of the cells. Concordantly, inhibiting 

phosphorylation with PLX also had cell-type specific effects on proliferation, dependent on 

MITF genotype. Furthermore, our protein and transcript analysis of selected target genes 

showed that important cell cycle regulators were affected upon interference with MITF S73 

phosphorylation. 

The differences observed in proliferation and the reproducibility of PLX treatment on the 

relative viability of our cell lines leads us to believe that this is due to a real effect of the MITF 

protein and its mutant variants. This view is supported by the use of the other kinase inhibitors 

none of which resulted in clear or reproducible effects. The flow cytometry captures a part of 

this observation, showing how the PLX treated cells experience a drop in their S and/or G2/M 

phase. The A375P EV cell line, which carries the BRAFV600E mutation just as the other cell 

lines, seems most affected by the PLX treatment, almost entirely losing its S phase. The WT, 

S73A and S73E MITF cell lines have roughly twice as many cells in S phase after PLX 

treatment as the EV lines. These findings are in accordance with the reported role of high MITF 

levels promoting resistance to BRAF inhibitors through upregulating anti-apoptotic genes (Haq 

et al., 2013). Comparing the cell cycle profiles within the control treatments, there is an 

increased number of cells in S and G2/M phase in S73A and S73E lines compared to the WT 

which could indicate higher rate of proliferation just as is observed in the proliferation data. 

However, this correlation of an increased number of cells in S and G2/M phase to faster 

proliferation does not hold for the EV cell line. The EV cell line was the fastest growing but 

had a very similar profile to the cell line expressing WT MITF, which grew the slowest. For 

future work it would be interesting to perform cell cycle analysis that shows cell cycle kinetics, 

such as a BrdU assay. We also note the presence of peaks in the histograms with DNA content 

around zero (left-most peaks. These peaks indicate dead cells whose DNA content has spilled 

out or been degraded and are present in every cell line under both treatment conditions. This 

peak is usually small but is by far the largest in the WT control, even bigger than in the PLX 

treated WT cells (Figure 3 and 4). As PLX is used in cancer therapy and causes cell death, this 

observation is rather unusual and as to why the cell line expressing WT MITF has the largest 

population of dead cells is unknown. One possibility is that PLX induces cell senescence rather 

than apoptosis or cell death in cells that overexpress WT MITF. It would be interesting to look 

at apoptosis markers as well as inducing apoptosis in conjunction with PLX treatment in the 

different cell lines. 

Data obtained from our wound scratch assays indicate that migration of A375P melanoma cells 

appears to be affected by WT MITF. However, as had been noted, whether this is a real effect 

on migration or increased detachment inflicted by the DOX-induced MITF expression is 
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unknown. It is tempting to speculate that WT MITF plays a role in adhesion or apoptosis. On 

the other hand, increased detachment due to WT MITF would also be interesting on its own. 

Of note is that N-terminal truncated MITF lacking amino acids 1-88 has been shown to be 

transcriptionally active (Vachtenheim et al., 2007) so it is unlikely that substituting S73 for A 

or E renders MITF inactive. The qPCR data from this project would also not support this notion. 

This could be verified in our cells with either a luciferase assay or electrophoretic mobility shift 

assay (EMSA). 

Western blotting and protein quantification revealed that the mutant MITF proteins likely affect 

the expression of AIF, p53 and Cyclin B1. The slight trend for increased AIF in the mutants is 

rather less convincing than what is seen for p53 and Cyclin B1. For instance, Cyclin B1 (Figure 

6D) shows a two-fold increase in cells expressing the S73A and S73E mutant forms MITF when 

compared to the WT. Cyclin B1 promotes cell cycle progression so this observation would be 

consistent with the proliferation data. Conversely, the trend for increased p53, a cell cycle 

inhibitor, in the mutants would suggest slower proliferation. However, TP53, the gene encoding 

p53, is mutated in approximately 50% of all cancers and can result in loss-of-function or gain-

of-function forms of the protein. Gain of function p53 mutations promote survival and 

proliferation (Reviewed in Powell et al., 2014). Intriguingly, p53 is rarely mutated in melanoma 

but still found to be transcriptionally inactive in around 90% of all melanomas (Houben et al., 

2011; Lu et al., 2013). This inactivation was found to be dependent on Cyclin B1 and CDK1 

(Lu et al., 2013). In our data, the expression of Cyclin B1 and p53 show the same increase 

which could suggest that higher levels of Cyclin B1 are needed to inactive higher levels of p53. 

As for TOR treated cells, the very low levels of protein means that we question the observed 

increase of Cyclin B1 in the WT expressing cell line compared to the mutants in question.  

Interestingly, qPCR analysis revealed altered expression of various cell cycle inducers and 

inhibitors upon overexpression of WT MITF when compared to the EV cell line. Of note, we 

observed an increase in the expression of p21 in the WT control, which was not seen with both 

the mutants. This is consistent with greater proliferation of S73A and S73E cell lines. The 

expression of p21 has been reported to be regulated by MITF in cooperation with the 

retinoblastoma protein 1 (Rb1) in melanocytes and melanoma (Carreira et al., 2005). Our results 

could indicate that phosphorylation of S73 is important for the interaction between MITF and 

Rb as the S73A and S73E mutants showed lower levels of p21 expression. PLX treatment 

resulted in reduced expression of p21 mRNA in cells expressing both WT MITF as well as the 

mutants, further supporting this notion. On the other hand, the significant reduction in CDC25A 

expression with S73A could suggest a decreased proliferation rate. CDC25A is described as a 

phosphatase, removing inhibitory phosphorylation of cyclin dependent kinases thereby 

promoting cell cycle progression and whose overexpression is commonly seen in cancers. 

Additionally, its degradation is induced in response to DNA damage and is complementary to 

the activation of cell cycle inhibitors (Shen and Huang, 2012). 

In general, most of our tested genes did not show changes in expression between the WT, S73A 

and S73E MITF cell lines after PLX treatment. The one exception was a significant increase in 

CDC16 levels in both the mutants. CDC16 is a part of the anaphase promoting complex so its 

upregulation in S73A would be in accordance with the proliferation data, which showed how 

the WT and S73A mutant MITF cell lines were least affected by the PLX treatment. The inverse 

was true for the PLX treated S73E mutant and therefore, this interpretation of increased CDC16 

and greater proliferation is not fully consistent. Finally, although not a perfect picture of 

transcriptional potential, most of our qPCR data would indicate that the S73A mutated from of 

MITF is largely not transcriptionally inert or less active as has been reported previously by 
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other groups (Hemesath et al., 1998; Wu et al., 2000). In the seven out of nine genes, no 

statistically significant differences were found when comparing DMSO treated S73A to the WT 

MITF cell line. Only for p21 and CDC25A could such a difference be ascribed.  

The S73E MITF was intended to serve as a mimic of constitutive S73 phosphorylation. 

Considering the proliferation data alone, the usefulness of the mutant is suspect as under the 

control conditions it behaved almost identically to the unphosphorylatable S73A mutant, which 

were both different from the phosphorylatable WT. S73E then seems, perhaps more predictably, 

to diverge from the WT and S73A MITF cell lines after PLX treatment. These two findings are 

difficult to reconcile with each other. Interestingly, in a paper describing nuclear export through 

phosphorylation of S73 and S69, the authors (Ngeow et al., 2018) successfully employ a S69E 

mutation to promote a cytoplasmic localization of WT MITF, whereas a S69A mutant abrogated 

this response. In that same paper, it would have been interesting to see the effects of an S69E 

S73A double mutant as it is never fully elucidated whether the S69E mutant is independently 

able to promote cytoplasmic localization in the absence of pS73. Unpublished data from our 

lab indicate that both S73A and S73E mutants are prominently nuclear compared to WT MITF. 

Also, the S73E mutant only shows a single intermediary band in our Western blots and not the 

expected two based on the findings that pS73 primes for S69 phosphorylation (Ngeow et al., 

2018). This indicates that S73E can’t fully promote downstream phosphorylation events.   

For these reasons, we question the usefulness of the S73E mutant and its merit as a tool towards 

a better understanding of S73 phosphorylation. Another tool that could be used is treatment 

with 12-O-tetradecanoylphorbol-13-acetate or TPA. This phorbol diester efficiently 

phosphorylates ERK kinase and, resultingly, WT MITF shifts almost entirely to the upper band 

position (Hemesath et al., 1998). It also does not alter the subcellular localization of S73A 

which indicates that S73A MITF is unaffected by it. 

4.2 Future work  

For future work it would be informative to see if the different rates of proliferation seen between 

the cell line expressing WT MITF and the S73A mutant can be replicated in another cell line. 

The cell line in question would also have to have low to no levels of endogenous MITF and 

preferably in a BRAFV600E background. This was attempted during this project for another 

amelanotic melanoma cell line but failed due to low transfection efficiencies. Conversely, 

MITF knock-out cell lines could be created with CRISPR-Cas9, as has been done in our lab, 

thus opening up the selection of melanoma cell lines. Furthermore, as qPCR and Western 

blotting can only give a snapshot of selected transcripts and proteins at a time, we want to 

perform RNA sequencing of the four cell lines, both control and PLX treated. Similarly, ChIP 

sequencing could also be undertaken to see if the gene target repertoire of MITF is affected by 

phosphorylation.
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