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c-Kit Receptor Maintains Sensory Axon Innervation of the
Skin through Src Family Kinases
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Peripheral somatosensory neurons innervate the skin and sense the environment. Whereas many studies focus on initial axon
outgrowth and pathfinding, how signaling pathways contribute to maintenance of the established axon arbors and terminals
within the skin is largely unknown. This question is particularly relevant to the many types of neuropathies that affect
mature neuronal arbors. We show that a receptor tyrosine kinase (RTK), c-Kit, contributes to maintenance, but not initial de-
velopment, of cutaneous axons in the larval zebrafish before sex determination. Downregulation of Kit signaling rapidly
induced retraction of established axon terminals in the skin and a reduction in axonal density. Conversely, misexpression of
c-Kit ligand in the skin in larval zebrafish induced increases in local sensory axon density, suggesting an important role for
Kit signaling in cutaneous axon maintenance. We found Src family kinases (SFKs) act directly downstream to mediate Kit’s
role in regulating cutaneous axon density. Our data demonstrate a requirement for skin-to-axon signaling to maintain axonal
networks and elucidate novel roles for Kit and SFK signaling in this context. This Kit-SFK signaling axis offers a potential

pathway to therapeutically target in sensory neuropathies and to further explore in other neurobiological processes.
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ignificance Statement

The skin is full of small nerve endings that sense different environmental stimuli. How these nerve endings grow and reach a
specific area of the skin during development has been the focus of many studies. In contrast, the cellular and molecular mech-
anisms required to maintain the function and health of these structures is relatively unknown. We discovered that a specific
receptor in sensory neurons, c-Kit, is required to maintain the density of nerve endings in the skin. Furthermore, we found
that a molecular target of c-Kit, Src family kinases (SFKs), is necessary for this role. Thus, c-Kit/SFK signaling regulates den-
sity and maintenance of sensory nerve endings in the skin and may have important roles in neural disease and regeneration.
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Introduction

Axonal growth and subsequent circuit formation require active
coordination of multiple cell biological processes, many of which
are well-studied (Cioni et al., 2018; Mariano et al., 2018).
However, the nature of signaling pathways that promote axon
maintenance is less well understood. This is particularly true of
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vertebrate somatosensory neurons that innervate the skin with
elaborate networks of thin axonal arbors and terminals. To what
extent communication between the skin and these axons contrib-
utes to this signaling and which signaling pathways are required
to maintain these intricate networks is unknown.

To address this question, we employ zebrafish larvae as a
model because it is amenable to high-throughput drug delivery,
exquisite imaging access, and genetic interrogation. Larval zebra-
fish use unmyelinated Rohon-Beard (RBs) neurons for somato-
sensation in the trunk skin. These neurons are homologous in
function and expression profile to the small-fiber neurons of the
dorsal root ganglia (DRG) somatosensory neurons in other ver-
tebrates (Faucherre et al.,, 2013; Palanca et al,, 2013; Ogino and
Hirata, 2018). By 48 h postfertilization (hpf), RB sensory neurons
are functional and their axon arbors fully innervate the larval
skin and maintain this functionality for weeks (Williams and
Ribera, 2020). Zebrafish DRG neurons will eventually replace
RBs as the primary somatosensory neurons innervating the
skin; however, this transition takes place one to two months
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postfertilization during bony scale formation (Rasmussen et al.,
2018). Thus, zebrafish RBs offer unparalleled opportunities for in
vivo examination of functional vertebrate somatosensory neu-
rons with established axon terminals.

To disrupt signaling after cutaneous axon networks are es-
tablished, we used multikinase inhibitor (MKI) small-molecule
drugs. Each MKI inhibits multiple kinases at various affinities,
creating a unique inhibition profile. The predominant target of
MKTs are receptor tyrosine kinases (RTKs). One such RTK is c-
Kit, a transmembrane type III RTK. It is activated on binding of
its primary ligand, Stem Cell Factor/Kit-Ligand (SCF/KITLG).
C-Kit receptor is expressed in a subset of rodent and primate
DRG neurons that innervate embryonic and adult skin and
KITLG is expressed in rodent adult skin (Hirata et al., 1995;
Milenkovic et al., 2007; Usoskin et al., 2015; Kupari et al., 2021).
Adult and embryonic mammalian studies have suggested possi-
ble roles for c-Kit signaling in DRG neurons (Milenkovic et al.,
2007; Takagi et al., 2008; Sun et al., 2009), although its specific
function in regulating cutaneous innervation of somatosensory
neurons has not been established.

One downstream target of c-Kit is the Src family kinases
(SFKs). SFKs are a group of non-RTKs that regulate signal trans-
duction of many cell membrane receptors. SFKs bind activated
c-Kit receptor (Voytyuk et al., 2003; Hong et al., 2004) to mediate
its downstream signaling. Activated SFKs regulate axon out-
growth and guidance in vertebrates (Knoll and Drescher, 2004;
Kao et al., 2009) and promote axon regeneration in multiple sys-
tems (Zhao et al., 2003; Nichols and Smith, 2020; Sakai et al.,
2021). SFKs are particularly active in axon growth cone tips,
where they regulate local tyrosine kinases that, in turn, impact
filopodial/adhesion dynamics (Robles et al., 2005). However, the
link between Kit signaling and SFK activity in peripheral axons
has not been explored.

We find c-Kit receptor (kitb in zebrafish) is a major mediator
of cutaneous axon maintenance and density. Treatment with
MKIs targeting c-Kit leads to a loss of distal axon density in the
skin and induces axon terminal retraction. Genetic loss of kitb
leads to cutaneous axon density reduction, while hyperactivation
of Kitb signaling induces highly-localized increases in axon den-
sity. Using DRG explant cultures, we find these effects of Kit in-
hibition are conserved in mammalian somatosensory neurons.
Finally, we find that SFK activity downstream of Kitb is required
for maintaining normal axonal density and activation of Kit sig-
naling promotes axonal SFK activity. Thus, we establish c-Kit-
SEK signaling as an important promoter of cutaneous axonal
innervation and maintenance, as well as a potential mediator of
the neurotoxicity of certain MKIs used in clinic to treat cancers.

Materials and Methods

Zebrafish husbandry

Adult zebrafish were maintained at 28.5°C as previously described
(Westerfield, 2000). Embryos were derived from natural matings or in
vitro fertilization, raised in embryo media, and developmentally staged
(Kimmel et al., 1995). Strains used were *AB, SAIGFF213A [Muto et al.,
2011; UAS:GFP (“RB:GFP”)], and kitv***>**® mutant (obtained from
Zebrafish International Resource Center). The developmental stages
used in this work are before sex specification and animals used in experi-
ments are of indeterminate sex.

Genot5yping protocols

kitb™'>* mutants were genotyped by extracting genomic DNA from
tail clips or whole larvae, then PCR amplifying with Kitb F dCAP and
Kitb R dCAP primers that introduce a Hind III restriction site only in
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Table 1. Oligonudeotides and primers

Oligo name Sequence (5’ to 3")

kit 568/570Y-F ACAGTTTTGATGGCAACAATTLTACCTtCATAGACCCAACGCAGC
IVAF

kit 568/570Y-F ATTGTTGCCATCAAAACTGTCAATCACC
IVAR

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGTTCCACATGAGGGAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTGACCTCTGTGTCTGCACA
CACCTCTTGCACAACAATGTCTAAC
GACTCTGGTGCTAGCCGCACAACCAAGCT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGACACTCGTGGTTTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATGCTCTGATGTTCCAGAAA

kitlgh F clone p221
kitlgh R clone p221
kitb dCAP F

kitb dCAP R Hindlll
kitb F clone p221
kitb R clone p221

Kitb sgRNA aattaatacgactcactataTGTGATCCTGATCCAAGACCgttttagagctagaaatage
Ret sgRNA aattaatacgactcactataGGTAAGACTGGGCTGGCCGAgttttagagctagaaatage
Kitb CRISPR F GTTTGTTTCCCTCAAAAACAGC

Kith CRISPR R GTGTTTGTGTCTAACCGCTTCA

Ret CRISPR F ATGTAACGACATGTGCAAGACC

Ret CRISPR R TAAAATGCTGAGCAGGACTCAC

the amplicon of a mutant allele. PCR products were digested with Hind III-
HF (New England Biolabs) for 4 h at 37°C, and run out on a 2% agarose
TBE gel to resolve digested bands. Uncut amplicon is 399 bp, whereas
HindIII digests mutant amplicon into 370- and 29-bp fragments.

CRISPR-Cas9-mediated genetic knock-down

sgRNAs for CRISPR-Cas9 knock-down of kitb and ret were designed
(Table 1) and injections were performed as previously described (A.N.
Shah et al., 2015) into RB:GFP embryos. CRISPR efficiency was eval-
uated by isolating genomic DNA from 3 days post fertilization (dpf)
larvae, amplifying regions surrounding CRISPR target sites with re-
spective CRISPR F and R primers (Table 1) and incubating amplicons
with restriction enzymes that have cut sites adjacent to CRISPR targets
(BslI for both kitb and ret sgRNAs). Digested amplicons were visualized
by gel electrophoresis to ensure at least 75% of CRISPR-Cas9-injected
larvae displayed total or significant loss in amplicon digestion, indicating
efficient CRISPR-Cas9-mediated knock-down. At 3 and 5 dpf, RB:
GFP+ larvae that had obvious necrosis or body morphology defects
were removed and tail tips of injected and uninjected larvae were rapidly
imaged using the VAST-spinning disk microscope imaging system.

Drug treatment

Sorafenib, ponatinib, dasatinib, saracatinib, U73122, and LY294002 were
obtained (Selleck Chemicals) and dissolved in DMSO to stock solutions
of 10 mM and stored at —80°C. For larval treatment, drugs were diluted
and mixed in embryo medium containing 1% DMSO and used to
replace larval media. Unless otherwise noted, larvae were treated with
drugs from 72-120 hpf, and larval media were replaced at 96 hpf with
fresh drug/vehicle-containing media.

Plasmids, labeled constructs

To obtain template for cDNA cloning, total RNA was isolated from
wild-type (WT) *AB embryos using Trizol reagent (ThermoFisher
Scientific). First-strand cDNA synthesis was performed on 1 pg of total
RNA using oligo dT primers and Superscript III reverse transcriptase
(Invitrogen). Full-length zebrafish kitb and kitlgh were amplified with
kitb and kitlgb clone p221 F and R primers, respectively, and recombined
into the Gateway middle entry vector pDONR221 using previously
described methods (Kwan et al., 2007) to generate pME:kitb and pME:
kitlgb plasmids. The double phosphosite mutant construct pME:
kitb"*%F/Y>7%F yas made by PCR using pME:kith as a template and the
kitb 568/570Y-F IVA F and R primers with the Phusion High-Fidelity
PCR kit (ThermoFisher Scientific) followed by in vitro assembly in
Top10 competent cells (ThermoFisher Scientific) as previously described
(Garcia-Nafria et al, 2016). Final plasmids were generated using the
Gateway cloning method with pDestTol2pA2 destination vector and
Tol2Kit plasmids (Kwan et al., 2007).
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Zebrafish immunostaining

Larvae were anesthetized in 0.02% tricaine (MS-222; Sigma) in embryo
medium, fixed in 4% formalin in 1x PBS for 1 h at room temperature
(RT) and then 4°C overnight with one exception: larvae stained for
a-pSFK Tyr418 were fixed in 1.5% formaldehyde in 0.1 M PIPES, 1.0 mm
MgSOy, and 2 mm EGTA for 1 h at RT, then 4°C overnight. Larvae were
rinsed 3x with 1x PBS and permeabilized by washing in distilled
water for 5min, followed by 3x washes in 1x PBS +0.1% Triton
X-100 (PBTx). Larvae were incubated for 1 h at RT in blocking so-
lution (PBTx + 5% goat serum, 1% bovine serum albumin, 1%
DMSO), then at RT in primary antibody diluted in blocking solution
for 2 h followed by 4°C overnight. Embryos were rinsed extensively
in PBTx and incubated for 4 h at RT in Alexa488-conjugated,
Alexa568-conjugated, or Alexa647-conjugated secondary antibodies
diluted in blocking solution (1:1000, ThermoFisher Scientific). After
rinsing in PBTX, larvae were transferred to 70% glycerol in PBS and
mounted on slides with 0.13-0.17 mm borosilicate coverslips
secured with vacuum grease. Primary antibodies used were a-pSFK
Tyr418 (1:500, Invitrogen, 44660G, RRID:AB_1500523), a-mCherry
(1:1000, ThermoFisher Scientific, M11217, RRID:AB_2536611), a-GFP
(1:1500, Aves Labs, RRID:AB_10000240), a-Cleaved Caspase-3 (1:1000,
Cell Signaling, 9664P, RRID:AB_2070042), and a-acetylated Tubulin
(1:1000, Sigma-Aldrich, T6793, RRID:AB_477585).

Confocal fluorescence imaging of zebrafish larvae

For live imaging, larvae were mounted in 1.5% low melting point
agarose on a glass coverslip, submerged in embryo media contain-
ing 0.02% tricaine (MS-222; Sigma) and imaged using a 40X/
NA =0.8 water immersion objective on an upright Fluoview1000
confocal microscope (Olympus) with 488- and 568-nm excitation
channels. To assess RB neuron apoptosis over time, RB neuron cell
bodies in the dorsal spinal cord of RB:GFP embryos were imaged at
10 min/frame for 15 h in an ~400-um-wide viewing window. For
imaging sparsely labeled RB neurons over time and the axonal
effects of Kitlgb misexpression, RB:GFP embryos were injected at one-
cell stage with UAS:mCherry or Krt4:kitlgb-p2a-mCherryCAAX plas-
mids, respectively. Larvae injected with UAS:mCherry that contained
caudal tail axons expressing mCherry at 3 or 4 dpf were mounted, sub-
merged in embryo media containing vehicle or drug, and imaged
5min/frame over 10 h. RB:GFP larvae injected with Krt4:kitlgh-p2a-
mCherryCAAX were screened for presence of mCherry+ skin cells and
the mCherry+ regions and mCherry- adjacent regions were imaged.
Immunostained larvae were imaged on the Olympus Fluoview1000
with 488-, 568-, and 647-nm excitation channels. For cleaved Caspase-
3 immunostained larvae, a 20x/NA =0.75 air objective was employed
and for pSFK immunostained larvae, a 60x/NA =1.42 oil immersion
objective was used.

High-throughput fluorescence larval imaging

For live high-throughput imaging caudal tails of WT, kitb mutant, or
drug-treated RB:GFP larvae, we used the Large Particle (LP) Sampler
and VAST Biolmager (Union Biometrica) to automate the delivery of
zebrafish from 96 multi-well plates to the BioImager microscope plat-
form as previously described (Early et al.,, 2018). Z-stacks of 218 frames
with a step size of 1.84 um were acquired using Zen Blue 2.0 software
(Carl Zeiss).

Axon density quantification
Based on the large volume of data produced by high throughput imag-
ing, we designed a streamlined system for measuring axonal density
using open-source software. We imported confocal images of RB:GFP
caudal tails into FIJI (Schindelin et al., 2012), converted images to 8-bit,
and generated maximum intensity Z-projections. We then thresholded
the projections, formed a rectangular 50 x 100 pm region of interest
(ROI) at the distal tail tip, and measured the percentage of this ROI
occupied by GFP+ axons.

To quantify changes in axonal density in cutaneous tissue misex-
pressing Kitlgb, we generated max-intensity Z-projections of imaged
regions of Krt4:kitlgb-p2a-mCherryCAAX-injected larvae and made
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ROIs using the boundaries of mCherry+ and adjacent mCherry-
regions of skin cells in FIJI. Percent area measurements of RB:GFP-la-
beled axons in adjacent mCherry+/mCherry- regions were taken as
described and compared within individual larvae.

Immunofluorescence intensity quantification

For consistency of labeling, compared larvae were processed in the same
batch. To quantify axonal pSFK staining, RB:GFP larvae were immuno-
stained with a-pSFK, a-GFP, and a-acetylated Tubulin (AcTu). 3D
reconstructions of larvae axonal volumes were generated in Imaris
(Bitplane) using GFP immunofluorescence channel signal. For quantify-
ing pSFK changes in the caudal tail, we measured mean fluorescence in-
tensity (MFI) of pSFK and AcTu within axons in a 50 x 100 pm ROI at
the distal tip of the tail. To account for sample-to-sample variation in
permeability and staining intensity, we normalized pSFK MFI to the ra-
tio of the AcTu MFI of an individual larva divided by the average of the
AcTu MFI within an experimental group. To prepare 2D images of
pSFK immunostaining solely in axons, we generated a masked channel
containing only pSFK signal within the 3D-reconstructed axons, and
made max intensity Z-projections for each channel in Imaris.

To quantify axonal fluorescence intensity of pSFK staining in
cutaneous regions misexpressing Kitlgb-p2a-mCherryCAAX, we
identified immunostained larvae containing regions of one to two
isolated mCherry+ skin cells. These regions (one to two per larva)
were imaged and axonal volume was reconstructed in Imaris as described.
Axonal pSFK MFI was measured within mCherry+ regions and within
two adjacent, mCherry- regions of comparable size 30 pum away (approxi-
mately one skin cell length). Within a single larva, MFI of mCherry+ and
mCherry- regions were separately averaged and then compared.

Axon terminal dynamics analysis

Distance of all distal axon terminals from tail edge that were within
50 pm of the distal caudal tail edge at t =0 per labeled RB neuron were
measured at t=0 and =10 h and averaged for each neuron (n =5 total
neurons in >3 larvae per condition). For kymograph generation, anal-
ysis, and visualization, we used the MetaMorph software package
(Molecular Devices) as previously described (Drerup and Nechiporuk,
2016; Tuttle et al., 2019) with one difference: instead of analyzing
movement of individual, labeled particles, we examined single axon
terminals labeled by UAS:mCherry in RB:GFP larvae to visualize net
movement relative to the nearest tail edge over time.

Scoring apoptotic RB neurons

RB:GFP+ WT or kitb mutant larvae were fixed at 30 or 48 hpf, immuno-
stained for cleaved-Caspase-3, and imaged from otic vesicle to the end of
the spinal cord. We counted RB:GFP+ and cleaved-Caspase-3+ neu-
rons in the dorsal-most portion of the spinal cord, where only RBs
should be present. For time-lapse imaging of RB neuron cell bodies, the
posterior-most edge of the 400-pum viewing window was placed in line
with the end of the yolk extension. RB neurons were identified by spinal
cord location, morphology, and axonal projections and apoptotic/dying
neurons were counted. Counts per viewing window were normalized to
50-pm length.

Plate and coverslip preparation for DRG culture

DRG explants were grown on glass coverslips in 12-well tissue culture
plates. Coverslips were incubated overnight at 4°C in 100 pg/ml poly-D
lysine in cell culture grade water, washed twice, incubated at 37°C with
10 pg/ml mouse Laminin (ThermoFisher, 23017015) for 5 h, washed
twice, and allowed to dry for 5-10 min before plating.

In vitro DRG explant culture

DRG explant cultures were performed on Embryonic day 15.5 (E15.5)
CD1 mouse embryos. DRG from a single embryo were isolated
through fine dissection as previously described (Hall, 2006). After
washing DRGs were suspended in DRG plating media (Neurobasal
media, ThermoFisher, 21103049), 35 mm glucose, 2% B27 supplement
(ThermoFisher, 17504044), 1% GlutaMAX supplement (ThermoFisher,
35050061), 1% penicillin/streptomycin, 50 ng/ml SCF (Proteintech,
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HZ-1024) run through a 0.22-um syringe filter. Sorafenib dose response
DRGs were resuspended in DRG plating media A m —mage F3
and were spot plated onto coated glass coverslips | | | | x?
(~20-pl spots containing one to two DRG 0 b 2 B |3 4 5 gz
explants/coverslip). Plates were incubated for 1 i <
h at 37°C with 5% CO, before gently flooding 31
the wells of the plate with DRG plating media. /' 5
After 24 h of growth, a media change was per- 0
formed with half the plated volume of media and 10 1-3;“0. (ll-'l(\)llo) 10"

treatment drugs were added at appropriate con-
centrations in DMSO. Cultures were allowed to
grow for another 24 h before fixation for 30 min
at RT by adding one plating volume of 4% para-
formaldehyde-Krebs solution-sucrose fixative
(4% wi/v paraformaldehyde, 145 mm NaCl, 5 mm
KCl, 1.2 mm CaCl-2H,0, 1.3 mm MgClL-H,0,
1.2 mm NaH,PO,-H,0, 10 mm glucose, 20 mum
HEPES, and 0.4 M sucrose, in H,O) for a final
paraformaldehyde concentration of 2%.

Explant immunolabeling, imaging, and
quantification

Fixed and washed explant containing coverslips
were incubated for 30 min in blocking buffer (0.2%
Triton X-100, 5% normal donkey serum, 0.002%
NaNj3, 5% DMSO, in phosphate-buffered saline) at
RT and incubated in blocking buffer with primary
antibody (rabbit a- 3 -III Tubulin, Millipore Sigma
T2200-200UL, 1:1000, RRID: AB_262133) over-
night at 4°C. Nuclei were labeled with Hoechst
33342 (1:5000 in PBS, Life Technologies H3570)
included in the first wash after primary incubation.
Fluorescent secondary antibodies (donkey a-rabbit
488 or donkey a-rabbit 546, ThermoFisher A-
21206 or A-10040) were applied for 4 h at RT.
Coverslips were mounted to glass slides for imaging
using Fluoromount-G (Fisher, OB100-01). Explants
were imaged on a Zeiss AxiolmagerM.2 upright
microscope using a 5x objective. Quantification was performed in FIJI
(Schindelin et al., 2012). The cell body core outline in the explant center was
traced manually and a ROI was generated by expanding this traced shape
50 um and using the FIJI “Make Band” function to generate a 50-pm-wide
band. The image was then manually thresholded and the coverage density
of the 50-pum-wide band was measured.

Ponatinib

Figure 1.

Experimental design and statistical analysis

The sex of the animals was unknown as sex specification has not
occurred at this stage of larval development. Analysis was performed
with Prism software (GraphPad). Specific statistical tests and post hoc
tests for each data set are indicated in text and figure legends. For experi-
ments involving two independent variables, two-way ANOVA tests were
performed to test whether main effects and interactions were statistically
significant. If interaction was statistically significant, ANOVA was
repeated with simple effects, and significance of main effects was re-eval-
uated and the indicated post hoc tests were performed. Results were con-
sidered statistically significant when p < 0.05. Data in text or plotted
with error bars on graphs were expressed as mean = SEM.

Study approval

All animal works were approved by and conducted according to guide-
lines of the Oregon Health and Science University Institutional Animal
Care and Use Committee, protocol# IP00000495.

Results

MKI treatment induces loss of cutaneous sensory axon
innervation

In order to visualize cutaneous RB axons in vivo, we used zebra-
fish larvae carrying two transgenes: SAIGFF213A (a GAL4 driver

G Ponatinib dose response
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Treatment with MKIs induces loss of cutaneous axon density in zebrafish caudal tail. A, Diagram of RB neu-
rons, drug treatment and imaging paradigm, and imaging location (red box). B-E, Live images of somatosensory axons at
the caudal tail tip labeled by RB:GFP after 48 h of treatment. Several MKIs produced significant loss of cutaneous axon den-
sity (white dashes indicate tail edge). F~H, Dose-dependent loss of distal axon density induced by (F) sorafenib, (G) pona-
tinib, and (H) dasatinib treatment, analyzed by one way ANOVA with post hoc Dunnett's test versus the lowest dose. Error
bars represent SEM; *p << 0.05, ***p << 0.001.

that labels distinct types of neurons, including the RBs; Muto et
al,, 2011) and a UAS:GFP reporter (this double transgenic line
hereafter referred to as RB:GFP). By 48 hpf, GFP+ RB axons
have reached the tail tip, arborized, and extended along the pe-
rimeter of the caudal tail edge (Fig. 1A4,B). Although early reports
of RBs suggested they may die off rapidly by 5 dpf (Williams et
al., 2000), more detailed analysis from several groups suggests
this is not the case. Recent studies have established that this ex-
perimental window, 3-5 dpf, consists of stable, established RB
axon networks in the tail with no significant loss of RB axons or
RB cell death specifically in the RBs that innervate the tail tissue
(Rasmussen et al., 2018; Williams and Ribera, 2020). Because of
the stable nature of these established tail axons during this time
period, they have become a powerful in vivo model for exam-
ining neuropathic effects of chemotherapy drugs (Lisse et al.,
2016; Cirrincione et al., 2020) or regeneration of cutaneous
axons following injury (Rieger and Sagasti, 2011). This is
consistent with our time-lapse observations (see Figs. 2 & 3
below), where we found no notable loss of major axon arbors
in the tail during this time in control or drug-treated larvae
that would be the result of cell death of RBs that innervate
this tissue.

To identify signaling pathways important in somatosensory
axon maintenance, we treated larval zebrafish with several MKI
drugs that have been associated with sensory neurologic side
effects in human patients. These types of drug-induced periph-
eral neuropathic side effects are often thought to be, at least in
part, because of axonal degeneration/retraction or a failure of
axonal maintenance (Fukuda et al., 2017). Larvae were treated
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Movie 1.  Time-lapse imaging of RB axons during control DMSO treatment. White line
indicates tail edge. [View online]

Average distance
x moved (um)

DMSO Sor Pon 0 3 dpf 5 dpf
Figure 2. Time lapse imaging reveals axon terminal retraction following sorafenib and ponatinib treatment. A—, Stills
from Movies 1, 2, 3, respectively, of distal axons of sparsely labeled RB neurons. Over 10 h, sorafenib and ponatinib treat-
ment induced retraction of distal axon tips (white dashes = tail edge, arrows indicate specific axon terminals followed over
time, green measurement bars indicate distance from edge). D-F, Kymographs of individual axon terminals (indicated by as-
terisk in panels A-C from respective movies. DMSO terminals (D) show dynamic extension and retraction, but sorafenib (E)
or ponatinib (F) treatment induce notable net retraction of axon terminals. G, Quantification of axon retraction in 10-h time
lapse movies. Compared with DMSO-treated larvae that had a net increase in axon outgrowth, sorafenib and ponatinib treat-
ment induced a significant net retraction of distal RB axon terminals in labeled neurons by one-way ANOVA with post hoc
Dunnett’s test. Error bars represent SEM. H, Repeated measures of axonal density of WT control larval tails analyzed by paired
t test from 3 to 5 dpf had no difference: 3 dpf=12.3 = 1.1% axon area, 5 dpf =11.9 = 1.2.
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for 48 h, then GFP-labeled axons of the distal caudal tail tip were
imaged (Fig. 1A,B). We chose 72 hpf as the beginning of the
drug treatment window, after cutaneous distal axon out-
growth and arborization has stabilized. To quantify axonal
density within the thin skin of the distal tail, we used
Image] to create a maximum intensity Z-stack projection
and measured the proportional area of a 50 x 100 pm
region of interest at the tip of the tail occupied by GFP-la-
beled axons. We identified three MKIs that induced signifi-
cant, dose-dependent loss of distal axonal density in the
tail compared with vehicle controls: sorafenib, ponatinib,
and dasatinib (Fig. 1C-H). These changes in axon density
suggest these MKIs disrupt normal axonal maintenance.

Axon terminal retraction underlies
MKI-induced axon loss

To determine the cellular bases for the loss
of cutaneous axon density, we performed
time-lapse imaging of sparsely-labeled RB
axons in the caudal tail. Injection of a UAS:
mCherry plasmid at one-cell stage in RB:
GFP embryos mosaically labeled RB neurons
and allowed imaging of axon terminals in
the caudal tail from individual neurons dur-
ing drug treatment. Control RB axon termi-
nals are dynamic and often extend, retract,
and explore over time (Movie 1; Fig. 2A).
Compared with vehicle treatment, applica-
tion of sorafenib and ponatinib induced no-
table retraction of individual axon terminals
over a period of 10 h, although terminal
behavior was still dynamic (Movies 2, 3; Fig.
2B,C). To analyze the movement of these
time-lapse imaged individual axon termi-
nals, we performed kymograph analysis on
distal terminals. Kymographs show con-
sistent, active proximal movement of ter-
minals away from the tail edge during
drug treatment (Fig. 2D-F). Quantification
of the net movement of distal axon terminals
over time found that control terminals
exhibited minor net terminal extension over
10 h, while sorafenib and ponatinib treat-
ment both induced significant net retraction
from the initial position (Fig. 2G; DMSO =
1.5 = 1.1 um net distal movement, sorafe-
nib = —6.6 = 0.7, ponatinib = —4.4 = 1.2).
The net active movement of drug-treated
axon terminals proximally (away from
their initial position), as opposed to
remaining stationary, suggests signifi-
cant retraction and not a failure of out-
growth. To address the possibility that MKI
treatment affected normal increases in distal
axon arborization or growth between 3 and
5 dpf, we performed repeated measures of
distal axon density of individual control lar-
vae during the drug treatment window and
found no significant changes in distal tail
axon density from 3 to 5 dpf (Fig. 2H).
Taken together, these data indicate that the
loss of axon density following MKI treat-
ment is because of axon terminal retraction.
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Movie 2.  Time-lapse imaging of RB axons during sorafenib treatment. White line indicates
tail edge. [View online]

Movie 3. Time-lapse imaging of RB axons during ponatinib treatment. White line indi-
cates tail edge. [View online]

Loss of Kitb receptor phenocopies drug treatment

Although we observed similar phenotypes from treatment with
sorafenib, ponatinib, and dasatinib, the molecular targets under-
lying this effect were unknown. MKIs can target a range of ki-
nases, but RTKs are often the primary targets of many MKIs. We
searched the literature for the common RTK targets of sorafenib,
ponatinib, and dasatinib that are reported to be highly inhibited
(ICs0 < 100 nM in vitro; Adnane et al., 2006; N.P. Shah et al.,
2006; Plaza-Menacho et al., 2007; O’Hare et al., 2009; Mologni et
al., 2013). Among these RTKs, c-Kit and Ret are specifically
expressed in zebrafish RBs (Marcos-Gutiérrez et al, 1997;
Mellgren and Johnson, 2005). c-Kit is a major inhibitory target
of all three MKIs. Furthermore, c-KIT and RET are reported to
be expressed in mammalian unmyelinated nociceptive DRG neu-
rons with roles in neurodevelopment, regeneration, and/or pain
sensation (Sun et al., 2009; Golden et al., 2010; Usoskin et al,,
2015; Barkai et al., 2019; Tavares-Ferreira et al., 2021). We chose
these receptors as candidates for RTKs that may underlie the
axonal effects of these MKIs and examined them for roles in
zebrafish RB neurons.

Zebrafish have two paralogues of c-Kit, kita and kitb, but only
kitb is specifically expressed in the RB neurons (Hultman et al,,
2007). In RB:GFP larvae, transient CRISPR-Cas9-mediated
knock-down of Kitb induced a significant loss of caudal tail axon
density at 3 and 5 dpf (Fig. 3A). Notably, knock-down of the
other candidate expressed in RBs, Ret, had no effect on somato-
sensory axons in the caudal tail (Fig. 34). To confirm the tran-
sient Kitb knock-down phenotype, we obtained a zebrafish
mutant line (kith**'***), containing a premature stop in kith
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(Y197X). RB:GFP transgenic larvae homozygous for the kith mu-
tant allele had significantly reduced tail cutaneous axon density
at 3 dpf compared with WT siblings (Fig. 3B-D, WT =134 *
0.6%axonal area vs kitb mutant=7.9 = 0.7). Injection of 25 pg of
kitb-p2a-mCherry mRNA into kitb mutant or sibling embryos at
the one cell stage significantly suppressed the loss of tail innerva-
tion in kitb mutants by 3 dpf (Fig. 3D), demonstrating that loss of
kitb is indeed responsible for this phenotype. To address whether
this loss of axon density was because of premature RB death, we
performed live imaging analysis and Caspase-3 immunolab-
eling in kitb mutants and WT siblings. We observed no sig-
nificant changes in RB apoptosis during time-lapse imaging
(30-45 hpf; Fig. 3E, sibling=0.4 £ 0.1 apoptotic neurons/
50 pm, kitb=0.3 £ 0.1). Furthermore, we found a significant
decrease in the number of neurons positive for cleaved
Caspase-3 staining in kitb mutants at 30 hpf, although there was no
significant change in the number of Casp3+ RB neurons at 48 hpf
(Fig. 3F-], 30 hpf: siblings =1.1 = 0.3 neurons, kith=0 = 0; 48 hpf:
sibling=0.3 = 0.3, kitb=0.8 = 0.4). These data indicate Kitb is a
regulator of cutaneous somatosensory axon innervation in zebra-
fish larvae and that the reduction in cutaneous axon density in
kitb mutants was not because of premature RB neuron death.

Kitb is a major neural target of MKIs

In order to test whether Kitb is a major target that mediates the
effects of these MKIs on sensory axons, we treated RB:GFP kitb
mutant or sibling larvae with either vehicle, sorafenib, ponatinib,
or dasatinib. If Kitb primarily mediates the observed sorafenib-
induced, ponatinib-induced, or dasatinib-induced axonal loss,
we expected genetic removal of Kitb would preclude additional
neuropathic effects from drug treatment. In accordance with
this, we observed no significant exacerbation of the axon density
loss at 5 dpf in kitb mutants treated with any of the individual
MKIs compared with vehicle-treated kitb mutants (Fig. 3K-M).
There was also no significant difference between vehicle-treated
kitb mutants and sorafenib/ponatinib-treated WT larvae, although
dasatinib-treated WT larvae had less axon density reduction than
vehicle-treated or dasatinib-treated kitb mutants. Altogether, these
data suggest that Kitb is a specific, major target of sorafenib, pona-
tinib, and dasatinib that mediates their effect on density of sensory
axon terminal networks.

Kitb has an early role in regulating cutaneous axon density
We next investigated whether Kitb had a role in regulating cutane-
ous axon behavior before 3 dpf. Examining distal RB axons at 24
hpf, we found that kitb axons initially extend and branch in the
distal tail similar to WT (Fig. 4A,B). There was no significant dif-
ference in the number of axonal terminals nor the number of pri-
mary axon branches in WT compared with kitb mutants (Fig. 4G,
H; axon terminals: WT =23.9 * 2.9 terminals vs kith=20.8 * 2.2;
primary axon branches: WT=54=*04 branches vs kith=
4.8 £ 0.3). kitb axons also extended fully to the distal tail edge and
elongated around the perimeter similar to WT by 36 and 48 hpf
(Fig. 4C-F); however, their distal axonal density was significantly
reduced compared with WT controls (Fig. 4I; 36 hpf: WT=
10.5 £ 0.7% axon area vs kitb=8.5 = 0.6; 48 hpf: WT=13.3 + 0.9
vs kitb=8.7 = 0.5). These data suggest that kitb is not required for
initial cutaneous axon extension and growth but does have a role
in regulating axonal density early in development.

Kit ligand b promotes local cutaneous axon innervation
c-Kit is expressed in a subset of mammalian DRG neurons,
largely peptidergic unmyelinated C-fibers (Usoskin et al., 2015)
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Figure 3.  ith is a major target mediating cutaneous axonal effects of several MKls. A, Quantification of distal cutaneous
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ret gRNA= 9.3 == 0.3, kitb gRNA=7.0 == 0.3; 5 dpf: uninjected = 9.3 == 0.5%, ret gRNA=10.3 == 0.9, kitb gRNA=6.7 = 0.4.
B, C, Live imaging at 5 dpf of kitb homozygous mutants or siblings (sib) in the RB:GFP transgenic background (white dashes =
tail edge). D, Expression of kitb mRNA suppresses kitb mutant axon density defect. Uninjected sib=13.4 = 0.6% area, unin-
7.9 0.7, kitb mRNA sib =14.9 = 0.9, kitb mRNA mutant = 13.6 = 0.8. E, Quantification of time-lapse ob-
servation of RB cell death during embryonic development, analyzed with unpaired ¢ test. Error bars represent SEM. There was
no significant difference in the number of RB neurons undergoing apoptosis between kitb mutants and siblings. F,
Quantification of Cleaved-Caspase-3+ dorsal neurons in immunostained RB:GFP WT and kitb mutant larvae, analyzed by
unpaired Student's ¢ test at each time point. There was no significant difference in GFP+/cleaved-Caspase-3+ dorsal neuron
number in kitb mutants at 48 hpf compared with siblings but at 30 hpf, there were significantly fewer of these cells detected
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and a subpopulation of myelinated mecha-
noreceptors (Milenkovic et al., 2007).
While data suggest c-Kit has roles in
somatosensory neuron survival/differ-
entiation or in nociceptive sensitiza-
tion, its specific role in somatosensory
cell biology and function is still largely
unsettled (Lourenssen et al., 2000;
Takagi et al., 2008; Sun et al., 2009).
The c-Kit ligand, SCF/KITLG, is
expressed in the skin of mammalian
adults, suggesting a potential role in
maintenance or promotion of cutane-
ous sensory axon density. Similar to
the c-Kit receptor, zebrafish have two
paralogues of SCF/KITLG: Kit ligand
a and b (Kitlga/b), each of which pri-
marily activates and binds its respec-
tive receptor because of biochemical
selectivity (Yao and Ge, 2013). At larval
stages in the trunk, kitlga is expressed in
the developing sense organs and pigment
precursors, whereas kitlgb is expressed in
the skin, similar to mammalian SCEF/
KITLG expression (Hultman et al., 2007).
Recent single-cell RNA-seq (Metikala et al.,
2021) and bulk RNA-seq of different skin
layers (Cokus et al., 2019) of embryonic
and larval zebrafish indicate that both
layers of the zebrafish skin, the basal cells
and periderm, express Kitlgb at 30, 52, and
72 hpf. In particular, expression levels of
Kitlgb at 52 and 72 hpf are virtually the
same in both skin cell populations (Cokus
et al,, 2019). To explore the effect of skin-
produced Kitlgb on cutaneous axon den-
sity, we cloned kitlgh and generated a plas-
mid expressing Kitlgb with a cleavable
membrane-localized mCherry under the

«—

in kitb mutants. G-J, Images of cleaved-Caspase-3 immu-
nostaining in dorsal trunks of fixed RB:GFP larvae at 30 hpf
(G, H) and 48 hpf (1, J). Scale bar: 100 .em; white arrow-
heads=cleaved-Caspase-3+ dorsal neurons, yellow
arrow heads = cleaved-Caspase-3+ non-neurons.
K-M, Quantification of kitb mutants treated with ei-
ther sorafenib (K), ponatinib (L), or dasatinib (M)
using the same treatment paradigm from Figure 1A.
While treatment with either drug or genetic loss of
kitb induced loss of cutaneous axon density, treat-
ment of kitb mutants with drug did not exacerbate
this phenotype, indicating Kitb is a major target
underlying their peripheral neurotoxicity in this case. Two-
way ANOVA with post hoc Tukey's HSD test for datasets. K,
DMSO sib=10.2 = 0.3% area versus DMSO kitb =7.1 = 0.5,
p << 0.0001; versus sorafenib sib=7.2 + 0.3, p << 0.0007;
versus sorafenib kitb=6.8 == 03, p<<0.0001. L, DMSO
sib=204 * 1.5% area versus DMSO kitb=10.6 = 1.2,
p << 0.0001; versus ponatinib sib=12.9 = 14, p=0.0051;
versus ponatinib kitb =104 = 1.2, p << 0.0001. M, DMSO
WT=222=+08% versus DMSO kitb=105=£ 05, p<
0.0001; versus dasatinib WT=14.5 == 0.7, p << 0.0001; ver-
sus dasatinib kitb =11.1 == 0.7, p << 0.0001. Error bars repre-
sent SEM.
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Figure 4. Kitb mutants exhibit reduced axon density following normal initial extension.
A-F, Live lateral images of RB:GFP tail regions from 24 to 48 hpf. Scale bar: 50 um. A, B,
WT and kitb mutants exhibit similar RB axon extension and early branching in distal tail at
24 hpf. (~F, WT and kitb mutant RB axons fully extend to the distal caudal tail and grow
along the perimeter by 36 and 48 hpf; however, kitb mutants have reduced distal axonal
density by 36 hpf and beyond. Scale bar: 50 um. G, H, Quantification of RB axon terminal
number and primary branch number at 24 hpf in the distal 200 m of the tail. There was
no significant difference between WT and kitb mutants in distal terminal number (G) or
branch number (H), indicating axon growth and extension were normal. /, Quantification of
distal axonal density at 36 and 48 hpf: kitb mutants had significantly reduced axonal density
of the distal caudal tail compared with WT. Error bars represent SEM.

keratin 4 (krt4) skin promoter (krt4:kitlgb-p2a-mCherryCAAX)
that expresses strongly in both larval zebrafish skin layers.
Microinjection of this plasmid into RB:GFP embryos at one-cell
stage produced larvae with mosaic patches of mCherry+ skin cells
(Fig. 5A,B) in both skin layers. Misexpression of Kitlgb in these
regions induced dramatic, significant local increases in RB axon
density compared with adjacent, mCherry- regions (Fig. 5). These
increases in axonal density were highly localized when compared
with axon density one to three skin cell diameters away (one skin
cell diameter is ~30 um; Fig. 5C). Interestingly, axon density was
still higher in regions immediately adjacent to the overexpression
domain compared with one and three cell diameters away (Fig.
5C), indicating that Kitlgb has a localized effect. Together with re-
ceptor loss-of-function data, this suggests that cutaneous Kitlgb
promotes increased somatosensory axon density in a highly local-
ized manner; however, this does not affect axonal density in more
distal skin regions.

MKIs reduce SFK activity in distal RB axons

There are several major downstream signaling pathways of acti-
vated Kit receptor, including phosphoinositide-3 kinase (PI3K),
phospholipase C (PLC) enzymes, and SFKs (Hong et al., 2004).
Forty-eight-hour treatment with inhibitors of PI3K or PLCvy
commonly used in zebrafish and other systems, LY294002 and
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Figure 5.  Overexpression of Kit ligand b increases local axon density. A, B, Live imaging
at 4 dpf of larvae injected with plasmid expressing kitlgb under a skin promoter. A’, B’, RB
axons, labeled by RB:GFP, are significantly denser in regions of skin cells overexpressing kitlgh
(white dashes indicate Kitlgh/mCherry+ regions). A”, B”, 4x magpnified insets of A’, B”. C,
Quantification of axon density within individual larvae mosaically expressing Kitigh (repeated
measures ANOVA). Comparison of average axonal area within Kitlgh/mCherry+ regions
(Kitlgh+), directly adjacent regions (Adj.), 1 cell length distance or 3 skin cell length dis-
tance from mCherry+ skin cells. Kitigh+ = 53.2 = 5.4% axonal area, Kitlgb—adjacent
region =24.8 = 2.2, 1 cell length distance =16.0 == 2.0, 3 cell length distance =15 = 2.2.
Kitlgb-misexpressing regions had significantly higher axonal density than any other region,
while directly adjacent regions also had higher density than regions further away.

U73122, respectively, had no significant effect on distal axonal
cutaneous density (Fig. 6A,B). In contrast, treatment with saraca-
tinib, a potent SFK inhibitor (Green et al., 2009), led to reduc-
tions in distal axon density similar to MKI treatment (Fig. 6C),
suggesting SFK activity is a regulator of axonal density. One SFK
in particular, Src, is well-established as a regulator of axon path-
finding and outgrowth (Robles et al., 2005; Kao et al., 2009), so
we performed immunostaining in RB:GFP larvae at 3 dpf to asses
SFK activity in distal somatosensory axons using an antibody
that recognizes activated SFK (Y418). As previously reported,
pSFK staining was highly enriched in skin cells and skin cell
junctions (Yoo et al,, 2011; Fig. 6D’). To specifically identify
pSFK activity in somatosensory axons, we created a 3D axonal
volume using the GFP+ axons of the RB:GFP transgenic and iso-
lated solely the pSFK signal within axons (Fig. 6D”). We found
that control larvae had notable pSFK signal within distal tail
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Figure 6.  MKI treatment reduces axonal SFK activity. A—C, Quantification of treatment of
larvae treated with 25 pum LY294002, 0.75 wum PLC inhibitor U73122, or 30 wum saracatinib.
Treatment with LY294002 or U73122 had no significant effect on axonal area but saracatinib
did. Analyzed by unpaired ¢ test. A, DMSO = 26.1 = 1.2% area, U73122=23.1£13. B,
DMS0=252*1.9% area, LY294002=252=+18. ( DMSO=26.2=+1.2% area,
saracatinib =17 == 1.2. D-H, Lateral view of fixed tails from RB:GFP larvae treated with
DMSO0, sorafenib, ponatinib, dasatinib, or saracatinib for 7 h at 3 dpf. D’~H’, Tail tissue pSFK
immunostaining. D”—G”, Axonal-only pSFK staining for DMSO-treated, sorafenib-treated,
ponatinib-treated, and dasatinib-treated larvae. Sorafenib reduced axonal pSFK staining but
did not notably affect other pSFK staining. Ponatinib, dasatinib, and saracatinib abolish
nearly all pSFK staining throughout the tail tissue. Dashed white lines denote regions
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axons. Acute treatment with saracatinib (30 um), an SFK inhibi-
tor, induced a loss of pSFK signal throughout the tail tissue (Fig.
6H’), indicating that the pSFK antibody labeling is specific.

Because Src/SFKs are a potential axonal target of Kit signal-
ing, we asked whether MKI-mediated inhibition of Kit disrupts
PSFK activity in distal axons. Acute treatment for 7 h with sora-
fenib (7.5 pm), which does not directly inhibit SFKs, did not
strongly affect the skin pSFK staining (Fig. 6E’) but induced sig-
nificant reduction in distal axonal pSFK staining (Fig. 6E”). As
expected, similar treatment with ponatinib (5 pum) or dasatinib (2
um), both of which target Src/SFKs in addition to Kit, led to
reduction of pSFK staining throughout the tail tissue (Fig. 6F,
(), including significant loss of pSFK staining specifically in dis-
tal RB axons (Fig. 6F”,G”). These results indicate there is nor-
mally SFK activity in the distal axons at this time period and
treatment with sorafenib, ponatinib, or dasatinib can signifi-
cantly reduce this activity (Fig. 6I).

SFKs are downstream of Kitb and mediate cutaneous axon
density
Our observations implied that SFKs may mediate Kitb signaling
in RB axons. Indeed, we found a significant reduction in distal
axonal pSFK staining in kitb mutants compared with WT (Fig.
7A-C). Moreover, SFK inhibition by saracatinib, a highly specific
SFK inhibitor (Green et al., 2009), induced significant loss of RB
axon density (Fig. 7D). Notably, treatment of kitb mutants with
saracatinib did not exacerbate the loss of axon density (Fig. 7D),
suggesting SFKs are a downstream target of Kit signaling that is
critical for its role in regulating cutaneous sensory axon density.
SFKs directly bind activated Kit receptor at two specific tyrosine
phosphosites in mammals, Y567 and Y569 (Hong et al., 2004),
which in turn activates SFKs. To test whether these phosphosites
were required for Kitb’s role in regulating RB axon density, we
generated a Kitb receptor with phospho-dead mutations at both
the zebrafish corresponding phosphosites (Y568F/Y570F) and
attempted to suppress the axonal phenotype in kitb mutants.
Unlike WT kitb mRNA, injection of kit">*** 7" mRNA did not
have any significant effects of axon density in kitb mutants at 3
dpf (Fig. 7E), suggesting Kit and SFK direct interaction is needed
to regulate cutaneous axon density. Taken together, our results
indicate inhibition of Kitb reduces axonal SFK activity that, in
turn, disrupts normal cutaneous axon density and maintenance.
We next asked whether Kitlgb activation of Kitb induced
changes in local axonal pSFK levels. Kitlgb was mosaically misex-
pressed in RB:GEP as described above and embryos were fixed at
3 dpf and immunostained for pSFK. RB axons in the RFP+,
Kitlgb-expressing regions had significantly higher pSFK staining
compared with adjacent RFP- regions, indicating local Kitb sig-
naling increases SFK activity within axons (Fig. 7F,G, kitlgb-p2a-
mCherry-CAAX positive=1970 = 202 MFI, negative=1555*
179). This indicates Kitb signaling results in local increases in
both axon density as well pSFK activity.

Kit inhibition similarly affects mammalian somatosensory
neurons

MKTs are a major class of drugs used clinically for targeted can-
cer treatments. As with many small-molecule cancer treatments,

«—

included in 4 inset. /, Quantification of axonal pSFK staining following acute drug treat-
ment, analyzed by one-way ANOVA with post hoc Dunnett's test versus DMSO controls.
DMSO = 782 = 27 A.U., sorafenib =685 = 31, ponatinib =495 = 23, dasatinib =433 =
17. Error bars represent SEM.
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Figure 7. SFK activity regulates axon density downstream of Kitb. A, B, Axonal-only pSFK
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mutant = 776.6 = 36.6. D, Quantification of saracatinib treatment of kitb mutants, analyzed
by two-way ANOVA with post hoc Tukey's HSD test. DMSO WT=25.8 = 1.5%area,
DMSO kith =13.7 = 0.7, saracatinb WT=15.4 = 0.3, saracatinib kitb=13.2%=09. E,
Quantification of axon density of kitb mutants injected with WT or Kith"**®*"”F mRNA
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F-F”, Example of Krt4:Kitlgh-p2a-mCherryCAAX-injected 3 dpf larvae immunostained for
pSFK. Axonal density and pSFK staining are increased in regions near Kitlgh expression (white
dashes). G, Quantification of mean axonal pSFK intensity in Kitlgh+ versus Kitigh— regions
within 3 dpf larvae, analyzed by paired t test. Error bars represent SEM.

MKIs can induce sensory neuropathies in a subset of patients.
This includes sorafenib, ponatinib, and dasatinib, which induce
peripheral neuropathies in 13%, 20%, and 31% of patients,
respectively (Escudier et al., 2007; Cortes et al., 2010; Ariad,
2022). While the cellular bases of MKI-induced neuropathies are
not understood, the pathophysiology of other peripheral neuro-
pathic cancer compounds (e.g., taxanes, vinca alkaloids) has
been described: distal sensory axon terminals retract and “die-
back” with continued drug treatment, resulting in a reduction in
cutaneous axon density (Pittenger et al, 2004; Devigili et al.,
2008; Boyette-Davis et al., 2013; Fukuda et al., 2017). This cellu-
lar etiology is consistent with the in vivo effects we observe on
cutaneous axons with MKI treatment. We thus asked whether
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these three drugs had a similar effect on growth and maintenance
of somatosensory axons of Kit-responsive neurons in mamma-
lian DRGs. Dissected embryonic mouse DRG explants cultured
in media containing high levels of KITLG/SCF (but without
other exogenously supplemented growth factors such as NGF)
survive and produce a high proportion of c-Kit+ neurons
(Hirata et al., 1993, 1995). DRGs were dissected (E15.5) and cul-
tured for 24 h in media containing KITLG/SCEF, then treated for
24 h with MKIs. Treatment of cultures with sorafenib, ponatinib,
and dasatinib led to significantly shorter neurites and reduced
axonal density compared with vehicle (Fig. 8A-H). These data
suggest MKIs have a similar effect on mammalian somatosen-
sory neurons as we observe in zebrafish.

Discussion

While extracellular signaling in sensory axon growth and path-
finding has been well studied, the role of receptor signaling path-
ways in maintaining established, functional axon terminals is less
defined. We show that a major signaling pathway, c-Kit, is both
necessary and sufficient to regulate cutaneous density of estab-
lished sensory axon networks in a highly localized manner.
Using in vivo analysis, we found that loss of Kit signaling induces
retraction of distal sensory axon terminals, similar to the “dying-
back” pathophysiology described with other neurotoxic drugs.
Through pharmacological and genetic approaches, we identify
SFKs as downstream targets of Kit that are critical for its function
in mediating axon density and axon maintenance. Finally, we
treated mammalian DRG explants with Kit inhibitors and found
that the role of the Kit pathway in maintaining somatosensory
axon density is evolutionarily conserved. Taken together, our
data identify a novel role for Kit signaling in maintaining soma-
tosensory axon density and lay the groundwork for further study
into the neurobiological roles of the Kit-SFK signaling axis in
axon development and health. Furthermore, our data provide
new insight into the heretofore unstudied cellular mechanisms of
MKI-induced sensory neuropathies and raise the possibility that
disruption of Kit signaling may underlie some of these adverse
effects.

Kit signaling mediates cutaneous innervation

c-Kit receptor is expressed in a subset of mammalian embryonic
and adult somatosensory neurons, predominantly in unmyeli-
nated, nociceptive c-fibers (Milenkovic et al.,, 2007; Sun et al.,
2009; Usoskin et al., 2015). Expression of its ligand, SCF/KITLG,
is detected in mouse embryonic and adult skin as well as larval
zebrafish skin (Hultman et al., 2007). Mouse mutant studies
found loss of Kit signaling may affect the identity/number of
some DRG neurons, hamper DRG axon regeneration, and alter
responses to certain stimuli (Lourenssen et al., 2000; Milenkovic
et al,, 2007; Sun et al., 2009). However, the exact role of Kit sig-
naling and the relationship between the ligand/receptor expres-
sion pattern in somatosensory neuron development and
function is still not fully elucidated. We find that kitb homozy-
gous zebrafish mutants do not have significant loss of somato-
sensory neurons during development and kitb mutant cutaneous
axons initially extend, branch, and reach the distal edge of the
tail normally during early development. However, Kitb is neces-
sary for maintaining axonal density beyond 36 hpf. Treatment of
larvae well after the skin is fully innervated and axons are func-
tional and elaborately arborized (3 dpf) with Kit inhibitors indu-
ces a similar reduction in axon density, confirming Kitb’s role in
the maintenance of axons within the skin.
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highly dynamic, and Kit signaling may promote
axon terminal outgrowth that counteracts retrac-
tion or loss of arborization that may occur because
of stochastic or directed dynamic terminal behav-
ior. It may also be that SCF/Kit signaling promotes
regeneration of fine somatosensory axon termi-
nals. The cutaneous axon arbors of small-fiber,
unmyelinated axons are intricate and superficial,
yet these networks remain functional despite con-
stant mechanical interaction with the environ-
ment. Furthermore, skin cells regularly turnover
and axon terminals may need to dynamically
adapt to local changes in tissue architecture. In
these cases, these terminals would require consist-
ent maintenance and regrowth and the presence
of SCF throughout the skin may drive this via
Kit signaling. In either case, we provide in vivo
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Figure 8.

*p < 0.05,*p < 0.01.

The RB neurons affected are polymodal, unmyelinated soma-
tosensory neurons, similar to the population of DRG neurons
that express c-Kit in mammalian models and are affected in Kit
mutant mice. We also observe reductions in neurite density of
SCF-grown mammalian DRG cultures treated with MKIs, sug-
gesting that this neuronal response to Kit inhibition is conserved
in mammalian somatosensory neurons. We find that local mis-
expression of Kitlgb induces a dramatic, highly localized increase
in cutaneous axon density. The local increase in axonal density
where Kitlgb is expressed in the skin falls off very rapidly, with
significantly lower axonal density in directly adjacent areas and
then axonal density reverting to normal levels beyond one-cell
diameter. This suggests that Kitlgb misexpression is likely not
“hijacking” other axons in the region to locally increase axonal
density (at the expense of regional axonal density), but rather it
is promoting local increases in axon density through impacting
branching or axon size. These data indicate a critical role for Kit
signaling in modulating cutaneous axon innervation and density.

The expression of Kit receptor in somatosensory neurons and
the consistent expression of Kit ligand throughout the adult
mouse and larval zebrafish skin suggests a constant role for Kit
signaling in promoting and/or maintaining cutaneous axon
innervation. We propose that the constant presence of Kit ligand
maintains proper axonal arborization and density levels in the
skin. We observe in zebrafish that somatosensory terminals are

DMSO 0.05 0.25 1
Dasatinib Conc. (uM)

MKI treatment induces loss of neurite density in mammalian DRGs. A-D, Single quadrant images of
fixed DRG explants immunostained for B3 llI-Tubulin treated with vehicle or MKI compounds. MKI treatment led to
shorter and less dense neurites. E, E’, Demonstration of neurite area analysis. Immunostained DRG explants were
imaged (E), thresholded (E’, red), and then the explant core was identified (dotted white line) and a 50-xm-thick
annulus (white shaded area) was created by drawing the inner and outer perimeter 50 and 100 wm from the
edge of the explant core, respectively. F-H, Quantification of neurite area, analyzed by one-way ANOVA with post
hoc Dunnett’s test. F, Sorafenib: DMSO =47.3 == 4.2% area, 1.25 um 32.0 = 3.6, p=0.016, 5 um 345 £ 48,
p=0.116, 10 um 28.8 = 3.4, p=10.0039. G, Ponatinib: DMSO=41.4 =53, 0.01 um 333 = 44, p=0353,
0.05 um 40.1 =39, p=099, 1 um 26.8 = 2.2 p=0.0215. H, Dasatinib: DMSO=35.6 == 4.5, 0.05 um
384+49,p=0954, 0.25 um 20.0 = 43, p=0.038, T um 23.0 == 3.1, p=0.073. Error bars represent SEM;

drug-induced peripheral neuropathies.

Kit inhibition induces axonal retraction

We observed treatment with three MKIs that
strongly inhibit Kit induced significant reduction
in cutaneous axon density of the tail. Although the
larval caudal tail skin is fully-innervated with
dense axon arbors at the time of drug treatment
(72 hpf), it is possible that reduced axon density
after drug treatment is because of defects in
axon growth or arborization in the developing
larva. However, in WT larvae we find no signif-
icant changes in distal axon density during the
treatment/imaging window of 3-5 dpf, suggest-
ing drug-induced changes in axon density are
not because of growth inhibition. Furthermore, time-lapse
imaging at the onset of drug treatment demonstrates individ-
ual axon terminals significantly retracting from their initial
starting location rapidly following drug treatment. We con-
clude distal axonal retraction is a major cause of sorafenib,
ponatinib, and dasatinib effects on cutaneous axon density.
This drug-mediated effect is also strongly reminiscent of the
“dying-back” effect of other peripheral neuropathic com-
pounds (Fukuda et al., 2017).

SFK activity downstream of kit signaling

SFKs are one group of downstream effectors of activated Kit re-
ceptor. Src/SFKs regulate axon outgrowth and pathfinding in
several vertebrate systems, including Xenopus, chick, and mouse
spinal neurons (G. Liu et al., 2004; Robles et al., 2005; Tucker et
al., 2008; Kao et al., 2009) and chick retinal neurons (Knoll and
Drescher, 2004). SFKs also promote axon regeneration in periph-
eral sensory neurons in zebrafish DRGs, rat sciatic nerve, and C.
elegans motor neurons (Zhao et al, 2003; Nichols and Smith,
2020; Sakai et al., 2021). In these contexts, SFKs affect axon
growth and steering by regulating formation and localization of
filopodia and lamellipodia within growth cones, affecting motil-
ity and direction (Robles et al., 2005; He et al., 2015). Although
SFKs are an established target of activated Kit receptor, the two
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have not been linked in the context of axon biology. Our results
demonstrate axonal SFK activity is reduced by pharmacological
or genetic loss of Kitb signaling and promoted locally through
activation of Kitb. Additionally, SFK-binding phosphosites on
Kitb are required for its role in regulating cutaneous somatosen-
sory axon density. Finally, treatment with a pan-SFK inhibitor,
saracatinib, induced similar losses of axon density compared
with the other MKIs and did not further affect cutaneous axon
density in kitb mutants. These results suggest that Kitb/SFK
direct interaction is critical for its role in somatosensory axons
and that modulation of Kitb signaling affects local axonal levels
of pSFK.

Interestingly, inhibition of SFKs can ameliorate long-term pe-
ripheral neuropathic pain in rodent models. SFK activity in spi-
nal neurons contributes to neuropathic pain by enhancing
NMDA receptor activity (X.J. Liu et al., 2008). Long-term activa-
tion of SFKs in spinal microglia may also contribute to neuro-
pathic pain from chronic formalin injection (Tan et al., 2012). In
these cases, continuous SFK activation is associated with chronic
neuropathic pain. However, SFK activity in growth cones and
glia is also critical for peripheral axon regeneration (Zhao et al,,
2003; Nichols and Smith, 2020). Based on our observations and
the dynamic nature of these distal axon terminals, it is likely that
SEK inhibition induces changes in axonal architecture by imped-
ing its role as a promoter of axon outgrowth and regeneration. It
is possible that short-term reduction of SFK activity contributes
to axon retraction or failures in maintenance, but that long-term
reduction of SFK activity may suppress neuropathic pain after
the initial insult and/or regeneration is finished. SFKs, particu-
larly Src, have functions in almost every cell type. Thus, systemic
alteration of SFK activity can have many disruptive adverse
effects. In contrast, modulating SFK activity through Kit signal-
ing may offer a therapeutic opportunity to target SFKs in a cell-
type specific manner to ameliorate the initial neurotoxic insult
and also address SFK-mediated pain. Furthermore, local activa-
tion of Kit signaling in specific areas of the skin with topical
compounds may provide a therapeutic strategy for specific distal
neuropathies. Overall, these findings set the stage to elucidate the
specific cellular and molecular mechanisms of Kit-SFK signaling
in axon health and behavior and to explore how these pathways
may interact with other disease states and peripheral neuropathic
compounds.
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