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,
Agrip

Litfrumur eru med&al frumugerda sem eiga uppruna sinn i taugakambi snemma i
broskun hryggdyra. Forverafrumur litfruma, sem nefnast melanoblast-frumur, myndast i
taugakambi en fjdlga sér &8ur en peer ferdast til ad pekja allt yfirbord hidarinnar.
Pessar frumur fara inn i pekju hadarinnar 4dur en hinar eiginlegu litfrumur verda til og
hefja myndun litarefnis. | masum enda flestar litfrumur i harsekknum par sem peer flytja
litarefni i harid. betta flokna ferli kallar & ymis stjérnprétein og umritunarpeetti. Einn
mikilveegasti umritunarpétturinn i litfrumum er MITF eda Microphthalmia-associated
Transcription Factor en hann er naudsynlegur fyrir frumufjélgun, lifun og frumufar i
myndun litfruma. Hlutverk Mitf hefur einkum verid rannsakad i sortuzexlisfrumum en pétt
peer eigi uppruna sinn i litfrumum hafa frumurnar breyst vié sexlismyndunina og pvi
ekki ljést ad hi®d sama eigi vid 1 litfrumunum eda forverum peirra. Stékkbreytingar i Mitf
geni misa leida oftast til pess ad litfrumurnar og forvera peirra vantar alveg og pvi
hefur reynst erfitt ad skilgreina in vivo hlutverk gensins i hinum ymsu skrefum
litfrumuproskunar.

Hér lysum vid skilyriri stokkbreytingu i Mitf geni mdsar par sem tdknanum fyrir
amindsyru 243 er breytt Gr lysin { arginin. begar pessi breyting var kéllud fram i
litfrumum urdu einungis til mys med mislit svaedi par sem skiptust 4 svort, gré og hvit
svaedi. bréaft fyrir Mitf?43® stokkbreytinguna hafa einhverjar starfhaefar litfrumur oréié til
(svort svaedi), einhverjar eru vanstarfhaefar (gré svaedi) og enn adrar eru Sstarfhaefar
eda vantar alveg (hvit svaedi). Me& pvi ad rekja litfrumurnar i proskun syndum vid ad
mun feerri litfrumur verda til og iferd peirra inn i pekjuna gerist sjaldnar. Frumulinur
voru atbdnar Gr litfrumum misanna og notadar til ad skoda hrif stokkbreytingarinnar in
vitro. Nidurstddurnar syna ad pegar Mitf?*® stokkbreytingin er virkjud i frumulinunum
feekkar frumuskiptingum og lifun frumanna minnkar. Radgreining RNA sameinda syndi
ad stokkbreytingin hefur sértaek 4hrif 4 tjdningu markgena og ad pau &hrif Giskyra ad
hluta 4hrif stokkbreytingarinnar & proskun litfruma.

Lykilor:

MITF, litfrumur, proskun, tiglun, stjérnun umritunar






Abstract

Establishment of melanocytes, the pigment-producing cells, starts from the multipotent
neural crest cells. Melanoblasts, the melanocyte precursor cells, follow a tight schedule
during their development requiring proliferation, migration, and invasion of the
epidermis before they form the pigment producing melanocytes. In the mouse, most
melanocytes localize to the hair bulb where they deliver melanin to the hair, which
gives mice their coat color. As melanocyte development is complex, this process
involves many regulatory proteins and transcription factors. Microphthalmia-associated
Transcription Factor (Mitf) is required for proliferation, survival and migration during
the formation of melanocytes, and has therefore been suggested as the key regulator of
their development. The role of Mitf has been largely studied in melanoma cells, but little
is known about its role in the generation of the melanocytes. In mice, mutations in Mitf
lead in most cases to the absence of melanocytes, making it difficult to observe
melanoblasts during the development in vivo. We have generated an inducible
mutation in MITF in the mouse by changing lysine in position 243 into an arginine. We
induced this mutation in melanocytes resulting in mice with alternating areas of black,

f<245R mutation, some melanocytes

grey and white areas. This means that despite the Mit
have grown, migrated and differentiated, while others did not (hypomorphic
phenotype), displaying heterogeneity for the fate of melanocytes during development
upon the Mitf?4R mutation. We found that in these mice, fewer melanoblasts develop
and they are not able to invade the epidermis to reach the hair follicle. We generated
melanocyte primary cell lines from the mice and used those to perform in vitro studies.
The results revealed that upon activation of the Mitf?4® mutation, the cells exhibited
reduced proliferation and survival. RNAseq analysis revealed genes that are
differentially regulated by MITF upon induction of the Mitf?4®R mutation that might
explain how this conditional mutation dysregulates the development of melanocytes.

Keywords:

MITF, melanocyte, development, mosaicism, transcription regulation
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1 Introduction

1.1 Development and biology of melanocytes

Pigmentation is one of the first traits we are looking at in the living world. Whether it is
for plants or mushrooms and mainly for animals, pigmentation offers a wide spectrum
of colors. For scientists, it is even more interesting than just the look because it is an
accessible system to study, as a single mutfation can be responsible for a big
phenotypical change already visible to the naked eye. Moreover, despite being an
important system in the living kingdom, lack of pigmentation is rarely lethal, thus
allowing scientists to study pigmentary genetics and system extensively. In the case of
mammals, the main responsible factor for pigmentation is the pigment melanin
(red/yellow or black/brown), a molecule that can be delivered in the skin, hairs or eyes
through melanosomes which results in the coloration of these systems. For example,
Golden Retriever is a good example of a dog breed colored by the red/yellow
pigment, when black cats are for pigmentation by the black pigment. But color
phenotype does not only depend on the pigment produced, but also location, which
results in color patterns, as for the tiger for example that produces yellow and black
pigment making stripes. The cells responsible for the pigmentation are the pigment-
producing cells called melanocytes.

1.1.1 From neural crest cells to melanoblasts

The journey to the establishment of mouse melanocytes starts at the very beginning of
the formation of the neural tube during development (Figure 1A). The neural plate
invaginates, giving rise to two ridges (called neural folds) on each side at embryonic
day 7.5 (E7.5). When the neural tube closes at E8 of mouse development, a few cells
will not take part in the formation of the neurcepithelium of the neural tube but will
escape between these two structures and be called Neural Crest Cells (NCC). The
NCCs will become highly migratory and will reach the Migration Staging Area (MSA)
located between the neural tube, the somites, and the ectoderm (Figure 1B). Around
stage E9, cells are multipotent but have already started expressing important NCC
markers. Some NCCs start migrating between the neural tube and the somites, a path
called the ventral pathway, (Henion and Weston, 1997). Those are considered to
represent a neurogenic population of cells, such as neurons or glial cells. Later, other
NCCs will migrate between the somites and the ectoderm in the dermis, a pathway
known as the dorso-lateral pathway (Wehrle-Haller and Weston, 1995). These cells will
give rise to the melanocyte precursor cells called melanoblasts.
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Figure 1. Model of development of neural crest and melanocytes to their final
localization. (A) Neural crest specification and delamination. Adapted from Vandamme and
Berx, TBD. (B) Mouse melanoblast model for migration during development. The blue arrow
represents the dorso-lateral pathway and the orange one the ventral pathway.

1.1.2 Migration of melanoblasts

Some of the NCCs will express genes such as Mitf and Kit (see later) both of which are
essential for the establishment of the melanoblasts (Opdecamp et al., 1997). This
happens around stage E10.5 when the cells have started migrating along the dorso-
lateral pathway. Mitf has been shown to be a key regulator of the specification of NCCs
into melanoblasts (Baxter et al., 2010)) Upregulation of WNT3A induces expression of
Mitf (Takeda et al., 2000), as well as PAX3 and SOX10, that have been shown to act
synergistically (Bondurand et al., 2000; Potterf et al., 2000; Watanabe et al., 2002).
Later, after the MITF-driven melanoblast specification, other melanocytic specific genes
will be expressed such as the gene encoding the Dopachrome Tautomerase (Dct) (Steel
et al., 1992). The migration of the melanoblasts starts during the NCC state in the MSA
and continues until E15. The migration first starts in the dermis where the melanoblasts
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proliferate while they migrate dorso-laterally to colonize the whole embryo (Figure 1).
The mesenchymal dermis is the compartment that has been shown to be optimal for
melanoblast migration (Erickson et al., 1992).

Recently, it has been shown that some melanoblasts arise from cells migrating through
the ventral pathway (reviewed in (Ernfors, 2010)). Indeed, the Schwann cell precursors
have been shown to be able to change their fate to become melanoblasts (Adameyko et
al., 2009). To reinforce this, some studies show that it is possible in vifro to
differentiate Schwann cell precursors into glial or melanocytic progenitors and then into
melanocytes (Dupin et al., 2003). It has been suggested that FOXD3 is responsible for
the fate of NCC to go into the ventral pathway by indirectly repressing MITF through
repression of PAX3, such that the cells do not follow the dorso-lateral pathway (Thomas
and Erickson, 2009).

1.1.3 Invasion of the epidermis

From E11.5, some melanoblasts start to invade the epidermis from the dermis through
the basement membrane (Luciani et al., 2011). Dermis and epidermis are separated by
the basement membrane which is a barrier mainly composed of laminins, type-IV
collagen, integrins and proteoglycans (Paulsson, 1992). It has been shown that the
process of crossing the basement membrane is active but degradation of the
ExtraCellular Matrix (ECM) is not involved (Li et al., 20117). Invasion of the epidermis has
been previously reviewed (Larue et al., 2013). In normal conditions, the number of
epidermal melanoblasts increases faster than the number of dermal melanoblasts. Larue
et al. (2013) thus developed a mathematical model to simulate the proliferation and
invasion of the epidermis of the melanoblasts. This model suggested an asymmetric
division of melanoblasts in the dermis with one daughter cell becoming able to invade
the epidermis straight after the division, and the other cell remaining in the dermis.
They also suggested that the proliferation was faster in the epidermis and that half the
melanoblasts have already transmigrated to the epidermis at E12.5. Interestingly, the
way melanoblasts migrate in the epidermis is neither directed nor by repulsion but
rather by dispersion (Mort et al., 2016). Moreover, this dispersion of melanoblasts is
dependent on the density of the cells, meaning that slower proliferating cells will show
less dispersion and thus the resulting phenotype would be a belly spot, the belly being
one of the last part of the embryo to be colonized by the melanoblasts. In KIT mutant
mice, whose phenotype is a belly spot, the melanoblasts not show differences in
migration, but rather show a reduced proliferation, suggesting the density-dependent
dispersion of the melanoblasts. These data suggest that the fate of melanoblasts is
dependent on their location,on the timing of the evenis and on their density and
dispersal. However, how their fate is determined, and what other cell types and
molecules are involved remains unclear.
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Figure 2. Role of MSC and melanocyte in the hair cycle. The three stages of the development of
the hair with the repopulation of melanocytes needed for the anagen phase in the bulb made by the
MSCs in the hair bulge. Figure from Steingrimsson et al, 2005 presented with permission from
Elsevier Inc., permit number TBD.

1.1.4 Localization of melanocytes

The final step of melanocyte development is finding their final location, starting from
E15.5. Melanoblasts that have reached the epidermis can go in three different places in
mouse skin. Two of these locations are in the forming hair follicle. First, some of the
melanoblasts will go to the lower part of the hair follicle where they will differentiate
into mature melanocytes and be able to start producing melanin in hair. The localization
of melanoblasts in the hair follicle can take place through aftracting them with the
chemokines SDF1 and CXCL12 to their receptor CXCR4 (Belmadani et al., 2009), in
combination with KITLG on the KIT receptor of melanoblasts that acts as an accelerator
of the localization into the follicle (Jordan and Jackson, 2000). There is also a switch in
the expression of the calcium-dependent cadherins for the melanoblasts to localize in
the hair follicle, with the suppresion of E-cadherin concomitant to the increased
expression of P-cadherin (Nishimura et al., 1999). Later, during the first post-natal day
(PND), some of the melanoblasts will reach the bulge of the hair follicle and become
Melanocyte Stem Cells (MSC). These cells are characterized by low levels of MITF and
KIT expression, and are slow-cycling undifferentiated melanoblasts, in a quiescent state
but which still express Dct (Nishimura et al., 2002). The third location for melanocytes
is in the interfollicular epidermis, but this population of melanocytes is minor compared
to the ones in the hair follicle, as it is only located in the skin of the tail and ears, but
not in hairy skin (Hirobe, 1984). Indeed, few days after the birth of the mouse, the
other interfollicular melanocytes located in hairy skin decrease in number as a
consequence of loss of KITLG expression by the surrounding keratinocytes.

Melanocytes in mice can be categorized into two types: classical, which are located in
the skin and non-classical, which are located in other body parts. Melanocytes that
populate different organs such as the eye, the inner ear, the heart, olfactory bulb,
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meninges and bones (reviewed in (Colombo et al., 2011)), are called non-classical
melanocytes and are rare. However, most of the melanocytes are classical and are
located in the skin. Therefore, here, we will focus on classical melanocytes. Mouse
adult skin is composed of two main compartments namely the epidermis (top layer) and
the dermis (middle layer) and lies on subcutaneous tissue. Dermis is derived from the
mesoderm whereas the epidermis is derived from the ectoderm. The epidermis is
composed of keratinocytes distributed in layers and has structures such as glands
(sebaceous and sweat) and hair follicles. Classical melanocytes are mostly located in the
hair follicle, but a few are also present in the interfollicular epidermis of specific non-
hairy parts such as the tail, ears and paws, where they are in charge of producing
melanin for skin pigmentation. In humans, the so-called classical melanocytes are
located in the skin, in the basal layer of the epidermis where they are in contact with 30
to 40 keratinocytes within the same compartment, forming the pigmentary unit
(Cichorek et al., 2013). Epidermal melanocytes are involved in response to UV
radiation by transferring the pigment melanin to neighboring keratinocytes where it
protects the skin from further damage. Melanocytes are also present in hair follicles in
the ratio of one melanocyte for five keratinocytes and they participate in the formation
of the hair by delivering melanin to the growing hair shaft.

1.1.5 Hair follicle

In mouse hairy skin, mature melanocytes are located in the lower part of the hair, close
to the dermal papilla. The hair follicle is a structure that goes deep in the dermis and
into the hypodermis. Three main structures compose the hair follicle: the hair bulb, the
dermal papilla and the bulge area. The dermal papilla is a dermal structure made of
specific fibroblasts having the role of aftracting epidermal melanoblasts down the hair
to structure the hair follicle. The bulge area is where the melanocyte stem cells (MSCs)
reside (see below). The mature melanocytes at the bottom of the hair follicle produce
melanin and deliver it to the hair.

1.1.6 Hair cycle

The hair cycle leads to the production of a new hair (Alonso and Fuchs, 2006; Miiller-
Réver et al., 2001). Unlike interfollicular melanocytes which deliver melanin to the
keratinocytes through melanosomes, in the hair melanogenesis only happens in the first
of three stages, called anagen (Figure 2). In this long phase that lasts approximatively
17 days (Lavker et al., 2003), melanocytes located in the hair bulb deliver melanin to
the growing hair shaft while the hair follicle is growing deep into the dermis and below
in the hypodermis. The hair shaft is produced in the lower part of the hair bulb, by the
flow of keratinocytes that go into the hair shaft. At the same time, in the upper part of
the hair follicle, the melanocytes produce melanin and transfer it to the keratinocytes
entering the hair shaft. The final result of the production of the hair shaft is a ladder-like
formation of medullary segments containing the melanin, and that are surrounded by a
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structure called cortex (Ellis et al., 1958). The melanin contained in the keratinocytes of
the hair determines the pigmentation phenotype of the hair and thus the coat color of
the mouse. Melanocytes are only involved at this stage. The next phase is the one-day-
long catagen phase. It corresponds to the regression of the "cycling” part of the hair in
the anagen phase, with the melanocytes dying by apoptosis (Tobin et al., 1998). The
role of the hair club is to anchor the hair shaft to the hair follicle (Lindner et al., 1997).
Finally, the hair cycle goes into the resting phase called telogen, which can last longer,
from a few to several months, depending on the age of the mouse.

1.1.7 Hair renewal

The hair bulge is formed during the first Post-Natal Day (PND) and is a reservoir niche
which repopulates hair follicles with new differentiated melanocytes and keratinocytes
during each hair renewal (Nishimura et al., 2002). This crucial mechanism has been
shown by using Dct::LacZ mice as an early marker for melanoblasts (Mackenzie et al.,
1997). Nishimura et al. (2002) have used an antibody directed against KIT (a marker of
melanocytic lineage, see below) in newborn mouse pups that results in the specific
depletion of the amplifying population of melanoblasts but leaves the resting cells
unchanged (Nishikawa et al., 19917). Interestingly, the first hairs produced by the
newborn pups after the antibody injection were almost all unpigmented, whereas
during the next hair cycles the hairs were pigmented, which indicated that
undifferentiated cells were able to repopulate the hair follicle to produce melanocytes
in the new hair cycle. Moreover, they showed that these cells, later called MSCs, were
located in the hair bulge of the hair follicle, and that they were slow-cycling, which
indicated a stem cell-potential state of these cells. However, the maintenance of the
MSCs is considered incomplete as with ageing the pool of MSCs is reduced and
therefore less capable of renewing the melanocyte population needed to pigment the
hairs (Nishimura et al., 2005). The lack of maintenance of the MSCs due to ageing
results in hair graying. Mutations in Mitf or Bcl2 (see below), genes involved in survival
of melanoblasts and MSCs, are also responsible for early hair graying (Nishimura et al.,
2005; Steingrimsson et al., 2004).

1.1.7.1 Pigment synthesis

The pigment-granule melanin that is delivered to the hair during each anagen step of
the hair cycle is delivered in an organelle called melanosome. The production of a
melanosome is the result of the combination of successive processes in the
melanocytes. If any of these steps is deficient, the coat color of the mouse might result
in loss of pigmentation, alteration in color or hypopigmentation (see below).
Melanosomes are an organelle related to the lysosome-family of organelles and are
meant to be secreted. Mouse melanocytes can produce two different types of melanin
pigment: the dark black or brown eumelanin and the yellow pheomelanin in mice
(Ozeki et al., 1997). The act of producing melanin is called melanogenesis. It is a
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Figure 3. Signaling pathways involved in melanocyte development. Schematic
represention of the different signaling pathways known to be involved in the regulation of
mechanisms such as survival, diffenrentiation, proliferation and migration of melanocytes. Figure
obtained with permission from John Wiley & Sons Ltd, according to permit number TBD
(Lamoreux et al., 2010).

tightly regulated mechanism as it can be toxic for the cell if not in the melanosome. The
process goes from an early melanosome in stage | to a mature melanosome in stage IV,
ready to be delivered to the forming hair.

Here, we will detail the formation of a melanosome containing eumelanin. The first
stage of the formation of melanosomes is the creation of a multivesicular body from the
Endoplasmic Reticulum (ER) of the melanocyte. Then, the immature melanosome goes
to stage Il called eumelanosome when a matrix formed by the protein PMEL is
generated (Harper et al., 2008). PMEL organizes the eumelanosome in an elongated
shape made of the so-called fibrils. Once the melanosomes are structured, at least three
enzymes will be transported from the cytoplasm to be included in the membrane of the
melanosome: Tyrosinase (TYR), Tyrosinase Related Protein 1 (TYRP1) and Dopachrome
tautomerase (DCT). As transmembrane proteins, they are located in the membrane of
melanosomes, with their active domain directed toward the inside of the vesicle. From
this moment and onward, these enzymes become competent for the melanogenesis of
the eumelanin pigment (Yasumoto et al., 2004). Briefly, synthesis of eumelanin starts
from hydroxylation of tyrosine or Dopa into Dopaquinone, a reaction catalyzed by TYR.
In absence of Cysteine, the Dopaquinone is oxidized info Dopachrome and then
converted into 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA). These two molecules can both be oxidatively polymerized to eumelanin.
However, in presence of Cysteine, the Dopaquinone is converted to Cysteinyldopa and
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then to Benzothiazole intermediates to finally give pheomelanin. The melanosomes thus
enter stage lll, with the pigment melanin accumulating. Finally, when the melanosome is
mature and completely filled with melanin, it will be transported alongside microtubules
in direction of the dendrites to be delivered to the neighboring cells, the keratinocytes
via either exocytosis or phagocytosis. Keratinocytes can then produce the hair with
pigmentation. There are many proteins that help during this process. For example,
GPR143 (Schiaffino and Tacchetti, 2005) and ATP7A (Mercer, 1998) are involved in
the regulation of internal processes of the melanosome, OCA2 (Potterf et al., 1998) and
SLC45A2 (Costin et al., 2003) in maturing and processing the melanosomal proteins,
and proteins involved in the trafficking of the proteins towards the melanosomes. Thus,
melanogenesis is a complex mechanism involving many different proteins and needs to
be tightly regulated.

1.2 Signaling pathways involved in melanocyte development

Many different signaling pathways are involved in the development of melanocytes
(Lamoreux et al., 2010). This chapter will give a general overview of the forces involved
in this process. A synthesis of all the pathways discussed in this thesis are shown in
Figure 3.

1.2.1 G-protein-couple receptor pathways

G-protein-coupled receptors (GPCRs) are important in melanocyte development and
function. G-protein-coupled receptors are GTPase-binding proteins which, when
stimulated by the associated ligand, release a G subunit molecule that will activate a
downstream signaling cascade. Four GPCRs are of interest for this thesis.

The Proopiomelanocortin  protein/Agouti  signal protein/Melanocortin 1 receptor
(POMC/ASIP/MC1R) pathway is involved in survival and differentiation of melanoblasts
in mouse development (Herraiz et al., 2017). MC1R is a GPCR that can be bound by
the agonist MSH that stimulates production of cAMP resulting in the production of the
black/brown pigment eumelanin (Suzuki et al., 1996). On the contrary, ASP is an
antagonist of MCIR, and the blockade of the signaling cascade results in the
production of cinnamon-colored pigment pheomelanin (Abdel-Malek et al., 2001). This
cascade is involved in "pigmenttype switching” (Abdel-Malek and Supp, 2008), a
mechanism that results in the agouti coat color of mice where each hair has a band of
eumelanin, then a band of phaeomelanin and finally a band of eumelanin. This pathway
will not be discussed further here.

The Endothelin 3/ Endothelin receptor type B (EDN3/EDNRB) ligand/receptor pair has
been shown to be important for the development of the NCC (Opdecamp et al., 1997;
Pavan and Tilghman, 1994b; Pla and Larue, 2003). EDNRB is a GPCR that EDN3 binds
to and activates. This pathway activates the Protein Kinase C (PKC) pathway (see



Introduction

below), a crucial factor for proliferation of the melanocyte lineage (Alberts, 2017). It
has been shown to be effective in melanocyte development between E10 and E12.5,
when melanoblasts migrate along the dorso-lateral pathway, suggesting that the
EDN3/EDNRB pathway is involved in the migration of melanoblasts, when they start
migrating from the MSA, but also in their survival during the initiation of migration
(Shin et al., 1999).

The WNT/frizzled-1 canonical signaling pathway has been shown to be important for
melanocyte development. The secreted glycoprotein WNT can bind to the GPCR called
Frizzled (FZD) eventually resulting in the repression of the degradation of S5 -catenin (3
-cat). The two WNT ligands encoded by the Wnt1 and Wnt3a genes are required for
the development of melanoblasts (lkeya et al., 1997). Both are important for melanocyte
development, and the lack of one or the other or both lead to absence of melanoblasts,
suggesting that they activate survival and differentiation of neural crest-derived cells at
different stages of development, alongside other factors like EDN3 and KITLG (Dunn et
al., 2005). The downstream effect is to prevent the degradation of B-cat, a protein that
interacts with a nuclear protein complex to regulate gene transcription. In the case of
melanoblasts, if B-cat is knocked out, MITF and DCT positive cells do not develop,
suggesting the important role of B-cat in this pathway (Hari et al., 2002). WNT
signaling has also been shown to transcriptionally activate Lymphoid enhancer-binding
factor 1 (LEF1), a protein from the LEF1/TCF family that inferacts with B-cat to regulate
MITF expression in melanocytes, and thus in the differentiation into the melanocytic
lineage (Takeda et al., 2000).

1.2.2 Single-pass receptors

1.2.2.1 Notch signaling pathway

Another type of signaling pathway involves single-pass transmembrane receptors, that
are composed of a ligand-binding domain on the outside of the membrane and an
effector domain inside. Neurogenic locus Notch homolog protein 1 (NOTCH1)
receptors are proteins of this type that form heterodimers that can be bound by either
Delta-like (DLL) or Jagged protein ligands. Hairy/Enhancer of Split 1 (HES1) is a
transcription factor of the bHLH family and is directly targeted by the Notch signaling
pathway. The Notch pathway is important for the delamination and formation of the
NCC during early development as its conditional ablation results in a defect of
pigmentation (Hari et al., 2002) and later in the maintenance of the melanocyte stem
cells in the hair bulge. It has been shown to be necessary for development of
melanoblasts, and establishment and maintenance of MSCs as its inactivation leads to
hair graying (Aubin-Houzelstein et al., 2008), through activation of Hesl. HesT is
involved in this mechanism by inhibiting apoptosis and differentiation of MSCs
(Schouwey et al., 2007). Also, the expression of HesT in NOTCH knock-out mice
rescued the phenotype (Moriyama et al., 2006). Interestingly, NOTCH signaling has
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been shown to inhibit the WNT and B-cat signaling pathways (De Strooper and Annaert,
2001), suggesting again the complex regulation during melanocyte development.

1.2.2.2 TGF-B and BMP signaling pathways

The Transforming Growth Factor S (TGF- B) can bind to a superfamily of single-pass
serine/threonine kinases receptor called TGF-B receptors (TGF-BRs). All TGF-B cytokines
(1, 2 and 3), bind to the TGF-BR2 which will bind to TGF-BR1 and activate the kinase
activity of the SMAD proteins, named after the combination of the homology between
the Caenorhabditis elegans SMA ("SMAIl body size”) protein and the Drosophila MAD
("Mother Against Decapentaplegic”). protein. The activated SMAD proteins can enter
the nucleus to regulate transcription of target genes and are thus involved in the
regulation of many processes such as cell growth, proliferation, differentiation and
apoptosis (Alberts, 2017).

Another similar family of ligands is the BMP family that interact with the single-pass BMP
receptors (BMPRs), which subsequently transduce the signal in the cell through the
SMAD signaling pathway (different from the mentioned above, with SMADT, 5 and 9).
Studies in chick inhibiting BMP activity have shown that NCC migration was impaired,
meaning that the BMP signaling pathway is involved in NCC development and
migration (Goldstein et al., 2005).

1.2.2.3 Receptor Tyrosine Kinase (RTK)

The single-pass Receptor Tyrosine Kinase (RTK) receptors are molecules that dimerize to
initialize a phosphorylation cascade. Among the cascades that are involved in the
signaling are the Mitogen-Activated Protein Kinase (MAPK) and Phosphoinositide 3-
kinase (PI3K) pathways. The MAPK pathway is conserved in almost all eukaryotes and
has been shown to be responsible for cell proliferation, migration, differentiation and
apoptosis  (Wilkinson and Millar, 2000). The PI3K pathway activates the
serine/threonine kinase AKT to promote cell survival and growth (Hemmings and
Restuccia, 2012). The PKC proteins can also be activated by the RTKs. The PKCs are
involved in the phosphorylation of serine/threonine residues and thus in the regulation
of gene expression (Newton, 2001). These proteins have been shown to be important
for cellular proliferation and differentiation (Nishizuka, 1992).

There are many different RTKs that can induce the signaling cascade previously
described. One of the first expressed in melanocyte development is KIT which can be
bound by its ligand, KITLG. Interestingly, mutations in KIT result in semidominant
white spotting characterized by a diluted coat color with white spots on the belly and
head and a reduced pigmentation in the fail and the skin (Mackenzie et al., 1997),
while KITLG semidominant mutations result in a diluted coat color with occasional
spotting (copeland, 1990). They are some of the first genes expressed during
melanoblast specification from NCC. Mutations of KITLG and KIT revealed that KITLG is
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involved in the survival of the melanoblasts in the MSA and in their dispersion in the
dorso-lateral pathway, while KIT has been shown to be important for survival of
melanoblast precursors when they are migrating and proliferating in the dermis
(Wehrle-Haller and Weston, 1995). Thus, these factors are crucial for survival,
proliferation and migration of the melanocytic lineage (Price et al., 1998).

Hepatocyte Growth Factor (HGF) can bind to the RTK receptor MET. It has been shown
to be important for the mesenchymal-epithelial interactions in the hair follicle growth
that starts taking place late in development at E14 and during hair cycling (Lindner et
al., 1997). Some other RTKs are the Platelet-Derived Growth Factor Receptors (PDGFRs)
and their ligands PDGFs, the Human EGF Receptor (HER) and their ligands Epidermal
Growth Factors (EGFs), and FGF Receptors (FGFRs) and their ligands Fibroblast
Growth Factors (FGFs). Mice having a deletional mutation in the PDGFRA subunit
display the white spotting Pafch phenotype but the effect on melanocytes development
have been suggested to be due to rearrangemment in the regulatory region for Kit,
resulting in ectopic expression of KIT (Wehrle-Haller et al., 1996). EGFR-null mice
display a darker non-hairy skin, but it has been suggested as a secondary event from
the increased keratinocytes proliferation (Fitch et al., 2003). Particularly, FGF has been
shown to be involved in NCC development, and later for melanoblasts (Sviderskaya et
al., 1995) and melanocytes (Halaban et al., 1987).

1.2.3 Transcription factors downstream of RTKSs signaling

There are many different TFs that are regulated downstream of the signaling pathways
previously described. Among the most important ones are POU class 3 Homeobox 2
(POU3F2, also known as Brain-2, BRN2), FOXD3, SNAI1 and 2, Tumor protein 53
(TP53), SOX10, PAX3 and MITF. POU3F2is an early marker of the NCC and is thought
to have a role in melanocyte differentiation. Cell cultures of melanoblasts in partial
precursor state were shown to express POU3F2at a high level, while pigmented
melanocytes had low level ofPOU3F2. FOXD3 is involved in NCC formation and
represses melanoblast formation, thus suggesting that its overexpression leads to
reduced numbers of melanoblasts (Alkhateeb et al., 2005). SNAI1 (also known as
SNAIL) and SNAI2 (SLUG) are zing-finger TFs from the Snai family of proteins that are
thought to be involved in the EMT of the NCC, but also in cell migration (Acloque et
al.,, 2009; Barrallo-Gimeno and Nieto, 2005; Carver et al., 2001). SNAIT is a
transcription repressor that has a role in organogenesis during development by
repressing mesectodermal and ectodermal genes in the mesoderm (Smith et al., 1992)
and is crucial for mouse development (Sefton et al., 1998). The role of SNAI2 is
explained in chapter 1.3.3. and MITF, which represents the main focus of this project
will be detailed in chapter 1.4.

1
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1.3 Phenotypes associated with defective melanocytes

Alterations in survival, migration and differentiation during melanoblast development
results in phenotypes that can be sorted into three main types: vitiligo, albinism and
white spotting.

1.3.1 Albinism and white spotting

Albinism and white spotting are the two major pigmentation phenotypes. Albinism
affects a key functional role of melanocytes which is to produce melanin while white
spotting concerns melanocyte development. Albinism is characterized by the reduction
or absence of melanin production by the melanocytes but delivery to the receiving cells
can also be involved. On the other hand, white spotting is the complete congenital
absence of melanocytes on some part of the body where they are supposed to be
present, due to the dysfunction of genes crucial for melanocyte development. The
different coat colors or patterns, caused either by albinism or white spotting in mice
can be explained by multiple factors of which the mutated genes are involved in. White
spotting can be caused by mutations in genes important for the specification of the
NCC into melanocytes precursors and EMT, proliferation and survival throughout
development, invasion of the epidermis, homing in the hair follicles, differentiation,
and the timing of the stage development that the mutated protein is active. Albinism can
be caused by mutations in genes involved in mechanisms such as the proteins
producing the matrix for melanosomes or the enzymes producing the pigment, control
of the internal environment of the melanosomes and their transportation. The coat color
phenotypes observed are thus caused by a failure of the melanocytes to develop in the
case of white spotting or caused by a defect in the melanosome/melanin production or
delivery process in the case of albinism.

Mutations in numerous genes, in both humans and mice, have been shown to lead to
an abnormal coat color phenotype, mostly in heterozygous conditions as homozygotes
are often lethal. These genes include Pax3, Sox10, Ednrb, Edn3, Kit, Kitlg, Snai2,
Adamts20, Mcoln3 and Mitf (Baxter et al., 2004). Many of these genes result in white
spotting in heterozygous condition as they are dominant like PAX3 and SOX10; in the
homozygous condition these cases are lethal. These genes have been studied to
address how they impact the development of the melanocytes. For example, a team in
the UK performed chimaeric analysis using WT embryos carrying the Dct::LacZ reporter
which is expressed in melanoblasts from E10, thus allowing the staining of melanoblasts
during development (Wilkie et al., 2002). They compared stained Dct::LacZ embryos
with an aggregation chimaera of Dct::LacZ <-> WT. This experiment showed that the
chimaeras display first (E12.5-E13.5) an overall dilution of the labelled cells, and then
(E15.5-E16.5) the appearance of stripes and discrete patches, unlike the Dct::LacZ
which has a more spread arrangement of the melanoblasts. They also used a modified
Dct::LacZ reporter by creating a duplication in its coding region with an in-frame stop
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codon leading to a non-functional protein. This duplicated sequence can be removed
by homologous recombination at low frequency, which results in the restoration of the
function of the LacZ protein, and therefore allowing the labelling of the founder cell
and its progeny. They used this reporter to create Dct::LaacZ <-> Dct::LacZ chimaeras
to generate mosaic embryos with a single-marked melanoblast clone (founder and
descendants) whose expansion can be visualized. From this work, they suggested that
the cervical region, the head and the face of mouse embryos is populated with a large
pool of melanoblasts whereas fewer melanoblasts reside in the trunk (Wilkie et al.,
2002). This was later confirmed by tracking single melanoblasts clones and
mathematical modeling. Random migration and density-related dispersion of the
melanoblasts showed that the trunk is populated by fewer melanoblasts. Thus, it is likely
to be the first phenotype displayed in the case of motility/proliferation defect (Mort et
al., 2016). In situ hybridization studies performed using probes directed against Dct
(Opdecamp et al., 1997), Kit (Keshet et al., 1991), Mitf (Nakayama et al., 1998), Solute
carrier family 45 member 2 (Slc45a2) (Baxter and Pavan, 2002) and Premelanosome
protein (Pmel) (Baxter and Pavan, 2003) have revealed that the first cells expressing
these melanoblast markers are located in the head and cervical regions from E10.5,
and later in the trunk and the rump region at E11.5. Importantly, the authors also
noticed fewer melanoblasts in the trunk. Additionally, there is one specific type of white
spotting due to mutations in the Ednrb gene, called piebald (and often referred as
piebaldism) that is due to a reduced number of melanocytes in specific areas, most
often with the pigmented areas close to head and tail regions, and the non-pigmented
areas in the trunk. The piebald phenotype in the mouse is caused by the absence or the
non-functional version of the gene Ednrb (Hosoda et al., 1994). However, numerous
questions still remain regarding melanocyte development and the specific roles of the
genes involved in this process.

1.3.2 Progressive graying (mouse vitiligo)

Vitiligo is a disease that displays skin depigmentation in humans due to the loss of
melanocytes in some parts of the skin. The pathogenesis is complex and is most likely
multifactorial with environmental background, oxidative stress (Schallreuter and
Physiology, 1999), genetic predispositions and auto-immunity (Spritz, 2010). These
factors lead to the apoptosis of the melanocytes, even if the mechanism by which this
happens remains unclear. Mouse models of vitiligo cannot reflect completely the
human disease as, unlike humans, most of the melanocytes are distributed in the hair
follicles and not in the interfollicular epidermis. Vitiligo in mice would therefore be
envisioned as progressive hair graying, as the coat progressively loses its pigment
concomitantly with the loss of melanocytes (Lerner et al., 1986). Melanocyte stem cells
replenish melanocytes during each hair cycle in mice. An example of a mouse model
of vitiligo is the Microphthalmia vitiligo (Mitf*) mouse (Steingrimsson et al., 2004),
which will be discussed in chapter 1.6.
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1.3.3 White spotting mouse models

In this chapter we will detail a few mouse models that have been used to determine
how melanocytes are established during development. As we have already seen, many
of the genes that are involved in the previously described signaling pathways are
crucial for the establishment of the melanocytic lineage from the NCC. That is the case
for the gene Pax3, as mice heterozygous for a mutation in the gene exhibit the Splofch
phenotype; homozygous knock-out of Pax3 is lethal (Machado et al., 2001). The Splotch
mice display neuraltube defects with a large white spot on the belly and a tiny white
spot on the forehead (Vogan et al., 1993). Mitf is among the first genes expressed after
the specification of the NCC into melanoblasts. Another gene involved in melanocyte
development is Sox10. Heterozygous mutations in this gene result in the Dominant
Megacolon (Dom) mouse. Similar to Splotch, Dom mutations are dominant and exhibit a
megacolon and a white belly spot with white feet and tail in heterozygous condition;
homozygotes are lethal (Brizzolara et al., 2004). The Piebaldism phenotype can be due
to mutations in Snai2 and is similar to the White phenotype associated with
heterozygous mutations in Kit, which is explained by the fact that KIT mutated cells do
not express SNAI2, suggesting that SNAI2 is a downstream tfarget of Kit signaling
(Sanchez-Martin et al., 2003). SNAI2 is a zinc-finger TF, closely related to SNAI1, and
has been shown to be activated through the KIT pathway both in vitro and in vivo (Pérez-
Losada et al., 2002) and is expressed during development in migratory NCC but not in
the pre-migratory cells (Jiang et al., 1998). SNAI2 has been shown to be important for
both melanoblast survival and migration but not for the formation of NCC (Sanchez-
Martin et al., 2003). Also, SNAI2 has been reported to be regulated by MITF. In
humans, SNAI2 mutations cause Piebaldism and Waardenburg Syndrome type 2
(S&nchez-Martin et al., 2003).

Some other genes are important for melanoblast migration. The RTK Kit and its ligand
Kitlg are amongst the most important genes for this process. Many alleles of these two
genes have been identified, respectively termed White (W) and Steel (SI) when
discovered (Copeland et al., 1990; Geissler et al., 1988), which result in dominant
white spotting phenotypes in heterozygous condition and exhibit white spots on the
head and trunk, depending on how severe the mutation is. Similarly, mutations in the
Ednrb and Edn3 genes result in the Piebald (S) and Lethal spotting (Ls) mice. Piebald
(Baynash et al., 1994) and Lethal spotting (Hosoda et al., 1994) mice have a white coat
with occasional pigmentation on the head and the rump, together with a megacolon
(Lee et al., 2003).

All of these phenotypes have been closely studied as they give important and valuable
insights into the role of the different genes in melanocyte development, and also the
timing of their activity. Mutations which result in severe phenotypic effects provide
information about the importance of the gene in the respective cells. At the same time,
severe effects on a particular cell type may limit the information provided on what role
the gene plays during development.
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1.3.4 Pigmentary mosaicism

Pigmentary mosaicism, also called patterned dyspigmentation, has been characterized
as a patchwork of pigmentation that is caused by genetic heterogeneity in the
melanocytes delivering melanin to the hair (Lombillo and Sybert, 2005). In 1967, Mintz
et al. created somatic mosaic mice by mixing several combinations of two genetically
distinct populations of cells together at the morula stage, with one population with the
presence of gene required for pigment production and therefore called "black”, and
the other one without and termed as "white” or albino. These mice were then called
allophenic mice and more recently aggregation chimaeras. Postzygotic mutations, in
embryonic or fetal development, or in postnatal life, would also result in somatic
mosaicism, with all the daughter cells carrying the mutation of the mother cell, thus
creating a somewhat different population of cells in genetic terms. If this event happens
early, it is likely to affect larger areas than if it happens at later stages, thus only
affecting few cells or tissues. An example of this is the X-chromosome where females
need to inactivate, randomly, one of the two X-chromosome during the late blastocyst
stage, a process called Lyonization (Lyon, 1961). This phenomenon is crucial as some
genes would be lethal if expressed from the two X-chromosomes. This process is
important for pigmentation too as it causes chimerism for heterozygous alleles located
on the X-chromosome or hemizygous transgenes. An elegant study using an X-linked
LacZ transgene showed that the X inactivation in individual cells happens at different
stages in different somatic tissues and is progressive (Tan 1993). The cases of the calico
and tortoiseshell cats is a very good example of this process. Indeed, the gene coding
for the yellow phenotype (due to pheomelanin, known commonly as red in cats) in
heterozygotes will be inactivated in some early melanoblasts, and thus all their clonal
descendants (Mintz, 1967) will resulti in the tortoiseshell coat. Calico phenotypes are
also tortoiseshell phenotypes but combined with white spotting that is not X-linked.
However, it is important fo note that not all chimerism phenotypes are linked to the X-
chromosome inactivation but can also be due to the expression of a mutated gene at a
specific stage of development that in the end also results in chimerism. There are also
chimeric patterns that are not related to X-inactivation nor mutations, but rather
controlled the genotype of the dermis. An example is the Agouti-locus which results in
tabby stripes in the cat or zebras, or the spots in giraffes and leopard. Briefly, the
Agouti gene, encoding the ASIP protein, results in the agouti pattern at the hair level
(Aberdam et al., 1998), which consists in a banding pattern of the hair with eumelanin
and pheomelanin, which involves the pigment switching through MC1R (Lamoreux and
Mayer, 1975). This process can be very precisely located, and thus result in the
banding/spotting pattern of the fur of tabby cats or leopard for example. Another
example that has been shown to be responsible for the establishment of the pattern of
tabby cats is through the Dkk4 gene that affects the patterning process (Kaelin et al.,
2021).
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Finally, epigenetic mosaicism describes the role of the environmental mechanisms
which eventually change the genetic information through epigenetic modifications. A
good example of this process are the Transposable elements, such as retrotransposons,
that have been shown to regulate genomic expression of surrounding genes involved in
melanocytes development or pigment production by methylation or demethylation
(Happle, 2002), resulting in the skin lines of Blaschko. Recent findings have shown that
some Transposons are involved in the pigmentation pattern of orchids (Hsu et al,,
2019) or medaka fish (Koga et al., 2006). More interestingly, acetylation states, and in
general chemical modifications, can also inhibit gene expression (Jiang et al., 2004),
even though these mechanisms are poorly understood.

1.4 Microphthalmia-associated Transcription Factor

Amongst the many genes involved in development of melanoblasts and in the biology
of melanocytes is the Microphthalmia-associated Transcription Factor (Mitf). Mitf was
first discovered in 1942 by Paula Hertwig, who discovered white mice with
microphthalmic eyes amongst the progeny of normally pigmented mice that had been
irradiated by X-rays (Hertwig, 1942). She called this mutation microphthalmia
(abbreviated mi) and these mice are still available today. Many additional mutations in
Mitf have been discovered since then. The gene was cloned in 1993 (Hodgkinson et
al., 1993) and shown to encode a basic Helix-Loop-Helix-Zipper (bHLHZip) transcription
factor and many of the mutations have been characterized (Steingrimsson et al., 2004).
The different Mitf mutations have in common defects of NCC-derived melanocytes,
resulting in complete or partial loss of coat color pigmentation (Steingrimsson et al.,
1994) often associated with deafness (Tachibana et al., 1992) and microphthalmia.
MITF was thus considered as one of the most important transcription factors (TF) for
melanocyte development as the absence or reduced activity of MITF leads to severe
phenotypic traits. Phenotypes other than coat color defects show the importance of
MITF in many other celltypes such as mast cells (Morii et al., 1996), retinal pigment
epithelium (Yasumoto et al., 1997), osteoclasts (Weilbaecher et al., 2001) and olfactory
bulb (Atacho et al., 2020; Ohba et al., 2015). Finally, recently MITF has been identified
as axonal damage sensor in Schwann cells where its activation leads to nuclear
translocation and induces DNA repair (Daboussi et al., 2023).

MITF is highly conserved in many species like human, mouse, rat, hamster and chicken,
with the basic domain even conserved in both vertebrates and invertebrates
(Baranowska Kérberg et al., 2014; Gyoja, 2014; Hauswirth et al., 2012; Simionato et
al., 2007). This TF can bind to DNA as homodimer or as heterodimer with other
members of the microphthalmia/transcription factor E (MiT/TFE) family. The MiT/TFE
family members have in common the bHLH-Zip motif that allows them to dimerize and
bind to DNA. This family contains TF like Transcription factors EB (TFEB), E3 (TFE3),
and EC (TFEC) which MITF can dimerize with. There are also other TFs like Myc-
associated factor X (MAX), MYC and Upstream stimulatory factor (USF), but MITF cannot
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dimerize with them due to the absence of a three-residue sequence EQQ[260-262]
(based on MITF-M amino acids numbering) in the zipper-domain of MITF (Hemesath et
al., 1994, Pogenberg et al., 2020; Pogenberg et al., 2012). Dimers of MITF can bind
to DNA motifs known as E-box (CACGTG) and M-box (TCATGTG) (Aksan et al., 1998;
Lowings et al., 1992).

1.4.1 Isoforms and Post-Translational Modifications of MITF

Interestingly, MITF is expressed in many different isoforms due to alternative splicing. A
total of 14 isoforms of MITF have been described in the mouse, with many also
conserved in humans (reviewed in (Vu et al., 2021). Most of the isoforms are due to
the use of alternative first exons whereas exons 2 to 9 are common to most isoforms. In
the mouse, the alternative first exons are: 1A, 1B, 1C, 1D, 1E, 1), 1H, M and 1TMc
(Figure 4). On top of these different isoforms, exon 6A is included in about 50% of
transcripts but this exon contains 18 bp resulting in proteins containing a 6 amino acid
sequence termed MITF(+) or lacking it, termed MITF(-). The isoforms are expressed in a
tissue-specific manner (reviewed in (Vu et al., 2021) such that for example MITF-M is
mostly expressed in melanocytes (Hershey and Fisher, 2005; Hodgkinson et al., 1993;
Yasumoto et al., 1997), but MITF-A has also been detected in these cells (Flesher et al.,
2020). The other isoforms have been shown to be present in other tissues. For
example, MITF-E is expressed in mastocytoma cells, MITF-D in the RPE, mast cells and
osteoclasts. The MITF-A, MITF-B, MITF-H and MITF- isoforms are present in many tissues
whereas MITF-H is mostly expressed in the heart, and MITF-A and MITF{ in the RPE.
However, most of studies on MITF have focused on the melanocyte and melanoma-
abundant isoform MITF-M, and so is the case for this thesis.

The MITF protein is also regulated through posttranslational modifications (PTMs) to
tune MITF activity. Such PTMs include phosphorylation, ubiquitination, SUMOylation
and acetylation (reviewed in (Vu et al., 2021). This thesis focuses on the MITF-M(+)
isoform and all residue numbers are based on this. Briefly, phosphorylation of MITF has
been shown to be important for transcriptional activity, subcellular localization, and
stability of the protein (reviewed in (Goding and Arnheiter, 2019). For example,
phosphorylation of Ser73 allows MITF to interact with p300 as a cofactor and this
enhances MITF transcriptional activity (Hemesath et al., 1998; Sato et al., 1997).
Consistently, mutating Ser73 to Ala decreased MITF transcriptional activity (Wu et al.,
2000). The Ser73 amino-acid is also involved in ubiquitin-mediated degradation of
MITF (Wu et al., 2000; Xu et al., 2000). Phosphorylation of Ser73 has also been
shown to mediate MITF subcellular location (Hemesath et al., 1998; Ngeow et al.,
2018). MITF-M(+) can be SUMOylated on Lys182 and Lys316 and mutations to Arg in
both of these PTM enhances the transcriptional activity of MITF from promoters
containing multiple MITF-binding sites, but does not change its stability or localization
(Murakami and Arnheiter, 2005). Finally, little is known about ubiquitination of MITF,
except that MITF can be deubiquitinated by Ubiquitin-specific protease 13 (USP13)
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which increases its expression and thus eventually increases the expression of genes
regulating proliferation of melanoma cell lines (Zhao et al., 2011). Also, the ubiquitin
ligase UCHL1 has been suggested to negatively affect MITF stability (Seo et al., 2017).
The potential ubiquitination sites are thought to be Lys21, Lys?1, Lys 201 and Lys265.
MITF is also acetylated. It has been shown to interact with the lysine acetyl transferases
CREB binding protein (CREB) and E1A Binding Protein P300 (EP300) complex which
acetylate MITF (Louphrasitthiphol et al., 2023; Louphrasitthiphol et al., 2020).

1.4.2 MITF mutations in humans

Waardenburg Syndrome (WS) is a group of genetic conditions that all lead to
abnormal distribution of melanocytes (Waardenburg, 1951). It is an autosomal
dominant disease that can be caused by multiple mutations in genes that play a role in
NCC development. There are four different types of WS, with similar general
phenotypes but with some differences. Mutations in PAX3 cause WS type 1 and 3 while
mutations in EDNRB or EDN3 cause type 4 (Read and Newton, 1997). Germline
mutations in MITF in humans have been associated with Waardenburg syndrome type
2A (WSAZ2), with people affected showing hypopigmentation of skin, eyes, and hair as
well as hearing loss (Tassabehji et al., 1994). A more severe kind of WS2A is called
Tietz syndrome, and is characterized by albinism and congenital deafness (Tietz, 1963).
Tietz syndrome is associated with deletion of R217 of MITF, a residue located in the
basic domain and involved in DNA-binding; the same mutation was found in mice
carrying the Mitf" mutation (Amiel et al., 1998; Smith et al., 2000). The phenotype of
individuals carrying biallelic mutations of MITF is called COMMAD syndrome as it is
associated with Coloboma, Osteopetrosis, Microphthalmia, Macrocephaly, Albinism
and Deafness (George et al., 2016). This is a severe and lethal condition in humans
and is similar to Mitf", the most severe mutation in the mouse. In addition to the link to
WS, the germline mutation E318K (Bertolotto et al., 2011) and the somatic mutations
E87R, L135V, L142F, G244R, and D380N (Cronin et al., 2009) have been found in
melanoma patients. The E318K mutation has been shown to predispose to melanoma in
European populations (Bertolotto et al., 2011). In total, more than 18 mutations in MITF
have been associated with one of the human syndromes described above. Most of the
WS, Tietz and COMMAD mutations are located in the DNA-binding bHLH-Zip domain
of MITF, which lead to a loss of DNA binding ability and thus, to the loss of the
regulation of MITF of its target genes (Cronin et al., 2009; Grill et al., 2013). in
contrast, the mutations associated with melanoma are outside these regions.

1.4.3 Mitf mutations in mice

In the mouse, many Mitf alleles have been characterized and all affect melanocytes and
coat color. Some alleles also affect other structures including the Retinal Pigment
Epithelium (RPE) resulting in small eyes with little to no pigmentation. Osteopetrosis or
hyperosteosis can also result from MITF mutations. Approximately half of the mutations
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are recessive, and the rest are semi-dominant, exhibiting a mild phenotype such as
white spotting or a coat color dilution. The phenotypes of Mitf mutations have been
reviewed previously (Moore, 1995; Steingrimsson et al.,, 1994). Here we will
summarize the phenotypes briefly. The first Mitf allele that was discovered is the Mitf™
allele which, as explained earlier, is a semi-dominant mutation resulting from a deletion
of 3 bp in the basic region of Mitf (del217). In homozygous condition, the mice exhibit
microphthalmia, white coat, osteopetrosis and hearing loss. Heterozygous Mitf™ mice
only show a white spot on the head or belly. The mutation associated with MitfR is a
change from an Arginine to a lysine (R216K). Homozygotes have similar traits as Mitf™
without the hearing loss. Heterozygotes display spots on the head, the belly and the
tail, with a less pigmented iris (Steingrimsson et al., 2003). The Mitf™"h mutation is
characterized by a substitution of isoleucine 212 to aspargine (1212N); homozygous
mice exhibit white coat color with intermediate microphthalmia and hearing loss.
Heterozygotes show diluted coat color, hearing loss and white spots on the head, toes
and fail. Interestingly, these three mutant MITF proteins do not bind to DNA. However,
these mutant proteins can heterodimerize with the MITF relatives TFE3 and TFEB, and
this might explain why these mutations are dominant negative. A mutation in MITF that
changes the aspartic acid info an aspargine in position 222 in the first helix domain
results in mice that have white areas on the belly and thorax, and that with age
progressively lose its coat pigmentation and have retinal degeneration. This allele has
thus been called Mitf'™" for vitiligo, as progressive graying is the similar phenomenon
that happens in vitiligo patients. Surprisingly, this mutation did not appear to change
Mitf DNA binding. The many other Mitf alleles have been described in detail in
previous reviews (Moore, 1995; Steingrimsson et al., 2004) and will not be detailed
further here.

Interestingly, to add to the complexity of MITF, some Mitf alleles are able to
complement the phenotypes of each other with respect to each allele in homozygous
condition. In these cases, the phenotype when two different alleles are combined is less
severe than each homozygote alone (Steingrimsson et al., 2003). Phenotypes
associated with Mitf mutations can be arranged in an allelic series, ranging from
completely white coat color due to the complete absence of melanocytes, to various
degrees of spotting and hair graying, to completely black (no or very mild phenotype
with a normal development of melanocytes as seen in the Mitf" allele) (Steingrimsson
et al., 2004). The first interallelic complementation was shown in 1968, when it was
shown that a cross of Mitf™ mice to mice carrying the MitM"h mutation resulted in mice
that have no microphthalmia whereas homozygotes for each mutation (Mitf"/m and
MitfiWh/Miwh) have severe and intermediate microphthalmia, respectively (Konyukhov
and Osipov, 1968). More recently, systematic matings of many Mitf mutations showed
that this phenomenon is restricted to the Mitf"h allele but is observed in combination
with all other mutations at the locus. A model was proposed to explain the interallelic
complementation associated with the MitM™" allele (Steingrimsson et al., 2003). This
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model involves the alternative 6 amino acids that differentiate between the (+) and (-
versions of MITF, with the MITF(+) isoform having 20% more DNA binding ability for M
and E-boxes than the MITF(-) isoform (Hemesath et al., 1994). In the wildtype
situation, both isoforms go above a threshold of normal MITF activity. For MW
mutants, only the MITFM™" (+) isoform normally binds to DNA as heterodimer while the
MITFMWh () isoform cannot, either as hetero- or homodimers. Moreover, the (-) isoform
does not reach a threshold of activity where the protein has a phenotype-negative
neomorphic effect, that could be explained by the regulation of new offtarget genes,
and thus explain the severe phenotype. Interestingly, interallelic complementation
reduces the neomorphic effects of the MITFM*" () isoform, resulting in more normal
development and less severe phenotype. For example, the Mitf mutation called Mitfvee?
has a severe phenotype, resulting in completely white mice with severe microphthalmia
and with the stria vascularis of the cochlea lacking melanocytes (Tachibana et al.,
1992). This allele results from a transgene insertion associated with a 882-bp deletion in
the Mitf promoter (Hodgkinson et al., 1993). When Mitf+92? mice were crossed with
Mitf¥h mice, the interallelic complementation was sufficient o rescue the size of the
eyes, meaning that this combination was enough to reduce the neomorphic effect of
MITFMWh () below the threshold of the negative effects.

MITF high

Pigmented and differentiated

Proliferative

Figure 5. MITF rheostat model. This model shows what cell state the level of MITF activity is
associated with. Adapted from Carreira et al., 2006, TBD.
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As a conclusion, the range of phenotypes associated with Mitf mutations shows how
important and central in melanocyte development this TF is. Mitf is required at many
different stages of development of the pigment-producing cell, from the specification of
NCC into melanoblasts (Opdecamp et al., 1997), to their migration for example
(Nakayama et al., 1998), and the wide diversity of the impact of the different Mitf alleles
that gives many different phenotypes depending on the Mitf mutation and stage of
development underline the key role that Mitf plays for melanocyte development.

1.4.4 Role of MITF

MITF has been shown to regulate the expression of a vast panel of target genes
involved in many processes like differentiation, proliferation, DNA-damage repair,
metabolism, lysosome biogenesis, survival, senescence and invasion (Goding and
Arnheiter, 2019). One of the mechanisms that Mitf regulates is pigment biosynthesis, a
pathway that includes Tyrosinase, Tyrosinase related protein 1 (Tyrp1) and Dct by
activating them through the M-box motif in their promoters (Lowings et al., 1992). These
three genes encode enzymes that are directly involved in the production of melanin.
However, MITF is not only involved in melanin production, but also in the many
processes regulating melanosome biogenesis, transport, and ionic equilibrium. Indeed,
MITF has been shown to directly regulate the expression of target genes such as Pmel
(Baxter and Pavan, 2003) and Melanoma antigen recognized by T cells 1 (Mlana) (Du et
al., 2003) which code for proteins involved in melanosome maturation and structure.
Interestingly, the small GTP-binding protein RAB27A involved in the transport of
melanosomes has also been shown to be a direct target of MITF (Chiaverini et al.,
2008).

The promoters of the anti-apoptotic proteins B-cell leukemia/lymphoma 2 protein
(BCL2) (McGill et al., 2002) and Baculoviral IAP Repeat Containing 7 (BIRC7) (Dynek et
al., 2008) have also been shown to be direct targets of MITF, suggesting that MITF also
has an effect on regulation of apoptosis and survival of melanocytes. Moreover, cell-
based work on melanoma and melanocytes have revealed that suppression of MITF
leads to a reduction of the autophagy induced by starvation, and overexpression of
MITF increased the number of autophagosomes (Moller et al., 2019). Thus, these
results revealed that MITF is involved in regulating the starvation-induced autophagy
and lysosomal activity.

Also, MITF has recently been shown to be a repressor of ECM and focal adhesion as
the suppression of MITF lead to increased expression of genes involved in these
processes (Dilshat et al., 2021). Moreover, MITF has also been linked to cell invasion.
Indeed, when MITF was depleted in melanoma cells it promoted invasion (Carreira et
al., 2006; Cheli et al., 2010). However, another study showed the opposite with MITF
depletion not inducing invasion, which is suggested to be due to translational
reprogramming that drives expression of genes involved in invasiveness (Falletta et al.,
2017).
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MITF has been shown to be positively regulating DNA repair through BRCA1, AURKB
and TERT (Strub 2011). Interestingly, depletion of MITF in melanoma cell lines lead to
cell cycle arrest as well as senescence (Giuliano et al., 2010; Strub et al., 2011;
Wellbrock and Marais, 2005). The cell cycle arrest induced by MITF depletion can be
explained by the fact that MITF has been shown to regulate the expression of many of
the cell cycle regulators called Cyclins and their targets, the Cyclin-Dependent Kinases.
Amongst the most important cell cycle genes that are regulated by MITF are the Cyclin-
Dependent Kinase 2 (CDK2) and 4 (CDK4) (Garraway et al., 2005; Wellbrock and
Arozarena, 2015). Regulation of CDK2 by MITF is important for the transition from G1
to S-phase of the cell cycle (Du et al., 2004). MITF also regulates the expression of
CDK4, a critical factor for the cell cycle to progress (Loercher et al., 2005). During this
progression of the cell cycle from G1 to the replication phase, Cyclin-D1 (CCNDT) is
required and forms a complex with CDK4 (Malumbres and Barbacid, 2009; Sherr et
al., 2004). Interestingly, CCND1 has been associated as a key prognosis factor in
melanoma patients and is a potential target for melanoma therapy (Gonzéalez-Ruiz et al.,
2020). MITF was also shown to indirectly reduce the expression of CDKN2B (Carreira
et al., 2006) or activate CDKN1A in cooperation with Retinoblastoma protein (RB1)
(Carreira et al., 2005). This data suggests that MITF is a major regulator of the cell
cycle, but MITF seems to be able to promote both cell cycle progression and its
repression.

The rheostat model of MITF was suggested by Carreira et al (2006) to explain this
contradiction as it explains the dual role of MITF in cell cycle but also the different states
that a melanocyte cell can go through (Figure 5). In this model, high activity of MITF is
associated with differentiation, but progressive reduction of this activity leads first to
proliferation, then to dedifferentiation and increased invasiveness and finally to
senescence and eventually cell death. Indeed, with all the evidence that has been
gathered so far about the many roles of MITF in the broad processes that have been
discussed above, MITF activity seems to be a key and major player in the biological
phenotype of melanocytes and for their development. Mitf expression and activity is
thus crucial for the expression of the previously cited genes and processes. Many of the
direct target genes of MITF in the different biological processes and its physiological
role that have been enumerated come from studies performed in melanoma tissue and
melanoma cell lines, but less is known about its role during melanocyte development.

1.4.5 Melanoma and MITF

Melanoma is the deadliest form of skin cancer and arises from melanocytes. There are
three types of melanomas based on localization in the body: uveal melanoma if it is
located in the ocular stroma, mucosal melanoma if arising from melanocytes of the
mucous membrane and cutaneous melanoma if it originates from melanocytes located
in the epidermis of the skin. Cutaneous melanoma represents the largest proportion of
these three types (Chang et al., 1998) and is related to UV exposure from the sun that
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humans are continuously exposed to (Koh et al., 1996). Somatic mutations involved in
melanoma appearance are mainly in the gene V-raf murine sarcoma viral oncogene
homolog B1 (BRAF), Neuroblastoma ras viral oncogene homolog (NRAS) and
Neurofibromin 1 (NF1). BRAF somatic mutations represent the vast majority of mutations
occurring in melanomas with more than 50% of patients carrying a somatic BRAF
mutation (Davies et al., 2002). BRAF is part of the MAPK/ Exiracellular signal-regulated
kinase (ERK) signaling pathway that has been shown to be important for cell growth
regulation (Wan et al., 2004). The specific mutation of Glutamic Acid in position 600
to Valine (BRAFY6°%) represents almost 90% of all BRAF mutations in melanoma and
leads to the hyperactivation of the ERK pathway as compared to WT BRAF (Wan et al.,
2004). This mutation results in the constitutive activation of BRAF and thus, inducing
melanoma progression by reducing MITF expression (Wellbrock and Marais, 2005),
but also by acting as an oncogene by stimulating proliferation and survival of melanoma
cells (Hingorani et al., 2003; Karasarides et al., 2004). NRAS mutations are found in
approximately 10% of melanoma patients and activate the same pathway. Mutations in
NFT1 also activate the MAPK pathway (Papp et al., 1999). Finally, somatic mutations in
some of the cell cycle genes previously described including RB1, CDK4, CCND1 have
been found in acral (on hands and feet) or mucosal melanomas (Kong et al., 2017;
Sauter et al., 2002).

Germline mutations are found in a number of genes, mostly genes involved in
regulation of the cell cycle. For example, mutations in Cyclin Dependent Kinase Inhibitor
2A (CDKN2A) represent around 40% of familial melanoma cases (Goldstein et al.,
2007; Petronzelli et al., 2001). CDKN2A codes for the two proteins p16™K4 and p144%
that play a role respectively in the G1 to S-phase transition (Fountain et al., 1992; Koh et
al., 1995) and degradation of p53 (Stott et al., 1998), have shown to be at risk of
forming melanoma. There are also other genes involved in familial melanomas such as
CDK4, a cell cycle regulator, and in the TERT, POT1, ACD, and TERF2IP genes but the
proteins encoded by these genes are all involved in telomere length control. Similarly,
rare familial cases have been found harboring mutations in BAP1, RAD51B and POLE
genes, all of which encode DNA repair proteins (Bertrand et al., 2020).

Genome-Wide Association Studies (GWAS) using Single Nucleotide Polymorphism
(SNP) arrays have shown that MITF copy number is amplified in 20% of melanomas,
which suggests that MITF is involved in the promotion/maintenance of the melanoma
tumor and in its metastases (Garraway et al., 2005). Suppression of MITF in melanoma
cells led to reduced tumor growth and delayed formation of melanoma (Hoek et al.,
2008). MITF has thus been proposed first as a lineage specific "survival oncogene”
(Garraway et al., 2005) and now as full-scale oncogene as MITF has been shown to be
involved in other cancer types like Renal Carcinoma (Bertolotto et al., 2011) and
gastrointestinal tumor growth (Proafio-Pérez et al., 2023). However, MITF has also been
shown to have an opposite role in the case of development of metastases. The
oncogenic BRAFY¢%E mutation activates the MAPK/ERK signaling pathway, and is
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thought to reduce MITF levels and thus being an important factor for the progression of
BRAF-positive melanoma into metastatic cells (Wellbrock and Marais, 2005). This data
fit the previously mentioned rheostat model (Carreira et al., 2006) where high MITF
activity leads to proliferation or differentiated state and so to maintenance of melanoma
cells, whereas low MITF activity leads to invasive and thus metastatic-like melanoma
cells. A recent study confirmed that this state would more likely be a de-differentiated
state of the cell (VIckova et al., 2018) and then another study also showed that this
dedifferentiated state can be split in two different states depending on MITF and other
factors (Rambow et al., 2018). These other factors, such as AXL and POU3F2, are also
important in this process. Indeed, POU3F2which is often expressed in melanoma cells
and is a direct target of BRAFY%%, has been shown to reduce MITF levels (Thomson et
al., 1995; Thurber et al., 2011). Also, highly invasive and drug resistant melanomas
have been characterized with high AXL, thus with an expression inversely correlated to
MITF, suggesting the role of AXL in the invasive state of melanoma (Boshuizen et al.,
2018; Miiller et al., 2014).

1.4.6 Role of Mitf during development

As one of the most important key regulators of melanocyte development, Mitf plays a
crucial role in the establishment of the pigment-producing cells. Mitf is first expressed
around ET10.5, first in the head region and later in the tail region and drives the
expression of Dct a few hours later when cells have already started migrating
(Nakayama et al., 1998). MITF has been often called the master regulator of
melanocytes development. The coat color defects, microphthalmia and osteopetrosis
show that Mitf is necessary for the establishment of melanocytes and function of both
RPE cells and osteoclasts (Steingrimsson et al., 2004). Indeed, MITF is present
throughout the development of melanocytes, from the initiation of the specification of
melanoblasts, to their migration and later in the pigment-producing process in the
formation of the first hair.

During development, MITFhas also been specifically shown to be important for the
growth and survival of melanoblasts. For example, MITF is involved in cell survival
through regulation of BCL2, a protein that inhibits apoptosis (McGill et al., 2002; Veis
et al., 1993). In melanoblasts, MITF has been shown to regulate the expression of
important genes like Cdk2 (Du et al., 2004), Cdk4 (Loercher et al., 2005), CdknTa
(Sestakova et al., 2010) and Cend1 (Strub et al., 2011). Indeed, depletion of MITF
induced cell cycle arrest in melanoblasts (Carreira et al., 2005), and this can be
explained by regulation of MITF to the promoter of these cell cycle genes. However,
even though MITFseems to be a crucial and key regulator of the development of
melanoblasts, some other key players, interacting with MITFmight be of importance in
this process and need to be unraveled.
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Basic Helix 1 Loop Helix 2
Hs: Homo sapiens
K24I»3 Mm: Mus mugcu/us -

HsMITF oRBoNHNL 1 BRERRFN 1NDREKEHGTL-EPKS----- NDPDMRW--NKGTIHKASVDYERKE SESKChsRC
MmMITF ORKDNHNLIPRRRRFNINDRIKELGTL~IPKS--=-~ NDPDMRW--NKGTILKASVDYIRKL
HsTFEB ORKDNHNLIPRRRRFNINDRIKELGML - TPKA- -~~~ NDLDVRW--NKGT IBKASVDYTIRRM
HSTFEC ORRDNHNLIZBRRRRYNINYREKELGTL-EPKS -~~~ NDPDMRW--NKGTIEKASVEYTIKWE Conserved histidine
HsTFE3 ORRDNHNL IPBRRRRFN INDRIKELGTL-LIPKS---~~- SDPEMRW--NKGT IBKASVDYIRKE
HsUSF1 KRRAQHNE VBRRREDK INNWIVQLSKI-EPDC----- SMESTKSGQSKGGIHSKACDYTQEH Conserved hydrophobic
HsUSF2 RERRAQHNEVZRRRRDK INNWIVQESKI -TPDC~-~~-~ NADNSKTGASKGGIESKACDYTIRER Helix-breaking proline
HsMYC vliTHNVL RORRNELKRSEFALRDQ-IPEL - -~~~ ENNEKA--PKVVILKKATAYILSY Conserved helix 2 start
HsMAX DERAHHNA LZRERBDH I KDSEHSLRDS ~YPSL~====-~ QGEKA--SRAQILDKATEYIQYM

Figure 6. The Mitf4* amino acid is highly conserved between bHLH transcription factor
and species. Figure obtained with permission from Molecular Cell journal, according to permit
number TBD (Louphrasitthiphol et al., 2020)

1.4.7 Regulation of Mitf expression

The expression of Mitf needs to be tightly regulated by different signaling pathways and
other transcription factors. Some transcription factors such as SOX10, PAX3, LEF1,
CAMP Responsive Element Binding Protein 1 (CREB1) and ONECUT2have been shown
to positively regulate Mitf expression. In chapter 1.3.3. we explained that SOX10 has a
crucial role during the specification of NCC to melanoblasts (Hou et al., 2006). SOX10
is also required for the formation, growth and maintenance of melanoma (Shakhova et
al., 2012). Moreover, SOX10 has been shown to directly bind the Mitf promoter, in
collaboration with PAX3 and leads to increased MITF expression (Lee et al., 2000);
SOX10 is highly expressed in melanoma where it is involved in initiation and
maintenance of the tumor (Cronin et al., 2013). ERK-mediated phosphorylation inhibits
activation of SOX10 transcription (Han et al., 2018). On the other hand, POMC
signaling uses the Cyclic adenosine monophosphate (cAMP) and cooperates with
SOX10 to activate expression of MITF (Huber et al., 2003). PAX3 has been shown to
regulate both expression and activity of Mitf during melanocyte development (Galibert
et al., 1999), but also plays a role in maintenance of the undifferentiated state of the
melanocyte stem cells by competing with MITF for binding to an enhancer region of Dct
(Lang et al., 2005). Interestingly, PAX3 and SOX10 were shown to cooperate by
synergistically activating MITF expression (Bondurand et al., 2000). The WNT/ -
catenin signaling pathway is important for the transition from NCC to melanoblasts
during development, through activation of the Mitf promoter by LEF1 binding (Dorsky et
al., 2000). Finally, MITF can cooperate with LEF1 to bind to its own promoter to
autoregulate its expression (Saito et al., 2002).

A few TFs have been reported to repress MITF expression, including the Glioma
associated oncogene family member 2 (GLI2), Activating Transcription Factor 4 (ATF4)
and FOXD3. GLI2, a TF target downstream by the Hedgehog signaling pathway
(Javelaud et al., 2011) that can also be regulated by the TGF-B signaling pathway
(Dennler et al., 2007), is involved in the inhibition of Mitf transcription (Pierrat et al.,
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2012). Interestingly, high levels of GLI2 have been correlated with increased invasive
and metastatic melanoma, with expression levels inversed to that of MITF (Javelaud et
al., 2011). ATF4 is another TF that has also shown to inhibit Mitf expression through
direct transcriptional repression (Falletta et al., 2017). Also, FOXD3 can repress the
transcription of PAX3, a transcription activator of Mitf expression, and thus indirectly the
expression of Mitf (Thomas and Erickson, 2009). This repression has been shown to
happen when the NCC develops along a neurogenic fate through the ventral pathway.
Additionally, FOXD3 might be involved, partially, in BRAF resistance by inhibiting Mitf
expression (Abel et al., 2013).

1.5 Acetylation and Mitf<243® mutation

A recent study by Louphrasitthiphol et al. (2020) showed that the presence of either
CBP or p300 increased MITF acetylation. Moreover, they showed that activation of
MAPK signaling results in increased MITF acetylation. Also, they performed mass
spectrometry to show that residues Lys21, Lys33, Lys43, Lys243 and Lys248
(Louphrasitthiphol et al., 2023; Louphrasitthiphol et al., 2020) were all acetylated. They
focused on Lysine in position 243 (Mitf?4) of MITF-M as its molecular modelling
showed the high probability of its acetylation affecting the interaction between MITF
and the phosphate backbone. This residue is a highly conserved residue of both MITF
and other bHLH motif family members (Figure 6). They proposed that acetylation of
Mitf243 plays a role in affecting the affinity of MITF to DNA. They mutated Mitf?# into
either Arginine that cannot be acetylated, or Glutamine that may be used as a mimic of
acetylatable Lysine, (Fujimoto et al., 2012; Kim et al., 2006) and then used in vitro
fluorescence anisotropy to show that this Lysine is indeed involved in DNA binding.
Each mutation resulted in reduced DNA binding affinity to M and E-boxes, with the

243k mutation. However, the in vivo

Mitf243Q mutant even less effective than the Mit
study they performed in zebrafish revealed that, inversely to their in vitro study,
zebrafish expressing the Mitf?4*@ mutation developed melanocytes whereas the Mitf<?43R
mutant did not. Interestingly, all subcutaneous-inoculated grafts of melanoma cell lines
in athymic nude mice with the Mitf?#*@ mutation resulted in tumor formation while none
did with the Mitf?*®R mutant cell lines, suggesting the important role of Mitf?4
acetylation in melanoma formation. ChiP-seq data on 50Tmel melanoma cell lines
expressing the wild type and mutant versions of MITF revealed that cells carrying the
Mitf243R mutation exhibit less binding to known MITF target genes. Therefore, the results
suggest that Mitf?3 of MITF is involved in the binding to DNA (Louphrasitthiphol et al.,
2020). The fact that MAPK signaling regulates p300 activity and that WT MITF and
MITF with Mitf?4%@ mutation can form tumors strongly suggests that acetylation is an
important mechanism in melanoma formation. Moreover, although WT MITF and MITF
with the K243Q mutation were involved in developing melanocytes and forming
melanoma tumors, this was not the case with MITF carrying the K243R mutation. Also,
the Mitf?*R mutant has been shown to bind to low-affinity binding sites and the authors
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of the paper suggested that this would also result in reduced availability of MITF to bind
to its key regulatory elements.

However, these results on the binding capacity of the MITF¥?4®R protein do not inform
about the effects on the target genes, or the phenotype that such a mutation would
result in a living organism such as cells or mice. The goal of this project was thus to
create and characterize this mutation both in vivo and in an in vitro system to get more
insights into the effect of this mutation.
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2 Aims

2.1 Characterization of an inducible Mitf<243R mutant mouse
model

1. Generation of the Mitf?*® mouse model with the Tyr::Cre or the
Tyr::CreER™ induction systems to activate the constitutive and hypomorphic
mutation in melanocytes

2. Characterize the phenotype of the Mitf*?4*® mutation in mice

2.2 Effects of the Mitf<?43R mutation in primary melanocyte cell
lines in vitro

3. Generation and characterization of primary melanocytes carrying the
inducible Mitf?**R mutation

4. Investigating the effects of the inducible Mitf?4® mutation on function and
gene expression.
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3 Materials and Methods

3.1 Generation of mice carrying the Mitf<?4*k mutation

The mouse Mitf?4R mutation was created in collaboration with Lionel Larue's lab at the
Institut Curie, Paris, France. Briefly, the mutation was created by changing the
adenosine in position 728 of the MITF-M cDNA info a guanosine (c.728A>G). This
mutation is located in exon 8 of MITF in a cassetfte containing both exons 8 and 9 of the
Mitf-m transcript. This mutation changes the 243 codon of MITF-M from AAG (Lysine)
to AGG (Arginine) (Figure 7A). The cassette was then introduced into the Mitf genetic
locus in ES cells, right after the wildtype exons 8 and 9 (Figure 7A). The cassette is
also flanked by two LoxP sites. The resulting ES cells were used to generate mice and
the mutant mouse strain was crossed with either C57BL6/) Tyr::Cre mice (Delmas et al.,
2003) to induce the mutation in all melanocytes or with Tyr::CreER™ mice to induce the
mutation only in presence of Tamoxifen. In both cases, when the Cre enzyme is
expressed or activated the wild-type exons will be removed and all remaining transcripts
will contain the Mitf24® mutation (Figure 7A). As the mutation can only occur in cells
expressing Tyrosinase, the mutation is conditional or constitutive in melanocytes only.
The Mitf243R/K243R mice were also crossed with C57BL/6)- Dct::LacZ mice (Mackenzie et
al., 1997) in order to trace the fate of melanocytes upon MITF loss. Dct::LacZ mice
express [-galactosidase only in melanocytes since the Dct promoter only drives
expression in these cells.

3.2 Genotyping of the transgenic mice

All mouse work was performed in the animal facility of ArcticLAS in Reykjavik in
compliance with relevant laws and regulations about animal care standards. We
adhered to National regulation nr. 460/2017 about protection of animals used for
scientific purpose, which are based on the national law on animal welfare nr.55/2013.
The Icelandic regulation on animal experiments is based on the European directive
2010/63/EU. Experiments were previously approved by MAST under the license
number 2018-05-02 for general use of mice and case 2108488, Oct 4, 2021 for
experiments on mice with Tamoxifen.

Animals were genotyped using samples collected from ear clips from newborn animals
and from the yolk sacs of embryos. DNA was extracted from the samples in a digestion
mix contfaining 16 mM of Ammonium Sulfate ([NH4], SO4), 67 mM of Tris-HCI pH 8,8,
0,05% [v/v] of Tween-20 and 200 ng of Proteinase K (NEB, #P8017S) in deionized
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water. After digestion at 55°C for at least 3 hours Proteinase K was inactivated by
incubating at 95°C for 20 minutes after which the samples were cooled down on ice.

The oligonucleotide primers used for genotyping of the mice are listed in Table 1. The
protocol used was previously described for the following transgenes: Dct::Lacz
(Mackenzie et al., 1997), Tyr::Cre (Delmas et al., 2003), the X-chromosome without the
Tyr::Cre transgene (Colombo et al., 2007), Tyr::CreER™ (Yajima et al., 2006) and sex
determination (Lambert et al., 2000). Primers were designed for genotyping of the
Mitf243R mutated animals and cells.

Table 1: Primers used for PCR amplification of genomic DNA

Target gene | Primer name Sequence (5-3') Tm (°C) Amplicon size

Mitf K243R MitfLf39-F CCAGTGACTAAGTCTTTATAGTTCCAGG 58 WT = 257 bp
MitfLr39-R CAATTAGTGCTCACCCCACATTGGC 63 Mitf+/* =337 bp

Mitf K243R/€24R _ 350 bp

Dct::LacZ DctlacZ-F CAGGACACGGCTTGTCATCATGGTGT 66 450 bp
DctlacZ-R CATTCATCGTCTCTCAGGAATTCA 56

Tyr::Cre TyrCre-F GTCACTCCAGGGGTTGCTGG 64 473 bp
TyrCre-R CCGCCGCATAACCAGTGA 61

Tyr::CreER™ | TyrCreER™%F GAAGCA ACTCATCGATTG 50 411 bp
TyrCreER™-R TGAAGGGTCTGGTAGGATCA 57

X-chr LL1433 TTCTGTTITGTGAATACCTGCAA 59 1172 bp
LL1441 TTGAGGGACTTC TGATATTGTAAG 60

Sry mSryF TGGGACTGGTGACAATTGTC 69 544 bp
mSryR GAGTACAGGTGTGCAGCTCT 56

13 mlI3F GGGACTCCAAGCTTCAATCA 60 402 bp
mll3R TGGAGGAGGAAGAAAAGCAA 60

3.3 Hair preparation

Hair from Tyr::CreER™/0, Dct::LacZ/0 and from black, grey and white areas of
Mitfk243R/K243R. Tyr::Cre mice were harvested. They were placed on microscopy slides
that had previously been covered in white egg and dried at RT for 2 hours. The slides
were then placed in successive baths of ethanol, 50% [v/v] methanol and 50% [v/V]
xylene, and pure xylene for 24 hours each. The slides were finally covered with
mounting medium and a cover slide. Pictures were taken using the EVOS imaging
system.

3.4 Quantification of the optical absorbance of melanin in mouse
hairs

Hairs were plucked from dorsal parts of Dct::LacZ/O (positive control), Mitf-Wh/MiWh
(negative control) and the black, grey and white areas of Mitf<243R/K243R, Tyr.:.Cre/Y (or
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Tyr::Cre/Tyr::Cre for females) mice. For each genotype, three mg of hairs were
weighed and solubilized in one mL NaOH for three hours at 85°C with slight shaking.
After centrifugation at 12,000 rpm for 5 min, absorbance at 470 nm was measured in
96-well plates.

3.5 Whole mount S -galactosidase staining of embryos and

melanoblast quantification

We harvested embryos from Mif<243R/K2432R, Tyr::Cre; Dct::LacZ/0 mice at E13.5, E14.5
and E15.5. The timing was done by checking for vaginal plugs every morning after the
matings were set up (Behringer, 2016). Vaginal copulation plugs indicate that the
mating has occurred during the previous night, and that most likely a pregnancy will be
a result. Observation of morning plugs were considered at 12 hours after fertilization or
day EQ.5. The embryos were allowed to develop until the desired stage. The embryos
were then surgically removed from their mother. After a brief wash in ice cold PBS, the
embryos were fixed in fresh 4% [w/v] PFA on ice for 40 min and rinsed for 10 min in
ice-cold PBS. Then the embryos were placed in permeabilization buffer (2mM of
MgCL,, 0.01% [w/v] of sodium deoxycholate and 0.02% of NP-40) two times for 30
min each with ice-cold PBS washes in between. We then placed the embryos in X-gal
staining solution (2mM of MgCL,, 0.01% [w/v] sodium deoxycholate, 0.02% [v/v] NP-
40, 5 mM K4[Fe(CN)]s, 5 mM K3[Fe(CN)]¢, and 0.04% [w/v] X-gal) overnight at 30°C.
After postfixation in 4% [w/v] PFA and several washes in PBS, we took pictures under a
stereoscopic microscope. Finally, the number of melanoblasts were quantified as
follows: on each embryo, an area 400x1000 pixels in size, extending from the back to
the belly on the side of the embryo, and parallel to the front limb, was drawn and
cropped. The number of melanoblasts was manually counted by hand using the Cell
Counting tool in Image] and their numbers plotted using the Prism GraphPad software.

3.6 Cryopreservation and sectioning of embryos

Embryos were collected from the desired matings and then fixed in 4% [w/v] PFA
overnight at 4°C. After three washes in fresh PBS for 5 minutes each, the embryos were
placed in 30% [w/v] sucrose in PBS solution (to preserve the tissues when freezing) at
4°C until they sank to the bottom of the 15 mL tube. They were then transferred to a
mixture of 30% [w/v] sucrose and 50% [v/v] Optimal Cutting Temperature solution
(OCT) compound for 16 hours at 4°C. Finally, after a quick bath in 100% OCT to
remove the remaining sucrose, the embryos were transferred to a plastic cassette filled
with OCT and frozen for a few minutes in dry ice. The frozen blocks of OCT were
stored in a -80°C freezer before sectioning. Embryos embedded in frozen OCT were
put in a -20°C freezer a few hours before sectioning on a cryostat at a 10 pm thickness.
The sections were placed on SuperFrost adhesive slides and dried overnight and then
stored at -80°C or used immediately for immunostaining or imaging in the case of the
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B -galactosidase-stained embryos. Pictures were taken using the EVOS imaging system
and analyzed using the Image]| software.

3.7 Primary cell line generation and cell culture

Melanocyte cell cultures were generated from 1—3-day old pups, sacrificed according
to the ethical protocol by decapitation, as previously described (Berlin et al., 2012).
Briefly, a skin sample was taken from the trunk region and washed in 70% [v/v] ethanol
before moving the sample to ice cold PBS. The skin samples were cut info small pieces
and then incubated in a 1:1 mixture of collagenase | and IV (Gibco, USA) in PBS at
37°C for 25-50 minutes. The skin samples were then washed in Washing Buffer
composed of Hank’s Balanced Salt Solution [HBSS] supplemented with calcium and
magnesium (Gibco, USA), 0.005% [v/v] DNase | and 20% [v/v] Fetal Bovine Serum
(FBS). The skin samples were dissolved in Disassociation Buffer (Gibco, USA),
transferred to a 6 well plate and incubated at 37°C for 10 minutes. The cells were then
disassociated by passing first through 18G and then 20G needles. The cells were
washed in Washing Buffer. Then 10°¢ cells were plated per well in 6 well plates and
cultured in Ham's F12 media (Gibco, USA) supplemented with 10% [v/v] FBS, 100
U/mL Penicillin-Streptomycin (Gibco, USA) and 200 nM 12-O-etra-decanoylphorbol-13-
acetate (TPA, Sigma-Aldrich, USA) at 37°C and 5% CO.. The media was changed every
day for the next two days and then three times per week. The selection of melanocytes
from fibroblasts was done by adding 25 pg/mL G418 (Gibco, USA) to the media on
day 2 after plating and culturing the cells in its presence for approximately 5 weeks. It
took approximately 16 weeks for melanocytes to start proliferating. When reaching
between 90 to 100% confluency, the cells were detached from the flasks with 1X trypsin
for 5 min at 37°C. After addition of Ham’s F12 medium with FBS to inactivate the
trypsin, the cells were counted on a glass hemocytometer and were then ready for
further experiment. The newly generated cell lines and the animals they were derived
from are listed in Table 3 in chapter 4.2.1.

3.8 Induction of the Mitf<243R/K2432R qyytation

Induction of the mutation was performed in the newly generated melanocyte cell lines
which carry the Mif}243R/K2432R, Tyr::CreER™?/0 genotype. These cells express the Cre
recombinase fused to the ligand binding domain of the estrogen receptor. The fusion
protein is inactive until the estrogen-mimic Tamoxifen is added which then leads to an
active Cre recombinase. Cre activity can be stimulated by adding 4-Hydroxytamoxifen
(4-OHT), the active metabolite of Tamoxifen which normally is activated in vivo through
metabolism in the liver. For inducing the mutation in melanocytes, the cells were
cultured in Ham’s F12 medium containing 5 pg/ml of 4-OHT, added from a 10 mg/ml
stock solution (solubilized in methanol). As mock vehicle control, medium with the
same volume of methanol was added to the cells. To assess if the recombination had
occurred, the primers for genotyping the Mitf?4R mutation in mice were used (Table 1).
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The PCR products were run on a 3% [w/v] agarose gel for 90 min to ensure separation
of the fragments as the difference of base pairs between the Mitf?4*k mutant and WT is
only 13 bp (see below).

3.9 Sanger sequencing

PCR amplicons generated as described in chapter 3.8 were purified with a GenelET
PCR purification kit (#K0701). Briefly, 1:1 volume of Binding Buffer was added to the
PCR product mix and then a 1:2 volume of isopropanol. The mix was then transferred
info a GeneJET purification column and centrifuged. Then, 700 pl of Wash Buffer were
added into the column and centrifuged two times. Finally, the purified DNA was eluted
with 50 pl of Elution Buffer into an Eppendorf tube. All centrifuge steps were
performed at 14,000 g for 1 minute. The purified DNA samples were then shipped to
GENEWIZ for Sanger sequencing.

3.10 Growth assay

Cells were seeded in a 96 well plate at a confluency of 10,000 cells per well in
triplicates and were allowed to settle overnight. The day after, the cells were treated
with either 4-OHT to induce the Mitf?4*®R mutation or Methanol as a control. Cells were
also treated with TPA or Methanol to assess the effect of TPA on the growth of the cells.
The cells were incubated in the Incucyte imaging system in a cell culture incubator and
pictures of the cells taken every 2 hours for a week. The Incucyte software was then
used to measure cell confluency by using masks that allow the software to designate
what is a cell and what is not. Growth curves were then generated and the time
necessary for cells to double was calculated between 48 and 96 hours when the
change of the growth phenotype was in a log-phase. The formula used to calculate the
doubling time was the following: Duration x In(2) / In(Final Confluency — Initial
Confluency).

3.11 Apoptosis assay

Cells were seeded in a 96-well plate with 5,000 cells per well in triplicate. The cells
were allowed to settle for two hours with fresh Ham’'s F12 with 10% [v/v] FBS and 200
nM TPA, and then incubated in the same medium supplemented with Incucyte Caspase-
3/7 Green reagent (Essen BioScience) at 1:1,000 dilution with a final concentration of
5 UM, and either 5 UM of Methanol (control) or 5 pM 4-OHT. The Incucyte imaging
system then took pictures every two hours for 96h, both bright-field and fluorescent.
The Incucyte software was used to generate masks to measure the number of
fluorescent objects corresponding to the number of apoptotic cells. Finally, the
Apoptotic Index was calculated by dividing the number of apoptotic cells by the
confluency and compared between the conditions.
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3.12 Immunostaining

The cells were seeded in 8-chamber tissue culture slides (Falcon) with 5,000 WT MITF
(3922) treated for methanol or 4-OHT or Mitf?4Rireated with methanol. For the Mitf*?4®
cells induced by 4-OHT, 20,000 were seeded to compensate for cell death. Treatment
duration for both methanol and 4-OHT was 96h. After the media was removed, cells
were incubated with 4% [w/v] PFA for 10 min to fix them and then with 0,1% [v/v]
Triton X-100 for permeabilization. Cells were then incubated in blocking buffer made of
3% [w/v] BSA diluted in PBS for 30 min and then stained for 2h at RT with the primary
antibody directed against Vimentin (rabbit, Cell Signaling, dilution 1/250) in antibody
buffer (3% [w/v] BSA + 0,3% [v/v] Triton X-100 in PBS). After three washes in PBS, the
cells were stained with the secondary goat anti-rabbit IgG antibody coupled with Alexa
Fluor 488nm (Invitrogen, dilution 1/1,000) followed by 0.5 ug/ml Dapi in PBS for 5
min. After a last wash, the slides were mounted with Fluoromount-G (ThermoFischer
Scientific) and covered with a coverslide and imaged on the EVOS imaging system.

3.13 Single cell migration assay

Cells were seeded in 6-well plates coated with fibronectin (20 pg/mL, overnight at 4°C
and washing with PBS two times), at a low density of 5,000 cells per well to allow them
to have space for single-cell migration. The cells were allowed to settle overnight in
Ham’s F12 with 200 nM TPA and 10% [v/v] FBS. The day after, the media was changed
with fresh Ham’s F12 with 10% [v/v] FBS but no TPA, and with either 5 pM of 4-OHT
(1/2,000 of a 10 mM stock solution) or with Methanol (1/2,000 as a control). The
plates were then placed in the Incucyte imaging system and pictures were taken every
30 min for 48h with a 10X objective. The pictures were transferred to the software
Image], and the Manual Tracking plugin used to generate trajectories of the cells. The
coordinates of each cell and each time point were then used in the “Chemotaxis and
Migration Tool” provided by Ibidi. In this software, we were able to create the cell's
trajectory spider plot and get the following metrics out of every cell's migration: velocity
(speed), Euclidean distance (distance between starting to end point) and accumulated
distance (total distance).

3.14 Transwell invasion assay

Plates, with inserts confaining a membrane of 8 pm pore size, were coated with the
ECM-based hydrogel Matrigel (Corning) for one hour on top of the membrane. Then
10,000 cells were resuspended in Ham's F12 without FBS and seeded in the upper
chamber of the insert. Ham’s F12 medium with 10% [v/v] FBS was then added to the
lower chamber of the plate and was used as the chemoattractant. The plates were
incubated for 48h at 37°C and 5% CO,. Both upper and lower chambers also
contained either methanol as control or 5 pg/ml 4-OHT. Cells that migrated to the other
side of the membrane were fixed in cold methanol and stained in 300 pl of 0,2% [w/v]
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crystal violet solution for 20 min. Then, cells on the top of the membrane were removed
with a cofton swab and the inserts washed as many times as needed to remove all the
remaining crystal violet. The remaining stained cells located in the lower part of the
membrane were allowed to dry for 30 min. Finally, pictures of the stained cell were
taken using the EVOS imaging system, and the cells counted manually.

3.15 Flow cytometry

Approximately 50,000 WT or Mitf?*R mutant cells were seeded in 6-well plates and
treated with methanol. As the Mitf?*®R mutant cell lines tend to die after 4-OHT
treatment, approximately 3 times more cells (150,000) were seeded in order to
compensate for cell death after the 4-OHT treatment and seeding 50,000 cells was not
enough for reliable results. After the cells were allowed to attach overnight, they were
treated with either methanol or 4-OHT for 120h (5 days). After treatment, we collected
the medium from every well to harvest floating and adherent cells. After centrifugation
at 300 g for 5 min, the supernatant was removed, and the cells were washed and
resuspended in PBS. These steps were repeated a second time. After a final
centrifugation at 300 g for 5 min, the cells were resuspended in 1 mL of Vindeldf/7-
AAD solution (20 mM of Tris pH 7,6, 100 mM NaCl and 0,1% [v/v] NP-40 filter
sterilized before adding 20 pg/mL RNAse and 1 pg/mL of 7-AAD). 7-
aminoactinomycin D (7-AAD) is a fluorescent intercalator of DNA that can be excited at
488 nm and has an emission peak of 647 nm under flow cytometer. The cells were
incubated in this solution at 37°C for 30 min and protected from the light. After
incubation, the samples were stored on ice until they were loaded on the flow
cytometer (Attune NxT from Invitrogen). The cells were characterized using visible light
diffraction either the Forward-scattered (FSC), detected along the path of the laser to
analyze the size of the cells, and on the side for the Side-Scatter (SSC), detected at 90°
angle relative to the laser, to analyze the granularity of the cells. The cells were also
excited by a laser at 488 nm and the emission light analyzed was 647 nm. Analysis of
the results was done using the software FlowJo. By using the FSC on the X-axis and the
SSC on the Y-axis, we were able to remove the debris and focus only on the cells.
Then, we used the FSC-Area on the X-axis and the FSC-Height on the Y-axis to keep only
single cells. Finally, the intensity of the 7-AAD staining was set-up on the X-axis and
presented as histogram for the Y-axis. This last graph is the one presented in the results
sections.

3.16 RNA extraction for sequencing

We selected three cell lines carrying the Mitf243R/K2432R mutation (#4774, #4775 and
#4776) and one Tyr::CreER™/0 (#3922) cell line as a control (Table 2) to use for RNA
sequencing. The cells were seeded at a density of 100,000 per well in triplicate and
allowed to settle overnight. The following day, the first time point was harvested for
each of the four different cell lines and was considered as the O hour time-point and
did not receive any treatment. The remaining wells were treated with 5 pg/ml of 4-OHT
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for 48 hours (second time-point) or 72 hours (third time-point) before being harvested.
RNA extraction was done using the Quick-RNA Miniprep extraction kit (Zymo Research,
R1055). Briefly, cells from each well were harvested in 600 pl RNA Lysis Buffer and
centrifuged through the Spin-Away Filter and the flow-through saved for the next step.
Then 600 pl of 100% [v/v] ethanol were added and then centrifuged into a Zymo-Spin
IICG column. The column containing the RNA was then washed with RNA Wash Buffer
and centrifuged. Then, the columns were incubated with 5 pl DNase | (1 U/pl) into 75
pl of DNA Digestion Buffer at room temperature for 15 minutes. Following this, 400 pl
of RNA Prep Buffer were added and centrifuged. Then 700 pl of RNA wash buffer
were added and centrifuged and this step was repeated with 400 pl of RNA Wash
Buffer. Finally, RNA was eluted from the column by centrifuging the column with 50 pl
of DNase/RNase-free Water. All the centrifugation steps were performed at 15,000 g.
All the samples had an RNA Integrity (RIN) score above 9. The RIN score indicates
intactness of the RNA, with 1 being very degraded and 10 fully intact RNA. The RIN
score is calculated by the ratio of the 18S to the 28S ribosomal RNA concentrations.
The samples were then shipped to the sequencing company Novogene, UK, for
sequencing.

3.17 RNA sequencing analysis

First, Timmomatic (Bolger et al., 2014) version 0.39 was used to clean the obtained
FASTQ files. Then, quantification of gene expression was done with Kallisto (Bray et al.,
2016; Pimentel et al., 2017) version 0.46.1 using default parameters, the human
transcriptome annotation GRCh38 from Ensembl as the reference and the cleaned
FASTQ files as input. Next, we used DESeq2 (Love et al., 2014) to determine
statistically significant differentially expressed genes (DEGs) across experimental
conditions using cutoffs of Log2FC>1 and adjusted P-value (P-adjust)<0.05. From
downstream analysis with the significant DEGs, we performed Gene Set Enrichment
Analysis (GSEA), a method that assesses for the statistical difference of the DEGs
according to defined set of genes, and between different biological phenotypes or
states.

We also performed an Interaction model analysis using first sleuth (Love et al., 2014)
version 0.30.0 to determine statistically significant differentially expressed genes
(DEGs) across experimental conditions (P < 0.05 and Benjamini-Hochberg correction a
= 0.1 adjusted P < 0.7). Differentially Expressed Genes (DEGs) were filtered out using
the following conditions: (i) low expression (< 2 TPM), (ii) relatively small fold-change
(FC) differences (abs log2 FC < 1), and (iii) highly variable expression across
biological replicates (relative standard error of the mean > 1/2). This filter resulted in a
set of 193 response genes across all freatments and conditions, that we used as input
for downstream analysis. Finally, a custom Python script was used to identify the genes
responding specifically to a particular factor. All computational tools used for the RNA-
seq data analysis are available in the GitHub repository
https://github.com/adelomana/reynisfjara.
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4 Results

4.1 Characterization of the Mitf<?43R mutant mice

4.1.1 Generation of the constructs

The many mutations in the Mitf gene in mice have firmly shown how crucial this gene is
for melanocyte development. As an example, the loss-of-function mutation of Mitf
(Steingrimsson et al., 1994) leads to white mice due to lack of melanocytes and
microphthalmia due to effects on cells of the retinal pigment epithelium. Heterozygotes
carrying dominant-negative mutations of Mitf affecting the DNA-binding domain such as
Mitfm, MitfoR and Mitf"" (Steingrimsson et al., 1994; Steingrimsson et al., 1996) exhibit
various degrees of pigment spotting or coat color dilution whereas homozygotes are
completely white with varying degrees of microphthalmia. Thus, MITF is necessary for
the establishment of the melanocyte lineage and is expressed early in the development
of this cell type. However, what role MITF plays in subsequent steps of melanocyte
development is not clear. Indeed, like other TFs, the affinity to DNA as well as the
expression level of the MITF protein are crucial for gene regulation, meaning that any
change in MITF expression, regulation or affinity could generate dramatic effects
(Goding and Arnheiter, 2019). As described above, many PTMs have been mapped in
MITF but their role in vivo is largely uncharted. Most of our knowledge of MITF
function has been obtained using melanoma cells and so far, very little information has
been generated on the role of MITF during melanocyte development. Here, we
generate an inducible mutation in MITF to investigate this and particularly the role of the
acetylation site K243.

The genomic structure of MITF shows that the K243 amino acid is located in exon 8 of
MittM  (Figure 7A, top). We designed a conditional mutation that introduces the
Mitf243R mutation in exon 8 of Mitf. To do this, a mini-cassette containing exons 8 and 9
of the wild-type Mitf cDNA were placed in the genomic sequence of MITF, in an intron
between exons 7 and 8 (Figure 7A, middle), thus allowing the production of the normal
Mitf transcript and MITF protein. The Mitf?*R mutation was created in the endogenous
exon 8 by introducing the ¢.728A>G mutation (Figure 7B — numbers refer to the
mouse Mitf-M cDNA) thus changing the lysine in position 243 to arginine (p.Lys243Arg
— number referred to the mouse MITF-M protein). This Lysine is located just before the
second helix of the helix-loop-helix leucine zipper motif of MITF (which starts with the
Glycine
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Figure 7. Knockout and transgenic constructs used in this work and the strategy of
inducing the Mitf<?43R mutation in vivo. (A) Wild type (WT, top) and mutant Mitf?® alleles
before (cPM, middle) and after in vivo induction (PM, bottom) of the conditional mutation. Light
grey boxes represent WT exons, green boxes represent the minigene cassette contfaining wild
type exons 8 and 9, inserted between the two LoxP sites (red triangles) and the blue exon
represents exon 8 of Mitf with a substitution of A to G corresponding to the K243R mutation. (B)
WT MITF and MITF¥?4®R mutant DNA and amino-acid (AA) sequences. The substitution of A to G
and its resulting change in the amino acid sequence is shown in red. (C) Schematic of the
Tyr::Cre transgene construct. It consists of the fusion of an enhancer (3.6 kb) and promoter (2.5
kb) of the Tyrosinase gene with the Cre recombinase gene (1.1 kb). Following the 3" end of is
the SV40 small T intron-exon sequence (SV) and a polyadenylation signal (40pA). Primers LL
125 (forward) and LL 296 (reverse) are displayed. The restriction site Pst1 is within the PCR
amplicon produced with the two primers previously described.

in position 244), at the junction between the loop and HLH domains. This position is
highly conserved in MITF in different species and in basic helix-loop-helix Leucine
Zipper domains of different bHLH-LZ proteins (Figure 6)(Goding and Arnheiter, 2019)
and is expected to make contact with the DNA phosphate backbone but not with a
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DNA base (Pogenberg et al., 2012). Unlike Lysine, Arginine cannot be acetylated, thus
most likely this is expected to affect DNA binding (Louphrasitthiphol et al., 2020).

The technique of generating a conditional knock-out mutation in mice using the Cre
recombinase has been used for a few decades. This is a powerful tool that has been
used to study specific gene function in mice, adults and embryos by inactivating or
reducing its expression or activity. The general mechanism and the design of this
valuable technique has been reviewed (Friedel et al., 2011). For generating a construct
containing an inducible Mitf?4R mutation, a mini-cassette containing fused exons 8 and
9 of Mitf preceded by a splice-acceptor and followed by a polyA signal was inserted
between two LoxP sites in the intron located between exons 7 and 8 of the Mitf locus.
LoxP is a 34 bp sequence that can be recognized by a specific integrase, the Cre
recombinase, which mediates homologous recombination. Thus, in the absence of Cre,
the wild type Mitf gene will be produced from the minigene. However, upon Cre
introduction into cells that contain this construct, the mini-cassette is removed, leaving
only one LoxP-site (Figure 7A, bottom). The Mitf?4R mutation was inserted into exon 8
after the mini-cassette and will be the only Mitf gene that can be produced from this
chromosome after Cre has been allowed to remove the mini-cassette. This Cre/LoxP-
system thus allows tissue-specific recombination if the Cre recombinase is expressed in
a tissue-specific manner. Before application of the Cre recombinase, the cells express
wild type MITF with the codon in position 243 of MITF being translated to a Lysine as in
wild type (Figure 7B, top). After the Cre recombinase treatment, only the mutant version
will be expressed, and the mutant codon AGG thus translated into an Arginine instead
of Lysine (Figure 7B, bottom).

To study the effect of this Mitf mutation only in melanoblasts/melanocytes, we crossed

243R construct system to transgenic mice expressing the Cre

mice carrying the Mit
recombinase under regulation of the melanocyte-specific Tyrosinase promoter (Delmas
et al., 2003) as this gene is expressed early during the development of melanoblasts
(Ferguson and Kidson, 1997). The size of the Tyrosinase promoter used in this
construct is 6.1 kb (Figure 7C) and is composed of the immediate region upstream the
first exon of the Tyrosinase gene and a 3.6 kb enhancer region located 15 kb upstream
of the first exon which contains important and essential transcriptional regulatory
elements. These regulatory sequences are located upstream of the Cre recombinase
sequence (Cre sequence length is 1134 bp) followed by the SV40 small T intron-exon
sequence together with a polyadenylation signal at the 3’ end. Importantly, the Tyr::Cre
transgene was incorporated into the X chromosome in the transgenic mice meaning
that females can have one or two copies of the transgene whereas males can only have

one (Delmas et al., 2003).
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Figure 8. Generation of the Mitf<?43® mutant mice in vivo. (A) Mating scheme used to generate
the Mitfk243R/K243R. Tyr::Cre/Y or Tyr::Cre mice. First mating is with a homozgyous parent carrying the
MitfK243R allele, crossed with the other parent having the Tyr::Cre construct (homozygous for the
female). The resulting F1 offspring carrying both the Mitf?**® and the Tyr::Cre constructs were then
intercrossed. The outcomes of the possible genotypes are listed in the Punnett square: each parent
can give four types of gametes and 16 outcomes. Allelic combinations leading to the WT phenotype
are indicated in green whereas combinations leading to possible phenotypes are indicated in purple
and yellow based on sex and number of Tyr::Cre alleles. (B) Schematic of the strategy used to
constitutively induce the MitfK243R mutation in melanocytes by using the Cre-LoxP system with
activation of the Cre recombinase using the melanocytic Tyrosinase promoter.
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4.1.2 Generation of the Mitf<?43R mouse

To generate mice where the mutation can be constitutively induced in melanoblasts and
thus in melanocytes, the two transgenic strains carrying the Mitf?4® construct system
and the Tyr::Cre driver were mated (Figure 8A). The aim was to generate both sexes of

mice homozygous for the Mitf<24R

mutation and at least hemizygous for the Tyr::Cre
transgene. First, mice homozygous for the Mitf*?®R construct were mated with mice
homozygous for the Tyr::Cre transgene but carrying WT Mitf (Figure 8A, top). The
resulting F1 generation should be carrying WT Mitf on one allele and the M2+
construct on the other allele, and one allele only of the Tyr::Cre transgene. The Tyr::Cre
transgene is located on the X-chromosome so the genotype of hemizygous females is
written as Tyr::Cre/X and homozygous Tyr::Cre/Tyr::Cre as they have two X-
chromosomes, whereas the genotype of males is written as Tyr::Cre/Y as they can have
only one X-chromosome. The F1 mice resulting from this first mating were intercrossed
(Figure 8A, middle) resulting in an F2 generation that can have 12 different outcomes,
representing 8 different genotypes. In the Punnett square presented in Figure 8A the
four different types of gametes that the F1 female and male mice produce are
represented. The resulting genotype outcome is shown with gender and phenotype
indicated: green for WT animals, purple for females with one copy of the Tyr::Cre
transgene, and yellow for Mitf?**® homozygotes that are also homo- or hemizygous for
the Tyr::Cre transgene. The resulting phenotypes will be detfailed further in the
following chapter. In the Mitf?*R mutant mice, cells expressing Tyrosinase will also
express Cre recombinase which will then remove the wild-type cassette of exons 8 and
9 of Mitf located between the two LoxP sites, thus resulting in expression of transcripts
from exon 8 carrying the c.728A>G mutation leading to an MITF protein with the
Mitf243R mutation (Figure 8B, right arrow). Cells that do not express Tyrosinase will not
have the cassette sequence removed and will therefore express wildtype Mitf mRNA
and protein (Figure 8B, left arrow).
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Figure 9. The Dct::LacZ transgene, principle and integration into the Mitf?4*R model. (A)
Male expressing the Dct::LacZ transgene was mated with a female homozygous for the Mitf<?43R
construct with half of the offspring inheriting the Dct::LacZ reporter. (B) The resulting F1 (in the
figure is shown the case of a male) with the Dct::LacZ reporter, also heterozygous for the Mitf<243®
construct, was backcrossed with a female Mifk243®/k243R (C) The male in this case can give four
different gametes, and the female only one. Thus, the possible resulting genotypes are displayed
in the Punnett square: mice heterozygous for the Mitf?*3X construct are shown in a green circle
whereas - homozygotes are in yellow. Half the offspring will also carry the Dct::LacZ reporter

(circled by a redline) and will be used for further experiments.

4.1.3 Generation of triple transgenic mice also carrying the Dct::LacZ
reporter

In order to track the fate of the melanoblasts, we crossed the newly generated
Mitfk243R/K243R. Tyr::Cre mice with the Dct::LacZ reporter (Mackenzie et al., 1997). LacZ,
an Escherichia coli gene, codes for the [-galactosidase protein but in the Dct::LacZ
construct its expression is controlled by the regulatory elements of the pigmentation
gene Dct. As a marker for early melanoblasts, the Dct::LacZ transgene is a powerful tool
to track the fate of melanoblasts (Mackenzie et al., 1997). 3 -galactosidase is an enzyme
that can hydrolyze -galactosides such as X-gal (molecular formula: 5-bromo-4-chloro-3-
indolyl [ -D-galactopyranoside) into a single monosaccharide of galactose and a
molecule of 5-bromo-4-chloro-3-hydroxyindole. This last molecule can, in presence of
oxygen, dimerize to give 5,5-dibromo-4,4'-dichloro-indigo that becomes blue in
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presence of ferri- and ferro-cyanide solution. Thus, all cells expressing Dct, when
exposed to X-gal staining (detailed earlier in chapter 3.5) become blue, allowing us to
track this specific cell type, from stage E9,5 and onward (Steel et al., 1992).

The mating scheme used to generate the animals is shown in Figure 5A. A Mitf}243R/K243R
mouse resulting from the matings presented in chapter 4.1.2. was mated to a mouse
carrying the Dct::LacZ reporter. To simplify the mating schemes, we removed the
Tyr::Cre transgene to only focus on the principle of how to integrate the Dct::LacZ
reporter and getting back to the Mitf?**® homozygous. All the resulting F1 generation of
this first mating will carry one allele of the Mitf?**® construct and half of them will also
have one copy of the Dct::LacZ (Figure 9B). A male mouse coming from this F1
(Mitfk243R/+, Dct::LacZ/0) was backcrossed (Figure 9B) with a Mitf?4R/K24R female. The
four different genotypes of gametes that the male can give rise to are listed in the
Punnett square presented in Figure 9C. The female can only give one type of gametes
(left side of the Punnett square). This cross is thus supposed to result in 50% Mitf<243R
heterozygous mice (green circles in Figure 9C) with 50% of those expressing the
Dct::LacZ reporter (red borders around green circles). The other 50% of the mice
generated by this cross will be Mitf<?#*/k243R females or males (yellow circles) where
50% carry the Dct::LacZ reporter (red border around the yellow circles). Briefly, within
two generations of mice, we were able to maximize the odds of % chance to obtain
Mitf243R mutant mice also carrying the Dct::LacZ reporter.
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Figure 10. The effects of the Mitf<?43® mutation on mouse phenotype. (A) Phenotype of a
male mouse carrying the conditional Mitf?**R construct but not the Tyr::Cre transgene resulting in
WT Mitf phenotype. (B) Phenotype of a male mouse homozygous for the Mitf?*® mutation and

hemizygous for the Tyr::Cre transgene. (C) Phenotype of a mouse homozygous for the Mit

mutation and the Tyr::Cre transgene (on both X chromosomes). (D) Phenotype of a female mouse
homozygous for the Mitff?4R construct but hemizygous for the Tyr::Cre transgene. Notice the
white spot on the head (upper arrow) as the only visible phenotype with a lighter snout (lower
arrow). (E) Enlarged pictures of snouts of WT Mitf (left panel) and Mitf?4® mutant (right panel).

One dermal papilla is indicated by an arrow for each phenotype.
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4.1.4 Mitf?4R mice have altered coat color

The matings of mice carrying the transgenes discussed in 4.1.1 result in different coat
color phenotypes based on genotype (as examples presented in Figures 10A to E).
More pictures for all the possible genotypes are displayed in Appendix A,

243 construct but which do not

Supplementary Figure 35. Mice homozygous for the Mit
carry the Tyr::Cre transgene driver are black and undistinguishable from WT mice of
the C57BL/6] genetic background. Males homozygous for the Mitf?**®R mutation and
hemizygous for the Tyr::Cre transgene driver show a different coat color phenotype
where the coat alternates between white areas, areas of “salt and pepper” grey coat
color and areas with apparently normal black coat color (Figure 10B). Females that are

243R mutation and the Tyr::Cre transgene have the same

homozygous for both the Mit
phenotype with interchanging areas of white, “salt and pepper” and black coat color
(Figure 10C). Interestingly, females homozygous for the Mitf?*® construct but carrying
only one allele of the Tyr::Cre driver are almost fully black like WT MITF mice, except
they have small white spots on the head between the ears and their snouts are often
lighter in color (Figure 10D, arrow showing the white spot). Whereas WT mice have
black whiskers with clearly black hair bulbs (Figure 6E, left panel) the Mitf<243R/K243R,
Tyr::Cre/Y animals have white whiskers and no coloration of the hair bulb (Figure 1E,
right panel). Altogether, this suggests that the Mitff?4® mutation results in a partial
phenotype in melanocytes upon activation of the mutation using the Tyr::Cre transgene.
As the Tyr::Cre transgene is on the X-chromosome it is possible that the differences
observed between hetero- and homozygotes for the transgene reflect consequences of
X-chromosome inactivation. As the same phenotype is observed in both sexes where X-
chromosomes contain the transgene, it is likely that the observed phenotype is du23e to
the induced Mitf?**®R mutation. The white areas reflect early and complete loss of MITF
activity in melanoblasts/melanocytes, the “salt and pepper” areas may indicate partial
loss whereas black areas probably reflect failure of Cre-induced homologous
recombination events in melanoblasts/melanocytes. Tyr::Cre is expressed at stage
E11.5, when MITF expression has already started (Tyr is actually dependent on MITF)
meaning that the timing of the event can also be partially responsible for this
phenotype. These results show that the Mitf?4®R mutation can be induced constitutively
in melanocytes by activating the expression of the Cre recombinase (which removes the
cassette of WT Mitf) through the Tyrosinase promoter, and results in a new white
spotting phenotype.
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4.1.5 Genotyping strategy of the Mitf*43® mutant mice

The strategy for determining the genotype of the mice is shown in Figure 11A. The top
panel represents the wildtype version of Mitf from exon 7 to the stop codon. The
primers called Lf39 and Lr39 were designed to hybridize to the intronic region
between exons 7 and 8 to amplify a 257 bp fragment in wild type mice (Figure 11A,
top, labelled WT). The same set of primers will amplify a 337 fragment when the LoxP-
cassefte is present, but recombination has not taken place, e.g. in cells not expressing
Tyrosinase. The size difference is due to the LoxP site (34 base pair) and an additional
46 base pair fragment which is present resulting from the integration of the cassette
when designing the construct (Figure 11A, middle, cPM). A total of 80bp thus explains
the difference between the 257 bp and 337 bp PCR products. When Cre removes the
cassetfte and one LoxP-site (Figure 11A, bottom lane, PM), this results in a 350 bp band
in cells where the recombination has taken place. The size difference is explained by
an additional 13 bp sequence, shown as a blue box in Figure 11A, which is located
between the second LoxP site and the sequence that the reverse Lr39 primers
hybridizes to.
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Figure 11. Genotyping of the MifK243R mutant mice and of the Tyr::Cre and
Dct::LacZ transgenes. (A) Schematic representation of the genotyping strategy used for
animals and embryos to determine the status of the K243R mutation. The expected size of PCR
amplicons by using the forward (Lf) and reverse (Lr) primers are shown for Wildtype (WT,
top), the non-induced mutation (cPM, middle) and for the in vivo induced Mitf?4®R mutation
(PM, bottom). Red triangles represent LoxP-sites, green boxes the WT exons, the blue
rectangle the additional 13 bp located between the second LoxP site and the reverse primer Lr
and the yellow box exon 8 carrying the Mitf?4® mutation. The distances between the Lf and Lr
primers are indicated in every case. (B-D) PCR results for the genotyping strategy. (B) Gel
electrophoresis of the PCR products from the indicated genotypes. (C) Gel electrophoresis of
mice without (O, second lane, no band) or with the Tyr::Cre transgene (third lane, band at 473
bp). The DNA size ladder is in the first lane. (D) Gel electrophoresis of mice without (O,
second lane, no band) or with the Dct::LacZ transgene (third lane with a band at 450 bp). On
the gel, the DNA size ladder is located in the first lane.
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Typical results of the genotyping strategy are shown in Figure 11B, C and D. We
performed the PCR on DNA exiracted from ear clips of animals. Based on the
genotyping strategy shown in Figure 11A, we were able to genotype the mice carrying
the Mitf?43R construct (Figure 11B). As expected, following the genotyping strategy with
the Lf39 and Lr39 primers, we distinguished homozygous WT (Mitf/*) mice from
hemizygous (Mitf?4**) and homozygous mutants (Mitf<?43R/k2438) " |ndeed, after running
the PCR products on a 2% agarose gel, the Mitf* mice showed a band at 257 bp
whereas the Mitf<24R/K243R mytant showed a band at 337 bp. The reason for this is that
the vast majority of cells in the ears (the DNA was isolated from ear clips) do not
express fyrosinase. Consistent with that, heterozygous Mitf?4** mice show two bands,
at 257 and 337 bp. We were also able to determine which animals were carrying the
Tyr::Cre transgene and which were not (Figure 11C) by using a set of previously
described primers (Delmas et al., 2003). Mice that carry the transgene showed a band
at 473 bp but if not, no DNA product was produced by PCR and no band was
displayed on the agarose gel. After this method was used for confirming the
relationship between genotype and phenotype in a number of generations, eventually
genotyping was done by visual inspection as mice carrying the Mitf?**® transgene were
either with no phenotype (Mitfk243R/k243R. X /X), with a white spot on the head and a
lighter snout (Mitf<?43R /K243%. Tyr::Cre/X) or with the white, black and grey spots
(Mitfk243R /K243 Tyr::Cre/Tyr::Cre and Mitf}243R /K243R. Tyr::Cre/Y). We were also able to
design primers that allowed the separation of the Dct::LacZ carriers from the non-carrier
mice (Figure 11D). Similar to the Tyr::Cre transgene, mice without the Dct::LacZ
transgene did not show a band whereas the carriers showed a 450 bp band on an
agarose gel. We have also optimized the protocols that allow us to genotype the mice
for the Tyr::Cre and Dct::LacZ transgenes, and for the status of the Mitf?**f mutation on
both alleles. To simplify the discussion, as the Mitff243R/k243R*. Tyr::Cre/Y males and the
Mitfk243R/K243R". Tyr::Cre/Tyr::Cre female have the same phenotype, we will only speak
about the males in the dissertation, unless stated otherwise.

4.1.6 Characterization of hair from the differently pigmented areas

As previously explained, the Mitf?4RK24R mytant mice display a clear coat color
phenotype. To investigate the pigmentation in more detail, the distribution of
pigmentation in the hairs and the production of melanin were characterized. We first
plucked hairs for investigating distribution of pigmentation in individual hairs from the
three differently pigmented areas. Figures 12A and B show the areas where hairs were
plucked from WT (Mitf/+; 0/Y, solid line) and mutant mice (Mitfk243R/K243R. Tyr::Cre/Y).
For the mutant mice, the three different coat color areas are delimited by either a solid
line (black areas), broken line (“salt and pepper” grey areas) or dotted line (white
areas). Pictures of the hairs from the differently pigmented areas from WT MITF or
Mitfk243R/K243R mutant mice are displayed in Figure 12C. The figure shows a ladder-type
two-row auriferous hair medulla filled with melanin consistent with previous
observations (Chernova, 2003). The outside of the hair is called the cuticle and the
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medullar cells are located in the area where the pigment granules are located (darkest
part of the hair in the WT MITF hair). The space between each medullar cell is called
cavity and the layer between the medullar cells and the cuticle is called cortex. The WT
hair shows the most melanin in the medullary segments and nice dense packing of the

fK243R/K243R mytant mice show almost

pigmented stacks. Hair from black areas of the Mit
the same amount of melanin in each medullar cell as observed in WT MITF. Hairs from
the “salt and pepper” area are divided into individual hairs with grey or no
pigmentation. The grey hair shows less melanin than the hair from the black areas as we
can observe less pigment in each stack. The white hair from the grey “salt and pepper”
areas are devoid of melanin. The presence of these two different hair colors explains
this “salt and pepper” grey-like color where gray and white hair alternates. Finally, like
for the white hair in the grey area, the hairs from the white areas are also not filled with
any pigment granules. In order to quantitate melanin in hair from the black, “salt and

tf K243R/K243R mutant mice, hair was digested in

pepper” grey and white areas of the Mi
NaOH to release the eumelanin and the absorbance, directly related to the quantity of
eumelanin (Hu et al., 1995), was measured at 470 nm wavelength (Figure 12D). As
controls, hair from Dct::LacZ/0 (positive control) and Mitf"Wh/M-Wh (negative control, no
melanin) was also analyzed. The relative absorbance of hair from wild type mice was
set at 100% (Figure 12E). The relative absorbance of the black hairs of the Mitf<?43R/k243R
mutant was 93% of that of wild type. The negative control MitfMWh/MWh showed only 2%
relative absorbance of WT control, meaning that the pigment is almost non-existent in
the hair stacks of these animals. The “salt and pepper” grey areas of the Mitf<?43R/k243R
mutant shows 37% absorbance relative to that of WT. This is consistent with the fact that
only grey and white hair is present in this area. Finally, for the white areas of the
Mitfk243R/K243R mutant, the relative absorbance was only 5% of that of WT hair, similar to
the MitfWh/MWh negative control. This shows that hair from this area does not contain

melanin.
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Figure 12. Mouse hair from grey areas have less eumelanin and white areas none. (A)
Phenotype of WT Mitf mouse (Mitfk?43R/k243R. 0 /Y). The solid line represents the location of the
plucked hairs. (B) Phenotype of the Mitf?*® mutant mouse (Mitf243®/K243R: Tyr::Cre/Y). The
solid line represents the location of the plucked hair from the black area, the broken line the
hair from the “salt and pepper” grey area, and the dotted line from the white area. (C)
Pictures of hair from the different coat color regions of the WT Mitf and mutant mice. Outlines
of each picture corresponds to the area of the mouse in B that they are plucked from. (D)
Optical density (OD) measured at 470 nm from the extraction of pigment from hair of the
different coat color regions shown in Figure 8B and C and compared to positive (WT mice
hair) and negative (Mi-White mutant mice) controls. Each dot represents the optical
absorbance for n=3 animals in triplicate. (E) Same data as presented in Figure 10D but with
the relative absorbance (on Y axis) compared to the OD of Dct::LacZ/0 hair.
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4.1.7 Effects of the Mitf<***® mutation on melanocyte development

4.1.7.1 MitF?*3R mice have fewer melanoblasts

At day E13.5 of mouse embryonic development, melanoblasts are proliferating and
migrating through the dorso-lateral pathway. To track melanocyte development in wild
type and mutant mice we used the Dct::LacZ transgene. Dct is expressed from day E9
in the eye and can be detected in the RPE at E10.5. Dct is then expressed in caudal
regions of the neural tube from E9,5. It is also expressed in the telencephalon from
E12.5 (Mackenzie et al., 1997). Caudal nerves, dorsal root ganglia and the optic stalk
are also stained but this staining seems to be independent from the expression of Dct
as Dct RNA probes failed to detect Dct expression in these developing parts of the
embryo at these stages (Pavan and Tilghman, 1994a). This might be explained, as
proposed previously (Mackenzie et al., 1997), by the lack of the complete regulatory
elements of Dct from the DCT::LacZ construct leading to reduced inhibition of Dct
expression or by an unexpected cooperation of the Dct promoter and LacZ gene which
may result in ectopic expression of the Dct RNA and protein. Thus, by using this
method, it is possible to detect melanoblasts from as early as E10.5.

We used [3-galactosidase staining fo track the development and migration of
melanoblasts at three different stages of their development: E13.5, E14.5 and E15.5.
Figure 13 shows WT and Miff243R/K243R. Tyr::Cre mutant embryos also carrying the
Dct::LacZ reporter after staining for [ -galactosidase activity using Xgal. In each figure,
WT embryos are depicted on the left panel and Mitf<24R/k243R mutants on the right panel.
Developmental stages are E13.5 (Figure 13A), E14.5 (Figure 13B) and E15.5 (Figure
13C). As can be seen from Figure 13A, there is a difference in the number of
melanocytes between the wild type and mutant embryos at E13.5. Indeed, if we zoom
in on the belly region of the embryo (white square marked with broken line), we can
see a greater density of melanoblasts in the wild type embryos than in the mutant
embryos. To quantitate this difference, the melanoblasts were counted manually by
hand (using the “Cell counter” tool in Image]) in 82 embryos (14 WT MITF and 68
Mitf243R/K243R muytant) in an area indicated in the boxed region, as shown in Figure 13.
The average number of melanoblasts in E13.5 embryos is displayed on the graph of
Figure 13D which compares melanoblast numbers in all the embryos. At embryonic
stage E13.5, there are fewer melanoblasts in the Mitf24R/K243R mytants than in the WT
MITF embryo. The WT MITF embryos have a mean of 526 melanoblasts in the indicated
square (51, n=8) whereas Mitf@4R/K24R mutant embryos had a mean of 213
melanoblasts (+14, n=34). One day later, at E14.5 (Figure 13E), the number of WT
MITF melanoblasts has almost doubled to a mean of 933 (+78, n=6) whereas the
number of Mitf243R/K243R mytant melanoblasts barely increased to 247 (17, n=34). To
summarize, the number of melanoblasts in the Mitf24R/k243R mutants represents half of
the number of melanoblasts observed in WT MITF at E13.5 and a quarter of the
melanoblasts observed in wild type at E14.5. At E15.5, the number of melanoblasts in
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wild type embryos had increased significantly and many are visible (Figure 13C, darker
blue dots) in the hair placodes that will subsequently invaginate and give rise to the
future hair bulb. In the Mitf?43RK243R muytants, in addition to the reduced number of
melanoblasts at this stage, the melanoblasts seem also not to cluster into the hair
placodes as fewer dark blue dots were observed.
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Figure 13. The Mitf?43® mutation reduces melanoblast numbers. (A) Whole-mount
preparations of WT Mitf  (Mitf/+; X/Y left) and Mitf?4R mutant (Mitfk243R/K243R. Tyr::Cre/Y, right)
embryos stained with Xgal at the embryonic stages E13.5. The rectangle delimited by the white
broken line is enlarged on the right side of each picture. (B) Embryonic stage E14.5. The black
lines shown on both WT Mitf and Mitf243® mutant embryos indicates the location of the sections
presented in Figure 10A. (C) Embryonic stage E15.5. Hair placodes are indicated with a yellow
arrow. (D) Quantification of the number of Dct::lacZ positive cells in the indicated squares at
E13.5. Each dot represents the number of melanoblasts in the square of one embryo. Unpaired T-
test with Welch’s correction was used for statistical analysis WT Mitf (n=8) and MITF¥?43R mutant
(n=34) embryos at E13.5. (E) Quantification of the number of Dct::lacZ positive cells in the
indicated squares at E14.5. Same statistical analysis was used for WT Mitf embryos (n=6) and
MITF¥243®R mutant (n=34) as explained for Figure 9D.
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4.1.7.2 The phenotype of MITF**4*® mutant mice can be seen early in
development

In adult mice the whiskers of the Mitf?**® mutant are white (Figure 10E). In WT embryos
at E14.5, we can see that there are already nicely formed whisker hair follicles, (Figure
14, white arrow), meaning that many melanoblasts have already clustered together in

fK243R mutant embryo, at this stage, the

this place. On the contrary, in the Mit
melanoblasts have not clistered in an organized way (Figure 14A). In the Mitf4®
mutants (Fig 14A, right), . nigh density of melanoblasts is observed in the region where
the whiskers would normally form (black arrow) but those do not seem to cluster
normally in the hair follicles. Thus, the white color of the whiskers of Mitf?4®R mutant
mice can explained by the fact that the melanoblasts are not able to cluster in the
forming hair placodes (Figure 10E) that is normally happening in WT MITF
melanocytes. In approximately 20% of mice homozygous for the Mitf?4R mutation a
black spot is visible on the head (Mit?4* mutant of Figure 14C, black arrow, 14D),
(Figure 14D). This may be due to the fact that the melanoblasts first form in the head

f}<24R mutant, thus

region and may already have formed when MITF was replace by Mit
leading to normally pigmented melanocytes at E14.5. In Figure 14A (red arrow), it can
be seen that the Mitf?4k mutant embryo shows a patch of high density melanoblasts on

the neck, similar to the melanoblast density seen in wild type (Figure 14C, red arrow).

Although it is not possible to say for sure that the phenotype seen in E14.5 embryos
reflects the phenotype seen in the adult mouse, the previously discussed investigation
suggests a direct link. We have determined the percentage of mice that had common
phenotypic features, both in the Mitf mutant embryos (Figure 14B) and adults (Figure
14D), only considering in this case the head/neck and the rump regions. As indicated
in Fig. 14D, all (n=20) of the Mif?*** mutant mice showed solid grey on the face,
always with a white spot on the forehead (Figure 14C, purple arrow) with an occasional
(20%) black spot (Figure 14C, black arrow). The neck region showed a black spot in a
majority of mice (55%). Finally, 75% of the Mitf?**® mutant mice also carry a black spot
in the rump region (Figure 14C, blue arrow). In the embryos (n=17), we observed that
all the mutant embryos but one (94%) had a high density of melanoblasts around the
eyes and nose. Also, 76% of the embryos showed a high density of melanoblasts on the
back and on the rump. These numbers show that the high density of melanoblasts that
we observe in the face of most of the developing embryos (94%) will give rise to grey
solid color face (100%) that can even be with a black spot in some cases (20%).

243R

Interestingly, all the Mit mutant mice display a white spot on the forehead,

suggesting that this specific area might be more complicated for the melanoblasts to
reach. We also observed similar rates in Mitf?*®R mutant adult mice and embryos in the
neck (respectively 55% and 76%) and in the rump (respectively 75% and 76%).
Together, these data from both embryos and adult mice suggest that establishment of
the adult phenotype is already visible at E14.5 of development and is reflected in the

number of developing melanoblasts.
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Figure 14. Pattern of melanoblast distribution in Mitf<?43 mice at developmental stage
E14.5. (A) Photo of the heads of WT Mitf  (Mitf*; 0/Y, left) and two Mitf?4® mutant
(Mitfl24sR/K243R, Tyr::Cre/Y, right) embryos at E14.5. The white arrow is localizing the forming hair
follicles for the whisker hairs of WT Mitf embryo. The black arrow indicate the high density of
melanoblast in the nose of the Mitf?4® mutant embryos. Notice that almost no (middle) hair
follicles are forming or they are disorganized (right). Red arrows indicate areas with high numbers
of melanoblasts on the neck of the embryo. Purple arrow show a hole in melanoblasts density on
the forehead (B) Percentage of embryos showing a high density of melanoblasts at the location
indicated on the X-axis (n=17). (C) Picture of a Mitf?4® mutant mouse with areas of interest
indicated with arrows of the same colors as for the embryos in 12A. (D) Percentage of adult mice
showing the features indicated on the X-axis (n=20).

57



Romain Lasseur

4.1.7.3 Mitf<?43R mutant melanoblasts fail to invade the epidermis.

To look closer at the developing melanoblasts, the [ -galactosidase-stained E14.5
embryos shown in Figure 13 were cryopreserved and sectioned at 10 pm-thickness
transverse sections on a cryostat. The sections are presented in Figure 15A and the
region they are from is indicated in Figure 13B by a black line in the E14.5 embryo.
Some of the recognizable structures such as the caudal nerves are indicated in Figure
15A. As can be seen from the sections, WT melanoblasts are located close to the
periphery of the embryo, in the epidermis. However, in the Mitf?4R/K243R embryos, the
melanoblasts are further away from the periphery, in the dermis, and very few, if any,
make it into the epidermis. To quantitate this, Dct-positive cells in the different locations
were counted (Figure 15B) along the periphery of the embryo. The mean number of
melanoblasts in the epidermis of WT MITF embryos was 3819 (n=5), whereas it was
2+2 (n=11), in the Mitf?43R/K243R embryos. This difference is significant (on-way ANOVA
P value < 0.0001, P-value < 0,0001, Tukey's multiple comparisons test). The mean
number of melanoblasts in the dermis of WT embryos was 24112 (n=5 sections),
whereas it was 2715 (n=11 sections), in the dermis of Mitf?4*/K245R mytant embryos; no
significant difference was observed between these two mean values (p-value = 0,88,
Tukey’s multiple comparisons test). To put these numbers in perspective, we have
calculated the ratio of epidermal melanoblasts at E14.5 (Figure 15C). The ratio of WT
melanoblasts in the epidermis is 61.8£6% (n=5), whereas it is 7.222% (n=11) in the

1f}243R/K243R embryos, and the difference is significant (P-value < 0,0001,

epidermis of Mi
unpaired T test). The majority of WT melanoblasts are therefore able to go through the
basement membrane at E14.5 to populate the epidermis, but only a small portion of
Mitfk243R/K243R melanoblasts undergo the same process. This shows that the reduced total
number of melanoblasts observed in these embryos is due to the number of epidermal
melanoblasts, that is almost null in Mitf24®R mutant embryos, and not to dermal
melanoblasts. It thus shows that very few melanoblasts invade the epidermis by

traversing the basement membrane.
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Figure 15. The Mitf<?*3R mutation affects invasion of melanoblast into the epidermis. (A)
Cryosections of WT Mitf (left panel) or Mitf?4R mutant (right panel) embryos stained for -
galactosidase activity. LacZ positive cells in the dermis or the epidermis are considered as
melanoblasts. Embryos are oriented such that dorsal as at the top and ventral is oriented to the
bottom of the picture. The full blue line represents the periphery of the embryo. The right panel
in each case is a higher magnification of the area indicated by a black square in each of the left
panels. Caudal nerves (CN) are also stained in blue and are as indicated on the top left picture
of the WT Mitf sectioned embryo. Melanoblasts that have gone through the basal membrane are
shown by the black arrows, and melanoblasts that are still in the dermis are indicated with the red
arrows. The light squares in the background are the result of the tiling of high magnification
pictures together in order to increase picture quality. (B) The number of LacZ positive cells in the
epidermis or the dermis of WT Mitf or Mitf?4R mutant embryos. Each dot represents the number
of melanoblasts on one section. Statistical analysis was performed by using the Tukey’s multiple
comparisons test. (C) Ratio of epidermal melanoblasts for WT Mitf or Mitf<?*® mutant. Stastistical
analysis was performed using an unpaired T test with the P-value calculated under 0,0001.
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4.1.8 Generation of the 4-OHT inducible Mitf<243R/K243R 3 i4ation mouse
strain

fK243R/K243R muytant construct and

As previously mentioned, animals carrying both the Mit
the Tyr::Cre transgene constitutively activate the Mitf?® mutation in tyrosinase-
expressing melanoblasts during development, and later, in fully developed
melanocytes. The recombinase from the Tyr::Cre transgene is constitutively activated in
melanoblasts from around day 10.5 of in ufero development (Delmas et al., 2003). To
be able to induce the mutation at different time points, we introduced a different
transgene into our Mitf?*® mutant strain. In this system the CreER™ transgene was used
where Cre recombinase is fused to a mutated ligand binding domain of the human
estrogen receptor (Indra et al., 1999). The structure of the construct is similar to the
Tyr::Cre construct except the Cre coding sequence has been replaced with the CreER™
sequence. This mouse model has been previously generated and described (Yajima et
al., 2006) and its construct is shown in Figure 16A. Like before, expression of the
recombinase from this construct is limited to melanocytes using the same Tyrosinase
regulatory elements as for the Tyr::Cre transgene. However, the recombinase is inactive
until it is induced by 4-Hydroxytamoxifen (4-OHT), a metabolite of Tamoxifen. Using
such a mechanism is useful to temporally control the activation of the Cre recombinase
in melanocytes. The principle of the induction will be explained in chapter 4.2.2.

As a genotyping strategy of the Tyr::CreER™ transgene, we used the same method as
previously described (Yajima et al., 2006) with primers LL148 and LL 622 (localized on
the construct shown in Figure 12A). The expected size of the PCR amplicons is 411 bp
for mice carrying the transgene, whereas no band was expected for non-carriers
(Figure 16B). To introduce the Tyr::CreER™ transgene info mice also carrying the
Mitf?43R and Dct::LacZ constructs, we performed the matings shown in Figure 16C (first
mating step) and 16D (second mating step). We only depict here the matings with the
Mitf24R construct and the Tyr::CreER™ transgene. First, we needed to breed a mouse
carrying the Tyr::CreER™ transgene alone with one carrying the Mitf?*® construct
homozygously as well as the Tyr::Cre transgene that we wanted to replace (Figure 16C)
and crossed the animals with the desired phenotype (Mitf?4*+; Tyr::CreER™/0, yellow
circle) to Mitf?4® homozygotes to obtain the desired offspring (Figure 16D). However,
when replacing the Tyr::Cre transgene by the Tyr::CreER™ (Figure 16C), the fact that
the Tyr::Cre and Tyr::CreER™ transgenes carry similar sequences was problematic for
genotyping. By using a restriction enzyme genotyping strategy (Supplementary Figure
36D, appendix A), it was possible to determine if the mice carried only the Tyr::CreER™
or Tyr::Cre constructs, or both, which was necessary for the next steps of this study.

We needed to make sure that only one allele of Tyr::CreER™ transgene was delivered to
the offspring as Tyr::CreER™ is lethal in homozygous condition (Le Coz et al., 2021;

fK243R/K243R

Yajima et al., 2006). Thus, we used a homozygous Mit male that also carries

the Tyr::CreER™ transgene such that half of the offspring will get the Tyr::CreER™
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transgene and all will be heterozygous for the Mitf?*® mutation. Similarly, the female
used for this mating carries one copy of the Dct::LacZ transgene, meaning that half of
the resulting pups also carry the Dct::LacZ transgene. As a result, we were able to use
the mice with the genotype circled in yellow for further experiments and use them for
further breeding to generate more animals of the desired genotype. It also allows us to

243R

create primary melanocyte cell lines where we can induce the Mit mutation and

study its effects over time (detailed in chapter 4.2.3).
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Figure 16. Generation of mice carrying the Mitf<**3® construct with Dct::LacZ and Tyr::CreER™
transgenes. (A) Structure of the Tyr::CreER™ transgene. It consists of a fusion of the Tyrosinase enhancer
(3.6 kb) and promoter (5.5 kb) sequences with the CreER™ recombinase, with SV40 and polyadenylation
sequences at the end. The link sequence between the Tyrosinase enhancer and promoter is a [ -globin
intervening sequence. Primers LL 148 (forward) and LL 622 (reverse) that we have used for genotyping
are displayed. (B) PCR genotyping agarose gel were used to check for the Tyr::CreER™ status of the
animals. Primers used are LL 148 and LL 622 as shown in Figure 12A. (C) The mating scheme used for
introducing the Tyr::CreER™ transgene into mice also carrying the Mitf?*® construct. Punnett square
representing the possible genotypes (8 in tofal) resulting from the cross. Only mice that carry the
Tyr::CreER™ transgene but not the Tyr::Cre transgene, shown in yellow circles, were selected for further
matings. (D) Mating used to obtain the desired genotype, indicated in yellow circles. Male is heterozygous
for the Mitfk?43® construct and the Tyr::CreER™ transgene, whereas the female is homozygous for the
Mitf243R construct. Mice having the phenotype indicated in green circle was used for further matings.
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4.2 Effects of the Mitf<243R/K243R jtation in vitro

4.2.1 Generation of the primary melanocyte cell lines
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Figure 17. Genetic construct and strategy of the conditional induction of the Mitf<243R
mutation in vitro through the Tyr::CreER™ system. (A) Schematic of the strategy used to
induce the Mitf?4® mutation by using the CreER™-LoxP system with activation of the CreER™
recombinase from the Tyrosinase promoter and upon activation of the CreER™ recombinase by 4-
Hydroxytamoxifen (4-OHT) treatment. Methanol is used as a control as it does not activate CreER™
recombinase. The end results are either Miff* (CreER™ not activated) or Mitf?*®R  (CreER™
activated by 4-OHT). (B) Agarose gel showing results of the PCR used to determine the Mitf<243*
status of the cells. The results of the PCR amplicons are shown for WT cells (WT Mitf), cells
carrying the Mitf?*®  construct but not induced (Mitf*, resulting in a WT Mitf phenotype) or
induced by 4-OHT (Mitf?*®R), (C) Sanger sequencing results of the amplicons shown in Figure
14D. Bases highlighted in red are different from the WT Mitf sequence. Bases boxed in blue are
the 13 additional bases located after the second LoxP site.

To better understand the role of the Mitff?4® mutation in melanocytes in vitro, we
isolated melanocytes from the skin of newborn pups (1 to 3 days old) from WT and
Mitfk243R/K243R - Tyr::CreER™/0 mice and cultured them in vitro to obtain primary
melanocyte cell lines. Briefly, we dissected skin from newborn pups derived from
matings of the mice in Figure 16D (yellow circles). The culture medium was
supplemented with TPA at all times to stimulate cell growth (Arita et al., 1992), and also
with G418 (Geneticin) for a few days to positively select melanocytes from fibroblasts
(Halaban and Alfano, 1984). After a couple of months of changing the medium three
times a week, the cell lines started to grow, reached 90% confluency and were ready to
be split. We used the first four passages to expand the cell line and saved them in
freezing medium for long term conservation in liquid nitrogen. The cell lines generated
are detailed in Table 2. The table lists the following information: cell line number (from
the number of the newborn pup from which the cell line was generated), date of
generation (first month of culture), if the cells carry the Mit*?4® construct and/or the
Tyr::CreER™ and Dct::LacZ transgenes.
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Table 2. Primary melanocytes cell lines generated. * tg = transgene, ** = HG is Hilmar
Gunnlaugsson, RL is Romain Lasseur.

Cell line Date c?f Mitf}243R Tyr::CreER™ Dct::LacZ Generated
# generation by
3477 February_2018 tg/tg* tg/0 0/0 HG**
3478 February_2018 tg/tg tg/0 0/0 HG
3597 May_2018 tg/tg 0/0 0/0 HG
3598 May_2018 tg/tg tg/0 t9/0 HG
3600 May_2018 tg/tg 0/0 tg/0 HG
3601 May_2018 tg/tg 0/0 0/0 HG
3602 May_2018 tg/tg tg/0 0/0 HG
3916 December_2018 0/0 tg/0 0/0 HG
3917 December_2018 0/0 tg/0 0/0 HG
3918 December_2018 0/0 0/0 0/0 HG
3919 December_2018 0/0 0/0 0/0 HG
3920 December_2018 0/0 tg/0 0/0 HG
3921 December_2018 0/0 0/0 0/0 HG
3922 December_2018 0/0 tg/0 0/0 HG
4229 October_2019 0/0 tg/0 0/0 RL**
4230 October_2019 0/0 0/0 0/0 RL
4231 October 2019 0/0 tg/0 0/0 RL
4244 October_2019 0/0 tg/0 0/0 RL
4248 October 2019 0/0 tg/0 0/0 RL
4249 October_2019 0/0 tg/0 0/0 RL
4250 October_2019 0/0 0/0 0/0 RL
4251 December_2019 0/0 0/0 0/0 RL
4252 December_2019 0/0 0/0 0/0 RL
4253 December_2019 0/0 0/0 0/0 RL
4256 December_2019 0/0 tg/0 0/0 RL
4774 July_2021 tg/tg tg/0 tg/0 RL
4775 July_2021 tg/tg tg/0 tg/0 RL
4776 July_2021 tg/tg tg/0 tg/0 RL
4777 July_2021 tg/tg tg/0 tg/0 RL
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For our experiments we used cell lines number 4230 (WT MITF, no transgene) and
3922 (WT MITF, Tyr::CreER™/0) as control cell lines. We used cell lines 4774, 4775
and 4776 as Mitf?*R AOHT-inducible cell lines (genotype: Mitf243R/K243R. Tyr..CreER™/0;
Dct::LacZ). The cell lines we have generated are valuable in vitro models as we can
induce the Mitf?43® mutation at will and then study the change in phenotype due to this
mutation.

4.2.2 Induction of the Mitf<?43R mutation in the cell lines

fk243R construct (homozygous) and the

Figure 17A shows the cells carrying both the Mit
Tyr::CreER™ transgene (hemizygous) and how the Cre recombinase deflox the cassette
containing the WT exon 8 and 9 in presence of 4-OHT. On the contrary, if the cells are
treated only with methanol, the diluent of 4-OHT, Cre recombination is not activated,
and the cells express Mitf from the cassette containing wild type exons 8 and 9 (Mitf+/#).
Figure 17B is an illustration of the genotyping strategy used to determine whether the
Mitf?43R mutation was induced upon 4-OHT treatment. The three different genotypes
possible for the cells are: Mitf Wild-Type allele (WT MITF), Mitf with the uninduced
Mitf?43R construct (cPM, Mitf?4R non-floxed) or after Cre-induced deletion of Mitf
leading to the Mitf?*R construct (PM, Mitf?4R floxed). The genotyping strategy is based
on the DNA sequences of three different alleles (Figure 17A): before treatment or after
treatment by methanol or 4-OHT. To verify the status of Mitf in the cells in culture, we
genotyped the cells as previously described in Figure T1A. Additionally, when the cells
were treated with 4-OHT it resulted in a band of 350 bp in size (PM, Mitf?* floxed).
Thus, we have an important and simple tool to determine whether the Mitf?4*® mutation
has been induced. To confirm that the DNA amplicons produced by PCR were of
correct size and sequence (e.g., for the cassette insertion and the LoxP site), the three
different PCR amplicons (WT MITF, Mitf?**R non-floxed and Mitf?4*® floxed) from Figure
17B were Sanger sequenced (Figure 17C). The Sanger sequencing showed that after 4-
OHT treatment the 13 additional base pairs expected upon inducing the mutation are
present, showing that the recombination actually occurred. The sequence of the LoxP
site that was inserted is only present in the Mitf**® non-floxed and the Mitf?**® floxed
alleles. Moreover, the 13 bp difference between the Mitf?4® non-floxed and the Mitf<?4®
floxed allele sequences allow us to track the induction of the Mitf?R mutation in the
mutant cells and thus to make sure that the phenotype is associated with the Mitf243®
mutation status.

4.2.3 Phenotypic characterization of the Mitf<?43k mutant cell lines

4.2.3.1 The Mitf***k mutation affects melanocyte proliferation

We have previously shown (in part 4.1.7.1) that Mitf?4® mutant melanoblasts in vivo are
fewer than the WT melanoblasts during embryonic development. Thus, we wanted to
determine the effects of the Mitf¥?43® mutation on proliferation in vitro. The first assay we
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performed to assess this effect was to measure the growth of the cells using the
Incucyte Imaging System (Figure 18). For this experiment we used cell lines 4230 (WT
MITF, no transgene) and 3922 (WT MITF, Tyr::CreER™/0) as control cell lines. We also
used three independently derived Mitf<?43R/K243R- Tyr::CreER™?/0 cell lines (4774, 4775
and 4776) where the Mitf?4R mutation can be induced by 4-OHT. After the cells were
seeded in culture medium in 96-well plates, they were treated either with methanol
(control) or 4-OHT for seven days. We set up the Incucyte system to take pictures every
two hours for 168 hours. In Figure 18, we display representative pictures for every cell
line at O hour (beginning of the experiment), at 96 hours (half of the experiment) and
168 hours (end of experiment). As the conirast of the images was not sufficient, we
added a mask (created through the Incucyte software) that highlights the area that the
cells cover, and then allows the calculation of the cell confluency. Pictures
representative for both WT MITF cell lines (4230 and 3922) are shown in Figure 18A.
For both wild type cell lines, the confluency of cells treated with methanol looks similar
to the ones treated with 4-OHT after 96 hours and 168 hours of treatment. On the other
hand, representative pictures of cell lines carrying both the Mitf?4® construct and the
Tyr::CreER™ transgene (4774, 4775 and 4776) are displayed in Figure 18B. Contrary to
the WT MITF cells, when all three mutant cell lines were treated with 4-OHT, the
confluency did not seem to increase compared to when treated with methanol at 96
and 168 hours. This suggests major effects of the mutation on cell growth.

We also looked at the difference of growth of the WT MITF cells with and without TPA,
an activator of PKC (photomicrographs not shown), and graphed their growth curve
(Figure 19A). As expected from the literature, TPA is necessary for the cells to grow as
after 72h growth curves of both 3922 and 4230 cell lines were flat, showing the cells
do not proliferate after this amount of time without TPA. The cells still growing for 72h
are most likely explained by the fact that before the experiments the cells were treated
with TPA and that it still has some long-lasting effects in the cell, as suggested
previously (Krasagakis et al., 1993). Figures 19B and C display the evolution of the
confluency on graphs with the time on the X-axis (in hours) and the percentage of
confluency of the entire well on the Y-axis (range from O to 100%). The WT MITF cell
line 4230 (Figure 19B) shows a very slight difference of confluency between the two
treatments at 96 hours: the cells treated with methanol reached 55% confluency
whereas those treated with 4-OHT reached 48%. At 168 hours, methanol4reated cells
had reached 75% confluency when 4-OHT+reated cells had reached 66%. However,
the slope of both growth curves seems parallel, though with slightly fewer cells in those
treated by 4-OHT. The percentage of confluency of the WT MITF cell line 3922
(Tyr::CreER™/0, Figure 19B) did not change when treated with 4-OHT; both reached
60% at 168 hours. Upon methanol treatment the three Mitf24R/K243R mytant cell lines with
the Tyr::CreER™ transgene (light purple curves) grew in the following manner (Figure
19C): the 4774 cell line went from 7% confluency at O hour to 34% at 168 hours, 4775
went from 9% confluency at O hour to 39% at 168 hours for and the 4776 cell line went
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from 6% at O hour to 42% (168 hours). However, the same cell lines, when treated with
4-OHT to induce the Mitf?4*R mutation, did not follow the same curve. Indeed, 24 hours
after the beginning of 4-OHT treatment, the 4774 cell line reached its maximum
confluency (14%) and then decreased to 6%. For the 4775 cell line, the confluency
reached its maximum (17%) at 48 hours and then decreased slowly to 13%. The cell line
4776 reached 11% confluency at 72 hours and then stayed at this value until 168 hours.
Unlike the two first cell lines, the confluency of cell line 4776 did not decrease after

reaching its maximum.
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Figure 18. MitF?43®R mutant cells fail to grow. Images of cultured cells taken by the Incucyte
imaging system at O, 96 and 168h. Confluency, representing the coverage of the well by the
cells, is displayed in a yellow mask on the pictures and was measured by the Incucyte software.
The scale bar in the bottom left of every picture represents 400 pM. (A) Images of control cells
wildtype for Mitf with no transgene (4230, Mitf*/*) or with the inducible Tyr::CreER™/0 transgene
without the Mitfk?43R construct (3922, Mitf*/*). Both were treated with either methanol or 4-OHT for
168h. (B) Images of cells carrying the Mitfk243R/K243R construct and the Tyr::CreER™/0 transgene
(4774, 4775 and 4776) treated with either methanol (control, Mitf?43R/K243R nonfloxed) or 4-OHT
(mutation induced, Mifk243R/K243R floxed).
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To determine effects of the MITF mutation on doubling time, we evaluated the time that
cells need to double between 48 and 96 hours (Figure 19D), which is the time window
located in the log phase of the cells (when the cells are in a logarithmic growth phase).
The graph shows the number of hours necessary for the cells to double within the time
window shown between the blue discontinued lines on Figures 19B,C. For positive
values, the higher the value, the longer it takes for the cells to double. In contrast,
negative values represent a decreasing population of cells representing dying cells. The
first observation is that the doubling times of the WT MITF cells (67£12 hours for 4230
and 44113 hours for 3922) and cells carrying the Mitf?*R construct (Mitf?**® non-floxed)
(6719 hours for 4774, 60+4 hours for 4775 and 50+9 hours for 4776) are not
statistically different upon methanol treatment (P-value > 0,05). This means that in the
presence of wild type MITF control4reated, no differences are observed in growth rate
of melanocytes. Upon 4-OHT treatment, the two WT MITF cell lines (3922 and 4230),
showed no statistical differences in the doubling times: for the WT MITF 4230 cells,
doubling time was 67412 hours when treated with the control and 8515 hours when
treated with 4-OHT (P-value = 0,72). For the WT MITF 3922 (Tyr::CreER™/0) cells, the
doubling time was 44+13 hours with the control and 46+6 hours upon 4-OHT
treatment (P-value > 0,99). In contrast, the cells carrying the Mitf*?43® construct showed
a significant difference when treated with 4-OHT. Indeed, the controltreated 4774 cells
exhibited a doubling time of 67+9 hours whereas when treated with 4-OHT they had a
negative value of -6218 hours, indicating that 50% of the cells are lost. Similarly, the
4775 cells treated with the control had a doubling time of 60+4 hours whereas it was -
251199 upon 4-OHT treatment. Finally, the Mitf?*R cell line 4776 had a doubling time
of 509 hours when treated with the control whereas it was 227+90 hours upon 4-OHT
treatment. This indicates that this cell line, when treated with 4-OHT, still grows but at a
much slower rate.

These results show a severely reduced growth of the primary melanocytes induced with
the Mitff?4R mutation. Indeed, for two of the three mutant cell lines (4774 and 4775),
the cells show a negative growth rate indicating cell death on top of reduced
proliferation. This double effect on growth of the cells, due to suppressed proliferation
and defect in survival might explain the fewer melanoblasts observed in vivo in

243k mutant 4776 cell line showed a

developing embryos. Interestingly, the third Mit
smaller proportion of dying cells, compared to 4774 and 4775. Taken together, these
results show that the Mitff?4® mutation severely affects proliferation and possibly survival
of melanocytes. However, this assay does not inform us of the proportion of cells

proliferating versus proportion of cells dying.
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Figure 19. Mitf<***R mutant cell population stops to grow and start dying. (A) and (B)
Confluency (in percentages) of each indicated WT cell lines from O to 168h treated with methanol
(control, blue) or 4-OHT (red). (C) The growth curves of the three cell lines carrying the Mitf<243R
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are evaluated as follows: P > 0,05 = ns and P < 0,0001 = ****,
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4.2.3.2 Mitf*?43® mutation affects the cell cycle by increasing the number
of cells in Sub G1 phase

To assess the effect of the Mitf?4® mutation on the proportion of cells proliferating and
in apoptosis, we performed a cell cycle analysis experiment using a the 7-AAD
fluorescent DNA infercalator (Figure 21). The intensity of the fluorescence of 7-AAD is
directly correlated with the concentration of intact DNA. Thus, by looking at the
intensity of 7-AAD staining, we were able fo determine the percentage of cells in each
step of the cell cycle. Cells have 2n DNA in G1 phase (cells can also be in the GO
resting phase), between 2n and 4n in S-phase and 4n in G2/M phase. If the DNA
content is below 2n due to DNA fragmentation, the cells are in a sub-G1 state and
considered apoptotic. In contrast, if the cells have DNA content greater than 4n, they
are considered polyploid. Figure 20 represents the cell cycle profile from flow
cytometry in graphs where the intensity of the 7-AAD fluorescence is on the X-axis and
the unit area (percentage of cells at a certain infensity) on the Y-axis. For this
experiment, we used cell line number 3922 as WT MITF and the three Mitf?4R
inducible cell lines (4774, 4775, and 4776) as the experimental cells. Red curves
represent the cells treated for 72h with methanol as control, and blue cells represent
cells treated with 4-OHT. We defined gates for grouping cells at the same cell cycle
step. Briefly, fo set up the gates for each phase we used the peak where the highest
fluorescence intensity was observed in the methanol treated cells as the reference gate.
This value represents the cells in G1-phase with 2n DNA and we adjusted the zone to
both sides of the peak. We then did the same with the peak located at twice the value
of the G1 peak: this situates the G2/M-phase peak. The zone in between the G1 and
G2/M peaks is then defined as the S-phase gate. All the cells located before the G1
gate are defined in the sub G1 gate whereas all the cells located after the G2/M gate
are defined as the Polynuclear gate. Gates are displayed in increasing shades of grey
with increased intensity of the fluorescence.

In Figure 21, the percentage of cells of Figure 20 is represented by the value of the
area under the curve in the gate. Based on this, we calculated the percentage of cells in
every cell cycle step using the area under the curve in every gate and plotted the values
in bar plots (Figure 21A to E). There is one graph for each cell cycle stage, with every
cell line treated with methanol or 4-OHT labelled on the X-axis while the Y-axis stands
for the percentage of cells. The percentages shown represent the total number of cells
in all the cell cycle steps: Sub G1 (Figure 21A), G1 (Figure 21B), S (Figure 21C), G2/M
(Figure 21D) phases and Polynuclear cells (Figure 21E). The WT cells did not show any
differences upon treatment with methanol or 4-OHT for the cell cycle phases Sub-G1,
G1, S and G2/M whereas polynuclear cells had two percent more cells in this phase
when the cells were treated with methanol. For the Mitf?*® inducible cell lines, we
noticed that two of the cell lines (4774 and 4775) behaved the same for all the cell
cycle phases. Upon 4-OHT treatment, the Sub-G1 phase was increased from 16% to
54% for 4774 and from 11% to 45% for 4775 when compared to methanol. In contrast,
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Figure 20. Cell cycle profiles of WT and Mitf<?43R mutated cells. Cell cycle profiles are
shown in graphs with the fluorescence intensity of the 7-AAD (staining for the DNA) on the X-axis
on a logarithmic scale and the relative value for the count of cells on the Y-axis (unit area). The
WT Mitf (3922) or Mitf24RK243R (4774, 4775, 4776) cells were either treated with methanol
(control, red curve and area) or 4-OHT (mutation induced, blue curve and area). Gates used to
define the different cell cycle steps (G1, S-phase and G2/M), apoptotic cells (Sub G1) and
polynuclear cells are displayed as different shades of grey as indicated in the legend.

when treated by 4-OHT these cells show a decrease in G1 phase from 49% to 35% for
4774 and from 64% to 44% for 4775. A similar decrease was observed in S-phase
which decreased from 8% to 3% for 4774 and from 9% to 3% for 4775. For the G2/M-
phase, the 4774 cell line showed a decrease from 21% with methanol to 6% with 4-
OHT, and 4775 from 12% to 7%. Finally, less than 1% of the 4774 and 4775 cells are
polynuclear upon 4-OHT treatment, while 6% and 4% of the methanol treated cells were
polynuclear, respectively. The differences between methanol and 4-OHT treatment are
all significant (p-value < 0,0001). Interestingly, the Mitf?*3® inducible cell line 4776
acted differently from the 4774 and 4775 cell lines for all the cell cycle phases except
the S-phase. These cells showed no significant differences in the percentages of
polynuclear cells, Sub-G1 or G1 phases, whereas the G2/M phase was significantly
increased after 4-OHT treatment, but only from 16% to 18%. However, like the 4774
and 4775 cell lines, 4776 showed a reduction from 12% to 6% in the proportion of
cells in S-phase when treated by 4-OHT. Thus, unlike the 4774 and 4775 cells lines,
4776 has reduced proliferation but the cell cycle does not seem to be altered as much
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as the two other cell lines and does not show cell death. Stacked charts of the non-
dying cells (with the Sub-G1 peak removed) and statistical tests are shown in Appendix
A, Supplementary Figure 37.

Together, these results indicate that the Mitf?4*R mutation reduces the number of cells
going through the S-phase of the cell cycle. It might also play a role in the progression
from the G2/M phase to mitosis and might also increase cell apoptosis (the 4774 and
4775 mutant cell lines show these features). Thus, we suggest that the Mitf2*k mutation
leads to a disruption of cell cycle progression, thus explaining why there are fewer
melanoblasts in developing embryos, first because of reduced proliferation and
possibly due to effects on cell survival.
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Figure 21. Quantification of cell cycle profiles exhibit a reduced number of Mitf<243R
mutant cells entering S-phase. The percentages of cells in each step of the cell cycle are
presented in bar plots: (A) for Sub-G1, (B) for G1-phase, (C) for S-phase, (D) for G2/M-phase
and (E) for the polynuclear cells. Each bar represents the mean (with the standard error) for
each of three replicates of every condition and cell type. Statistical analysis was performed
using Sidak’s multiple comparison test and P-values are evaluated as following: P > 0,05 = ns,
P<0,05=* P<0,01=** P<0,001=***and P <0,0007 = ****,
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4.2.3.3 Mitf?**® mutant cells become apoptotic after 48 hours of 4-OHT
treatment

To confirm the effect of the Mitf?*R mutation on cell survival, we performed an
apoptosis assay to quantify the number of cells that enter this state after induction of the
mutation. To do so, we measured the fluorescence of cells incubated with the Caspase-
3/7 dye in the medium. This dye can penetrate the cell only if the plasma membrane
integrity is reduced, which is the case of apoptotic cells, and then bind to DNA and
emit a fluorescent signal. The fluorescence was captured by the Incucyte Imaging
system from just before the beginning of either methanol or 4-OHT treatment to 96h.
Representative pictures of the fluorescence at Oh (before the treatment), 48h and 96h
are displayed in figure 22A, with every dot representing an apoptotic cell. We did not
observe any difference at Oh but observed an increased number of apoptotic cells from
48h, which increased even more at 96h. To quantify this increase, we counted the
number of apoptotic cells for every picture with the Incucyte software and divided it by
the percentage of confluency to obtain an apoptotic index: the lower this value is, the
less apoptotic cells there are regarding the whole cell population, and the higher this
value is the more apoptotic cells are. The WT cell lines 4230 and 3922 showed almost
no apoptotic cells for every time point for both methanol and 4-OHT treatment (Figure
22B) with an apoptotic index being around 0,2. Similarly, the cells lines carrying the
Mitf?43R construct treated by methanol showed almost no apoptotic cells. However,
these same cells treated by 4-OHT to induce the Mitf?4® mutation showed a significant
increase of apoptotic cells from 48h. Indeed, the 4774 cell line showed the largest
increase with an apoptotic index of 11, 96h after the induction of the Mitf?4® mutation.
The apoptotic index value of the 4775 cell line after 96h was 7 and 4 for the 4776 cell
line. This result confirms that the cells with the Mitf?**® mutation undergo apoptosis, as
suggested by the growth and the cell cycle profile assays. The 4774 cell line has the
most apoptosis, and the 4776 cell line has less, which is coherent with the growth and
cell cycle profile assays previously described.
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Figure 22. Mitf<*4>® mutants cells die after 48h of 4-OHT treatment. (A) Representative
images of the apoptosis for WT Mitf (3922 and 4230) or cells carrying the Mitf<?4R/K243R construct
and the Tyr::CreER™/0 transgene (4774, 4775 and 4776) treated with either methanol or 4-OHT,
before treatment at Oh, or 48 and 96h after treatment. Green fluorescence indicates apoptotic
cells. The scale bar length is 400 pm. (B) Graph of the calculated apoptosis index on the WT Mitf
cells lines 4230 and 3922 treated with methanol (blue) or 4-OHT (red). (C) Graph of the
apoptosis index of the Mitf243R/K243R . Tyr::CreER™/0 cell lines 4774, 4775 and 4776 treated with
methanol (Mitf243#%/k243% no-floxed, blue) or 4-OHT (Mitf243#*/k243R floxed, red). Statistical analysis
was performed by a Tukey’'s multiple comparison test and P-values are evaluated as follows: P >
0,05 = ns and P < 0,0001 = ****_Bijological replicates: n=3.
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4.2.3.4 The Mitf?**3R mutation seems to reduce the size of melanocytes

To further assess the state of the cells, we also looked at their morphology after 96h of
induction by methanol (control) or 4-OHT in both cell types. Immunostaining of the
cytoskeleton using anti-Vimentin antibodies revealed that there are no major changes in
cell shape observed upon either the 4-OHT treatment or the Mitf2**k mutation (Figure
23A, green channel), even though the 4774 cell morphology looks more shrunk.
However, the size of the nuclei in the Mitf?4® mutant cells seemed smaller compared to
their control for most of the cells (Figure 23A, blue channel). We thus measure the size
of the nuclei for every cell line and conditions and plotted their values in a dot plot
(Figure 23B). This study revealed that the two Mitf?**® mutant cell lines 4774 (P-value <
0,0001) and 4775 (P-value < 0,07) have a significantly reduced nuclear size upon
induction of the Mitf?*® mutation. Interestingly, increased nuclear size is thought to be
important for transcription and cell cycle progression (Webster et al., 2009), and
nuclear size has been shown to be relevant to cell size (Jevti¢ et al., 2014). Therefore,
this suggests that, 96h after the induction by 4-OHT, the Mitf?43® mutation significantly
but slightly changes the morphology of the cells of the 4774 and 4775 cell lines, but
not the 4776 cell lines. Again, this is consistent with the assays we previously

F<243R

described, confirming the changes upon Mit mutation, with more effects on the

4774 and 4775 cell lines than in 4776.
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Figure 23. The Mitf<?*3® mutation reduces the size of the nucleus of cell lines 4774 and
4775. (A) Representative pictures of Vimentin (cytoskeleton, green) and DAPI (nucleus, blue)
fluorescent staining in WT Mitf or Mitf?4R cells treated with methanol or 4-OHT. Scale bar = 100
pm. (B) Dot-plot representing the size of every nucleus in pm? based on quantification of Dapi
staining. Statistical analysis was performed using Tukey’'s multiple comparison test and P-values
are evaluated as follows: P > 0,05 = ns, P < 0,01 = ** and P < 0,0001 = ****_ Biological

replicates n=3.
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4.2.3.5 Migration of single melanocytes in vitro does not change upon
Mitf?43R mutation

From observations made in embryos, Mitf mutant melanoblasts migrate through the
dorso-lateral pathway as they can be seen in many locations distant from the neural
crest. As developing melanoblasts are single cells (Figures 13A and B), we performed
single-cell migration assays to test if migration of Mitf mutant melanoblasts is affected.
Briefly, we seeded cells at low confluency (5000 cells in 6 well-plates) to be able to
observe single cells. We then removed TPA from the medium to stop proliferation (TPA
is inducing PKC and stimulating cell proliferation) and treated them either with
methanol (control) or 4-OHT to induce the mutation. We imaged the cells every 30
minutes for 48 hours. We then tracked the cells manually using the “Chemotaxis and
Migration Tool” (lbidi) and created plots for displaying the trajectory of the cells (spider
plots of Figures 24A and B). The center of these plots is the starting point of each cell’s
trajectory, and the black line represents their trajectories with the red dot as the ending
point. Practically, the spider plots show that the area within which the cells move are up
to 400 pym up, down and on each side of the starting point, representing a total area of
640 mm? We observe on the spider plots that neither the WT MITF (Figure 24A) nor
Mitf243R inducible cells (Figure 24B), show a difference in single cell migration,
regardless of treatment (methanol on the left panel and 4-OHT on the right panel). With
the Ibidi tool, we were able to extract three metrics characterizing the trajectories of the
cells: the velocity (speed in pm/min), the accumulated distance (total distance traveled
by the cells in pm) and the Euclidean distance (distance between the starting and
ending points in pm). For the WT MITF cell line (Figure 24C), velocity was 0,29+0,02
pm/min upon methanol treatment and 0,29+0,02 pm/min upon 4-OHT treatment (P-
value = 0,95). The accumulated distance was 780+54 pm when treated with methanol
and 820%55 pm when treated with 4-OHT (P-value = 0,63). Finally, the Euclidean
distance was 919 pm when treated with methanol, and 98+19 pm when treated with 4-
OHT (P-value = 0,79). Similarly, for the Mitf?**® inducible cell lines (Figure 24D), we
did not see changes in velocity, accumulated or Euclidean distances between the two
treatments, suggesting that the Mitf mutation has no effect on migratory properties.
Indeed, velocity was 0,27+0,01 pm/min upon methanol treatment and 0,27+0,01
pm/min upon 4-OHT treatment; this difference is not significant (P-value=0,99). The
accumulated distance was 755+33 pym after methanol treatment and 75241 pm after 4-
OHT treatment and again the difference was not significant (P-value=0,96). The
Euclidean distance was 143%19 pm in methanol treated cells and 180+015 pm in the 4-
OHT treated cells (P-value=0,14). None of these three metrics were significantly
different (P-value > 0,0001). In accordance with what we have observed on the spider
plots, none of these metrics show a difference between cells treated with methanol or 4-
OHT, thus reinforcing the idea that the M4k mutation does not play a major role in
the migration of the cells.
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Figure 24. WT and Mitf*?4*® mutant melanocytes show no difference in single-cell
migration. (A) Spider plot graphs representing the trajectory of each WT Mitf tracked cell
treated with methanol (left graph) or 4-OHT (right graph). The center of the graph is the starting
point of each cell and the red dots represent the endpoint of their travel within the well. Distances
are shown in pm and the number of cells tracked is shown on the top left corner of each spider
plot. (B) Spider plot graphs for Mitf?*® inducible cells treated with methanol (Mitf<?43R/k243R non.
floxed, left graph) or 4-OHT (Mitf243R/K243k floxed, right graph). (C) Characteristics of the single-
cell tracking for each condition of WT Mitf cells. Velocity represents the speed (in pm/min),
accumulated distance corresponds to the total distance cells have traveled (in pm) and Euclidean
distance is the direct distance between the starting point to the endpoint of the trajectory of the
cells. Each dot represents the metric of a single cell. Statistical analysis was performed using the
Mann-Whitney's test and P-values are evaluated as following: P > 0,05 = ns. (D) Same as (C) for
the cells with the Mitf?*R construct.
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4.2.4 Effects of the Mitf**3® mutation on gene expression

4.2.4.1 4-OHT treatment induces the Mitf***R mutation but also affects
gene expression in WT

fK245R mutant protein binds to low-affinity

ChlIP-seq experiments have shown that the Mit
binding sites throughout the genome of melanoma cells but exhibits reduced DNA
binding to the target genes that support melanocyte development (Louphrasitthiphol et
al., 2020). We thus performed mRNA-sequencing analysis of cell lines 3922, 4774,
4775 and 4776, to see if this impaired DNA-binding of the Mitf?**f mutant is translated
into effects on gene expression in melanocytes. To do so, we extracted total RNA from
both  WT (Tyr::CreER™/0) and Mitf?**® inducible cell lines (Mitf<243R/K243R,
Tyr::CreER™/0) at Oh time points (no treatment), as well as at the 48h and 72h time
points after 4-OHT treatment. After quality control of the RNA integrity, samples were
paired-end sequence by Novogene, UK. We then assessed the quality of the reads
(Appendix, Figure) and cleaned them with Trimmomatic, aligned them with Kallisto to
the reference GRCh38 genome from Ensembl, quantified the reads using DESeq2 and
annotated them with gene IDs. Genes with lower expression than two TPMs in all the
sequenced samples were cutoff.

Principal Component Analysis (PCA) was performed (Figure 25A) and showed that the
largest variability displayed on the X-axis (PC1) represents 43% of the total variability
between all the samples. This variability represents the difference between the Oh time
point of each cell line with the 48h and 72h time points and shows that the time of
treatment leads to clear differences between all the cell lines. This means that the
largest variability is an effect due to the treatment by 4-OHT, regardless of the induction
of the mutation itself. This information is crucial, as we need to remove this effect that
might mask the effects of the Mi*?4® mutation on gene expression. The second largest
variability (PC2) representing 18% of the variability was less different for the wild type
3922 cell line between Oh, 48h and 72h than it was for the three other cell lines 4774,
4775 and 4776. This suggests that PC2 shows the variability due to the effect of the
Mitf?4R mutation. Therefore, for the rest of the analysis, we tried to exclude as much as
possible of PC1 due to the non-specific effects of 4-OHT treatment. Note that the 72h
time point of the 4774 mutant cell line is missing one replicate, thus reducing the
significancy of the DEGs.

We also wanted to monitor the efficiency of the induction of the mutant Mitf transcripts.
To do so, we aligned the reads obtained from the sequence data to the reference
mouse genome GRCm39 from Ensembl to get the percentage of mutated A to G in
position 728 of the Mitf gene (chré: 98,013,686 is the position in the genome). The
percentages are displayed in Figure 25B. No mutations were found for the WT cell line
3922, which is consistent with what we expected. The Mitf?*Rinducible cell lines 4774
and 4775 showed similar percentages of mutated Mitf transcripts at 48h (60%) and 72h
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(70%) while they had less than 1% at Oh. Interestingly, the third Mitf?*® inducible cell
line expressed 85% mutant transcripts at 48h and 94% at 72h while this line only had
1% at Oh. Finally, we looked at Mitf isoform-related TPM expression (Figure 25C). Only
the MittM(+), -A(+), -A() and Mdel (a variant of MITF-M isoform) isoforms were
detected in the WT and mutant cells. Interestingly, expression of the MitF-M isoform did
not change in quantity either the Mitf?*® inducible cell lines or in the WT cells. Only
the MitFA(+) isoform showed differential expression over time, with four times increase
in the Mitf?4® inducible cell lines after 4-OHT treatment, while it barely changed in the
WT MITF cell line. These results suggest that the Mitf?4®R mutation is induced in the
inducible cell lines with a good efficiency and that the expression of the MitF-A(+)
isoform increases upon activation of the Mitf?R mutation. This suggests that MITF-M
may repress the expression of MITF-A(+) in melanocytes and that the Mitf?**R mutation
may be important for the regulation of this specific isoform.
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Figure 25. 4-OHT treatment affects gene expression. (A) Principal Component Analysis plot

representing the variability in a 2D plot. PC1 corresponds to the largest variability, and PC2 the
second largest. Each color stands for a cell line: black (3922), red (4774), orange (4775) and
yellow (4776). Circles corresponds to the initial Oh time point, tip-down triangles the 48h time

point and tip-up triangles the 72h time point. (B) Percentage of the mutant Mitf transcripts resulting

from the alignment of the reads to the transcriptome on the Integrative Genomics Viewer (IGV). (C)
Expression in Log2(TPM+1)) of the detected isoforms of MitFM(+), -A(+), -A(-) and -Mdel for each
cell line over time.
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4.2.4.2 The 4-OHT treatment masks the effects of the Mitf<**3R mutation

We asked the following question: "what are the differentially expressed genes upon
induction of the Mitf?*R mutation?”. We thus analyzed the DEGs after 72h of 4-OHT
treatment of the WT and mutant cells lines compared to the Oh time point, displayed as
volcano plots (Figure 26). The cutoff for the Fold Change (FC) was 1 and the P-adjust
(=adjusted P-value) shown on a -Log10 scale was 0,05. The DEGs that passed both
thresholds of 1 for log2FC and 0,05 for P-adjust are shown in red dots (Figure 26). The
first observation is that in the WT cell line 3922 there are two-fold fewer significant
downregulated DEGs (Figure 26A) (n = 153) than DEGs that are upregulated (n =
333). In contrast, the Mitf?*® mutant cell lines have more downregulated than
upregulated genes. The 4774 cell line has 50 down- and 30 upregulated genes (Figure
26B), the 4775 has 163 down- and 123 upregulated genes (Figure 26C) and the 4776
125 down- and 71 upregulated genes (Figure 26D). To get a befter overview of the
effect of the Mitf?#® mutation, we performed a Gene Set Enrichment Analysis (GSEA)
which aims to gather the DEGs into group of genes that share a common biological
function. The results of this analysis are displayed in the dot-plots of Figure 27. The dot-
plots show the top ten categories for both activated (left panel) and suppressed (right
panel) biological processes (BP) and are ranked from the top with the lowest P-adjust.
Interestingly, the profiles of the dot-plots of all four cell lines 3922 WT (Figure 27A)
and mutants 4774 (Figure 27B), 4775 (Figure 27C) and 4776 (Figure 27D) were quite
similar. Indeed, many of the most enriched activated BPs in both WT and mutant cell
lines are "mitotic cell cycle”, "nuclear division”, "mitotic sister chromatid segregation”.
On the other side, the suppressed BPs shared by all cell line involve cation and ion
homeostasis, or cation and ion transmembrane transport, with the 3922 WT and 4775
and 4776 mutant cell lines sharing many more processes together than with the mutant
4774. The different behavior of 4774 is likely to be a downstream effect of the missing
third replicate.

Altogether, these results confirm the results of the PCA plot, that the 4-OHT treatment
has an impact on the expression of many genes. The fact that many DEGs, as well as
BPs, of the Mitf?**® mutant cell lines are also differentially expressed in the WT cell line
does not explain the major effects of the mutation on proliferation of the cells. The
similarity of the results between WT and Mitf?4®R mutants does not follow the dramatic
difference in the growth phenotype of the cells. Therefore, we decided to perform the
same analysis with a slightly different pipeline.
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Figure 26. Gene expression profile upon 4-OHT treatment. Volcano plots representing
the DEGs before and after 72h of 4-OHT treatment in (A) the 3922 WT cell line, and the
Mitf243R mutant cell lines (B) 4774, (C) 4775 and (D) 4776. The X-axis shows the Log2FC and
the Y-axis the P-adjust in -Log10. The cut-off used for Log2FC is 1 and for the P-adjust is -

Log10P<0,05. Downregulated genes are shown in red dots on the left of the plot while
upregulated genes are shown in red on the right.
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4.2.4.3 Mitf?**R mutation activates the WNT signaling pathway and
regulation of transcription

To find the genes that depend on MITF, we removed the DEGs in each mutant cell line
that were also differentially expressed upon 4-OHT treatment of the WT cell line. We
kept all the genes that were differentially expressed in both WT and mutant cell lines
but were differentially affected (upregulated in WT and downregulated in mutant, or the
other way around). After this treatment, the volcano plots of the mutant cell lines 4774
(Figure 28A), 4775 (Figure 28B) and 4776 (Figure 28C) showed fewer DEGs than
previously (Figures 26B, C and D). However, by doing this, we selected genes that are
more likely to be differentially expressed by the effect of the mutation and are not due
to the 4-OHT treatment. The mutant cell lines have 51 genes for 4774 (Figure 28A, 26
down- and 25 upregulated), 100 for 4775 (Figure 28B, 49 down- and 51 upregulated)
and 92 for 4776 (Figure 28C, 30 down- and 60 upregulated). It is interesting to notice
that the cell line 4776, which is the only mutant cell line of the three that did not have
negative growth in our cell culture assays, has two times more upregulated genes than
downregulated genes, while the two others have equivalent numbers (50% of each for
4774 and 4775). This might be one of the reasons why the 4776 mutant cell line
behaves slightly different in culture.
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Figure 27. GSEA profiles of the cell lines upon 4-OHT induction. Dotplots representing the
significantly activated (left of the plot) or suppresed (right of the plot) biological processes in
each cell line: (A) 3922 WT MITF , (B) 4774 cells, (C) 4775 cells and (D) 4776 cells. Terms of
the biological processes are written on the left of the plot, and the size of the dots represent the
number of genes involved in the BPs, with the color indicating adjusted P-value.
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GSEA analysis showed that for the 3922 WT cell line, the biological processes (BPs)
activated upon 4-OHT treatment are the same as presented in Figure 27A as in that
case the DEGs are the same. However, the BPs for the three Mitf?** mutant cell lines
are completely different after we removed the DEGs that were also differentially
expressed in WT MITF. The BPs activated upon treatment of the 4774 cell line included
two main groups (Figure 29A): genes involved in transcription regulation, and WNT
signaling. The BPs that were reduced in expression were mostly genes involved in
response to unfolded or incorrect proteins, and positive regulation of DNA binding.
The GSEA analysis of the 4775 mutant cell line (Figure 29B) shows that activated genes
are involved in transcription and its regulation whereas suppressed genes are involved
in ion and transmembrane transport. Lastly, GSEA analysis of the 4776 mutant cell
(Figure 29C) showed that activated BPs categories were cell surface receptor signaling
pathway involved in cell-cell signaling and canonical WNT signaling. Many of the DEGs
of these two categories are the same, like Snai2, Fgfr3, Sox4, Bcl9, Frzb and Fzd7.
Suppressed BPs are involved in positive regulation of DNA binding and incorrect
protein and protein folding.
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Figure 28. Gene expression profile upon 4-OHT treatment of the Mitf?**R mutant cell
lines with the DEGs of the WT MITF cell line removed. Volcano plots representing the DEGs
before and after 72h of 4-OHT treatment in Mitf?*® mutance cell lines (A) 4774, (B) 4775 and (C)
4776 but without the DEGs that are also differentially expressed in the 3922 WT MITF cell line.
Parameters of the plots are the same as for Fig 26.
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With the many different terms that are activated and suppressed, we wanted to see
precisely how many were actually shared between these three mutant cell lines. A Venn
diagram (Figure 29D) showed that five BPs are shared by all three cell lines, with four
related to the WNT signaling pathway, and the fifth involved in cell surface receptor
signaling pathway involved in cell-cell signaling (which include the DEGs of the four
other BPs). The WNT signaling pathway is, as discussed in the introduction, crucial for
melanocyte development starting from the NCC and all through migration to the
epidermis (Dunn et al., 2000; Petit and Larue, 2016), and is known to activate Mitf
gene expression (McGill et al., 2002). Our results suggest that the WNT pathway at
large is a target of MITF. We plotted one of the GSEA terms, the WNT signaling
pathway, using Enrichment plots for each cell line (Figure 30A). Such plots give a
visual insight of the enrichment score based on a gene set and provides an Enrichment
Score (ES), which reflects how much the DEGs are overrepresented (down- or
upregulated) in the ranked gene set. However, this value cannot be compared between
the cell lines as there are differences in DEGs dataset sizes. So, we also calculated the
Normalized Enrichment Score (NES) that considers the differences in size of the
datasets, meaning that these values can be compared between the different cell lines.
As expected, the NES of the 3922 WT cell line showed a low NES score of -0.89 with
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Figure 29. GSEA profiles of the Mitf<?43R cell lines after removal of the effects of the 4-
OHT treatment. The dotplots representing the results of the GSEA for the Mitf?*R mutant cell
lines (A) 4774, (B) 4775 and (C) 4776 are this time done with the DEGs of the WT MITF
removed, thus removing the effects of the 4-OHT treatment. Parameters are the same as for Fig
27. (D) Venn diagram representing the overlapping terms in 4774, 4775 and 4776.
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a high P-value of 0,86, meaning that the gene set in the WT cells is not enriched. In
contrast, the three mutant cell lines showed high NES scores of 1.68 for 4774, 2.09 for
4775 and 1.67 for 4776, with low P-values respectively of 6e-04, 4e-04 and 6e-04. This
confirms that the WNT signaling pathway is repressed by MITF and thus activated in the
presence of the Mitf?4® mutation and might explain why the cells do not proliferate and

die.

The three Mitf?4® mutant cell lines 4774, 4775 and 4776 showed increased apoptosis
(Figure 22) and reduced proliferation (Figure 19) upon induction of the Mitf¥24®
mutation. However, the cell lines 4774 and 4775 seem to be more similar to each other
than they are to the 4776 line. We therefore studied the 21 enriched BPs that are
shared between them (Figure 29D). Most of those BPs are related to regulation of RNA
metabolic and biosynthetic processes and transcription in general, with most of the
same genes involved. We thus selected the one that had the largest number of genes
involved which is transcription, DNA-templated. Enrichment plots of this BP (Figure
30B) confirmed the enrichment of the mutant cell line with NES scores of 1.55 for 4774
(P-value=2e-04), 1.83 for 4775 (P-value=4e-04) while the 3922 WT cell line has a NES
score of only 1.11 (P-value=0.16). We also looked at the Enrichment plot for 4776, and,
interestingly, it revealed that the NES is 1.67 (P-value=6e-04). This is explained by the
fact that the cutoff used by the R package used the ES instead of the NES, with a
slightly bigger number of differentially expressed genes in the dataset, thus reducing
the ES compared to 4774 and 4775 where the dataset in smaller. This suggests that
deregulation of the transcription processes would be one possible explanation for why
the Mitf?*R mutant cell lines die.

Lastly, we plotted some of the DEGs on a heatmap (Figure 30C) with their relative
expression displayed by Z-score. The Z-score is a dimensionless value that we can use
to compare the expression of a given sample to the expression of the same gene in all
the other samples. Basically, a Z-score of O means that the expression is the same as the
mean of all the samples they are compared with whereas a positive value means the
expression is more than the average of all the other samples and a negative value that
the expression is less. On this heatmap, we can see two trends: the first four genes are
upregulated in WT MITF and downregulated in Mitf?4® mutant, the ten others are

243k mutant. In

downregulated or not changing expression in WT but upregulated in Mit
the Mitf?4R mutant downregulated genes, HesT and TgfbT are of particular interest due
to their role in the survival and differentiation of the melanocytic lineage (Hitoshi et al.,
2002). In addition to that, TgfbT has also been shown to be important for proliferation
(Chalmers et al., 2022). The Mit*?4® mutant downregulated genes were also of interest.
FZD7 is a receptor involved in WNT/ B -catenin signaling (Umar et al., 2022), as
well as BCLY, a co-activator for [ -catenin (MacDonald et al., 2009). Frzb is also a
gene involved in WNT signaling as an antagonist, strongly expressed in glial cells but
lowly in melanocytic lineage (Jin et al., 2001), and low level of FRZB is thought to be
important for Mitf upregulation (Thomas and Erickson, 2008). Similarly, BMP4 is an
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agonist for the glial lineage instead of the melanocytic lineage (Jin et al., 2001). FGFR3
is a protein involved in melanoma progression (Li et al., 2019). Importantly, SNAI2, an
important and necessary gene for NCC and melanoblast establishment (Sanchez-Martin
et al., 2003) is also overexpressed in the Mitf?**® mutant. Interestingly, Id3 (Inhibitor of
Differentiation 3), a gene from the HLH TF family ID and a BMP target, is upregulated
in response to melanoma targeted therapy (Larribére et al., 2017), is inversely
expressed with SOX10 and MITF and controls melanoma cells migration (Sachindra,
2018). Finally, we found that Cd274 (coding for PD-L1) was increased. This protein acts
as an immune checkpoint and is used by cancer cells to bypass immune cell tolerance.
MITF has been recently been linked to Cd274 as it reduces its expression fo favorize
immunosurveillance (Ballofti et al., 2020).
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Figure 30. Mitf?43R mutation changes expression of genes involved in WNT signaling
pathway and transcription. (A) GSEA plot of genes involved in WNT signaling pathway in the
3922 WT MITF cell line and the Mitf?4R mutant cell lines 4774, 4775 and 4776 after removal of
3922 DEGs. (B) GSEA plot for the BPTranscription, DNA-templated. (C) Heatmap of some of the
DEGs in the four cell lines displayed by Z-score. Genotype, time and condition are displayed on
top of the heatmap.
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4.2.4.4 Mitf?**® mutants do not activate cell cycle genes

Primary cultures of melanocytes need stimulation by the PKC pathway through TPA to
grow (Prince et al., 2003). Indeed, TPA can mimic Diacylglycerol in order to induce
the PKC-mediated signaling MAP kinase pathway (Magnuson et al., 1994; Seger and
Krebs, 1995) as described in the introduction. TPA has also been shown to promote
ERK phosphorylation of MITF S73 which enhances its transcriptional activity (Hemesath
et al., 1998; Wu et al., 2000). This is crucial information in the case of this analysis, as
this means that through the TPA treatment we increase MITF activity. Therefore, we also
looked at genes that are not differentially expressed upon 4-OHT treatment in the
mutants but are in WT. In other words, we studied the genes whose expression was
differentially affected in WT MITF but not in the Mitf?*R mutant. The assumption is that
the TPA-induced role of WT MITF is impaired in the Mitf?4® mutant. As we only did one
biological replicate of the WT MITF cell line the power of the analysis is reduced.
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Figure 31. Many DEGs in the 3922 WT MITF cell line do not change expression in
Mitf?43R mutants. Volcano plots showing only the DEGs in the WT cell line that are not
differentially expressed in the Mitf?**® mutant cell lines (A) 4774, (B) 4775 and (C) 4776.
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We selected only the DEGs that are two-fold different in FC in WT compared to the
Mitf243R mutants: we kept only the genes that have no or very little change over time in
the mutants (-0,5 < log2FC < 0,5) but change over time in WT (log2FC < -1 for
downregulated or >1 for upregulated). Volcano plots show the genes that are
differentially expressed in the 3922 WT cells but not in the mutant cells after 4-OHT
treatment (Figure 31). The comparisons between wild type and the 4774 mutant cell
line are shown in Figure 31A, the 4775 cells in Figure 31B, and 4776 in Figure 31C.
The Cendl gene which codes for the Cyclin-D1 protein, seems particularly
overexpressed in WT but not in the Mitf?4® mutants. This gene has been shown to be
important for the progression of the cell cycle from the G1 phase, and also for
activation of gene expression (Bienvenu et al., 2010) and MITF has been shown to
directly bind to the promoter region of this gene (Strub et al., 2011). Therefore, the
lack of activation of the expression of Ccndl by the Mitf?4R mutant despite TPA
activation makes it an interesting candidate to explain the arrested proliferation of the
mutant cells.

We then performed a GSEA on the DEGs in WT that are not in the Mitf?*R mutants to
look at the BPs activated or suppressed. Dot-plots were generated with the DEGs from
the WT 3922 cells that are not differentially expressed in the Mitf?*® mutants 4774
(Figure 32A), 4775 (Figure 32B) or 4776 (Figure 32C). To get a better overview of the
BPs activated or suppressed, we visualized them in a Venn diagram (Figure 32D).
There are 5 terms that were shared between the three analysis and these terms are all
related to cell cycle: "cell cycle”, "cell cycle process”, "mitotic cell cycle process”,
"nuclear division” and "mitotic cell cycle”. This strongly suggests that WT MITF cells
activate cell cycle whereas the Mitf?**®R mutant cells do not. This explains the

proliferative effects in vitro.

As MITF is known to play a role in the regulation of cell cycle as mentioned in the
introduction, we looked at some of the genes that are known to be important for the
progression of the cell cycle and arranged them in a heatmap, with the DEGs displayed
by Z-score. We plotted a list of 12 DEGs in this heatmap, which are genes that have
been shown to be involved in cell cycle: Cendl, Cdknla, Cdkn2a, Ccnbl, Ccna2,
Ccnel, E2f1, Rbl1, Trp53, Cdknlb, Cdk2 and Cdk4 (Figure 32E) We also added Brcal,
a gene that is involved in DNA repair and transcription and has been shown to be
regulated by MITF (Strub 2011). Interestingly, all these cell cycle genes except Cdkn1b,
Cdk2 and Cdk4 show increased expression in the WT MITF cell line upon TPA and 4-
OHT treatments whereas they are not differentially expressed in the Mitf?4® mutant cells
over the same treatments. CdknTb is the only gene in this set that is downregulated in
WT cells but is unchanged in Mitf?4® mutant cells. Cdk2 is slightly downregulated while
Cdk4 does not show any differential expression, in either WT or Mitf?4R mutant cells.
This is surprising since both CDK2 and CDK4 have been shown to be regulated by
MITF in melanoma cells. Brcal is downregulated in WT cells, but its expression is
unchanged in Mitf?**®R mutants. Together, the differential expression of these genes
suggests that WT MITF regulates the expression of many important cell cycle genes.
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Figure 32. Mitf?43k do not regulate cell cycle genes while WT MITF does. Dotplots representing
the results of the GSEA of the 3922 WT MITF cell line for the DEGs that are not differentially
expressed in the Mitf?4® mutant cell lines (A) 4774, (B) 4775 and (C) 4776. (D) Venn diagram with
the overlapping terms in the three GSEA. (E) Heatmap of some cell cycle DEGs in the four cell lines
displayed by Z-score. Genotype, time and condition are displayed on top of the heatmap.
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As the design of our RNA sequencing study was multifactorial, involving two different
genotypes, two conditions (with and without 4-OHT treatment) and three time points,
we also performed a more elaborate way to analyze it by using an interaction model
analysis using DESeq?2 fo estimate the DEGs. This model basically consists of finding
differential gene expression over time regardless of the differences in gene expression
at the beginning of the experiment. This means that we are looking for genes that do
not change in the same manner over time (from Oh to 48h and 72h) in WT and mutant
cells. To summarize this model, instead of asking ourselves the question "what are the
differentially expressed genes upon induction of the Mitf?4®R mutation?” as we
previously did in a simpler manner, we instead asked "how does the expression of this
gene change over time by looking at the slope regardless of the expression level at the
beginning?”. To do that, after filtering out the low expressed genes (<2 TPMs), we
gave simple values that represent the slope of the expression of each gene over time
and for every sample. Slopes were represented as follow: genes with Log2 FC from
minus infinity to -1 were given the trajectory value -2 (strong negative slope), genes with
Log2 FC from -1 to -Log2(1,5) were given the trajectory value -1 (soft negative slope),
genes with Log2 FC from -Log2(1,5) to Log2(1,5) were given the trajectory value O (flat
slope), genes with Log2 FC from Log(1,5) to 1 were given the trajectory value 1 (soft
positive slope) and genes with the Log2 FC from 1 to positive infinity were given the
trajectory value of 2 (strong positive slope). Then, we selected all the genes that have
more than one unit of discrete trajectory difference between the WT and mutant, which
means that their slopes were different over time. By doing this, we were able to identify
193 DEGs that have different expression trajectories over time between WT and mutant
cells. A total of 66 of the DEG were downregulated (Log2 FC < -1) and 127
upregulated (Log2 FC > 1). All the up and downregulated genes are displayed on the
dot plot of Figure 33A with the FC on the X-axis and the average number of TPMs on
the Y-axis. Also, as the Mitf?**f mutation has been shown to increase binding of MITF to
low-affinity binding sites and decrease DNA-binding compared to WT MITF
(Louphrasitthiphol et al., 2020), we wondered if it would have an effect on the binding
to sites of normal target genes of MITF with a differential expression. To do so, we used
a list of known high-confidence MITF target genes from the DoRothEA database, a gene
regulatory network with TF-target gene interactions (Garcia-Alonso et al., 2019). The
genes were also displayed in a dot plot of Figure 33B. Interestingly, only one gene, G
protein-coupled receptor 143 (Gpr143) is reduced in expression upon Mitf knockdown,
its differential response is just above the cut-off of Log2 FC(-1). This can be explained
by the fact that the WT and mutant gene expression trajectories are actually quite similar
but somehow did pass the filter we set up. Only one gene, Snai2, was upregulated, but
this time the WT and mutant trajectories were significantly different. None of the other
known target genes of MITF showed differential response. However, this interaction
model is very complex and we realized that it was complicated to infer any hypothesis
about the gene expression and its correlation with the phenotype of the cells.
Moreover, GSEA and GO term analysis did not reveal any gene set enriched,
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confirming the complexity of this analysis. This could also be explained by the low
number of DEGs, despite the fact that we lowered the threshold filters as low as
possible. However, this analysis has a lot of power, due to the three technical replicates
as well as the three biological replicates. Thus, this analysis can be used as a very good
study to discover gain or loss of genes upon the Mitf?*k mutation. We plotted the gene
expression trajectories for four of the most interesting genes, Lgals1, Egfl8, Tm4sf1 and
Naglu, based on their function and the number of TPMs (Figure 33C). Galectin-1,
encoded by Lgals1, has been shown to be important for the regulation of immune
responses in T-cells and to be expressed in cutaneaous malignant melanoma patients.
Interestingly, this gene is downregulated upon inducing the Mitf?4®R mutation, showing
a potential repression of this gene by the Mitf?4® mutant as WT MITF does not change
this gene expression over tfime. Similarly, TM4SF1 (encoded by Tm4sfl) does not
change gene expression in WT MITF but is downregulated upon inducing the Mitf<?4R
mutation. This gene has been shown to be important for cell growth, motility and
metastasis in human lung cancer and is overexpressed in malignant melanomas Again,
downregulation of this gene by the Mitf*?4* mutant could explain the loss of growth for
mutant melanocytes. The N-acetylglucosaminidase, shortened by NAGLU (encoded by

fK243R mutation. This gene has been

Naglu) is also downregulated upon inducing the Mit
characterized by its role in neuronal differentiation from early in development (Petrova
et al., 2023). Lastly, EGFL8 (encoded by Egfl8) was upregulated in our gene
expression data. This gene has been shown to be involved in negative regulation of
Notch signaling (Choi et al., 2012; Subhan et al., 2013). Thus, upregulation of this
gene upon Mitf?*R mutation is coherent with what we observed in our gene expression,
as HesT, a downstream target of Notch signaling, is downregulated (Figure 30C). Our
data thus suggests the Mitf?*R mutation, in cells stimulated by TPA, has a major effect
on genes involved in the regulation of cell cycle as well as on WNT/ 3 -catenin

signaling.

95



Romain Lasseur

>

3.0 ® c
5 « : s !
@ _ 25 00 ‘o A=
§ = o o » 2omn U5 3 i
af20 a5ty Re® s @
= : e 5 5
$ 31.5 s 2 o obunfl ® v &5° e 59
@
20 of S . =) ¥ v @
E =10 ool ‘ ..' ¢ E = L 3
Z ? et : oy g !
0.5 ;
< ., A 1o o < ! Buen 1
00— -2 o 2 3 R -1 0 1 2
Differential response Differential response
Lgalsl X Egfis
30
C 2500 ‘ .
25
g 2000 .‘ £
3 ‘ _* £2
H s 4
i 1500 g
4 151
3 @ 3
1000 i
=) 0@ .
@
500{ + 1 : : ; : . | 1@
0 » 2 » 4 so L 7 [ ) 20 E) ) 50 ) 70
Time [h] Time [h]
Tmasfl = Naglu

@& 0
.\
@ 'y
0 10 20 30 50 60 7 o 10 20 30 0 50 60 70

40
Time [h] Time [h)

Figure 33. Effects of the Miif<?*3R mutation on gene expression. (A) Volcano plot showing the
average expression (Log10 TPM, Y-axis) as a function of differential response (Log2 Fold Change, X-
axis) of the Differentially Expressed Genes upon induction of the Mitf?4R mutation over time.
Upregulated genes are in red, downregulated in blue. Genes with no differential response were
removed for better visualization. (B) Volcano plot showing the average expression of the highest
confidence known target genes of MITF obtained from the DoRothEA database. (C) Expression
trajectory plots over time for the genes LgalsT, Egfl8, Tm4sf1 and Naglu. Black color indicates the WT
MITF 3922 cell line, and the Mitf?4®R mutant lines are shown in yellow (4774), orange (4775) and
purple (4776). Expression values are expresseed in TPM,
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5 Discussion and conclusion

Most of what is known about the role of MITF comes from studying melanoma cell lines.
These studies have revealed that MITF directly binds and activates expression of genes
that are involved in the regulation of cell cycle (Du et al., 2004; Strub et al., 2011),
proliferation (Widlund et al., 2002), (Carreira et al., 2005), differentiation (Cheli et al.,
2010), cell adhesion (Dilshat et al., 2021), invasion (Carreira et al., 2006), senescence
(Giuliano et al., 2010), survival (McGill et al., 2002), DNA-damage repair (Giuliano et
al., 2010; Strub et al., 2011) and migration (Carreira et al., 2006; Cheli et al., 2012;
Dilshat et al., 2021; Falletta et al., 2017; Giuliano et al., 2010). However, less is known
about the role of MITF in these processes during melanocyte development.

In this project, we aimed to answer two questions: First, what is the role of the K243
residue in MITF, and second, what is the role of MITF during melanoblast development.
We have shown that mutating K243 to lysine leads to animals with a coat color of
alternating white spots with black and grey areas, suggesting that this residue plays an
important role, possibly due to acetylation. We characterized the phenotype of the
Mitf243R mutant mice in detail and studied the effects of this mutation on melanoblasts
through different stages of development (E13.5, E14.5 and E15.5). To understand
better the role of this mutation, we generated cell lines from mutant embryos where the
Mitf?4R mutation can be induced and subsequently assessed its effects over time by
looking at proliferation, cell cycle stages and migration. Finally, we performed an RNA
sequencing experiment to understand which genes are involved in the phenotype
changes after induction of the mutation.

5.1 Effects of the Mitf<?43R mutation in vivo

To better understand the role of Mitf in development, we have created a conditional
hypomorphic mouse model, where the Mitf?*® mutation is induced only in
melanocytes, using Cre driven by Tyr promoter. The mice that are constitutively induced
with this mutation displayed a phenotype with coat color alternating between black,
"salt-and-pepper” grey, or white areas. This phenotype thus raised the following
questions: Do the white areas reflect lack of melanocytes or defective pigmentation
process? Are the melanocytes in the "salt-and-pepper” grey areas fewer, or partially
functional? What explains the black areas? Also, what explains the phenotype of
females hemizygous for Tyr::Cre and homozygous for Mitf?4R? |n this chapter, we will
try to answer these questions to explain the phenotype based on the developmental
experiments we performed.
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5.1.1 The Mitf*?4*® mutant phenotype affects melanoblast development

We used the Dct-LacZ marker to track the melanoblasts throughout development in
these mice, and the results showed that fewer melanoblasts develop in the trunk of
E13.5 and E14.5 Mitf<?43R/K243R- Tyr::Cre/Y mutant male embryos than in Mitf*/*; X/Y WT
male embryos. Moreover, at stage E15.5, melanoblasts in the epidermis do not cluster
in the forming hair placodes where they normally gather close to the dermal papilla and
settle to form fully mature melanocytes, like they do in WT embryos. This could be
explained either by the reduced number of melanoblasts which in the end fail to
populate the dermal papilla or by a motility defect of the melanoblasts. Fewer cells are
also consistent with the reduced proliferation we observe in the melanocyts upon
removal of MITF (Figure 13). Even though melanoblasts migrate and proliferate in the
dermis from E10.5, the epidermis is the major region for proliferation of melanoblasts
where already half of the total number of melanoblasts are located by E12.5 (Luciani et
al., 2011). After proliferation and migration in the dermis, melanoblasts need to invade
the epidermis where they will perform most of their proliferation and migration and
eventually populate the dermal papilla. To verify if the Mitf?** mutant melanoblasts
were able to invade the epidermis, we sectioned the LacZ-stained embryos and counted
the number of melanoblasts in both compartments, dermis and epidermis. The sections
of E14.5 embryos revealed that there were fewer melanoblasts in the epidermis of
Mitf24R mutants compared to WT. To invade the epidermis, cells need to go through
an important structure, the basement membrane (BM). This membrane is composed of
thin layers of Extra Cellular Matrix (ECM) proteins such as collagen IV, laminins and
proteoglycans, and separates the dermis from the epidermis. BM has an important role
in protecting the underlying tissues from mechanical stress and microbial invasions. The
main mechanisms that have been suggested for the melanoblasts to invade the BM and
reach the epidermis are that they change their shape and squeeze through the BM
and/or degrade its components locally and temporarily (Luciani et al., 2011).
Interestingly, even though there are fewer melanoblasts developing in E14.5 Mitf<24®
mutants overall (Figure 13B), we counted the repartition of melanoblasts in the dermis
and epidermis and this revealed that, at this stage of development, there are the same
number of melanoblasts in the dermis in WT and mutant embryos (Figure 15B), but
almost none in the epidermis for Mitf?**® mutant while the WT MITF has already more
epidermal than dermal melanoblasts. This suggests that Mitf?4® mutant melanoblasts
struggle to cross the basement membrane to invade the epidermis and although they
are fewer in tofal number, they accumulate in the dermis, thus altering the ratio of
melanoblasts in the dermis vs epidermis. This is the first time that MITF is shown to be
involved in regulating the process of BM invasion during melanoblast development, or
for the motility of the cells towards the epidermis first, and second in the forming hair
follicle. Therefore, we tried to produce the same conditions in vifro to simulate the
epidermal invasion through the BM by performing a Transwell invasion assay. We used
inserts with chemoattractant-supplemented medium in the lower chamber for the cells to
invade Matrigel (@ BM-mimic hydrogel). However, the results displayed in
Supplementary Figure 38 (Appendix A) were not convincing, for two main reasons.
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First, the assay is meant to be performed in a short period of time to reduce the effects
of proliferation. Second, the technical replicates were very different, even when
performed in the exact same way, at the same moment. Our RNA sequencing data
performed on primary melanocyte cell lines did not show any major changes in the
expression of genes obviously involved in invasion in the GSEA analysis. The only gene
that might be involved in such a process is Snai2, a transcription factor involved in the
EMT process. EMT is a process that cells go through to change their epithelial
characteristics into invasive mesenchymal ones. This EMT process is involved in
melanoma tumor progression as well as metastasis formation. During EMT the cell
adhesion molecules such as the calcium-dependent proteins E- (encoded by Cdh7), N-
(encoded by Cdh2) and P-cadherins play important roles. Indeed, from E11.5, dermal
melanoblasts have been shown to be E- and P-cadherin negative, but then within 48h
show a 200-fold increase of E-cadherin expression before their invasion of the
epidermis (Nishimura et al., 1999). Melanoblasts have been shown to be E-cadherin
negative and P-cadherin positive during their localization into the hair follicle.
Interestingly, SNAI2 (also called SLUG or SNAIL2) has been shown to reduce E-
cadherin (encoded by the CdhT gene) expression and increase expression of ZEB1,
another key player in the EMT (Wels et al., 2011). Moreover, Snai2 has been shown to
be upregulated by Mitf (Dilshat et al., 2021; Sanchez-Martin et al., 2003). In our RNA
sequencing data, we show that Snai2 is upregulated in the Mitf?*R mutation (see later
in this discussion).

In most cases, Mitf mutations in mice lead to the absence of melanocytes, thus leading
to a severe coat color phenotype. However, a few Mitf mutations show less severe
phenotypes including Mitf" which shows large black spots in young animals which
subsequently leads to progressive loss of pigmentation. Another example is Mitf"™
which in homozygotes results in white animals with black spots on the head and the
rump (Steingrimsson et al., 2004). Also, some combinations of Mitf alleles lead to
partial phenotype despite a severe phenotype if the alleles are homozygous. For
example, Mitf"*" homozygous animals are completely white with reduced eye size, but
combinations with other Mitf alleles display either less severe coat color phenotype
(diluted or with pigmented spots) or a normal eye size, or both (Steingrimsson et al.,
2003). Interestingly, we generated a mouse model with a mutation (Mitf24) that is
constitutively induced in melanocytes early in development that has a milder phenotype
than most of the previously reported Mitf mutated mice. This novel mouse model
carrying the Mitf?4R mutation is therefore a unique hypomorphic inducible model to
study melanocytes development. This model is quite unique because most Mitf
mutations result in the absence of melanoblasts and thus a completely white coat color,
which has suggested that Mitf is most important TF for melanocyte development. Using
the Tyr::Cre transgene, this conditional mutation is induced after the wild-type Mitf gene
has already been expressed and melanoblast specification has already started.
Therefore, this model allows us to study the effect of the Mitf24R
driven melanoblast specification.

at later stages of MITF-
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5.1.2 Timing of the induction of the Mitf**3® mutation creates the coat

color pattern

The phenotype of Mitf?4®R mutant mice revealed that melanocytes are not completely
absent. Indeed, the black areas found in all mice carrying the Mitf?4® mutation indicate
that these regions contain fully functional melanocytes which can produce melanin in
these areas. This could be explained either by an incomplete recombination by Cre or
because the induction of the Cre recombinase took place after at least some
melanoblasts were established. It could also be that WT MITF is required for the
establishment of the melanoblasts but not later as these cells will inevitably express both
Tyr::Cre and, as a consequence, mutant MITF, but still having enough melanocytes in
the black areas to produce enough melanin and have black hairs. The fact that the first
melanoblasts are located in the head/neck and rump area during development (Baxter
and Pavan, 2003) and that these areas corresponds to where the fully pigmented areas

243R animals suggests that the second option is more likely (Figure

are located in the Mit
12B). The grey areas suggest that these areas either contain fewer or malfunctioning
melanocytes. Analysis of the pigment in the hair showed areas with alternating white
and grey hairs (Figure 12C-E) suggesting that some hair follicles had either completely
dysfunctional melanocytes or none whereas other follicles had some or partly functional
melanocytes. Each of the mice also had completely white areas either lacking
melanocytes or containing dysfunctional cells. The hairs in these areas had no pigment.
Tracking melanoblasts during the development revealed that there are fewer
melanoblasts in the M2k mutants and that they do not cluster in the forming hair
follicles. It is most likely that in the white areas, no melanoblasts, and thus later no
melanocytes, have developed. Interestingly, in "salt-and-pepper” grey areas, there
might be few melanoblasts that have developed and clustered in the forming hair
follicle and these few would be able to produce enough melanin for some hairs to be
gray. This also could be explained by a failure of melanoblasts to cluster in the hair
follicle, as suggested by the lack of melanoblasts gathering in the forming whisker hair
follicle of the Mitf?4® mutants (Figure 14A). Moreover, the "salt-and-pepper” means that
a few white hairs are located in this area, suggesting that melanoblasts may not be
equally spread. Therefore, our hypothesis is that only very few melanoblasts are located
in the epidermis of Mitf?#R mutants, where they are supposed to primarily locate
around E14.5. Thus, the few melanoblasts in the epidermis are only present in some
hair follicles and are not sufficient in number to produce adequate melanin in the hair
resulting in grey hair.
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Mintz et al., (1967) used allophenic mice, which correspond to animals that have two or
more allelic pigmentation phenotypes and studied the so called "mosaic” pattern that
these mice display. The mice had a striped pattern, with alternative transverse bands

Figure 34. Model illustrating the timeline of establishment of melanocytes in WT MITF
and Mitf<?4*R mutant mice.

throughout the length of their body, and a clear mid-dorsal separation. From head to
tail, they were able to count 17 successive bands. From these results, they theorized
that melanocytes were clonally derived from 34 melanoblasts -17 on each side of the
body. These melanocytes then proliferated and migrated along a lateral pathway (Mintz,
1967). However, this theory has been revised later with instead 34 progenitors per side
as a correction for random clumping (West, 1975; Wolpert and Gingell, 1970).
Moreover, there have been other studies showing that NCC differentiation into the
melanocytic lineage happens earlier in the head than in the trunk and is more complex
(Huszar et al., 1991). More recently, Wilkie et al. (2002) have revised Miniz's theory,
again using mosaic and chimeric mice. They conclude that here is a larger pool of
melanoblast progenitors and that there is a pool of melanoblasts in the cervical region.
Moreover, they confirmed that melanoblasts in head and trunk regions disperse earlier
than in the trunk. Finally, they conclude that many more progenitors are responsible for
populating the head while only a few populate the trunk.

In our mouse model, the Tyrosinase promoter drives Cre expression. It is known that
Mitf itself is a key regulator of Tyrosinase expression which may complicate our analysis.
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A possibility that we cannot exclude is that there is incomplete recombination by the
Cre-LoxP system in melanoblasts during development. Indeed, incomplete excision can
lead to different kinds of phenotypes such as mosaicism. This can be caused by either
cells that fail to express Cre or if Cre is expressed but fails in recombining the LoxP
sites. However, it is unlikely that this phenomenon happens in our case as the
mosaicism seems to follow a set of rules that are consistent with the temporal
development of melanocytes (grey and black head or rump, "salt and pepper” grey
and white trunk, white spot on the forehead) and does not seem to be completely
random.

To summarize this first part of the thesis, we suggest as explanation for the phenotype
of the Mitf?**® mutant mice two main points, shown in Figure 34. The first is that the
timing of the induction of the Mitf?4*R mutation takes place after Mitf is activated during
development, which most likely explains the black spots on the rump and the back,
meaning that Mitf?4R activation is delayed after melanoblasts specification. The second
main point we suggest is that the Mitf?4® mutation considerably reduces the number of
melanoblasts developing, causing the lack of pigmentation. Finally, our results show
that melanoblasts struggle to cross the basement membrane as they normally require,
and this would suggest for the first time a new role for MITF in allowing melanoblasts to
invade the epidermis to reach their final location in the hair follicle.

5.2 Effects of the Mitf<?43R mutation in vitro

5.2.1 The Mitf?**® mutation has a strong effect on the phenotype of the

MitF?43R mutant cells

To investigate the effects of the Mitf?*® mutation in vitro, we generated primary
melanocyte cell lines where we can induce the Mitf?*R mutation at will and study its
effects over time. Growth assay revealed that 48h after induction, treating the Mitf<?43R
mutant cells with 4-OHT stopped growth (Figure 19) and FACS analysis showed that the
cells are stuck in Gl-phase (Figure 21B) and have less cells going through S-phase
(Figure 21C). In addition, the cells have increased apoptosis (Figure 22) and slightly
changed morphology (Figure 23). However, we observed that in all the phenotypic
assays we performed the 4776 cell line behaved slightly different from the 4774 and
4775 cells. Indeed, the 4776 cell line has a growth curve that is flat whereas the 4774
and 4775 growth curves suggest cell death. Line 4776 has less cells in the Sub-G1 peak
and has an apoptotic index that was 1/4 and 1/2 smaller than that of 4774 and 4775,
respectively. In addition, this cell line does not show a significant change in
morphology whereas the 4774 and 4775 do. Importantly, RNA sequencing analysis
(Figure 25B) also revealed that the 4776 had more mutant transcripts (94%) than the
4774 (68%) and 4775 (70%) lines after 72h of treatment. We suspect that most likely a
difference in the Cre-mediated induction of the Mitf?4® mutation would explain the
difference between the 4774 and 4775 cells on the one hand from 4776 on the other
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hand Thus, this emphasized that the biological replicates (4774, 4775 and 4776) of the
Mitf24Rinducible cell lines still have differences, thus warranting separate studies of the
RNA sequencing data.

In vivo, melanoblasts induced to express the Mitf?4® mutation do not seem to be able to
reach distant positions such as the ventral part of the embryo from their initial
development in the dorsal part. They might be slower to migrate and thus reach distal
parts of the embryos later than WT MITF, or not at all, and in lower numbers. Thus, we
performed a single-cell migration assay to study if the cells would also have slower
migration in vitro. The assay showed no changes in migration for neither WT MITF nor
the Mitf24*R mutated cell, regardless of induction by 4-OHT, suggesting that the Mitf<243®
mutation does not have any effect on migration of melanoblasts. However, we did
observe reduced invasion of the melanoblasts into the epidermis in Mitf?*® mutant
embryos at E14.5. This result might be of crucial importance, suggesting that MITF is
essential for melanoblasts gefting through the basement membrane to enter the
epidermis. The basement membrane separates the dermis from the epidermis and
melanoblasts need to actively go through this membrane to reach the hair follicle.
These would need to be confirmed with later stages embryos from E15.5 and sectioned
to get the ratio of dermal/epidermal melanoblasts in order to confirm these results. The
basement membrane is rich in many components such as collagens, laminins and
proteoglycans and plays an important role to protect the underlying tissues. Therefore,
cells have to develop mechanisms to go through the basement membrane and, often,
this involves degrading the BM with the help of matrix metalloproteases for example.
However, unlike melanoma cells that use invadopodia to invade the basement
membrane to go to the dermis from the epidermis and creates metastases (Li et al.,
2010), it seems that melanoblasts do not degrade the BM at E13.5, but rather go
through a more permissive BM at this stage of development, similarly to lymphatic
endothelial BM and dendritic cells (Pflicke and Sixt, 2009). This also suggests that the
mechanisms involved in melanoblasts invasion of the epidermis are different from the
ones involved in melanoma cells invasiveness. This is the first time that Mitf has been
implicated in this process. As previously explained, using a Transwell invasion assay
was not successful in showing effects on migration in vitro. Further investigation using a
different set-up for the Transwell invasion assay or using a different set of experiments is
necessary fo answer the important question of the role of MITF in the invasion of the
epidermis during development. There are a lot fewer melanoblasts that have the ability
to cross the BM in the Mitf?*® mutant and that the melanoblasts do not gather in the
hair placodes as we observed in the Mitf?4® mutant embryos at E15.5 (Figure 13C) and
in the whiskers (14A). This could explain that the few melanoblasts that have made it
through the BM will not be enough to deliver sufficient melanin for full hair coloration,
either in the whiskers or in the "salt-and-pepper” grey areas.
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5.2.2 The Mitf*43R mutation affects gene expression

Finally, we performed an RNA sequencing experiment to study the gene expression
changes upon the induction of the Mitf?*®R mutation. Surprisingly, the PCA revealed
that the 4-OHT treatment has a large impact on gene expression (Figure 24A). We did
not expect this based on our phenotypic assays, as the WT cell lines did not show
differences in any of the phenotypes we assayed upon treatment with 4-OHT. Indeed,
the largest variability observed on the PCA plot is due to the 4-OHT treatment.
However, the second largest variability is mostly observed in the Mitf?**®R mutant cell
lines, and very little in the WT, strongly suggesting that this is due to the mutation. This
effect of 4-OHT needs to be considered during our analysis. We were able to get rid of
the DEGs that are due to the 4-OHT treatment by excluding all the genes that were
similarly affected upon treatment of both WT and Mitf?**k mutants. At the same time, we
kept the genes that were differently affected upon 4-OHT treatment in WT and Mitf24R
mutants: the genes that were differentially expressed in mutants but not in WT, and vice
versa. Even though this way to analyze the data is not perfect, as bias may be
introduced by removing some of the genes that might actually be differentially
expressed by the mutation, we are confident with the DEGs we found. They were
found in the three biological replicates giving significant power to the analysis.
However, knowing that the 4-OHT treatment has such an impact on gene expression we
would in the future include more than one WT cell line as a control as we cannot
exclude the possibility that the cell line used here acts strangely for some reason.

Interestingly, we found in our RNAseq data that the Mitf-A isoform was dysregulated
over time after the induction of the Mitf?4®R mutation. This suggests that the Mitf<24R
mutation has a regulatory effect on the MITF-A isoform, either through directly affecting
transcription of the A isoform or indirectly through other factors. As the different
isoforms use different promoters, this suggests that the Mitf?**k mutation is important to
bind to the promoter for the transcription of the Mit-A isoform, but not for the Mitt-M

243R

isoform. However, the Mit mutation seems not to influence the regulation of the

MITF-F isoform.

The analysis revealed that the Mit*?4® mutation has an effect on target genes that do not
show differential expression over time in WT MITF but are different upon inducing the
Mitf24R mutation. The data revealed a few genes that are differentially affected in
Mitf24R mutant cell lines compared to WT MITF. Some genes were overexpressed upon
induction of the Mitf?**R mutation including Snai2, Fzd7, Frzb, Fgfr3, Bmp4 and Cd274
(coding for PD-L1), while they were not changed in the WT MITF cell line. Other genes
such as HesT and Tgfb1 (coding for TGF- ) were increased upon 4-OHT treatment of
the WT MITF cell line but were reduced upon treatment of the Mitf?4R mutant cells.
Interestingly, most of these genes are involved in WNT and Notch signaling pathways,
two signaling pathways crucial for melanoblasts and melanocytes at various steps in
their development. As a result, this suggests that MITF is necessary to maintain the WNT
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signaling pathway when the cells are stimulated by TPA. The WNT signaling pathway is
evolutionary conserved and is not specific for the melanocytic lineage, but necessary
for embryonic development, as it regulates many important processes such as cell
proliferation and migration as well as body axing and establishment of pre-migratory
NCC. In the case of the melanocytic lineage, this pathway is also important, as mice
that are deficient for this pathway show abnormal pigmentation. Moreover, [ -catenin,
one of the key components of the WNT signaling, has been shown to control MITF
expression and function (Schepsky et al., 2006). . Alterations of [ -catenin lead to
reduced numbers of melanoblast development in vivo (Luciani et al., 2011), and
interestingly, overexpression of [ -catenin also reduces the number of melanoblasts
(Delmas et al., 2007), suggesting the dose-dependent role of this pathway.
Interestingly, in melanoma, WNT signaling has been shown to be a better prognosis
marker, with reduced proliferation and invasiveness of the tumors (Chien et al., 2009;
Katkat et al., 2023; Uka et al., 2020). In WNT signaling, WNT proteins bind to their
receptors called frizzled, like FZD7, and induce a cascade of activation in the cell
resulting in the expression of [-catenin which will itself induce the expression of many
genes such as Mitf or Cendl. FZD7 has been recently shown to be important for the
development of carcinogenesis including in melanoma (Larasati et al., 2022; Tiwary
and Xu, 2016). Similarly, upregulation of the Fgfr3 gene, one of the four FGF
receptors, has been linked to melanoma growth and malignancy (Li et al., 2019),
suggesting a potential role in melanocyte development. FRZB is a secreted protein that
competes with frizzled receptors for WNT binding and has been shown to promote
glial and neuronal lineage during development and not the melanocytic lineage (Jin et
al., 2001). Similarly, BMP4, a protein involved in BMP signaling, also favors the
glial/neuronal lineage (Jin et al., 2001). These two upregulated genes are thus involved
in signaling pathways which aim to favor the development of glial cells and neurons
instead of melanocytes, and thus might also explain the lack of melanocytes developing
in the Mitf?*® mutants. The Notch signaling pathway also seems to be induced upon
the Mitf?4R mutation. This pathway has been shown to be important for the initiation
and delamination of NCCs (Hari et al., 2002) and in the survival of melanoblasts and
melanocyte stem cells (Moriyama et al., 2006). The Hesl and Tgfbl genes are
downregulated upon the Mitf?4® mutation. HES1 (Hairy/Enhancer of Split 1), a bHLH
transcription factor, is one of the main downstream target of this pathway and has been
shown to promote maintenance of stem-cells and melanoblasts by inhibiting apoptosis
(Aubin-Houzelstein et al., 2008; Kageyama et al., 2000). Moriyama et al. (2002) have
rescued severe pigmentation defects in mice by ablating Notch signaling by
overexpressing HES1. This suggests the important role of this gene in the melanocytic
lineage and its potential regulation by MITF. Moreover, HES1 has been shown to
synergically function with TGF-§ signaling, a signaling pathway that was reported as
important for NCC development (Delannet and Duband, 1992). Finally, MITF has been
shown to be important for melanocyte survival through its effects on BCL2 (McGill et
al., 2002) and the Melanoma Inhibitor of Apoptosis (ML-IAP) (Dynek et al., 2008).
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Neither of these two proposed MITF targets were observed to be differentially
expressed in our RNA sequencing analysis. However, HesT expression, downstream of
Tgfb1, has been associated with inhibition of apoptosis so the downregulation of HesT
and Tgfbl expression that we observed in Mitf¥?4® mutant cells can explain the
increased apoptosis (Figure 22).

The expression of the Snai2 and Cd274 genes was increased in the Mitf?*R mutants
compared to WT MITF. SNAI2 is a protein that has been shown to be involved in the
EMT process of the NCCs, but also in the maintenance of MSCs in the hair follicle
(Pérez-Losada et al., 2002). SNAI2 is necessary for the establishment of NCCs, and has
been shown to be important for the migration and survival of melanoblasts (Sénchez-
Martin et al., 2003). Interestingly, upregulation of Snai2 would be expected to increase
the ability of melanoblasts to traverse the BM which is opposite to what we observed.
SNAI2 has been implicated in EMT (Dilshat et al., 2021) and might be expected to lead
to the ability to traverse the BM. Perhaps SNAI2 is not sufficient for this to take place or
perhaps our cell lines do not properly replicate the true nature of melanoblasts.
Alternatively, as a E-cadherin repressor, increase in SNAI2 could explain why invasion
of the epidermis by the melanoblasts is not possible, as increase in E-cadherin seems to
be important for the EMT switch as previously shown by Nishimura in 1999. The Cd274
gene (coding for PD-L1, an immune checkpoint inhibitor) has been shown to be
implicated in immune invasion of melanoma (Juneja et al., 2017). What exact role it has
in melanocytes is not clear at this point. However, a study has shown that MITF acts in
favor of immunosurveillance, thus against the development of melanoma, by repressing
the expression of PD-L1 (Ballotti et al., 2020). Moreover, in addition to its well-known
role as a checkpoint inhibitor, PD-L1 has been shown to be a marker for GO-quiescent
cell-state (Palmer et al., 2022), thus suggesting an anti-proliferative effect after its
activation by the MITFK?4R mutant protein.

TPA is thought to stimulate the Mitogen-Activated Protein (MAP) kinase by mimicking
Diacylglycerol (DAG), activating RAF through the Protein Kinase C (PKC). RAF then
activates the MAPK, an important pathway in eukaryotes which regulates many
processes including proliferation, differentiation, death and migration (Wilkinson and
Millar, 2000). The cultured melanocytes stopped growing upon removal of TPA from
the culture medium after 72h (Figure 19A). This could be explained by the fact that
TPA-induced changes in the cells persist longer, even after TPA-removal, as Krasagakis
et al. (1993) showed to be the case for human melanocytes. Primary mouse
melanocytes cell lines like we have generated were shown to be dendritic (Bennett et
al., 1987; Krasagakis et al., 1993) in presence of TPA like we observed in Figure 23A
by immunostaining of the cytoskeleton.

We thus studied the RNA sequencing data in a different way, by analyzing the genes

243R

whose expression was differentially affected in WT MITF but not in the Mit mutant.

By analyzing the RNA sequencing data this way, we revealed genes that are
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differentially expressed in the WT over time, but that are not in the case of Mitf?4R
mutant, suggesting the loss of regulation of these genes with the mutation upon
stimulation of growth by TPA. That is the case of Cyclin-D1 (Cend1), which has been
shown to be crucial for cell cycle progression, specifically for the progression from the
G1 phase to the S-phase of replication (Fu et al., 2004). Studies performed in
melanoma cells have shown that the MITF-M isoform is important and crucial for cell
cycle progression as its inhibition leads to cell cycle arrest in GO/1 phase (Giuliano et
al., 2010; Koh et al., 1995). The flow cytometry data showed that in melanocytes MITF
is essential for proliferation in vitro. Indeed, the three Mitf?4*® mutant cell lines showed
a severely reduced number of cells in S-phase, and a blockade in G1 phase for the two
mutant cell lines 4774 and 4775. A study revealed that MITF indirectly activates Cend1
transcription (Pan et al., 2015) through TBX2 from the T-box TF family (Carreira et al.,
2000). Our RNAseq data suggests the same mechanism happens in WT MITF cells with
MITF stimulation resulting in the upregulated transcription of Cend1. However, we did
not see any changes in expression of TBX2, meaning that the regulation of Ccnd7 by
MITF is rather direct as suggested by Carreira et al. (2006), in cooperation with Rb/1. In
contrast, cells with the Mitf?**R mutation did not activate the transcription of Cend],
despite stimulation by TPA.

Despite its importance in cell cycle, Cendl is not the only cell cycle gene that is
upregulated in WT MITF cell line but not in Mitff24® mutant cells. In fact, Cdknla (p21),
Cdkn2a (coding for both p16 and p14), Ccnb1 (Cyclin-B1), Ccna2 (Cyclin-A2), Ccnel
(Cyclin-E1), E2f1 (E2F transcription factor 1), Rb/1 (Retinoblastoma-like protein 1) and
Trp53 (p53) show increased expression in wild type but not in the mutant. This finding
is crucial as depletion of MITF in melanoma cell lines has similarly been shown to lead
to cell cycle arrest (Carreira et al., 2005; Carreira et al., 2006; Giuliano et al., 2010;
Strub et al., 2011; Wellbrock and Marais, 2005). Therefore, the Mitf?**k mutation
seems to act as a knockdown for the cell cycle progression genes. The Cyclin-
Dependent Kinases 2 (CDK2) and 4 (CDK4) did not show differential expression
between WT MITF and the Mitf?4® mutant cell lines, which is in contrast to the previous
literature (Du et al., 2004; Loercher et al., 2005) where MITF has been shown to be
important for maintaining CDK2 at the transcriptional level. This suggests that the
Mitf243R mutation is not important for regulating CDK2 transcription in melanocytes. As
a conclusion, the results suggest that TPA induces growth by activatingMITF through the
MAPK pathway and that the Mitf?4® mutation leads to the removal of MITF regulation of
cell cycle progression genes. The downregulation of anti-apoptotic genes might explain
the induction of apoptosis due to the Mitf?“*®R mutation. The phenotypic assays
confirmed that the Mitf?*® mutant cells could not grow as they are stuck in the G1 or
GO and S-phase of the cell cycle, but also die by getting in apoptosis.

These results are coherent and might explain why there are less melanoblasts
developing in the embryos, regardless of the timing of the induction of the mutation.
Together, these results have revealed that Lys243 of MITF plays an important role in
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gene regulation and mutation of this amino-acid into a non-acetylatable residue affects
its regulation of important genes including genes involved in WNT/ S -catenin signaling
as well as genes involved in cell cycle regulation. Louphrasitthiphol et al. (2023) have
shown that the Mitf?*R mutation increases DNA-binding to low-affinity binding sites.
They also suggest that this increased binding for low-affinity binding sites would
therefore reduce the concentration of MITF that will bind to its target genes. Our RNA
sequencing results seem to be consistent with that. Indeed, first, we observed new
DEGs upon Mitf?4R mutation. Second, there is a loss of regulation of WT MITF target

243k mutation in the cells. This work is therefore

genes after induction of the Mit
bringing new insights into the role of MITF during melanocyte development and the

timing of induction of crucial genes necessary for this.

To summarize, we generated an in vifro model where we can induce the Mitf?4R
mutation in primary mouse melanocytes and observe its effects over time. With this
model, we can at least partially explain some of the phenotype features we observed in
vitro and link them to the genes that are differentially expressed after activation of the
Mitf243R mutation.

Despite the new insights we found for the role of MITF during melanocyte development
with our in vivo and in vitro experiments, there are still many questions remaining to
answer. It would be interesting to confirm that Mitf?*® mutant melanoblasts do not
invade the epidermis as WT MITF do. This could be done by sectioning /-
galactosidase stained embryos at later stages from E15.5 and compare the number of
epidermal and dermal melanoblasts at this stages. Also, we came with an innovative
way to induce the Mitf?4R in vitro by using the Mitf?4R; Tyr::CreERT?mouse model and
generating the inducible melanocytes out of these animals. However, as the 4-OHT
treatment induced the biggest variation of gene expression in the case of the RNA
sequencing, maybe using a different approach of induction of the mutation could be
interesting in order to confirm our RNA sequencing results. We could for example
generate a cell model with low MITF expression, induce the Mitf®** mutant and
observe the effects of the mutation. These experiments would be of a particular interest
to characterize even more the role of the Mitf?**®R mutation and therefore of MITF in
general in melanocyte development, and also about the target genes involved during
the establishment of the pigment-producing cells.
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Appendix A
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Figure 35. Montage of Mitf<?43k phenotype and WT MITF mice. Pictures of mice with the different possible
genotypes for the Mitf?**R and Tyr::Cre transgenes. (A) Males are displayed on the left panel with WT MITF (either
Mitf7*; X/Y or Mitfk24R/K243R. X 1Y) or Mitf?4R mutant (Mitf<243Rk243R- Tyr::Cre/Y). (B) Females are displayed on the
right panel with WT MITF (Mitf+*; X/X), mild intermediate phenotype of hemizygous (Mitf<?43R/k243R. Tyr::Cre/X)
and full Mitf®4® mutant phenotype (Mitfk243R/K243R; Tyr::Cre/Tyr::Cre).
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A Tyr::CreERT2/0 (Male) X Mitf<243/+; Tyr::Cre/0 (Female)
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Figure 36. Genotyping strategy to separate Tyr::CreER™ positive mice from Tyr::Cre. (A)
Agarose gel with amplicons produced from PCR with Tyr::Cre (top gel, band at 473 bp) or
Tyr::CreER™ (bottom gel, band at 411 bp) primers as previously described respectively in Figures
4C and 8B. PCR genotyping was done on DNA extracted from resulting pups of the breeding
shown in Figure 9C, between a WT Mitf male with the Tyr::CreER™ driver and a MitfK243R/+ ;
Tyr::Cre/0; Dct::LacZ female. To simplify, only the Tyr::Cre and Tyr::CreER™ transgenes are
shown. The first lane on the left is the ladder for the size of the amplicons. (B) Punnett square
showing both theoretical and observed ratios of Tyr::Cre positive and negative mice. The number
of mice used to compute this ratio is n=46. (C) Punnett square of both theoretical and observed
ratios of positive and negative Tyr::CreER™ mice. The number of mice used to compute this ratio
is n=46. (D) Agarose gel of Tyr::Cre PCR that were also treated with the restriction enzyme Pst1.
This gel shows the three possible outcomes which are Tyr::Cre (381 bp) or Tyr::CreER™ (459 bp)
alone, or both of them (one band at 381 and one at 459).

132



19 4774
Mitf WT; TyrCreERT/0 Mitf*24%; TyrCreERT/O Mitf?4%; TyrCreERT/O Mitf?4%; TyrCreERT/O

Polynuclear cells
G2M

S-phase

G1

Cells in cell cycle stage (%)

s m @ & @m o2 o @ e B
Cells in cell cycle stage (%)

R EREENREERE
Cells in cell cycle stage (%)

[ EEREERERE
Cells in cell cycle stage (%)

2885882333838

& & & e & & &
& W & X & X f‘) S
* Ns Ns Ns
0.04 0.1 072 0.45
Ei1 *k hkdk Hekkk
4774 <0.0001 0.001 <0.0001 <0.0001
- - Ns .
4715 <0.0001 0.001 0.63 <0.0001
*xk ek *hkdk NS
4776 0.0008 <0.0001 <0.0001 0.59

Figure 37. Non-dying cells do not cycle normally. (A) Stacked charts of non-dying cells (cells
from sub-G1 peak removed) in percentages for the WT MITF 3922 and the Mitf®*® mutant cells
4774, 4775 and 4776. (B) Statistical significance for the difference of percentage of cells for
each cell cycle phase treated with either methanol or 4-OHT in each cell line. Test performed is
two-way ANOVA (P value < 0.0001), and multiple comparisons test is the Sidak's Multiple
comparisons test with the values displayed in the table.
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Figure 38. Transwell invasion assay. (A) Representative pictures of the cells that have invade through the Matrigel and
stained with crystal violet, either treated with methanol (control) or 4-OHT on WT MITF cells (3922) or Mitf?4® inducible
cell lines (4774, 4775 and 4776). Pictures were taken on the EVOS imaging system after 48h of treatment and
subsequent stainign steps. Scale bar represents 100 um. (B) Barplot displaying the quantification of the number of

stained cells that have invade the Matrigel.
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Figure 39. Quality control for the RNA sequencing. (A) Library size for each cell line after
OH (no treatment), 48H or 72h (4-OHT treatment). Raw-reads numbers are displayed in millions.
(B) Numbers of reads after cleaning with Trimmomatic. All the raw-reads were 99.97% clean,
with the remaining 0.03% removed. (C) Gene expression distribution before analysis. The

expression for each sample is expressed in Log2(FPKM+1).
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