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Summary

Recent studies show that the melanocyte transcription factor MITF not only activates differentiation
genes but also genes involved in the regulation of the cell cycle, suggesting that it provides a link
between cell proliferation and differentiation. MITF, however, comes in a variety of splice isoforms
with potentially distinct biological activities. In particular, there are two isoforms, (-) and (+) MITF,
that differ in six residues located upstream of the DNA binding basic domain and show slight
differences in the efficiency with which they bind to target DNA. Using in vitro BrdU incorporation
assays and FACS analysis in transiently transfected cells, we show that (+) MITF has a strong
inhibitory effect on DNA synthesis while (-) MITF has none or only a mild one. The strong inhibitory
activity of (+) MITF is not influenced by a number of mutations that modulate MITF’s transcriptional
activities and is independent of the protein’s carboxyl terminus but dependent on its aminoterminus.
A further dissection of the molecule points to the importance of an aminoterminal serine, serine-73,
which in both isoforms is phosphorylated to comparable degrees. The results suggest that one or
several aminoterminal domains cooperate with the alternatively spliced hexapeptide to render MITF
anti-proliferative in a way that does not depend on direct E box binding.
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Introduction

For many cell types, terminal differentiation goes hand in hand with exit from the cell cycle.
Some cells such as melanocytes and melanoma cells, however, can express cell differentiation
genes and yet continue to divide. A link between continued cell proliferation and differentiation
of melanocytes may possibly be provided by MITF, a basic helix-loop-helix-leucine zipper
transcription factor that serves as a key regulator of both cell cycle genes and differentiation
genes. For instance, Tyrosinase, whose product is critical in melanin biosynthesis, and Cdk2,
whose product promotes G1 — S progression, are both stimulated by Mitf, and so is Thx2,
whose product suppresses a negative regulator of G1 — S progression, p21Cipl (Du et al.,
2004; Prince et al., 2004; Vance et al., 2005, reviewed in Arnheiter et al., in press;
Steingrimsson et al., 2004; Steingrimsson et al., 2005; Vance and Goding, 2004). Nevertheless,
p21 is also directly stimulated by Mitf (Carreira et al., 2005), as are other negative regulators
of the cell cycle, such as INK4A which promotes cell cycle exit (Loercher et al., 2005).
Moreover, MITF protein interacts with hypophosphorylated retinoblastoma protein-1 (Rb1)
to cooperatively stimulate p21 and Tyrosinase (Carreira et al., 2005). Given these complexities,
it is not surprising that MITF has been found, in vitro, to inhibit cell proliferation under some
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conditions and to promote it under others, and that in vivo genetic evidence has not provided
a consistent answer either. For instance, for retinal pigment epithelium cells, Mitf seems to
slow down proliferation, although not to abolish it (Nakayama et al., 1998; Packer, 1967), but
for neural crest-derived melanocytes, a similar action is not easily demonstrable chiefly
because Mitf mutations first and foremost affect melanoblast survival (Hornyak et al., 2001;
Opdecamp et al., 1997). It is conceivable, therefore, that the regulation of Mitf itself might
dictate to what extent positive and negative cell cycle regulators accumulate at different time
points in melanocyte biology and hence control the balance between melanocyte proliferation
and differentiation.

Mitf is regulated both at the transcriptional and post-translational levels. First, the gene is
transcribed from multiple promoters giving rise to a variety of splice isoforms with potentially
distinct biological activities (Arnheiter etal., in press; Steingrimsson et al., 2004). The promoter
prominently and seemingly specifically used in the neural crest-derived melanocyte lineage is
called the M-promoter which responds to melanogenic extracellular signals activating tyrosine
kinase and G-coupled receptors. Second, M-Mitf MRNA comes in two major isoforms resulting
from a differential splice acceptor use in exon 6. The (+) isoform, which includes 18 bases
corresponding to exon 6a, is translated into a 419 residue protein that includes the sequence
ACIFPT upstream of the DNA-binding basic domain. The (-) isoform lacks this sequence,
encodes a 413 residue protein, and in mouse melanocytes and melanoma cells has been found
to accumulate to similar levels as the (+) isoform (Hodgkinson et al., 1993; Steingrimsson et
al., 1994). The levels to which the corresponding (+) and (-) MITF proteins accumulate,
however, have not yet been determined because no easy separation techniques or isoform-
specific immunoreagents are available. The two proteins may have distinct functions as (+)
MITF binds target E boxes in promoter DNA with a slightly higher affinity than (-) MITF in
vitro (Hemesath et al., 1994). This observation is consistent with the fact that the mouse allele
Mitf™i-sP (microphthalmia-spotted), from which only (-) MITF can be expressed because of a
supernumary base inserted into exon 6a (Steingrimsson et al., 1994), is associated with a mild
pigmentation phenotype (Wolfe and Coleman, 1964). Besides these two isoforms of Mitf, a
number of other isoforms have been described where individual exons are missing (Hallsson
etal., 2000). The biological significance of many of these isoforms is yet to be determined and
in no case is it clear that their expression is differentially regulated in a developmental or cell
cycle-specific way.

MITF is also modified post-translationally. For example, extracellular signaling-mediated
phosphorylations at serines 73, 298, and 307 have generally been found to enhance activity,
but single phosphorylation at serine-73 or double serine-73/serine-409 phosphorylations have
also been implicated in enhanced proteasome-mediated degradation, perhaps representing a
negative feed-back loop (reviewed in Arnheiter et al., in press; Steingrimsson et al., 2004).
Furthermore, lysine 182 and lysine 316 are sites of sumoylation and their mutation increases
MITF activity. This increase in activity is more prominent on promoters containing multiple
E box binding sites compared with those containing single binding sites, suggesting target
gene-specific regulation (Miller et al., 2005; Murakami and Arnheiter, 2005). Moreover,
acetylation can occur in lysines in the basic domain and in the leucine zipper domain
(Steingrimsson et al., 2004, and unpublished observations), although the biological
significance of these modifications is yet to be determined.

Here we sought to test the parameters by which different domains of MITF protein might
regulate cell proliferation. To this end, we analyzed DNA synthesis and cell cycle
characteristics in cells transfected with expression plasmids encoding wild type Mitf or various
Mitf isoforms and mutants. These experiments were mainly done in HEK293 cells, a human
embryonic kidney cell line with neuron-like gene expression profiles (Shaw et al., 2002). We
chose this non-melanocytic cell line because it does not discernibly express endogenous MITF,
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allowing us to eliminate potential complications that might arise from interference by wild type
MITF. Consistent with previous results obtained in melanoma and fibroblastic cell lines
(Carreira et al., 2005; Loercher et al., 2005), we found that in HEK293 cells, (+) MITF leads
to a reduction in DNA synthesis consistent with its role as an inhibitor of cell proliferation.
Surprisingly, however, (-) MITF, although accumulating to comparable levels as (+) MITF in
transfected cells, had no such inhibitory effect. Moreover, the anti-proliferative activity of (+)
MITF did not depend on an intact DNA binding domain or on the carboxyl terminal domain,
but depended on the aminoterminal domain. The results suggest that the regulation of cell
proliferation by MITF may not exclusively rely on its direct regulation of cell cycle target genes
and may depend on yet uncharacterized intra- or intermolecular interactions that involve the
aminoterminus of MITF and its exon 6a-encoded hexapeptide.

(+) MITF but not (-) MITF inhibits BrdU incorporation in transfected HEK293 cells

To assess the role of the (-) and (+) isoforms of MITF in cell proliferation, we transfected
corresponding cDNAs into HEK293 cells and performed BrdU incorporation assays. HEK293
cells are adherent, can consistently be transfected with high efficiency (>60% transfectants),
and show a short doubling time: in dishes transfected with either of the two isoforms of MITF,
non-transfectants double every 16.2 h (data not shown). Immunofluorescent staining (Figure
1A) and western blot analysis (Figure 1B) did not reveal differences in the levels of expression
or nuclear accumulation between (-) and (+) MITF. Notably, the intensity of the upper band
in western blots (Figure 1B), representing MITF phosphorylated at serine-73 (Hemesath et al.,
1998), is similar for both (+) and (-) isoforms, suggesting that the steady state level of
phosphorylation at this position is similar for the two isoforms.

To assess BrdU incorporation, transfected cells were exposed to BrdU for 30 min, washed,
fixed, and doubly stained for BrdU and MITF, using corresponding first and fluorescently
labeled second antibodies. Each transfection was done in triplicate and the results combined
from three independent experiments. As shown in Figure 1C, 64 + 3% of control non-
transfected cells were BrdU-positive, reflecting their rapid rate of proliferation. The percentage
was similar in cells expressing (-) MITF where 67 £ 2% of MITF-positive cells were BrdU-
positive. In contrast, among cells expressing (+) MITF, this percentage was only 44 + 2%.
Hence, in HEK293 cells, only (+) MITF induced a visible reduction in BrdU incorporation
while (-) MITF did not. One might conclude, therefore, that (-) MITF has no effect on DNA
synthesis. It is conceivable, however, that unrelated control proteins, expressed at high levels,
may be inhibitory, and that if this were the case, (-) MITF would have to be considered pro-
proliferative. We reasoned that green fluorescent protein (EGFP) may represent a suitable
control as it is widely used for marking cells and convenient for visualization in microscopy.
As shown in Figure 1C, however, cells expressing EGFP incorporated BrdU at lower levels
compared with untransfected cells or cells expressing (-) MITF (57 = 5% versus 64 = 2%,
respectively, P <0.01) although the inhibition by (+) MITF was still stronger (44 + 2%). Hence,
compared with this control protein, (-) MITF appears to have a pro-proliferative activity in
HEK293 cells.

Since HEK293 cells express the adenoviral E1A protein which binds p300, a transcriptional
co-activator with histone acetyltransferase activity, at a site through which MITF also interacts
with p300 (Price et al., 1998; Sato et al., 1997), it was conceivable that the above results reflect
adifference in the efficacy with which ELA competes with (-) or (+) MITF for binding to p300.
To exclude this possibility, we also tested the effects of (-) and (+) MITF on BrdU incorporation
in BHK cells which do not express E1A and which, like HEK293 cells, also lack endogenous
MITF (not shown). As shown in Figure 1D, in contrast to HEK293 cells, BHK cells divide
more slowly, and BrdU incorporation in control non-transfected cells was only 34 + 5%. BrdU
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incorporation was inhibited by both (-) and (+) MITF. Nevertheless, like in HEK293 cells, the
inhibition by (+) MITF was greater (14 + 3% BrdU/MITF double-positive cells per total
number of MITF-positive cells) compared with that achieved by (-) MITF (24 = 6% BrdU/
MITF double-positive cells per total number of MITF-positive cells) (Figure 1D). These results
suggest that the difference between (+) and (-) MITF in inhibiting BrdU incoporation in
HEK?293 cells is not simply because of the presence of E1A, and that the extent to which MITF,
(-) or (+), inhibits DNA synthesis is cell type-dependent.

The difference between (+) and (-) MITF on BrdU incorporation is independent of direct DNA
binding or modulation of transcriptional activity

To determine if the inhibitory effect on BrdU incorporation of the (+) MITF isoform was
because of the activation of target genes important in cell cycle regulation, we tested the effect
of MITF mutated in the DNA binding basic domain. In all bHLH and bHLH-Zip proteins, an
invariant glutamic acid contacts the core bases of the respective E-box motifs in DNA, and
mutations of this residue are known to abrogate specific binding (Fisher et al., 1993). Hence,
we generated two mutated plasmids, encoding (-) MITF E213A and (+) MITF E213A (Figure
2A), and expressed them in HEK293 cells. Immunofluorescence (Figure 2B) and western blots
(Figure 2C) indicated that the proteins were nuclear and expressed at comparable levels. As
observed for the corresponding wild type MITFs, (-) MITF E213A did not inhibit BrdU
incorporation (66 + 1% BrdU/MITF double-positive cells per total number of MITF-positive
cells) but (+) MITF E213A did inhibit it (46 + 2% BrdU/MITF double-positive cells per total
number of MITF-positive cells) (Figure 2D). The results suggest that the inhibitory effect of
(+) MITF is independent of its capacity to directly bind DNA. They do not exclude the
possibility, however, that MITF, by binding other proteins, might indirectly regulate the
transcription of cell cycle genes.

It has recently been demonstrated that (+) MITF with mutations in the two sumoylation sites
at lysines 182 and 316 has, compared with wild type, an increased transcriptional activity on
promoters containing multiple E box motifs (Miller et al., 2005; Murakami and Arnheiter,
2005). This increased activity is not because of changes in DNA binding and may reflect
decreased recruitment of transcriptional co-repressors, notwithstanding the fact that
sumoylation, a dynamic process balanced by de-sumoylation, cannot easily be demonstrated
at the steady state level. To assess the effect of increased transcriptional activity on cell
proliferation, we tested (-) and (+) MITF with double lysine182/316-to-arginine mutations [(-)
MITF K182R/K316R and (+) MITF K182R/K316R, Figure 2A]. Both mutants were nuclear
(Figure 2E) and expressed at similar levels (Figure 2F). As shown in Figure 2G, 77 * 3.6% of
cells expressing (-) MITF K182R/K316R and 65 + 3.9% of cells expressing (+) MITF K182R/
K316R showed BrdU incorporation. Interestingly, these numbers were higher (77 £ 3.6% and
65 + 3.9% for (-) and (+) MITF K182R/K316R, respectively) than those obtained with the
corresponding wild type proteins (see Figure 1C), whereby BrdU incorporation in cells not
expressing MITF (65.8 £ 4%, not shown) was comparable with that obtained in Figure 1C and
subsequent experiments. Despite increased BrdU incorporation, however, the difference
between (-) and (+) MITF was retained, suggesting that the increase in transcriptional activity
associated with these mutants, or the proximity of the K182R mutation to the exon 6a-encoded
residues, do not eliminate the influence of exon 6a on BrdU incorporation. We conclude,
therefore, that neither a decrease in transcriptional activity resulting from a DNA-binding
mutation, nor an increase in activity on promoters with multiple E boxes as seen with the
sumoylation mutants, interfere with the role of the alternatively spliced six residues in
regulating cell proliferation.
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Inhibition of BrdU incorporation is reduced in mutant (+) MITF with impaired nuclear
translocation

We then investigated if nuclear localization of MITF was critical for inhibition of BrdU
incorporation. For this purpose, we reproduced the mutation present in Mitf™/Mi which is
characterized by a deletion of one arginine in a run of four in the DNA-binding basic domain
(Figure 3A) and is associated with one of the most severe pigmentation phenotypes in both
mouse and man. This mutant protein has been reported to accumulate less efficiently in the
nucleus than wild type protein, both in vitro (Takebayashi et al., 1996) and in vivo (Nakayama
et al., 1998). Upon transfection of HEK293 cells with plasmids encoding (-) or (+) MITF
DelR2186, both proteins were more readily localized in the cytoplasm even though both were
also present in the nucleus (Figure 3B). Despite expression to levels comparable with each
other (Figure 3C) and to those seen with wild type protein (compare, for instance, with Figure
1B), (-) MITF DelR216 resulted in 57 + 2% BrdU/MITF double-positive cells per total number
of MITF positive cells, and (+) MITF DelR216 in 48 + 5% BrdU/MITF double-positive cells
per total number of MITF-positive cells. Hence, (-) MITF DelR216 was inhibitory compared
with non-transfected cells, of which 64 + 2% were BrdU-positive (not shown), perhaps because
its increased cytoplasmic accumulation is deleterious to cells. Nevertheless, (+) MITF DelR216
was still more inhibitory, indicating that the presence of the six residues influences the anti-
proliferative activity of the mutant protein independent of its increased presence in the
cytoplasm.

Deletion of the aminoterminal but not the carboxyl terminal domain abolishes inhibition of
BrdU incorporation by (+) MITF

The above results indicated that direct binding of (+) MITF to E box motifs via its basic domain
was not required for inhibition of BrdU incorporation. In order to test the role of other domains,
we then prepared proteins with aminoterminal or carboxyl terminal deletions (schematic
diagram in Figure 4A). Each of the mutant proteins accumulated in the nuclei of transfected
cells and was expressed at similar levels (Figure 4B,C,E,F). The carboxyl terminal deletion
started at residue 263, thus deleting the dimer-stabilizing leucine zipper. Such mutant protein
is incapable of forming stable DNA binding dimers and in vivo leads to the severe MITF eye
and coat pigmentation phenotype associated with the Mitf™¢ allele. Upon transfection, (-)
MITF R263Stop led to 67 + 8% BrdU/MITF double-positive per total number of MITF-positive
cells (Figure 4D), not significantly different from BrdU incorporation in untransfected cells
(63 + 4%, not shown). In contrast, expression of (+) MITF R263Stop reduced this percentage
to 43 + 3% (Figure 4D). Hence, neither the dimerization domain nor the remainder of the
(sumoylatable and phosphorylatable) carboxyl terminal domain were necessary for the
inhibitory effect of (+) MITF.

In order to test the role of the aminoterminal domain, mutant proteins with truncations of the
first 178 residues were prepared. In these proteins, the truncation occurred within a region
corresponding to exon 5 of the Mitf gene, thereby excluding the phosphorylatable domain
encoded by exon 2b and the activation domain/p300 binding domain encoded by exon 4 but
including the domain encoded by exon 6a and hence still allowing for a differential test of (+)
and (-) MITF. As observed for the carboxyl terminal truncation, both (+) MITF Del1-178 and
(-) MITF Del1-178 proteins were localized in the nucleus (Figure 4E) and were expressed at
similar levels (Figure 4F). In contrast to the carboxyl terminal deletions, however, there was
no significant difference in inhibition of BrdU incorporation between the aminoterminally
deleted (-) and (+) MITF (the respective percentages being 71 + 4% and 67 + 8%, Figure 4G).
This suggests that the six residue sequence ACIFPT in (+) MITF can exert its inhibitory effect
on BrdU incorporation only in conjunction with a domain present within the first 178 residues.
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Since transfection of (-) or (+) MITF in HEK293 cells leads to spontaneous phosphorylation
of Ser73 (Figure 1B), and since, as shown above, the exon in which this residue resides was
necessary for the inhibitory effect of (+) MITF, we also tested whether modification at this site
alone might play a role in the inhibition of BrdU incorporation. We, therefore, mutated the
corresponding codon to encode an alanine, a neutral and non-phosphorylatable residue. The
mutant proteins [(+) MITF S73A and (-) MITF S73A, Figure 4A] were nuclear and expressed
at comparable levels whereby the upper, phosphorylated band seen in wild type is absent in
the mutants (Figure 4H,1). Interestingly, the difference between (+) and (-) MITF in affecting
BrdU incorporation, although still significant at P < 0.01, is much smaller in these mutants [61
+ 3% for (-) and 54 £ 4% for (+) MITF S73A (Figure 4J), compared with 67 = 2% for (-) and
44 + 2% for (+) wild type MITF, see Figure 1C]. The smaller difference was due both to an
increase in inhibitory activity of (-) MITF S73A [compared with wild type (-) MITF] and a
decrease in inhibitory activity of (+) MITF S73A [compared with wild type (+) MITF]. This
suggests that S73 phosphorylation is important in regulating DNA synthesis and that in
conjunction with the exon 6a-encoded hexapeptide, might have distinct effects on biologically
relevant intra- or intermolecular interactions.

(+) MITF interferes with S-phase

In order to confirm our immunofluorescent counting results and to determine at which phase
of the cell cycle MITF expressing cells were blocked, FACS analyses of HEK293 cells
transfected with either (-) or (+) MITF were performed. Twenty-four hours after transfection,
cells were pulsed with BrdU for 30 min and labeled with anti-BrdU antibodies to measure DNA
synthesis and propidium iodide to measure total DNA content. They were then subjected to
two-color cell cycle analysis. Figure 5A shows a typical series of FACS plots for non-
transfected control cells and cells transfected with (-) MITF or (+) MITF, as well as the gates
for GOG1, early and late S phase, and G2M as indicated in the figure and corresponding legend.
The same gates were used to quantitate the results from three independent experiments with
comparable transfection efficiencies between experiments and between the (-) and (+) MITF
group (Figure 5B-D). The analysis showed that 63.41 + 7.12% of non-transfected control cells
were in S phase. Upon transfection of cultures with (-) MITF, 59.81 £ 4.85% of cells were in
S phase, and with (+) MITF, 76.41 + 10.45% (Figure 5B). This increase in the percentage of
cells in S-phase in (+) MITF transfected cultures occurred at the expense of the percentages
of cells in GOG1 [11.94 + 5.92% with (+) MITF WT, and 24.67 + 5.01% with (-) MITF WT,
P =0.01] but not at the expense of the percentage of cells in G2M [3.68 + 2.68% with (+) MITF
WT and 5 = 1.31% with (-) MITF WT, P = 0.24]. These results may seem surprising given that
the immunofluorescent microscopic analysis has shown fewer (+) MITF/BrdU double-positive
cells compared with (-) MITF/BrdU double positive cells. The analysis of the FACS results
revealed, however, that more (+) MITF expressing cells were in early S-phase, and hence
expressed very low levels of BrdU, compared with (-) MITF expressing cells. In fact, a
significantly greater percentage of cells with low BrdU content (gate R9, Figure 5C) was seen
after transfection with (+) MITF (58.53 * 4.93%) versus (-) MITF (21.2 + 0.62%) or in non-
transfected cells (25.66 + 7.29%). Taking into account DNA content, the results revealed that
40 £ 6.47% of (+) MITF expressing cells were in early S-phase (gate R7, Figure 5D), compared
with 22.89 + 0.42% of (-) MITF expressing cells and 26.35 + 0.75% of non-transfected cells.
The corresponding numbers for late S-phase (gate R8, Figure 5D) were 8.7 + 0.63% in (+)
MITF expressing cultures, 9.53 £+ 2.14% in (-) MITF expressing cultures and 10.97 + 2.85%
in non-transfected cultures. We conclude from these results that in contrast to (-) MITF, (+)
MITF efficiently impairs, although does not block entry into, S-phase, and that this effect
results in an apparent reduction in BrdU fluorescence above the threshold required for visual
microscopic inspection.
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Discussion

Here we used a simple transfection paradigm to assay effects of the melanocyte transcription
factor MITF on cell proliferation. The experiments were prompted by previous observations
that indicated that wild type MITF inhibits cell proliferation under some conditions (Carreira
et al., 2000,2005;Hornyak et al., 2001;Horsford et al., 2005;Miiller, 1950;Nakayama et al.,
1998;Packer, 1967) and promotes it under others (Du et al., 2004;Widlund et al., 2002). MITF,
however, comes in two distinct, genetically relevant splice isoforms, (-) and (+) Mitf, and many
of the in vitro studies have only used (+) MITF or have failed to indicate which isoform was
used. Hence, we sought to systematically compare the effects of the two isoforms and found,
surprisingly, that when expressed in heterologous HEK293 cells for the duration of a single
cell cycle and assayed by immunofluorescence microscopy, (-) MITF did not discernibly
inhibit BrdU incorporation compared with non-transfected cells while (+) MITF did. Also,
using FACS analysis, we did not find any significant differences between cultures transfected
with (-) MITF and non-transfected cultures. Hence, (-) MITF, differing from (+) MITF by only
six residues and expressed in cells at levels comparable with those of (+) MITF, can be
considered an excellent control for the anti-proliferative effects of (+) MITF. Nevertheless,
transfection of an unrelated control plasmid, pEGFP, was slightly inhibitory, so that compared
with EGFP, (-) MITF would seem to have a positive effect on DNA synthesis. In contrast, in
the more slowly proliferating BHK cells, (-) MITF had a mild inhibitory effect, suggesting
cell-type dependency of these subtle effects. Importantly, however, even subtle effects that can
be observed during a single replication cycle may be compounded during subsequent cell
cycles.

In contrast to the FACS results obtained with (-) MITF, FACS analyses of (+) MITF transfected
cultures were seemingly at variance with the microscopic analyses, showing higher, and not
lower, BrdU incorporation rates. A more detailed analysis of the corresponding FACS plots
indicated, however, that (+) MITF transfected cultures contained significantly more cells that
have incorporated low amounts of BrdU, and fewer that have incorporated high amounts. Low
amounts of BrdU are registered by FACS but are expected to be below the threshold levels
required for visual inspection of microscopic slides. Hence, the results are internally consistent
and suggest that (+) MITF interferes with S-phase, not by inhibiting entry into S-phase, but by
slowing its progression.

In this context, it is important to consider the phenotypes of mice containing the
microphthalmia-spotted allele, MitfMi-SP. This allele is only capable of expressing (-) Mitf, and
compound heterozygotes in which an Mitf™-SP allele is combined with an Mitf null allele have
white spots in contrast to mice harboring one wild type and one null allele. White spots usually
point to a local lack of pigment cells resulting from a developmental paucity of precursor cells
(melanaoblasts). If our in vitro results were at all applicable to the in vivo situation, one might
assume that the lack of a major anti-proliferative factor, (+) MITF, should increase and not
decrease the numbers of melanoblasts. Further analyses will show whether the phenotype
associated with the MitfM-SP allele is because of the lower DNA binding and transcriptional
activities of (-) MITF that are not sufficiently compensated in vivo by a reduction in the anti-
proliferative effect normally exerted by (+) MITF.

The further analyses of mutant MITF proteins on BrdU incorporation revealed additional
insights into MITF’s role in cell proliferation. First, we found that (+) MITF with an E213A
mutation in the conserved DNA binding basic domain, which cannot interact in a sequence-
specific way with E box motifs, still interferes with BrdU incorporation. This suggests that
direct DNA binding is not a prerequisite for this effect. Interestingly, a distinct mutation in the
DNA-binding domain, isoleucine212-to-asparagine (1212N), was found to impair the
inhibitory activity of MITF because of a lack of stimulation of the Ink4A promoter (Loercher
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et al., 2005). The effects of this particular mutation, however, are complex since the
corresponding mutant in its (+) isoform [although not in its (-) isoform] can form DNA-binding
heterodimers with the related proteins TFEB, TFE3 and TFEC (Hemesath et al., 1994), and
Loercher et al. indeed used (+) MITF. Also, in vivo, the corresponding mutant allele,
Microphthalmia-white (MitfMi-Wh) 'has a still unexplained strong heterozygous but a
comparatively mild homozygous phenotype and is unique in its capacity to complement null
alleles (Steingrimsson et al., 2003). In other words, the 1212N mutation, affecting a residue
that does not contact DNA, is not comparable with the E213A mutation, which based on the
analysis of related bHLH-Zip proteins affects the core residue that contacts the central two
bases of an E box (Ferre-D’Amare et al., 1993).

The notion that direct E-box-dependent transcription may not be the critical parameter
controlling the distinction between the (-) and (+) isoforms in inhibiting BrdU incorporation
gained further support from the use of sumoylation mutants that previously had been shown
to be associated with increased transcriptional activities on target genes containing multiple E
box motifs (Miller et al., 2005; Murakami and Arnheiter, 2005). If transcription were an all-
important parameter controlling inhibition of DNA synthesis, then one might expect at least
the corresponding (+) isoform to display enhanced inhibitory activities. This, however, was
not the case and although the two isoforms still retained the difference observed with wild type
MITF, they each led to a generally higher rate of BrdU incorporation. In the case of (-) MITF,
this rate was higher still than that in non-transfected cells, suggesting that the sumoylation
mutants actually had pro-proliferative activities that were only partially counteracted by the
presence of the alternatively spliced six residues of the (+) isoform.

Interestingly, truncations of the carboxyl terminal domain that remove the dimer-stabilizing
leucine zipper also did not lead to a reduced inhibitory activity of (+) MITF. This is in line
with the above observations made with the E213A mutation since both the E213A and the
truncated mutant proteins retain anti-proliferative activity and yet cannot bind DNA efficiently.
Moreover, the truncated carboxyl terminus contains an activation domain, three
phosphorylation sites, and one of the two sumoylation sites whose modifications have been
shown to influence MITF’s transcriptional activity, and yet all of these are apparently
dispensable for the anti-proliferative activity of (+) MITF. In contrast, an aminoterminally
truncated (+) MITF protein that retained the sequences distinguishing it from the (-) isoform
lost its inhibitory activity. This suggested that the aminoterminus contained a domain, or a
single residue, that is required to function in conjunction with the alternatively spliced
hexapeptide to produce an inhibitory MITF molecule, at least in HEK293 cells. The truncation
included the melanocyte-specific aminoterminal 11 residues, a phosphorylatable serine (serine
73) encoded by exon 2b, and an activation domain/P300 binding domain encoded by exon 4.
Since the above results suggested that E-box-dependent transcriptional activity may not be
critical to (+) MITF’s anti-proliferative activity, we focused on the phosphorylatable serine-73
because of its involvement in regulating protein stability (Wu et al., 2000; Xu et al., 2000).
Although we have no evidence that a serine-73-to-alanine mutation affects the proteins’ steady
state levels in transfected HEK293 cells (data not shown), it considerably reduced the
difference between (-) and (+) MITF on BrdU incorporation, with (-) MITF being more
inhibitory, and (+) MITF being less so. Although a molecular explanation of this phenomenon
needs further exploration, it is clear that serine-73, and one or several domains within the
molecules’ aminoterminus, play key roles in conjunction with the six residues that allow MITF
to control DNA synthesis.

Taken together, our findings suggest that even though MITF has been found to regulate
promoters of cell cycle genes, it may not exert its control on cell proliferation exclusively
through direct transcriptional activities. Interestingly, there is precedence for a transcription-
independent regulation of cell proliferation by transcription factors. For instance, the

Pigment Cell Res. Author manuscript; available in PMC 2006 October 1.



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

1duasnuey Joyiny vd-HIN

Bismuth et al.

Methods

Page 9

homeodomain protein Six3 can promote cell proliferation, not by transcription regulation, but
by sequestering a negative regulator of cell cycle progression, geminin (Del Bene et al.,
2004). Also, the bHLH protein MyoD can induce cell growth arrest even when mutated in the
DNA-binding basic domain (Crescenzi et al., 1990; Sorrentino et al., 1990). In fact, MyoD
inhibits cell growth by sequestering CDK4 whose inhibition leads to the accumulation of hypo-
phosphorylated Rb protein and thereby to the inhibition of cell cycle progression (for review,
see Wei and Paterson, 2001). Hence, it is conceivable that MITF, belonging to the same
superfamily of bHLH proteins, follows similar pathways and that the transcriptional regulation
of cell cycle genes is not the only way by which MITF links control over cell proliferation with
control over differentiation.

Cell cultures and transfection assays

HEK?293 cells and BHK cells were grown in DMEM supplemented with 10% fetal bovine
serum, non-essential amino acids, and penicillin-streptomycin (Invitrogen, Carlsbad, CA,
USA). Cells were plated in two-well chamber slides (Nalge Nunc, Rochester, NY, USA) for
proliferation assays or in 3 cm dishes for western and FACS analyses. Transfections were
performed when the cells were at 80% confluence using lipofectamine reagent (Invitrogen)
according to the manufacturer’s instructions, using 1 pg of DNA/chamber or dish. Twenty
hours post-transfection, the cells were harvested and processed for immunofluorescence,
Western blot, or FACS analysis.

Plasmid constructs

The plasmids pPCMV-HA-MITF(+) and pPCMV-HA-MITF(-), encoding HA-tagged wild type
MITF with or without the alternatively spliced six amino acids, were obtained from C. Goding.
The plasmids encoding (-) and (+) MITF K182R/K316R were a kind gift of H. Murakami. The
plasmids encoding, MITF E213A, MITF DelR216, MITF R263Stop and MITF S73A were
engineered using the quickchange site directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) and pCMV-HA-MITF (-) or (+) as templates. The plasmids encoding (-) and (+) MITF
with amino terminal deletions, MITF Del1-178 were made by cloning PCR fragments into the
Sall and Bglll sites of pPCMV-HA (Clontech, Mountain View, CA, USA). Hence, in all Mitf
plasmids, the translational start sites are encoded by the ATG of the HA-tag. The plasmid
pPEGFP-C1 was purchased from Clontech.

Western blot analysis

Cells were washed with PBS and proteins were extracted using RIPA buffer containing a
cocktail of protease inhibitors (EMD Bioscienes, San Diego, CA, USA). The protein amount
of each extract was assessed by BCA assay (Pierce, Rockford, IL, USA). Twenty pg of total
protein was loaded on a 7.5% or 12% gel (BioRad, Hercules, CA, USA). After blotting, the
membranes were exposed to mouse monoclonal anti-MITF C5 (Lab Vision, Freemont, CA,
USA) or mouse monoclonal anti-HA (Roche, Nutley, NJ, USA) or mouse monoclonal anti-
tubulin (Sigma, St Louis, MO, USA), washed, and exposed to anti-mouse-HRP (Amersham,
Piscataway, NJ, USA). Signals were revealed by super signal west pico chemiluminescent
substrate (Pierce).

BrdU incorporation and staining

Twenty hours after transfection, cells were incubated with 10 uM BrdU (Sigma) for 30 min at
37°C, washed in PBS, fixed in 4% paraformaldehyde, permeabilized with 0.1% triton in PBS,
and stained for MITF using C5 mouse monoclonal anti-MITF (Lab Vision) and rat-absorbed
anti-mouse antibody coupled to FITC (Southern Biotech, Birmingham, AL, USA). After post-
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fixation with 2% paraformaldehyde, the cells were processed for BrdU staining which included
incubation in 2N HCI for 15 min at room temperature, neutralization with 0.1 M sodium borate,
and staining with a monoclonal rat anti-BrdU antibody (Accurate, Westbury, NY, USA)
overnight at 4°C. The cells were then exposed to mouse-absorbed anti-rat antibody coupled
with TRITC (Southern Biotech). Cell counting was done manually using a Polyvar microscope
equipped for epifluorescence, and results were expressed as the ratio of the number of MITF/
BrdU double-positive cells to the total number of MITF-positive cells. Each experiment was
done in triplicate and repeated three times independently. The statistical significance of
differences between (-) MITF and (+) MITF was analyzed using Student’s t-test. A value of P
< 0.05 was considered statistically significant (P < 0.05; **P < 0.02; ***P < 0.01; @ non-
significant).

Fluorescence-activated cell sorting

After a pulse of 30 min with 10 [uM BrdU, the cells were washed in PBS and fixed in 70% ice
cold ethanol for 30 min on ice, washed in PBS containing 0.1% BSA, incubated in 2N HCI/
Triton X-100 for 30 min at room temperature, and washed twice with 0.1 M sodium borate pH
8.5. Ten million cells were aliquoted and incubated with the monoclonal mouse anti-BrdU
antibody (0.5 ng/108 cells) (Becton Dickinson, Mountain View, CA, USA) for 30 min at room
temperature. The cells were then washed by centrifugation, incubated with anti-mouse-FITC
(Sigma) in PBS/BSA/0.5% Tween 20, washed, and finally resuspended in 1 ml PBS containing
5 Ig/ml propidium iodide (Sigma). Cell cycle analysis was performed by flow cytometer
FACSVantage SE (Becton-Dickinson) and the results analyzed using Cellquest software. The
gating was determined empirically in one experiment and then applied in exactly the same way
to all subsequent experiments.
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immunofluorescence of HEK293 cells transfected with (-) or (+) Mitf cDNA. (B) Western blot
analysis of HEK293 cell extracts prepared 20 h after transfection with either (-) or (+) Mitf
cDNA, using C5 anti-MITF antibody. Loading control corresponds to an unspecific band. (C)
BrdU incorporation in HEK293 cells 20 h after transfection with (-) or (+) Mitf cDNA or
pEGFP-C1 plasmid. Cells were incubated for 30 min with 10 uM BrdU and double-labeled

with anti-BrdU and C5 anti-MITF antibodies. Double-positive cells were counted as a

percentage of the total number of MITF-positive cells. (D) Similar assay as in C but done in

BHK cells.
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MITF mutations that affect DNA binding or transcriptional activity do not interfere with the
enhanced inhibition of BrdU incorporation by (+) MITF. (A) schematic representation of MITF
E213A and MITF K182R/316R. (B and E) Immunofluorescent labeling of cells transfected
with (-) or (+) MITF E213A (B) or (-) or (+) MITF K182R/K316R (E). (C and F) Western blot
analysis of cells transfected with (-) or (+) MITF E213A (C) or (-) or (+) MITF K182R/K316R
(F). Loading controls correspond to beta-tubulin. (D and G) BrdU incorporation in cells
transfected with (-) or (+) MITF E213A (D) or (-) or (+) MITF K182R/K316R (G). Cells were
incubated with 10 uM BrdU and stained with anti-MITF and anti-BrdU. Double MITF/BrdU-

positive cells were counted as in Figure 1.
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Figure 3.

A mutation leading to decreased nuclear translocation reduces the inhibitory effect of (+) MITF.
(A) schematic representation of MITF DelR216. (B) Cytoplasmic and nuclear localization of
(-) and (+) MITF DelR216. (C) Western blot analysis of protein extracts of cells transfected
with (-) and (+) MITF DelR216. Loading control corresponds to beta-tubulin. (D) BrdU
incorporation assay in cells transfected with (-) or (+) MITF DelR216. Double MITF/BrdU-
positive cells were counted as in Figure 1.
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Figure 4.

Effects of truncated or serine-73-to-alanine mutated (-) and (+) MITF on BrdU incorporation.
(A) Schematic representation of the different mutants. (B, E and H) MITF immunofluorescence
of HEK?293 cells transfected with the indicated (-) or (+) MITF mutants. (C, F and 1) Western
blot analyses of protein extracts from cells transfected with the indicated (-) or (+) MITF
mutants. Loading control corresponds to beta-tubulin (C and F) or an unspecific band (1). (D,
G and J) BrdU incoporation in cells transfected with the indicated (-) or (+) MITF mutants.
BrdU incorporation and counting done as in Figure 1.

Pigment Cell Res. Author manuscript; available in PMC 2006 October 1.



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

1duasnuey Joyiny vd-HIN

Bismuth et al.

Anti-BrdU- FITC —» B>

Page 17

Control (=) MITF

£

w0
2 M GOG1=R3
..g B Sphase=R9 +R1D
52 [0 G2M=Rs
0 i 1
Control {—) MITF
70 Hidfizk
60
%’ 50
O 40 . )
. S phase, low BrdU = R9
o 30 d i
5% 20 W Sphase, high BrdU=R10
10
0 p
Control {=) MITF {(+) MITF
b2 34
50 T |
2 40
& 30 W Early S phase = R7
T 20
£ 10 i
Q&
Control (=yMITF (+)MITF
Figure 5.

Cell cycle FACS analysis on HEK293 cells transfected with wild type (-) and (+) MITF WT.
Twenty hours after transfection, cells were incubated with BrdU for 30 min and processed for
BrdU and propidium iodide labeling before FACS analysis. (A) FACS plots of representative
assays. Control represents non-transfected cells, and (-) MITF and (+) MITF correspond to
transfections with the respective plasmids. The gates (R1-R10) were determined empirically.
Note that HEK293 cells are aneuploid (hypotriploid) but undergo normal DNA doubling with
each round of replication. R1, apoptotic, (hypo-)hypotriploid cells with no BrdU incorporated:;
and R2, apoptotic, (hypo)-hypotriploid cells that have incorporated BrdU. R6, apoptotic cells
corresponding to (hypo-)hypohexaploidy. R3, GOG1; R5, G2M; R7, early S-phase; R8, late S-
phase; R9, S-phase with low BrdU content; R10, S-phase with high BrdU content. Note that
total S-phase corresponds to R9 + R10. (B-D) FACS analysis was repeated in three independent
experiments, using the same gating as shown in (A). The results were quantified using the
Cellquest software. (B) Quantitative analysis of the percentage of cells in GOG1, S, and G2M
phases of the cell cycle. Note a significant difference between (-) and (+) MITF on S-phase (P
<0.02). (C) Separation of S-phase into low and high BrdU content. Note a significant difference
between (-) and (+) MITF in low BrdU content (P < 0.01). (D) Separation of cells into early
and late S-phase. Note a significant difference between (-) and (+) MITF on early S-phase (P
<0.01).
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