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Summary

The tyrosine kinase receptor KIT and the transcription factor MITF, each required for melanocyte
development, have been shown to interact functionally both in vitro and in vivo. In vitro, KIT
signaling leads to MITF phosphorylation, affecting MITF activity and stability. In vivo, the presence
of the MitfMi-Wh allele exacerbates the spotting phenotype associated with heterozygosity for Kit
mutations. Here we show that among a series of other Mitf alleles, only the recessive Mitf™i-ows
mimics the effect of MitfMi-Wh on Kit. Intriguingly, Mitf™o%s js characterized by a splice defect that
leads to a reduction of RNAs containing MITF exon 2B which encodes serine-73, a serine
phosphorylated upon KIT signaling. Nevertheless, other Mitf alleles that generally affect Mitf RNA
levels, or carry a serine-73-to-alanine mutation that specifically reduces exon 2B-containing RNAs,
do not show interactions with Kit in vivo. We conclude that the recessive Mitf™%s js a complex
allele that can display a semi-dominant effect when present in a Kit-sensitized background. We
suggest that human disease variability may equally be due to complex, allele-specific interactions
between different genes.
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Introduction

Interactions between different genes are often difficult to assess because they may be subtle
and the corresponding phenotypes not easily visible to the naked eye. Such interactions can be
probed readily, however, for genes affecting pigmentation because pigmentary alterations can
serve as a highly sensitive read-out of the modification of the action of one gene by another
(Quevedo and Holstein, 1992, Barsh, 1996, Spritz, 1997, Baxter et al., 2009). In fact, given
that over 200 loci are known to affect pigmentation in mice alone, pigmentation may be among
the first phenotypes for which an extensive if not complete genetic network can be established
(Hearing and Jimenez, 1989, Bennett and Lamoreux, 2003, Baxter et al., 2004, Hou and Pavan,
2008).
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Genetic interactions often reflect functional interactions where the gene products in question
feed into common molecular pathways (Drees et al., 2005). This is perhaps best illustrated by
interactions between transcription factor genes on the one hand and genes controlling signaling
pathways that modify the activities of these transcription factor genes or their products on the
other. For instance, mice that are heterozygous for a mutation in the gene encoding the signaling
receptor Kit and also heterozygous for a mutation in the gene encoding the microphthalmia-
associated transcription factor Mitf (a basic-helix-loop-helix-leucine zipper protein which
binds DNA as homo- or heterodimers) can show much more extensive white spotting than
would be expected from heterozygosity for mutations in either gene alone (Beechey and
Harrison, 1994, Hou et al., 2000, Diwakar et al., 2008). This phenomenon may indeed reflect
functional interactions as it is well documented in vitro that Mitf is needed for the maintenance
of KIT expression in melanoblasts and that Kit signaling affects Mitf both at the transcriptional
and post-translational levels (Opdecamp et al., 1997, Hemesath et al., 1998, Price et al.,
1998). Interactions have also been observed between genes encoding signaling components,
such as endothelin receptor B (Ednrb) and Kit ligand (Kitl), or transcription factors, such as
Sox10 and Mitf (Potterf et al., 2000, Rhim et al., 2000, Hou et al., 2006). Moreover, an
interaction has been observed between Mitf and Bcl2, a gene that is involved in the cell death
pathway and is regulated by Mitf (McGill et al., 2002).

The fact that pigmentation defects caused by mutations in one gene can be affected by mutations
in a second gene have also made it possible to search for mutant pigmentation genes that by
themselves would hardly produce a visible phenotype in heterozygotes. For example, a number
of novel mutations affecting the pigment cell lineage have recently been identified in mice by
combining a null mutation for Sox10 with germline mutations obtained after treatment with N-
ethyl-N-nitrosourea (Matera et al., 2008). When designing such sensitized genetic screens,
however, one has to take into account that gene interactions may be allele-specific. The above
mentioned interaction between Kit and Mitf, for instance, although seen with several Kit alleles
(Beechey and Harrison, 1994, Hou et al., 2000, Diwakar et al., 2008), has so far been tested
only for the semi-dominant MitfMi-Wh (Microphthalmia-white) allele. MitfMi-Wh s characterized
by a codon change in exon 7 and produces at least one protein isoform that is unable to bind
DNA but still able to form dimers with wild-type dimerization partners (Hemesath et al.,
1994). The enhanced spotting phenotype of MitfMi-Wh/Kit mutant mice could be explained,
therefore, by reduced phosphorylation, and hence increased stability and dominant-negative
action, of this isoform (Arnheiter et al., 2006). If so, Mitf alleles lacking dominant-negative
characteristics might not show similar interactions with Kit. In fact, as demonstrated here, many
other Mitf alleles showed no interactions with the Kit null allele Kit™Alf (Bernex et al.,
1996, Hou et al., 2000), with the intriguing exception of a recessive allele, Mitfmi-bws
(microphthalmia-black and white spots), prompting us to analyze this allele and its interactions
with Kit™1Alf in more detail.

MitfMi-bws \when homozygous, produces extensive white spotting but when heterozygous, there
is no visible phenotype. The allele is characterized by a point mutation in the Mitf intron
preceding exon 2 but otherwise the coding region remains wild-type (Hallsson et al., 2000).
MitfMi-bws js associated with a severe reduction of Mitf RNA levels when measured in an organ
that shows no obvious phenotype, the heart (Bauer et al., 2009). It is also associated with a
skewed splicing pattern that enriches RNAs excluding a part of exon 2, called exon 2B, at the
expense of RNAs including this particular subexon (Hallsson et al., 2000). Intriguingly, exon
2B contains the codon for a serine, serine-73, that is phosphorylated in response to Kit signaling
and whose phosphorylation affects the transcriptional activity and stability of MITF protein
(Hemesath et al., 1998). Therefore, we used additional Mitf alleles that separately probe
changes in Mitf RNA levels and changes in splicing patterns and mutations in serine-73, and
analyzed the effects of these alleles in mice heterozygous for Kit. The results imply that
Mitfmi-bws js 3 complex allele that may act in a semi-dominant fashion similar to MitfMi-wh byt

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

that is dissimilar from MitfMi-Wh in that its semi-dominant activity may only be revealed when
placed on a Kit-sensitized background.

Results and discussion

The Kit allele used in this study, Kit™m1Alf js characterized by an in-frame insertion of the
bacterial LacZ gene, encoding nuclear LACZ, in the first exon of Kit in a way that the Kit gene
becomes a functional null allele (Bernex et al., 1996, Hou et al., 2000). Homozygotes usually
die in utero but heterozygotes display a belly spot, white feet and a white tail tip. Such mice
were crossed with mice carrying either one of the following Mitf alleles: microphthalmia-
brownish (MitfMi-®) ‘microphthalmia-vga9 (MitfMi-¥92%) microphthalmia-eyeless-white
Mitf™-eW microphthalmia red-eyed white (Mitf™-™), Mitfim1-1Amh (here called MitfS73A), and
microphthalmia-black and white spots (Mitf™-2Ws). Their molecular characteristics are
schematically shown in Fig. 1 and their phenotypes described in Table 1. MitfMi-0 is inherited
semi-dominantly and contains a point mutation in exon 8 that affects DNA binding.
Homozygotes have a white coat and red eyes while heterozygotes have a brownish coat color,
and pale ears and tails (Steingrimsson et al., 1996). The recessive allele MitfMi-v9a9 js a
transgenic insertional null allele and its homozygotes are white with small eyes (Hodgkinson
etal., 1993). The recessive allele MitfM-e" has a point mutation close to the exon 6B/intron 6
splice junction, and its mMRNA is characterized by the absence of exon 6A/B and retention of
the open reading frame between exons 5 and 7. The resulting protein affects DNA binding,
with homozygotes showing a similar phenotype as MitfM-V929 homozygotes (Opdecamp et al.,
1997, Nakayama et al., 1998). The recessive allele Mitf™-™ contains a genomic deletion that
encompasses the exons 1H, 1D, and 1B1a/1B1b and their flanking sequences (Bharti et al.,
2008). MitfM-™ homozygotes have eyes of variable sizes and a coat that is white except for a
black spot on the head and/or belly or the base of the tail. The allele MitfS3A has been generated
by gene targeting and encodes a non-phosphorylatable alanine instead of the phosphorylatable
serine at position 73 (Bismuth et al., 2008). Because the codon change affects an exonic splice
enhancer sequence (Wang et al., 2009), it leads to efficient skipping of exon 2B. Nevertheless,
the corresponding mice, heterozygous or homozygous, have no visible phenotype. Mitfmi-bws
is characterized by a point mutation in intron 1 that results in partial skipping of exon 2B
(Hallsson et al., 2000). Homozygotes have widespread white spotting but normal eyes.

It was possible that in contrast to the previously observed strong MitfMi-Wh/Kit interactions, the
recessive Mitf alleles may show no or only mild (additive) interactions with Kit. Indeed, the
recessive Mitf™-¢W or Mitf™-"™W for instance, were unable to enhance the extent of the white
spotting of Kit™m1Alf/+ and even the mildy semi-dominant MitfMi-® showed no interactions with
KitmIAIf (Fig. 2A). In contrast, MitfMi-bws/+: KitM1Alf/+ mice were extensively spotted (Fig.
2B), and Mitfmi-bws/mi-bws. jtm1Alf/1 mice were either completely white or occasionally
retained just small pigmented spots on the head or the rump (Fig. 2C, compare with
Mitfmi-bws/mi-bws: Kijt+/+ mouse in Fig. 2B). To assay whether this interaction is Kit-specific
or can also be seen with alterations in a different signaling pathway critical for melanocyte
development, we generated double heterozygous combinations of Mitf™-bWs and
EdnrbtmIMyks jn which the receptor for endothelin-3, a G protein-coupled receptor, is non-
functional (Lee et al., 2003,Hou et al., 2004, Saldana-Caboverde and Kos, in press). These
mice, however, did not show the exacerbation of white spotting seen in MitfMi-ows/+.
Kitm1Alf/+ mice (Supplementary Fig. 1A).

Because MitfMi-b%s reduces both the overall Mitf RNA levels (as measured in the heart) and
the relative amounts of Mitf RNA that contains exon 2B (for short, 2B+) versus Mitf RNA that
lacks exon 2B (for short, 2B-), it was not a priori clear whether the above mentioned interaction
with Kit was brought about by the general or the exon-specific reduction of Mitf RNA levels.
Hence, we used additional alleles allowing us to test overall RNA levels separately from
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changes in exon 2B splicing. The allele MitfM-v839 gliminates the production of Mitf RNA
entirely so that in MitfMi~v92-9/+ heterozygotes, Mitf RNA, all of which contributed from the
remaining wild-type allele, accumulates to approximately 50% of what is seen in a normal
animal, measured either in heart or skin (Bauer et al., 2009). However, MitfMi-vga-9/+
Kit™m1Alf/+ mice showed a spotting phenotype just as Mitf+/+; Kit™1Alf/+ mice, suggesting that
the exacerbated phenotype in MitfMi-bws/+: Kitt™Alf/+ mice is not simply due to a reduction in
total Mitf RNA.

Because the above mentioned exon 2B splicing alteration in Mitf™-PWs mice has not so far been
demonstrated specifically for melanocytes, we analyzed by standard RT-PCR reactions the
exon distribution in the melanocyte-specific M-Mitf RNA. For these tests, we used dorsal skin
from C57BL/6 control mice, and dorsal black skin from MitfMi-ows/mi-bws ang Kijttm1Alfy+ mice
(Supplementary Fig. 2). The results showed exon 2B splicing patterns as expected from the
analysis of heart RNA from the respective mice. There was, however, no obvious reduction in
M-Mitf RNA levels in black MitfMi-bws/mi-bws skin Conceivably, the corresponding
melanocytes represent a pool of cells with higher Mitf levels which have allowed them to escape
the developmental demise of MitfM-oWs melanoblasts which on average may express lower
levels of Mitf. In Kit™m1Alf/+ skin, however, M-Mitf and total Mitf RNA were indeed reduced,
consistent with the pigment dilution characteristics of these mice.

To test whether a skewed exon 2B splicing might contribute to the Mitf/Kit interaction
independently of overall M-Mitf RNA level changes, we used the MitfS73A allele. This allele
produces normal levels of total Mitf RNA in heart or skin, normal levels of M-Mitf in skin (not
shown), but a 2B+/2B~— ratio of approximately 0.1, as compared to wild type, where this ratio
is approximately 0.9 (Bismuth et al., 2008). The phenotype of MitfS73A/+; Kittm1Alf/+ and
MitfS7T3AIST3A: KittmlAlf/+ mice (Supplementary Fig. 1B), suggests, however, that the exon 2B
splice change can also not account separately for the MitfMi-PWs/Kijt interaction, with the only
caveat that the remaining 10% of 2B+ RNA derived from the MitfS”3A allele contains the serine-
to-alanine mutation while in Mitf™0Ws the serine residue is unchanged. Given the above
results, we also tested whether a combination of splice changes and a reduction in overall RNA
levels would mimic the MitfMi-PWs/Kit gene interactions. To this end, we generated compound
heterozygotes between Mitf™v929 and MitfS73A and combined them with Kit™Alf/+, but even
this allelic combination (MitfMi-vga9/S73A. Ktm1Alf/+) yielded mice with just the Kit phenotype
(notshown). Quantitations of Mitf RNA (total, 2B+ and 2B-) for heart and skin of mice carrying
the various alleles alone and in some combinations are shown in Supplementary Fig. 3.

Finally, to determine whether the extensive white spotting in postnatal Kit™1Alf/+:
MitfMi-bws/+ mice already originates during development, at the melanoblast stage, or,
conversely, whether the absence of enhanced white spotting in the other crosses might be the
result of a postnatal compensation of an early developmental alteration, we made use of the
fact that the Kit™m1Alf allele produces melanoblasts that can be labeled by the X-GAL reaction.
Fig. 3 shows examples of labeled embryos at day 12.5 of gestation from groups that contained
9-15 embryos and that showed little embryo-to-embryo variation within one genotypic cohort.
As shown in Fig. 3A, in Kit™mAlf/+ embryos, individual p-Gal-positive cells in the area of the
trunk are normally distributed in the dorsolateral migration pathway underneath the surface
ectoderm where earlier studies have identified MITF-positive cells (Nakayama et al., 1998)
that depend on functional MITF (Hou et al., 2000). Double heterozygous embryos for
Kittm1Alf and either MitfMib, MitfMi-vga-9 Mitfmi-ew  MitfMi-w or MitfS73A displayed a
distribution pattern of B-Gal-positive melanoblasts that was similar to that observed in Mitf
wild-type embryos heterozygous for Kit™M2Alf (Fig. 3B-E, and data not shown). In contrast, the
numbers of labeled cells were severely reduced in the middle trunk region of Kittm1Alf/+:
Mitfmi-bws/+ embryos (Fig. 3F). Hence, these latter embryos, but not the former ones, have a
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severe defect in melanoblasts, suggesting that the adult white spotting of Kittm1Alf/4.
MitfMi-bws/+ mice is set at an early developmental stage.

Earlier results have clearly indicated that Kit-mediated phosphorylation of serine-73 regulates
MITF protein activity and stability in vitro (Hemesath et al., 1998). Nevertheless, neither direct
targeting of the corresponding codon in the endogenous gene or in transgenic, bacterial artificial
chromosome rescue constructs have been able to demonstrate a clear role for this serine in vivo
(Bismuth et al., 2008, Bauer et al., 2009). An isolated serine-to-alanine change, with no effect
on exon 2B splicing, however, has not so far been obtained, and so the exact role of serine-73
in an otherwise entirely normal gene has not been formally addressed. Nevertheless, as here
demonstrated genetically, neither RNA level changes, nor exon 2B splice changes associated
with the serine73-to-alanine mutation, alone or in combinations, can account for the
MitfMi-bWs/Kjt interaction phenotype. Hence, Mitf™b%s js an allele that is likely altered in one
or several more ways than would be suggested solely from its point mutation in intron 1. In
fact, an explanation for the Mitf™-PWs phenotype may be found only when additional promoter-
and splice-isoforms have been analyzed, an undertaking that may require the sequencing of
the entire 200 kb MitfMi-oWs gene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic diagram of the mouse Mitf gene and the mutations used in this study. Filled boxes

represent coding exons, and open boxes non-coding exons or non-coding parts of exons.
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Fig. 2.

ngetic interactions between Mitf and Kit. A. Lack of genetic interactions between MitfMi-b
and Kit™1Alf, The corresponding genotypes are indicated in the figure. Note that MitfMi-b/+;
Kitm1Alf/+ mice show a phenotype indistinguishable from that of Mitf+/+; Kit™Alf/+ mice.
B. Interaction between Mitf™i-bWs and Kit™1AIf, Mice of the indicated genotypes were crossed
and their offspring genotyped. Note that MitfMi-oWs/+: Kit+/+ mice are fully pigmented whereas
Mitfmi-bws/+- Kit!MIAIf/+ offspring show extensive white spotting in the trunk area, different
from Mitf+/+; Kit™M1Alf/+ mice. C. Mitfmi-bws/imi-bws. jttmIAlf/+ mice are either totally white
or retain just small pigmented spots.
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Fig. 3.

Tracking of B-Gal-positive melanoblasts in embryogenesis. Embryos of the indicated
genotypes were harvested at 12.5 days of gestation and processed for B-Gal labeling. Arrows
point to individual p-Gal-positive melanoblasts in the dorsolateral migration pathway
underneath the surface ectoderm in the trunk area. (A-E) Note similar distribution but slightly
reduced numbers and densities of B-Gal-positive melanoblasts in embryos carrying a mutant
Mitf allele together with the Kit™1Alf allele as opposed to a wild-type Mitf allele along with the
Kit!m1Alf allele, consistent with earlier findings that Mitf gene dosage affects melanoblast
numbers early in development (Hornyak et al., 2001). (F) Melanoblasts in embryos double
heterozygous for Mitf™-0ws and Kit!™m1AIf are very sparse and largely restricted to the area over
the neural tube.
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