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Ágrip 

Eitt af mikilvægustu innanfrumuferlunum fyrir heilbrigða og eðlilega starfsemi frumunnar er 

niðurbrotsferlið sjálfsát. Sjálfsát er m.a. talið vera mikilvægt til að sporna gegn myndun krabbameina. 

Hins vegar getur sjálfsát einnig hvatað lifun krabbameinsfruma með því að bregðast við áreiti, (t.d. 

súrefnisþurrð sem er algeng í umhverfi krabbameina) og aukið lífsmöguleika fruma. Því er sjálfsát 

álitið fýsilegt skotmark í lyfjaþróun gegn krabbameinum, meðal annars sortuæxlum. Umritunarþættirnir 

TFEB og TFE3 stjórna sjálfsátsferlinu í hinum ýmsu frumugerðum. Þeir bregðast við ýmsu áreiti og 

hafa áhrif á tjáningu gena sem koma við sögu í sjálfsátsferlinu. Umritunarþátturinn MITF, sem er 

náskyldur TFEB og TFE3, er lykilstjórnprótein í þroskun og lifun litfruma og stjórnar framleiðslu 

melaníns, efnisins sem stjórnar lit húðar og hárs. MITF er einnig talið vera lykilþáttur í þróun 

sortuæxla. Vegna skyldleika MITF og TFE umritunarþáttanna er mikilvægt að greina hvort MITF gegni 

einnig hlutverki við stjórnun sjálfsáts- og leysikornagena. 

Greining á genatjáningu í 23 sortuæxlis-frumulínum sýndi að tjáning MITF hefur fylgni við tjáningu 

leysikorna- og sjálfsátsgena. Ónæmisfelling á MITF í sortuæxlislínunni 501Mel sýndi að MITF getur 

bundist stýrlum ákveðinna leysikorna- og sjálfsátsgena. Yfirtjáning á MITF í 501Mel frumum leiddi til 

aukinnar tjáningar á nokkrum leysikorna- og sjálfsátsgenum og til aukinnar myndunnar á 

sjálfsátsbólum, en hafði ekki áhrif á heildarniðurbrotsferlið. Með notkun CRISPR/Cas9 aðferðarinnar 

var MITF fellt út í sortuæxlisfrumulínunni SkMel28. Þessar frumur sýndu aukna tjáningu á leysikorna- 

og sjálfsátsgenum og aukið niðurbrot í gegnum sjálfsát, bæði við venjuleg ræktunarskilyrði og sem 

svar við svelti. Bæði yfirtjáning og brottfelling á MITF sýndu að MITF stjórnar tjáningu á TFE3 á 

neikvæðan hátt en tjáningu TFEB á jákvæðan hátt í þessum frumum. Með notkun siRNA var TFE3 

tjáning minnkuð og sýndu þær tilraunir að TFE3 gæti verið lykilþáttur í stjórnun á sjálfsátinu í 

frumunum sem tjá ekki MITF.  

Sjálfsátsferlið er mjög virkt í sortuæxlum og hefur verið tengt lyfjaþoli í krabbameinsmeðferðum. Í 

þessari rannsókn sýnum við að MITF kemur við sögu í stjórnun á tjáningu gena sem eru mikilvæg fyrir 

sjálfsátsferlið og að MITF hefur áhrif á niðurbrot í gegnum sjálfsát. Einnig sýnum við að TFEB og TFE3 

taka þátt í stjórnun sjálfsáts í sortuæxlisfrumum. Í ljósi þess að bæði MITF og sjálfsát eru talin álitleg 

lyfjamörk í sortuæxlum, teljum við mikilvægt að skilgreina samband þessarra tveggja þátta betur og 

hafa það í huga við lyfjaþróun. 

 



  

2 

Abstract 

Autophagy is an intracellular degradation pathway that is important for cellular clearance and 

health, and is believed to be tumour preventive. However, autophagy can also act in a tumour 

promotive way by increasing tumour cell survival under stress conditions, such as hypoxia, that are 

common in the tumour microenvironment. Autophagy is therefore considered a therapeutic target in 

various cancer types, including melanoma. The transcription factors TFEB and TFE3 have been 

shown to play a key role in autophagy regulation in various cell types by responding to various 

stressors and affecting gene expression required for this process. A close relative of these factors is 

the transcription factor MITF, the master regulator of melanocyte development and melanoma. This 

thesis investigates if, like the TFE factors, MITF is involved in regulating autophagy and lysosomal 

biogenesis. 

Analysis of expression data from 23 melanoma cell lines showed that MITF expression correlates 

with lysosomal and autophagy gene expression. Chromatin immunoprecipitation experiments in 

501Mel melanoma cells show MITF binding to promoters of autophagy and lysosomal genes. MITF 

overexpression in 501Mel cells lead to increased expression of certain autophagy and lysosomal 

genes and to increased numbers of autophagosomes, but did not affect autophagic flux. The SkMel28 

melanoma cell line was used to generate MITF knock out cells using the CRISPR/Cas9 technique. 

These cell lines showed increased expression of autophagy and lysosomal genes and enhanced 

autophagic flux, both at basal levels and in response to starvation. In summary, overexpression and 

knockout experiments revealed that MITF regulates the expression of TFE3 in a negative manner and 

TFEB in a positive manner. TFE3 knockdown experiments suggest that TFE3 might be a key player in 

autophagy regulation in the MITF knockout cells 

Autophagy is high in melanoma and has been linked to tolerance against cancer treatment. In this 

study, we have found that MITF affects autophagy gene expression and autophagic activity in 

melanoma cell lines, and that TFE3 and TFEB are also involved in autophagy regulation in these cells. 

In light of both MITF and autophagy being considered a therapeutic target in melanoma, we believe 

that this relationship needs to be defined in more detail and taken into consideration. 
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1 Introduction 

1.1 Melanocytes 

Melanocytes are dendritic, pigment-producing cells that originate from the neural crest as 

melanoblasts and migrate through the mesoderm to their final destination in the ectoderm during early 

development (Mayer, 1973; Rawles, 1947). Classical melanocytes are primarily found in the skin and 

hair follicles of mammals and birds. However, other pigment producing cells, sometimes referred to as 

“nonclassical melanocytes”, are found in other locations such as the eye, inner ear, adipose tissue, 

heart and meninges (Colombo et al., 2011). Here, focus will be drawn on classical melanocytes only. 

Melanocytes contain organelles called melanosomes in which they produce melanin, the pigment 

responsible for skin, eye and hair colour. Variations in melanocyte development and function appear 

as specific types of skin colours or patterns in vertebrates. In humans, melanocytes mostly locate to 

the basal layer of the epidermis, but they are also found in the dermis and hair follicles (see Figure 1). 

The most widely studied and apparent function of melanocytes is the control of pigmentation and sun 

protection of the skin and the colouration of the eyes, but they also have a role in antimicrobial 

defense of the skin and response to inflammation (Colombo et al., 2011). 

 

Figure 1. Classical melanocytes are found in the basal layer of the skin. Here they produce the 
pigment melanin in melanosomes. Melanin is then transferred to neighboring keratinocytes, 
which use the pigment to shield their nucleus against UV radiation. Artwork by Terese 
Winslow (National Cancer Institute, 2016). 

Ultra-violet (UV) radiation, present in sunlight, has harmful effects on the human skin, as it causes 

both oxidative and DNA damage. The majority of the most carcinogenic type of UV radiation, namely 

UVB, is absorbed by the stratosphere. However, with ozone depletion in the past century, UVB 

radiation passes more easily through the atmosphere. Our first line of defence is the pigment melanin 
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that limits the penetration of UV rays through the skin by absorbing and scattering the light, thereby 

reducing the risk of DNA damage and the production of reactive oxygen species (ROS). Individuals 

with fair skin produce less pigment and are therefore more susceptible to UV-induced damage and 

skin cancer (Liu & Fisher, 2010). 

1.2 Melanin production 

Melanosomes are lysosomal-related organelles, with an acidic lumen containing melanogenic 

enzymes and cofactors, such as tyrosinase (TYR), tyrosine-related protein 1 (Tyrp1) and dopachrome 

tautomerase (DCT). Melanin is a polymer based on tyrosine and in the melanosomes the enzyme TYR 

converts tyrosine into dopaquinone. The production is limited to the lumen of melanosomes since this 

process produces oxidative intermediates. Two types of melanin pigments exist in humans, namely 

eumelanin and pheomelanin. Pheomelanin is yellow or red in colour and is made of dopaquinone and 

cysteine. Eumelanin is brown or black in colour and is made of dopaquinone that polymerizes 

spontaneously. Only eumelanin protects against UV-radiation. Stimulation by melanocyte-stimulating 

hormone (α-MSH) and adrenocorticotropic hormone (ACTH) induces eumelanin synthesis, whereas 

the agouti signalling protein (ASIP) triggers pheomelanin production (Colombo et al., 2011). 

Melanosomes pass through four stages of maturation (see Figure 2):  

Stage I pre-melanosomes originate from the endoplasmic reticulum (ER) or early endosomes 

and are distinguishable by irregular arrays of amyloid fibrils composed of the protein 

PMEL. 

Stage II melanosomes have a structured fibrillary matrix, composed of PMEL proteins forming 

arrays of parallel sheets. Melanosomes divide at stage II according to which type of 

melanin they produce. 

Stage III melanosomes synthesize melanin which is deposited on the fibrillary matrix, through 

activation of TYR, Tyrp1, DCT and other pigmentation genes. 

Stage IV melanosomes are fully melanised vesicles where all internal structure is obscure. 

 

Figure 2. Melanosomes go through four stages of maturation. Early endosomes develop into 
stage I melanosomes where irregular fibrils, made from PMEL, start to form. In stage II 
melanosomes the PMEL arrays form parallel sheets where melanin is deposited on stage III 
melanosomes. Stage IV melanosomes are filled with melanin. 

Early endosome/

Stage I melanosome

Stage II melanosome

Stage IV melanosome

Stage III melanosome

Fibrils
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Mature melanosomes are transferred to neighboring keratinocytes through the dendrites of the 

melanocytes. There are about 30 keratinocytes per melanocyte and together they form one “epidermal 

melanin unit”. The melanosome distribution in the keratinocytes is UV-dependent, as they form a cap 

on the sunlight-exposed side of the nucleus (Colombo et al., 2011). 

1.3 Microphthalmia-associated transcription factor 

Microphthalmia-associated transcription factor (MITF) was first recognized in 1942 through a coat 

colour mutation in mice that had a white coat and the eye abnormality Microphthalmia (Hertwig 1942). 

It was not until several decades later that the gene itself was described and recognized as a 

transcription factor (Hodgkinson et al., 1993). 

1.3.1 The master regulator of melanocytes 

MITF is specific for the melanocytic lineage, originating from the neural crest, and MITF mRNA 

expression is the earliest known marker of this lineage. Activity and expression levels of MITF vary 

throughout melanocyte development, but after MITF expression has been established, it ensures a 

commitment to the melanocyte lineage (Colin R. Goding, 2000; King et al., 2001). MITF expression is 

also found in other cell types, such as retinal pigment epithelium (RPE) cells, mast cells and 

osteoclasts. MITF’s role as a master regulator of melanocyte development and differentiation is 

considered to be through mediating signals from the mitogenic cytokine receptor c-Kit and α-MSH 

ligands (Levy et al., 2006). MITF is also important later in life and is, for example, involved in the 

tanning response.  

Upon UV exposure, keratinocytes in the skin activate p53 expression. P53 binds to the pro-

opiomelanocortin (POMC) promoter, initiating POMC expression which is post-translationally 

processed into several factors, including ACTH and α-MSH (Cui et al., 2007). Melanocortin-1 receptor 

(MC1R) is expressed by melanocytes and located at the plasma membrane. Stimulation of MC1R by 

α-MSH and ACTH leads to the activation of the cyclic AMP (cAMP) pathway (Price et al., 1998). MITF 

is a target of this pathway, which results in the transcription of pigmentation genes, including TYR, 

Tyrp1, DCT and PMEL17, and finally leads to increased melanin production (see Figure 3) (Colombo 

et al., 2011; Liu & Fisher, 2010). 
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Figure 3. MITF is activated by α-MSH signalling from UV-activated keratinocytes. P53 is 
activated upon UV radiation and induces transcription of ACTH and α-MSH. Both signals are 
secreted out and activate MC1R on the melanocytic membrane. MC1R turns on the cAMP 
pathway, which activates MITF that induces melanin production. 

MITF is part of the Myc superfamily of basic helix-loop-helix leucine zipper (bHLH-ZIP) transcription 

factors. This family of transcription factors shares three adjacent domains: A basic domain, through 

which they bind to DNA, and the HLH and ZIP domains, which are important for homo- or 

heterodimerization with other factors of the same family. MITF shares an identical basic domain with 

transcription factor EB (TFEB), TFE3 and TFEC, and together they form the MiT/TFE subfamily of 

bHLH-ZIP transcription factors (Steingrimsson et al., 2004). Members of this family can form 

heterodimers with each other, but not with other bHLH-Zip proteins, such as Myc and Max (Hemesath 

et al., 1994). The MiT family is highly conserved, as these factors are found in most vertebrate species 

(Rehli et al., 1999) and share a common ancestor in D. Melanogaster (Mitf) (Hallsson et al., 2004) and 

C. Elegans (HLH-30) (Rehli et al., 1999). 

1.3.2 MITF expression 

The MiT/TFE family of transcription factors is known to bind to a motif in promoters of its target genes, 

namely the E-box (CANNTG) (Aksan & Goding, 1998). Furthermore, MITF binds to promoters of its 

target genes through a version of the E-box element, called the M-box (TCATGTGA), that contains a 

5’ flanking T in front of the E-box motif (Aksan & Goding, 1998; Lowings et al., 1992). MITF has 

ACTH
p53

UV
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Keratinocyte

Melanocyte

cAMP

pathway
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p53

p53

Pigmentation

genes

MITF

MITF Melanosomes
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several different isoforms, generated by a multi-promoter organization. There are at least ten different 

first-exon promoters, driving tissue-specific expression and resulting in several alternative first exons 

(Levy et al., 2006). These are then spliced into the shared downstream exons 2-9, which contain the 

DNA binding domain, the dimerization and transactivation motifs. Some of the isoforms, such as MITF-

A, MITF-B, MITF-D and MITF-H, are expressed in several tissues each. In contrast, MITF-MC, MITF-E 

and MITF-A isoforms are selectively expressed in mast cells and the MITF-M isoform is specifically 

expressed in melanocytes (Levy et al., 2006). Studies have shown that the different isoforms control 

different sets of genes (Cheli et al., 2009). 

1.3.3 MITF regulation and activity 

During neural crest development, several important transcription factors bind to the M-promoter, 

driving MITF-M expression in melanocytes. Most important of those are Pax3, Sox10, cyclic-AMP-

responsive factor (CREB) and Lef1 which all bind to the M-promoter. Wnt signalling, which leads to β-

catenin binding to the M-promoter, is also crucial for melanocyte differentiation (Larue et al., 2003; 

Levy et al., 2006). MITF itself is likewise considered to be a major activator of its own promoter (Saito 

et al., 2002). 

MITF activity in differentiated melanocytes is dependent on several pathways involved in cellular 

homeostasis. Its activity might therefore vary, depending on post-translational modifications and 

expression levels, in response to growth factors and environmental signals. However, MITF does not 

seem to act as an on-off switch in melanocytes, but rather as a rheostat, where a variety of signals 

that regulate its expression give variable outcomes (see Figure 4). According to this model, high MITF 

levels would lead to differentiation, intermediate levels to proliferation, low levels to p27-mediated G1 

arrest and absence of MITF would cause apoptosis. Thus, for proliferation to occur, MITF levels need 

to be high enough to suppress cell cycle arrest, but not too high in order for differentiation to take 

place (Carreira et al., 2006). 

 

Figure 4. The MITF rheostat model. According to this model, melanocytes and melanoma cells have 
different properties due to different MITF expression levels.  Whereas high MITF expression 
leads to differentiation, low expression leads to senescence and intermediate MITF levels 
lead to invasive or proliferative properties. Reprinted by permission from Macmillan 
Publishers Ltd: Oncogene, (Goding, 2011), copyright 2011. 

1.3.4 Post-translational modifications 

MITF is phosphorylated by several kinases, including the extracellular signal-regulated kinase (ERK) 

(Hemesath et al., 1994), glycogen synthase kinase-3β (GSK3β) (Ploper et al., 2015), mTOR (Martina 

& Puertollano, 2013) and ribosomal S6 kinase 1 (RSK) (Wu et al., 2000). Phosphorylation is not the 

only post-translational modification MITF is subject to, as it has also been shown to be sumoylated, 
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acetylated and ubiquitinated. These modifications affect the regulation of MITF turnover and 

transcriptional activity (reviewed in Wellbrock & Arozarena, 2015). 

1.4 Melanoma 

Three different types of skin cancer are associated with exposure to UV radiation: Melanoma, basal 

cell carcinoma (BCC) and squamous cell carcinoma (SCC). BCC and SCC both originate from 

keratinocytes, whereas melanoma arises from melanocytes. Even though BCC is the most frequent 

type of skin cancer, malignant melanoma is the deadliest one as it is more aggressive and has a 

higher incidence of metastasis (Liu & Fisher, 2010). Malignant melanoma was the 9th most common 

cancer in Europe in 2012 and the 19th most common cancer worldwide. It accounts for approximately 

2% of new cases diagnosed each year (Ferlay et al., 2013) and the survival rate drops from around 

90% down to 16% after the cancer metastasizes (American Cancer Society, 2015). About 85,9% of 

melanoma cases in the UK are considered to be caused by sun exposure (Parkin et al., 2011), but 

several other risk factors increase the likelihood of developing melanoma, including fair skin, familial 

history of melanoma and high numbers of nevi (American Cancer Society, 2015). 

1.4.1 BRAF V600E – a melanoma specific mutation 

Melanomas have the capacity to bypass tumour suppressor mechanisms and potentiate cell survival 

pathways. The mitogen-activated protein kinase (MAPK) pathway plays a major role in mediating 

cellular responses to growth signals and is central to melanoma development. A study from 2002 

showed that 66% of malignant melanomas carry a BRAF missense mutation, with one specific 

substitution at amino acid residue 600 (V600E) accounting for 80% of cases (Davies et al., 2002). 

Another study soon thereafter discovered that 57.5% of tumours from 174 melanoma patients were 

mutated for either BRAF or NRAS, with a higher incidence in metastatic samples, and that presence of 

these mutations associated with poor prognosis (Houben et al., 2004). The mutations seem to be 

acquired somatically, but the effects are drastic, as the BRAFV600E mutation causes a 500-fold 

increase in BRAF kinase activity, resulting in enhanced cell division and survival. However, the 

mutation is also found in nevi suggesting that this alone is not sufficient for the tumour formation (Liu 

et al., 2014).  

For many years the most common melanoma treatment was dacarbazine, a broad working 

chemotherapeutic drug that gave very poor results. After the discovery of the high incidence of BRAF 

mutations in melanoma tumours, BRAF inhibitors have been found to be effective for the treatment of 

BRAFV600E mutated tumours. Examples of those are vemurafenib, approved by the Food and Drug 

Administration (FDA) in 2011, and dabrafenib, approved by the FDA in 2013. Although both have 

proven to be very effective during the first months of treatment with a response rate of 60-80% in 

melanoma patients carrying BRAFV600E mutations, the responses are short-lived. Resistance to 

vemurafenib, for example, develops within 8 months (National Cancer Institute, 2016). Studies have 

shown that both intra- and inter-tumour heterogeneity of BRAF mutations exists in melanoma tumours, 

and this could be a cause for the high incidence of relapse of the disease after treatment with BRAF 

inhibitors (Heinzerling et al., 2013; Yancovitz et al., 2012). 
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1.4.2 MITF – an oncogene in melanoma 

MITF, the master regulator of melanocytes, serves as a highly sensitive marker of melanoma, with a 

very distinct nuclear pattern, but does not distinguish benign from malignant lesions (King et al., 1999). 

Importantly, MITF also seems to play a role in the disease as it has been shown to act as a lineage-

specific oncogene in melanoma. A study from 2005 showed copy gains of the MITF locus in 

melanoma lines (Garraway et al., 2005). MITF was found to be amplified in 10-20% of primary 

melanoma tissues, with an even higher incidence in metastatic melanoma and in more advanced 

cases. Additionally, MITF amplification was linked to a decrease in 5-year survival of the patients. In 

this study it was also shown that MITF reduction in melanoma cell lines sensitized them to 

conventional chemotherapies (Garraway et al., 2005). Besides the cases where MITF is amplified, 

MITF is mostly downregulated in advanced melanomas, and low levels of this factor have been linked 

to increased invasiveness (Carreira et al., 2006; Cheli et al., 2009). 

In 2013, it was reported that increasing MITF expression in melanoma cells, using methotrexate, 

inhibited their invasiveness by driving them towards differentiation. This in turn sensitized them to a 

Tyrosinase-processed antifolate prodrug in a tissue-specific manner. The study was performed using 

both in-vitro and in-vivo models and showed promising results, independent of BRAF or MEK status 

(Sáez-Ayala et al., 2013). In addition to being amplified in melanoma, a MITF mutation (E318K) that 

reduces the sumoylation potential of the protein, has been linked to an increased risk of developing 

melanoma, as it is commonly found in patients with a family history of metastatic melanomas and 

patients with multiple primary melanomas  (Bertolotto et al., 2011; Yokoyama et al., 2011). Together, 

these studies underline the importance to gain a better understanding of the mechanisms that are 

being hijacked in melanoma, in order to design a treatment strategy that considers the extraordinary 

ability of this cancer to bypass the targeted pathway. 

1.5 The lysosome 

The lysosome, a Greek term for “digestive body”, was first discovered in 1955 by Christian de Duve 

(de Duve, 2005). This membrane-bound organelle is filled with an acidic lumen containing various 

hydrolases and serves as the cell’s recycling station. However, it also participates in other 

fundamental processes such as lipid metabolism, secretion and signalling. The extracellular material 

that is brought to the lysosome for degradation is taken up through endocytosis, whereas intracellular 

material, such as misfolded proteins or malfunctioning organelles, are brought to the lysosome 

through the self-eating mechanism autophagy. The degraded end products are then utilized for energy 

production, such as ATP, or as building material. The lysosomes are also able to secrete their 

contents through a process called lysosomal exocytosis. Any cell can perform this function that has 

been shown to be important in signalling and plasma membrane repair (see Figure 5). Specialized 

cells use lysosomal exocytosis for various physiological processes such as immune responses, 

pathogen defenses, bone resorption (osteoclasts), degranulation (T-lymphocytes) or pigmentation 

(melanocytes) (Settembre et al., 2013). 
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Figure 5. The lysosome serves as a recycling station. Three fundamental roles of the lysosome 
are degradation, secretion and signalling. Extra- and intracellular material is brought to the 
lysosome through endocytosis and autophagy, respectively. The degraded end products are 
secreted or reused for energy production or as building material. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, (Settembre et al., 
2013) copyright 2013. 

About 60 different hydrolases reside within the lysosomal lumen, which are active at acidic pH, 

including protein families like sulphatases, peptidases, glycosidases, phosphatases, lipases and 

nucleases. The inside of the lysosomal membrane is covered with a thick polysaccharide layer, called 

glycocalyx, to protect the membrane from being degraded by these hydrolases. The vacuolar-type H+-

ATPase is a highly conserved proton pump residing at the lysosomal membrane. It utilizes energy 

from ATP to pump protons into the lysosomal lumen, acidifying and keeping the pH around 5.0. The 

anion transporter chloride channel 7 (ClC7), the cation channels mucolipin1 (MCOLN1) and the two 

pore calcium channel 1 (TPC1) and 2 (TPC2) are membrane channels that are also involved in 

maintaining lysosomal acidification (Settembre, et al., 2013). 

1.6 The nutrient sensitive mTOR complex 1 

Several proteins are located at the lysosomal membrane that participate in transporting substrates in 

and out of the lumen and fusing the lysosomal membrane with other membrane structures (Settembre 

et al., 2013). The lysosome also serves as a hub for nutrient-sensing machineries. One of those is the 

mammalian target of rapamycin (mTOR) complex 1 (mTORC1), which senses the cells’ nutrient and 

energy status. It is activated by growth factors, hormones, cellular energy and nutrients and is 

sensitive to cellular stress, such as starvation or hypoxia. The mTORC1 is composed of the 

serine/threonine kinase mTOR, amino acid regulatory-associated protein of mTOR (RAPTOR), the 

negative regulator PRAS40, mammalian lethal with SEC13 protein 8 (mLST8) and DEP-domain-

containing mTOR-interacting protein (DEPTOR), see figure 6 (Albert & Hall, 2014).  

mTORC1 takes part in multiple regulatory pathways, such as transcription, translation and protein 

synthesis. A family of guanosine triphosphatases (GTPases), the Rag family of small GTPases, is 

anchored to the lysosomal membrane by the vacuolar H+-ATPase (v-ATPase) and, in cooperation with 

a trimeric scaffold complex known as Ragulator, they recruit mTORC1 to the lysosomal surface during 
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normal nutrient conditions. The Rag GTPases are a heterodimer of either RAGA or RAGB with either 

RAGC or RAGD, and the dimer is active when RAGA/RAGB are loaded with GTP but RAGC/RAGD 

are loaded with GDP. This activation is caused by amino acids. The mTORC1 can interact with the 

small GTPase Ras homologue enriched in brain (Rheb) protein at the lysosomal membrane, another 

essential activator of mTORC1. Rheb is active when loaded with GTP and its activation is stimulated 

by growth factors and hormones. It is thus through a combination of growth factors and nutrients that 

mTORC1 is recruited to the lysosome and becomes activated (Albert & Hall, 2014; Zoncu et al., 2011). 

 

Figure 6. The mTOR complex 1 is located at the lysosomal membrane. mTORC1 is sensitive to 
nutrients such as amino acids, as well as growth factors and hormones. It is composed of 
multiple proteins that form the complex lysosomal nutrient sensing (LYNUS) machinery. 
Reprinted and adapted by permission from Macmillan Publishers Ltd: Nature Reviews 
Molecular Cell Biology, (Settembre et al., 2013) copyright 2013. 

1.7 Autophagy 

Autophagy is one of the major intracellular degradation pathways, along with the ubiquitin-proteasome 

system (UPS). The term stands for “self-eating” in Greek and was suggested by de Duve in 1963 to 

describe mitochondria-containing vacuoles and lysosomes detected in hepatic cells a year earlier. The 

process occurs at basal levels in all cells and is necessary for maintaining cellular clearance and 

health. Protein aggregates, long-lived proteins, lipids and malfunctioning organelles are targets of 

autophagy, which can be induced by various stress conditions, such as nutrient deprivation, hypoxia 

or infection. The process generates amino acids for protein synthesis and lipids for β-oxidation, 

thereby producing new building material and energy in the form of ATP for cell survival. Defective 

autophagy causes an accumulation of protein aggregates, abnormal organelles and the production of 

ROS (Mizushima et al., 2011).  

Autophagy divides into three different classes: Chaperone-mediated autophagy (CMA), 

microautophagy, and macroautophagy. Cytosolic proteins are directly translocated into the lysosome 

via chaperone proteins at the lysosomal membrane during CMA. Microautophagy is the least studied 

of the three and delivers small substrates from the cytosol into the lysosome through direct 

invagination of the lysosomal membrane. Macroautophagy is the best characterized and most 

extensively studied class of autophagy, where large chunks of the cytoplasm are engulfed in a double-

membraned phagophore that fuses with the lysosome (Mizushima et al., 2011). Macroautophagy will 

hereafter be referred to as autophagy. 
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Figure 7. The autophagic process. Autophagy starts by the formation of a double membraned 

phagophore that engulfs parts of the cytoplasm. The autophagosome closes and fuses with 
the lysosome forming the autolysosome where lysosomal hydrolases degrade the cargo of 
the autophagosome. 

1.8 The molecular machinery of autophagy 

Most of our knowledge about autophagy at the molecular level comes from yeast studies. In yeast, a 

set of 35 autophagy-related genes (ATGs) has been identified, 15 of which are commonly required for 

the biogenesis of the autophagy membranes and are referred to as the ʻcoreʼ ATGs. Most yeast ATG 

proteins have mammalian counterparts, but higher eukaryotes possess additional factors 

(Nakatogawa et al., 2009). The ATG genes can be divided into functional categories, namely genes 

involved in i) induction and vesicle nucleation, ii) expansion and completion, and finally iii) fusion and 

degradation. 

1.8.1 Formation of the pre-autophagosome 

Autophagy starts with the formation of a pre-autophagosomal structure (PAS) in yeast, where ATG 

proteins assemble and generate the autophagosome in a coordinated manner. In mammals, it starts 

with the formation of a phagophore. Evidence has pointed towards an ER origin of the phagophore, 

but it has also been shown that other sources contribute to the autophagosomal membrane, such as 

endosomes, mitochondria, the Golgi complex, the nuclear envelope and even the plasma membrane 

(Tooze & Yoshimori, 2010). Even though the exact origin of the autophagosome is not known, it is 

clear that different sources contribute to this structure and the source might depend on the activating 

pathway and on the target. Here, we will focus on the ER origin of the phagophore in mammals. 

1.8.2 Induction and vesicle nucleation 

During i) the induction and vesicle nucleation step, a stable complex is formed by Atg17, Atg29 and 

Atg31. These are then accompanied by the Ser/Thr kinase Atg1 and Atg13. Atg1 has two mammalian 

homologues, Unc-51-like kinase 1 (ULK1) and 2 (ULK2), but mammalian homologues of Atg17, Atg29 

and Atg31 do not exist. Instead of these, mammals have two other proteins, termed focal adhesion 

kinase family interacting protein of 200 kDa (FIP200) and Atg101, which form a complex with ULK1/2 

and At13. In yeast, Atg29 and Atg31 are incorporated upon autophagy-inducible conditions. However, 

the ULK-complex is continuously formed in mammals, but is regulated by mTORC1 and AMP kinase 

(AMPK) in a nutrient-dependent manner (Mizushima et al., 2011; Nakatogawa et al., 2009).  

Phagophore

Autophagosome

Lysosome

Autolysosome



  

23 

The Atg1/ULK complex recruits and activates the next key component in the autophagosome 

formation. In both yeast and mammals, a class III phosphatidylinositol-3-kinase (PI3K) called the 

vacuolar protein sorting protein 34 (Vsp34 or hVsp34) produces phosphatidylinositol-3-phosphate 

(PI3P) that coats the phagophore and eventually the autopahgosome. Vsp34 forms a complex with 

Atg14, Atg6 (in mammals Beclin 1) and Vsp15 at the ER membrane. The Atg1/ULK1-complex 

activates this PI3K complex through phosphorylating both Beclin1 and Vsp34. Usually, the ER does 

not contain PI3P, so the PI3K-complex activity is thought to be autophagy-specific. This PI3P-rich 

region forms the omegasome, an Ω-like structure that recruits downstream PI3P effectors, such as 

Double-FYVE-containing protein 1 (DFCP1), Atg16, Atg5, Atg12 and Atg18 (in mammals WD-repeat 

protein interacting with phosphoinositide WIPIs), upon starvation. From here the phagophore will 

expand and separate from the ER as a complete autophagosome (Mizushima et al., 2011). 

1.8.3 Expansion and closure 

Two conjugation systems are formed during the expansion and closure step of autophagy. First, the 

E1-like enzyme conjugates Atg5 to Atg12 and they form a complex with Atg16. The next key player is 

the yeast Atg8, which has several mammalian homologs: LC3A/B/B2/C, GABARAB and 

GABARAPL1/2/3. These ubiquitin-like proteins are translated as precursors. During this phase, their 

additional C-terminal sequences are removed by the cysteine protease Atg4 and the processed C-

termini of these proteins are covalently linked to phosphatidylethanolamine (PE) by the E1- and E2-

like enzymes, Atg7 and Atg3, respectively. The Atg12-Atg5-Atg16 complex then further conjugates 

them to PE (Wesselborg & Stork, 2015). 

 

Figure 8. The molecular machinery of autophagy. Nutrient sensitive AMPK and mTORC1 signalling 
regulate the formation of the ULK1 complex, which in turn stimulates the formation of the 
PI3K complex. Together these complexes recruit other factors for the formation of the 
phagophore. Two conjugation systems, LC3-PE and Atg12-Atg5, are activated and 
contribute to the further expansion and closure of the autophagosome. Finally the lysosome 
fuses with the autophagosome forming the autolysosome where cytoplasmic cargo is 
degraded. Reprinted by permission from Elsevier Ltd: Kidney International, (Livingston & 
Dong, 2014), copyright 2014. 
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1.8.4 Molecular targets of autophagy 

Proteins and organelles are targeted for autophagy by poly-ubiquitination. Autophagy receptor 

proteins, such as p62, recognize these substrates through their ubiquitin-associated domain (UBA 

domain) and interact with Atg8/LC3 at the autophagosomal membrane, which directs the cargo to the 

autophagosome for degradation. Both the inner and outer membranes of the autophagosome are 

coated by Atg8-PE/LC3-PE, but Atg8-PE/LC3-PE gets degraded along with the inner membrane upon 

lysosomal degradation. Atg8 and its mammalian homologs are present at the autophagosomal 

membrane during formation and maturation and are therefore used as markers for this process. One 

example is LC3B, which is one of the most common markers for autophagosomes in mammals  

(Mizushima et al., 2011; Wesselborg & Stork, 2015). 

1.8.5 Fusion and degradation 

During the last steps, that is fusion and degradation, the autophagosome is transferred by dynein 

motors along microtubules towards the lysosome. Several proteins are involved in the fusion step, 

such as the v-ATPase, lysosomal associated membrane protein 1 (LAMP1), the small GTPase RAB7, 

UV radiation resistance-associated gene protein (UVRAG) as well as a range of cytoskeleton and 

soluble NSF attachment (SNARE) proteins. The endosomal pathway is a very dynamic process, 

constantly undergoing fusion and fission. The autophagosome can either fuse directly with the 

lysosome or with an early or late endosome, forming an intermediate step called the amphisome 

before the final fusion to the lysosome. The v-ATPase keeps the lysosomal pH low, by which the 

hydrolases are active and able to degrade the inner membrane of the autophagosome as well as its 

cargo. Finally, the ATG complexes are retrieved from the autolysosomal membrane and recycled for 

further use (Shen & Mizushima, 2014).  

1.9 Targeted autophagy 

Autophagy primarily mediates non-selective and bulk degradation of the material from the cytoplasm. 

Targeted autophagy also exists and can be directed towards specific organelles, such as mitochondria 

or peroxisomes, or even towards pathogens, such as intracellular bacteria. The engulfment of 

pathogens by the autophagosome is called pathophagy and specific autophagy of mitochondria is 

called mitophagy. When mitochondria become dysfunctional, they lose their membrane potential. This 

triggers the phosphatase and tensin homologue (PTEN)-induced putative kinase 1 (PINK1). PINK1 

activates the E3 ubiquitin ligase Parkin that hyper-ubiquitinates proteins at the outer mitochondrial 

membrane, providing an autophagy recognition signal and selective removal of damaged 

mitochondria. Mitophagy is an important mechanism to reduce the production of ROS and oxidative 

stress. Pexophagy is the selective degradation of peroxisomes and damaged lysosomes are targeted 

by autophagy, in a process called lysophagy. The lysosomes are ubiquitinated and targeted by p62, a 

similar mechanism as seen in mitophagy and pathophagy. This process is believed to be an important 

part of maintaining lysosomal homeostasis (Shen & Mizushima, 2014). 
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1.10 Transcriptional regulation of autophagy 

Since the discovery of autophagy, main focus has been drawn on the initiation of the phagophore and 

the autophagosome. Other factors have been shown to be involved in the regulation of autophagy-

related gene expression, such as the transcription factors hypoxia-inducible factor 1 (HIF-1) (Bellot et 

al., 2009), FoxO3 (Mammucari et al., 2007) and p53 (Crighton et al., 2006). These have all been 

shown to regulate the expression of autophagy-related genes upon various stress conditions. They 

are mainly regulating the initial formation of the autophagosome. However, in the past several years, a 

global transcriptional regulation of lysosomal biogenesis and autophagy has been revealed. It was 

reported in 2009 that many lysosomal genes contain a conserved motif (GTCACGTGAC) around 200 

base pairs (bp) from their transcriptional start site (TSS) and that this motif is further highly enriched in 

genes involved in lysosomal biogenesis and function. The motif was called the coordinate lysosomal 

expression and regulation (CLEAR) element (Sardiello et al., 2009). This element contains an E-box 

(CANNTG), which is bound by a family of bHLH-ZIP transcription factors. The E-box elements are 

found in promoter and enhancer regions of cell type-specific sets of genes, such as muscle-, neuron- 

or pancreas-specific genes (Massari & Murre, 2000). The MiT/TFE family of transcription factors has 

been shown to bind specifically to sequences similar to the E-box (Aksan & Goding, 1998). Sardiello 

et al. showed that TFEB, in particular, could bind to the CLEAR element, affect gene expression of 

lysosomal-related genes and increase the number of lysosomes in vitro. It was further shown that 

TFEB translocated into the nucleus during sucrose starvation (Sardiello et al., 2009).  

In 2011 another study was published, showing how TFEB could activate autophagosome formation 

and the autophagic flux. The  report also confirmed TFEB translocation to the nucleus upon nutrient 

deprivation (Settembre et al., 2011). In the following years, the transcriptional regulation of lysosomal 

biogenesis and autophagy was further characterized and the participation of all of these family 

members, except TFEC, in this coordinated regulation has been reported. TFEC expression is specific 

for cells of myeloid origin (Rehli et al., 1999) and MITF is mainly expressed in the melanocyte lineage, 

but TFEB and TFE3 are more ubiquitously expressed (Beckmann et al., 1990; Carr & Sharp, 1990). 

TFEB and TFE3 are phosphorylated by mTORC1 under normal cellular conditions. The Rag 

GTPases, which are active during normal conditions, recognize certain amino acids at the N-terminus 

of these proteins, more precisely S3R4 and Q10L11 of TFEB and S112R114 and Q119L120 of TFE3. 

Some MITF isoforms have also been shown to interact with the Rag GTPases in a similar manner, but 

the melanocyte-specific MITF-M isoform is lacking the Rag interaction site (Martina & Puertollano, 

2013). Through this interaction, the Rag GTPases recruit proteins towards mTORC1 at the lysosomal 

membrane (Martina & Puertollano, 2013; Martina et al., 2014). There, mTOR can phosphorylate TFEB 

and TFE3 at several residues, including serine 211 (S211) and serine 319 (S319), respectively. The 

cytosolic chaperone 14-3-3 then associates with these phosphorylated residues, retaining the proteins 

in the cytoplasm, possibly through blocking the nuclear import signal (Martina et al., 2012; Martina et 

al., 2014; Roczniak-Ferguson et al., 2012).  

Nutrient deprivation leads to the dissociation of the mTORC1 from the lysosome and to lysosomal 

release of Ca2+ through the calcium-channel MCOLN1. The calcium release activates the 

phosphatase Calcineurin, which in turn dephosphorylates TFEB and leads to its release from the 14-3-
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3 protein (Medina et al., 2015). A recent study showed how ER stress also activates Calcineurin in a 

p-ERK-dependent manner and that both TFEB and TFE3 are dephosphorylated by this phosphatase. 

Dephosphorylated TFEB and TFE3 can move freely into the nucleus where they bind to the CLEAR 

element in promoters of their target genes and regulate their expression in a coordinated manner (see 

Figure 9) (Martina et al., 2016).  

 

Figure 9. The nutrient-sensitive regulation of TFEB and TFE3 by mTORC1 and Calcineurin. 
Under normal conditions, TFEB and TFE3 reside in the cytoplasm, due to phosphorylation 
by mTORC1. During stress, such as nutrient deprivation, mTORC1 is inactive and 
dissociates from the lysosome. The calcium channel MCOLN1 secretes calcium out of the 
lysosome into the cytoplasm, which activates the phosphatase Cacineurin. The phosphatase 
dephosphorylates TFEB and TFE3, which can then move freely into the nucleus and bind to 
their target genes. 

1.11 Autophagy and melanosomes 

Although autophagy and melanosome formation differ in many ways, the two processes share some 

common regulatory mechanisms. A study from 2008 that used genome-wide siRNA-based screening 

reported that at least three important autophagy genes are necessary for the formation of functional 

melanosomes and melanin production (Ganesan et al., 2008). Two of these were Beclin1 and LC3, 

where LC3 colocalizes with melanosomal markers, such as Tyrp1 and PMEL17 and heterozygous 

Beclin1 deletion was shown to cause dramatic coat colour defects in mice. This colour defect was not 

due to the lack of melanocytes, but rather because of impaired melanin production.  
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The third gene was the yeast Atg18 homolog WIPI1, an important regulator of vesicle trafficking 

(Ganesan et al., 2008), that in a later study was shown to act as a regulator of MITF transcription 

through inhibiting mTORC1 (Ho et al., 2011). WIPI1 inhibition of mTORC1 leads to phosphorylation-

dependent degradation of GSK3β, which in turn leads to β-catenin stabilization. As has been shown 

before, β-catenin would then translocate to the nucleus and upregulate MITF expression (Larue et al., 

2003). This in turn leads to increased expression of melanogenic genes and formation of mature 

melanosomes. The study further confirmed that reduced Beclin1 expression inhibited mature 

melanosome formation in an MITF-independent manner (Ho et al., 2011). Additionally, agents that are 

known to inhibit autophagosome turnover were found to inhibit pigment production as well  (Ni-

Komatsu & Orlow, 2008). 

It has been hypothesized that known autophagy regulators might control the formation of 

melanosomes as well as other vesicle trafficking pathways in melanocytes (Ho & Ganesan, 2011). 

This hypothetical model suggests that the ULK1 and PI3K complex, in collaboration with other factors 

that depend on nutrient status, can induce the formation of autophagosomes, melanosomes and 

endosomes in melanocytes. According to this hypothesis, endosomes and melanosomes are formed 

when nutrients are abundant, whereas autophagosomes are formed during starvation (see Figure 10) 

(Ho & Ganesan, 2011). The key regulatory mechanisms behind this hypothetical regulation of vesicle 

trafficking in melanocytes remain to be elucidated. 

 

Figure 10. A proposed common regulatory mechanism mediates endosome, autophagosome 
and melanosome formation in melanocytes. The ULK1 and PI3K complexes play a key 
role in the formation of the isolation membrane and other complexes, depending on nutrient 
status, participate in the formation of each of these vesicles. Finally, WIPI, along with other 
factors, catalyzes the turnover of these vesicles. Reprinted by permission from John Wiley 
and Sons: Pigment Cell & Melanoma Research, (Ho & Ganesan, 2011), copyright 2011. 
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1.12 Autophagy and cancer 

1.12.1 Anti-tumour effects of autophagy 

Autophagy is an important cellular mechanism for self-clearance and health. It is therefore not 

surprising  that autophagy has tumour-suppressive roles by eliminating toxic, unfolded proteins, ROS 

and malfunctioning organelles, thereby preventing DNA damage and inflammation (White, 2012). 

Evidence for the tumour suppressive roles of autophagy came from a study in mice with heterozygous 

allelic loss of beclin1 which developed hepatocellular carcinoma with age. However, these mice did 

not lose their heterozygosity, suggesting that tumour cells do not tolerate the complete loss of 

autophagy (see Figure 11) (Yue et al., 2003). 

1.12.2 Pro-tumour effects of autophagy 

Importantly, autophagy is a double-edged sword as it can also have tumour-promoting effects by 

improving cell survival in hypoxic and nutrient deprived regions of the tumour (White, 2012). Multiple 

factors can induce autophagy in tumour cells, such as starvation, hypoxia, growth factor deprivation, 

proteasome inhibition, etc. Interestingly, activation of oncogenic RAS can increase basal autophagy 

levels and thereby limit the cells’ adaptive capacity towards other stress factors. This indicates that 

oncogene activation is a type of stress that induces autophagy. In summary, autophagy is important 

for maintaining cellular homeostasis and for supporting growth in aggressive cancers (see Figure 11a 

and b) (Guo et al., 2011).  

1.12.3 Autophagy-dependent tumours 

Autophagy responds to stressors and promotes survival through increased nutrient availability and 

cellular clearance. Low basal levels of autophagy are observed in normally functioning cells and 

tissues, which can increase dramatically upon induction. However, many cancer cell lines already 

have high levels of autophagy and exhibit a limited response to stress or starvation. In cases where 

apoptosis is disabled and growth factors and nutrients are scarce, autophagy can increase cell 

survival drastically, driving the cell into a quiescence state, even for weeks. The cells are then able to 

resume a proliferative state when normal conditions return. Thus, it is clear that autophagy plays a 

major role in both tumour prevention and tumour formation, and has even been shown to promote 

metastasis by enhancing the tumour cell fitness in response to environmental stresses during the 

metastatic process (see Figure 11c and d) (White, 2012). 
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Figure 11. Autophagy can both prevent and contribute to tumour growth and metastasis. In 
healthy tissue, autophagy removes oncogenic proteins as well as damaged proteins and 
organelles, reducing oxidative stress and providing a healthy cellular environment, thereby 
preventing tumour formation. In tumours, autophagy is activated by stressors, such as 
hypoxia and nutrient deprivation, which are common in the tumour microenvironment, and 
can contribute to tumour cell survival by removing defective mitochondria, reducing oxidative 
stress, thereby promoting tumour growth in these stressed areas. Reprinted and adapted by 
permission from Macmillan Publishers Ltd: Nature Reviews Cancer, (White, 2012), copyright 
2012. 
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1.12.4 Autophagy and melanoma 

In comparison to many other cancers, melanoma has been shown to have particularly high lysosomal 

degradative processes, including autophagy. Autophagy in melanomas has been known for decades 

since some malignant melanoma cells contain autophagosomes filled with melanosomes. These 

melanized autophagosomes are known as “coarse melanin”, a phenomenon well known by 

pathologists, accounting for the dark areas of melanomas (Horikoshi et al., 1982; Lazova & Pawelek, 

2009). The mechanisms behind the formation and the role of these melanin-filled autophagosomes is 

not known, but seems to be linked to increased ER stress and autophagy in the invading melanoma 

cells (Lazova et al., 2010; Lazova & Pawelek, 2009). 

When compared to 35 other cancer types, melanomas were shown to have an enriched expression 

of “lysosome-only” genes, higher lysosomal-proteolytic activation and are more sensitive to the 

lysosomal inhibitor Chloroquine. This has been suggested to be regulated in an MITF-independent 

manner, by the small GTPase RAB7 (Alonso-Curbelo et al., 2014), an important modulator of 

endosomal maturation, lysosomal biogenesis and autophagy (Zhang et al., 2009).  

For these reasons, it is evident that autophagy plays a major role in the development and 

progression of melanoma and understanding the underlying mechanisms of this relationship is highly 

important. 
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2 Aims and objectives 

MITF is a master regulator of melanocytes and melanoma. It regulates expression of genes involved 

in the formation of melanosomes, where the pigment melanin is produced. The closely related 

transcription factors, TFEB and TFE3, are key regulators of lysosomal biogenesis and autophagy. 

Levels of autophagy are high in melanoma compared to other cancers, and recent reports, as well as 

studies from our lab, have linked MITF to lysosomal regulation in melanoma cells. Since both MITF 

and autophagy are considered therapeutic targets in cancer treatment, we believe that this 

relationship requires thorough investigation. 

The first aim of this study was to elucidate whether MITF is able to regulate lysosomal and 

autophagy genes in melanoma cells, by overexpressing MITF in a melanoma cell line and analyzing 

changes in gene and protein expression of known lysosomal and autophagy genes. 

The second aim was to investigate whether MITF is necessary for autophagy in melanoma cells, by 

using the CRISPR/Cas9 technique to knock out the MITF gene in a melanoma cell line and observe 

the effects on autophagic flux, both at basal levels and upon starvation. 

The third aim of this study was to investigate if TFEB and TFE3 are also involved in the regulation 

of autophagy in melanoma cells, by decreasing their expression in the MITF knockout cells and 

analyzing the effects on lysosomal and autophagy gene expression. 
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3 Materials and Methods 

3.1 Cell culture 

Two human melanoma cell lines were used in this study, 501Mel cells (a gift from Ruth Halaban 

(Halaban et al., 1997)) and SkMel28 cells (#HTB-72 from ATCC). All cells were grown in RPMI 1640 

medium (#52400-025, GIBCO) supplemented with 10% fetal bovine serum (FBS #10270-106, 

GIBCO). Cells were grown at 37°C and 5% CO2 and medium was changed three times per week. 

Inducible 501Mel cells that overexpressed MITF by induction were generated as described before 

(Zhang et al., 2015) and cultured in RPMI supplemented with 10% FBS and kept under G418 

selection (#10131-035, GIBCO). They were induced by adding 2 µg/mL doxycycline to their culture 

medium. 

3.2 Generation of MITF knockout cell lines 

SkMel28 ΔMITF-X2 and SkMel28 ΔMITF-X6 cells were generated using the CRISPR/Cas9 technique. 

SkMel28 cells were grown up to 60% confluency in a 24 well plate and transfected with a guidance 

RNA (gRNA), specific to exon 2 (recognizing region 5’AGTACCACATACAGCAAGCC‘3), or exon 6 

(recognizing region 5’AGAGTCTGAAGCAAGAGCAC ‘3) and aCas9 vector (Addgene plasmid 

#43860, was a gift from Keith Joung (Shen et al., 2013)), using the Fugene® HD transfection reagent 

(#E2312 from Promega) and a 1:2.8 ratio of DNA/Fugene. The medium was changed at day 1, and at 

day 2 the cells were seeded onto a 15 cm dish, followed by the addition of 3 µg/mL Blasticidin S 

(#R210-01 from Life Technologies) to their medium. At day 4, fresh medium with Blasticidin S was 

added to the culture, and at day 5 Blasticidin was removed and cells were allowed to grow for 3 more 

days.  Single cell colonies were picked at day 8 and individually moved to wells in a 48 well plate. The 

single cell colonies were expanded, genomic DNA extracted (see detailed protocol in Appendix III), 

and analysed using Sanger sequencing. 

3.3 Sanger sequencing preparation 

Genomic DNA from cells generated using the CRISPR/Cas9 method was amplified using primers 

designed to amplify exon 2 or exon 6 (see Table 1). A detailed protocol for the amplification is found in 

Appendix II. The amplified DNA was run on a 2,5% agarose gel, at 70V for 60 minutes. The bands 

were cut out of the gel and extracted using Nucleospin ® Gel and PCR Cleanup Kit (#740609.50 from 

Macherey Nagel) (see detailed protocol in Appendix III). The purified DNA fragments were sequenced. 

Sequencing services were bought from Beckman Coulter Genomics.  

Table 1. Primers used for the amplification of exon 2 and exon 6. 

Target Primer Name Sequence  Tm (°C) Fragment size 

Exon 2 
MITFbothAnal fw CGTTAGCACAGTGCCTGGTA 60.04 

501 bp 
MITFbothAnal rev GGGACAAAGGCTGGTAAATG 56.67 

Exon 6 
MITFexon6fw GCTTTTGAAAACATGCAAGC 55.26 

551 bp 
MITFexon6rev GGGGATCAATTCTCCCTCTT 56.26 
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3.4 RNAi treatment 

Cells were cultured in a 6 well plate for 24 hours (H) before transfection with appropriate siRNA. Cells 

were transfected with 25μM siRNA and 1μL transfection reagent DharmaFECT (#T-2001-02 from 

Dharmacon) per mL of culture medium. Cells were cultured for 2 more days before extracting RNA or 

protein. The siRNAs used for the procedure were siGenome SMARTpool for human TFEB (#M-

009798-02 from Dharmacon), siGenome SMARTpool for human TFE3 (#M-009363-03 from 

Dharmacon) and a Control siRNA (sequence: 5’-UUCUCCGAACGUGUCACGUdTdT-3’, ordered from 

Dharmacon) that was previously used in Carreira et al., (2006). 

3.5 Protein extraction and immunoblotting 

For protein extraction, cells were cultured in 6, 12 or 24 well plates and lysed with RIPA buffer with 

additional 1:100 PMSF (100mM), 1:100 Protease Inhibitor Coctail (#P8340 Thermo Scientific), 1:100 

Phosphatase Inhibitor Coctail (#5870 from Cell Signaling) and 1:6 laemmli buffer. The lysate was 

sonicated for 5 minutes at 4°C and centrifuged at 16.000g for 15 minutes at 4°C. Finally the 

supernatant was boiled at 95°C for 5 minutes. The samples were then run on 8% or 12,5% gels and 

blotted onto a 0,2µm PVDF membrane (#88520 from Thermo Scientific). The membranes were 

blocked with 3% BSA in TBS-T for 1H at room temperature, and then stained O/N at 4°C with 5% BSA 

in TBS-T and appropriate primary (1°) antibodies (see Table 2). Membranes were washed 4x with 

TBS-T and stained for 1H at RT with appropriate secondary (2°) antibodies. The 2° antibodies used 

were following: Anti-mouse IgG(H+L) DyLight 800 conjugate (1:15000, #5257) and anti-rabbit 

IgG(H+L) DyLight 680 conjugate (1:15000, #5366) from Cell Signaling Technologies. Buffers are 

found in Appendix II. The images were captured using Odyssey CLx Imager (LI-COR Biosciences). 

Table 2. Antibodies used for immunoblotting experiments 

Target Catalogue nr Manufacturer Source Purification Dilution 

Actin 4970 Cell Signaling Rabbit IgG Monoclonal 1:2.000 

Actin MAB1501 Millipore Mouse Monoclonal 1:20.000 

ATG5 12994 Cell Signaling Rabbit IgG Monoclonal 1:2.000 

ATG7 8558 Cell Signaling Rabbit IgG Monoclonal 1:10.000 

Lamp1 H4A3 DSHB Mouse IgG1 Monoclonal 1:2.000 

LC3B 2773 Cell Signaling Rabbit Polyclonal 1:2.000 

MITF MS771-PABX  Thermo Scientific Mouse IgG1 Monoclonal 1:2.000 

TFE3 14779 Cell Signaling Rabbit Polyclonal 1:1.000 

TFEB 4240 Cell Signaling Rabbit Polyclonal 1:1.000 

 

3.6 Gene expression analysis using quantitative real-time PCR 

Total RNA was extracted from cells using the TRIzol reagent and protocol (#15596-026, Ambion), 

DNase treated using the RNase free DNase kit (#79254, Qiagen) and re-purified with the RNeasy Mini 

kit (#74204, Qiagen). The cDNA was generated using High-Capacity cDNA Reverse Transcription Kit 

(#4368814, Applied Biosystems). Recommended procedures from the manufacturer were used with 

minor variations, detailed protocols are found in Appendix III.  Primers were designed for each target 

gene using NCBI Primer BLAST (see Table 3), and qRT-PCR performed with SYBR-Green mix 
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(#4438, Sigma-Aldrich) using an Applied Biosystems 7500 qPCR machine (detailed protocol is 

provided in Appendix III). qPCR reactions were performed in triplicates and relative gene expression 

was calculated with the D-ΔΔCt method (Livak & Schmittgen, 2001), using the geometric mean of β-

actin and human ribosomal protein lateral stalk subunit P0 (RPLP0) expression to normalize gene 

expression of the target genes. Standard curves were made and the efficiency calculated using the 

formula E=10[-1/slope]. Dr. Sara Sigurbjörnsdóttir performed the qPCR on the MITF overexpression 

samples. 

Table 3. Primers used for qPCR experiments. 

Target Primer Name Sequence  Tm (°C) Efficiency 

Human MITF 
cMITF-fw ATGGAAACCAAGGTCTGCCC 60.25 

1.94 
cMITF-rev GGGAAAAATACACGCTGTGAGC 60.41 

Mouse MITF 
mMitf-e6-8qF AGCAAGAGCATTGGCTAAAGAG 58.98 

2.02 
mMitf-e6-8qR GCATGTCTGGATCATTTGACTT 57.02 

β-Actin 
b-Actin publ fw AGGCACCAGGGCGTGAT 61.03 

2.03 
b-Actin publ rev GCCCACATAGGAATCCTTCTGAC 60.75 

 Human RPLP0 
hARP fw CACCATTGAAATCCTGAGTGATGT 59.30 

1.94 
hARP rev TGACCAGCCCAAAGGAGAAG  59.60 

TFEB 
TFEB X6F AAGGAGCGGCAGAAGAAAGA 59.31 

2.12 
TFEB X7R CCAACTCCTTGATGCGGTCA 60.32 

TFE3 
TFE3 fw CAGCTGCTCAGCCTGAACTC 61.02 

2.00 
TFE3 rev CTTGAGCGAAGGGGTAAGGG 60.11 

MLANA 
MLANA2 fw TGGATACAGAGCCTTGATGGATAA 59.09 

1.93 
MLANA2 rev GAGACACTTTGCTGTCCCGA 59.97 

Tyrosinase 
TYR fw GCTATCTACAAGATTCAGACCCAGA 59.7 

1.92 
TYR rev GAGGACGGCCCCTACCATC 61.51 

LC3B 
LC3 fw CCGCACCTTCGAACAAAGAG 59.49 

1.87 
LC3 rev AAGCTGCTTCTCACCCTTGT 59.52 

ATG4B 
ATG4 fw TCCTGAACCTGTCCCTAGATTC 58.62 

2.01 
ATG4 rev  CCCGACCCCAGGATTTTCAA 59.96 

GABARAB 
GABARAB fw CGGGTGCCGGTGATAGTAG 59.64 

2.03 
GABARAB rev TGTGAGATCAGAAGGCACCAG 59.72 

Lamp1 
Lamp1 fw CACCATCCAGGCGTACCTTT 60.04 

2.03 
Lamp1 rev TGTTCACAGCGTGTCTCTCC 59.97 

ATP6V1G1 
ATP6V1G1 fw GGCTAGTCAGTCTCAGGGGA 60.03 

1.95 
ATP6V1G1 rev CCGGTTCTTTCTTTTGCGGG 60.04 

 

3.7 Immunostaining 

Cells were seeded onto 8-well chamber slides (#354108 from Falcon) and cultured for 2 days. At day 

2, medium was removed and cells were fixed with 150 μl 4% paraformaldehyde (PFA) in 1xPBS per 

well. The fixative was removed after 20 minutes and wells were washed 3x with PBS. Cells were 

blocked with 150 μl blocking buffer (1xPBS + 5% Normal goat serum + 0,3% Triton-X) for 1H at room 

temperature and stained O/N at 4°C with the appropriate 1° antibodies (see Table 4) diluted in 

antibody buffer (1xPBS + 1% BSA + 0,3% Triton-X). The wells were washed 3x with PBS and stained 

for 1H at room temperature with the appropriate 2°antibodies (see Table 4), diluted in antibody buffer. 
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The wells were washed 1x with PBS, followed by DAPI staining (1:5000, #D-1306, Life Technologies) 

and 2 additional washes with PBS. Subsequently, the chambers were removed, samples allowed to 

dry, 1 drop of Fluroshield (#F6182 from Sigma-Aldrich) was added on top of each well and a cover 

slide added on top. Slides were stored at 4°C in the dark. 

Table 4. Antibodies used in immunostaining experiments. 

Target Catalogue nr Manufacturer Source Purification Dilution 

LC3B 2773 Cell Signaling Rabbit Polyclonal 1:250 

MITF MS771-PABX  Thermo Scientific Mouse IgG1 Monoclonal 1:500 

Lamp1 H4A3 DSHB Mouse IgG1 Monoclonal 1:400 

Alexa Fluor 488 

Anti-rabbit  
A-11070 Thermo Scientific Goat IgG Polyclonal 1:1.000 

Alexa Fluor 546 
Anti-mouse 

A-11003 Thermo Scientific Goat IgG Polyclonal 1:250 

 

3.8 Long-lived protein degradation assay 

These experiments were performed in Prof Anne Simonsen’s lab at the University of Oslo. Cells were 

grown in 24 well plates, and for each experiment they were cultured in three different conditions; a) 

normal medium, b) starved for 4H using Earl’s balanced salt solution (EBSS), containing MgCl2 and 

CaCl2 (#24010043 from GIBCO), and c) starved for 4H with HBSS supplemented with 100nM 

Bafilomycin-A1. When using overexpression vectors, the cells were transfected 24H after they were 

seeded onto the plates. The overexpression vector pEGFP-N1-MITF-M was used (Addgene plasmid # 

38131, was a gift from Shawn Ferguson (Roczniak-Ferguson et al., 2012)). The cells were grown for 

48H in normal medium supplemented with 10 mM 14C-L-Valine. At day 2 they were washed two times 

with warm PBS and grown in RPMI+10% FBS supplemented with 10 mM L-Valine for 17H. At day 3 

the medium was changed to a) RPMI + 10 mM Valine, b) RPMI + 10 mM Valine + 100 nM Baf-A1, c) 

EBSS + 10 mM Valine or d) EBSS + 10 mM Valine + 100 nM Baf-A1. The cells were cultured for 4H 

with this medium, then the supernatant was collected and the cells lysed. Proteins in the supernatant 

were precipitated O/N, the supernatant was moved to a new tube, the precipitate dissolved and moved 

to the same sample cell lysate. The supernatant and lysate were moved to counting vials and mixed 

with 3 mL scintillation fluid. C14 levels were measured in each sample using a scintillation counter. The 

% degradation was calculated by comparing the amount of C14 in the supernatant to the total C14 

levels (supernatant + lysate). For a detailed protocol, see Appendix III. 

3.9 Gene expression analysis from melanoma cell lines 

Microarray expression data from 23 different melanoma cell lines were kindly provided by Lionel 

Larue, a collaborator of the Steingrímson’s lab. These data were recently published in Rambow et al., 

(2015). The GSEA analysis was performed using the GSEA software from the Broad Institute (Mootha 

et al., 2003; Subramanian et al., 2005). The list of lysosomal and autophagy genes was obtained from 

report by Perera et al., (2015) and can be found in Appendix IV. The heatmap was created using 

expression data from 11 of the lysosomal and autophagy genes and the “heatmap.2” function in 

“gplots” package of the statistics software “R” was used. 
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3.10 Statistical analysis 

Results from three or more independent experiments are presented as the mean with standard error 

of the mean (SEM). Graphpad Prism 7 was used for statistical analysis. Statistics of the LLPD and 

immunoblotting experiments as well as the qPCR analysis for overexpression and knockout 

experiments, were calculated using multiple t-tests and a false discovery rate of 5%. Statistics for 

qPCR analysis of siRNA experiments were calculated using multiple t-test and a Bonferroni correction 

for multiple comparisons. Significant differences of the mean are indicated as *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. 
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4 Results 

4.1 MITF binds to promoters of lysosomal and autophagy genes 

The major role of MITF is to regulate genes important for diverse functions of melanocytes, ranging 

from their differentiation to pigment production. Recent studies have implicated that MITF might also 

play a role in regulating other cellular processes such as lysosomal activity (Ploper et al., 2015; Strub 

et al., 2011). A collaborator of the Steingrimsson lab, Dr. Lionel Larue, has recently published a paper 

where MITF expression was analyzed in 23 different human melanoma cell lines (Rambow et al., 

2015). Using these data, we investigated if MITF expression correlated with a number of 

autophagy/lysosomal genes in these human melanoma cell lines. Comparing the expression levels of 

these genes between cell lines in a heatmap, we noticed that expression levels of MITF correlate with 

those of autophagy/lysosomal genes (Figure 12a).  

Gene array data from these 23 melanoma cell lines were analyzed, and genes were ranked 

according to correlation of their gene expression with MITF expression. This was done by Dr. Vésteinn 

Þórsson (V.Þ.) at the Institute of Systems Biology and Dr. Sara Sigurbjörnsdóttir (S.S.). Gene set 

enrichment analysis (GSEA) on these expression data, also performed by S.S., revealed that MITF 

mRNA levels in these cell lines indeed positively correlates with a list of autophagy and lysosomal 

genes (the list is found in Appendix IV) (Figure 12b). In order for MITF to regulate the expression 

levels of these genes it has to bind to their promoters. A PhD student in the lab, Ramile Dilshat (R.D.), 

investigated if this was the case by performing MITF chromatin-immunoprecipitation (ChIP) in a 

human melanoma cell line, 501Mel. She analyzed MITF binding to a set of autophagy/lysosomal 

genes using quantitative real-time PCR (qPCR). Using β-actin as a negative control and MLANA, a 

known target of MITF, as a positive control, this experiment revealed that MITF can indeed bind to the 

promoters of these genes (Figure 12c). These results show that MITF not only correlates with 

expression of autophagy/lysosomal genes but can also bind to the promoters of these genes.  
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Figure 12. MITF levels correlate with lysosomal and autophagy genes and can bind to their 
promoters. a) A heatmap showing the relative expression levels of MITF and several 
autophagy/lysosomal genes in 23 different human melanoma cell lines. Colour ranges 
from bright red (high expression) to bright green (low expression). b) Gene set enrichment 
analysis of MITF correlation with autophagy/lysosomal genes in 23 different human 
melanoma cell lines. The analysis was performed by V.Þ. and S.S. c) MITF ChIP-qPCR in 
501mel cells, the experiment shown is a representative of three replicate experiments 
performed by R.D. 

4.2 MITF overexpression increases LC3 expression but not functional 
autophagosomes 

To investigate whether MITF overexpression could affect expression of autophagy/lysosomal genes, a 

stable inducible MITF overexpression cell line (rTA-MITF) was generated from the human melanoma 

cell line 501Mel, as well as a control cell line containing an empty vector (rTA-EV). The MITF 

overexpression can be detected both by immunoblotting (Supl. Figure 1a) and immunostainings (Supl. 

Figure 1b). The rTA-MITF cell line was induced with doxycycline for 48H, and expression levels of a 

set of autophagy and lysosomal genes were analyzed using qPCR, performed by Dr. Sara 

Sigurbjörnsdóttir. We observed a significant increase in expression of ATP6V1G1, a subunit of the v-

ATPase, and LC3 upon MITF overexpression, while Lamp1 expression did not change and ATG4B 

expression was significantly decreased (Figure 13a). We also investigated expression of the 

pigmentation gene MLANA, which is strongly bound by MITF (Figure 12c) and has previously shown 

to be regulated by MITF (Du et al., 2003). Interestingly, MLANA expression was not affected by MITF 

overexpression. This raised the question whether these cells, that have high levels of endogenous 

MITF, do not respond in a sensitive manner to a further increase in MITF protein levels. However, 

immunostaining with antibodies against MITF and LC3 revealed that the rTA-MITF cells had both 

increased LC3 levels and larger LC3-positive punctae (Figure 13b). LC3 puncta are indicative of 

autophagosomes and these results are thus indicating that MITF overexpression is able to increase 

the formation of autophagosomes. 
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Figure 13. MITF overexpression increases LC3 expression 
a) RNA expression levels of a set of autophagy/lysosomal genes after MITF overexpression. 
An average of three independent experiments is shown. Bars representing SEM, *P<0.05, 
**P<0.01, ****P<0.0001. b) Immunostaining of the control cell line (rTA-EV) and the MITF 
overexpressing cell line (rTA-MITF). Cells were stained with antibodies against MITF (red), 
LC3 (green) and a nuclear stain (blue). Shown is a representative figure for three 
independent experiments. 

Next, we investigated whether MITF overexpression also affects the autophagosomal activity, 

namely the autophagy flux. As starvation is a known activator of autophagy, we cultured the inducible 

cells in starvation medium (HBSS) for 4H, with and without the autophagy inhibitor Bafilomycin-A1 

(Baf-A1). When compared to the rTA-EV, MITF protein levels in the rTA-MITF cells were increased 

about threefold after 48H of induction, and were further increased after starvation (Figure 14a). 

However, neither of the autophagy proteins ATG5 and ATG7 nor the lysosomal marker Lamp1 were 

affected by increased MITF (Figure 14a). Quantification of the LC3-II protein is used to measure 

changes in the amount of autophagosomes. When grown in normal medium, the rTA-MITF cells had 

significantly increased levels of LC3-II when compared to the rTA-EV. However, MITF overexpression 

did not increase LC3-II levels after starvation indicating no difference in starvation induced 

autophagosome formation upon MITF overexpression (Figure 14a). Interestingly, there was no 

difference in LC3-II levels between the cell lines after blocking the autophagic flux with Baf-A1, 

indicating that MITF overexpression does not affect the flux in these cells (Figure 14a).  

Another method to assess the autophagic flux is to measure the degradation of long-lived proteins. 

By growing cells in both normal and starvation medium and treating them with Baf-A1, it is possible to 

measure the proportion of degradation performed through autophagy, compared to other protein 

degradation processes. A long-lived protein degradation assay was performed on the human 

melanoma cell line SkMel28, transiently transfected with an empty pEGFP-N2 vector (EV) or pEGFP-

MITF-M. No difference was observed in degradation through autophagy in normal medium, whereas 

cells transfected with MITF-M showed an increase in degradation through autophagy when starved, 

but this was not significant (Figure 14b). Together, these results indicate that MITF overexpression 

increases the expression of several autophagy and lysosomal genes, thus resulting in an increased 

number of autophagosomes in normal conditions but does not alter the autophagic flux. 
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Figure 14. Overexpression of MITF affects autophagy/lysosomal gene expression. 
a) Left: Protein levels comparing the rTA-EV and rTA-MITF cell lines grown in normal 
medium and starvation medium with or without Baf-A1. Right: Quantification of MITF and 
LC3B-II levels. Shown is the average of three independent experiments. Bars represent 
SEM, **P<0.01. A representative figure is shown for three independent experiments. b) 
Degradation of long lived proteins through autophagy measured in SkMel28 cells transfected 
with an empty vector or MITF-M. The average of three independent experiments is shown, 
bars represent SEM. 

4.3 Generation of MITF knockout cells 

In order to investigate the importance of MITF for autophagy in melanoma cells, we used the 

CRISPR/Cas9 technique to knock out the gene in the tetraploid human melanoma cell line SkMel28. 

Using two guide RNAs (gRNAs), designed to target exon 2 and exon 6, we generated two different cell 

lines carrying mutant MITF gene, hereafter referred to as ΔMITF-X2 and ΔMITF-X6 (Figure 15a) or the 

MITF knockout cells. SkMel28 cells were also treated with an empty gRNA (EV) to generate a control 

cell line. Exon 2 is the first common exon of all MITF isoforms. Treatment with the exon 2 gRNA 

introduced one extra base pair in three out of four copies of exon 2, which caused an early stop codon 

(Figure 15b); the last copy acquired a 5 base pair deletion, causing the reading frame to be out-of-

frame (data not shown). Western blot analysis shows that the ΔMITF-X2 cell line expresses a 

truncated MITF isoform, about 20 kDa smaller than the MITF-M isoform (Figure 15c). This is most 

likely because of an alternative translation start of MITF as we did not detect any alternative 

transcripts, suggesting alternative splicing (data not shown). Since the ΔMITF-X2 cells express a 

truncated MITF protein we designed the second gRNA to recognize exon 6 (Figure 15a). This exon 

contains the basic DNA binding domain of the protein. In this cell line, CRISPR introduced frame-shift 

mutations in 3 out of 4 copies of the MITF gene these cells contained. The last copy was missing two 

amino acids in the basic domain. The cell line expressed significantly less MITF protein (Figure 15d) 

and any possible MITF protein expressed from these mutant chromosomes would not be expected to 

be able to bind DNA.  

When first attempting to generate an MITF knockout cell line using the CRISPR/Cas9 system, a 

longer selection for cells expressing the Cas9 vector was used than described in the methods. 
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However, after screenings had shown that these cells steadily expressed the Cas9 vector, it became 

evident that using such a long selection time resulted in the integration of the vector. We decided that 

having a constantly expressed nuclease in these cells was not a good model for investigating the 

effects of MITF on autophagy regulation, so we performed the experiment again, using a much shorter 

selection time, resulting in the SkMel28 ΔMITF-X2 and ΔMITF-X6 cell lines that do not show Cas9 

expression or integration.  

To investigate if expression of known MITF targets was affected in the MITF knockout cell lines, 

RNA expression was measured with qPCR, using primers for the reported MITF pigmentation targets 

MLANA and Tyrosinase. The results showed that MLANA expression was reduced by more than 95% 

in both cell lines, whereas Tyrosinase expression was increased (Figure 15e). This indicates that MITF 

does not bind to its high affinity targets in the MLANA promoter of the two MITF knockout cell lines, 

and that an additional regulatory mechanism affects Tyrosinase expression in SkMel28 cells. 

 

Figure 15. Generation of MITF knock-out cell lines. 
a) The gRNAs were designed to target exon 2 and exon 6 of the human MITF gene. b) 
Targeting exon 2 lead to an insertion of one base, resulting in an early stop codon. c) The 
SkMel28 ΔMITF-X2 cell line expresses a truncated form of MITF, about 20 kDa smaller than 
the wild type. d) The SkMel28 ΔMITF-X6 cell line expresses significantly lower amounts of 
MITF compared to wild type. e) Expression of known MITF target genes, MLANA and 
Tyrosinase, in the MITF knockout cell lines compared to SkMel28 cell line. 

4.4 MITF knockdown increases expression of autophagy/lysosomal 
genes and elevates autophagic flux 

We used RNA expression analysis to investigate if lack of MITF-M affected autophagy and lysosomal 

gene expression. First we noticed that MITF expression in the ΔMITF-X2 cell line was increased, but 

in the ΔMITF-X6 cell line it was decreased. This was in accordance with our observation with the 

immunoblotting experiments (Figure 15b and c). Interestingly, when the RNA expression of selected 

autophagy and lysosomal genes was measured, the results showed increased expression of all the 

target genes examined, including Lamp1, ATP6V1G1, LC3B and Atg4 (Figure 16a). Immunostaining 

with antibodies against MITF and LC3 revealed that, unlike the wildtype and the ΔMITF-X2 cells, the 
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MITF protein in the ΔMITF-X6 cell line was mostly cytoplasmic. Interestingly, both MITF knockout cell 

lines had increased LC3 expression compared to SkMel28 cells (Figure 16b).  

 

Figure 16. MITF knockout increases expression of autophagy and lysosomal genes. 
a) RNA expression of the MITF knockout cell lines, ΔMITF-X2 and ΔMITF-X6, compared to 
the control cell line. The average of three independent experiments is shown. Bars represent 
SEM, *P<0.05, **P<0.01, ****P<0.0001. b) Immunostaining of SkMel28, ΔMITF-X2 and 
ΔMITF-X6. Cells were stained with antibodies against MITF (red), LC3 (green) and a nuclear 
stain (blue). A representative figure of three independent experiments is shown. 

To investigate if MITF knockout affects autophagy response to starvation, the cells were cultured in 

both normal and starvation medium, with or without Baf-A1. Immunoblotting showed that MITF protein 

levels are increased upon starvation, both in the SkMel28 and in the MITF knockout cell lines (Figure 

17a). Strikingly, in the two MITF knockout cell lines, LC3-II levels were increased, both in normal 

medium and upon starvation. Additionally, the levels of LC3-II protein after Baf-A1 treatment were 

higher than in the control cell line, indicating increased autophagy flux (Figure 17a). Using 

immunostaining with antibodies against Lamp1, we investigated the effect of starvation on the number 

of lysosomes in the MITF knockout cell lines. The staining showed that Lamp1 protein levels were 

higher in the knockout cell lines and that starvation increased the numbers of Lamp1 positive punctae 

in these cells to a much greater extent than in SkMel28 cells (Figure 17c). 

Before we realized that the CRISPR treatment with a long selection time would lead to the 

integration of Cas9, we had performed starvation experiments with HBSS and the autophagy inhibitor 

Chloroquine (CQ) using these cells. The cells were starved for 2H or 4H, with or without CQ, and 

protein levels of MITF and LC3 were analyzed using immunoblotting. The results of this experiment 

were similar to those observed with the Cas9-free MITF knockout cell lines, that is, LC3-II levels were 

increased in the MITF knockout cell line (ΔMITF) upon starvation, and 4H of CQ treatment with 

starvation resulted in higher LC3-II levels in the ΔMITF than in wildtype SkMel28 cells (Supl. Figure 

2a). This suggests higher autophagic flux upon starvation in the ΔMITF cell line compared to SkMel28. 

Additionally, we performed immunostaining of these cells while starving them for 2, 4 and 24 hours. 



  

43 

Using antibodies against LC3, we detected an increase in LC3 positive dots upon starvation, which 

increased in accordance with the time the cells were starved (Supl. Figure 2b). Altogether, the results 

indicate that the MITF knockout cells with or without Cas9 integration have higher numbers of 

autophagosomes at basal levels and increased autophagic flux upon starvation.  

To further examine if the truncated MITF in the ΔMITF-X2 cell line affects autophagic flux, we 

performed a protein degradation assay with these cells. The results showed no difference in 

autophagic degradation of long lived proteins when cells were cultured in normal medium. However 

when the cells were starved, the degradation of these proteins was significantly increased (Figure 

17b). Altogether, these results suggest that the lack of wildtype MITF-M results in increased 

expression of autophagy/lysosomal genes and higher numbers of autophagosomes at basal levels, 

and enhanced autophagic flux in response to starvation. 
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Figure 17. MITF knockout increases autophagic flux 
a) Immunblotting of MITF and LC3B protein levels in the control and MITF knockout cell lines 
cultured in normal medium and starvation medium, with or without Baf-A1 treatment. A 
representative figure of three independent experiments is shown. b) Degradation of long 
lived proteins in the ΔMITF-X2 cell line compared to the control cell line. The average of 
three independent experiments is shown. Bars represent SEM, *P<0.05. c) Immunostaining 
of SkMel28, ΔMITF-X2 and ΔMITF-X6 cultured in normal medium or in starvation medium for 
4 hours. Cells were stained with antibodies against Lamp1 (red) and a nuclear stain (blue). 

4.5 MITF regulates the expression of TFEB and TFE3 

The unexpected and interesting observation that lack of MITF-M results in increased autophagy, 

raised the question if the related transcription factors were involved in this process in melanoma cells. 

It has been shown that TFEB has a CLEAR element in its promoter and can regulate its own 

expression (Carmine Settembre, De Cegli, et al., 2013).  

To investigate if MITF can regulate the expression of TFEB and TFE3 in these cells, we looked at 

RNA and protein expression of these factors under different conditions. When mRNA expression from 

MITF overexpression in the 501Mel rTA-MITF cell line was analyzed using qPCR with gene specific 

primers for TFEB and TFE3, we observed that TFEB expression was significantly increased but TFE3 

levels showed no difference (Figure 18a). This suggests that MITF activates TFEB expression but has 

no effect on TFE3. Next, we analyzed the protein levels of TFEB and TFE3 upon starving the 501Mel 

rTA-EV and rTA-MITF cell lines. The results show that overexpression of MITF increases TFEB 

protein levels, but decreases TFE3 protein levels. Both factors migrate faster down the gel upon 

starvation (Figure 18b), consistent with previous findings of dephosphorylation of these factors upon 

starvation (J. A. Martina et al., 2016; Medina et al., 2015). Interestingly, TFEB expression was reduced 

in the MITF knockout cell lines, whereas TFE3 expression was increased as compared to the EV cell 

line (Figure 18c). In the starvation experiment, TFE3 expression was significantly increased, and the 

increase was further enhanced upon starvation of the MITF knockout lines (Figure 18d). It was not 

possible to stain for TFEB in the SkMel28 cell lines since TFEB expression in these cells is too low. 

These results indicate that MITF positively regulates TFEB and negatively regulates TFE3 in 

melanoma cells. This raised the question if TFE3 expression in the MITF knockout cells is responsible 

for the activation of lysosomal genes and the pigmentation gene Tyrosinase. 
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Figure 18. MITF regulates the expression of TFEB and TFE3  
a) RNA expression of MITF, TFEB and TFE3 after MITF overexpression in 501Mel rTA cells. 
The average of three independent experiments is shown. Bars represent SEM, 
****P<0.0001.  b) Western blot analysis of MITF and TFE3 protein levels after MITF 
overexpression in 501Mel rTA cells cultured in normal medium and starvation medium, with 
or without Baf-A1 treatment. A representative figure of three independent experiments is 
shown. Bars represent SEM, **P<0.01. c) RNA expression of MITF, TFEB and TFE3 in the 
MITF knockout cells, ΔMITF-X2 and ΔMITF-X6, compared to SkMel28. The average of three 
independent experiments is shown, bars represent SEM. d) Western blot analysis of MITF 
and TFE3 protein levels in the control and MITF knockout cells cultured in normal medium 
and starvation medium, with or without Baf-A1 treatment. A representative figure of three 
independent experiments is shown. 

4.6 TFE3 increases autophagy flux in MITF knockout cells 

Since TFE3 expression is increased in the MITF knockout cells, and has been shown to regulate 

autophagy in other cells types and cancers, we investigated if knocking down TFE3 expression would 

reverse the effects seen on the autophagy and lysosomal gene expression in the MITF knockout cell 

lines. We transfected the cells either with a small interfering RNA (siRNA) control (siCtrl) or with a pool 

of siRNAs directed against TFE3 (siTFE3) and cultured them for 48H before RNA extraction. 

Expression of the same set of autophagy and lysosomal genes as before was analysed. The results 

show that knocking down TFE3 leads to a reduction in expression of Lamp1, LC3 and ATG4, 

however, the reduction is not significant.  TFE3 knockdown does not affect MITF or TFEB expression 

and interestingly, it does not affect the expression of Tyrosinase either (Figure 19a). Repeating the 

same experiment with a pool of siRNAs directed against TFEB (siTFEB) also leads to a reduction in 

expression of these genes, but not as decisive as with TFE3 knockdown (Figure 19b). These results 

indicate that TFE3 knockdown in the MITF knockout cells is able to recover the normal expression 
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levels of the selected autophagy and lysosomal genes. However, since neither TFEB nor TFE3 

knockdown in the normal SkMel28 cells show any effect on the expression of these genes, we 

conclude that TFE3 and TFEB are not necessary for basal autophagy in melanoma cells, but have the 

potential to affect starvation induced autophagy. 

 
 

Figure 19. TFE3 knockdown abrogates the increase in lysosomal and autophagy gene 
expression in MITF knockout cell lines. a) Gene expression of several lysosomal and 
autophagy genes after treatment of SkMel28 cells and MITF knockout cells with either a 
control siRNA (siCtrl) or a pool of siRNAs against TFE3 (siTFE3). The average of three 
independent experiments is shown. Bars represent SEM, ****P<0.0001. b) Gene expression 
of several lysosomal and autophagy genes after treatment of SkMel28 cells and MITF 
knockout cells with either a control siRNA (siCtrl) or a pool of siRNAs against TFEB 
(siTFEB). The result of one experiment is shown. 
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5 Discussions 

MITF is an oncogene in melanoma as it is amplified in 10-20% of melanoma cancers (Garraway et al., 

2005) and germline mutations have been shown to predispose to the disease (Bertolotto et al., 2011; 

Yokoyama et al., 2011). Also, other members of the MiT/TFE family have been linked to an increased 

risk of pancreatic and renal cancers (Perera et al., 2015; Steingrimsson et al., 2004). This study and  

recent discoveries linking MITF to the regulation of lysosomal biogenesis and autophagy (Perera et 

al., 2015; Ploper et al., 2015) have revealed that this family of transcription factors shares a common 

pool of target genes involved in vesicular trafficking and lysosomal regulation. It is becoming clear that 

misregulation of vesicular trafficking is one of the hallmarks of melanomas and that melanomas are 

dependent on lysosomal activity and autophagy (Alonso-Curbelo et al., 2014; Ibarrola-Villava et al., 

2015). Autophagy has even been linked to increased invasiveness in melanoma and is believed to be 

a key modulator of inflammation and immune responses in these cancers (Checinska & Soengas, 

2011). Unravelling the role of the MiT/TFE family members in autophagy regulation in melanoma will 

therefore give us a deeper understanding of what pathways are involved in the formation and 

persistence of these aggressive cancers and might aid in the discovery of new drug targets. 

5.1 MITF binds to promoters of lysosomal and autophagy genes 

When we compared MITF expression in 23 different melanoma cell lines to a set of 

autophagy/lysosomal genes, we discovered that MITF expression correlated with the expression of 

these genes. The heatmap shown in Figure 12a includes only 10 autophagy/lysosomal genes, but the 

results indicated a clear correlation, so we decided to further analyze the expression data from these 

cells. The GSEA revealed that the expression of autophagy/lysosomal genes has a strong correlation 

with MITF expression indicating that MITF regulates this set of genes. This could be through direct 

transcriptional regulation or through a secondary regulatory mechanism. To look at this more closely, 

Ramile Dilshat, a PhD student in the lab, analyzed three already published MITF ChIP-sequencing 

datasets from primary melanocytes, COLO829 melanoma cells (Webster et al., 2014) and 501Mel 

melanoma cells (Strub et al., 2011), which revealed that MITF binds to the regulatory regions of these 

genes (unpublished data from our lab). Furthermore, Ramile confirmed that MITF binds to the 

promoters of these genes by ChIP experiments followed by qPCR on selected genes. This indicates 

that MITF regulates lysosomal and autophagy genes through direct transcriptional activity. 

MITF has been shown to bind to the M-box (TCATGTGA), a sequence highly similar to the CLEAR 

element (GTCACGTGAC) found in promoters of lysosomal and autophagy genes (Aksan & Goding, 

1998; Sardiello et al., 2009). Only a small set of genes was investigated using the MITF ChIP-qPCR 

method but ChIP-sequencing experiments, currently being performed by Ramile, will reveal the exact 

set of genes MITF and the TFE factors are able to bind to. In order to determine if MITF can bind to 

the CLEAR element and activate transcription, a luciferase assay is being performed by Ásgeir Örn 

Arnþórsson, a master’s student in our group. 

It would be interesting to investigate which sets of genes MITF is bound to upon various stress 

conditions, such as α-MSH stimulation, glucose or amino acid starvation, mTOR inhibition or even UV 
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light. This would give us a broader view on which pathways MITF regulates upon treatment with these 

stimuli and if MITF participates specifically in starvation-induced autophagy. 

5.2 MITF overexpression increases LC3 expression but does not 
increase autophagic flux 

When overexpressing MITF in the human melanoma cell line 501Mel, we observed only a modest 

increase in expression of some of the autophagy and lysosomal genes that were investigated. Of the 5 

genes investigated (MLANA, Lamp1, ATP6V1G1, LC3 and Atg4), only the expression of ATP6V1G1, 

LC3 and Atg4 was affected. This came as a surprise since the ChIP analysis had shown MITF binding 

to the promoters of all the genes tested. Interestingly, MITF overexpression did not affect expression 

of the pigmentation gene MLANA, even though this gene is known to be a high-affinity target gene of 

MITF; the ChIP analysis shows that MITF binds strongly to the MLANA promoter (Figure 12c). This 

might be due to the fact that MITF is already highly expressed in these cells, specifically compared to 

the other transcription factors of the same family, TFEB and TFE3. Expression data from a panel of 23 

melanoma cells show that MITF expression is about 40-fold higher than the other two factors 

(unpublished data from our lab). Thus, increasing MITF expression might not have further effects on 

high-affinity target genes, such as MLANA, as MITF-binding sites might already be saturated. 

After MITF overexpression in cells grown in normal medium, LC3 protein levels were significantly 

increased and more LC3-positive punctae were detected using immunostaining (Figure 13). However, 

the cells’ response to starvation did not change upon MITF overexpression, according to the starvation 

experiments (Figure 14a) and protein degradation assays (Figure 14b). This indicates that MITF is 

able to enhance the formation of autophagosomes, but is not able to increase the autophagic flux in 

these cells. This is consistent with previous findings, where MITF expression was shown to correlate 

with lysosomal gene expression in melanoma cells, but even though MITF overexpression increased 

the formation of lysosomes in that study, the lysosomes were not active (Ploper et al., 2015). The 

authors of this paper used a melanoma cell line that does not have detectable endogenous expression 

levels of MITF, so MITF overexpression in these cells shows more prominent effects on lysosomal 

gene expression than what we detected in our experiments. In order to improve our experimental 

setup and obtain more accurate answers to the question whether MITF can regulate expression of 

autophagy genes, the overexpression experiments should be repeated in a melanoma cell line that 

has low or no MITF expression and optionally in the MITF knockout cell lines. 

5.3 Generation of MITF knockout cell lines 

Our attempts to knock out MITF expression in the SkMel28 cells resulted in the generation of two cell 

lines containing mutant MITF with no wildtype MITF-M expressed, hereafter referred to as the MITF 

knockout cell lines. The treatment with a gRNA targeting exon 2 resulted in the ΔMITF-X2 cell line, 

containing a truncated MITF isoform, about 20 kDa shorter than wildtype MITF-M. Interestingly, 

SkMel28 already expresses this truncated MITF isoform at low levels, as seen with immunoblotting 

(Figure 15c). It has not been described before, so the function of this new isoform is unknown and 

needs to be investigated further. The truncated isoform does not appear to be due to alternative 

splicing since no alternative mRNAs were detected using PCR (data not shown). We suspect this 
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isoform is generated by an alternative translation start-site. The expression of MLANA, a high affinity 

target of MITF, was significantly reduced in these cells, suggesting that this truncated isoform is not 

able to activate the expression of known MITF target genes. This needs to be further validated by 

analyzing the expression of additional MITF target genes. However, Tyrosinase expression was 

increased in both MITF knockout cell lines, indicating an alternative regulator of this gene in 

melanoma cells. 

The ΔMITF-X6 cell line had significantly reduced expression of MITF and due to a two amino acid 

deletion from the basic domain, this mutant MITF was not expected to have DNA binding abilities. The 

reduced MLANA expression in these cells indicates that this is the case, although additional targets of 

MITF have to be investigated to confirm this. Interestingly, this mutated MITF does not reside in the 

nucleus as seen with the MITF-M isoform, but is primarily located in the cytoplasm (Figure 16b). This 

is consistent with previous observations from the lab, where an MITF mutant, with four arginines (R) in 

the basic domain mutated to alanine (A), is excluded from the nucleus (Master's thesis from Sigurður 

Rúnar Guðmundsson, 2015). This confirms the role of the basic domain in nuclear localization of the 

protein. 

We did not observe a difference between the MITF knockout cells with the integrated Cas9 or the 

MITF knockout cells that were generated using a shorter Blasticidin selection time, in regards to 

autophagy and responses to starvation. However, the ΔMITF cells seemed to grow slower than 

SkMel28 cells, indicating that Cas9 might have some effects on the proliferation of the cells. It is thus 

highly important to prevent the integration of the Cas9 vector when performing the CRISPR technique. 

Interestingly, during the CRISPR experiments, a high number of clones was screened and 

sequenced and while most of the clones had mutations in two or three of the MITF copies, and the 

MITF knockout cells do not have functional MITF, all of the growing, viable clones had some residual 

MITF expression. These cells did not express any wild type MITF, a truncated version of the protein 

and a mutant lacking DNA binding ability were expressed in the ΔMITF-X2 and ΔMITF-X6 cells, 

respectively. In fact, only one clone was found to have a frame-shift mutation in all four copies and 

was not expected to have any MITF expression, but while expanding this culture after single cell 

selection, the cells stopped growing and were discarded. This indicated that these melanoma cells 

cannot survive without the expression of MITF although that MITF can lack DNA-binding ability. 

Collaborators of the Steingrimsson’s lab have reported that their attempts to knock out MITF in 

melanoma cells resulted in the cells going into a senescent phase. This could explain why none of the 

MITF CRISPR clones that were expanded and screened had deleterious mutations in all four copies of 

the gene, and is consistent with the proposed rheostat model, which predicts that when melanoma 

cells contain very low MITF levels or the protein is absent, the cells go into senescence (Carreira et 

al., 2006). Dr. Sara Sigurbjörnsdóttir, a postdoctoral fellow in the lab, performed a TFEB knockout 

using the CRISPR/Cas9 technique in the SkMel28 cell line. Screening and sequencing of the single 

cell clones from this experiment revealed at least two clones with frame-shift mutations in all four 

copies of TFEB, while the cells both survive and proliferate. These results indicate that of the two 

factors, only MITF expression is necessary for SkMel28 cell proliferation and that the cells can survive 

without TFEB expression. Interestingly, functional MITF protein does not seem to be necessary for the 
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cells and neither does nuclear localization of the protein. This indicates a crucial role for MITF in these 

cells, which is independent of its transcriptional activity and would be interesting to explore further. 

5.4 MITF-M knockout cells have increased autophagy and TFE3 
expression 

When the knockout experiments were first performed, our hypothesis was that the mutant MITF in the 

ΔMITF cell lines would not be able to activate autophagy. Additionally, because of MITF abundance in 

SkMel28 cells as compared to the transcription factors TFEB and TFE3, and because of the strong 

correlation between MITF expression and lysosomal and autophagy gene expression in melanoma 

cells, we hypothesized that MITF was a key transcriptional regulator of autophagy in these cells. 

Surprisingly, the results of our knockout experiments showed increased expression of autophagy and 

lysosomal genes and that autophagic flux was elevated in these cells, both at basal levels and in 

response to starvation. Interestingly, TFEB and TFE3 expression, both in the inducible rTA-MITF cells 

and in the MITF knockout cells, indicated that MITF positively regulates TFEB, but negatively 

regulates TFE3. However, MITF overexpression did not affect TFE3 expression. A possible 

explanation for this might be that MITF levels are already high, and that increasing MITF levels might 

not have noticable effects. On the other hand, when MITF levels are low the effects on gene 

expression would become more prominent. The fact that TFE3 expression is significantly increased in 

the MITF knockout cells is a probable explanation for the increased autophagy response in these 

cells, as TFE3 has been shown to regulate autophagy in mammalian cells (Martina et al., 2014).  

From previous studies, it is known that MITF and the TFEs complement the function of each other 

(Steingrimsson et al., 2002). Thus, in order to determine if TFEB and TFE3 were able to substitute for 

the role of MITF in its absence, we characterized what happened in the MITF knockout cells upon 

knockdown of these factors, using siRNAs against both TFEB and TFE3. When we knocked down 

TFE3 expression in the MITF knockout cells, we detected a notable decrease in the expression of our 

selected autophagy and lysosomal target genes, often down to levels similar to those detected in 

SkMel28 cells. A decrease in Tyrosinase expression was also detected after TFE3 knockdown, 

suggesting that increased TFE3 expression in the MITF knockout cells is responsible for the increase 

in Tyrosinase expression. However, TFE3 knockdown did not affect expression of these genes in wild-

type SkMel28 cells, suggesting that the increase in autophagy in the MITF knockout cells is indeed 

regulated through TFE3. It also suggests that TFE3 on its own is not necessary for autophagy in these 

cells and that MITF is an important contributor. Similar results were obtained when knocking down 

TFEB expression, although the difference in expression of the autophagy and lysosomal genes was 

not as obvious and TFEB knockdown did not show an effect on the melanosomal gene Tyrosinase. In 

order to answer the question if all three of these factors, TFEB, TFE3 and MITF, are necessary for 

autophagy in melanoma cells, it would be interesting to perform a triple knock-out experiment on all 

three factors in melanoma cells. siRNA off-target effects are well known and pooling several siRNAs 

together increases the risk of these effects. Preferentially, the siRNAs used in this study should be 

used individually in order to obtain more conclusive results.  
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We observed morphological differences in the MITF knockout cells compared to SkMel28 cells, as 

they showed less dendricity, increased cell-cell contact and decreased cell scattering. We also noticed 

that when cultured at low density, the cells proliferated at a slower rate than SkMel28 cells, however, 

at higher density the cells grew at similar rates. When the SkMel28 cells were starved they became 

notably more dendritic. However, the MITF knockout cells did not show this morphological change 

upon starvation.  

In a recent paper (Alonso-Curbelo et al., 2014), the small GTPase RAB7 that has been described 

as a modulator of endosomal maturation and autophagic flux in various cell types (Wang et al., 2011; 

Zhang et al., 2009), is identified as a regulator of endolysosomal trafficking in melanoma cells and that 

melanoma cells are dependent on RAB7 expression. Interestingly, in this study the authors mention 

morphological changes after RAB7 knockdown experiments, and these changes are only observed in 

melanoma cells. The cells are described as more dendritic with less cell-cell contact, increased cell 

scattering and higher proliferation rates. The authors link these morphological changes to defective 

autophagy (Alonso-Curbelo et al., 2014). This morphology is opposite to what we detect in the MITF 

knockout cells, which we show in this study to have increased autophagic flux, possibly due to 

increased TFE3 expression. It would be interesting to investigate RAB7 expression in the MITF 

knockout cells and if TFE3 is able to regulate RAB7 expression. 

5.5 Redundancy or shared ancestral role? 

In a recent study the MIT/TFE factors MITF, TFEB and TFE3, were investigated in pancreatic ductal 

adenocarcinoma (PDA) (Perera et al., 2015). In PDA where these factors show a distinctive nuclear 

pattern, escape mTOR regulation and maintain cellular amino acid levels by increasing lysosomal and 

autophagy activity and that this pattern was distinctive for aggressive PDA (Perera et al., 2015). Since 

the authors pooled all three factors together in many of their analyses, it was assumed that these 

factors share some sort of redundancy (Perera et al., 2015). However, both the paper by Ploper et al. 

(Ploper et al., 2015) and our studies indicate that MITF is not able to fully activate lysosomal and 

autophagy function, even though it is able to increase the numbers of these vesicles. Therefore, 

although these factors clearly overlap in affecting the expression of lysosomal and autophagy genes, 

they are unlikely to activate exactly the same target genes. 

As described previously, Mitf regulates the expression of the subunits of the v-ATPase in a 

coordinate manner in D. melanogaster, and Mitf mutations are lethal to the fly (Zhang et al., 2015). In 

mammals, members of the MiT/TFE family have also been shown to regulate the expression of the v-

ATPase in many cell types (Martina et al., 2014; Palmieri et al., 2011; Sardiello et al., 2009). The v-

ATPase is important for numerous cellular processes, such as lysosomal acidification, melanosomal 

formation, membrane receptor trafficking and exocytosis, just to mention a few (Cheli et al., 2009; 

Marshansky et al., 2014). Regulating such fundamental mechanisms, such as the pH of cellular 

compartments, might be an ancestral role of the MiT/TFE family and due to their common origin, these 

factors might still share a group of target genes. However, it is possible that, after their divergence, the 

individual family members have each acquired more specific roles by acquiring or losing target genes, 

thus leading to non-overlapping functions. This might explain why MITF is able to activate certain 
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autophagy genes and induce formation of autophagosomes, but not fully activate the autophagic flux. 

This might also explain why TFE3 can activate expression of certain genes involved in melanogenesis 

(Verastegui et al., 2000). 

5.6 Speculations on a common regulatory mechanism of vesicle 
trafficking 

A review from 2011 discussed the possibility of a common origin and regulatory mechanism of 

autophagosomes, melanosomes and endosomes, and that additional factors, such as environmental 

signals, affect which process is activated at each time (Ho & Ganesan, 2011). A study from 2012 

provides more evidence to support this hypothesis as it shows that α-MSH in combination with mTOR 

inhibition increased melanin production further than α-MSH treatment alone in melanoma cells. In 

addition, this study showed that PI3K inhibition further increased melanogenesis (Hah et al., 2012). 

While mTOR inhibition does not affect the subcellular localization of MITF-M, it does affect TFEB and 

TFE3 (Martina & Puertollano, 2013). The TFE factors are dephosphorylated upon mTOR inhibition, 

which allows their nuclear localization and regulation of their target genes. As mentioned before, TFE3 

can activate genes involved in melanogenesis (Verastegui et al., 2000), which could explain the 

increased melanin production. 

Taken together, these studies point towards a coordinate regulatory system in vesicle trafficking in 

melanocytes and that multiple stress factors can influence which pathways are activated. The MiT/TFE 

factors are all involved in vesicular regulation as a result of stress response since TFEB and TFE3 

increase autophagy and lysosomal biogenesis upon various stress factors, such as starvation and ER 

stress (Martina et al., 2016; José a Martina et al., 2014; Sardiello et al., 2009) and MITF increases 

melanogenesis upon UV radiation (Cheli et al., 2010; Liu & Fisher, 2010). It is possible that these 

factors are indeed the regulators of vesicle trafficking in melanocytes and melanoma cells and that 

expression levels together with additional factors affect which pathways each of them mainly regulates 

in each cell type and condition. After divergence, these factors might have acquired more specific 

target genes. However, when one of these factors is absent, the others have the potential to 

compensate for its loss, thereby exhibiting a functional redundancy. 
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6 Conclusions 

Our statistical analysis on gene expression in 23 melanoma cell lines has revealed that MITF 

expression correlates with the expression of lysosomal and autophagy genes in melanoma cells. 

From the results of our MITF ChIP-qPCR and MITF overexpression experiments in 501Mel 

melanoma cells, we conclude that MITF is able to bind to promoters and regulate the expression of 

certain lysosomal and autophagy genes in melanoma cells but is unable to increase the autophagic 

flux. 

Regarding the MITF knockout experiments in SkMel28 melanoma cells, we conclude that MITF is 

necessary for the survival of these cells and that MITF knockout results in increased expression of 

autophagy and lysosomal genes and enhanced autophagic flux, both at basal levels and as a 

response to starvation. This is likely due to increased TFE3 expression in the MITF knockout cells. 

From our knockdown experiments, we also conclude that MITF negatively regulates TFE3 

expression and positively regulates TFEB expression and that all three factors are involved in 

autophagy regulation in melanoma cells. However, none of the factors on their own seem to be 

necessary for autophagy in melanoma cells. 

In summary, MITF is able to bind to the regulatory elements of lysosomal and autophagy genes but 

even though it is able to increase expression of certain genes, it is not able to increase autophagic 

flux. To better distinguish how this coordinate regulatory mechanism of the MiT/TFE factors functions, 

more extensive analysis on DNA binding and gene regulation by these factors needs to be performed. 
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Appendix I – Supplementary figures 

 

Supplementary Figure 1. The inducible MITF overexpression cells. The cells were generated from 
the human melanoma cell line 501Mel and induction was achieved by adding doxycycline to 
the medium while culturing the cells. a) Immunoblot showing MITF expression after 48 hours 
of induction in rTA-EV and the rTA-MITF cells. b) Immunostaining showing MITF expression 
after 48 hours of induction in the rTA-EV and the rTA-MITF cells. Antibodies against MITF 
(red) and a nuclear stain (blue) were used. 

 

Supplementary Figure 2. The ΔMITF cell line has increased autophagic flux upon starvation. a) 
Immunblotting of MITF and LC3B protein levels in SkMel28 and ΔMITF cells cultured in 
normal medium and starvation medium, with or without chloroquine treatment. A 
representative figure of three independent experiments is shown. b) Immunostaining of 
SkMel28 and ΔMITF cells cultured in normal or starvation medium for 2, 4 or 24 hours. Cells 
were stained with antibodies against MITF (red), LC3 (green) and a nuclear stain (blue). 
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Appendix II - Buffers 

Buffers for immunoblotting: 

Running Buffer 

2,9g Tris Base 

14,4g Glycine 

1,0g SDS 

1L H20 

Transfer Buffer 

3,03g Tris Base 

14,41g Glycine 

0,1g SDS 

150 mL Methanol 

850 mL H20 

UTB 

1,5 M Tris-HCl (pH 8.8) 

0,4% SDS 

LTB  

0,5 M Tris-HCl (pH 6.8) 

0,4% SDS  

1x RIPA Buffer 

20 mM Tris-HCl (pH 7.5)  

150 mM NaCl  

1 mM Na2EDTA  

1 mM EGTA  

1% Np-40  

1% Sodium Deoxycholate   

6x Sample Buffer 

40% Glycerol 

240 mM Tris (pH 6.8) 

8% SDS 

0,04% Bromphenol Blue 

5% β-mercaptoethanol (add before use) 

TBS 

10 mL 1M Tris-HCl (pH 7.4) 

30 mL 5M NaCl 

Fill to 1 L H2O 

TBS-T 

10 mL 1M Tris-HCl (pH 7.4) 

30 mL 5M NaCl 

5 mL 10% Tween-20 

Fill to 1L H2O 
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Buffer for genomic DNA extraction: 

IGEPAL buffer: 

50 mM Tris-HCl, (pH 8.0) 

50 mM KCl  

3.15 mM MgCl2  

0.25% Igepal  

0.5% Tween 20  

1 mg/mL Proteinasse K 
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Appendix III - Protocols 

RNA extraction and cDNA synthesis 

RNA extraction from adherent cells using the TRIzol protocol (#15596-026, Ambion) 

1. Remove medium from culture dish 

2. Add TRIzol Reagent to the dish 

3. 1 mL for a 6 well plate 

4. 0,5 mL for a 12 well plate 

5. Lyse the cells by pipetting up and down several times 

6. Move lysate to a 2 mL RNase free Eppendorf tube 

7. Incubate for 5 minutes at room temperature 

8. Add 0.3 mL chloroform per 1 mL of TRIzol Reagent 

9. Shake tube vigorously for 15 seconds 

10. Incubate for 3 minutes at room temperature 

11. Centrifuge at 12.000g for 15 minutes at 4°C 

12. Move the aqueous phase of the sample to a 1,5 mL RNase free Eppendorf tube 

13. Add 0,5 mL of 100% isopropanol to the aqueous phase 

14. Invert the tube 5-8 times 

15. Incubate for 10 minutes at room temperature 

16. Centrifuge at 12.000g for 10 minutes at 4°C 

17. Remove the supernatant from the RNA pellet 

18. Add 1 mL of 75% ethanol per 1 mL TRIzol Reagent 

19. Invert the tube 5-8 times 

20. Centrifuge at 7.500g for 5 minutes at 4°C 

21. Repeat steps 15-18 

22. Dry the RNA pellet for 5 minutes on ice 

23. Resuspend RNA pellet in 25 μl RNase free H20 

24. Incubate on ice for 10 minutes 

25. Store in -80°C 

RNase free Dnase kit (#79254, Qiagen)  

1. Adjust volume of each sample to 87,5 μL 

2. Add 10 μL RDD Buffer to each sample 

3. Add 2,5 μL RNase free DNase to each sample 

4. Mix by pipetting 

5. Incubate at 21-25°C for 10 minutes 

6. Proceed to RNA Cleanup using RNeasy MinElute Cleanup Kit 

RNeasy MinElute Cleanup kit (#74204, Qiagen) 

1. Add 350 μL of Buffer RLT and mix well 

2. Add 250 μL of 100% ethanol and mix well 
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3. Transfer sample (700 μL) to a RNeasy MinElute spin column in a collection tube 

4. Centrifuge for 30 seconds at 8.000g 

5. Discard flow-through and the collection tube 

6. Move column to a new collection tube 

7. Add 500 μL of Buffer RPE to the spin column 

8. Centrifuge for 30 seconds at 8.000g 

9. Discard the flow-through 

10. Add 500 μL of 80% ethanol 

11. Centrifuge for 2 minutes at 8.000g 

12. Discard flow-through and collection tube 

13. Move column to a new collection tube 

14. Open the lid and centrifuge for 5 minutes at 12.000g 

15. Place the column into a 1,5 mL Eppendorf tube 

16. Add 18 μL RNase-free water to the center of the spin column membrane 

17. Centrifuge for 1 minute at 12.000g 

18. Measure concentration on Nanodrop 

High-Capacity cDNA Reverse Transcription Kit (#4368814, Applied Biosystems) 

1. Use 2 μg of RNA for each sample 

2. Adjust volume to 13,2 μL with nuclease-free water 

3. Add: 

a. 2 μL 10x RT Buffer 
b. 0,8 μL 25x dNTP Mix (100 mM) 
c. 2 μL 10x RT Random Primers 
d. 1 μL RNase Inhibitor 
e. 1 μL MultiScribe Reverse Transcriptase (1 μL water for –RT control) 

4. Mix by pipetting 

5. Incubate at: 

a. 25°C for 10 minutes 
b. 37°C for 120 minutes 
c. 85°C for 5 minutes 

6. Store at -80°C 

Protein extraction 

Prepare RIPA mastermix: 

 1x RIPA buffer 

 1:100 Protease Inhibitor (#P8340 from Thermo Scientific) 

 1:100 Phosphatase Inhibitor (#5871 from Cell Signaling Technologies) 

 1:100 PMSF (100 mM) 

 1:6 6xSamble buffer 

1. Remove medium from wells 

2. Wash 1x with ice-cold PBS 

3. Add 100 μL RIPA mastermix per well 
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4. Scrape cells 

5. Move lysate to a 1,5 mL tube 

6. Sonicate lysate for 5 minutes (30 sec on/ 30 sec off) 

7. Centrifuge samples at 16.000g for 15 minutes at 4°C 

8. Store samples at -80°C 

Immunoblotting 

Prepare gels according to Supplementary Table 1, recipes are sufficient for 2x 1mm gels or 1x 1,5 mm 

resolving gel. Prepare each gel in a separate 15 mL Falcon tube,  

Supplementary Table 1. Volume of buffers for generation of gels for immunoblotting  

 5% Stacking gel 8% Resolving gel 12,5% Resolving gel 

UTB 1,26 ml - - 

LTB - 2,5 ml 2,6 ml 

H2O 3,05 ml 5,4 ml 4,2 ml 

40% Acrylamide 630 µl 2 ml 3,2 ml 

 

 Add 50 μL of 10% APS to Stacking gel tube, 100 μL 10% APS to resolving gel tubes 

 Add 5 μL TEMED to stacking gel tube, 10 μL TEMED to resolving gel tubes  

 First add resolving gel between the glass plates, wait 20 minutes, then add stacking gel 

1. Load 15-20 μl sample into each well 

2. Run gels at 90V for 20 minutes, then 120 V for 120 minutes 

3. Equilibrate gels in 1x transfer buffer 

4. Activate PVDF membrane in methanol for 20 seconds 

5. Equilibrate membrane in 1x transfer buffer 

6. Load transfer unit and transfer for 2 hours at 90V 

7. Block membrane with 3% BSA in TBS-T 

8. Stain membrane overnight with 1° antibodies in TBS-T + 5% BSA at 4°C 

9. Wash membrane 4x with TBS-T 

10. Stain membrane for 1H at RT with 2° antibodies in TBS-T + 5% BSA 

11. Wash membrane 4x with TBS-T and scan 

Quantitative Real-time PCR 

1. For each target, mix in a tube per reaction: 

 10 μL SYBR Green 

 0,3 μL Forward primer (10 μM) 

 0,3 μL  Reverse primer (10 μM) 

 4,4 μL  H20 

2. Add 5 μL cDNA (1 ng/μL) to each well on a 96 well qPCR plate  

3. Add 15 μL SYBR Green target mix 

4. Mix by pipetting 

5. Centrifuge plate at 1000 rpm for 2 minutes 
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6. Run PCR reaction: 

 

a. 94 °C 2 min 
b. 94°C 15 sec 
c. 60°C 1 min 
d. Repeat b-c 40x 

Genomic DNA extraction 

Approximately 200 μL cell suspension, collected during expansion, was used for the extraction 

1. Centrifuge cell suspension at 3.000g for 10 minutes 

2. Remove supernatant 

3. Resuspend pellet in 50 μL IGEPAL buffer 

4. Incubate lysate  

a. at 60°C for 1.5 hours 

b. at 90°C for 15 minutes 

5. Centrifuge lysate at 12.000g for 15 minutes 

6. Supernatant contains genomic DNA 

7. Store at -20°C 

Sequencing preparation 

Amplification of genomic DNA 

1. For each target, prepare mastermix per reaction: 

 5 μL 5x Q5 Reaction Buffer (#B9027S, New England Biolabs) 

 0,25 μL Q5 Hot Start High-Fidelity DNA polymerase (#M0493, New England Biolabs) 

 0,5 μL  10mM dNTP mix 

 1,25 μL Forward primer (10 μM) 

 1,25 μL  Reverse primer (10 μM) 

 11,75 μL  H20 

2. Add 5 μL genomic DNA to each PCR tube 

3. Add 20 μL mastermix to each PCR tube 

4. Mix by pipetting 

5. Run PCR reaction at: 

a. 98°C  30 sec 
b. 98 °C  10 sec 
c. 62°C  20 sec 
d. 72°C  20 sec 
e. Repeat b-d 35x 
f. 72°C  2 min 
g. 4°C  - 

Gel cleanup using Nucleospin® Gel and PCR cleanup kit (#740609.50, Macherey Nagel) 

PCR bands were cut out of the agarose gel and weighed.  

1. Add gel pieces to 1,7 mL Eppendorf tubes 

2. For every 200 μg of gel add 600 μL NTI buffer 
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3. Incubate at 50°C for 15 minutes 

4. Shake every once in a while 

5. Load up to 600 μL of dissolved gel on spin columns 

6. Centrifuge at 11.000g for 30 sec 

7. Discard FT 

8. Repeat loading step until all dissolved gel is on the column 

9. Wash column 2x with NT3 wash buffer 

10. Centrifuge columns at 11.000g for 30 sec and discard FT after each wash 

11. Centrifuge columns at 11.000g for 1 minute 

12. Add 15 μL of 70°C hot NE elution buffer to each column 

13. Incubate for 1 minute at RT 

14. Centrifuge columns at 11.000g for 1 minute 

15. Measure DNA concentration using Nanodrop spectrometry 

Long lived protein degradation assay 

1. Seed cells with 14C-valine: 

 Trypsinize cells, count and put in a new tube: 

o If 2 day LLPD: Measure enough for 60.000 cells/well for 12 wells per treatment 

o If 3 day LLPD: Measure enough for 40.000 cells/well for 12 wells per treatment 

 Spin at 1500 rpm for 3 minutes 

 Resuspend cells in 4,8 ml (for 12 wells) 

 Seed 400 μl in 4 wells for immunoblotting 

 Add 8 μl of 14C-Valine to the cell suspension (3,2 ml left) 

 Seed 400 μl of suspension in 8 wells for LLPD 

 Incubate in 37°C for: 

o 48 hours if no treatment 

o 24 hours if overexpression experiment 

 Only perform steps 3-6 for wells intended for LLPD, extract protein from wells intended for 

immunoblotting at the same time as step 5 for LLPD samples. 

 

2. Transfection with overexpression vectors: 

 Mix in 2 tubes according to Supplementary Table 2. 

Supplementary Table 2. Volume of substances used for making transfection complex 

 pEGFP-N2 (μL) pEGFP-MITF-M (μL) 

Serum free RPMI 259.5 262.2 

X-tremeGENE HP transfection reagent 
(#06366244001, Roche) 

9.98 9.98 

Plasmid (4.34 μg) 4.85 2.17 
 

 Mix by pipetting 

 Incubate for 20 minutes at RT 
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 Add 21.8 μL of each mixture to each well, 12 wells for each vector type 

 Incubate for 24 hours at 37°C 

 

3. Chase: Change medium from 14C-Valine to normal Valine 

 Prepare Medium + 1:20 of Valine stock (Final concentration10mM)  

o 200mM Valine stock: EBSS + 200 mM L-Valine 

 Remove 14C medium (waste in specific container) 

 Wash wells 2x with warm PBS (waste in specific container) 

 Add 0,5 ml Medium with 10 mM Valine to each well 

 Incubate for 17 Hours at 37°C 

 

4. Stimulation of cells 

 Prepare 4 tubes with medium: 

o RPMI + 10 mM Valine 
o RPMI + 10 mM Valine + 100 nM Baf-A1 
o EBSS + 10 mM Valine 
o EBSS + 10 mM Valine + 100 nM Baf-A1 

 Remove medium from 4 wells at a time, be careful not to let wells dry 

 Wash the ones who get EBSS 2x with only EBSS 

 For each treatment add 0,5 mL of ech of the medium to 2 the wells per cell type 

 Incubate for 4 Hours at 37°C 

 

5. Extraction of proteins and cell lysis: 

 Prepare  

o 1x 2 ml tube for each sample 

o 0,2 M KOH solution 

o 50% Tricloroacetic acid (TCA) solution 

o 10 mg/ml Bovine serum albumin (BSA) solution 

 Add 100 ul of 50% TCA to each of the 2 mL tubes 

 While keeping the 24 well plate on ice: 

o Move medium from each well to 2 mL tube with TCA 

o Wash well once with 70 ul of 1%BSA => add to the same 2 mL tube 

o Add 300ul of 0,2M KOH to the well 

o Move to next sample and repeat, until all wells are done 

o Then, put tubes on rotator at 4°C overnight 

o Store the 24 well plate in 4°C overnight 

 

6. Scintillation count preparation and run: 

 Prepare 2x Counting tubes with 3 ml scintillation fluid for each sample (8 samples per 

treatment, supernatant (S/N) and cell lysate) 
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 For the S/N tubes: 

o Spin tubes at 4°C at: 

 1.000g for 1 min 
 6.000g for 15 min 
 10.000g for 4 min 

o Move S/N without any of the pellet to 1 counting tube per sample 

o Remove rest of S/N with suction if any is left 

o Add 100ul of 0,2M KOH to the pellet 

 For the cell lysate in 24 wp: 

o Add cell lysate to the pellet in same-sample S/N tube  

o Pipet up and down (or vortex) until pellet is dissolved 

o Add cell lysate to a new counting tube, 1 per sample 

 Vortex all counting vial until homogenized 

 Count C14 content in each counting vial in appropriate scintillation counter 
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Appendix IV – List of lysosomal and autophagy genes 

Following is a list of names of lysosomal and autophagy genes (Perera et al., 2015) used for the 

GSEA analysis on the expression data from the 23 different melanoma cell lines in Figure 12b. 

AGA 

ANPEP 

ARL8B 

ARSA 

ARSB 

ASAH1 

ATG10 

ATG12 

ATG13 

ATG14 

ATG16L1 

ATG16L2 

ATG2A 

ATG2B 

ATG3 

ATG4A 

ATG4B 

ATG4C 

ATG4D 

ATG5 

ATG7 

ATG9A 

ATG9B 

ATP13A2 

ATP6V0D2 

ATP6V1B1 

ATP6V1G2 

ATP6V1G3 

ATP6V0A1 

ATP6V0A2 

ATP6V0A4 

ATP6V0B 

ATP6V0C 

ATP6V0D1 

ATP6V0E1 

ATP6V0E2 

ATP6V1A 

ATP6V1B2 

ATP6V1C1 

ATP6V1C2 

ATP6V1D 

ATP6V1E1 

ATP6V1E2 

ATP6V1F 

ATP6V1G1 

ATP6V1H 

BECN1 

CD63 

CLCN5 

CLCN6 

CLCN7 

CLN3 

CREG1 

CTNS 

CTSA 

CTSB 

CTSC 

CTSD 

CTSF 

CTSH 

CTSK 

CTSL1 

CTSL2 

CTSO 

CTSS 

CTSZ 

CTSE 

CTSG 

CTSW 

DNASE2 

DPP4 

DPP7 

FUCA1 

GAA 

GABARAP 

GABARAPL1 

GABARAPL2 

GABARAPL3 

GALC 

GBA 

GLB1L 

GM2A 

GNS 

HEXA 

HEXB 

HGSNAT 

HPS1 

HPS4 

IDS 

LAMP1 

LAMP2 

LAMTOR1 

LAMTOR2 

LAPTM4B 

LIPA 

MANBA 

MAP1LC3A 

MAP1LC3B 

MAP1LC3B2 

MCOLN1 

NAGA 

NAGLU 

NEU1 

NPC1 

NPC2 

PIK3C3 

PIK3CG 

PPT1 

PSAP 

SCARB2 

SGSH 

SLC11A2 

SLC12A4 

SLC17A5 

SLC26A11 

SLC29A3 

SLC2A8 

SLC36A1 

SLC44A2 

SMPD1 

SNCA 

SQSTM1 

TMEM175 

TMEM55A 

TMEM63A 

TPP1 

ULK1 

ULK2 

UVRAG 

VAMP1 

VPS8 

VPS11 

VPS18 

VPS33A 

WIPI1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


