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Abstract

Mutation in the gene encoding microphthalmia-associated transcription factor (MITF) lead to Waardenburg syndrome 2
(WS2), an autosomal dominantly inherited syndrome with auditory-pigmentary abnormalities, which is clinically and
genetically heterogeneous. Haploinsufficiency may be the underlying mechanism for WS2. However, the mechanisms
explaining the genotypic and phenotypic variations in WS2 caused by MITF mutations are unclear. A previous study
revealed that MITF interacts with LEF-1, an important factor in the Wnt signaling pathway, to regulate its own transcription
through LEF-1-binding sites on the MITF promoter. In this study, four different WS2-associated MITF mutations (p.R2171,
p-R217G, p.R255X, p.R217del) that are associated with highly variable clinical features were chosen. According to the
results, LEF-1 can activate the expression of MITF on its own, but MITF proteins inhibited the activation. This inhibition
weakens when the dosage of MITF is reduced. Except for p.R2171, p.R255X, p.R217G, and p.R217del lose the ability to
activate TYR completely and do not inhibit the LEF-1-mediated activation of the MITF-M promoter, and the
haploinsufficiency created by mutant MITF can be overcome; correspondingly, the mutants’ associated phenotypes are
less severe than that of p.R2171. The dominant negative of p.R217del made it have a second-most severe phenotype. This
study’s data imply that MITF has a negative feedback loop of regulation to stabilize MITF gene dosage that involves the Wnt
signaling pathway and that the interaction of MITF mutants with this pathway drives the genotypic and phenotypic
differences observed in Waardenburg syndrome type 2 associated with MITF mutations.

Introduction clinically and genetically heterogeneous [1-3]. The seven
genes including MITF, PAX3, SOXI10, SNAI2, EDNS3,
EDNRB, and KITLG are involved in this syndrome; the first
four are transcription factors, and the latter three are signal
molecules [4-6]. Clinically, WS is divided into four sub-
types (WS1-4) based on the presence or absence of addi-
tional symptoms with associated auditory-pigmentary
abnormalities due to a lack of melanin [7, 8]. WS2 is

characterized by the absence of additional symptoms. In

Waardenburg syndrome (WS) is the most common auto-
somal dominantly inherited syndromic hearing loss, and it is

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s10038-018-0425-z) contains supplementary
material, which is available to authorized users.

= éﬁngoienghn @hotmail.com 3 Department of Otolaryngology Head and Neck Surgery, Xiangya
gyone. ’ Hospital, Central South University, Changsha, Hunan, People’s
04 Hua Zhang Republic of China

doczhent@163.com . . .
Department of Otolaryngology, The Eighth Affiliated Hospital of
Sun Yat-Sen University, Futian, Shenzhen, People’s Republic of
Department of Otolaryngology Head and Neck Surgery, First China

Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, 5 State Key Laboratory of Medical Genetics, Central South

People’s Republic of China

Province Key Laboratory of Otolaryngology Critical Disease,
Xiangya Hospital, Central South University, Changsha, Hunan,
People’s Republic of China

University, Changsha, Hunan, People’s Republic of China

Department of Otorhinolaryngology, Renji Hospital, Shanghai
Jiaotong University School of Medicine, Shanghai 200127, China

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-018-0425-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-018-0425-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-018-0425-z&domain=pdf
mailto:fengyong_hn@hotmail.com
mailto:doczhent@163.com
https://doi.org/10.1038/s10038-018-0425-z

640

X-P Wang et al.

MITF ———P TYR

DCT promoter

nucleus

.m TYR promoter

Fig. 1 The molecular association of Wnt, MITF, TYR, and DCT. Wnt/
B-catenin signaling activates MITF and TYR gene expression.
Depending on the protein levels of MITF, MITF can alone activate

humans, WS2 is the most common subtype, and approxi-
mately 15% of WS2 is caused by heterozygous mutation of
the gene encoding microphthalmia-associated transcription
factor (MITF) [4, 9]. Rarely, MITF mutations lead to Tietz
syndrome, which has a more severe phenotype of hearing
loss and generalized, albinoid-like hypopigmentation of the
skin and hair from birth instead of the patchy depigmentation
observed in WS [3, 4, 10, 11]. Otherwise, mutations in
MITF can also lead to different phenotypes such as mela-
noma [12].

MITF belongs to the Myc super family of b-HLH-Zip
proteins, and there are at least nine different isoforms with
differences in the promoters and first exons [6, 13]. The MITF-
M isoform is exclusively expressed in melanocytes and mela-
noma cells [6, 9]. MITF is involved in the differentiation and
development of neural crest cells (NCCs), and it plays a very
important role in the survival, migration, differentiation, and
development of melanocytes [14—17]. MITF can directly acti-
vate the expression of the target gene TYR, but it must interact
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TYR or interact with LEF-1 or p-catenin alone or in a complex to
activate downstream target gene such as DCT and TYR

with other proteins to regulate dopachrome tautomerase (DCT)
expression [18, 19]. MITF mutations affect the transcription of
TYR and DCT and lead to a reduction of melanin (hap-
loinsufficiency) and the different genotypic variations in WS2,
consistent with our previous report [12, 20-22].

Studies have shown that mouse MITF acts as a tran-
scription factor to regulate its own gene expression by
recruiting LEF-1/B-catenin (two important factors in the
Wnt signaling) to its promoter, where MITF and LEF-1
form a protein complex that enhances transcription from
this promoter, TYR gene promoter and the DCT gene
promoter [23-27]. The molecular association of Wnt,
MITF, TYR, and DCT was shown in Fig. 1. However, it is
unclear whether mutated human MITF affects Wnt signal-
ing and influences the interaction between MITF and LEF-1
and the expression of MITF, and DCT to establish the dif-
ferent phenotypes of WS2.

We chose to study the MITF mutants p.R255X (R255X),
p-R2171 (R217I), p.R217G (R217G), and p.R217del
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(R217del) [28, 29], which are all observed in China, to
explore the effects of mutant MITF on Wnt signaling and
the interaction between MITF and LEF-1.

Materials and methods
Plasmid construction

Luciferase reporters containing the human 7YR promoter
(pGL3-TYR-Luc) and MITF-M promoter (pGL3-MITF-
Luc) were kindly provided by Jiri Vachtenheim et al. [30]
(Czech), Bondurand Nadege et al. [31] (French), respec-
tively. The expression vector pCMV-MITF-Flag was
described previously [22]. The mutants R255X, R2171,
R217G, and R217del were generated using Quikchange II
site-directed mutagenesis (GE Healthcare Chalfont St.
Giles, Buckinghamshire, UK) from the template pCMV-
MITF-Flag. The expression vector pCDNA3.1-LEF-1-HA
containing full-length human LEF-1 complementary DNA
(cDNA; GenBank Accession No: NM_016269.4) was
described previously [27]. The luciferase reporter contain-
ing the human DCT gene promoter (PGL3-DCT-Luc) was
generated by the Nanjing Genescript Biotechnology Com-
pany (China). All plasmids were confirmed by automatic
sequencing analysis.

Mammalian cell culture, transfections, and
luciferase reporter assays

The HEK293T (293T) cells and the human melanoma
UACC903 cells were maintained in DMEM (high glucose)
supplemented with 10% fetal bovine serum (FBS) and 100
u/ml of penicillin/streptomycin as described. Cells were
grown at 37 °C in 5% CO,. All transient transfection assays
were performed using Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. Cells were grown at an approximate
50% confluency in 24-well plates for approximately 24 h.
Then, the cells were transfected with 5ng of the reporter
plasmids, 20 ng of expression vector, and 5 ng of pCMV-f-
gal (BD Biosciences/Clontech, Palo Alto, CA, USA). The
final DNA amount in each well was adjusted to 200 ng with
empty vectors. At 48 h after transfection, cells were washed
with 1x PBS and lysed with 1x reporter lysis buffer (Pro-
mega, Madison, WI, USA). The extracts were assayed for
luciferase and f-galactosidase activity. Luciferase reporter
assays were performed using a luciferase assay system
(Promega, Madison, WI, USA)) according to the manu-
facturer’s protocol. Luciferase activity was measured using
a SIRIUS Iluminometer (Berthold Detection Systems
GmbH, Pforzheim, Germany) and normalized to f-

galactosidase activity. Relative luciferase activity is shown
as the ratio of each normalized luciferase activity to the
value obtained with pGL3-TYR-Luc and empty vector. For
competition assays, various amounts of MITF expression
plasmids (1, 5, 10, 20, 50, 100 ng) were mixed with fixed
amounts of LEF-1 (100 ng) and the reporter MITF plasmid
(5 ng) for transfection. All reporter assays were conducted
at least three times and performed in triplicate on different
days using different batches of cells. The data were ana-
lyzed using GraphPad Prism 5 software (GraphPad soft-
ware, Inc., San Diego, CA, USA).

In vitro co-immunoprecipitation assays

In all, 293T cells growing in a 100-mm plate were trans-
fected at approximately 80% confluency with 6pug of
pcDNA-LEF-1-HA and 6 ug of pCMV-MITF-Flag or its
mutants using Lipofectamine 2000 (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA). At 3648 h after transfec-
tion, the co-immunoprecipitation were performed as
reported previously [32]. The immunoprecipitation (IP)
samples were incubated with 1 ug anti-Flag M2 monoclonal
antibody (Sigma, St. Louis, WA, USA, F1804), and the
negative control was incubated with 1 ug normal mouse IgG
as a negative control. The anti-HA rabbit antibody (1:1000
dilution, Cell Signaling Technology, Boston, MA, USA,
3724s) was used in the immunoblot analysis.

Biotinylated DNA affinity precipitation

The LEF-1-binding oligonucleotide derived from the pro-
moter of the MITF gene, F: 5'-TTGGCCTTGATCTGA-
CAGTGAGTTTGACTTTATAGCTCGTC-3', was
synthesized, biotinylated at the S5-terminus, and then
annealed with its complementary strand to generate double-
stranded oligonucleotides. The assays were performed as
previously described [32]. In all, 293T cells were used with
anti-HA rabbit antibody (1:1000 dilution, Cell Signaling
Technology, Boston, MA, USA, 3724s).

Results
Mutations of MITF in WS2 and their phenotype

Four heterozygosis mutations, ¢.763 C>T (p.R255X), ¢.650
G>T (p.R2171), c.649 A>G (p.R217G), and c.647_649del
(p.R217del), have been identified in the MITF gene in four
WS2 cases in China [28, 29]. They all presented with
deafness and heterochromia iridis due to a lack of melanin,
but the severity varied. Their genotypes and phenotypes are
shown in Supplementary Fig S1.

SPRINGER NATURE
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Fig. 2 Effects of MITF and its mutants on 7YR promoter activity. The
luciferase reporter plasmid TYR-Luc was transiently transfected into
293T cells (a) or melanoma UACC903 cells (b) in combination with
WT or mutant MITF expression vectors. The basal level of luciferase
was set as 1. Data from all other transfections are presented as fold
induction above this level. Luciferase activity was normalized to -

Transactivation of the TYR promoter by WT or
mutant MITF

MITF plays a very important role in the survival, migration,
differentiation, and development of melanocytes [14—17]. It
is the key transcription factor and master regulator of mel-
anin development. MITF can upregulate the transcription of
the target genes TYR, TYRPI, and TYRP2/DCT through the
E-box (CANNTG) located in their promoters and conse-
quently increase the expression of the melanocyte-specific
enzyme tyrosinase [19, 21, 33-35]. The study has shown
the phenotypic heterogeneity by MITF gene mutation was
associated with transcription activation [12]. To investigate
whether mutant MITF affects the transcription activation of
TYR, we co-transfected the wild-type or mutant MITF with
the luciferase reporter containing the TYR promoter in
HEK293T cells and UACC903 cells. As indicated in
Fig. 2a, b, WT MITF enhances TYR promoter activity
approximately sixfold in 293T cells and 25-fold in
UACCI03 cells. However, the mutants R255X, R217G,
and R217del nearly abolished the transactivation of the
TYR promoter. R2171 retained partial transactivation of
the TYR promoter in the two cell types, as reported pre-
viously [12, 22].

Functional interaction between LEF-1 and MITF-M
on the MITF and DCT promoters

MITF and LEF-1 form a protein complex and interact with
gene promoters to regulate the transcription of DCT and
MITF-M [23-25]. Luciferase assays were performed to
determine whether the mutant MITF would disrupt the
interaction between MITF and LEF-1. As shown in Fig. 3a,
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galactosidase activity. Each value shown is the mean =+ SD of three
replicates from a single assay. The results shown are representative of
at least three independent experiments (**p<0.01,***p<0.001
compared with the basal activity, **p < 0.001 compared with the WT
MITF, unpaired Student’s #-test)

decreased transcriptional activity from the DCT promoter
was detected with MITF or LEF-1 alone, but when they
were co-expressed in 293T cells, the DCT promoter activity
was dramatically increased, which is consistent with a
previous report [23]. Mutant MITF destroyed this syner-
gistic transcriptional activation of the DCT promoter by
LEF-1 and MITF. However, the synergistic transactivation
of the DCT promoter by MITF and LEF-1 was not observed
in UACC903 cells. LEF-1 alone can also transactivate the
MITF promoter, but this activity is dramatically reduced in
combination with MITF in 293T cells (Fig. 3c), and the
extent of this reduction increased as the MITF dosage
increased (Fig. 3c). We did not observe the same effect on
MITF promoter transactivation with the R255X, R217G,
and R217del mutants as seen with wild-type MITF, but the
R217I mutant produced similar results (Fig. 3d, e).

Effects of mutant MITF on the interaction between
LEF-1 and MITF

To investigate whether WS-associated mutations affect the
interaction between LEF-1 and MITF, we performed a series
of co-immunoprecipitation studies. As shown in Fig. 4, WT/
mutant MITF and LEF-1 all co-immunoprecipitate when co-
expressed in 293T cells. The mutant MITF did not affect the
interaction between LEF-1 and wild-type MITF.

Effects of mutant MITF on binding of LEF-1 at the
MITF promoter

To determine whether the WT/mutant MITF would affect
the binding of LEF-1 on the MITF promoter, we performed
Biotinylated DNA affinity precipitation As shown in Fig. 5,
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Fig. 3 Functional interaction between LEF-1 and WT/mutant MITF-M
on the MITF promoter and DCT promoter based on luciferase reporter
assays. a, b The transactivation of the DCT promoter by LEF-1 and
WT/mutant MITF. In all, 293T cells (a) and UACC903 cells (b) were
transiently co-transfected with DCT-Luc reporter plasmid, LEF-1, and
WT/mutant MITF. ¢ LEF-1-mediated activation of the MITF-M pro-
moter was dramatically reduced in combination with MITF in
293T cells. The luciferase reporter plasmid MITF-Luc was transiently
co-transfected into 293T cells in combination with the LEF-1
expression vector and increasing quantities of the MITF expression
vector. d, e The transactivation of the MITF promoter by LEF-1 and
WT/mutant MITF. In all, 293T cells (¢) and UACC903 cells (d) were

WT and R217I mutant MITF disrupt the binding of LEF-1
on the MITF promoter, but R255X, R217G, and the
R217del mutants do not disrupt the binding of LEF-1 on the
MITF promoter.

Discussion

WS is a melanin-associated disease that is clinically and
genetically heterogeneous. We report four different WS2-
associated MITF mutations, all found in China, that present
highly variable clinical features. The mutant R2171 is
characterized by the most severe phenotype, and R217del is
the next most severe. The phenotypes of R255X and R217G
are milder.

transiently co-transfected with the MITF-Luc reporter plasmid, LEF-1,
and WT/mutant MITF. For all assays, relative luciferase activity is
shown as the ratio of each normalized luciferase activity to the value
obtained with each reporter plasmid and empty vector. The data shown
are the means +S.D. of three independent experiments. (*p <0.05
**%p <0.001 by one-way ANOVA with Dunnett’s multiple compar-
ison tests compared with the basal activity; for a and b, ##p<0.01;
###p <0.001; ns: not significant; compared with the value from shown
promoter together with LEF-1 and MITF by unpaired Student’s #-test;
For c—e, ##p < 0.01;###]7 <0.001; ns: not significant; compared with the
value from shown promoter together with LEF-1 by unpaired Stu-
dent’s r-test)

As is shown in Fig. 1, MITF is a target of Wnt signaling;
Whnt signaling upregulates MITF expression through func-
tional LEF-1-binding sites on the M promoter [25]. MITF
also functions as a nuclear mediator to interact with the c-
terminal portion of LEF-1 through b-HLH-Zip domains to
regulate its own expression through promoter activation (as a
non-DNA-binding cofactor) [25] and to regulate DCT and
TYR gene expression (as a DNA-binding coactivator) [23, 27].
MITF controls the synthesis of melanin by regulating the
expression of TYR, DCT, and its own gene; MITF alone can
activate the TYR gene promoter, but it must interact with
LEF-1 to modulate its own gene promoter and the DCT
gene promoter. We have shown that MITF alone or LEF-1
alone minimally activate the DCT promoter, but when they
are co-expressed in 293T cells, the DCT promoter activity is

SPRINGER NATURE
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Fig. 4 Interaction between LEF-1 and WT/mutant MITF. LEF-1 was
tagged with HA, and WT MITF and mutants R255X, R2171, R217G,
and R217del were tagged with FLAG. In all, 293T cells were trans-
fected with LEF-1 and WT/mutant MITF expression plasmids as is
shown in the figure. Cell extracts were subjected to immunoprecipi-
tation with anti-Flag M2 antibody or with normal mouse IgG (NIG) as
a negative control. Immune complexes were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotted with anti-HA rabbit polyclonal antibody. Input was
analyzed using monoclonal anti-HA antibody as indicated

¢ & & &
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Fig. 5 Effects of mutant MITF on the DNA-binding capacity of LEF-1
on the MITF promoter. The lysates of 293T cells transfected with
LEF-1 and WT/mutant MITF expression plasmids were incubated with
or without biotinylated double-stranded oligonucleotides containing
the LEF-1-binding region in the MITF promoter. The DNA/protein

SPRINGER NATURE

dramatically increased, consistent with previous reports
[23]. The mutant MITF destroyed the synergistic tran-
scriptional activation of LEF-1 and MITF on the DCT
promoter in two types of cells. However, the synergistic
transactivation of the DCT promoter by MITF and LEF-1
was not observed in UACC903 cells, perhaps because they
express high levels of LEF-1 (Fig. 3b). LEF-1 alone can
activate the expression of MITF, but MITF proteins
attenuate the LEF-1-mediated activation of the MITF-M
promoter; this inhibition weakens when the dosage of MITF
is reduced (Fig. 3c). This result was contradicting with
previous literature [25] and it may be because of different
cell type and need to be futher verified in vivo.

The MITF-M promoter contains three clustered LEF-1-
binding sites. Functional interaction between LEF-1 and
MITF-M on the MITF promoter depends on the binding
of LEF-1 to the clustered LEF-1-binding sites in the
nucleus [25]. None of the mutants affect the interaction
between LEF-1 and wild-type MITF (Fig. 4). In our case,
the mutant R2171 localized in the nucleus similarly as wild-
type MITF [3]. Therefore, R2171 retained a partial ability to
activate TYR (Fig. 2a, b) [12], but it rendered LEF-1 unable
to bind to the MITF promoter (Fig. 5) and inhibited the
activation of the MITF-M promoter by LEF-1 (Fig. 3d, e).
The haploinsufficiency caused by R2171 was thus further
aggravated and associated with the most severe phenotype,
even presenting as Tietz syndrome [11].

The phenotypic heterogeneity by MITF gene mutation
was associated with DNA-binding activity and transcription
activation [12]. The R217del, the R255X and the R217G all

IB:HA

complex was pulled down with streptavidin-agarose beads. The pre-
cipitated proteins were separated on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by
immunoblotting using anti-HA rabbit polyclonal antibodies
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fail to bind DNA and activate expression from the
melanocyte-specific promoters but show different pheno-
type [12]. The mutant R217del does not localize to the
nucleus and remains cytoplasmic [36]; it does not affect
LEF-1-binding to the MITF promoter (Fig. 5), and thus it
cannot inhibit the LEF-1-mediated activation of the MITF-
M promoter (Fig. 3d, e). However, it has a more severe
phenotype and can even lead to Tietz syndrome, possibly
because of its dominant negative effect [3, 37, 38].

R255X localizes in the cytoplasm and nucleus [39], and
R217G localizes in the nucleus [29]. These mutants allow
LEF-1 to retain its binding to the MITF promoter (Fig. 5)
and do not inhibit the activation of the MITF-M promoter by
LEF-1 (Fig. 3d, e). Thus, the haploinsufficiency caused by
R255X and R217G can be overcome; they cannot activate
the target gene TYR completely, but they have a milder
phenotype.

The data imply that MITF may have a negative feedback
loop of regulation involving the Wnt signaling pathway to
stabilize MITF gene dosage. The haploinsufficiency of the
mutant MITF can be overcome through the regulation of
Whnt signaling pathway. The activation of target gene TYR
and the synthesis of melain will be improved and the phe-
notype of WS2 will become milder. Our study shows that
the Wnt signaling pathway is involved in the genotypic and
phenotypic variations seen in Waardenburg syndrome type
2 caused by mutations of MITF in vitro and the hap-
loinsufficiency is the main pathogenic mechanism of WS2.
Our results provide a new molecular insights into how
MITF mutations can lead to different phenotypes of WS2
through Wnt/B-catenin signaling pathway. Further in vivo
studies need to be performed to justify our results.
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