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Kitlg dysfunction is associated with hearing ™
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and pigmentation abnormalities

Kitlg, a pivotal protein involved in neural crest cell migration
and pigmentation, harbors pathogenic variants that can lead
to non-syndromic hearing loss, Waardenburg syndrome type
2, or familial progressive hyperpigmentation with or without
hypopigmentation.” Distinct KITLG mutations are associated
with diverse clinical outcomes, as evidenced by the pheno-
typic spectrum presented in Figure S1. Not all patients with
KITLG variants present with pigmentation abnormalities and
hearing loss simultaneously. KITLG is known to bind to its
receptor, c-Kit, activating the RAS/MAPK signaling pathway,
which regulates the transcription of microphthalmia-asso-
ciated transcription factor (MITF), a critical transcription
factor for melanocyte generation, differentiation, and sur-
vival.? To elucidate the mechanisms underlying hearing loss
associated with Kitlg dysfunction, we generated a mouse
model with a heterozygous Kitlg mutation (c.81_84 del, p.
E27DfsX5) using CRISPR/Cas9 technology (Fig. 1Aand B). This
mutation induced a frameshift and introduced a premature
stop codon. Western blotting and immunofluorescence ana-
lyses demonstrated the marked decrease in KITLG protein
expression levels in heterozygous Kitlg®’* mice compared
with wild-type (WT) controls (Fig. 1C—E). Most Kitlg?/* mice
developed abnormal hair color, such as white hair on the
belly and/or forehead (Fig. 1F; Fig. S2A). Some Kitlg?’* mice
showed unilateral or asymmetric hearing loss (Fig. 1G;
Fig. S2B). The mouse model aligns with clinical phenotypes of
patients with KITLG mutation, including asymmetric or uni-
lateral deafness and dyspigmentation.’

Using this mouse model, we further investigated the
mechanism of hearing loss caused by the Kitlg dysfunction.
We used immunofluorescence to reveal the subcellular
localization of Kitlg in the cochlea of 4-week-old mice, and
noted widespread expression within key cochlear compo-
nents, such as hair cells, stria vascularis, and spiral ganglion
neurons (Fig. 1E). Further evaluation of the cochlear base-
ment membrane in 4-week-old mice stained with anti-Myo-
sin7a antibody to label hair cells (green) (Fig. 1H; Fig. S3A)
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and ribbon synapses of inner hair cells labeled with anti-
CtBP2 antibodies revealed comparable numbers of hair cells
and CtBP2-positive puncta in Kitlg?’* and WT mice
(Fig. S3B). Hematoxylin-eosin staining was used to observe
similarities in the overall morphology of the cochlea between
Kitlg?’* and WT mice (Fig. S3C and $3D), indicating no dif-
ference in the thickness or morphology of the stria vascularis.
These findings suggest that Kitlg dysfunction does not affect
the cochlear structure.

Fontana—Masson staining revealed that Kitlg mice
with impaired hearing had reduced melanin distribution in
the stria vascularis compared with WT mice (Fig. 1l and J).
The transmission electron microscopy analysis revealed that
intermediate cells were present in the stria vascularis of
Kitlg?’*, but exhibited abnormal morphological character-
istics compared with the WT littermates (Fig. S4). These
findings indicate that KITLG haploinsufficiency may not
affect intermediate cell migration, proliferation, or differ-
entiation, but could disrupt their functional maturation,
such as melanin synthesis. Steel et al have demonstrated that
c-kit (the receptor of KITLG) homozygous mutant mice (W"/
WY) lack intermediate melanocytes in the stria vascularis,
leading to loss of the endocochlear potential and profound
hearing loss.* This phenotypic divergence likely arises from
fundamental differences in the genotypic models employed:
whereas c-kit homozygous mutants exhibit complete devel-
opmental failure of intermediate melanocytes, partial KITLG
deficiency permits their migration but severely compromises
functional maturation.

Considering the crucial role of Kitlg/c-Kit signaling
pathway in the melanin synthesis, we evaluated the expres-
sion of MITF and p-c-kit in Kitlg?’* and WT mice and showed
that MITF (Fig. 1K; Fig. S5A) and p-c-kit protein levels (Fig. 1L;
Fig. S5B) in Kitlg’* mice were lower than those in WT mice.
To further elucidate the function of Kitlg in the auditory
system, we employed proteome and phosphoproteome
technologies to analyze protein expression (Table S1) and
phosphorylation levels (Table S2) in Kitlg?/*-HI (Kitlg?'*
mice with impaired hearing), Kitlg?/*-NH (Kitlg?/* mice with
normal hearing), and WT mice. By comparing Kit(g*/*-HI
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Figure 1  Generation of Kitlg mice and the mechanism of hearing loss. (A) Schematic for Kitlg knockout in mice. (B)
Representative DNA sequence chromatograms of Kitlg knockout heterozygote mice. (C, D) Analysis and quantification of Kitlg
protein levels. (E) Immunofluorescence staining of cochlear cryosections from 4-week-old WT mice revealed Kitlg expression (red)
throughout the cochlea. Scale bar = 50 or 10 um. (F) Abnormal hair color was observed in Kitlg?’* mice. (G) Auditory brainstem
response (ABR) results in mice (n = 5 for WT, n = 27 for Kitlg?’*). (H) Images of cochlear hair cells in WT and Kitlg?’* mice at 4
weeks. Scale bar = 100 um. (I-1"") Masson—Fontana stain analysis revealed the distribution of melanin in the stria vascularis of the
4-week-old WT mouse cochlea. (J—J"”) Masson—Fontana stain analysis revealed the distribution of melanin in the stria vascularis of
Kitlg?’* mouse cochlea. Scale bar = 200 or 50 um. (K, L) Analysis and quantification of MITF and p-c-kit protein levels. (M) The
volcano plot shows the significance and fold change of different proteins in the Kitlg?’*-HI group versus the WT group. (N) The
volcano plot shows the significance and fold change of different proteins in the Kitlg4/*-HI group versus the Kitlg?’*-NH group.
Data were presented as mean + standard error of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001, using two-tailed, unpaired
Student’s t-tests.

mice with WT mice, as well as Kitlg?’*-HI with Kitlg4’"-NH differentially phosphorylated proteins, regulates MITF, a key
genotypes, we successfully identified a significant number of transcription factor governing pigmentation (Fig. S6D). This

differentially expressed proteins (Fig. 1M and N) and phos- finding aligns with the known role of Kitlg in activating and
phorylated proteins (Fig. S6B and S6C). Comparative prote- modulating the Ras/MAPK signaling pathway, a critical
omic and phosphoproteomic analyses between Kitlg4/*-HI downstream cascade associated with melanogenesis.

and WT groups revealed that the MAPK signaling pathway, We further investigated the compensation mechanism

identified through KEGG pathway enrichment analysis of that part of Kitlg?’™ mice presented with normal hearing.
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Notably, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis for differentially phosphorylated proteins
indicated a high enrichment of some signaling pathways,
such as Rap1 and cAMP signaling pathways (Fig. S6E). The
CcAMP signaling pathway was the initial signal transduction
pathway during the formation of avian auditory epithelium
to substitute for hair cells.* The cAMP pathway regulates
the MAPK pathway both positively and negatively. There-
fore, we hypothesize that the substantial enrichment of the
cAMP pathway in some Kitlg®’* mice compensates for the
abnormalities in the MAPK pathway caused by dysfunction
of Kitlg, thereby preventing hearing loss.

To delineate the functional dynamics of Kitlg during
inner ear development, we conducted comparative prote-
omic and phosphoproteomic profiling of Kitlg’* and WT
mice at two critical developmental stages: embryonic day
14.5 and postnatal day 2. This temporal analysis revealed
stage-specific phosphorylation patterns in the RAS/MAPK
and PI3K—Akt pathways, demonstrating Kitlg’s dual regu-
latory roles in early melanocyte survival and late-stage ion
homeostasis establishment (Fig. S6F and S6G). These find-
ings, corresponding to the distinct phosphorylated proteins
in Kitlg?/*-HI and WT mice at 4 weeks, suggested a prob-
able association with auditory dysfunction during develop-
ment. Specifically, we compared the difference in protein
expression between Kitlg®’* and WT mice at embryonic day
14.5 and postnatal day 2, and also screened numerous
hearing-related genes, such as FXYD6, KARS1, and SLC26A2
(Fig. S6H). Notably, FXYD6 plays a crucial role in main-
taining endolymph in the cochlea by regulating Nat/K"-
ATPase function.’ In the present study, we observed sig-
nificant reductions in FXYD6 levels (Fig. Sél and S6J). Me-
lanocytes in the stria vascularis serve as intermediate cells,
and the functionality of potassium channels in these cells,
along with that of Na*/K"™-ATPase, is crucial for maintain-
ing endocochlear potential. FXYD6 down-regulation impairs
Na*/K + -ATPase activity, exacerbating endocochlear po-
tential loss. This dual-hit model may expand the traditional
melanocyte-centric view of Kitlg-associated hearing loss.

In this study, we generated a Kitlg heterozygous mutation
mouse model (c.81_84 del, p.E27DfsX5) that recapitulates
key clinical features of human KITLG-related disorders,
including asymmetric hearing loss and pigmentation anoma-
lies. While cochlear morphology remained intact, Kitlg?/*
mice exhibited reduced melanin deposition in the stria vas-
cularis, suggesting that KITLG haploinsufficiency disrupts the
functional maturation of intermediate cells, particularly
melanin synthesis, without impairing their migration, pro-
liferation, or differentiation. Advanced techniques, such as
single-cell RNA sequencing, could provide definitive quanti-
fication of intermediate cells and further clarify their role in
the pathogenesis of these disorders. Proteomic and phos-
phoproteomic analyses further revealed impaired RAS/MAPK
signaling and down-regulation of MITF, a critical regulator of
melanogenesis. Intriguingly, compensatory activation of the
CAMP pathway was observed in a subset of Kitlg?/* mice,
potentially mitigating hearing loss. Additionally, diminished
FXYD6 expression implicated a dual pathogenic mechanism
involving both Na™/K"-ATPase dysfunction and melanocyte-
dependent endocochlear potential loss. However, future in-
vestigations should delineate the spatiotemporal interplay
between compensatory pathways and developmental

processes. These findings advance our understanding of
KITLG-associated hearing loss, highlighting potential thera-
peutic targets to restore melanocyte function or modulate
compensatory signaling pathways.
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