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ÁGRIP 

 
Mitf (microphthalmia-associated transcription factor) genið er vel varðveitt 

og er tjáning þess nauðsynleg fyrir þroskun litfrumna og einnig er það 

mikilvægt fyrir myndun sortuæxla.  Mitf stökkbreyttar mýs skortir litfrumur í 

húð, hári og augum; þær eru blindar, með pínulítil augu (microphthalmia) og 

heyrnarlausar.  Samkvæmt Allen Brain Atlas gagnagrunninum er Mitf tjáð í 

lyktarklumbu músa, en lyktarklumban er sá hluti heilans sem tekur á móti 

lyktarskilaboðum frá nefinu.  Ekkert er vitað um hlutverk MITF í 

miðtaugakerfinu.   

 Fyrra markmið þessa verkefnis var að staðfesta Mitf tjáningu í 

lyktarklumbu músa.  Það var gert með RT-PCR og magnbundnum PCR 

mælingum.  Seinna markmiðið var að ákvarða hvaða gen MITF hefur áhrif á 

í lyktarklumbunni og komast þannig nær því að ákvarða hlutverk þess í 

lyktarskyni.  Annars vegar voru þekkt MITF markgen úr öðrum 

frumugerðum skoðuð og hins vegar framkvæmd genatjáningargreining á 

örflögu.  Ekki reyndust nein af þeim þekktu markgenum sem valin voru vera 

markgen fyrir MITF í lyktarklumbu músa, nema hugsanlega Cma1.  Úr 

örflögugreiningunni kom genið Sgcg helst til greina sem MITF markgen.  

Niðurstöður úr luciferasa prófi á stýrilsvæði Sgcg í HEK 293T frumum 

benda til þess að MITF virkji ekki tjáningu frá stýrilsvæði mSgcg.  Hlutverk 

MITF í lyktarskyni var athugað með einföldum lyktarprófum.  Niðurstöður 

þeirra sýndu að Mitfmi-vga9 arfhreinu mýsnar hafa ekki misst lyktarskynið, en 

mýs með minna MITF magn (Mitfmi-vga9 arfblendnar og arfhreinar mýs) 

virðast þó mögulega hafa minna þefskyn heldur en villigerðarmýs.   
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ABSTRACT 

 
The Mitf (microphthalmia-associated transcription factor) gene is very well 

conserved and its expression is crucial for the development of both types of 

pigment cells and it is important for the development of melanoma skin 

cancer.  Loss of function mutations in this gene cause loss of pigmentation in 

skin, hair and eyes, microphthalmia, blindness, and deafness.  According to 

the Allen Brain Atlas database, Mitf is expressed in the mouse olfactory bulb 

(OB), the part of the brain that recieves olfactory information from sensory 

neurons in the nose.  Nothing is yet known about the function of MITF in the 

CNS.   

The first aim of this project was to confirm Mitf expression in the 

mouse OB.  This was done using RT-PCR and real time PCR.  The second 

aim was to determine which genes MITF affects in the OB and thereby 

getting a better understanding of its function in olfaction.  This was assessed 

by using both candidate gene approach and a microarray gene expression 

analysis.  None of the genes selected through the candidate gene approach 

however appear to be MITF target genes in the mouse OB, except possibly 

Cma1.  From the microarray analysis data one gene, Sgcg, is the most 

promising MITF target gene candidate.  Co-transfection assay results for 

Sgcg promoter in HEK 293T cells suggest that MITF does not activate 

expression from the mSgcg promoter.  MITF function in olfaction was tested 

with simple olfactory tests.  The results showed that Mitfmi-vga9 homozygous 

mice have not lost their ability to smell, although their olfactory capabilities 

are perhaps not as good as that of Mitfmi-vga9 heterozygous and wt mice. 
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I.  INTRODUCTION 

1.1  Microphthalmia-associated transcription factor (MITF) 

1.1.1  MITF 

The microphthalmia-associated transcription factor (MITF) and its gene 

locus have been widely studied.  The Mitf gene is very well conserved and 

its expression is pivotal for the development of pigment cells of different 

origin; the neural crest-derived melanocytes and the neuroepithelial-derived 

retinal pigment epithelial (RPE) cells (Steingrímsson, 2008).  It has 

furthermore proven to be a key regulator in melanocytes.  Additionally it is 

known to have a function in both osteoclasts and mast cells (Steingrímsson, 

2008).   

The microphthalmia-associated transcription factor is a basic helix-

loop-helix leucine zipper (bHLH-Zip) transcription factor (Figure 1) from 

the Myc supergene family and binds to its target DNA as a homo- or 

heterodimer with one of its closely related proteins TFEB, TFE3, or TFEC 

(Hemesath et al., 1994; Steingrímsson et al., 2004).  These four proteins 

together comprise a subfamily of bHLH-Zip transcription factors, sometimes 

called the MiT family (Hemesath et al., 1994; Moore, 1995).   

bHLH-Zip transcription factors consist of three conserved motifs: a 

short basic region (approximately 20 amino acids), the HLH motif and the 

Zip motif.  The basic region recognizes a DNA consensus sequence, and the 

HLH and Zip motifs mediate protein dimerization prior to DNA binding.  

Sequences specific to individual members of the bHLH-Zip family reside in 

other parts of the proteins (Hemesath et al., 1994; Moore, 1995).  Most b-

HLH-Zip proteins recognize the CACGTG or the related CATGTG E-box 

sequence (Hemesath et al., 1994).   
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Figure 1.  The MITF protein/transcription factor.  The conserved basic, helix-
loop-helix, and leucine zipper regions are shown and a differential 18 bp region of 
mouse MITF.  The box that contains a question mark marks a possible transcription 
activation sequence.  Both human (WSII) and mouse mutations are shown.  Δ stands 
for deletion (Moore, 1995).   
 

1.1.2  The discovery of Mitf 

The first mouse Mitf mutation characterized was microphthalmia (mi), a 

prominent heritable developmental disorder in mice.  It was first discovered 

and described almost 70 years ago by Paula Hertwig as a white mouse 

among progeny of mice treated with X-rays (Hertwig, 1942, cited by 

Hemesath et al., 1994 and reviewed in Steingrímsson et al., 2004).  These 

mice had white coat and small eyes (Gk, mikros + ophthalmos, small eye), 

and further investigations by Hertwig and others revealed that Mitf mutations 

affect the development of both types of pigment cells (melanocytes and RPE 

cells), osteoclasts, and mast cells (reviewed in Moore, 1995 and 

Steingrímsson et al., 2004).  Moreover, Roundy et al. (1999) and 

Stechschulte et al. (1987) showed reduction in number of NK (natural killer) 

cells, basophils, macrophages, and B cells in Mitf mutant mice (reviewed in 

Steingrímsson et al., 2004).   
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 The gene responsible for this phenotype remained unknown until in 

1993, when two separate groups cloned a gene encoding a bHLH-Zip 

transcription factor from mice with transgene insertions in the 

microphthalmia locus (Hemesath et al., 1994; Hodgkinson et al., 1993; 

Hughes et al., 1993).  The sequence of this gene showed highest degree of 

homology to Tfe3 and TfeB, genes known to bind E-boxes (Hodgkinson et 

al., 1993; Hughes et al., 1993).  The fourth gene in the MiT family, TfeC, 

was also identified in 1993 and shown to be closely related to Tfe3 and TfeB, 

and thus Mitf as well (Zhao et al., 1993).  These four proteins all share an 

identical basic region and their HLH and Zip regions are very similar 

(Steingrímsson et al., 2004).  They can each form heterodimers with each 

other (as well as homodimers) prior to binding the consensus DNA hexamer 

core sequences CATGTG and CACGTG in vitro (Hemesath et al., 1994).   

 

1.1.3  Mitf conservation 

Mitf has been shown to be conserved in all hitherto investigated vertebrate 

species.  These include mouse (Hodgkinson et al., 1993), rat (Opdecamp et 

al., 1998), hamster (Hodgkinson et al., 1998), human, quail, and chicken 

(reviewed in Tachibana, 2000 and Steingrímsson et al., 2004).  Mitf or Mitf-

like genes have also been discovered in the ascidian Halocynthia roretzi 

(Yajima et al., 2003), Caenorhabditis elegans (Rehli et al., 1999) and 

Drosophila melanogaster (Hallsson et al., 2004).  Two copies of the Mitf 

gene exist in a few fish species such as zebrafish (Danio rerio), Xiphophorus 

(platyfish (or platies) and swordtails), and the pufferfishes Fugu rubripes 

and Tetraodon nigroviridis (Lister et al., 2001), which is concordant with a 

known teleost lineage specific genome duplication event (Amores et al., 

1998; Cresko et al., 2003; Robinson-Rechavi et al., 2004).  The basic 
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domain is most highly conserved in all species and the HLH domain is also 

well conserved (Hallsson et al., 2007; Steingrímsson et al., 2004).   

 Mitf mutations have also been reported for many of these species (at 

least rat (mib, microphthalmia-blanc) (Opdecamp et al., 1998), hamster, 

quail, human and zebrafish (nacre) (Lister et al., 1999)), and their 

phenotypes suggest that the conservation is not only in gene structure but 

also in gene function (Hallsson et al., 2007; Steingrímsson et al., 2004).  

These mutations affect development of neural crest-derived pigment cells, as 

they do in mice.  However only the mutations in rat, hamster and quail affect 

eye development and they affect osteoclasts only in rat and quail (reviewed 

in Steingrímsson et al., 2004).   

 

1.1.4  Isoforms 

The mouse and human Mitf genes have very similar exon/intron structure 

and both have nine different promoters that each link to a different first 

exon.  Six of the promoters connect to coding exons and three to non-coding 

exons (Hallsson et al., 2000; Hallsson et al., 2007; Steingrímsson et al., 

2004).  In general, the use of alternative promoters creates transcript 

diversity and thus leads to phenotypic diversity of the organism (Bharti et 

al., 2008).  Mitf contributes to this by using different promoters and first 

exons to generate transcripts that differ only in the 5’region (Figure 2). 

Bharti et al. (2008) showed that regulation of Mitf expression during 

development of the mouse eye is isoform-selective.  They also showed that 

the A- and J-MITF isoforms are very important for eye development in mice 

(Bharti et al., 2008).  It was previously known that M-MITF is the 

melanocyte-specific MITF isoform and that it is also expressed in melanoma 

cells (Steingrímsson 2008; Wang et al., 2010), and that H-MITF is expressed 

in the mouse heart (Hodgkinson et al., 1993). 
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Very little however, is yet known about the role or the tissue-

specific functions of the different MITF isoforms. 

 
Figure 2.  Schematic of the Mitf gene.  Shown are the different promoters and first 
exons and the resulting isoforms of the mouse Mitf gene.  Also shown is both regular 
and alternative choices of splicing (Bharti et al., 2008).   
 

1.1.5  MITF – a key regulator in melanocytes 

The importance of MITF in melanocytes has been clear since long before the 

discovery of its gene.  It is indispensable for pigment synthesis, since its loss 

or function reduction affects the function of pigment cells of two different 

developmental origins, melanocytes and retinal pigment epithelial (RPE) 

cells.  Furthermore, mice with Mitf null mutations completely lack 

melanocytes and their RPE cells fail to develop properly, indicating that 

MITF is necessary for the survival and differentiation of these cells 

(Hemesath et al., 1994; reviewed in Steingrímsson et al., 2004).   

Melanocytes are a neural crest-derived lineage of dendritic pigment-

producing cells (Steingrímsson et al., 2004).  Precursors of melanocytes are 
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called melanoblasts and they migrate from the neural crest to their final 

location (e.g. skin or hair follicles) where they differentiate into melanocytes 

(reviewed in (Steingrímsson et al., 2004)).  Melanocytes reside in several 

different areas in the body of vertebrates, such as the epidermis, hair 

follicles, inner ear and the choroid of the eye (Steingrímsson et al., 2004).  

Thus both melanocytes and RPE cells exist in the eyes (Tachibana, 2000).  

MITF function in melanocytes has been widely studied and the results of 

these experiments have lead to the conclusion that MITF can function as a 

master regulator in melanocyte development as well as being a determinant 

of melanocyte differentiation (Béjar et al., 2003; Steingrímsson et al., 2004).  

In the inner ear melanocytes reside both in vestibular organs and cochlea 

(Moore, 1995; reviewed in Tachibana, 2000).  MITF also plays a role in the 

formation of melanoblasts from the pluripotent neural crest cell population 

and then later in their survival (Opdecamp et al., 1997).  

 

1.1.6  Mitf mutations and pathology 

Mouse mutations 

Thus far, more than 24 mutations have been described at the Mitf locus 

(Steingrímsson et al., 2004), which vary in severity.  All of them affect 

melanocytes to a varying degree, but only some affect RPE cells as well, 

resulting in abnormally small eyes wich lack pigmentation, partially or fully.  

Some mutations additionally affect osteoclasts which results in osteopetrosis 

or hyperosteosis (Hughes et al., 1993; reviewed in Moore, 1995 and 

Steingrímsson et al., 2004).   

 The most severe Mitf mutations in the mouse result in white mice, 

that are microphthalmic, blind, deaf and have mast-cell deficiencies and 

reduced NK cell numbers, and a few also suffer from osteopetrosis (Moore, 

1995; Steingrímsson 2008).  Homozygous Mitf mutations also cause 
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microphthalmia in the rat (Hodgkinson et al., 1998; Opdecamp et al., 1998), 

hamster (Hodgkinson et al., 1998), and quail (Mochii et al., 1998).   

 
Human mutations 

Mutations in the human MITF gene have been shown to cause the human 

pigment cell disorder Waardenburg Syndrome, type IIA (WSIIA) (Hemesath 

et al., 1994; Hughes et al., 1993).  WSII is a dominantly inherited syndrome 

of hearing loss and disturbances in the pigmentation of eyes, skin, and hair.  

Patients exhibit deafness to a varying degree and patchy depigmentation of 

the skin and eyes (heterochromia iridis, differently colored eyes or patches in 

the iris of different color), and usually a white forelock (reviewed in Moore, 

1995; Opdecamp et al., 1998; Smith et al., 2000).   

MITF mutations have also been shown to cause Tietz syndrome, a 

rare autosomal dominant syndrome of hypopigmentation and deafness 

(albinism-deafness).  Tietz syndrome phenotype, like WSII, is defined by 

deafness and hypopigmentation.  Tietz patients are however always 

profoundly deaf and their hypopigmentation is non-patched and more severe, 

they also do not have heterochromia (Smith et al., 2000).   

 
Mitf and cancer 

Melanoma is a melonocyte-derived neoplasm and is at early stages curable 

with surgery, but becomes highly resistant to treatment in the more advanced 

stages.  It is in fact the most severe type of all human skin cancers (Levy et 

al., 2006; Rudloff & Samuels 2010).  The incidence-rate of melanoma is 

increasing more than for any other cancer and its mortality rates are on the 

uprise (Levy et al., 2006; Wang et al., 2010).  Melanoma is among the more 

metastatic types of cancer, and some have posited that this behaviour is 

related to the ability of melanoblasts to migrate and proliferate in the 

epidermis and hair follicles (Gupta et al., 2005; Vance & Goding, 2004).   
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Many studies have shown MITF amplification in human cancers, 

mostly melanoma.  MITF amplification is also more prevalent in metastatic 

melanoma (in 15-20% of metastatic melanoma) and is associated with 

decreased survival of the patient (Garraway et al., 2005; Hoek et al., 2008; 

Wang et al., 2010).  Also, reduction of MITF activity is connected to 

increased sensitivity of melanoma cells to chemotherapeutic agents 

(Garraway et al., 2005).  MITF has even proven to be a sensitive and 

specific melanocytic marker for melanoma diagnosis, even more than the 

most commonly used HMB-45 and S-100 melanoma markers (King et al., 

1999; Wang et al., 2010).  Mitf expression was found in all malignant 

melanoma tissue tested by King et al. (1999) and, as mentioned above, 

amplified in 15-20% of metastatic melanoma (Garraway et al., 2005; Wang 

et al., 2010).  It is however reported to be repressed in some lines of cultured 

melanoma cells (reviewed in Tachibana, 2000).   
 

1.1.7  MITF function – target genes 

Due to its broad activity range, in cell development and differentiation, cell 

cycle regulation, migration and survival, MITF is likely to have a large 

number of target genes (Hoek et al., 2008).  It is also known that MITF 

function is cell specific, i.e. MITF affects different genes in different cells.  

However very few of these genes are known (Hoek et al., 2008).  Most of 

the recognized MITF target genes are expressed in melanocytes or 

melanoma and are involved in pigmentation.  In 2008, however, Hoek et al. 

published results where a new strategy of combining two microarray 

approaches were used to identify novel target genes.  The purpose of this 

two-step DNA microarray strategy was to minimize the account of false 

positives (Hoek et al., 2008).  In that study, performed in the human 

melanoma cell line SK-MEL-28 and a stable line of SK-MEL-28 expressing 
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a FLAG-tagged MITF protein, 13 known target genes were re-identified and 

71 novel target genes were found, many of which are implicated in 

pigmentation and in melanomas (Hoek et al., 2008).   

The 13 previously recorded target genes were identified in the years 

1996-2008 most of which are expressed in melanocytes and some in 

melanoma cells, osteoclasts, and mast cells, and two are expressed in RPE 

cells (Hoek et al., 2008).  Two of these, the Rab27a and Cma1, were used in 

the candidate gene approach in this project. 

 Of the novel target genes identified in the Hoek et al.,. study, three 

are known to be associated with pigmentation-specific processes, six are 

expressed in melanoma, three have been found in RPE cells, and the final 59 

genes had not been associated with melanocytes or melanoma before (Hoek 

et al., 2008).  Some of these 59 genes have however been connected to 

cellular transport and others are important in signal transduction (Hoek et al., 

2008).   

 

1.1.8  Background on transgenic mice used in this study 

The mouse lines used in this study are: wt mice carrying a known albino 

mutation (c/c), mice homo- or heterozygous for the VGA-9 transgene 

insertion in Mitf, two BAC (bacterial artificial chromosome) transgenic 

mouse strains containing mutations in phosphorylation sites (TG21055-

S73A and TG32643-S73/S409A), two BAC transgenic strains bearing a 

deletion in intron 2 of the Mitf gene (TG13627 and TG13628) and a strain 

bearing the novel Enu22(398) mutation.  See also chapter 2.1 in Materials 

and methods and Table A1 in the appendix.   

The VGA-9 mutation is a transgene insertion consisting of 

approximately 50 copies of a 6.2 kb linear fragment inserted at a single site 

upstream of the M-promoter, resulting in extreme reduction in Mitf 
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expression (Bauer et al., 2009; Hodgkinson et al., 1993).  It is thus 

considered a null mutation (Bauer et al., 2009).  It does however not cause 

osteopetrosis (Steingrímsson et al., 2002).  Mice homozygous for this 

mutation, Mitfmi-vga9, have a phenotype similar to mice homozygous for the 

original mi mutation.  They are white, severely microphthalmic and show 

early onset of deafness.  Furthermore, they have been shown to lack 

melanocytes in the inner ear (Tachibana et al., 1992, cited in Hodgkinson et 

al., 1993; Tachibana, 2000).  VGA-9 heterozygous mice, Mitfvga9/+, have a 

normal phenotype (Steingrímsson et al., 2004).  VGA-9 heterozygotes and 

VGA-9 homozygotes will in this thesis be referred to as Mitfmi-vga9 

heterozygotes and Mitfmi-vga9 homozygotes (or mutants), respectively.   

The Kit signaling pathway is one of the pathways known to regulate 

MITF activity and MITF has been shown to be an important downstream 

target of the receptor tyrosine kinase KIT (or c-Kit) (Hemesath et al., 1998; 

Wu et al., 2000).  They showed that stimulating 501-mel human melanoma 

cells with KIT ligand (KITL, or Steel factor) resulted in phosphorylation of 

MITF Ser73 by the mitogen-activated protein kinase ERK-2 and of Ser409 

by the serine-threonine kinase p90Rsk (Wu et al., 2000; Hemesath et al., 

1998, cited in Bauer et al., 2009) (Figure 3).  The phosphorylation in Ser73 

leads to recruitment of the co-activators p300/CBP which in turn leads to 

enhanced transcriptional activity of MITF (Price et al., 1998).  However it 

also seems to attract the ubiquitin conjugating enzyme UBC9, leading to 

degradation by proteasome-mediated proteolysis (Xu et al., 2000).  

Phosphorylation of Ser409 also leads to degradation of MITF, but the 

mechanics are not fully understood (Wu et al., 2000).   
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Figure 3.  An MITF protein and various phosphorylation sites.  A schematic of 
the MITF-A protein with various known and suggested MITF posttranscriptional 
modification sites shown, including the S73 (Erk2) and S409 (p90Rsk) 
phosphorylation sites, as well as some functional domains (Steingrímsson et al., 
2004).   
 

In a BAC transgene rescue strategy performed by Bauer et al. 

(2009), BAC clones with either the serine amino acid number 73 (Ser73) of 

the Mitf gene or serine number 409 (Ser409) mutated into alanine (S73A and 

S409A, respectively) rescue melanocyte and RPE defects in Mitfmi-vga9 mice.  

These phosphorylation sites seem thus not to be vitally important for MITF 

function in developing melanocytes in mice (Bauer et al., 2009).  The Ser73 

and Ser409 were also mutated simultaneously to alanine.  According to Wu 

et al. (2000) this should lead to a stable but transcriptionally inactive protein.  

However, as Bauer et al. (2009) show, BAC clones with both S73A and 

S409A mutations rescue the eye development and the coat color fully in the 

Mitfmi-vga9 mice (Bauer et al., 2009).  This further suggests that these two 

serines are not vital for MITF function in mouse melanocyte development 

(Bauer et al., 2009).   

Deleting intron 2, in the Mitf gene, results in a fusion of exon 2B and 

exon 3.  BAC clones harboring these deletions fully rescue the development 

of RPE cells and nearly fully rescue the melanocyte development, leaving 

only a belly spot and a few unpigmented spots in other regions in the Mitfmi-

vga9 mice (Bauer et al., 2009).  Both del (int2) lines used in this study 
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(TG13627 and TG13628) have an almost identical phenotype (Bauer et al., 

2009).   

The Mi-Enu22(398) mutation was induced into the mice by 

treatment with ethylnitrosourea as a part of a genetic screen performed at the 

Novartis Institute for Functional Genomics (Bauer et al., 2009).  This 

mutation introduces a stop codon in exon 2A as a result of a C-to-T change 

at the nucleotide position 205 of the cDNA.  This turns a glutamine to STOP 

at position 26 of the MITF protein, which terminates the protein prematurely 

(Bauer et al., 2009).  However, a majority of transcripts skip this exon 

resulting in transcripts where exon 2 is missing.  This exon contains Ser73.  

Homozygotes for this mutation have a white belly and white patches on 

other areas of the coat.  They do however have normally developed eyes 

(Bauer et al., 2009).   
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1.2  The Olfactory Bulb 

1.2.1  Olfaction 

Olfaction (Lat: olfacere – to sniff) and gustation (taste) are a form of 

chemoreception.  In evolutionary perspective, chemoreception is one of the 

oldest senses and is used by primitive organisms (like bacteria, slime molds 

and protozoans) to sense their environment, look for food and water, to 

identify danger, and to find mates.  In fact, all living cells are sensitive to 

chemical signals from their environment (Ache & Young, 2005; Silverthorn, 

2007).   

 

1.2.2  Olfactory bulb function and structure 

The olfactory bulb (OB) is the part of the vertebrate brain that recieves 

olfactory information, processes it and projects it to other brain regions.  It is 

an extension of the forebrain and a part of the rhinencephalon (Figure 4), the 

part of the brain involved in olfaction.  Other parts of the rhinencephalon 

include the olfactory tract, the olfactory tubercle, the medial and lateral 

olfactory striae, the anterior olfactory nucleus, parts of the amygdala and the 

piriform cortex (Barr & Kiernan, 1993; Gray, 2000; Neville & Haberly, 

2004).   

 
Figure 4.  Schematic of the rhinencephalon (Gray, 2000).   
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The OB rests on the cribriform plate of the ethmoid bone and 

recieves information from olfactory sensory neurons (OSN; primary sensory 

neurons; also known as olfactory neurons, ON, or olfactory receptor 

neurons, ORN) which bind olfactory molecules from the air in the olfactory 

epithelium (OE) and then send the information via their axons, through 

openings in the cribriform plate, to the glomeruli inside the olfactory bulb 

(Figure 5) (Barr & Kiernan, 1993; Silverthorn, 2007).  Several thousand 

OSNs synapse into each glomerulus (Shepherd et al., 2004).  The 

information is processed in the glomerulus and then sent along mitral cells 

(MitC; secondary sensory neurons) to other parts of the rhinencephalon 

where the information is processed further (Silverthorn, 2007).   

 

 
Figure 5.  The olfactory bulb.  Odorants connect to the cilia of the olfactory 
receptors in the mucus below the olfactory epithelium.  The olfactory sensory 
neurons then send a signal up through the bone (cribriform plate) and into the 
olfactory bulb where it synapses in a glomerulus with mitral cells which send the 
signal further into the brain (Rinaldi, 2007).   
 

OSN dendrites reach down below the OE where they are covered 

with mucus.  This mucus traps odorants from the air, which dissolve and 
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bind to the chemoreceptors on the OSN dendrites, called olfactory receptors 

(ORs) (Silverthorn, 2007).  This causes the cell to depolarize, triggering a 

signal that runs up through the OSN axon and into a glomerulus in the OB 

(Ache & Young, 2005; Silverthorn, 2007).   

The OR genes comprise the largest multigene family in mammals 

(6% of the functional rat genome), and one of the largest gene families 

known.  These genes are located in about 50 different clusters that are 

dispersed throughout the genome; humans express only about 400 ORs, 

whereas mice express around 1200 and rats as much as 1430 ORs (Ache & 

Young, 2005; Niimura & Nei, 2003; Serizawa et al., 2004; Shykind, 2005; 

Young et al., 2002; Young et al., 2003; Young & Trask, 2002).  The brain 

must decipher which ORs have been activated  to be able to ascertain which 

odorant is present.  Two key features of the olfactory system facilitate this 

task (Shykind, 2005).  Firstly, each OSN expresses only one OR gene, and 

only one of the two alleles (allelic exclusion).  Secondly, each glomerulus 

recieves only axons from OSNs expressing the same OR.  This leads to a 

topographic sensory map of activated glomeruli inside the OB (Chess et al., 

1994; Mombaerts et al., 1996; Serizawa et al., 2004; Shykind, 2005).  Then 

the brain determines which receptors are connected to odorant molecules by 

distinguishing which glomeruli have been activated, creating an olfactory 

bulb sensory map, where odor is percieved through patterns of spatial 

activation (Shykind, 2005).  Although each glomerulus only harbors OSNs 

expressing the same OR, OSNs bearing the same OR can connect to two or a 

few glomeruli; usually two glomeruli in each of the two olfactory bulbs 

(Mombaerts et al., 1996). 

OSNs, unlike most other neurons, are being renewed long into the 

adult life of the animal with a turnover  time of about two months (Barr & 

Kiernan, 1993; Shykind, 2005; Silverthorn, 2007).  Each new OSN must 
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then extend their axon into the OB and in the correct glomerulus to make a 

proper synaptic connenction (Barr & Kiernan, 1993; Silverthorn, 2007).  

This means that there is perpetual production of new OSNs and also constant 

synapse formation at the glomeruli.   

 
OB layers and cell types 

The main olfactory bulb is a very laminated structure (Figure 6).  The layers 

are (from superficial to deep): olfactory nerve layer (ONL), glomerular layer 

(GL), external plexiform layer (EPL), mitral cell layer (MCL), internal 

plexiform layer (IPL), and granule cell layer (GCL) (Barr & Kiernan, 1993; 

Parrish-Aungst et al., 2007; Shepherd et al., 2004).   

 

 
Figure 6.  Neuronal circuitry of the olfactory bulb.  (Barr & Kiernan, 1993).     
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Glomeruli are spherical bundles of neuropil, in which the OSN 

axons converge and synapse with other neurons (Chen et al., 2007; Gabellec 

et al., 2007).  Inside the glomeruli the OSNs synapse with other OB neurons.  

The glomeruli are the first relay station of olfactory information in the brain 

(Shykind, 2005; Wachowiak & Shipley, 2006).   

The olfactory bulb consists of three major cell types: projection 

neurons (the mitral and tufted cells), local inhibitory interneurons 

(periglomerular and granule cells), and glial cells (Faedo et al., 2002).   

The mitral and tufted cells are the principal neurons in the olfactory 

bulb and they have several common characteristics.  Both cell types recieve 

olfactory information (input) from OSN axons within the glomeruli, process 

this data, and then send the information (output) along their axons to the 

piriform cortex, a part of the rhinencephalon (Allen et al., 2007; Imamura & 

Greer, 2009; Schoppa & Urban, 2003; Sheperd et al., 2004).   

The cell bodies of the mitral cells reside in the mitral cell layer.  

Mammalian mitral cells each give rise to a single primary dendrite, which 

reaches through the external plexiform layer to the glomeruli, where they 

arborize and synapse with dendrites from the olfactory sensory neurons 

(Barr & Kiernan, 1993; Sheperd et al., 2004).  The mitral cell axons then 

merge together to form the fibers of the lateral olfactory tract (LOT) (Figure 

7) (Chen et al., 2007; Sheperd et al., 2004). 

The tufted cells are scattered throughout the EPL and the 

periglomerular region and are morphologically much more diverse than the 

mitral cells.  They can be divided into three subgroups according to their 

position in the olfactory bulb: internal tufted cells (sometimes referred to as 

deep tufted cells), middle tufted cells and external tufted cells (Christie et 

al., 2001; Shepherd et al., 2004).   
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Figure 7.  Components of the lateral olfactory tract.  (Barr & Kiernan, 1993).   

The external tufted cells (ETCs) are one of the three cell types, 

known as juxtaglomerular cells (the cells residing in the glomerular layer).  

The others being the periglomerular cells (PGCs) and short-axon cells (SA 

cells) (De Saint Jan et al., 2009; Hayar et al., 2004b).  These cells 

collectively express a wide range of neurotransmitters, receptors and other 

neurochemicals and are characterized into these three groups based on their 

morphological and physiological features (Hayar et al., 2004a; Hayar et al., 

2004b; Kosaka et al., 1998; Wachowiak & Shipley, 2006).   

The external tufted cells are identified by a few key features.  They 

tend to spread along the lower half of the glomeruli.  Their somata have 

larger diameters than periglomerular cells.  Their dendritic tufts arborize 

extensively inside the glomerulus, occupying most of the volume of these 

neuropil structures.  These cells also have a characteristic pattern of 

spontaneous rythmic bursting (Hayar et al., 2004a; Ma & Lowe, 2007).   
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1.3  Aim 

We have found, through an open internet database, the Allen Brain Atlas, 

that Mitf is expressed in the mouse CNS, more specifically in the olfactory 

bulb, most likely in external tufted cells and mitral cells (Figure 8).  As of 

yet, nothing is known about the function of MITF in the CNS and the only 

other account of its expression in olfactory bulb is in zebrafish (Lister et al., 

2001).   

 
Figure 8.  Mitf expression in mouse brain.  Sagittal section.  Left inset shows a 
more closer look into the olfactory bulb.  Right inset is a schematic of the olfactory 
bulb.  The red arrows show how a signal triggered by an odorant connecting to an 
OR travels from the OE to the glomeruli.  The blue arrows depict how the mitral 
cells carry the signal from the glomeruli to the mitral cell layer.  And the green 
arrows show the signal travelling along the mitral cells into the lateral olfactory 
tract.  The large picture and left inset are from Allen Brain Atlas (Allen-Institute-for-
Brain-Science 2010b) and the right inset is from (Rinaldi, 2007).  

 

The two main aims of this masters project were to:  1. Confirm Mitf 

expression in mouse olfactory bulb.  2. Determine which genes are affected 

by MITF in the olfactory bulb and thereby getting a better understanding of 

its function in olfaction.   

 

External tufted cells 
and mitral cells? 
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II.  MATERIALS AND METHODS 

2.1  Animals 

All mouse strains used in this project were obtained from Prof. Eiríkur 

Steingrímsson (Department of Biochemistry and Molecular Biology, Faculty 

of Medicine, University of Iceland, Reykjavik, Iceland) and kept under 

standard conditions.  They were allowed free access to food and water.  The 

mouse strains used in this project were: Mice with a known albino mutation 

on a C57BL6/J background (C57BL6/J-c/c) (The Jackson Laboratory) used 

as wt mice, Mitfmi-vga9 heterozygotes (B6-mitfvga9/+), Mitfmi-vga9 homozygous 

mutants (B6-mitfmi-vga9/mitfmi-vga9) (Hodgkinson et al., 1993), Additionally 

four BAC transgenic strains were used, the TG13627-del(int2), TG13628-

del(int2), TG21055-S73A and TG32643-S73A/S409A along with a mouse 

line carrying the B6-Enu22(398) mutation (Bauer et al., 2009), which were 

used for the chymase 1 study.  cDNA from heart tissue of these mice were a 

kind gift from Kristín Bergsteinsdóttir (Department of Biochemistry and 

Molecular Biology, Faculty of Medicine, University of Iceland, Reykjavik, 

Iceland).  The TG32643-S73/409A mouse strain was also used for the Vdr 

skin study (as well as the wt, Mitfmi-vga9 heterozygous and Mitfmi-vga9 

homozygous strains).  This skin cDNA was also a kind gift from Kristín 

Bergsteinsdóttir.  The skin was cut (unshaved) from the back of the neck of 

freshly sacrificed mouse pups.  Then RNA was isolated and cDNA 

syntesized.  Table A1, in the appendix, shows all the mouse lines used.   

The rat used for RT-PCR confirmation of Mitf expression in rat 

olfactory bulb was a Rattus norvegicus of Sprague Dawley strain (a virgin 

female), bred at Keldur (Institute for Experimental Pathology, University of 

Iceland, Keldur), a kind gift from Lilja Guðrún Steinsdóttir (Physiology 

institute, Faculty of Medicine, University of Iceland, Reykjavik, Iceland).   
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2.2  Cell culture 

HEK 293T cells were used for luciferase co-transfection assays.  The 

HEK293T cells were a kind gift from Dr. Alexander Schepsky (Department 

of Biochemistry and Molecular Biology, Faculty of Medicine, University of 

Iceland, Reykjavik, Iceland), who aquired them from American Type 

Culture Collection (ATCC).  Pheochromocytoma (PC) 12 cells, PC12, were 

differentiated into neuron-like cells and checked for Mitf expression.  The 

PC12 cells were a kind gift from Fulvio Celsi, at Sector of Neurobiology, 

International School for Advanced Studies (SISSA), Trieste, Italy, who 

aquired the cells from European Collection of Cell Cultures (Cat. No. 

88022401).  All cells were kept in a humidified cell incubator at 37°C with 

5% CO2. 

 
PC12 cells 

The PC12 cell line is isolated from a pheochromocytoma in rats (Greene et 

al., 1991).  These cells can produce, store, and secrete discernible amounts 

of catecholamines, mainly dopamine and noradrenaline, and they respond to 

nerve growth factor (NGF) by adopting some characteristics of sympathetic 

neurons (Greene et al., 1991).  They, for example, stop dividing, send out 

long protrusions and become sensitive to electric stimuli.  They are widely 

used as models for dopaminergic neurons although they do not present 

perfect model for sympathetic neurons (Greene et al., 1991).   

Since PC12 cells do not adhere well to cell culture plasticware (or 

glassware), the cell culture flasks and plates used to grow PC12 cells were 

coated with either PureColTM collagen (PureColTM (97% type I, 3% type III 

collagen) Inamed Biomaterials 3,0 mg/ml coll. Cat. 5409) or GIBCO 

collagen (GIBCO Invitrogen Collagen I, 5 mg/ml 20 ml Cat. No. A10483-

01) isolated from rat tail.   
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The PureColTM collagen was diluted 1:45 (to  a final concentration 

of approximately 67 µg/ml) with 1xPBS (GIBCO, Cat. No. 70013-032, 

diluted 1:10 in dH2O) and an amount enough to cover the surface was used 

to coat flasks/plates (2 ml for T25 flask) overnight at 4°C (or for one hour at 

RT inside a laminar flow cabinet for immediate use).  The next day the 

flasks/plates were washed 3-4 times with 1xPBS.  The flasks/plates were 

then kept at 4°C containing 2 ml of 1xPBS to avoid complete evaporation.   

The GIBCO collagen was diluted 1:100 (to a final concentration of 

50 µg/ml) in 0.02M acetic acid and sufficient quantities of this solution used 

to cover the surface (2 ml for T25 flask) and incubated for one hour at RT 

inside a laminar flow cabinet.  The flasks/plates were then washed 3-4 times 

with 1xPBS and finally completely aspirated and either used right away or 

stored at 4°C until further use.   

The PC12 cells were maintained in 5 ml of RPMI 1640 (GIBCO, 

Ref. 52400-025) supplemented with 10% FBS (HyClone UK Ltd., Cat. No. 

SV30160.03) and 0,1% PenStrep (GIBCO, Ref. 15140-122) in T25 flasks 

(Falcon) coated with collagen (as described above).  The medium was 

changed every third day and the cells passaged approximately every 7-10 

days or when they reached about 70-90% confluency.  Then the medium was 

aspirated and the cells trypsinated with about 500-800 µl 0,25% trypsin 

(GIBCO, Cat. No. 15090-046, diluted 1:10 in 1xPBS).  The flasks were then 

incubated at 37°C for a few minutes or until the cells had detached from the 

surface.  The trypsin was neutralized by adding 5 ml of fresh medium (with 

10% FBS and 0,1% PenStrep) into the flasks, cells which still stuck to the 

surface were scraped off gently using a pipette.  They were then replated at a 

1:3 density (or 1:2 - 1:4)) by moving one third of the cells+medium solution 

to a new collagen-coated flask.  Fresh medium was added for a final volume 

of 5 ml.   
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PC12 cells can be stored for long periods in a frozen state.  To freeze 

them, they were trypsinated, spun down (2000 rpm for 3 minutes) and 

resuspended in freezing medium consisting of 50% RPMI-1640 medium, 

40% FBS and 10% DMSO (ICN Biomedicals Inc., Cat. No. 196055).  The 

cell suspension was then moved to a cryotube (Nunc, Cat. No. 097277).  

Then they were cooled down at -20°C for about 10 minutes, then at -80°C 

ON and moved to liquid nitrogen 24-48 hours later, for long-term storage.  

(Barker, 2005; Greene et al., 1991).   

When the cells were to be used again they were thawed rapidly by 

heating them at 37°C in a water bath.  Then they were centrifuged at 2000 

rpm for 3 minutes, aspirated and resuspended in fresh complete medium 

(with 10% FBS and 0,1% PenStrep) in a T25 flask (Falcon) coated with 

collagen.  (Barker, 2005; Greene et al., 1991).   

To differentiate the PC12 cells NGF (Calbiochem, cat. 480352), 

isolated from a mouse submaxillary gland, was used.  At arrival the NGF 

was suspended in dH2O (10 µg NGF in 400 µl dH2O) to make stock solution 

with a final concentration of 25 µg/ml, which was aliquoted and stored at -

80°C.  For PC12 differentiation NGF was added to the differentiation cell 

medium (RPMI 1640 complemented with 1% FBS and 0,1% PenStrep) to 

make a final concentration of 50 ng/ml NGF.  The medium was switched 

every third day to maintain the differentiation. 

The cells were photographed in a manual inverted microscope 

(Leica DMI3000 B equipped with Leica DFC310 FX camera) during the 

differentiation time to follow the morphological changes. 
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HEK 293T  

The 293T human embryonic kidney (HEK) cells were grown in a 100 mm 

tissue culture dish (Falcon) to around 70-90% confluency and then split 1:5 

(every other day).  The medium was aspirated carefully and the cells washed 

very gently with 3-5 ml of 1xPBS.  It was very important that this would be 

done gently in order to prevent the cells losing their adherence to the dish 

surface.  Then the cells were trypsinated with 1 ml of trypsin for 3-5 

minutes.  The trypsin was neutralized by adding 9,5 ml of fresh DMEM 

(HyClone DMEM High Glucose, Cat. No. SH30081.02) medium 

supplemented with 2 mM GlutaMAXTM-1 (Invitrogen, Cat. No. 35050-061) 

and 10% FBS (HyClone UK Ltd., Cat. No. SV30160.03), but no PenStrep, 

into the dish.  Then 2 ml of this cell solution were added into a new dish 

with 8 ml of fresh medium (with GlutaMAX and 10 % FBS).   

Before transfection of the HEK 293T cells for the Dual-Luciferase 

Reporter assay the cells were split 1:5 and 100 µl of cells were seeded in 

each well needed in a 96 well plate (Nunc).  Approximately 3-5 hours later 

the cells were transfected with a plasmid expressing a transcription factor 

(75, 150 or 300 ng in each well), firefly luciferase promoter plasmid (100 ng 

in each well) and Renilla (Renilla reniformis) luciferase plasmid (about 5 ng 

in each well), in 150 mM NaCl, using TurbofectTM (Fermentas, #R0531).  

The cells were then incubated at RT for 10-15 minutes in a laminar flow 

cabinet, and then in a cell incubator at 37°C for 24-48 hours.  Then the cells 

were lysed for the Dual-Luciferase reporter assay (see chapter on DLR 

assay).  List of the plasmids is located in Table A6 in the appendix.   
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2.3  RNA isolation and cDNA synthesis 

2.3.1  RNA isolation from tissues 

RNA from mouse and rat tissues was isolated using TRIzol Reagent 

(Invitrogen) or TRI Reagent (Ambion).  Mice and rats were sacrificed by 

cervical dislocation.  Tissues were dissected from freshly sacrificed animals, 

placed in 1.5 ml eppendorf tubes, and immediately dropped into liquid 

nitrogen.  They were subsequently stored at -80°C.  For RNA isolation the 

tissue samples were placed in a steel beaker (which had been pre-frozen on 

dry ice) and then cooled further by dropping the beaker into liquid nitrogen 

(N2(l)).  The beaker was then placed in a homogenizer for 30 seconds at 2600 

rpm (Sartorius Mikro-Dismembrator S).  This (cooling in N2(l) and 

homogenization) was repeated 2-3 times for difficult tissues such as heart.  

The RNA was then isolated according to the TRIzol/TRI Reagent protocol.  

After RNA isolation all possible traces of DNA were digested from the 

samples using DNAse I (Qiagen RNase-Free DNase Set, Cat. No. 79254) 

and the samples were then cleaned by using RNeasy® MinEluteTM Cleanup 

Kit (Qiagen, Cat. No. 74204) according to the manufacurer’s protocol. 

 

2.3.2  RNA isolation from cells 

RNA from PC12 cells was isolated using RNeasy® Mini Kit (Qiagen, Cat. 

No. 74104).  The cells were grown in monolayer in a 6-well plate (Nunc) 

coated with collagen (PureColTM, Inamed Biomaterials, Cat. 5409).  Two 

days after the cells were plated the medium was switched from RPMI 1640 

supplemented with 10% FBS to RPMI 1640 with 1% FBS (three wells) and 

RPMI 1640 with 1% FBS and a final concentration of 50 ng/ml NGF 

(remaining three wells).  The untreated cells (with no NGF) were harvested 

when they had reached approximately 70-80% confluency (two days after 

medium switch), but the other cells were allowed to differentiate (changing 
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the medium every third day to maintain dendrite formation) until harvested 

(eleven days after medium switch).  RNA was isolated according to the 

RNeasy Mini Handbook (Fourth edition, April 2006) protocol.  All the cells 

were lysed directly in the cell culture plate.  An RNase-free syringe and 

needle were used to homogenize the cell lysates.   

 

2.3.3  RNA amount and quality 

After isolation the concentration of the RNA was measured using NanoDrop 

(NanoDrop® ND-1000 Spectrophotometer).  Tissue RNA was measured both 

before and after cleanup.  The quality of the RNA was then checked using 

Bioanalyzer (Agilent 2100 Bioanalyzer G2938C, Serial number: 

DE54704343). 

 

2.3.4  cDNA synthesis 

cDNA was synthezised from 2 µg of RNA, with random hexamer primers, 

using a RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas, 

#K1632).  cDNA was synthesized according to the appropriate protocol 

(First Strand cDNA synthesis, for RT-PCR).  During each cDNA synthesis, 

a control containing no reverse transcriptase was also made, where 

everything was added to the mixture except the enzymes (RNase inhibitor 

and Reverse transcriptase), which resulted in no cDNA synthesis. 

 

2.4  RT-PCR and real-time PCR 

2.4.1  RT- and real-time PCR primer design 

Primers used for RT-PCR and SYBR green real-time PCR were designed 

using PerlPrimer (v1.1.17) and tested in silico using UCSC In-Silico PCR 
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(http://genome.ucsc.edu/cgi-bin/hgPcr).  The sequences are shown in Table 

A2 in the Appendix. 

 TaqMan assays used for real-time PCR include primers and a probe 

for the desired amplicon.  The assays were ordered from Applied 

Biosystems.  The sequences are shown in Table A3 in the Appendix.   

 

2.4.1  RT-PCR 

RT-PCR (Reverse transcriptase PCR), or PCR with first strand cDNA. 

 

RT-PCR mix  

10x Taq buffer with (NH4)2SO4  5 µl 

25 mM MgCl2  3 µl (1.5 mM) 

dNTP Mix 10 mM each 1 µl (200 µM each) 

Primer 1  (0.4 µM) 

Primer 2  (0.4 µM) 

Taq DNA polymerase (recombinant)  0.2 µl 

cDNA 1 µl 

dH2O  to 50 µl 

 50 µl 

 

A negative control was also made where everything was added to the 

mixture except the cDNA.  This ‘no template control’, should not reveal any 

bands during electrophoresis except if any of the PCR substrates are 

contaminated.  All substrates except primers, cDNA and water were from 

Fermentas.  Taq DNA polymerase (recombinant) (Fermentas, #EP0402), 10x 

Taq buffer with (NH4)2SO4 (Fermentas), 25 mM MgCl2 (Fermentas), dNTP 

Mix 10 mM each (Fermentas, #R0192). 
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Reaction conditions 

 94°C 1:00 

Denaturation 94°C  0:30 

Annealing 55°C 1:00            repeated 30x 

Elongation 72°C 0:30 

 72°C 5:00 

Cooling 4°C ∞ 

 

Numbers marked in red are the variables that were frequently changed.  

Annealing temperature was sometimes lowered or raised to better match the 

primers’ melting temperature.  Elongation time was sometimes extended.  

Also, the number of cycles was sometimes increased to obtain clearer and 

stronger bands. 

The PCR reactions were run on either a Veriti 96 Well Thermal 

Cycler (Applied Biosystems) or a GeneAmp® PCR System 9700 (Applied 

Biosystems).   

 

Electrophoresis 

The PCR products were seperated on a 1-2% agarose gel containing 0.5 

µg/ml EtBr (SIGMA, Prod. No. E1510-10ML, 10 mg/mL in H2O) and 

visualized with UV light.  6x Loading Dye Solution (Fermentas, #R0611) 

was used to load the samples in the gel and GeneRulerTM 1kb DNA ladder 

(Fermentas, #SM0311) and GeneRulerTM 100bp DNA ladder (Fermentas, 

#SM0241) were used to determine the size of the PCR products. 
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2.4.2  Real-time PCR 

Real-time RT-PCR was performed on an ABI 7500 Real-time PCR System.  

Either TaqMan® (Applied Biosystems) or SYBR green (Fermentas) reagents 

were used. 

 

Real-time PCR mix 

TaqMan 

TaqMan® Gene Expression Master Mix  10 µl 

TaqMan® Assay 1 µl 

cDNA (1:10) 9 µl 

 20 µl 

 

The TaqMan® Gene Expression Master Mix (Applied Biosystems, Part No. 

4369016) and the TaqMan® Assays were purchased from Applied 

Biosystems.  See information on the assays in Table A3 in the Appendix. 

 

SYBR green 

SYBR Green qPCR Master Mix (2x)  12.5 µl (2.5mM MgCl2) 

Primer 1  (0.4 µM) 

Primer 2  (0.4 µM) 

cDNA  1 µl (≤500ng) 

Water, nuclease free  (to 25 µl) 

 25 µl 

 

Both the SYBR Green Master Mix and the nuclease free water were 

purchased from Fermentas:  MaximaTM SYBR Green qPCR Master Mix (2x; 

Fermentas, #K0221), Water, nuclease free (Fermentas, #R0581). 
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After mixing the samples together in a MicroAmpTM optical 96-well reaction 

plate (Applied Biosystems, Part No. N801-0560; or tubes (Applied 

Biosystems, Part No. 4316567)), the plate was centrifuged at around 1000 

rpm for about 1 minute before placing the plate in the machine to eliminate 

any air bubbles that might interfere with the reading.  Then the run was 

performed. 

 

Real-time PCR reaction conditions 

Holding stage 50°C 02:00 

Holding stage 95°C 10:00 

Cycling stage 95°C  00:15       

 60°C 01:00 

Melt curve stage 95°C 00:15 

 60°C 01:00 

 95°C 00:30 

 60°C 00:15 

 

Real-time PCR data analysis 

After the run the 7500 Software v2.0 (Applied Biosystems) gives a Ct 

(Threshold cycle) value for each sample.  These are then used to calculate 

relative quantification (RQ) values, or fold change, relative to the selected 

house-keeping gene.  

 

2.5  Allen Brain Atlas 

The Allen Brain Atlas (ABA) is a free and publicly available online database 

of gene expression.  It was created by the Allen Institute for Brain Science a 

non-profit medical research organization launched in 2003 by philanthropist 

repeated 40x 

Only SYBR green 
Real-time PCR 



Mitf in the mouse central nervous system 45 

Anna Þóra Pétursdóttir 

Paul G. Allen with his founding donation.  (Allen-Institute-for-Brain-

Science, 2009a; b; Vulcan, 2010) 

The Allen Mouse Brain Atlas (used in this study and referred to as 

the Allen Brain Atlas) provides a genome-wide, interactive database of gene 

expression images from RNA in situ hybridization data combined with 

detailed Reference Atlas and informatics analysis tools (Allen-Institute-for-

Brain-Science, 2009c; 2010a).   

 

2.6  Microarray 

A gene expression analysis microarray study was performed to characterize 

putative MITF target genes in the olfactory bulb.  Microarray is a very useful 

technique to study the expression of thousands of genes simultaneously.  It is 

very often used to compare for example healthy to cancerous tissues (or 

cells).  It provides the oppportunity to do experiments on a genome-wide 

scale (Roche NimbleGen, 2010c).     

In this study we compared olfactory bulb samples from Mitfmi-vga9 

heterozygous mice to olfactory bulb samples from Mitfmi-vga9 homozygous 

mice, using a 4x72K array from NimbleGen (NimbleGen, Cat. No. 

A4486001-00-01), which contains long oligonucleotide probes (60 mer) 

for the transcriptome of the latest mouse genome build (Roche NimbleGen, 

2010a).  Three probes are assigned to each target (Roche NimbleGen, 

2010b).   

 

2.6.1  Sample preparation 

RNA quality was rechecked on RNA samples from four Mitfmi-vga9 

heterozygotes and four Mitfmi-vga9 homozygotes and then two samples from 

mice of each genotype were pooled to reach the required cDNA quantity for 
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the microarray analysis.  After initial preparation the RNA samples were 

taken to NimbleGen (NimbleGen Systems of Iceland, LLC) for further 

preparation, expression hybridization, array scanning, data extracting and 

preliminary data analysis (Roche NimbleGen, 2010b).   

 

2.6.2  Analysis of microarray data 

The normalized data from NimbleGen was further analyzed using 

ArrayStar® v2.0 software (DNASTAR, Inc.) with the kind help of Dr. 

Guðrún Valdimarsdóttir.   

RT-PCR and real-time PCR (SYBR green) were then performed to 

confirm the results (see Table A2 in the appendix for the primers used).   

Mitfmi-vga9 heterozygotes and Mitfmi-vga9 homozygotes were used, wt mice 

(C57BL6/J-c/c) were additionally used in the real-time PCR.   

 

2.7  Dual-Luciferase® Reporter Assay 

In the Dual-Luciferase® reporter assay system (DLRTM, Promega, E1910 or 

E1960) two seperate reporter enzymes are used within a single system 

(Promega, Technical Manual, Part No. TM040).  The activity of the 

experimental reporter is normalized to the activity of the internal control to 

minimize possible variability caused by different cell viability or transfection 

efficiency (Promega, Technical Manual, Part No. TM040).  In the DLRTM 

assay the reporters are firefly (Photinus pyralis) luciferase and Renilla 

(Renilla reniformis, or sea pansy) luciferase (Figure 9).  These luciferases 

have different enzyme structure and substrate requirements because of their 

distinct evolutionary origins and they can thus be used at the same time in 

the same tube (Promega, Technical Manual, Part No. TM040).  They can 

both function as a genetic reporter immediately following translation, since 

they do not require any post-translational modifications. 
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Figure 9.  Firefly and Renilla luciferase.  The reactions of the two luciferases with 
their substrates, beetle luciferin and coelenterazine, respectively (Promega DLR 
Assay System Technical Manual, Part No. TM040).   
 

The cells were transfected with the firefly luciferase reporter 

plasmid, the Renilla luciferase control plasmid, and a transcription factor 

plasmid as discussed in the transfection chapter of HEK 293T cells (page 

34).  The list of the plasmids can be found in Table A6 in the appendix. 

About 24h after transfection the cell medium was aspirated and the 

cells lysed with 20 µl 1xPLB (5x Passive Lysis Buffer diluted in dH2O) from 

Promega Dual-Luciferase Reporter Assay System (E1910 or E1960) for 10-

15 minutes at RT.  The cell lysate was then transferred to a white 96-well 

plate for measurement.  Then 10 µl of LARII (Luciferase Assay Reagent II, 

prepared by resuspending the lyophilized Luciferase Assay Substrate in 10 

ml of the supplied Luciferase Assay Buffer II) was added to each well to 

initiate the firefly luciferase reporter assay and the plate then immediately 

measured for firefly luciferase luminescence using a Turner BioSystems 

ModulusTM II microplate multimode reader (using Dual-Glo luminescence 

protocol), then 10 µl of Stop & Glo® (prepared by adding 1 volume of 50x 

Stop & Glo® Substrate to 50 volumes of Stop & Glo® Buffer) was added to 
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each well to quench the firefly luciferase and to simultaneously activate the 

Renilla luciferase and then luminescence (now Renilla luminescence) was 

measured again in the Modulus.  The data was then normalized by dividing 

the firefly luciferase results by renilla luciferase results to give relative 

luciferase units (RLU). 

 

2.8  DNA constructs 

A list of the plasmids used in this project, for luciferase assay, can be found 

in Table A6 in the appendix.  The Sarcoglycan gamma promoter luciferase 

plasmid, the MyoD expression vector which was used as a positive control 

for activating the Sgcg promoter and the Myogenin expression vector were a 

kind gift from Satoru Noguchi (Department of Cell Biology, National 

Institute of Neuroscience, National Center of Neurology and Psychiatry, 

Ogawahigashi, Kodaira, Tokyo, Japan and Inheritance and Variation Group, 

PRESTO, Japan Science and Technology Corporation, Kawaguchi, Saitama, 

Japan).  The Renilla luciferase plasmid, the Tyrosinase promoter luciferase 

plasmids (used as a positive control for MITF binding), the empty 

expression vector (used as a negative control) and the Mitf expression vector 

were kindly provided by Dr. Alexander Schepsky (Department of 

Biochemistry and Molecular Biology, Faculty of Medicine, University of 

Iceland, Reykjavik, Iceland). 

The plasmids were amplified in competent cells (5-alpha Competent 

E. coli cells from NEB, both high, C2987I and subcloning efficiency, 

C2988J) as described in (Sambrook & Russell, 2001).  The plasmids were 

then isolated using the GenEluteTM HP Plasmid Midiprep Kit (Sigma- 

Aldrich®, Prod. No. NA0200-1KT) according to the spin-method protocol in 

the user guide.  The amount of DNA was measured using NanoDrop 

(NanoDrop® ND-1000 Spectrophotometer).   
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2.10  Olfactory tests 

Simple olfaction assays (based on Witt et al., 2009) were performed to 

assess possible difference in olfaction ability between the wt mice, Mitfmi-vga9 

heterozygous mice and Mitfmi-vga9 homozygous mice.  These tests were 

performed on male mice only.  The mice were kept alone in a clean and 

empty cage for approximately 15-30 minutes and then two filter papers with 

0.5 ml solution were placed in the cage.  One of the filter papers had water 

and the other had a dilution of cinnamon extract (either 1:1000 or 1:10.000; 

McCormick & Co., Inc.).  The scent preference was measured by counting 

the number of “sniffs” over a 3 minute period.  First, the 1:10.000 dilution 

was tested, then 1:1000 and finally the water.   

A peanut butter olfactory assay was also performed.  Peanut butter 

was put into an 1.5 ml eppendorf tube and hidden under the cage bedding in 

one corner of a clean cage.  Before testing, the mice were put into a clean 

cage and allowed to assimilate to the new surroundings for at least 15 

minutes.  Then they were tested one by one by placing them in the peanut 

butter cage and the time it took to find the peanut butter was measured.  

Time was only measured up to 3 minutes.   

 

2.11  Statistics 

For real-time PCR and olfactory tests the error bars shown are 95% 

confidence intervals.  For the luciferase assay the error bars shown are 

standard deviation.  Furthermore two-tailed type two t-tests were performed 

to assess statistical significance.   
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III.  RESULTS 

The main focus of this research project was to confirm the expression of Mitf 

in the mouse CNS and to identify putative target genes for MITF in the 

brain.  Two approaches were used to identify these target genes:  Firstly, a 

candidate gene approach; and secondly, a microarray gene expression 

analysis.  Additionally some simple olfaction tests were performed to 

examine possible physiological consequences of Mitf loss on the function of 

the olfactory system in Mitf mutant mice (Mitfmi-vga9 homozygotes).   

 

3.1  Mitf expression in the olfactory bulb  

As seen in Allen Brain Atlas (by RNA in situ hybridization), Mitf is 

expressed in the mouse CNS, most prominently in the olfactory bulb (see 

Figure 8 on page 28).  The cellular localization suggests that Mitf is 

expressed in mitral cells (MitCs) and external tufted cells (ETCs).   

The first goal of this masters project was to confirm this by 

comparing Mitf expression in the olfactory bulb of mice heterozygous for a 

loss-of-function Mitf mutation (Mitfvga9/+) with homozygous 

(Mitfvga9/Mitfvga9) mice.  Additionally Mitf expression was examined in the 

midbrain region, cortex and in the heart, as it is known that Mitf is expressed 

abundantly in the heart.  The midbrain was examined because a part of the 

midbrain, called substantia nigra, contains (at least in humans and a couple 

of other mammalian species) pigmented dopamine producing neurons 

(Zecca et al., 2001) and since MITF is known to have a function in 

pigmentation, it is thus possible that Mitf might be expressed in these cells.  

Furthermore, these cells are missing in Parkinson’s disease leading to 

dopamine deficiency (Levy et al., 2009; Maguire-Zeiss, 2008; Weintraub et 
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al., 2008; Zecca et al., 2001) and this brain region is also involved in 

Huntington’s disease (Yohrling et al., 2003).  It was thus of interest to 

determine whether Mitf is expressed in this region.   

The expression of Mitf in mouse was examined using both reverse 

transcriptase PCR (RT-PCR; Figure 10) and real-time PCR (Figure 11).   

 

 

 
Figure 10.  RT-PCR analysis of Mitf expression in the mouse.  Comparing Mitfmi-

vga9 heterozygote and Mitfmi-vga9 homozygote olfactory bulb (OB), midbrain (Mb) and 
heart (H).  First two wells are 1kb and 100 bp ladders, respectively.  The last two 
wells are No Reverse Transcriptase (NRT) control and No Template (NT) control.  
Actin in the lower row as a positive control.   
 

The RT-PCR results (Figure 10) confirmed that Mitf is expressed in 

the olfactory bulb and heart of Mitfmi-vga9 heterozygotes, as expected.  

Additionally the results showed that Mitf is also expressed in the midbrain, 

although it appears to be in a rather low amount (not seen clearly in this 

picture).  These results also show that the Mitfmi-vga9 homozygous mutant 

mice do not express Mitf, or at least in a very low amount, undetected in this 

RT-PCR.  Mitfmi-vga9 heterozygous mice were used (rather than wt) because 

they were littermates with Mitfmi-vga9 homozygous mice and had thus shared 

environmental factors.   

 

    Heterozygote         Mutant (VGA-9)

 OB      Mb      H       OB      Mb      H      NRT   NT      

mMitf 
 

mActin 
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Figure 11.  Real-time PCR analysis of Mitf expression in mice.  Mitf expression 
in the mouse olfactory bulb (OB), cortex and heart, using TaqMan assay.  Mitfmi-vga9 
heterozygotes (Het) vs. Mitfmi-vga9 homozygotes (Mut).  RQ (relative quantification) 
values relative to Mitfmi-vga9 heterozygous heart, with GAPDH as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A7 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Heart, p=3.82*10-6; Cortex, 
p=5.00*10-6; OB, p=0.0001.   
 
 

The real-time PCR results (Figure 11) also confirmed the expression 

of Mitf in the OB and heart of Mitfmi-vga9 heterozygous mice whereas no or 

very little expression is seen in Mitfmi-vga9 homozygotes.  Additionally these 

results show that Mitf is also expressed in the mouse cortex, although in 

rather low amount.   

 To evaluate whether Mitf expression in the olfactory bulb might be 

restricted in mammals to the mouse, Mitf expression was also analyzed in rat 

(Rattus norvegicus, Sprague Dawley strain), using RT-PCR (Figure 12).   
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Figure 12.  RT-PCR analysis of Mitf expression in rat.  Olfactory bulb (OB), 
midbrain (Mb) and heart (H).  NRT control and NT control.  Actin in the lower row 
as a positive control.   
 

Figure 12 shows that Mitf is expressed in the rat olfactory bulb (OB), 

midbrain and heart, which suggests that the expression of Mitf in OB is not 

restricted to mice and can also be found in other species of mammals.  It has 

also previously been shown that Mitf is expressed in zebrafish olfactory bulb 

(Lister et al., 2001).  Thus, Mitf is expressed in olfactory bulb of diverse 

vertebrate species.   

 

3.2  Putative target genes – a candidate gene approach 

To assess MITF function in the olfactory bulb it was relevant to identify its 

target genes in the olfactory bulb.  This was approached in two ways.  

Firstly, a candidate gene approach was used, where candidate genes were 

selected according to their expression in the olfactory bulb (according to 

Allen Brain Atlas).  Their connection to the nervous system, Mitf, and other 

factors were then studied to assess their potential as putative MITF target 

genes.  Secondly, a microarray gene expression analysis was used, where 

gene expression of the entire known mouse genome was compared between 

Mitfmi-vga9 heterozygous and Mitfmi-vga9 homozygous mice.   

 

rMitf 
 
 
rActin 

 OB     Mb     H     NRT   NT



54 Mitf in the mouse central nervous system 

Anna Þóra Pétursdóttir 

3.2.1  Tyrosine hydroxylase 

The first candidate gene examined was the tyrosine hydroxylase gene, Th.  

The TH protein catalyzes the rate-limiting step in the production of 

catecholamines (Rios et al., 1999; Wong et al., 1994; Zhang et al., 2007); 

Figure 13).  The catecholamines dopamine, noradrenaline and adrenaline are 

neurotransmitters, as well as being the fight or flight hormones in the 

sympathetic nervous system (Flierl et al., 2008; Goldstein et al., 2003; Rios 

et al., 1999; Silverthorn, 2007).  Tyrosine hydroxylase is expressed in 

melanocytes where it is involved in the initiation of melanin production 

(Marles et al., 2003) (Figure 13).   

 
Figure 13.  Catecholamine synthesis.  Tyrosine can be synthesized from 
phenylalanine.  Tyrosine is used to make L-DOPA in a rate-limiting step involving 
tyrosine hydroxylase (TH).  L-DOPA is the precursor for dopamine, noradrenline 
and adrenaline.  TH is also connected to melanin formation in the skin through L-
DOPA.  Dopamine produced in the substantia nigra is stored in the corpus striatum.  
MSH is melanocytic stimulating hormone (Paulev, 1999-2000).   
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Th is also expressed in dopaminergic cells in the olfactory bulb and 

used as a reliable marker for these cells (Allen-Institute-for-Brain-Science, 

2010b; Cave & Baker, 2009).  Additionally we have found that its promoter 

region contains an E-box for possible MITF binding.  It was therefore 

considered a promising target gene for MITF in the olfactory bulb.   

To assess if Th is an MITF target gene the expression of Th was 

measured using real-time PCR.   
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Figure 14.  Real-time PCR analysis of Th expression in mice.  Tyrosine 
hydroxylase expression in the mouse olfactory bulb (OB), cortex and heart, using 
TaqMan assay.  Mitfmi-vga9 heterozygotes (Het) vs. Mitfmi-vga9 homozygotes (Mut).  
RQ (relative quantification) values relative to Mitfmi-vga9 heterozygous heart, with 
GAPDH as endogenous control.  Error bars show 95% confidence intervals (N=4).  
Ct values are shown in Table A7 in the appendix.  T-test (two tailed, type 2) 
comparing Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut): Heart, p=0.084; 
Cortex, p=0.824; OB, p=0.147.   
 

Tyrosine hydroxylase is, according to real-time PCR results (Figure 

14), expressed in the mouse olfactory bulb.  It appears however not to be an 

MITF target gene, at least not in the mouse olfactory bulb, cortex or heart, 

since it is not downregulated in Mitfmi-vga9 homozygous mutant mice.   
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3.2.2  Rab37 and Rab27a  

Other genes of interest were the Rab genes, Rab27a and Rab37.  Rab27a, a 

known target gene for MITF in melanocytes (Hoek et al., 2008), is involved 

in the trafficking of melanosomes towards the cell membrane by binding to 

the melanosomes and recruiting other important proteins (Chiaverini et al., 

2008).  Rab37 and Mitf are both expressed in mast cells and the promoter of 

Rab37 contains an E-box sequence known to be a binding site for MITF.  

Additionally, Rab37 is, according to Allen Brain Atlas, expressed in the 

mouse olfactory bulb in a similar manner as Mitf (Figure 15). 

 

    
Figure 15.  Mitf and Rab37 expression in mouse olfactory bulb.  These genes 
appear to be expressed similarly in the olfactory bulb, seemingly in the external 
tufted cells close to the glomerular layer and in the mitral cell layer.  GL is 
glomerular layer, EPL is external plexiform layer, MCL is mitral cell layer and GCL 
is granule cell layer, IPL or internal plexiform layer is the thin, light layer between 
MCL and GCL (Allen-Institute-for-Brain-Science, 2010b).   
 

The expression of Rab27a and Rab37 was analyzed in Mitfmi-vga9 

heterozygous mice vs. Mitfmi-vga9 homozygous mice using real-time PCR.   

 
 

 

Mitf Rab37 

GL     EPL  MCL        GCL 
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Figure 16.  Real-time PCR analysis of Rab27a and Rab37 expression in mice.  
(A) Rab27a and (B) Rab37 expression in the mouse OB, cortex and heart, using 
TaqMan assay.  Mitfmi-vga9 heterozygotes (Het) vs. Mitfmi-vga9 homozygotes (Mut).  
RQ (relative quantification) values relative to Mitfmi-vga9 heterozygous heart, with 
GAPDH as endogenous control.  Error bars show 95% confidence intervals (N=4).  
Ct values are shown in Table A8 in the appendix.  T-test (two tailed, type 2) for 
Rab27: heart, p=0.424; cortex, p=0.071; OB, p=0.569; for Rab37: heart, p=0.939; 
cortex, p=0.256; OB, p=0.807.   
 

According to the real-time PCR results, however (Figure 16), 

neither Rab27a nor Rab37, seem to be MITF targets in the mouse olfactory 

bulb (nor cortex or heart).   

A) 
 
 
 
 
 
 
 
 
 
 
 

B) 
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3.2.3  Tudor domain containing 7, Syntaxin 7, and Chymase 1, mast cell 

Other known target genes of MITF were then explored from data kindly 

provided by Christian Praetorius at the BioMedical Center, University of 

Iceland, (published in Hoek et al., 2008) and three promising genes were 

identified based on expression data from the Allen Brain Atlas (see Figure 

17).   

 
Figure 17.  Expression of Mitf and three putative target genes in the OB.  (A) 
Mitf is expressed in cells lying alongside and adjacent to the glomerular layer and in 
the mitral cell layer.  (B) Tdrd7.  (C) Stx7.  (D) Cma1.  RNA in situ hybridization 
GL is glomerular layer, EPL is external plexiform layer, MCL is mitral cell layer 
and GCL is granule cell layer, IPL or internal plexiform layer is the thin, light layer 
between MCL and GCL.  (Allen-Institute-for-Brain-Science, 2010b).   
 

Tudor domain containing 7 (TDRD7) is a scaffold protein that 

contains, as the name describes, multiple repeats of Tudor domain.  The 

Tudor domain, a highly conserved motif comprised of 60 amino acids, was 

first discovered in the Drosophila Tudor protein, which contains 11 repeated 

Tudor domains and is involved in germ cell formation.  The specific function 

GL     EPL  MCL        GCL 

A) B) 

C) D) 
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of TDRD7 is however unknown (Hosokawa et al., 2007; Skorokhod et al., 

2008).   

Syntaxin 7 (STX7) is, like other syntaxin proteins, a SNARE 

(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) 

protein and as such contains a conserved SNARE motif of 60-70 amino 

acids with inclination to form coiled-coils (He & Linder, 2009).  The 

primary function of SNARE proteins is to mediate intracellular vesicle 

docking and fusion events (Wong et al., 1998).  Syntaxin 7 has been shown 

to be situated on late endosomes and has a function in mediating endocytic 

trafficking from early endosomes to late endosomes (Nakamura et al., 2000).  

Stromberg et al. also showed that Syntaxin 7 is expressed in both 

melanocytes and melanoma cells, and that its expression level is inversely 

correlated with tumor aggression (Stromberg et al., 2009).   

Chymase 1, mast cell (CMA1) is a chymotrypsin-like serine 

protease synthesized and stored in secretory granules of mast cells (Miyazaki 

& Takai, 2006; Urata et al., 1990).  Urata et al. (1993) also found chymase 

expression in both endothelial and interstitial (most likely dividing 

fibroblasts) cells in the human heart.  Human chymase can convert 

angiotensin I to angiotensin II, which is more commonly known as the 

function of the angiotensin I-converting enzyme (ACE).  This function of 

CMA1 seems however to be species specific as chymases from other 

mammalian species such as rat and rabbit do not produce Ang II while 

monkey, dog and hamster chymases do but in lower amounts (Balcells et al., 

1997; Urata et al., 1990).  Angiotensin II has a function in controlling blood 

pressure and has been implicated in hypertension pathogenesis, cardiac 

hypertrophy, and heart failure (reviewed in (Kim & Iwao, 2000; Silverthorn, 

2007)).  ACE inhibitors are thus used as a drug for hypertension 

(Silverthorn, 2007).  The expression of these three genes was examined in 
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Mitfmi-vga9 heterozygous and Mitfmi-vga9 homozygous mice using real-time 

PCR (Figures 18-19). 
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Figure 18.  Real-time PCR analysis of Stx7 and Tdrd7 expression in mice.  (A) 
Syntaxin 7 (Stx7) and (B) Tudor domain containing 7 (Tdrd7) expression in the 
mouse olfactory bulb (OB), cortex and heart, using TaqMan assay.  Mitfmi-vga9 
heterozygotes (Het) vs. Mitfmi-vga9 homozygotes (Mut).  RQ (relative quantification) 
values relative to Mitfmi-vga9 heterozygous heart, with GAPDH as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A9 in the appendix.  T-test (two tailed, type 2) for Stx7: heart, p=0.523; 
cortex, p=0.912; OB, p=0.295; for Tdrd7: heart, p=0.380; cortex, p=0.281; OB, 
p=0.902.   

A) 
 
 
 
 
 
 
 
 
 
 
 

B) 
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Figure 19.  Real-time PCR analysis of Cmal expression in mice.  Chymase 1, 
mast cell (Cma1) expression in the mouse olfactory bulb (OB), cortex and heart, 
using TaqMan assay.  Mitfmi-vga9 heterozygotes (Het) vs. Mitfmi-vga9 homozygotes 
(Mut).  RQ (relative quantification) values relative to Mitfmi-vga9 heterozygous heart, 
with GAPDH as endogenous control.  Error bars show 95% confidence intervals 
(N=4).  Ct values are shown in Table A9 in the appendix.  T-test (two tailed, type 2) 
comparing Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut):  Heart, 
p=9.5*10-5; Cortex, p=0.202; OB, p=0.007.   
 

According to real-time PCR results, however, neither Stx7 nor Tdrd7 

seem to be a direct target of MITF in mouse olfactory bulb, cortex or heart 

(Figure 18).  However, it seems that Cma1 is indeed a possible MITF target 

in the mouse heart, and also in the mouse olfactory bulb (Figure 19). 

Since, as mentioned before CMA1 is involved in converting 

angiotensin I to angiotensin II, which is important in blood pressure 

regulation, and since MITF seems to target Cma1 in the heart, it was of 

interest to examine whether the expression of Cma1 correlated with Mitf 

expression in the heart of mouse lines expressing different levels of Mitf 

expression.  The mouse lines used were: the Mitfmi-vga9 heterozygote and 

Mitfmi-vga9 homozygote, TG21055-S73A, TG32643-S73A/S409A, TG13627-
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del(int2) and TG13628-del(int2), and a B6-enu22(398) mutant (see chapters 

1.1.8 and 2.1, and Table A1 in the appendix).   
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Figure 20.  Real-time PCR analysis of Cma1 and Mitf expression in hearts.  (A) 
Cma1 (Chymase 1, mast cell) expression in the mouse heart.  (B) Mitf expression in 
the mouse heart.  TaqMan assay.  Various mouse strains expressing different Mitf 
levels.  RQ (relative quantification) values relative to Mitfmi-vga9 heterozygote, with 
GAPDH as endogenous control.  Error bars show 95% confidence intervals (N=3).  
Ct values are shown in Table A10 in the appendix.   
 

Real-time PCR analysis results show, however (Figure 20), that 

Cma1 expression seems to parallel Mitf expression only in the Mitfmi-vga9 

heterozygote, the Mitfmi-vga9 homozygote, the B6-Enu22(398) and the 

A) 
 
 
 
 
 
 
 
 
 
 

B) 



Mitf in the mouse central nervous system 63 

Anna Þóra Pétursdóttir 

TG32643-S73A/S409A double mutant strains.  However, there does not 

seem to be any clear correlation between Cma1 and Mitf expression in the 

TG13627-del(int2), TG13628-del(int2) and TG21055-S73A strains.   

 

3.2.4  A candidate gene approach – summary  

A summary of the genes examined in the candidate gene approach can be 

found in Table 1.   

 
Table 1.  Genes from the candidate gene approach compared to Mitf.  Fold 
change from Mitfmi-vga9 heterozygotes to Mitfmi-vga9 homozygotes in mouse OB by 
real-time PCR.  The expression of the genes in the mouse olfactory bulb according to 
Allen Brain Atlas, and E-box information (0-(-2500)bp upstream).  ETCs are 
external tufted cells, MitCs are mitral cells, Mb is midbrain and Sig is statistically 
significant. 

Gene 
name 

Fold change* 
Real-time PCR Expression in the OB CATGTG CACGTG CANNTG 

Mitf  0.05 (Sig) Yes, ETC and mitral cells 1 0 14 

Th 0.84 Yes (ETCs & MitCs), OB & Mb only 4 2 30 

Tdrd7 0.97 Yes (ETCs & MitCs) 2 2 18 

Stx7 1.32 Yes (ETCs & MitCs) 3 0 20 

Cma1 0.37 (Sig) Yes (ETCs & MitCs) 0 0 6 

Rab27a 1.08 Yes (mitral cells?) 3 0 20 

Rab37 1.04 YES, very good (ETCs and MitCs) 2 0 16 
a Comparing Mitfmi-vga9 heterozygotes and homozygotes 
 

3.3  Putative target genes – microarray gene expression analysis 

Although the candidate gene approach gave interesting results such as the 

correlation between Mitf and Cma1 in heart, it seems that this method is not 

suitable to predict putative MITF target genes in the CNS.  This indicates 

that MITF targets different genes in the CNS than in melanocytes.  It was 

thus decided to perform a microarray gene expression analysis for a more 

wider look at putative MITF target genes in the OB.  Due to the small 

number of samples the microarray data proved not to be statistically 
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significant.  The gene expression results from the Mitfmi-vga9 heterozygote 

were visually compared to the results from the Mitfmi-vga9 homozygote using a 

scatterplot drawn in the ArrayStar software (Figure 21).   

Each data point represents the expression level of a single gene in 

Mitfmi-vga9 heterozygote and Mitfmi-vga9 homozygote.  Note the point marked as 

Mitf which is a useful internal control.  All the genes downregulated (more 

than 70 genes) and upregulated (over 100 genes) more than twofold when 

comparing Mitfmi-vga9 heterozygotes with homozygotes are listed in Tables 

A4 and A5 (in the appendix), respectively.  
 

 
 

Figure 21.  Scatter plot of the microarray results.  Mitfmi-vga9 homozygotes 
compared to heterozygotes.  Genes downregulated from Mitfmi-vga9 heterozygotes (x-
axis) to Mitfmi-vga9 homozygote (y-axis) are below the line and upregulated genes are 
above the line.  White dots depict all genes with 2 fold change or more.  Arrows 
show Mitf, Sgcg and Vdr.   
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In this project we focused on the genes downregulated when 

comparing Mitfmi-vga9 heterozygotes to homozygotes because their expression 

levels follow the Mitf expression levels, and they are thus most likely to be 

direct targets of MITF.  Ten genes were selected from the downregulated 

genes according to the following criteria: 1. genes expressed similar to Mitf 

in the olfactory bulb according to Allen Brain Atlas, 2. genes that have an E-

box in the regulatory region that MITF can bind to, and 3. genes that were 

more than 50% downregulated (0.1-0.5 fold change) when comparing Mitfmi-

vga9 heterozygotes and homozyogotes.  The ten genes that followed these 

criteria were: Vdr, Sgcg, Wif1, Bace2, Nmb, Tmem40, Otop2, Amz1, Cbln4 

and Ush1g. 

The changes in gene expression seen in the microarray results for the 

ten genes selected were confirmed by using RT-PCR (Figure 22) and 

subsequently real-time PCR (Figure 23, 26 - 35). 
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Figure 22.  Confirmation of microarray results by RT-PCR analysis.  A-B) 
Mitfmi-vga9 heterozygous vs. Mitfmi-vga9 homozygous OB and NT negative control.  
Mitf as a positive control.  (A) Vdr, Sgcg, Wif1, Bace2, Nmb compared to Mitf5-9.  
(B) Tmem40, Otop, Amz1, Cbln4, Ush1g compared to Mitf5-9.  (C) Nmb with Actin 
as a positive control.  Wt, Mitfmi-vga9 heterozygotes and Mitfmi-vga9 homozygotes.   
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As (A) and (B) in Figure 22 show, the ten genes selected are 

expressed less in the olfactory bulb of the Mitfmi-vga9 homozygotes rather than 

in the Mitfmi-vga9 heterozygotes.  This difference was not observed for Nmb in 

A) most likely because the amplicon is short.  Therefore the RT-PCR for this 

gene was repeated, with fewer PCR cycles and using wt mouse olfactory 

bulb cDNA as well as the Mitfmi-vga9 heterozygous and homozygous tissues.  

Part (C) of Figure 22 shows that the Nmb expression is reduced in Mitfmi-vga9 

homozygotes as compared to Mitfmi-vga9 heterozygotes and wt. 

 

3.3.1  Vdr, vitamin D receptor 

The vitamin D receptor (VDR), or the calcitriol receptor, is a transcription 

factor from the superfamily of nuclear receptors (Prüfer et al., 2000; Sone et 

al., 1991).  The VDR is activated by the binding of vitamin D3, the active 

form of vitamin D.  When activated the VDR forms a heterodimer with the 

retinoid-X receptor (RXR) and binds to a hormone response element on a 

target gene (Prüfer et al., 2000; Skorija et al., 2005; Sone et al., 1991).  

Vitamin D is either ingested in food or produced in the skin.  UV radiation 

exposure to the skin produces vitamin D from 7-dehydrocholesterol (Garcion 

et al., 2002; Silverthorn, 2007; Watabe et al., 2002).  The vitamin D is then 

converted to its hormonally active form, 1α,25-dihydroxycholecalciferol 

(1,25(OH)2D3, also known as calcitriol or vitamin D3), through two 

consecutive hydroxylation steps, in the liver and kidney, respectively 

(Garcion et al., 2002; Silverthorn, 2007).  This active form is then released 

into the bloodstream where it circulates bound to vitamin D-binding protein 

(Paulev, 1999-2000).  Vitamin D3 is stored in liver, muscle and adipose 

tissue (Paulev, 1999-2000).  Vitamin D3 is a steroid hormone and best 

known for its function in regulating calcium homeostasis by enhancing 

intestinal absorption and renal reabsorption of calcium and thus raising the 
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plasma Ca2+ levels (Silverthorn, 2007).  Mutations in the human form of the 

VDR gene (usually in the DNA binding domain) are connected with 

Hereditary vitamin D-resistant rickets (HVDRR, also known as vitamin D-

dependent rickets type II), a rare autosomal recessive disorder where 

treatment by administration of vitamin D is relatively ineffective (Malloy et 

al., 1999; Malloy et al., 2004; Mechica et al., 1997).  VDR is expressed in 

mouse hair follicle keratinocytes (Skorija et al., 2005).  Alopecia (hair loss) 

is a feature of some HVDRR cases indicating that VDR has a function in 

hair cycling.  The means by which VDR might maintain normal hair cycling 

is not yet known, although according to results from Skorija et al. (2005) it 

seems to be mediated through a ligand-independent function of VDR.  

Additionally, it has been shown that vitamin D3 may have a role in 

regulating melanocyte development and melanogenesis, at least in mouse 

cells (Watabe et al., 2002).  And it also appears to inhibit proliferation of 

human melanoma cells (Evans et al., 1996).   

Vdr expression in mouse olfactory bulb from three types of mice 

expressing different amounts of Mitf (wt, Mitfmi-vga9 heterozygotes and 

homozygotes) was examined using real-time PCR (Figure 23).   
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Figure 23.  Real-time PCR analysis of Vdr expression in mice.  Vdr expression in 
the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 heterozygous 
(Het) and homozygous mice (Mut), using SYBR green.  RQ (relative quantification) 
values relative to wt heart, with Actin as endogenous control.  Error bars show 95% 
confidence intervals with N=4 (3 for het cortex).  Ct values are shown in Table A11 
in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 heterozygotes (Het) 
with homozygotes (Mut): Heart, p=0.121; Cortex, p=0.865; OB, p=0.035.   
 

According to Figure 23, Vdr expression seems to correlate with the 

amount of Mitf expressed in the mouse olfactory bulb.  It is expressed most 

abundantly in the wt mice, and at the lowest levels in the in the Mitfmi-vga9 

homozygotes.  However, the expression of Vdr does not seem to correlate 

with Mitf expression in the mouse heart or cortex.   

 Since vitamin D is synthesized in the skin, it was of interest to 

examine whether there was connection between the expression of Vdr and 

Mitf in mouse skin.  This was also checked using real-time PCR (Figure 24).   

 



70 Mitf in the mouse central nervous system 

Anna Þóra Pétursdóttir 

0

0.2
0.4

0.6
0.8

1
1.2

1.4
1.6

1.8
2

2.2

Wt Het Mut

R
Q

 (r
el

. t
o 

w
t)

 
Figure 24.  Real-time PCR analysis of Vdr expression in mouse skin.  Vdr 
expression in the skin of wild type (Wt), Mitfmi-vga9 heterozygtes (Het) and Mitfmi-vga9 
homozygotes (Mut), using SYBR green.  RQ (relative quantification) values relative 
to wt, with Actin as endogenous control.  Error bars show 95% confidence intervals 
with N=3 (1 for wt).  Ct values are shown in Table A12 in the appendix.  T-test (two 
tailed, type 2) comparing Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut), 
p=0.485.   
 

In Figure 24 Vdr and Mitf expression is compared in skin from wt, 

Mitfmi-vga9 heterozygous and homozygous mice.  According to these results 

there is no connection between the expression of these two genes in mouse 

skin.  
 However it is known that animals with fur only have melanocytes in 

their hair follicles and few to none epidermal melanocytes in their skin, 

except in places lacking fur (nose, ears, tail and paws) (Lin & Fisher, 2007).  

Although there are exceptions to this, e.g. polar bears which have 

unpigmented and hollow fur, and black skin due to a high amount of 

epidermal melanocytes in their epidermis (Lin & Fisher, 2007). Vdr and Mitf 

expression in ears was thus examined in wt and Mitfmi-vga9 heterozygous mice 

(Figure 25).   
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Figure 25.  Real-time PCR analysis of Vdr expression in mouse ears.  Vdr and 
Mitf expression in the ear of wild type (Wt) and Mitfmi-vga9 heterozygous (Het) mice, 
using SYBR green.  RQ (relative quantification) values relative to wt, with Actin as 
endogenous control.  Error bars show 95% confidence intervals (N=3).  Ct values 
are shown in Table A12 in the appendix.  T-test (two tailed, type 2) comparing wt 
with Mitfmi-vga9 heterozygotes (Het): Vdr,  p=0.206; Mitf, p=0.020.   
 

Figure 25 shows that the expression of Vdr seems to correlate with 

the expression of Mitf in the mouse ears (although not statistically 

significant), which suggests that Vdr might be a target for MITF in 

epidermal melanocytes. 

 

3.3.2  Sgcg, sarcoglycan gamma 

The sarcoglycan gamma (dystrophin-associated glycoprotein) protein, or 

SGCG, forms a complex known as the sarcoglycan complex with alfa, beta 

and delta sarcoglycans in skeletal and cardiac muscle cell membranes 

(Yoshida et al., 1997).  A defect in any one of those subunits causes a loss or 

marked decrease of the sarcoglycan complex resulting in sarcoglycanopathy, 

an autosomal recessive muscular dystrophy (Ozawa et al., 1998; 

Wakabayashi-Takai et al., 2001).   



72 Mitf in the mouse central nervous system 

Anna Þóra Pétursdóttir 

 The microarray results for Sgcg expression in mouse olfactory bulb 

were confirmed and the Sgcg expression examined in mouse cortex, heart 

and skeletal muscle using real-time PCR (Figures 26-27).   
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Figure 26.  Real-time PCR analysis of Sgcg expression in mouse muscles.  
mSgcg expression in the skeletal muscle and heart of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt skeletal muscle, with Actin as 
endogenous control.  Error bars show 95% confidence intervals (N=3).  Ct values 
are shown in Table A13 in the appendix.  T-test (two tailed, type 2) comparing 
Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut): Skel,  p=0.025; Heart, 
p=0.478.   
 

As Figure 26 shows, the expression of Sgcg does not seem to 

parallel Mitf expression in the heart or skeletal muscle.  On the contrary, 

Sgcg expression in skeletal muscle actually seems to be inversely correlated 

with the Mitf expression.   
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Figure 27.  Real-time PCR analysis of Sgcg expression in mouse brain.  Sgcg 
expression in the cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt cortex, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=3).  Ct values are shown in 
Table A13 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Cortex,  p=0.227; OB, p=0.003.   
 

Figure 27 shows the expression of Sgcg in mouse olfactory bulb and 

cortex.  There seems to be a clear correlation between Sgcg and Mitf 

expression in the olfactory bulb but not in the cortex.    

 

3.3.3  Wif1, Wnt inhibitory factor 1 

The Wnt inhibitory factor 1 (Wif1) is an extracellular antagonist of Wnt 

proteins (Hsieh et al., 1999).  The Wnt proteins are secreted signaling 

glycoproteins with diverse roles, including a key role in the patterning of 

various tissues during development, along with proteins from the Hedgehog 

family, and are under tight regulation.  (Hsieh et al., 1999; Lum & Beachy, 

2004; Nusse, 2003).  One of the regulatory proteins is the Wnt inhibitory 

factor 1.  Wif-1 was first identified in the human retina as an expressed 

sequence tag (Hsieh et al., 1999).  WIF-1 is highly conserved between 

mouse, Xenopus, zebrafish, Drosophila and human (Han & Lin, 2005; Hsieh 
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et al., 1999).  In vertebrates WIF-1 inhibits Wnt proteins from binding their 

receptors by binding directly to them (Hsieh et al., 1999).  The Wnt pathway 

is often dysregulated cancer and increasing number of reports show that 

WIF-1 is downregulated in many types of cancers by methylation (Ai et al., 

2006; Chan et al., 2007; Queimado et al., 2007; Wissmann et al., 2003).   
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Figure 28.  Real-time PCR analysis of Wif1 expression in mice.  Wif1 expression 
in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt heart, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A14 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Heart, p=0.608; Cortex,  p=0.018; 
OB, p=0.001.   
 

As Figure 28 shows, the expression of Wif1 seems to follow the 

expression of Mitf in the mouse olfactory bulb at least between Mitfmi-vga9 

heterozygote and homozygous mice.  However, this is not the case in the 

mouse heart or cortex.  On the contrary, like with Sgcg, Wif1 expression 

actually seems to be inversely correlated with the Mitf expression in the 

heart.   
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3.3.4  BACE2, beta-site APP-cleaving enzyme 2 

The β-site APP-cleaving enzyme 2 (Bace2) is a close homolog of BACE1 

(β-site APP-cleaving enzyme or β-Secretase), a protease indicated by many 

studies to be important for the cleavage of APP (Amyloid precursor protein) 

into Aβ in Alzheimer’s disease (Saunders et al., 1999; Vassar, 2004).   

A critical feature of Alzheimer’s disease is the cerebral deposition of 

amyloid formed from the accumulation of amyloid beta (Aβ) peptide.  The 

Aβ peptide is formed from two sequential cleavages of the APP protein, by 

two proteolytic activities: β-secretase (BACE1) and γ-secretase, respectively, 

with the β-Secretase believed to be the rate-limiting step in Aβ production 

(Ahmed et al., 2010; Saunders et al., 1999; Tanzi & Bertram, 2005).   

BACE2, also cleaves in the β-site of APP and, interestingly, maps to 

the Down’s syndrome obligate region on chromosome 21, as APP does 

(Saunders et al., 1999; Tanzi & Bertram, 2005).  BACE2, however, unlike 

BACE1, does not seem to be associated with Alzheimer’s disease and 

cleaves more efficiently within the Aβ region of the APP (reviewed in 

(Tanzi & Bertram, 2005); (Farzan et al., 2000)).  In contrast to BACE1, 

BACE2 might be involved in degradation of Aβ in the brain (Farzan et al., 

2000), although the role of BACE2 in AD has not yet been established 

(Ahmed et al., 2010).  The role of BACE2 in amyloid depositing in Down’s 

syndrome patients remains controversial as well (Ahmed et al., 2010).   
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Figure 29.  Real-time PCR analysis of Bace2 expression in mice.  Bace2 
expression in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous mutant (Mut) mice, using SYBR 
green.  RQ (relative quantification) values relative to wt heart, with Actin as 
endogenous control.  Error bars show 95% confidence intervals (N=4).  Ct values 
are shown in Table A15 in the appendix.  T-test (two tailed, type 2) comparing 
Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut): Heart, p=0.817; Cortex,  
p=0.631; OB, p=0.028.   
 

As Figure 29 shows, the expression of Bace2 seems to correlate 

with the amount of Mitf in the mouse olfactory bulb, at least between the 

Mitfmi-vga9 hetero- and homozygotes.  However, this is not the case in the 

mouse heart or cortex.  On the contrary, like with Sgcg and Wif1, Bace2 

expression actually seems to be inversely correlated with Mitf expression, at 

least between the wt and the other mouse strains.  This might also be the 

case with its expression in the cortex.   

 

3.3.5  Nmb, neuromedin B 

The Neuromedin B (NMB) is a member of Bombesin-like peptide family in 

mammals (Ohki-Hamazaki, 2000).  The bombesin-like peptides, which were 

originally isolated from amphibian skin, form a large family of structurally 

related class of biologically active peptides (Nakajima et al., 1970 and 
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Anastasi et al., 1971, cited in Krane et al., 1988).  They all resemble the 

Bombesin (BN) peptide, which was originally purified from the skin of the 

European frog Bombina bombina by Anastasi et al. in 1971 (Anastasi et al., 

1971, cited in Ohki-Hamazaki et al., 2005 and Woodruff et al., 1996).  NMB 

is the mammalian homolog of amphibian ranatensin (a bombesin-like 

peptide) and was isolated from a pig spinal cord in 1983 by Minamino et al. 

(cited in Krane et al., 1988).  Nmb expression has been found in brain and 

gastrointestinal tissue (Krane et al., 1988; Ohki-Hamazaki et al., 2005) and 

according to Allen Brain Atlas it is expressed very strongly in the mouse 

olfactory bulb, especially in the mitral cell layer.   

 Neuromedin B along with gastrin-releasing peptide (GRP, also a 

bombesin-like peptide) have been shown to have roles in various 

physiological events, such as exocrine and endocrine secretions, contraction 

of smooth muscle cells, cardiac output, blood pressure, glucose control and 

food intake, and thermoregulation (Ohki-Hamazaki et al., 2005; Woodruff et 

al., 1996).  Additionally, aberrant expression of bombesin-like peptides has 

been reported in several types of cancer (Qu et al., 2003, cited in Park et al., 

2009).  It has also been demonstrated that NMB shows angiogenic abilities 

in vivo and ex vivo as well as promoting chemotactic migration and tubular 

formation of endothelial cells (Park et al., 2009).   
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Figure 30.  Real-time PCR analysis of Nmb expression in mice.  Nmb expression 
in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt heart, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A16 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Heart, p=0.183; Cortex,  p=0.986; 
OB, p=0.047.   
 

According to the real-time PCR results (Figure 30) no clear 

correlation seems to be between Nmb and Mitf expression in the mouse 

olfactory bulb (nor in heart or cortex). 

 

3.3.6  Tmem40, transmembrane protein 40 

Transmembrane protein 40 (TMEM40) is, as the name suggests, a 

transmembrane protein.  However, little is yet known about its function (Yu 

et al., 2009).   

 



Mitf in the mouse central nervous system 79 

Anna Þóra Pétursdóttir 

0

3

6

9

12

15

18

21

Heart Cortex OB

R
Q

 (r
el

. t
o 

w
t h

ea
rt

) Wt
Het
Mut

 
Figure 31.  Real-time PCR analysis of Tmem40 expression in mice.  Tmem40 
expression in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt heart, with Actin as endogenous 
control.  Error bars show 95% confidence intervals with N=4 (3 for mut cortex).  Ct 
values are shown in Table A17 in the appendix.  T-test (two tailed, type 2) 
comparing Mitfmi-vga9 heterozygotes (Het) with homozygotes (Mut): Heart, p=0.709; 
Cortex,  p=0.072; OB, p=0.049.   
 

In Figure 31 it is apparent that Tmem40 expression follows Mitf 

expression in both mouse olfactory bulb and cortex.  It does not, however, in 

mouse heart.  This suggests that Tmem40 indeed is affected by MITF in the 

mouse brain. 

 

3.3.7  Otop2, otopetrin 2 

Otopetrin 2 (Otop2) belongs to a novel gene family encoding multi-

transmembrane domain proteins with a homology to the DUF270 (Domain 

of Unknown Function 270) invertebrate genes (Hughes et al., 2008; Hurle et 

al., 2003).  This gene family, called Otopetrin Domain Protein (ODP) gene 

family, consists of Otopetrin 1 and its paralogues Otopetrin 2 and Otopetrin 

3 (Hughes et al., 2008; Hurle et al., 2003).  The ODP proteins all have three 

so-called Otopetrin Domains, which are well conserved from both 

arthropods and nematodes to vertebrates, and a much constrained predicted 
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loop structure (Hughes et al., 2008).  Otop1 is important for the synthesis of 

otoconia and otoliths (teleost fish), calcium carbonate (CaCO3) biominerals, 

in the inner ear of vertebrates, a process which requires regulation of 

intracellular calcium (Hughes et al., 2008; Hughes et al., 2004).  Mutations 

in Otop1 are related to loss of gravity perception and spatial orientation, 

which leads to loss of balance and vertigo (Hurle et al., 2003).   
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Figure 32.  Real-time PCR analysis of Otop2 expression in mice.  Otop2 
expression in the cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt cortex, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A18 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Cortex, p=0.777; OB, p=0.003.   
 

Real-time PCR results (Figure 32) show that the expression of 

Otop2 follows Mitf expression only in the mouse olfactory bulb and between 

Mitfmi-vga9 heterozygous and homozygous mice.  No connection however was 

seen in the mouse cortex.  No Otop2 expression was observed in the mouse 

heart (data not shown).   
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3.3.8  Amz1, archaelysin family metallopeptidase 1 

The human homolog of this protein and the closely related AMZ2 are 

described in Díaz-Perales et al., 2005.  Both these proteins are zinc 

metalloproteases that contain a catalytic domain which includes an 

archetypical zinc-binding site and four Cys residues (Diaz-Perales et al., 

2005).  In humans, AMZ1 is mostly expressed in liver and heart, although it 

is detected in lower amount in other tissues as well (Diaz-Perales et al., 

2005).  The AMZ1 and AMZ2 are highly conserved between vertebrates and 

archaea, but are absent from the genomes of several known model organisms 

like E. coli, S. cerevisiae, A. thaliana, D. melanogaster, and C. elegans 

(Diaz-Perales et al., 2005).  Changes in the regions in the human genome 

where these genes reside have been associated with diseases such as cancer, 

hypertension and multiple sclerosis (Chen et al., 2004; Kalikin et al., 1999; 

Lafferty et al., 2000; Meuleman et al., 2001).   
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Figure 33.  Real-time PCR analysis of Amz1 expression in mice.  Amz1 
expression in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt heart, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A19 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Heart, p=0.512; Cortex,  p=0.606; 
OB, p=0.002.   
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As real-time PCR results (Figure 33) show, the expression of Amz1 

seems to follow the expression of Mitf in the mouse olfactory bulb, at least 

between Mitfmi-vga9 heterozygous and homozygous mice.  However, this is 

not the case in the mouse heart or cortex, where no change in Amz1 

expression is observed between the three mouse types used.   

 

3.3.9  Cbln4, cerebellin 4 precursor protein 

Cerebellin 4 precursor protein (Cbln4) belongs to the Cbln subfamily of the 

Cbln group within the C1q family along with Cbln1-Cbln3 (Yuzaki, 2008).  

The C1q protein is the target recognition protein of the classical complement 

pathway, however not all the C1q proteins are complements.  (Yuzaki, 

2008).  The proteins in the C1q family all have a highly conserved signature 

C-terminal globular domain (gC1q) that forms a trimer which, in the 

complement proteins,  recognizes a broad range of ligands (Yuzaki, 2008).  

Cbln2–Cbln4 are expressed in various regions of developing and mature 

brains (Iijima et al., 2007).  All the Cbln proteins are highly conserved in 

mammals; they have, however not yet been associated with any disease or 

abnormality and their function is still largely uncharacterized (Iijima et al., 

2007; Miura et al., 2006; Yuzaki, 2008).    
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Figure 34.  Real-time PCR analysis of Cbln4 expression in mice.  Cbln4 
expression in the cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt cortex, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A20 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Cortex, p=0.150; OB, p=0.0002.   
 

Real-time PCR results (Figure 34) show that the expression of 

Cbln4 follows Mitf expression only in the mouse olfactory bulb and only 

between Mitfmi-vga9 heterozygous and homozygous mice.  However, no 

correlation was seen in the mouse cortex, and no Cbln4 expression was 

observed in the mouse heart.   

 

3.3.10  Ush1g, Usher syndrome 1G homolog (human) 

Usher syndrome 1G homolog (human), or USH1G, is a scaffold protein (or 

SANS, scaffold protein containing ankyrin repeats and SAM (sterile alpha 

motif) domain) and its gene (identified by Weil et al., 2003) is one of many 

genes connected to the heterogeneous human Usher syndrome (USH).  

Usher syndrome is the most common form of hereditary combined deafness 

and blindness in humans, with some cases that show vestibular dysfunction.  

(Vernon, 1969, cited in Reiners et al., 2006;  Zrada et al., 1996).  USH is 

divided into three clinical subtypes, USH1, USH2 and USH3, based on their 
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clinical course and severity (Davenport and Omenn, 1977, cited in Reiners et 

al., 2006).  Ush1g is connected to Usher syndrome type I (USH1), which is 

the most severe of the three subtypes, with congenital severe hearing deficit, 

onset of retinitis pigmentosa (RP, a progressive retinal degradation based on 

cell death of photoreceptor cells leading to blindness) before puberty and 

vestibular dysfunction (Ahmed et al., 2003; Kremer et al., 2006; Zrada et al., 

1996).   

 The main biological characteristic of USH is the degeneration of 

neurosensory cells in both the eye (photoreceptor cells) and the inner ear 

(hair cells), leading to the aforementioned deafness and blindness (reviewed 

in (Kremer et al., 2006; Reiners et al., 2006)).  In addition, some functional 

studies on USH1 and USH2 patients indicate that these patients have 

impaired olfaction ability (Zrada et al., 1996).   
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Figure 35.  Real-time PCR analysis of Ush1g expression in mice.  Ush1g 
expression in the heart, cortex and olfactory bulb (OB) of wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice, using SYBR green.  RQ 
(relative quantification) values relative to wt heart, with Actin as endogenous 
control.  Error bars show 95% confidence intervals (N=4).  Ct values are shown in 
Table A21 in the appendix.  T-test (two tailed, type 2) comparing Mitfmi-vga9 
heterozygotes (Het) with homozygotes (Mut): Heart, p=0.180; Cortex,  p=0.131; 
OB, p=0.003.   
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As real-time PCR results (Figure 35) show, the expression of Ush1g 

seems to follow the expression of Mitf in the mouse olfactory bulb, at least 

between Mitfmi-vga9 heterozygote and Mitfmi-vga9 homozygote.  However, this is 

not the case in the mouse heart or cortex, where no change in Ush1g 

expression is observed between the three mouse types used.  In fact hardly 

any Ush1g expression at all is observed in these tissues. 

 

3.3.11  Microarray gene expression analysis – summary  

A summary of the ten genes selected from the microarray gene expression 

analysis and examined further can be found in Table 2.  
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Table 2.  The ten downregulated genes picked from the microarray results.  Their gene name and fold change when comparing 
expression in the OB between Mitfmi-vga9 heterozygous and homozygous mice, as determined using microarray analysis and real-time 
PCR.  The table also shows where in the mouse OB they are expressed as determined by the Allen Brain Atlas.  Also the number of E-
box sequences in the upstream promoter region is shown (0-(-2500)bp upstream).  ETC are external tufted cells and MitC are mitral 
cells.  Rev is the reverse DNA strand.  All real-time PCR data shown in this table is statistically significant.   

Gene name 
Fold changea 

Expression in the OB CATGTG CACGTG  CANNTG  
Microarray Real-time PCR 

Mitf  0.18 0.05  Yes, ETC and mitral cells 1 0 14 
Vdr  0.33 0.35 Yes, very good 1 0 8 
Sgcg  0.11 0.02 Yes, very good! (ETCells?) 2 0 14 
Wif1  0.38 0.39 Yes (mitral cells?) 0 (1 on rev) 1 14 

BACE2  0.40 0.67 YES (mostly mitral cells) 2 0 14 
Nmb  0.49 0.55 YES, very good (and rec expr in OlfNucl.) 2 1 13 

Tmem40  0.27 0.33 YES, very good (ETC and MitC) 2 2 24 

Otop2  0.45 0.56 YES (ETC & MitC), OB only 1 0 8 

Amz1  0.41 0.38 YES very good (ETC & MitC) 1 0 20 
Cbln4  0.49 0.38 Yes (mostly ETC) 0 (13 on rev) 0 20 

Ush1g  0.46 0.48 YES (ETC & MitC), OB only 1 0 13 

            a Comparing Mitfmi-vga9 heterozygous and homozygous mice 
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3.4  Does MITF affect Sgcg expression directly? 

Sgcg and Vdr showed the clearest reduction in expression when comparing 

Mitfmi-vga9 heterozygous and homozygous mice in the microarray analysis 

were (excluding Tmem40 which function is unknown and was thus not 

further analyzed here).  Sgcg was the most affected gene and it was thus 

decided to direct the focus on this gene.   

To examine whether the MITF transcription factor is able to activate 

expression from the Sgcg promoter, a Dual-Luciferase® reporter assay was 

performed in human embryonic kidney (HEK) 293T cells.  The mouse Sgcg 

promoter (1500 bp upstream of the Sgcg gene) luciferase plasmid used was a 

kind gift from Satoru Noguchi, Japan (Wakabayashi-Takai et al., 2001).  The 

promoter sequence contains two CATGTG E-box sequences.  Tyrosinase 

promoter was used as a positive control for MITF binding.  As a negative 

control a plasmid without a transcription factor was used (empty vector).  

MyoD transcription factor plasmid was used as positive control for the 

binding of Sgcg promoter.  Myogenin transcription factor plasmid was also 

used, although it did not seem to bind to Sgcg promoter in Wakabayashi-

Takai et al., 2001.  The results can be seen in Figure 36. 

Figure 36 shows clearly that MITF activates expression from the 

Tyrosinase promoter (the positive control of MITF binding), as the luciferase 

expression increases according to the amount of MITF plasmid (A).  Some 

correlation in luciferase expression is seen for both MyoD (C) and 

Myogenin (D) with the Sgcg promoter according to the amount of the TF 

plasmid used.   
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Figure 36. Promoter expression analysis in HEK293T cells.   Mouse Sgcg 
luciferase reporter construct (containing two CATGTG E-boxes) or mouse 
Tyrosinase luciferase reporter construct co-transfected into HEK293T cells with 
empty vector (300 ng), Mitf expression vector (75, 150 or 300 ng), MyoD expression 
vector (75, 150 or 300 ng), or Myogenin expression vector (75, 150 or 300 ng).  
Luciferase activity was calculated using average RLU (relative luciferase units).  T-
test (two tailed, type 2) comparing empty and 300 ng of TF plasmid: A. p=0.0003; 
B. p=0.092; C. p=0.009; D. p=0.016.   
 

No correlation seems to be present for MITF and the Sgcg promoter 

(B) in the HEK293T cells (except perhaps negative correlation).  However, 

when using PC12 cells (transfected by electroporation) MITF appeared to 

activate some expression from the Sgcg promoter, although not statistically 

significant (data not shown).  This needs to be tested further.   

 

 A) Tyr + MITF                      B) Sgcg + MITF 
 
 
 
 

 
 
 

 
 C) Sgcg + MyoD                    D) Sgcg + Myogenin 
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3.5  Effects of Mitf on cellular development in the mouse OB  

MITF is an important transcription factor in cell types such as melanocytes, 

retinal pigment epithelial cells and mast cells.  Mitf expression is in fact 

essential for the proper development and function of both types of pigment 

cells.  Hence the unpigmented, microphthalmic and blind Mitf null mutants.  

Additionally, Mitf null mutants are deaf.  It was thus important to evaluate 

the significance of Mitf expression in the olfactory bulb. 

As mentioned before, the cellular localization of Mitf in the mouse 

olfactory bulb (Figure 9) suggests that Mitf is expressed in mitral cells 

(MitCs) and external tufted cells (ETCs).  It is possible that these cell types 

are affected by the loss of Mitf, such that they are not generated in the 

homozygous mutant mice.  To assess this, RT-PCR was performed using cell 

markers for mitral cells and external tufted cells.  The markers used were: 

Tbx21, as marker of mitral and tufted cells (Faedo et al., 2002) and Cck, as a 

marker for tufted cells (Seroogy et al., 1985).   

 
 
 

                  
 

                  
 
Figure 37.  RT-PCR analysis of Tbx21 and Cck expression in mouse brain.  
Mitfmi-vga9 heterozygotes compared to homozygotes.  The first well is a 1kb ladder 
and the last well is a 100 bp ladder.  The two wells before the 100bp ladder are No 
Reverse Transcriptase (NRT) control and No Template (NT) control.     
 

       Het                Mut 

 OB     Midb    OB  Midb  NRT    NT

mTbx21 
 
 
 
 
mCck 
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The results from the RT-PCR analysis show some reduction in 

Tbx21 expression in the olfactory bulb between the Mitfmi-vga9 heterozygous 

and homozygous mice (Figure 37).  There appears, however, to be an 

increase in Cck expression in the Mitfmi-vga9 homozygotes.  It should be noted 

that this RT-PCR was only a preliminary test and this needs to be examined 

further.  Real-time PCR was also performed showing no change in either 

Tbx21 or Cck expression and immunostaining for Tbx21 showing little or no 

change in Tbx21 expression (data not shown).  This data suggests that these 

cells are still present in the Mitfmi-vga9 homozygotes and that MITF is not 

essential for their development or survival.   

 

3.6  Does lack of Mitf affect mouse olfaction? 

Since MITF is so important for both eye development, sight and hearing, it 

was of interest to examine the importance of Mitf expression for olfaction.  

Simple olfactory tests were performed to assess if lack of Mitf expression 

affects olfaction capabilities in mice.   

 The olfactory tests were performed to assess if olfactory capabilities 

differ in mice with different Mitf levels.  First it was tested if the wt, Mitfmi-

vga9 heterozygous and Mitfmi-vga9 homozygous mice could sense the difference 

between water and cinnamon extract dilution (Figures 38-41).  

Subsequently, a peanut butter assay was performed where the time it took to 

find hidden peanut butter was measured (Figure 42).   
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Figure 38.  Olfactory behaviour of wt mice.  Counted how often the mice sniff a 
filter paper containing a dilution of cinnamon extract per a 3 minute time period, 
compared to a filter paper with water.  Cinnamon dilutions were 1:1000, 1:10,000 
and no cinnamon extract (only water).  Bars show 95% confidence intervals.    N=8.  
T-test (two tailed, type 2) comparing water and cinnamon dilution: No cinnamon, 
p=0.809; 1:10,000, p=0.294; 1:1000, p=0.030.   
 

Figure 38 shows that when using 1:1000 cinnamon dilution the wt mice 

prefer the cinnamon scented paper to the paper with water.  This was not 

seen when using a more diluted cinnamon solution, indicating that at that 

dilution the mice can not differentiate between water and cinnamon dilution. 
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Mitfmi-vga9 heterozygous mice: 
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Figure 39.  Olfactory behaviour of Mitfmi-vga9 heterozygous mice.  Counted how 
often the mice sniff a filter paper containing a dilution of cinnamon extract per a 3 
minute time period, compared to a filter paper with water.  Cinnamon dilutions were 
1:1000, 1:10,000 and ‘no cinnamon extract’ (only water).  Bars show 95% 
confidence intervals.  Water columns: N=7.  1/10K and 1/K: N=9.  T-test (two 
tailed, type 2) comparing water and cinnamon dilution: No cinnamon, p=0.647; 
1:10,000, p=0.597; 1:1000, p=0.903.   
 

According to Figure 39, the Mitfmi-vga9 heterozygous mice do not seem to 

differentiate between cinnamon extract dilution and water, neither for 1:1000 

nor 1:10,000. 
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Mitfmi-vga9 homozygous mutant mice: 
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Figure 40.  Olfactory behaviour of Mitfmi-vga9 homozygous mice.  Counted how 
often the mice sniff a filter paper containing a dilution of cinnamon extract per a 3 
minute time period, compared to a filter paper with water.  Cinnamon dilutions were 
1:1000, 1:10,000 and ‘no cinnamon extract’ (only water).  Bars show 95% 
confidence intervals.  Water columns: N=7.  1/10K and 1/K: N=8.  T-test (two 
tailed, type 2) comparing water and cinnamon dilution: No cinnamon, p=0.836; 
1:10,000, p=0.285; 1:1000, p=0.898.   
 

According to Figure 40, the Mitfmi-vga9 homozygous mice do not seem to 

differentiate between cinnamon extract dilution and water, neither for 1:1000 

nor 1:10,000. 
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Comparison of number of sniffs between different mouse strains 
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Figure 41.  Comparison of total sniffing among the three mouse strains.  
Counted how often the mice sniff a filter paper with water during a 3 minute time 
period.  Wt and Mitfmi-vga9 homo- and heterozygous mice compared.  Error bars show 
95% confidence intervals.  Wt and Mitfmi-vga9 heterozygotes: N=32, Mitfmi-vga9 
homozygotes: N=30.  T-test (two tailed, type 2) comparing wt and Mitfmi-vga9 
heterozygotes: p=0.002; Mitfmi-vga9 heterozygotes and homozygotes: p=0.014.   
 

As can be seen in Figures 38-40 the number of sniffs differs between the 

genotypes.  This is further shown in Figure 41.  The wt mice are more 

explorative than the Mitfmi-vga9 heterozygous and the Mitfmi-vga9 homozygous 

mice.  The sniffing frequency appears in fact to be correlated with the Mitf 

expression in these mice. 

 

Peanut butter search assay 

A peanut butter olfactory assay was also performed.  The time it took the 

mice to locate hidden peanut butter in a clean cage was measured (up to 3 

minutes).   

 
 

 



Mitf in the mouse central nervous system 95 

Anna Þóra Pétursdóttir 

0

10

20
30

40

50

60
70

80

90

100
110

Wt Het Mut

A
ve

ra
ge

 ti
m

e 
(s

ec
)

 
Figure 42. Olfactory behaviour of mice.  Time (within three minutes) of how long 
it took to find hidden peanut butter was measured for wild type (Wt), Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous (Mut) mice.  Mice that could not find 
the peanut butter within three minutes (1 mutant mouse) were excluded.  Error bars 
show standard deviation (Wt: N=17, Mitfmi-vga9 het: N=17, Mitfmi-vga9 homoz: N=11).  
T-test (two tailed, type 2) comparing wt and Mitfmi-vga9 heterozygotes: p=0.035; 
Mitfmi-vga9 heterozygotes and homozygotes: p=0.531.   
 

Figure 42 shows that Mitfmi-vga9 heterozygous mutant mice can smell 

and are able to locate hidden peanut butter.  This test further shows that, 

even if not statistically significant between Mitfmi-vga9 heterozygous and 

homozygous mice, there seems to be a trend in the search results indicating 

that olfaction might be slightly impaired following the loss of one and then 

two MITF alleles.   

 

3.7  Cell culture – Nerve model 

Differentiation 

The PC12 cells were differentiated using NGF and photographed at certain 

time points (Figure 43; day 0 before NGF treatment, day 2, 5 and 8 after 

NGF treatment).   
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Figure 43.  
Differentiation of 
PC12 cells with 
NGF.  (A) Untreated 
PC12 cells.  (B) 
PC12 cells treated 
with NGF, day 2.  
(C)  Day 5 of PC12 
differentiation.  (D)  
PC12 differentiation, 
day 8.  All the 
photos were taken at 
10x magnification.   

A)                                                   B) 
 
 
 
 
 
 
 
 
C)                                                   D) 



Mitf in the mouse central nervous system 97 

Anna Þóra Pétursdóttir 

As Figure 43 shows, undifferentiated cells are small and spherical 

(A).  After NGF has been administered some of the cells start to flatten out, 

making them appear to be larger than the other cells around them, and a few 

cells even start to send out short protrusions (B).  On day five almost all the 

cells have differentiated and have now sent out long and thin protrusions, 

which have even started to connect with protrusions from other cells in the 

area (C).  On day eight the differentiation of the cells is complete and they 

have formed a net of protrusions between them (D).   

 

 
Figure 44.  Differentiated PC12 cells.  Differentiation day 8.  A few microscope 
photos merged in photoshop.   
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Figure 44 shows an example of how long the protrusions from the 

differentiated PC12 cells can get. 

 

Mitf in PC12 cells 

It was necessary to know if the PC12 cells expressed Mitf.  This was done 

using RT-PCR. 

 
 

              
 

              
Figure 45.  RT-PCR analysis of Mitf expression in PC12 cells.  Mitf expression 
before and after differentiation (with NGF) of the PC12 cells.  The upper gel shows 
rat Mitf expression (exons 4-9) and the lower gel shows rat Actin expression.  In 
wells 1 and 12 there is a 1kb ladder.  In wells 2-4 there are untreated PC12 cells, in 
wells 5-7 differentiated PC12 cells in wells 8-9 no reverse transcriptase (NRT) 
controls for PC12 cells and differentiated PC12 cells, respectively.  In well 10 there 
is a no template (NT) control, and in well 11 a rat OB as a positive control.   
 

According to Figure 45 Mitf is not expressed in the PC12 cells, 

neither untreated nor differentiated.  Rat OB was used as a positive control, 

since it had been previously determined that Mitf is expressed in rat OB 

(Figure 12).  This suggests that in future studies, PC12 cells can be used to 

express Mitf, with no or little interference from endogenous Mitf. 

 

                          PC12                            Rat 
|     PC12     |     +NGF    |    NRT   | NT | OB   

rMitf4-9 
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IV.  DISCUSSION 

Allen Brain Atlas shows that Mitf is expressed in the olfactory bulb of the 

mouse brain.  Mitf has not previously been known to be expressed in the 

mammalian central nervous system.  Since MITF is a key regulator in 

melanocytes, it was of much interest to explore a potential role in the 

olfactory bulb further. 

 

4.1  Mitf expression in the olfactory bulb  

It was confirmed using both RT-PCR and real-time PCR that Mitf is indeed 

expressed in the mouse olfactory bulb (Figures 10 and 11).  Additionally it 

was confirmed using RT-PCR that Mitf expression in the brain is not limited 

to the mouse since it is expressed in the rat olfactory bulb as well (Figure 

12).  It is also known to be expressed in zebrafish olfactory bulb (Lister et 

al., 2001).  It is thus likely, given the conservation of Mitf in other cell types, 

that it might also be expressed in the olfactory brain regions of other 

mammalian species including human (and other vertebrate species, or even 

in brains of invertabrates).  Mitf expression was also detected in both mouse 

and rat midbrain (Figures 10 and 12), and in mouse cortex (Figure 11), 

although at low levels.  The RT-PCR and real-time PCR results also 

confirmed that the Mitfmi-vga9 homozygous mice do not express Mitf, or at 

least at very low and nearly undetectable levels (Bauer et al., 2009; 

Hodgkinson et al., 1993; and results presented here).   

 

4.2  Putative target genes – a candidate gene approach 

As the Mitf gene encodes a transcription factor, identification of its target 

genes is necessary in order to assess its cellular function.  In this research 
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project two approaches were used to determine this.  The candidate gene 

approach and a microarray gene expression analysis.  In the candidate gene 

approach, genes were selected from the literature and those matching Mitf 

expression in the Allen Brain Atlas olfactory bulb were selected for further 

examination using real-time PCR (Table 1).  The genes examined were: 

Tyrosine hydroxylase (Th), Rab27a and Rab37, Tudor domain containing 7 

(Tdrd7), Syntaxin 7 (Stx7) and Chymase 1, mast cell (Cma1).   

According to the real-time PCR results however, neither Stx7 nor 

Tdrd7 seemed to be direct targets of MITF in either mouse olfactory bulb or 

cortex or heart (Figures 14, 16, 18 and 19).  Cma1 however appears to be a 

putative MITF target in the mouse heart and in the mouse olfactory bulb 

(Figure 19).   

Both Rab37 and Mitf are known to be expressed in mast cells, and it 

is thus still plausible that Rab37 is a target of MITF in the mast cells, 

perhaps exclusively.   

 

Cma1, Chymase 1, mast cell 

Since CMA1 is important for cardiovascular function (reviewed in Kim & 

Iwao 2000; Silverthorn 2007) it was of interest to examine a possible 

correlation of Cma1 and Mitf expression in the heart of various mouse lines 

expressing different levels of Mitf.   

Correlation between Mitf and Cma1 expression was however only 

seen for some of the mouse lines tested, the Mitfmi-vga9 homo- and 

heterozygotes, the B6-Enu22(398) mutant and the BAC transgenic line 

TG32643-S73A/S409A.  However, no correlation was seen in the TG13627-

del(int2), TG13628-del(int2) and TG21055-S73A BAC transgenic strains 

(Figure 20).   
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 In the Mitfmi-vga9 mice (heterozygote and homozygote), Cma1 

expression correlates with levels of Mitf expression (Figure 20), suggesting 

that the MITF protein that is produced is fully functional.  This also seems to 

be the case in the B6-enu22(398) mice, since Cma1 expression in these mice 

also appears to correlate with Mitf expression levels (Figure 20), even 

though Mitf levels are somewhat reduced in this mouse line.  Which 

indicates that Mitf expressed in these mice is functional enough to be able to 

affect Cma1 expression, even though it lacks most of the exons since the 

mutation causes a premature stop codon in exon 2A.   

However, deletions in intron 2 and mutation of Ser73 into alanine 

(S73A) (as seen in the BAC transgenic lines) seem to affect the ability of 

MITF to affect Cma1 expression. The mutation of S73 to alanine seems to 

affect the ability of MITF to control Cma1 immensely, since these mice 

express very little Cma1 in the mouse heart.  Very interestingly, however, 

mice with both S73 and S409 mutated into alanine seem to be completely 

unaffected and express what seems to be wt levels of both Mitf and Cma1 

(Figure 20).  This indicates that when both these phosphorylation sites are 

mutated the ability of MITF to control Cma1 returns.  Maybe when only S73 

is mutated then MITF is still degraded through S409 phosphorylation, but 

when S409 is also mutated then MITF is neither activated nor degraded and 

is thus able to function normally.  Another possible explanation for the 

observed effects is that the BAC transgenes are inserted into locations which 

differentially affect Cma1 expression, irrespective of the function of MITF.   

The fact that mutation of both S73 and S409 to alanine does not 

seem to affect the ability of MITF to control Cma1 expression is 

contradictory to results presented by (Wu et al., 2000), which say that this 

double mutant is a “transcriptionally completely inactive protein”.  Bauer et 

al. (2009) however showed that a BAC containing this double mutant Mitf 



102 Mitf in the mouse central nervous system 

Anna Þóra Pétursdóttir 

rescue both coat color and eye development in VGA-9 mice almost 

completely.  Perhaps the function of this double mutant is very selective, so 

while it fails to activate Tyrosinase expression (Wu et al., 2000), it still 

manages to activate Cma1 expression (this thesis) and most of the genes 

coding for proteins relevant to coat color and eye development (Bauer et al., 

2009).  Another, and perhaps more likely, possibility is that the function of 

this double mutant is cell specific, so that while it fails to activate the 

expression of its target genes in both NIH 3T3 and human melanoma cells 

(Wu et al., 2000) it still manages to function properly in mouse heart, skin 

and eyes.  Bauer et al. (2009) also speculate that in vivo an alternative site in 

the MITF protein might accept the phosphorylation when S73 and/or S409 

are mutated which then leads to the almost rescue of normal Mitf phenotype 

in the BAC mice, while this might not be able to take place in the in vitro 

assays. 

Intron 2 also seems to be important for MITF activation of Cma1 

expression since Mitf and Cma1 expression do not correlate in mouse lines 

which contain deletion in this intron (Figure 20).  The difference between 

the two lines containing this deletion might be caused by differences in the 

position of the deletion or its size. 

It would be interesting to do this experiment again but in different 

cell types, e.g. mast cells, melanocytes, melanoma cells, keratinocytes, or 

PC12 cells.  It might also be useful to do a study which does not include 

such different Mitf products, and would only focus on levels of wt Mitf, both 

at RNA and protein level.  This could maybe be done in cell models, with 

stably transfected Mitf, with inducible Mitf or by using siRNA.   

Even though the candidate gene approach gave some interesting 

results such as the correlation between Mitf and Cma1 in heart, it indicated 
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that MITF is targeting different genes in the CNS than in melanocytes.  

Cma1 was thus not explored further in this project.    

4.3  Putative target genes – microarray gene expression analysis 

Microarray gene expression analysis was performed for a less biased search 

for putative MITF target genes in the OB.  Gene expression of the entire 

known mouse genome was compared between olfactory bulbs of Mitfmi-vga9 

heterozygous and Mitfmi-vga9 homozygous mice.   

 This resulted in just over 70 genes that were downregulated when 

comparing Mitfmi-vga9 homo- and heterozygous mice (Table A4).  The results 

also showed about 80% downregulation of Mitf expression between the two 

mouse lines, which thus acted as an internal control.  It should be noted that 

due to the small number of samples the microarray data proved not to be 

statistically significant.  Hence real-time PCR was used to validate the 

microarray results for the ten genes selected (see below).  It is however 

important to repeat the microarray with more samples in order to achieve 

statistical significance. 

Ten genes were selected from the list of downregulated genes 

according to predetermined criteria: 1. The genes had to be expressed in a 

similar fashion as Mitf in the olfactory bulb as determined using the Allen 

Brain Atlas.  2. The genes should have an E-box sequence in their regulatory 

sequence (that MITF can bind to).  3. And they should be more than 50% 

downregulated (0.1-0.5 fold change) when comparing Mitfmi-vga9 homo- and 

heterozygous mice.  The ten genes that followed these criteria were: Vdr, 

Sgcg, Wif1, Bace2, Nmb, Tmem40, Otop2, Amz1, Cbln4 and Ush1g (Table 

2).  The downregulation of these ten genes was then confirmed with both 

RT-PCR (Mitfmi-vga9 heterozygote and homozygote, as in the microarray 
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study, Figure 22) and real-time PCR (Mitfmi-vga9 heterozygote, Mitfmi-vga9 

homozygote, and also wt mice, Figure 23, 27 - 35). 

The genes that showed most downregulation from Mitfmi-vga9 

heterozygous to Mitfmi-vga9 homozygous mice in olfactory bulb, according to 

both microarray and real-time PCR results, were Vdr, Sgcg and Tmem40.   

 
Tmem40 

Real-time PCR results for Tmem40 expression (Figure 31) showed that it is 

downregulated when comparing wt to Mitfmi-vga9 heterozygous mice, and 

Mitfmi-vga9 heterozygous mice to Mitfmi-vga9 homozygous mice.  This also 

seems to be the case in mouse cortex, although Tmem40 levels are 

considerably lower in that brain region.  In mouse heart however, no 

correlation is seen between Mitf mutation status and Tmem40 expression.  

This indicates that Tmem40 is a target gene of MITF in the mouse brain, but 

not in heart.  Unfortunately almost nothing is known about the function of 

this gene (Yu et al., 2009) and it was thus not explored further.   

 
Vdr, vitamin D receptor 

Real-time PCR results for Vdr expression in wt, Mitfmi-vga9 homo- and 

heterozygous mice suggest that MITF is involved in regulating their 

expression (Figure 23).  No effect was however seen in either mouse heart 

or cortex, which implies that Vdr is only an MITF target gene in the mouse 

olfactory bulb and not in heart or cortex. 

 As mentioned before (Results chapter 3.3.1), vitamin D is 

synthesized in the skin and since MITF is also an important factor in the skin 

(in both epidermal and hair follicle melanocytes) (reviewed in 

(Steingrímsson et al., 2004)) it was thus of interest to see if MITF also 

affects Vdr expression in the skin.  No apparent correlation was seen in Mitf 

and Vdr expression in skin from the back of the neck (Figure 24) of the 
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mouse lines tested (wt, Mitfmi-vga9 homo- and heterozygotes).  However, it is 

known that in furry animals (with a few exceptions), such as mice, 

melanocytes reside only in hair follicles and not in the epidermis.  Epidermal 

melanocytes are only found in hairless areas in these animals, such as their 

ears, nose, tail and paws.  (Lin & Fisher, 2007).  The expression of Vdr was 

thus tested in mouse ears of wt and Mitfmi-vga9 heterozygous mice (but not in 

the Mitfmi-vga9 homozygotes since they do not have any melanocytes).  

According to real-time PCR results Vdr expression is downregulated in the 

ears of Mitfmi-vga9 heterozygotes compared to the wt mice (Figure 25).   

 The results from these skin studies indicate that MITF might be 

controlling Vdr expression specifically in epidermal melanocytes and not in 

melanocytes in the hair follicles of the mice.  These results are intriguing and 

could well make an interesting research project.  It would for example be 

interesting to see if Vdr expression in a melanocyte cell line would disappear 

or at least fall dramatically if Mitf expression would be knocked out using 

siRNA.   

 
Sgcg, sarcoglycan gamma 

Sgcg was the gene showing the most extensive effect when Mitfmi-vga9 homo- 

and heterozygotes were compared in the microarray study (Table A4).  

When validating the results using real-time PCR, expression of Sgcg was not 

only tested in OB, cortex and heart, but also in skeletal muscle, since it is 

known to be connected to muscular dystrophy syndromes (Ozawa et al., 

1998; Wakabayashi-Takai et al., 2001; Yoshida et al., 1997).  The real-time 

PCR results confirmed that Sgcg is a target of MITF in the olfactory bulb, 

indicated by the significantly reduced expression of Sgcg between wt and 

Mitfmi-vga9 heterozygotes and between Mitfmi-vga9 homo- and heterozygotes, in 

ratios similar to that observed for Mitf expression in these mouse lines 
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(Figure 27).  No correlation was observed between Sgcg and Mitf expression 

in the mouse cortex. 

 Sgcg was expressed much more abundantly in both heart and 

skeletal muscle compared to cortex and OB.  However in these muscle 

tissues MITF seems not to target Sgcg (Figure 26), although in skeletal 

muscle the expression of Sgcg seems to be inversely correlated with Mitf 

expression.  These results taken together suggest that Sgcg might be a neuron 

specific target of MITF.  

 

Summary of real-time PCR results  

Similar OB Mitf expression in Mitfmi-vga9 heterozygous and wt mice 

The real-time PCR results for Wif1, Bace2, Otop2, Amz1, Cbln4 and Ush1g 

(Figures 28, 29, 32-35) all showed similar expression pattern between wt, 

Mitfmi-vga9 heterozygous and Mitfmi-vga9 homozygous mice in the mouse 

olfactory bulb.  All of these genes showed reduced expression when 

comparing Mitfmi-vga9 homo- and heterozygous mice but little or no difference 

between wt and Mitfmi-vga9 heterozygotes.  As shown in Figure 11, Mitfmi-vga9 

homozygous mice express almost no Mitf and Mitfmi-vga9 heterozygotes 

express ca. 50% of wt levels of Mitf (Bauer et al., 2009).  It is possible that 

only half of the wt Mitf levels are sufficient to produce full levels of these 

target genes, explaining why there is no increase of their expression between 

Mitfmi-vga9 heterozygotes and wt.  There might also be a mechanism 

controling the expression levels of these genes, possibly a negative feedback 

loop that is triggered by the target gene transcript or protein product. 

 

No correlation with Mitf expression 

Real-time PCR results for Nmb (Figure 30) showed no correlation between 

its expression and the expression of Mitf.  Expression levels in the OB were 
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highest in the Mitfmi-vga9 heterozygous mice, somewhat lower in the wt and 

the lowest in Mitfmi-vga9 homozygous mutant mice.  No correlation was 

detected between Nmb and Mitf expression in either in mouse heart or 

cortex.  However, the Nmb gene is very short making it difficult to design 

good primers which might have lead to inaccurate results. 

 

Expression in heart 

Most of the ten genes selected from the microarray results appear to be 

expressed at low levels in mouse heart and no Otop2 or Cbln4 expression 

(Figures 32 and 34) was detected in the heart.  Sgcg, Wif1 and Bace2 

(Figures 26-29) are however expressed at higher levels in heart than OB.  

This might suggest that these genes have significant roles in the heart. 

 

Expression in cortex 

Most of these ten genes are expressed at rather low levels in cortex, except 

Cbln4 which is expressed at similar levels in both cortex and OB.  This, 

might suggest that the expression of these genes is specific to the olfactory 

bulb region of the brain, which can also be seen in the Allen Brain Atlas. 

 

Inverse correlation with Mitf expression 

Interestingly Wif1 and Bace2 expression in mouse heart, and Sgcg 

expression in skeletal muscle seem to be inversely correlated to Mitf 

expression (Figures 28, 29 and 26, respectively).  A possible explanation 

might be that MITF acts as a suppressor for these genes in some way, either 

directly, for example by binding to a silencer, or indirectly by upregulating 

suppressors for these genes. 
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4.4  Does MITF affect Sgcg expression directly? 

Since Sgcg showed the most dramatic reduction in expression when 

comparing Mitfmi-vga9 homo- and heterozygotes in the microarray analysis it 

was decided to examine further its possible role as a direct MITF target gene 

using co-transfection assays. 

The results from the co-transfection assay in HEK 293T cells 

(Figure 36) indicate that MITF does not activate expression from the mSgcg 

promoter (and could even reduce mSgcg expression).  However, results from 

PC12 cells (not shown here) indicate that MITF might activate mSgcg 

expression in neurons (although the results were not statistically significant).  

Thus, the effect of MITF on Sgcg expression seen in the microarray and real-

time PCR results is perhaps not direct, but the result of indirect effect 

through other genes/proteins.  These results also indicate that MITF 

activation of the Sgcg promoter might be cell type specific.  This thus needs 

to be tested further.  

 Optimization of the method is most likely in order, for both the HEK 

293T cells and also in other cell types, since the binding of MITF to the Sgcg 

promoter might be cell type specific.  It would be useful to obtain conclusive 

results for the PC12 cells since our focus was on the Mitf expression in the 

CNS.  Additionally, a Chromatin Immunoprecipitation (ChIP) could be 

performed to validate that MITF binds to the Sgcg regulatory region, or a 

mutation assay using a Sgcg promoter region containing mutated E-boxes. 

 

4.5  Effects of Mitf on cellular development in the mouse OB 

According to the Allen Brain Atlas (Figure 8) it appears that Mitf is 

expressed in the external tufted cells and the mitral cells of the mouse 

olfactory bulb.  Factors that further support this are for example that Mitf 
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expression is seen in cells with rather large somata, which are positioned 

alongside and adjacent to the glomerular layer, implying external tufted 

cells.  It is also expressed in cells in the mitral cell layer implying the mitral 

cells (Hayar et al., 2004a; Ma & Lowe 2007; and Petersen PH, personal 

communication).   

According to RT-PCR results MITF is not vital for the development 

of mitral and external tufted cells (the cell types that are most likely 

expressing Mitf in the OB) since these cells are still present in the Mitfmi-vga9 

homozygous mutant mice (Figure 37) and not absent as for example 

melanocytes are in these mice.  Further examination of these cell markers 

using immunostaining performed on fresh frozen OB tissue sections and 

real-time PCR (although only one mouse each, Mitfmi-vga9 heterozygote and 

Mitfmi-vga9 homozygote) showed similar results (data not shown).  One 

possible explanation for this is that Mitf is expressed in some other cell 

types.  Another possibility is that Mitf still has important roles in these cells 

although not vital. 

 

4.6  Does lack of Mitf affect mouse olfaction? 

To assess function of MITF in the mouse olfactory system, elementary 

olfactory assays were performed.  It is however difficult to compare the wt 

and Mitfmi-vga9 heterozygotes to the Mitfmi-vga9 homozygotes, since the former 

two have normal eyesight and hearing while the homozygotes are blind and 

deaf.  These tests were thus performed to detect if these mice exhibited 

differences in their ability to detect odors. 

 Wt mice were only able to differ slightly between cinnamon scented 

paper and paper with water when the cinnamon solution was less diluted (at 

1:1000) but at 1:10.000 they do not seem to smell any difference (Figure 

38).  Neither Mitfmi-vga9 heterozygous mice nor Mitfmi-vga9 homozygous mutant 
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mice were able to discriminate between cinnamon extract dilution and water, 

at either concentration (1:1000 or 1:10.000) (Figures 39 - 40).  It is possible 

that less diluted cinnamon would give more clear-cut results.   

 Wt mice also proved to be more explorative than the other mouse 

lines, since they sniffed the papers with higher frequency (Figure 41).  In 

fact the sniffing frequency appeared to be correlated with the Mitf expression 

levels in these mouse lines.  Additionally the Mitfmi-vga9 homozygous mutant 

mice even seemed to have more difficulty locating the origin of smell, than 

mice from the other mouse lines (as observed during testing). 

A peanut butter search test was also performed where peanut butter 

was hidden in the cage out of sight (under the bedding).  Then time was 

measured until each mouse found the peanut butter (but only for 3 minutes 

maximum).  According to the results (Figure 42) it seems that loss of MITF 

might lead to impairment of olfaction (although not statistically significant).  

The Mitfmi-vga9 homozygous mutant mice do not however show great 

impairment in their olfactory sensing since they are indeed able to smell and 

locate hidden peanut butter.   

The results from these olfactory studies indicate (although not very 

conclusively) that MITF might have a role in mouse olfaction.  It should be 

noted that these olfactory assays are only preliminary and need to be 

repeated with more mice and preferably conducted by behavioral analysis 

experts.   

 

4.7  Cell culture – Nerve model 

In addition to matching their known morphology and culture behaviour, our 

PC12 cells responded well to NGF, producing very long thin protrusions 

which connected with protrusions from other cells nearby and also cells 

further apart (Figures 43-44).   
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 It was also shown that even though they do not express Mitf (Figure 

45) they can be transfected effectively with electroporation (data not shown).  

Which means that they can be transfected with Mitf and used to express it, 

without any interfering effects of endogenous Mitf.   

 

4.8  Conclusion 

Chemoreception, i.e. olfaction and gustation (taste), is one of the oldest 

senses and all living organisms can detect chemical signals from their 

surroundings (Ache & Young 2005; Silverthorn 2007).  Additionally, OR 

genes comprise one of the largest gene families known and are dispersed 

throughout the genome (Ache & Young, 2005; Niimura & Nei, 2003; 

Serizawa et al., 2004; Shykind, 2005; Young et al., 2002; Young et al., 

2003; Young & Trask, 2002).  Taken together these facts point to the 

importance of chemoreception for all living beings.   

The microphthalmia-associated transcription factor (MITF) is very 

well conserved and is very important for the development and differentiation 

of both types of pigment cells (Steingrímsson, 2008).  It is very well studied 

and loss of function mutations cause loss of pigmentation in skin, hair and 

eyes, microphthalmia and blindness, and deafness (Moore, 1995; 

Steingrímsson, 2008).  It has also been shown to be an important marker for 

melanoma cancer (King et al., 1999; Wang et al., 2010).  MITF is thus a 

very important transcription factor which has quite a broad function.   

According to the Allen Brain Atlas Mitf is expressed in the mouse 

olfactory bulb.  Expression of the Mitf RNA was confirmed in this project by 

both RT-PCR and real-time PCR studies (Figures 10 and 11).  However, it 

was not possible to confirm this at the protein level since antibodies for this 

protein turned out to be inadequate for immunohistochemistry.  Additionally, 
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it was shown with RT-PCR that Mitf expression is not limited to the mouse 

brain but is also expressed in the rat olfactory bulb (Figure 12).  Later 

studies might thus also confirm its expression in the olfactory bulb of other 

vertebrate species and perhaps in similar structures in invertebrates, since 

both the sense of olfaction and the Mitf gene are known to be very well 

conserved between vertebrates and invertebrate species.   

 

To assess function of transcription factors their target genes must be 

identified.  Here a candidate gene approach and a microarray gene 

expression analysis were used. 

Of the genes found through the candidate gene approach, only Cma1 

appears to be an MITF target gene in the mouse olfactory bulb, and also in 

the mouse heart.   

 In the microarray gene expression analysis, OB samples from Mitfmi-

vga9 heterozygotes were compared to OB samples from Mitfmi-vga9 

homozygotes.  Ten genes (Vdr, Sgcg, Wif1, Bace2, Nmb, Tmem40, Otop2, 

Amz1, Cbln4 and Ush1g) were selected from the results, as their expression 

is reduced in the Mitfmi-vga9 homozyous mutants (and thereby they are 

possible MITF target genes) that fit preselected criteria.  The reduced 

expression of these ten genes was confirmed using both RT-PCR and real-

time PCR.  Vdr, Sgcg and Tmem40 showed most reduction in expression in 

the OB when Mitfmi-vga9 heterozygotes were compared to Mitfmi-vga9 

homozygotes.  These three genes also showed the best correlation with Mitf 

expression in the mouse olfactory bulb, between wt, Mitfmi-vga9 heterozygous 

and Mitfmi-vga9 homozygous mice.  Only Nmb seemed to have little or no 

correlation with Mitf expression in the mouse olfactory bulb, as well as 

cortex and heart. 
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Both the fact that most of these genes are expressed more 

abundantly in the olfactory bulb than heart and cortex and that MITF seems 

to regulate expression of most of these genes in olfactory bulb suggests that 

MITF plays an important role in this brain region. 

Vdr expression was additionally examined in mouse skin (both with 

fur, and also hairless ears).  No correlation was seen in the furry skin, but 

good correlation between Vdr and Mitf expression was seen in mouse ears 

indicating that MITF is only targeting Vdr in the epidermal melanocytes and 

not in melanocytes in the hair follicles. 

To further investigate Sgcg as an MITF target gene in the mouse 

olfactory bulb dual luciferase assay was performed in human embryonic 

kidney cell line (HEK 293T).  The results suggest that MITF does not target 

the Sgcg promoter directly.   

The pattern of Mitf expression in the olfactory bulb and the 

morphology and localization of the Mitf expressing cells indicates that the 

cells are the external tufted cells and the mitral cells.  It was shown here 

(with RT-PCR) that MITF is at least not vital for the development of mitral 

and external tufted cells, since these cells are not absent in the Mitfmi-vga9 

homozygous mutant mice.  However, it would be better to confirm this using 

real-time PCR (with sufficient number of mice) or immunohistochemistry 

(with adequate antibodies) to identify these cells in the Mitfmi-vga9 

homozygous mutant olfactory bulb.   

 Function of MITF in olfaction was tested with a simple olfactory 

assay.  The results showed that wt, Mitfmi-vga9 heterozygous and Mitfmi-vga9 

homozygous mice do not differ much in their ability to discriminate between 

cinnamon extract solution (1:1000 or 1:10,000) and water, although wt mice 

do show more explorative behavior and have higher sniffing frequencies 

than the other two mouse lines.  In fact the sniffing frequency appeared to be 
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correlated with Mitf expression in these mouse lines.  Also, mice with more 

normal Mitf levels appeared to take less time to locate hidden peanut butter 

than mice with less or no Mitf expression. 

 In this project it was also shown that PC12 cells do not express Mitf.  

PC12 cells can however be transfected effectively, which means that Mitf 

can be transfected into them and these cells used to express Mitf without any 

interference from endogenous Mitf expression. 

It is important to understand MITF function in melanoma so 

efficient treatment can be discovered.  It is, however, also important to 

understand the full extent of MITF function in various tissues.  MITF has 

never before been known to have a function in the central nervous system.  

This could be important for drug target choice, since affecting the gene in 

one tissue may also have consequences on the same gene in other tissues 

where it is expressed.   
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APPENDIX 

I.  Mice 
 
Table A1.  Mice used in this study.  The genotypes of the mice used in this study.   

Strain (genotype) Phenotype Reference 

Wt (C57BL/6J-c/c) Albino The Jackson Laboratory 
Mitfmi-vga9 heterozygote  

(B6-Vga9/+) 
Normal  Hodgkinson et al., 1993 

Mitfmi-vga9 homozygote  
(B6-Mitfmi-vga9/Mitfmi-vga9) 

White, deaf, small red eyes Hodgkinson et al., 1993 

TG13627 del (int2) Full eye development Bauer et al., 2009 
Nearly full coat color  

TG13628 del (int2) Full eye development Bauer et al., 2009 
Nearly full coat color  

TG21055 S73A Full eye dev.  Bauer et al., 2009 
Partial coat color  

TG32643 S73A/S409A Full eye and coat rescue Bauer et al., 2009 

B6-Enu22(398) (B6-Mitfmi-enu22(398)) 
Full eye development 

Bauer et al., 2009 
Near full coat color  
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II.  Primers 
 
Table A2.  Primers for RT and real-time PCR.  The mouse and rat primers used in this study, their sequences and Tm temperature 
(degrees Celsius) as well as the amplicon size they generate and their source.   

 

Gene Species Forward sequence (5'-3') Tm° Reverse sequence (5'-3') Tm° Amplicon size Source 

mActin mouse CACAGCTGAGAGGGAAATCGTGC 64,2 GATCTTGATCTTCATGGTGCTAGG 61,0 382 Eurofins MWG Operon 

rActin rat CTGACAGGATGCAGAAGGAG 59,4 GATAGAGCCACCAATCCACA 54,5 107 Eurofins MWG Operon 

mMitf ex5-9 mouse  CCCGTCTCTGGAAACTTGATCG 62,1 GCTCTCCGGCATGGTGCCGAGG 69,6 636 Eurofins MWG Operon 

rMitf ex4-9 rat TGAGTGCCCAGGTATGAACA 57,3 GGTTAGCATGCTCCAGCTTC 59,4 536 Eurofins MWG Operon 
mTbx21 mouse ATCCTTCCAGTGGCGACAGC 61,4 CACCTCGCAGAAAGCCATGA 59,4 408 Eurofins MWG Operon 
mCCK mouse GCTGGACTGCAGCCTTCTCC 63,5 GAGGCGAGGGGTCGTATGTG 63,5 480 Eurofins MWG Operon 
mVdr mouse GACATTGGCATGATGAAGGAG 64,4 GTTCCATCATGTCCAGTGAG 60,6 325 Sigma-Aldrich 
mSgcg mouse TTTCTCCAATAGGAATGGGT 59,8 CCTAAGGTCTTGAAATGGGT 59,4 392 Sigma-Aldrich 
mWif1 mouse GATTCTACGGTGTCAACTGTG 59,6 GCTCCATACCTCTTATTGCAG 60,3 325 Sigma-Aldrich 

mBace2 mouse CCCAAGCAAAGATTCCAGAC 63,5 CTCTGGAATCAGAGATGTTCG 61,4 335 Sigma-Aldrich 
mNmb mouse GAGCAAGCAAGATTCGAGTG 62,7 CACTGAAGTTCATGCCTAGAG 59,1 201 Sigma-Aldrich 

mTmem40 mouse TGGAAGTGCTAAAGGACGAG 61,9 TGAACCAGTCTGCATAGTAGTG 59,4 234 Sigma-Aldrich 
mOtop2 mouse CATTGTCCAGACTTACTTTCTC 57,0 CATTCTTCCACATGACATACAG 59,5 356 Sigma-Aldrich 
mAmz1 mouse GCTTGAGGAAGTTGCATCAC 62,4 GATACTGGTTCAGGTCCGTC 61,0 259 Sigma-Aldrich 
mCbln4 mouse TTTGATCAGATCCTGGTTAACG 62,7 CCGAGCAAGTTACCTTTCTC 60,4 275 Sigma-Aldrich 

mUsh1g mouse GCCATGAATGACCAGTATCAC 61,8 CCCAGATGTCACACTTATCC 59,4 196 Sigma-Aldrich 
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III.  TaqMan assays 
 
Table A3.  TaqMan assays for real-time PCR.  Mouse TaqMan assays used in this 
study, their context sequences, reporter, quencher and assay ID.  All from Applied 
Biosystems.   

Gene Species      Reporter      Quencher        Assay ID 

mMitf mouse FAM NFQ-MGB Mm00434954_m1 

mTh mouse FAM NFQ-MGB Mm00447557_m1 
mStx7 mouse FAM NFQ-MGB Mm00444002_m1 

mTdrd7 mouse FAM NFQ-MGB Mm00461390_m1 
mCma1 mouse FAM NFQ-MGB Mm00487638_m1 

mRab27a mouse FAM NFQ-MGB Mm00469997_m1 
mRab37 mouse FAM NFQ-MGB Mm00445347_m1 

mGAPD mouse FAM NFQ-MGB 4352932-0804021 
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IV.  Microarray results 
 
Table A4.  Genes downregulated from Mitfmi-vga9 heteroz. to homoz. OB.  The 
ten selected genes are in bold letters and Mitf is marked blue. 

Symbol Gene name (Mus musculus) Fold change 

Higd1c  HIG1 domain family, member 1C 0,499 
Rhox8  Reproductive homeobox 8 0,498 
Olfr115  Olfactory receptor 115 0,345 
Olfr965  Olfactory receptor 965 0,482 
BB287469  Expressed sequence BB287469 0,385 
6430553K19Rik  RIKEN cDNA 6430553K19 gene 0,238 
Cetn1  Centrin 1 0,498 
Cd28  CD28 antigen 0,381 
Inhbe Inhibin beta E 0,416 
Lamc2  Laminin, gamma 2 0,422 
Mitf  Microphthalmia-associated transcription factor 0,175 
Tbxa2r  Thromboxane A2 receptor 0,438 
Vdr  Vitamin D receptor 0,328 
Ccr9  Chemokine (C-C motif) receptor 9 0,493 
Serpinb9f  Serine (or cysteine) peptidase inh., clade B, member 9f 0,442 
Sprr2a1  Small proline-rich protein 2A1 0,470 
Sgcg  Sarcoglycan, gamma (dystrophin-ass. glycoprotein) 0,105 
Wif1  Wnt inhibitory factor 1 0,383 
Bace2  Beta-site APP-cleaving enzyme 2 0,402 
Dcpp1  Demilune cell and parotid protein 1 0,485 
Krt71  Keratin 71 0,500 
Nmb Neuromedin B 0,486 
Asb11  Ankyrin repeat and SOCS box-containing 11 0,466 
Gsdma2  Gasdermin A2 0,470 
Gpnmb  Glycoprotein (transmembrane) nmb 0,484 
Alpk3  Alpha-kinase 3 0,470 
Fscn1  Fascin homolog 1, actin bundling protein (St. purpuratus) 0,436 
Cyp2d13  Cytochrome P450, family 2, subfamily d, polypeptide 13 0,484 
Tmem40  Transmembrane protein 40 0,267 
Cplx3  Complexin 3 0,278 
Olfr114  Olfactory receptor 114 0,328 
Olfr985  Olfactory receptor 985 0,427 
Olfr569  Olfactory receptor 569 0,494 
Otop2  Otopetrin 2 0,450 
Amz1  Archaelysin family metallopeptidase 1 0,406 
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Cbln4  Cerebellin 4 precursor protein 0,493 
Ush1g  Usher syndrome 1G homol. (human) [ M. musculus ] 0,460 
Gm5087  Predicted gene 5087 0,461 
Dennd2c  DENN/MADD domain containing 2C 0,415 
Olfr3  Olfactory receptor 3 0,438 
LOC668400  Similar to Ig heavy chain V region PJ14 precursora 0,461 
Itgb1bp3  Integrin beta 1 binding protein 3 0,483 
Gm6091  Predicted gene 6091 0,482 
Gm6271  Predicted gene 6271 0,471 
EG622971  Predicted gene, EG622971 0,428 
Gm6396  Predicted gene 6396 0,494 
EG624927  Predicted gene, EG624927 0,439 
Gm6401  Predicted gene 6401 0,451 
EG627363  Predicted gene, EG627363 0,491 
Vmn2r105  Vomeronasal 2, receptor 105 0,469 
EG546932  Predicted gene, EG546932 0,372 
Gm11677  Predicted gene 11677 0,472 
LOC623327  Hypothetical LOC623327a 0,491 
EG546483  Predicted gene, EG546483 0,388 
EG629105  Predicted gene, EG629105 0,480 
Sfi1  Sfi1 homolog, spindle assembly ass. (yeast) [ M. musculus ] 0,332 
Slx  Sycp3 like X-linked 0,416 
Gm11543  Predicted gene 11543 0,445 
Gm14980  Predicted gene 14980 0,487 
Gm7945  Predicted gene 7945 0,187 
Gm7980  Predicted gene 7980 0,487 
1700016D02Rik  RIKEN cDNA 1700016D02 gene 0,422 
Gm7999  Predicted gene 7999 0,418 
Gm8042  Predicted gene 8042 0,450 
Gm8138  Predicted gene 8138 0,417 
Gm8212  Predicted gene 8212 0,404 
EG666699  Predicted gene, EG666699 0,295 
Gm8256  Predicted gene 8256 0,494 
Pdss2  Prenyl (solanesyl) diphosphate synthase, subunit 2 0,219 
Gm11740  Predicted gene 11740 0,473 

Gm8883  Predicted gene 8883 0,455 
* Record discontinued (Entrez gene) 
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Table A5.  Genes upregulated from Mitfmi-vga9 heterozygous to homozygous OB.  
The ten genes most upregulated are in bold letters.  

Symbol Gene name (Mus musculus) Fold change 
Aox3l1  Aldehyde oxidase 3-like 1 3.199 
Iigp1b  Interferon inducible GTPase 1B 2.009 
Ugt2a2  UDP glucuronosyltransferase 2 family, polypeptide A2 3.471 
BC094916  cDNA sequence BC094916 3.141 
Rhox12  Reproductive homeobox 12 2.377 
5430413K10Rik  RIKEN cDNA 5430413K10 gene 18.171 
Sec14l3  SEC14-like 3 (S. cerevisiae) 4.814 
Cnga4  Cyclic nucleotide gated channel alpha 4 2.043 
Mnda  Myeloid cell nuclear differentiation antigen 2.510 
9430078G10Rik  RIKEN cDNA 9430078G10 gene 2.127 
Il17re  Interleukin 17 receptor E 2.034 
Slc7a15  Solute carrier family 7 (cationic aa transp., y+ system), member 15 2.252 
Gbp10  Guanylate-binding protein 10 2.008 
Cypt7  Cysteine-rich perinuclear theca 7 2.059 
Atf3  Activating transcription factor 3 2.280 
Cyp2a5  Cytochrome P450, family 2, subfamily a, polypeptide 5 2.073 
Cyp2f2  Cytochrome P450, family 2, subfamily f, polypeptide 2 3.621 
Fgf15  Fibroblast growth factor 15 2.039 
Htr1a  5-hydroxytryptamine (serotonin) receptor 1A 2.089 
Il12rb2 Interleukin 12 receptor, beta 2 2.085 
Klk1b5  Kallikrein 1-related peptidase b5 2.583 
Mgmt  O-6-methylguanine-DNA methyltransferase 2.008 
Pnmt  Phenylethanolamine-N-methyltransferase 2.239 
Prm2  Protamine 2 2.153 
Ptn  Pleiotrophin 2.217 
Ssty1  Spermiogenesis specific transcript on the Y 1 2.169 
Ropn1l  Ropporin 1-like 2.045 
Cyp2a4  Cytochrome P450, family 2, subfamily a, polypeptide 4 5.142 
Gpr37  G protein-coupled receptor 37 2.035 
Foxf1a  Forkhead box F1a 2.045 
Kcnj5  Potassium inwardly-rectifying channel, subfamily J, member 5 2.300 
Uhmk1  U2AF homology motif (UHM) kinase 1 2.036 
Lbx1  Ladybird homeobox homolog 1 (Drosophila) 2.092 
Nhlh1  Nescient helix loop helix 1 2.305 
Plaur  Plasminogen activator, urokinase receptor 2.194 
Plunc  Palate, lung, and nasal epithelium associated 3.947 
Slfn1  Schlafen 1 2.028 
Slfn3  Schlafen 3 2.628 
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Siglec1  Sialic acid binding Ig-like lectin 1, sialoadhesin 2.033 
Stat4  Signal transducer and activator of transcription 4 2.021 
Xdh  Xanthine dehydrogenase 2.032 
Usp18  Ubiquitin specific peptidase 18 2.170 
Gdf7  Growth differentiation factor 7 2.188 
Ccl5  Chemokine (C-C motif) ligand 5 2.279 
Cyp2g1  Cytochrome P450, family 2, subfamily g, polypeptide 1 5.891 
Hs6st3  Heparan sulfate 6-O-sulfotransferase 3 2.107 
Aqp3  Aquaporin 3 2.783 
Irf7  Interferon regulatory factor 7 2.633 
Sult1c1  Sulfotransferase family, cytosolic, 1C, member 1 6.014 
Cxcl13  Chemokine (C-X-C motif) ligand 13 3.901 
Olfr71  Olfactory receptor 71 2.059 
Cxcl10  Chemokine (C-X-C motif) ligand 10 2.638 
Wnt1  Wingless-related MMTV integration site 1 2.524 
Zbp1  Z-DNA binding protein 1 3.063 
Jph2  Junctophilin 2 2.483 
H2-Q8  Histocompatibility 2, Q region locus 8 3.310 
Iqcf4  IQ motif containing F4 2.173 
1700065I17Rik  RIKEN cDNA 1700065I17 gene 2.065 
Asb9  Ankyrin repeat and SOCS box-containing 9 2.545 
Dhx58  DEXH (Asp-Glu-X-His) box polypeptide 58 2.034 
Tlr9  Toll-like receptor 9 2.058 
Tas1r2  Taste receptor, type 1, member 2 2.600 
Cox6c  Cytochrome c oxidase, subunit Vic 2.064 
Ugt2a1  UDP glucuronosyltransferase 2 family, polypeptide A1 3.259 
Ces3  Carboxylesterase 3 3.062 
Btnl2  Butyrophilin-like 2 2.138 
Ifi44  Interferon-induced protein 44 2.352 
Enpp3  Ectonucleotide pyrophosphatase/phosphodiesterase 3 2.049 
Pou4f3  POU domain, class 4, transcription factor 3 2.254 
Satb2  Special AT-rich sequence binding protein 2 3.332 
Fcgr4  Fc receptor, IgG, low affinity IV 2.301 
BC018465  cDNA sequence BC018465 2.133 
Oas3  2'-5' oligoadenylate synthetase 3 2.156 
Oas2  2'-5' oligoadenylate synthetase 2 2.245 
Nags  N-acetylglutamate synthase 2.494 
Asb16  Ankyrin repeat and SOCS box-containing 16 2.228 
Tcfap2d  Transcription factor AP-2, delta 2.651 
C1ql3  C1q-like 3 2.059 
Ccdc64b  Coiled-coil domain containing 64B 2.070 
2310007B03Rik  RIKEN cDNA 2310007B03 gene 2.600 
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Slc24a2  Solute carrier family 24 (Na/K/Ca exchanger), member 2 2.032 
March10  Membrane-associated ring finger (C3HC4) 10 2.147 
Slc10a4  Solute carrier family 10 (Na/bile acid cotransp. family), member 4 2.258 
Tprg  Transformation related protein 63 regulated 2.284 
Plin1  Perilipin 1 2.268 
Vwa3b  Von Willebrand factor A domain containing 3B 2.224 
Umodl1  Uromodulin-like 1 3.516 
Sytl5  Synaptotagmin-like 5 2.126 
Fam19a1  Family with sequence similarity 19, member A1 2.737 
Bpil3  Bactericidal/permeability-increasing protein-like 3 2.496 
Espn  Espin 2.250 
Rergl  RERG/RAS-like 2.032 
EG668287  Predicted gene, EG668287 3.161 
Gm7035  Predicted gene 7035 2.050 
Rnf17  Ring finger protein 17 2.177 
2210404O07Rik  RIKEN cDNA 2210404O07 gene 2.556 
Lypd2  Ly6/Plaur domain containing 2 2.024 
Gm4955  Predicted gene 4955 4.317 
Ogdhl  Oxoglutarate dehydrogenase-like 2.032 
F830016B08Rik  RIKEN cDNA F830016B08 gene 2.290 
2310003L06Rik  RIKEN cDNA 2310003L06 gene 3.037 
Foxi3  Forkhead box I3 2.197 
Scn9a  Sodium channel, voltage-gated, type IX, alpha 2.455 
Cyp2a21-ps  Cytochrome P450, family 2, subfamily a, polypeptide 21, ps.gene 3.849 
Hnrnpa0  Heterogeneous nuclear ribonucleoprotein A0 2.204 
Gm5153  Predicted gene 5153 2.197 
5430401F13Rik  RIKEN cDNA 5430401F13 gene 2.091 
Sult6b1  Sulfotransferase family, cytosolic, 6B, member 1 2.151 
Gm1684  Predicted gene 1684 3.230 
Gm13241  Predicted gene 13241 2.303 
Vmn2r63  Vomeronasal 2, receptor 63 2.281 
LOC545674  Similar to RP11-506B15.1 protein isoform 1 2.094 
Gm5840  Predicted gene 5840 2.006 
Prlh  Prolactin releasing hormone 2.071 
EG624074  Predicted gene, EG624074 2.245 
EG626707  Predicted gene, EG626707 2.033 
Shank1  SH3/ankyrin domain gene 1 2.013 
Srgap2  SLIT-ROBO Rho GTPase activating protein 2 2.017 
Ccdc142  Coiled-coil domain containing 142 2.083 
Ell2  Elongation factor RNA polymerase II 2 2.206 
Gm6556  Predicted gene 6556 3.016 
Rab11fip3  RAB11 family interacting protein 3 (class II) 2.246 
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Rab11fip1  RAB11 family interacting protein 1 (class I) 2.061 
Gm12250  Predicted gene 12250 2.196 
Muc16  Mucin 16 2.192 
LOC664789  Hypothetical protein LOC664789 2.162 
Ctcfl  CCCTC-binding factor (zinc finger protein)-like 2.166 
Gm5602  Predicted gene 5602 2.111 
EG664940  Predicted gene, EG664940 2.224 
LOC665231  Similar to C04G2.8 2.825 
EG665293  Predicted gene, EG665293 2.152 
LOC665527  Hypothetical protein LOC665527 2.613 
EG665607  Predicted gene, EG665607 2.202 
EG665691  Predicted gene, EG665691 2.127 
Gm7582  Predicted gene 7582 2.141 
Gm7592 Predicted gene 7592 [ Mus musculus ] 2.149 
EG665950  Predicted gene, EG665950 3.119 
EG666013  Predicted gene, EG666013 2.187 
LOC666562  Hypothetical protein LOC666562 2.025 
EG666632  Predicted gene, EG666632 2.175 
Spna2  Spectrin alpha 2 2.200 

LOC667402  Hypothetical protein LOC667402 2.460 
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V.  Plasmids 
 
Table A6.  Plasmids for Dual Luciferase assay.  The plasmids used in this study, 
their vectors, inserts, species, and source.   

Plasmid name Vector Insert Species Source 

pRL   -  Mammalian Alexander Schepskya 

Sgcg luc pGVB Sgcg promoter Mouse Satoru Noguchib 

Tyr luc pGL3 Tyrosinase promoter Human Alexander Schepskya 

Tyr (-200+80) luc pGL3 Tyrosinase promoter Human Alexander Schepskya 

Empty Flag pCMV-Flag  -  Mammalian Alexander Schepskya 

Mitf pCMV-Flag Mitf cDNA Mouse Alexander Schepskya 

MyoD pRC-RSV MyoD cDNA Mouse Satoru Noguchib  

Myogenin pRC-RSV Myogenin cDNA Mouse Satoru Noguchib 

a Alexander Schepsky, PhD, Department of Biochemistry and Molecular Biology, Faculty of Medicine, 
University of Iceland, Reykjavik, Iceland; Biomedical center, University of Iceland, Reykjavik, Iceland 

b Satoru Noguchi, Department of Cell Biology, National Institute of Neuroscience, National Center of 
Neurology and Psychiatry, Ogawahigashi, Kodaira, Tokyo, Japan; Inheritance and Variation Group, 
PRESTO, Japan Science and Technology Corporation, Kawaguchi, Saitama, Japan  
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VI.  Real-time PCR Ct values 
 
Table A7.  Real-time PCR Ct values for Mitf and Th.  Ct values for Mitf and Th 
in the heart, cortex and olfactory bulb (OB) of Mitfmi-vga9 heterozygous (Het) and 
Mitfmi-vga9 homozygous mutant (Mut) mice.  Also shown are the Ct values of the 
reference gene used in this real-time PCR run, GAPDH.   

Target Mouse 
nr 

Heart Cortex OB 

Het Mut Het Mut Het Mut 

Mitf 

1 26.16 35.97 28.81 32.67 26.20 29.74 
2 27.29 35.95 27.78 32.45 26.21 30.57 
3 26.78 34.66 28.82 31.66 26.32 30.99 
4 26.42 34.56 28.46 32.33 26.24 30.85 

Th 

1 34.37 35.87 28.21 28.55 21.02 21.86 
2 30.20 36.98 28.85 28.71 21.70 21.82 
3 29.67 32.77 28.41 28.41 21.09 21.30 
4 31.94 35.33 28.38 29.13 21.04 20.98 

GAPDH 

1 17.17 17.39 17.84 18.27 17.84 18.23 
2 18.46 18.26 17.56 18.13 18.32 18.78 
3 17.97 18.58 17.69 17.73 17.97 17.67 

4 17.29 17.43 17.78 17.94 17.98 17.51 

 
Table A8.  Real-time PCR Ct values for Rab27a and Rab37.  Ct values for 
Rab27a and Rab37 in the heart, cortex and olfactory bulb (OB) of Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous mutant (Mut) mice.  Also shown are 
the Ct values of the reference gene used in this real-time PCR run, GAPDH.   

Target Mouse 
nr 

Heart Cortex OB 

Het Mut Het Mut Het Mut 

Rab27a 

1 28.66 28.10 28.30 28.16 27.86 27.90 
2 28.86 28.59 28.18 28.41 28.21 28.27 
3 28.41 28.27 28.36 27.95 28.03 28.00 
4 28.24 28.07 28.33 28.54 27.81 27.65 

Rab37 

1 30.30 30.91 32.07 32.53 26.05 26.28 
2 31.10 31.96 31.70 31.28 26.79 26.38 
3 31.12 29.92 31.60 31.10 25.86 25.79 
4 30.81 30.29 31.64 31.97 25.43 25.78 

GAPDH 

1 17.51 17.50 17.86 18.53 18.15 18.19 
2 18.43 18.72 17.75 18.43 18.63 19.09 
3 17.97 17.36 17.83 17.95 18.13 18.01 

4 17.66 17.81 18.12 18.10 18.09 18.03 
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Table A9.  Real-time PCR Ct values for Stx7, Tdrd7 and Cma1.  Ct values for 
Stx7, Tdrd7 and Cma1 in the heart, cortex and olfactory bulb (OB) of Mitfmi-vga9 
heterozygous (Het) and Mitfmi-vga9 homozygous mutant (Mut) mice.  Also shown are 
the Ct values of the reference gene used in this real-time PCR run, GAPDH.   

Target Mouse 
nr 

Heart Cortex OB 

Het Mut Het Mut Het Mut 

Stx7 

1 25.79 25.70 24.30 24.93 24.42 24.75 
2 26.61 26.39 24.74 24.47 25.15 24.57 
3 25.93 25.42 24.30 23.88 24.66 23.79 
4 25.63 25.87 23.50 24.43 24.01 24.23 

Tdrd7 

1 27.79 27.90 26.96 27.93 26.49 26.95 
2 28.27 28.00 26.95 27.04 27.23 27.23 
3 28.24 27.25 26.76 27.26 26.46 26.68 
4 27.52 27.62 26.72 26.83 25.95 26.11 

Cma1 

1 29.74 35.54 35.72 37.01 32.66 35.28 
2 29.56 35.86 35.60 36.66 34.09 35.47 
3 29.09 33.02 34.61 34.89 33.06 33.90 
4 29.27 33.70 34.69 35.66 32.52 34.17 

GAPDH 

1 17.75 17.95 18.24 18.70 18.23 18.53 
2 18.71 18.94 18.06 18.52 18.80 19.66 
3 18.23 17.58 18.25 18.22 18.48 18.31 
4 17.82 17.84 18.37 18.20 18.48 18.18 
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Table A10.  Real-time PCR Ct values for Cma1, Mitf and Rab37 in heart.  Ct values for Cma1, Mitf and Rab37 in the heart of 
mice expressing various amount of Mitf.  Ct values of the reference gene, GAPDH, are also shown.   

Target Mouse 
nr 

TG13627 TG13628 TG21055 TG32643 B6-Enu-
22(398) 

Mitfmi-vga9 
heteroz. 

Mitfmi-vga9 
homoz. del (int2) del (int2) (S73A) (S73A/S409A) 

Cma1 
1 31.00 30.92 34.29 30.46 32.82 32.11 36.63 
2 31.51 30.93 35.96 30.54 32.14 31.64 34.29 
3 30.07 29.68 34.93 30.56 33.59 31.61 34.99 

Mitf 
1 24.26 24.86 25.14 25.92 26.84 26.04 36.94 
2 24.41 26.70 25.77 24.72 26.89 26.52 35.50 
3 23.56 26.19 25.49 24.58 26.57 26.23 35.12 

Rab37 
1 30.89 29.96 30.26 30.17 29.55 30.96 31.16 
2 30.33 29.47 30.34 30.68 30.62 31.85 29.84 
3 30.74 29.96 30.22 30.56 31.58 31.62 30.55 

GAPDH 
1 14.42 13.88 13.94 14.47 13.96 14.32 14.48 
2 14.18 14.26 14.40 14.36 14.51 15.03 13.90 

3 13.91 14.38 14.22 14.24 15.25 14.64 14.15 
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Table A11.  Real-time PCR Ct values for Vdr.  Ct values for Vdr in the heart, 
cortex and OB of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 homozygous 
mutant (Mut) mice.  Also shown are the Ct values of the reference gene used in this 
real-time PCR run, Actin.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Vdr 

1 30.52 29.43 28.98 30.56 30.49 28.86 26.13 25.90 28.00 
2 30.01 27.49 29.96 30.69 31.42 29.87 26.21 26.06 27.60 
3 30.54 28.11 30.20 30.42 29.03 30.38 26.81 25.70 27.61 
4 28.96 28.35 30.42 30.32 31.93 32.28 26.13 29.00 30.93 

Actin 

1 18.96 18.20 18.41 17.24 17.15 17.29 17.05 16.85 17.33 
2 18.25 16.74 18.06 16.83 Undet. 17.22 17.36 16.48 17.49 
3 18.44 18.39 18.96 16.89 16.77 17.11 17.61 16.84 17.09 
4 17.83 18.97 19.37 17.14 18.63 18.38 16.98 18.93 18.61 

 

 
Table A12.  Real-time PCR Ct values for Vdr in skin and ears.  Ct values for Vdr 
in the skin of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 homozygous mutant 
(Mut) mice, and ears of wt and Mitfmi-vga9 heterozygous mice.  Also shown are the Ct 
values of the reference gene used in these real-time PCR runs, Actin.   

Target Mouse 
nr 

Skin 

Wt Het Mut 

Vdr 
1 24.14 22.07 21.30 
2  -  22.82 21.50 
3  -  27.56 21.16 

Mitf 
1 26.93 26.48 35.73 
2  -  26.92 35.07 
3  -  28.65 35.30 

Actin 

1 19.23 17.29 16.23 

2  -  18.27 16.47 

3  -  20.25 16.72 
 

Target Mouse 
nr 

Ears 

Wt Het 

Vdr 
1 26.97 26.98 
2 25.52 26.02 
3 26.63 27.64 

Mitf 
1 28.02 28.62 
2 27.60 28.76 
3 28.04 29.70 

Actin 

1 21.96 21.12 

2 21.38 21.27 

3 22.74 22.92 

 



Mitf in the mouse central nervous system 129  

Anna Þóra Pétursdóttir 

 

 

 
Table A13.  Real-time PCR Ct values for Sgcg.  Ct values for Sgcg in the heart, cortex, olfactory bulb (OB) and skeletal muscle 
(Skel) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are 
also shown.   

Target Mouse 
nr 

Heart Cortex OB Skel 

Wt Het Mut Wt Het Mut Wt Het Mut Wt Het Mut 

Sgcg 
1 20.40 20.47 20.82 32.28 32.09 32.60 28.58 29.18 35.53 22.75 21.40 21.80 
2 20.82 20.61 20.73 32.18 33.04 33.25 27.48 28.77 33.29 21.79 21.56 19.96 
3 20.97 21.74 20.62 35.94 32.67 32.93 28.93 28.93 36.56 21.70 21.57 20.97 

Actin 
1 18.87 17.90 18.28 17.06 17.10 16.88 17.14 16.93 17.40 18.94 18.68 19.29 
2 18.43 18.52 18.13 17.03 17.38 16.95 17.28 16.98 16.76 18.35 18.42 17.89 

3 18.08 18.30 18.74 17.24 16.81 17.09 17.77 16.87 16.97 18.56 18.12 18.91 
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Table A14.  Real-time PCR Ct values for Wif1.  Ct values for Wif1 in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Wif1 

1 25.37 24.92 24.47 29.01 29.18 29.89 25.90 25.91 27.68 
2 25.60 25.39 25.13 28.94 29.42 29.26 26.30 26.37 27.98 
3 25.98 24.98 25.85 29.22 29.08 29.42 26.86 25.93 27.11 
4 25.16 25.16 24.67 29.17 30.23 30.65 25.71 27.33 28.91 

Actin 

1 16.37 15.93 16.14 14.84 14.97 14.89 14.74 14.40 14.84 
2 16.13 16.32 15.86 14.85 15.69 14.89 15.18 14.98 15.46 
3 16.20 16.26 16.86 14.84 14.79 14.90 15.40 14.79 14.93 
4 15.91 16.76 16.85 15.02 16.24 15.94 15.15 16.58 16.16 

 

 
Table A15.  Real-time PCR Ct values for Bace2.  Ct values for Bace2 in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Bace2 

1 26.43 25.35 25.49 28.33 27.19 26.98 25.87 25.97 26.85 
2 25.98 25.92 25.36 27.79 28.03 26.58 25.73 25.93 26.93 
3 26.36 24.70 25.91 27.58 26.81 27.78 26.57 25.99 26.62 
4 25.73 25.72 25.53 27.57 28.40 27.70 25.95 27.18 27.39 

Actin 

1 17.27 16.58 16.73 15.69 15.60 15.51 15.40 15.36 15.70 
2 16.73 16.93 16.59 15.59 16.32 15.62 15.73 15.78 16.13 
3 16.94 16.97 17.33 15.55 15.51 15.62 15.95 15.53 15.46 

4 16.60 17.38 17.51 15.66 16.90 16.79 15.79 17.12 16.87 
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Table A16.  Real-time PCR Ct values for Nmb.  Ct values for Nmb in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Nmb 

1 27.07 25.73 26.28 29.48 27.51 27.86 22.37 22.39 23.72 
2 25.81 26.04 26.85 28.18 29.71 28.32 22.91 22.07 23.18 
3 25.75 25.85 27.92 28.59 27.79 28.76 23.92 21.94 22.57 
4 27.17 28.23 28.40 27.67 28.80 28.50 22.25 23.37 24.25 

Actin 

1 18.94 18.34 18.46 17.27 17.29 17.32 17.16 16.90 17.28 
2 18.61 18.74 18.36 17.20 17.83 17.51 17.65 17.39 17.89 
3 18.56 18.51 18.97 17.33 17.15 17.14 17.71 17.26 17.13 
4 18.07 19.12 19.38 17.53 18.53 18.44 17.43 18.90 18.67 

 

 
Table A17.  Real-time PCR Ct values for Tmem40.  Ct values for Tmem40 in the 
heart, cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-

vga9 homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.  Undet. stands for undetermined which means that, for some reason, not 
enough expression was detected within 40 cycles to determine the Ct value. 

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Tmem40 

1 30.82 29.92 26.32 28.23 28.88 32.20 25.31 25.65 27.23 
2 30.85 29.50 29.69 27.69 33.21 31.68 25.49 27.81 27.63 
3 30.78 29.70 31.40 27.89 28.66 32.26 25.99 25.69 27.48 
4 30.76 28.96 30.91 27.71 29.36 33.51 25.25 26.72 27.84 

Actin 

1 18.47 17.74 17.96 16.95 16.72 16.80 16.60 16.45 16.33 
2 17.97 18.25 16.02 16.63 17.33 Undet. 17.10 16.93 17.23 
3 18.12 18.11 18.52 16.79 16.61 16.83 17.30 16.65 16.63 
4 17.89 18.43 18.31 16.98 17.55 17.51 16.96 17.80 17.27 
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Table A18.  Real-time PCR Ct values for Otop2.  Ct values for Otop2 in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.  Undet. stands for undetermined which means that, for some reason, not 
enough expression was detected within 40 cycles to determine the Ct value.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Otop2 

1 Undet. Undet. Undet. 30.43 29.46 29.96 24.39 24.54 25.53 
2 Undet. Undet. Undet. 30.04 31.47 29.49 24.84 24.76 25.92 
3 Undet. Undet. Undet. 30.10 29.59 29.66 25.50 24.37 25.17 
4 Undet. Undet. Undet. 29.34 30.10 30.74 24.56 25.96 26.70 

Actin 

1 18.56 17.91 17.94 17.01 16.87 16.98 16.40 16.53 16.68 
2 18.10 18.17 17.85 16.76 17.52 16.85 17.17 16.94 17.50 
3 18.31 18.29 18.43 17.10 16.71 16.93 17.14 16.76 16.67 

4 17.95 18.48 18.40 17.03 17.71 17.70 17.05 17.95 17.72 

 

 
Table A19.  Real-time PCR Ct values for Amz1.  Ct values for Amz1 in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Amz1 

1 31.11 30.20 30.25 27.47 26.96 26.82 25.57 25.66 27.31 
2 30.73 30.12 29.65 27.00 28.52 26.93 25.80 25.80 27.68 
3 30.17 30.28 30.39 27.07 26.85 27.23 26.87 25.84 27.11 
4 30.37 30.70 30.98 26.97 27.29 27.32 25.65 26.56 27.41 

Actin 

1 18.69 18.08 18.11 17.12 16.98 17.01 16.87 16.70 16.68 
2 18.23 18.37 17.96 16.94 17.62 16.97 17.40 17.14 17.56 
3 18.78 18.36 18.67 17.20 16.89 16.93 17.66 16.89 16.67 
4 18.19 18.45 18.93 17.15 17.77 17.74 17.19 17.91 17.86 
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Table A20.  Real-time PCR Ct values for Cbln4.  Ct values for Cbln4 in the heart, 
cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-vga9 
homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.  Undet. stands for undetermined which means that, for some reason, not 
enough expression was detected within 40 cycles to determine the Ct value.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Cbln4 

1 Undet. Undet. 34.88 23.48 22.72 22.96 22.81 22.84 24.49 
2 Undet. Undet. Undet. 23.30 23.47 23.37 22.91 22.81 24.35 
3 Undet. 36.82 Undet. 22.87 22.73 22.71 23.49 22.92 24.36 
4 34.11 Undet. Undet. 23.15 23.74 24.57 23.47 24.09 25.30 

Actin 

1 16.92 16.33 16.56 15.75 15.40 15.22 15.13 15.19 15.69 
2 16.71 16.61 16.19 15.59 16.08 15.54 15.81 15.52 15.86 
3 16.49 16.68 17.04 15.35 15.05 15.38 16.07 15.49 15.15 

4 16.81 17.07 17.35 15.69 16.35 16.30 15.77 16.53 16.27 

 

 
Table A21.  Real-time PCR Ct values for Ush1g.  Ct values for Ush1g in the 
heart, cortex and olfactory bulb (OB) of wt, Mitfmi-vga9 heterozygous (Het) and Mitfmi-

vga9 homozygous mutant (Mut) mice.  Ct values of the reference gene, Actin, are also 
shown.   

Target Mouse 
nr 

Heart Cortex OB 

Wt Het Mut Wt Het Mut Wt Het Mut 

Ush1g 

1 32.86 31.94 32.24 30.54 30.24 29.96 24.01 23.89 25.40 
2 33.37 32.35 32.69 29.82 31.56 29.95 24.10 24.00 25.44 
3 32.35 32.06 34.93 30.29 29.77 30.23 25.22 23.96 24.89 
4 31.59 32.53 32.83 29.97 31.40 30.90 24.04 25.18 26.15 

Actin 

1 19.19 18.42 18.47 17.43 16.90 17.39 17.14 16.82 17.28 
2 18.46 18.54 18.35 17.20 18.17 17.41 17.75 17.39 17.90 
3 18.45 18.71 18.95 17.42 16.94 17.23 17.73 17.15 17.06 
4 18.30 19.16 19.38 17.46 18.81 18.49 17.60 18.91 18.64 
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