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ABSTRACT

Introduction: Piebaldism is a rare autosomal dominant disorder characterized by congenital white forelock and depigmented
patches, which is most commonly caused by deleterious variants in the KIT gene.

Methods: Four KIT variants were identified in a piebaldism case series by whole-exome sequencing. Functional experiments,
including in vitro minigene reporter assay and enzyme-linked immunosorbent assay, were carried out to elucidate the patho-
genicity of the variants. The genotype-phenotype correlation was summarized through extensive literature reviewing.
Results: All the four cases had severe piebaldism presented with typical white forelock and diffuse depigmentation on the
ventral trunk and limbs. Four germline variants at the tyrosine kinase (TK) domains of the KIT gene were identified: two novel
variants ¢.1990+1G>A (p.Pro627_Gly664delinsArg) and c.2716T>C (p.Cys906Arg), and two known variants c.1879+1G>A
(p.Gly592_Pro627delinsAla) and ¢.1747G>A (p.Glu583Lys). Both splicing variants caused exon skipping and inframe deletions
in the TK1 domain. The missense variants resided at the TK1 and TK2 domains respectively impairing PI3K/AKT and MAPK/
ERK signaling pathways, the downstream of KIT. All severe cases were associated with variants in the TK domains, eliciting a
major dominant-negative mechanism of the disease.

Conclusion: Our data expand the mutation spectrum of KIT, emphasized by a dominant-negative effect of variants in the crit-
ical TK domains in severe cases. We also share the experience of prenatal diagnosis and informed reproductive choices for the

affected families.

1 | Introduction

Piebaldism (MIM 172800) is an autosomal dominant pigment
disorder characterized by congenital depigmented patches
on the central frontal scalp, central forehead, ventral trunk,
and extremities [1]. The disease is rare with an estimated
prevalence of <1:20,000 individuals, without gender bias [2].
White patches are present at birth and stay commonly stable

throughout life, whereas sometimes hyperpigmented macules
(café-au-lait macules) can develop at the margins or within de-
pigmented patches. Phenotypic severity is classified according
to the range of depigmented patches. Mild cases have white
forelock only or small guttate leukoderma only in the ventral
trunk and limbs. Severe cases have typical white forelock and
large white spots on the chest, abdomen, and limbs. And mod-
erate cases have intermediate degrees [1]. Other presentations,
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including deafness, heterochromia irides, and brown hair,
have been rarely observed [3, 4].

Piebaldism is most commonly caused by germline variants in
the KIT gene (MIM 164920) localized on chromosome 4q12 [5].
As a member of the type III transmembrane receptor tyrosine
kinase (TK) family, the KIT protein is structurally composed of
a signal sequence (SS, 1-22 aa), an extracellular ligand-binding
domain (EC, 23-520 aa), a transmembrane domain (TM, 521-
543 aa), a juxtamembrane domain (JM, 544-581 aa), and a split
TK domain with two lobes (TK1, 582-684 aa; TK2, 762-937 aa)
linked by a kinase insert domain (KI, 685-761 aa) [6]. The KIT
homodimerizes after binding to its ligand, stem cell factor (SCF),
and activates subsequent signal transduction, such as the PI3K/
Akt and MAPK cascades [7, 8]. Variants in KIT disrupt melano-
cyte development and migration from the neural crest and cause
the absence of melanocytes in the ventral midline of the epider-
mis [9]. Variant types at various structural domains correlate
with divergent clinical features and severity of piebaldism [10],
and patients in the same family may have different phenotypes
[11]. Additionally, mutations in the SNAI2 gene (MIM 602150)
on chromosome 8q11.21, a zinc-finger neural crest transcription
factor for maintaining melanoblast homeostasis, have also been
implicated in cases with piebaldism [12].

Herein, we report four cases with severe piebaldism caused by ger-
mline KIT variants at TK domains, including two novel variants.
The potential molecular mechanisms of the variants were eluci-
dated. All cases of KIT-related piebaldism have been reviewed in
literature to characterize a genotype-phenotype correlation.

2 | Materials and Methods
2.1 | Cases Selection and Clinical Evaluation

Four cases with pigment disorders were outpatients enrolled
from Shengjing Hospital of China Medical University. They
are of Han ethnicity from Northeast China. Extensive physi-
cal examination was performed to evaluate the distribution,
shapes, and areas of the depigmented patches as well as café au
lait lesions. The disease progression and familial histories were
also carefully recorded. Ophthalmic, auditory, and brain MRI
examination as well as blood routine tests were performed in
the young Proband 2 to exclude extracutaneous involvement.
Pathological examination was not performed considering the
invasive skin biopsy. The study was conducted in accordance
with the Helsinki Declaration of 1964 and its later amendments
and approved by the Ethics Committee of Shengjing Hospital of
China Medical University (2021PS523K).

2.2 | Genetic Analysis

Mutation analysis was performed after obtaining written in-
formed consents of the four probands and their family mem-
bers. Peripheral blood samples were collected and genomic
DNA (gDNA) was isolated using QIAamp DNA Blood Mini
Kit (QIAGEN, Germany) according to the manufacturer's in-
structions. Whole-exome sequencing (WES) was performed to
screen for pathogenic variants. The genes were enriched using

biotinylated capture probes (MyGenostics, Baltimore, MD,
USA) as described previously [13] and were sequenced on the
Illumina-Hiseq4000 platform (San Diego, CA, USA) with 50x
coverage. Variant calling was performed using NCBI37/hgl9
assembly of human genome as reference sequences. The candi-
date causative variants were furthermore confirmed by Sanger
sequencing in all the family members. Target DNA fragments
encompassing the variants were amplified using the Superstar
HiFi DNA Polymerase (GeneStar Bio, Qingdao, China). Sanger
sequencing was performed using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA)
on an ABI Prism 3730 Genetic Analyzer (Applied Biosystems).

2.3 | Minigene Reporter Assay

Splicing destruction was further analyzed using an in vitro mini-
gene reporter assay. Wild-type and the corresponding mutant am-
plicons of the KIT gene (NM_000222.3) were obtained from the
gDNA of normal control, Proband 1, and Proband 2, using the fol-
lowing primers F: 5'-ggatccGACATCAGTTTGCC-3; R: 5’-gctage
ATTATTGGAAGACATG-3' for the ¢.1990+1G>A variant and
F: 5-ggatccAGTATGAAACAGGGGCTTTCC-3"; R: 5'-gctagc
GCAAACTGATGTCAAGCGC-3' for the ¢.18794+1G>A variant.
The primers were added with restriction enzyme cutting sites of
BamHI and Nhel to the 5’-terminus. PCR products were cloned
into the pSPL3 vector that was kindly provided by Professor
Leping Shao (The Affiliated Qingdao Municipal Hospital of
Qingdao University, China). The wild-type and mutant con-
structs were verified by Sanger sequencing and then transfected
into human embryo kidney (HEK293T) cells using jetPEIDNA
transfection Reagent (Polyplus, France) according to the man-
ufacturer's instruction. After 24h of transfection, RNA was ex-
tracted using TransZol Up Plus RNA Kit (TransGen Biotech,
Beijing, China), and cDNA was synthesized using PrimeScript RT
reagent Kit with gDNA Eraser (Takara, Dalian, China) accord-
ing to the manufacturer's instructions. The cDNA products were
used as templates for PCR amplification with the following pSPL3
vector-specific primers 5-TCTGAGTCACCTGGACAACC-3’ and
5-ATCTCAGTGGTATTTGTGAGC-3’ for KIT, as well as 5'-
CCTGGCACCCAGCACAAT-3" and 5-GGGCCGGACTCGTCA
TAC-3' for B-actin as internal control. The splicing transcripts
were analyzed by electrophoresis on a 2% agarose gel and verified
by Sanger sequencing.

2.4 | InSilico Analysis

Insilico tools including PolyPhen2 (http://genetics.bwh.harvard.
edu/pph2), REVEL (https://sites.google.com/site/revelgenom-
ics), SIFT (http://sift.jcvi.org), MutationTaster (https://www.
mutationtaster.org/), and M-CAP (http://bejerano.stanford.
edu/mcap/) were used to analyze the pathogenicity of the mis-
sense variants. ESEfinder (http://krainerOl.cshl.edu/cgi-bin/
tools/ESE3/esefinder.cgi?process=home), FSplice (http://www.
softberry.com/berry.phtml?topic=fsplice&group=programs&
subgroup=gfind), NNSplice (http://www.fruitfly.org/seq_tools/
splice.html), and NetGene2 (http://www.cbs.dtu.dk/services/
NetGene2) tools were applied to predict splicing changes. The
evaluation of the KIT amino acid conservation was performed
by the Ugene software. The three-dimensional (3D) molecular
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model was built using AlphaFold (https://www.alphafold.ebi.
ac.uk/), and structural change was visualized using the PyMOL
software (https://pymol.org/2/).

2.5 | Enzyme-Linked Immunosorbent Assay
(ELISA)

The human wild-type, Cys906Arg and Glu583Lys mutant KIT
expression vectors were synthesized by GeneChem Co., Ltd.
(Shanghai, China). HEK293T cells were transfected with wild-
type or mutant plasmids for 24 h and then treated with 100ng/
mL SCF for 2h. Total protein was extracted from cell lysate and
the phosphorylated AKT (p-AKT) and ERK (p-ERK) was deter-
mined using the human p-AKT ELISA kit (Bioswamp, Wuhan,
China) and human p-ERK ELISA Kit (Elabscience, Wuhan,
China) according to the instructions. The absorbance value was
measured spectrophotometrically at wavelength of 450nm. The
results were expressed by relative concentrations. The entire
assay was performed in triplicate.

a

3 | Results
3.1 | Case Presentation

Proband 1 was a 34-year-old man who wanted genetic diagnosis
of his depigmentation. He had a white patch in the middle fore-
head (forelock dyed in the photo), partial poliosis of eyebrows,
and extensive areas of depigmentation on the abdomen and
limbs with white body hair, and islands of hyperpigmented café-
au-lait macules in the affected areas. A large four generations
pedigree is drawn including 10 affected individuals presented
with similar leukoderma (Figure 1a).

Proband 2 was a 7-year-old boy who was referred to
Developmental Pediatrics for attention deficit and learning
problems. He had piebaldism features including typical white
forelock, V-shaped hypopigmented patch on the forehead, and
large range of leukoderma with pigmented spots on the abdomen
and limbs. Ophthalmic, auditory, and brain MRI examination as
well as blood routine tests all returned with normal results. The
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FIGURE1 | Photographs and family pedigrees of four cases with piebaldism. All the four probands had a typical severe presentation, including
white forelocks, V-shaped hypopigmented patches on the forehead, and large ranges of leukoderma with pigmented spots on the abdomen and limbs
(a, b, c and d). Partial poliosis of eyebrows and body hairs could be observed in Proband 3 (c). The family pedigrees indicate an autosomal dominant

inheritance pattern. Note: Proband 1 (a) had dyed his hair.
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leukoderma was inherited from his similarly affected father. An
unambiguous large pedigree with 11 affected individuals span-
ning four generations is depicted in Figure 1b.

Proband 3 was a 28-year-old man who together with his
wife were planning a pregnancy and was referred for genetic
counseling. He had a shaved head with a big V-shaped hy-
popigmented patch on his forehead. Extensive areas of depig-
mentation on the ventral trunk and limbs could be observed
with white body hair and small spots of pigmented skin.
His father was similarly affected and died of hepatic cancer
at 57years of age. His mother, elder sister, and grandparents
were all normal (Figure 1c).

Proband 4 was a 26-year-old man whose wife was at 16 weeks of
pregnancy. The couple wanted prenatal diagnosis for the con-
genital leukoderma. He had a typical white forelock, V-shaped
hypopigmented patch on the forehead, and large areas of leuko-
derma on the abdomen and limbs, with hyperpigmented spots
in the affected area. His parents and other relatives were not af-
fected (Figure 1d).

3.2 | Identification of Pathogenic Variants in
the Families With Piebaldism

Four heterozygous variants in the KIT gene were found by WES,
including c.1990+1G>A in Proband 1 (Figure 2a), c.1879+1G>A

c.1990+1G>A

]

CCATTGGAGGTAAAGCCGT

in Proband 2 (Figure 2b), c¢.2716T>C (p.Cys906Arg) in
Proband 3 (Figure 2c), and ¢.1747G>A (p.Glu583Lys) in Proband
4 (Figure 2d). The c.1879+1G>A and c.2716T>C variants were
paternally inherited and carried by other affected family mem-
bers determined by Sanger sequencing (data not shown). The
€.1990+1G>A and c.2716T>C variants were novel that could not be
found in the normal population databases (1000 Genomes, EXAC,
ESP6500, gnomAD, and dbSNP). They were classified as “patho-
genic” (PVS1+PM2_Supporting+PP1+PP4) and “uncertain”
(PM1+PM2_Supporting+PP3+PP4) according to the ACMG
guidelines. The ¢.1747G>A and c.1879+1G>A variants have been
reported previously [14, 15] and were classified as “pathogenic”
with evidence of PS1+PS2 and PVS1+ PS4+ PM2_Supporting,
respectively. The PVS1 code was applied herein to the two splicing
variants that were supposed to cause exon skipping and inframe
translation, which might still be the loss of function. No patho-
genic variants in the SNAI2 gene were found in the four families.

3.3 | Exon Skipping Caused by
the Splicing Variants

Insilico tools such as ESEfinder, NNSplice, FSplice, and NetGene2
were used to predict the novel ¢.1990+1G>A variant, showing al-
tered binding of splicing factors that might disrupt the original
5’ splice donor site of Intron 13 (Figure 3a). Alternative splicing
was verified in vitro by a minigene reporter assay. As shown in
Figure 3b, an aberrant transcription fragment (263bp) could be

c.1879+1G>A

TGCTCAAGCGTAAGTTCCT

bt L

KIT[3815)

c ¢.2716T>C

]

ATGAAGACTTGCTGGGATG

A
A

>»>>» >» >

KIT[3815]

c.1747G>A

]

CACAAATGGGAGTTTCCCA

A

c
A
C

| oa

KIT[3815]

=

KIT[3815]

FIGURE2 | Whole-exome sequencing revealed heterozygous variants in the KIT gene, including splicing variants of ¢.1990+1G>A in Proband 1 (a)
and c.1879+1G>A in Proband 2 (b), and missense variants c.2716T>C (p.Cys906Arg) in Proband 3 (c) and c.1747G>A (p.Glu583Lys) in Proband 4 (d).
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Wild-type Mutant c.1990+1G>A ¢ Wild-type Mutant ¢.1879+1G>A
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250bp Mutant RT-PCR product Mutant RT-PCR product
100bp 100bp

92 171 bp 92 171 bp
¢ g
exon a exon 13 exon a exon 12
A c c c a G c a c G a G T G c c A c c c A G c A G G A A A A c c
Wild-type
I A
’( (O 0\ /‘\'
A | \
A / I
/ |
TRVRYA
RVERIN
Mutant exon b
A Cc C (= A G (= A A Cc c T G G A G
Mutant .
" .‘“\ ."\‘
i al A

Wild-type: Wild-type:

CTCAAGSE gt ... agiCGAGTG....../ A TTGGAGE gt....... ag i-:(.}"GCCCACC AGTTTTG gt ...... ag iGGAAAAC...... CTCAAGC gt ...... agé CGAGTGC
exonl2 exonl3 exonl4 exonll exonl2 exonl3
transcript: ...... CTCAAG CCG AGT...... ATT GGA GGG CCCACC...... transcript: ...... AGT TTT GGG AAA...... CTC AAG CCG AGT......

protein: ...... Leu Lys Pro Ser ...... Ile Gly Gly Pro Thr...... protein: ...... Ser Phe Gly Lys...... Leu Lys Pro Ser......
Mutant:

exonl4
transcript: ......CTC AAG CGG CCC ACC......
protein: ...... Leu Lys Arg Pro Thr......
FIGURE3 |

Inssilico and function analyses of KIT splicing variants. Potential serine/arginine-rich (SR) protein binding sites were analyzed by the
ESEfinder 3.0 program for ¢.1990+1G>A (a) and c.1879+1G>A (e) variants. ss: Splice site. The bar height represents the motif scores, and the width
indicates the motif lengths along the sequence for SR proteins. Individual scores of 5" splice sites predicated by a panel of prediction programs are
shown below the charts. Transcription analysis of the ¢.1990+1G>A (b) and c.1879+1G>A (f) variants by minigene assay. The RT-PCR products were
analyzed by agarose electrophoresis, showing smaller mutant transcripts of 263bp compared with the wild-type constructs (374 and 368bp). The
skipping of the exon 13 by ¢.1990+1G>A (c) and exon 12 by ¢.1879+1G>A (g) was confirmed by Sanger sequencing of the purified transcripts. The
truncation of proteins by c.1990+1G>A (d) and c.1879+1G>A (h) are depicted.
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observed in HEK293T cells transfected with the mutant construct
in contrast to that with the wild-type control (374bp). Sanger se-
quencing of the RT-PCR products revealed complete skipping of
Exon 13 in the c.1990+1G>A mutant transcript. The skipping
would generate the substitution of Proline to Argine at Position
627, and the subsequent inframe deletion of 37 amino acids within
the TK1 domain, the p.Pro627_Gly664delinsArg (Figure 3c).

The splicing variant ¢.1879+1G>A had been reported in two
previous cases [15, 16]. Nevertheless, splicing analysis of this
variant has not yet been elucidated. By in silico tools, the vari-
ant was predicted to disrupt the original 5" splice donor site in
Intron 12 (Figure 3d). The in vitro minigene reporter assay re-
vealed an aberrant transcription fragment (263bp) compared
with the wild-type control (368bp). The complete skipping
of Exon 12 was confirmed by Sanger sequencing (Figure 3e),
which accordingly could create substitution of Gly592Ala and
an inframe deletion of 35 amino acids in the TK1 domain,
p.Gly592_Pro627delinsAla (Figure 3f).

3.4 | Pathogenicity Analysis
of the Missense Variants

The novel missense c.2716T>C variant in Exon 20 causes an
amino acid substitution of p.Cys906Arg at the distal TK2 domain.
Cys906 is highly conserved across various species (Figure 4a).
The variant was predicted to be harmful by multiple in silico tools
(data not shown). For better visualization, a 3D molecular model
was constructed using the AlphaFold and PyMOL software. As
shown in Figure 4b, Cys906 is located at the end of helix897-906,
with its side chain in close contact with the hydrophobic residue
11e902 (4.4A) in the helix. The substitution of Cys906 to Arg906
changes the side chain direction and disrupts the H-bond to I1e902,
which may alter the helical structural stability. Moreover, the re-
placement by Arg906 also creates two H-bonds to the hydrophobic
residues of Tyr855 and Gly856 at the adjacent helix848-863. These
conformational changes may influence the phosphorylation sta-
tus of adjacent Tyr900, which is known to be important for KIT
activation and subsequent signaling [17].

The missense c.1747G>A variant in exon 11 results in the
amino acid change p.Glu583Lys, which locates in the N-
terminal TK1 domain. Glu583 is highly conserved across var-
ious species (Figure 4a). It has been reported to be replaced by
lysine, aspartic acid, and glutamine [14, 18, 19], all of which
might be deleterious predicted by PolyPhen2, SIFT, REVEL,
M-CAP, and MutationTaster (data not shown). As shown in
the 3D molecular modeling in Figure 4c, Glu583 is located in
the loop linking the JM and TK1 domains and interacts with
the adjacent Tyr578 (3.2A) and Thré661 (2.6A) through H-
bonds. Substitution of Glu583 to Lys583 prolongs the side chain
distance to Thr661 and disrupts the H-bonds. These structural
changes might influence phosphorylation status of Tyr578.

In order to evaluate the effects of the two missense variants on
KIT biological function, ELISA was performed using transfected
HEK?293T cell lysates to determine the phosphorylation level of
p-AKT and p-ERK, the two downstream signaling effectors. As
shown in Figure 4d, both p-AKT and p-ERK are lower in the
Cys906Arg and Glu583Lys groups than in the wild-type control,
and no significant difference could be observed between the two
mutant groups. These results support impaired KIT biological
function by both missense variants.

3.5 | Prenatal Diagnosis and Reproductive Choice

Amniocentesis was performed for prenatal diagnosis requested
by Proband 4 and his wife. Unfortunately, the fetus was con-
firmed to have inherited the c.1747G>A variant by Sanger
sequencing. The couple finally decided to keep the fetus after in-
depth post-test counselling and careful consideration and would
prefer preimplantation genetic testing (PGT) for the next preg-
nancy. Although no genetic variants were found to be associated
with the attention deficit and learning problems in the Proband
2, his parents were informed about the risk of passing down the
pathogenic variant in the KIT gene, and they chose PGT for their
second pregnancy without hesitation. Similarly, after genetic di-
agnosis in Probands 1 and 3, they expressed a strong desire to
stop the transmission of piebaldism and preferred PGT.

3.6 | Review of Literature

Up to now, a total of 99 KIT variants underlying piebaldism have
been reported including our case series, the majority of which
were missense mutations (59.6%, 59/99). Other variants include
15 frameshift mutations, 11 splicing mutations, 5 nonsense muta-
tions, 4 inframe insertions/deletions, 1 intragenic large deletion,
as well as 3 chromosomal microdeletions covering the entire KIT
gene and 1 chromosomal interarm inversion (inv(4)(p16q12)). As
shown in Figure 5, the SNV and small indel variants have hotpots
in the TK1 and TK2 domains wherein approximately 90% of the
variants are associated with severe depigmentation. All the vari-
antsin the SS, EC, TM, JM, and KI domains are related to mild and
moderate clinical phenotypes. As to the correlation between the
phenotypic severity and variant types, the 59 missense variants
are more intolerant and prone to cause severe depigmentation,
with additional phenotypes including café-au-lait spots (45.8%,
27/59), brown hair (5.1%, 3/59), heterochromia irides (3.4%, 2/59),
and deafness (1.7%, 1/59). However, the three patients with the
entire KIT gene deletion presented mild-to-moderate phenotypes.
All the cases with variants residing in the TK1 and TK2 domains
in the present study had severe clinical manifestations with café-
au-lait spots and no obvious intrafamilial phenotypic heterogene-
ity. Our data further strengthen a major pathogenic mechanism
of a dominant-negative effect rather than a loss-of function in the
TK domain causing severe piebaldism.

FIGURE 4 | Amino acid conservation, three-dimensional (3D) molecular modeling, and functional analyses of the KIT missense variants. (a)

Conservative evaluation of KIT by Ugene. The Glu583 and Cys906 (indicated in a red box) are highly conserved across various species. The 3D views

of the wild-type Cys906 and mutant Arg906 (b), as well as the wild-type Glu583 and mutant Lys583 (c) are built using AlphaFold and visualized by

the PyMOL software. H-bonds are depicted as yellow dashed lines, and H-bond distances (A) are indicated with black numbers. (d) Phosphorylated
AKT (p-AKT) and ERK (p-ERK) levels in HEK293T cell lysates were examined by ELISA. Cells were transfected with wild-type or mutant KIT
plasmids and then treated with 100ng/mL stem cell factor (SCF) for 2h. *p <0.05, and **p <0.001 in the ANOVA.
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| Schematic representations of all the missense (triangles in the upper part) and protein length change prone (triangles in the lower

part) variants in the KIT gene (NM_000222.3). The four variants identified in the present study are highlighted by framed triangles (black frames
for novel variants and green frames for previously reported variants). The variants causing mild, moderate, and severe phenotypes are indicated by

yellow, blue, and red, respectively.

4 | Discussion

Human piebaldism has no known racial predilection, and the
prevalence of men and women is roughly equal [2]. It was first
reported by Giebel and Spritz [20] and subsequently causally
linked to germline mutations in the KIT and SNAI2 genes.
The SNAI2 gene encodes a zinc-finger neural crest transcrip-
tion factor, which is a downstream molecular target of the
KIT signaling pathway and implicated in the development
of human melanocytes [21]. No significant differences in the
pattern, distribution, and extent of patchy hypopigmentation
have been found between patients carrying variants of the two
genes [12].

KIT is a Type III receptor protein-TK that triggers the phos-
phatidylinositol 3’ (PI3), Src family, mitogen-activated protein
(MAP), and phospholipase C (PLC) kinase signaling pathways
[7, 8, 22]. Somatic mutations in KIT are associated with leuke-
mia, tumors of the gastrointestinal tract, and germ cells [23],
whereas germline mutations in KIT disturb the development
and migration of melanocytes and cause piebaldism. The bind-
ing of SCF to KIT leads to receptor dimerization, autophosphor-
ylation at tyrosine residues, and the activation of protein kinase
activity [24]. The key residues involved in autophosphorylation
are Tyr568 and Tyr570 [25], and potentially Tyr578 in the JM
domain. The ¢.1747G>A (p.Glu583Lys) variant in Proband 4 oc-
curred at a highly conserved amino acid associated with Tyr578
through an H-bond, the disruption of which would influence the
structural conformation and autophosphorylation of Tyr578 by
3D molecular modeling. This was supported by the observation
that the homologous Glu583Lys mutation in mouse kit abol-
ished autophosphorylation of Kit protein and caused extensive
depigmentation [14]. Moreover, the phenotype of W37 mice was
more severe than that of mice with “null” mutations, indicat-
ing a dominant-negative inhibition as the main pathogenesis.
The phenotypes caused by the Glu583Asp variant is relatively
less severe (extensive leukoderma but less apparent white fore-
lock) than that caused by Glu583Lys and Glu583GlIn [14, 18, 19],
which may be due to the similar properties of glutamic acid and
aspartic acid (both are acidic charged acids).

The TK1 and TK2 domains contain many other highly con-
served enzymatic sites mediating phosphorylation and

transduction of signals, among which Tyr900 in TK2 could
be autophosphorylated or phosphorylated by c-Src, and sub-
sequently interact with the p85 subunit of PI3K [17]. The ac-
tivation of the PI3K cascade contributes to the regulation of
melanocyte development and migration [26]. In Proband 3,
the missense variant p.Cys906Arg would impair the structural
conformation inside helix897-906 and disturb the biological
function elicited by Tyr900 phosphorylation in the KIT kinase
pathway. Moreover, the substitution by Arg906 created an
interaction between helix848-863 and helix897-906 through
a potential tyrosine phosphorylation site Tyr855. Functional
experiment showed that both Glu583Lys and Cys906Arg
variants inhibited the activation of downstream signaling
molecules AKT and ERK, underlining a dominant-negative
mechanism in the pathogenesis of the severe phenotype which
damages over 75% of KIT functions in contrast to 50% by hap-
loinsufficiency [27].

Some splicing variants in TKs domains could also cause se-
vere phenotypes. The splicing variants of ¢.1990+1G>A and
€.1879+1G>A in our study were functionally evaluated by a
minigene reporter assay, showing a complete skipping of Exon
13 and Exon 12, respectively, both of which putatively causing
truncated protein products with inframe deletions within the
TK1 domain. Proband 1 with the ¢.19904+1G>A variant demon-
strated severe depigmentation, similar to an 11-year-old girl
from Turkey carrying the KIT ¢.19904+2T>G variant who had
an extra phenotype of 15% hearing loss in her right ear [28]. Our
patient self-reported normal hearing and denied extensive au-
ditory examination to exclude potential hearing loss. Proband
2 with the ¢.1879+1G>A mutation had severe piebaldism with-
out extracutaneous symptoms as also described in the other two
cases [15, 16]. A potential pathogenic mechanism might be that
heterogeneous KIT dimers with protein truncation partially lose
the TK domain and therefore cannot transmit signals, leading to
dominant-negative inhibition.

The presentation of leukoderma in piebaldism should be dif-
ferentiated with other genodermatoses with defects in melano-
cyte development, such as Waardenburg syndrome (WS), Tietz
syndrome, and severe PCWH syndrome (peripheral demyelin-
ating neuropathy, central dysmyelinating leukodystrophy, WS,
and Hirschsprung disease), all of which have extracutaneous
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manifestations [29, 30]. Considering the common café-au-lait
macules in piebaldism by reviewing the literature (45.8%, in-
cluding all the four cases in the present study), the overlap-
ping syndromes including neurofibromas I (NF1) and Legius
syndrome should also be excluded [31]. Clinical diagnosis of
isolated piebaldism through the typical features of congenital
white forelock and depigmentation at the ventral trunk and
extremities are usually unambiguous. Genetic diagnosis is still
vital for the family reproductive planning. Though the disorder
is stable with a benign nature, no effective therapy is available
for the depigmentation which is social disabling. Reproductive
choice of PGT was preferred by all the families with strong in-
tentions to stop the disease transmission.

In conclusion, we report a case series of piebaldism caused
by four germline variants in the KIT gene, two of which are
novel. Functional experiments were carried out to elucidate
the pathogenic mechanisms of the variants. The genotype-
phenotype correlation was also summarized by extensive lit-
erature reviewing. Our data expanded the mutation spectrum
of KIT and emphasized a dominant-negative effect of critical
TK domains in patients with a severe phenotype. We also
shared our experience in genetic counseling and prenatal di-
agnosis for the affected families. The limitations are in vitro
evaluations of the variants using transfected cells with min-
igene reporter vectors and synthesized mutant expression
vectors.
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