
Coordinated NADPH oxidase/hydrogen peroxide functions
regulate cutaneous sensory axon de- and regeneration
Antonio Cadiz Diaza,1, Natalie A. Schmidta,1 , Mamiko Yamazakib,1, Chia-Jung Hsieha , Thomas S. Lissea,c, and Sandra Riegera,c,2

Edited by Utpal Banerjee, University of California, Los Angeles, CA; received September 15, 2021; accepted March 30, 2022

Tissue wounding induces cutaneous sensory axon regeneration via hydrogen peroxide
(H2O2) that is produced by the epithelial NADPH oxidase, Duox1. Sciatic nerve injury
instead induces axon regeneration through neuronal uptake of the NADPH oxidase,
Nox2, from macrophages. We therefore reasoned that the tissue environment in which
axons are damaged stimulates distinct regenerative mechanisms. Here, we show that
cutaneous axon regeneration induced by tissue wounding depends on both neuronal
and keratinocyte-specific mechanisms involving H2O2 signaling. Genetic depletion of
H2O2 in sensory neurons abolishes axon regeneration, whereas keratinocyte-specific
H2O2 depletion promotes axonal repulsion, a phenotype mirrored in duox1 mutants.
Intriguingly, cyba mutants, deficient in the essential Nox subunit, p22Phox, retain lim-
ited axon regenerative capacity but display delayed Wallerian degeneration and axonal
fusion, observed so far only in invertebrates. We further show that keratinocyte-specific
oxidation of the epidermal growth factor receptor (EGFR) at a conserved cysteine thiol
(C797) serves as an attractive cue for regenerating axons, leading to EGFR-dependent
localized epidermal matrix remodeling via the matrix-metalloproteinase, MMP-13.
Therefore, wound-induced cutaneous axon de- and regeneration depend on the coordi-
nated functions of NADPH oxidases mediating distinct processes following injury.
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Under conditions of injury, H2O2 is produced by a family of NADPH oxidases, Duox
and Nox, which are located in the plasma membrane and other cellular compartments
(1–3) (SI Appendix, Fig. S1). These enzymes catalyze the transfer of electrons from
NADPH to molecular oxygen, thereby producing NADP+ and superoxide (O2

�). In a
second reaction, O2

� is converted into H2O2 either directly by Duox1/2 (4) and
Nox4 (5), or indirectly by the Nox cofactor, superoxide dismutase (6, 7). Plasma
membrane-generated H2O is secreted into the extracellular space from where it diffuses
over relatively short distances and enters nearby cells via aquaporins (4, 8). Intracellular
H2O2 is rapidly utilized by intermediary peroxiredoxins for protein thiol oxidation
(9–11), or scavenged by antioxidant complexes (12, 13), thus largely limiting H2O2

signaling to juxtamembrane regions within cells.
Nerve lesion experiments in mice combined with dorsal root ganglion (DRG) neuron

culture assays demonstrated that macrophage-derived Nox2 is incorporated into DRG
axons at the lesion site through exosomal transfer, leading to retrograde transport and
neurite outgrowth via nuclear oxidative H2O2-dependent mechanisms (14). Notable dif-
ferences in axon regeneration outcomes have been reported after nerve lesions versus
cutaneous injuries. For example, nerve lesions stimulate incomplete regeneration whereby
the epidermis remains largely devoid of regenerating axons (15, 16). In contrast, cutane-
ous injury promotes hyperinnervation of both the dermis and epidermis by cutaneous
axons (17–20). Thus, the environment profoundly influences regeneration outcomes.
Given the production of H2O2 in wound epidermal keratinocytes, we hypothesized
that cutaneous injury stimulates axon regeneration through distinct H2O2 signaling
mechanisms compared with immune cell-dependent repair of nerve lesions. Consis-
tently, we previously showed that innate immune cells are dispensable for cutaneous
sensory axon regeneration (21). We demonstrate here that H2O2 is required for axon
regeneration in both neurons and keratinocytes. We identified via RNA-sequencing
(RNA-seq) that the epidermal growth factor receptor (EGFR) is one of the major
H2O2 targets in keratinocytes and that EGFR oxidation at Cys797 is required for axo-
nal reinnervation of the epidermis involving MMP-13–dependent matrix remodeling.
The EGFR has been implicated in a variety of wound-healing functions, including
proliferation and stimulation of migration of epidermal keratinocytes, fibroblasts, and
endothelial cells under healthy and pathological conditions (22–25). Our study pro-
vides evidence for a previously unknown function in promoting wound-epidermal
reinnervation by cutaneous axons.
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Results

Tissue Injury Induces Cysteine Sulfenylation Near the Wound.
H2O2 functions as a second messenger by oxidizing cysteine thi-
ols, leading to sulfenic acid formation (sulfenylation). Sulfenyla-
tion may promote intramolecular disulfide bond formation that
can either activate or inactivate enzymes, such as kinases and
phosphatases (26, 27). To determine the role of sulfenylation in

cutaneous sensory axon regeneration, we sought to assess the
extent to which sulfenylation occurs following injury, and
whether inhibition of oxidation-dependent metabolic thiol con-
version influences axon regeneration (Fig. 1A). Coupling an
alkyne-tagged dimedone analog (DYn-2) (28) with oxidized
cysteine thiol allowed for click chemistry-mediated fluorescent
detection of sulfenylated proteins ∼30 min postinjury (mpi) in
the caudal fins of 3-d postfertilization (dpf) zebrafish when

Fig. 1. Cysteine oxidation is essential for cutaneous sensory axon regeneration at 3 dpf. (A) Model for thiol oxidation reactions and targeting of sulfenic
acid with dimedone or alkyne-tagged DYn-2. (B) Click chemistry with DYn-2 detects sulfenylated protein gradient (red) at 30 mpi, but not in injured DYn-2(�)

or uninjured DYn-2(+) animals. (C and D) Time-lapse imaging of Tg(krt4:HyPer) fish for 60 min following amputation reveals peak oxidation at ∼15 to 30 mpa,
whereas oxidation is largely prevented in DYn-2–treated animals (n = 10 animals per group, two-way ANOVA: P < 0.0001 for vehicle vs. DYn-2). (E) Mean gra-
dient width from wound is greatest with HyPer detection compared to DYn-2 and dimedone staining (n = 7, 8, and 4 animals, respectively). (F–H) Time-lapse
imaging of sensory neurons mosaically expressing CREST3:Gal4VP16_14xUAS_GFP shows impaired axon regeneration with dimedone (F and G) compared to
vehicle controls (H). (I) Quantification shows reduced regeneration also in the presence of the antioxidant, PHG (n = 10 animals per group). One-way ANOVA
and Tukey’s (E) or Bonferroni’s (I) posttest was used. Significance above columns compares to vehicle group.
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sensory neurons have terminally differentiated. The DYn-2–
AlexaFluor-561 staining largely resembled the previously shown
H2O2 gradient formed upon skin wounding, for which a peak
was detected ∼20 mpi when using ratiometric HyPer imaging
(29) (Fig. 1B). Sulfenylation detection was specific since zebra-
fish that did not undergo click chemistry showed merely auto-
fluorescence in the ventral notochord region, which is rich in
vasculature (30). In contrast, uninjured control animals sub-
jected to click chemistry displayed scattered fluorescent cells
throughout the fin, which could be apoptotic cells, or a differ-
ent cell type that naturally possesses higher oxidation levels.
Indeed, more of these scattered cells appeared throughout the
fin following wounding, in addition to the sulfenylation gradi-
ent, suggesting that these could be immune cells (29, 31).
We next hypothesized that the main function of sulfenylation

is to contribute to intramolecular disulfide bond formation in
proteins, as this has been shown to activate kinases and inactivate
phosphatases, promoting protein phosphorylation within cells
(32). If true, we expected to see reduced HyPer emission in the
oxidized channel (516 nm) upon DYn-2 treatment due to the
prevention of intramolecular disulfide bond formation necessary
for HyPer emission shifts (33). At 3 dpf, epidermal keratinocytes
in zebrafish express krt4 in both epidermal layers (SI Appendix,
Fig. S2). We therefore used our Tg(krt4:HyPer-cyto) transgenic
animals (34) to monitor HyPer oxidation in the presence of
dimethyl sulfoxide (DMSO) vehicle (0.1%) and DYn-2. The
average peak oxidation in the controls lasted between ∼10 and
30 min postamputation (mpa), whereas this peak was largely
abolished upon pretreatment with 10 μM DYn-2 (Fig. 1C and D
and Movies S1 and S2). This confirmed that sulfenylation con-
tributes to intramolecular disulfide bond formation at the wound.
Previous studies utilizing HyPer mRNA suggested the existence
of an H2O2 gradient emanating from the wound (29). Although
we also observed HyPer gradients extending up to ∼150 μm
from the wound margin, the extent was highly variable among
animals. HyPer gradients were more distant than the sulfenyla-
tion gradients detected with click chemistry and when using anti-
dimedone antibody staining (HyPer: 69.4 ± 12.2 μm vs. DYn-2:
41.4 ± 6.9 μm vs. dimedone: 35.7 ± 5.7 μm, SEM) (Fig. 1E).
In general, HyPer ratios in keratinocytes were much lower than
those previously reported using ubiquitous HyPer mRNA (29),
suggesting that H2O2 diffuses into other cell types at the wound,
possibly mesenchymal cells (35) or immune cells (29, 31, 36).
To determine if thiol oxidation is essential for cutaneous axon

regeneration, we treated live fish injected with CREST3:GFP to
label cutaneous axons with nonalkyne-tagged dimedone (37).
Dimedone was previously shown to impair T cell activation and
proliferation (38), indicating that sulfenylation also plays a role
in these processes. Following 0.5-h treatment with either vehicle
(0.15% DMSO) or 1.5 mM dimedone, axon regeneration was
monitored in the caudal fin for 12 h using time-lapse imaging.
The antioxidant phloroglucinol (25 μM PHG) (39) was used as
positive control. Compared to vehicle-treated animals, axon
regeneration was impaired with both PHG and dimedone (vehi-
cle: 92.5 ± 3.3 μm/12 h vs. PHG: 52.5 ± 4.3 μm/12 h vs.
dimedone: 37.9 ± 2.7 μm/12 h, SEM) (Fig. 1F–I and Movies
S3 and S4), indicating that oxidation and sulfenic acid formation
are essential for cutaneous axon regeneration, consistent with
H2O2 second messenger functions.

HyPer Imaging Reveals H2O2 Diffusion into Axons. We previ-
ously demonstrated that axon regeneration was impaired in
duox1-morpholino injected animals, yet, transplantation of sen-
sory neurons from duox1 morphants into wild-type hosts did

not perturb regeneration (21), suggesting neuron-extrinsic func-
tions for Duox1/H2O2 in axon regeneration, consistent with the
epithelial Duox expression (4, 40–43). To further investigate the
cell type-specificity of H2O2, we used HyPer imaging in 3-dpf
animals transiently injected with CREST3:HyPer to detect
H2O2 in sensory axons. We expected to detect HyPer oxidation
in axon branches near the wound if H2O diffuses from keratino-
cytes into axons. Indeed, localized HyPer oxidation in cutaneous
axon branches near the wound was observed ∼30 to 35 mpi,
slightly later than the oxidation peak observed in keratinocytes
(Fig. 2A–C). Addition of 0.01% H2O2 to uninjured animals
transiently increased axonal HyPer oxidation within ∼3 to 5 min
(Fig. 2D), validating our detection method. Interestingly, in addi-
tion to dynamic axonal fluorescent puncta near the injury site,
we noticed sustained oxidation in stable puncta within the pri-
mary axon branch and in the soma (Fig. 2A and B). Given that
cytoplasmic H2O2 diffusion is mostly restricted to juxtamem-
brane regions, these puncta may represent sites of mitochon-
drial and nuclear H2O2 production leaking into the cytoplasm
(44), which may directly or indirectly contribute to axon de-
and regeneration (3, 5, 14). To substantiate that epidermal
Duox mediates H2O2 diffusion into axons, we assessed neuronal
HyPer oxidation in homozygous duox1sa9892 mutants, which carry
a mutation leading to premature chain termination after amino
acid 945. This eliminates the calcium-binding EF hand motifs
and FAD/nicotinamide adenine dinucleotide (NAD) binding
domains necessary to produce superoxide and H2O2 (SI Appendix,
Fig. S1A). Homozygous duox1 mutants are viable until ∼5 dpf
and appear wild-type–like. On rare occasions, homozygous female
fish survived to adulthood but were sterile. HyPer oxidation in
duox1(�/�) was absent in axon branches near the wound (Fig. 2C
and D, SI Appendix, Fig. S3A, and Movies S5 and S6), as it was
absent in keratinocytes (SI Appendix, Fig. S3B). This indicates
that Duox-dependent H2O2 diffuses into cutaneous axons where
it may participate in oxidation-dependent signaling (Fig. 2E).

Genetic H2O2 Scavenging in Keratinocytes and Sensory Neurons
Contributes to Distinct Axon Regeneration Phenotypes. The
presence of H2O2 in both keratinocytes and cutaneous sensory
axons suggested that H2O2 could act in either one or both cell
types to stimulate axon regeneration. To assess this in more detail,
we genetically scavenged H2O2 in sensory neurons and keratino-
cytes via overexpression of cytoplasmic Glutathione peroxidase 1a
(Gpx1a), which converts H2O2 into water. We first validated that
Gpx1a successfully scavenged H2O2 using ratiometric HyPer
imaging in keratinocytes (SI Appendix, Fig. S3C). Overexpression
of gpx1a under the neuron-specific CREST3 promoter completely
abolished axon regeneration monitored for 12 h, unlike in control
fish (control: 180.6 ± 18.7 μm vs. Gpx1a: 27.31 ± 1.21 μm,
SEM) (Fig. 3A and B and Movie S7). This shows that neuron-
intrinsic H2O2 signaling is essential for cutaneous axon regenera-
tion, consistent with nerve lesion studies (14).

To assess whether H2O2 signaling is also essential for axon
regeneration in keratinocytes, we overexpressed gpx1 under the
krt4 promoter (krt4:Gal4VP16_dtTomato_5xUAS_gpx1a), together
with CREST3:LexA_lexAop_GFP to colabel axons. Mosaic expres-
sion allowed for genetic manipulation of only a few cells while
neighboring, unlabeled cells exhibit wild-type phenotypes. Mosaic
expression in zebrafish is observed following plasmid DNA injec-
tion and may be the result of degradation of injected DNA to
less than one copy per cell during gastrulation (45). Unlike neu-
ronal Gpx1a overexpression leading to impaired axon regenera-
tion, H2O2 scavenging in keratinocytes did not impair overall
the regenerative capacity of axons but led to axonal retraction
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upon establishing contact with H2O2-deficient cells (control krt4:
Gal4VP16_dtTomato: 167.7 ± 12.7 μm vs. krt4:gpx1a+CREST3:
GFP distant: 150.3 ± 10.8 μm vs. krt4:gpx1a+CREST3:GFP
contact: �50.2 ± 11.1 μm [retraction], SEM) (Fig. 3C–E and
Movie S8). This indicates that H2O2 is essential for axon regen-
eration in both neurons and keratinocytes, but the signaling
functions differ. Neurons require H2O2 for axonal outgrowth
whereas keratinocytes promote cutaneous reinnervation, which
may both underlie distinct molecular mechanisms.
Given the known hormetic functions of H2O2, we speculated

that axon regeneration is also impaired when H2O2 concentrations
are elevated above physiological levels. To test this, we treated
3-dpf zebrafish with 0.3% H2O2, which is 30-fold higher than the
maximum tolerated H2O2 concentration in zebrafish when con-
tinuosuly treated for 12 h (21). Under these conditions, cutaneous
axons did not regenerate following amputation, and both unin-
jured and amputated fish did not survive for more than 4 to 5 h
(SI Appendix, Fig. S4 and Movie S9). Thus, consistent with previ-
ous observations, our data indicate that tightly regulated H2O2

concentrations are critical for neuronal survival and regeneration.

Lyn Kinase Is Not Involved in Cutaneous Axon Regeneration.
The Src family kinase, Lyn, is a downstream effector of H2O2 in
zebrafish, and its activation is induced by oxidation-dependent
intramolecular disulfide bond formation, which stimulates the
migration of neutrophils toward the wound (31). Besides neutro-
philes, Lyn expression has been reported in nonhematopoietic
tissues (31, 46, 47), including the nervous system (48). To deter-
mine whether Lyn also plays a role in cutaneous axon regenera-
tion, we used a validated morpholino (31), which showed that
axon regeneration was comparable to wild-type amputated fish
(wild-type 12-h growth: 85.8 ± 2.5 μm vs. lyn-morpholino:
82.81 ± 6.9 μm, SEM) (SI Appendix, Fig. S5 and Movie S10),
indicating that Lyn is nonessential. We further assessed whether
NF-κB, a downstream target of Src tyrosine kinases (49) that
is regulated by H2O2 (50) is involved in cutaneous axon regen-
eration, but pharmacological inhibition of NF-κB did not impair
regeneration (81.11 ± 4.8 μm, SEM). Consistent with our previ-
ous findings that immune cell-deficient zebrafish cloche mutants
regenerate their axons (21), and reported upstream functions for
neurotrophic signals in wound-induced inflammation (51), these

Fig. 2. Thiol oxidation in cutaneous axon branches near the wound. (A) HyPer fluorescence in Rohon-Beard neuron innervating the caudal fin. White dotted cir-
cle indicates the site of skin wounding. (B) Intensity plots show HyPer fluorescence (unoxidized [Upper] and oxidized [Lower]) in cutaneous axon branches of neu-
ron shown in A at 5, 25, and 60 mpi. White-dotted circle indicates the wound site. White arrows point to small HyPer puncta in branches near the wound that
become oxidized. Note the presence of stable oxidized HyPer fluorescence in the soma (yellow arrowheads) and primary branch (small red circle). (C) HyPer
ratios in axonal puncta near (<150 μm) and distant from (>150 μm) the wound. The oxidation peak in puncta near the wound is detected ∼35 mpi but is absent
in distant branches and branches near the wound in duox1(�/�) (n = 3 animals per group). (D) HyPer detection upon H2O2 addition to uninjured zebrafish within
∼ to 5 min (n = 6 animals). (E) Schematic representation of Duox-dependent H2O2 secretion and cytoplasmic uptake into keratinocytes and cutaneous axons.
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Fig. 3. Neuronal and keratinocyte specific H2O2 depletion induces distinct axon regeneration phenotypes. (A and B) Overexpression of gpx1a in sensory
neurons abolishes axon regeneration, confirmed upon 12-h tracking (colored lines). (B). Quantification of A (control: n = 4; CREST3:gpx1a: n = 5 animals).
(C) Coexpression of krt4:Gal4VP16_tdTomato_5xUAS with CREST3:LexA_lexAop_GFP (Upper) shows axon regeneration distant from the wound (white arrow
points to branch that regenerates upon contact with tdTomato+ keratinocyte). (Lower) Axon regeneration does not occur and branches retract when in con-
tact with keratinocytes expressing krt4:Gal4VP16_tdTomato_5xUAS_gpx1a (yellow circle; yellow arrow points to degenerated axon branches, white arrow
points to distant regenerating branch). (D) Axon track length is similar between injured branches in the controls and distant branches, while branches in con-
tact with tdTomato_gpx1+ keratinocytes retract (left to right: n = 6, 5, and 5 animals). Statistical comparisons use ANOVA and Sidak’s multiple comparisons
test. Significance above columns compares to the control column. Bracket indicates alternative comparison. (E) Schematic of observations shown in C and D.
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results suggest that early inflammatory signals are not necessary
for cutaneous axon regeneration.

Loss of Duox1 Leads to Axonal Repulsion, whereas Loss of
p22Phox Delays Wallerian Degeneration and Promotes End-
Joining of Severed Axon Branches. Given the role of Duox in
H2O2 diffusion into sensory neurons, we wanted to identify if
Duox1 and other Nox enzymes are critical for cutaneous axon
regeneration. As previously shown in duox1 morphants, homozy-
gous duox1 mutants also did not regenerate their axons following
caudal fin amputation, and similar to keratinocyte-specific gpx1a
overexpression, axon branch tips retracted over the course of
12 h (wild-type uninjured: 8.33 ± 1.4 μm [retraction] vs. wild-
type amputated: 91.52 ± 3.0 μm [growth] vs. duox1sa9892 ampu-
tated: �35.0 ± 2.8 μm [retraction] vs. duox1-morpholino
amputated: �36.5 ± 2.1 μm [retraction], SEM) (Fig. 4A and
C and Movie S11).
Amputation studies in zebrafish suggested that duox1 mor-

phants do not display macrophage migration to the wound
(29). Intriguingly, our data show that 62.5% of heterozygous
duox1 fish also lacked wound-directed migration upon caudal
fin amputation despite that the migration distance and velocity
within the vasculature remained similar to wild-type fish (SI
Appendix, Fig. S6). This suggests that reduced H2O2 concentra-
tions due to the loss of one duox allele is sufficient to prevent
H2O2 sensing in most macrophages.
We next studied the role of Nox enzymes in axon regenera-

tion using the cybasa11798 allele, which causes premature chain
termination after amino acid 87 in p22Phox (SI Appendix, Fig.
S1B and C), preventing Nox activation (6, 52). Homozygous
cyba fish were viable and maintained breeding capacity as
adults. These fish did not show any obvious phenotypes and,
unlike the duox1 mutants, displayed moderate growth and
retraction of axons following amputation (cyba11798 axon
growth: 35.86 ± 3.4 μm, SEM) (Fig. 4B and C and Movie
S12), consistent with HyPer oxidation being present in axons
near the wound (Fig. 4D). Intriguingly, cyba mutants displayed
delayed Wallerian degeneration that mimicked the WldS phe-
notype (53), whereby the lag phase (the period between ampu-
tation and axon fragmentation onset) was delayed by several
hours in ∼30% of cutaneous axon branches. The lag phase typ-
ically lasts between 45 to 100 min, depending on the type of
injury (54), but in cyba mutants, fragmentation onset was
sometimes delayed ∼5 to 6 h (Fig. 4E and F and Movies S13
and S14), Moreover, ∼40 to 50% of axon branches in the cyba
mutants did not show any fragmentation, which compared to
only ∼10% in wild-type fish without fragmentation. This con-
trasts duox1 mutants, which displayed massive axon fragmenta-
tion and die-back. Even more intriguing was the observation
that some severed, but nondegenerating, axon branches in the
cyba mutants fused with intact proximal branches (Fig. 4G and
Movie S15), which thus far has only been described in inverte-
brates (55). Together, these findings indicate that Duox is the
primary source of H2O2 required for cutaneous axon regenera-
tion, and that Nox enzymes participate in regulated axon
degeneration. Since delayed Wallerian degeneration and axonal
fusion observed in cyba mutants cannot be reproduced by scav-
enging H2O2, it is likely that alternative p22Phox/Nox mecha-
nisms may underlie this process.

Keratinocyte-Specific EGFR Oxidation Is Required for Epidermal
Reinnervation. The duox1 phenotype suggested that H2O2

serves as attractive cue in the epidermis, likely through H2O2

second messenger functions involving transcriptional and post-
transcriptional regulation (56). To assess transcription and

translation requirements for cutaneous axon regeneration, we
treated 3-dpf fish with the transcription inhibitors, actinomycin-D,
6-mercaptopurine (6-MP), and 5,6-Dichloro-1-β-Ribo-furanosyl
benzimidazole (DRB). Surprisingly, 12-h time-lapse imaging fol-
lowing amputation showed that neither actinomycin-D nor
6-MP impaired regeneration. In contrast, the RNA polymerase II
inhibitor, DRB, partially decreased regeneration and the transla-
tion inhibitor, cycloheximide, most strongly impaired regenera-
tion (DMSO vehicle: 98.8 ± 5.1 μm vs. actinomycin D: 114.4 ±
8.3 μm vs. 6-MP: 96.7 ± 6.7 μm vs. DRB: 63.0 ± 4.9 μm vs.
cycloheximide: 36.1 ± 3.9 μm, SEM) (Fig. 5A). This suggests that
posttranscriptional regulation is prevalent, consistent with local
mRNA translation during axon regeneration (57–59).

We next analyzed a previously acquired RNA-seq dataset from
zebrafish treated with H2O2 (60) to identify upstream regulators
of H2O2 target genes, using Ingenuity Pathway Analysis software.
Upstream regulators of the gene set were identified as H2O2

(validating the approach) and the EGF. Both were predicted to
coregulate a total of 23 genes, of which 18 were up- and 5
genes down-regulated (Fig. 5B, SI Appendix, and Dataset S1).
Among the most highly up-regulated genes were the matrix-
metalloproteinases (MMP), mmp9 and mmp10, fosl1, cyp1a1,
junb, cebpb, ctss, dnajb1, and igfbp1. Down-regulated genes repre-
sented elf3, cyr61, jund, serpinh1, and klf4. For several genes, inter-
actions with either H2O2 or EGF, or both, had been validated,
including mmp10, fosl1, atf3, cyp1a1, epha2, hmox1, and odc1.

The EGFR has been implicated in developmental innervation
of the epidermis by DRG neurons in mice where its targeted dele-
tion within keratinocytes led to hyperinnervation and disorganiza-
tion of cutaneous axon branch patterns in the epidermis (61). We
therefore assessed the effects of pharmacological EGFR inhibition
on cutaneous axon regeneration in zebrafish following amputation
during and after developmental innervation of the skin (1 dpf
vs. 3 dpf). Tracking regenerating axons following amputation in
zebrafish treated with EGFR inhibitor and Erbstatin (both inhib-
iting EGFR phosphorylation) (62, 63) at 1 dpf phenocopied the
epidermal hyperinnervation observed in mice for the EGFR
inhibitor, whereas Erbstatin slightly reduced regeneration (vehicle:
101.0 ± 5.0 μm vs. 9 μM EGFR inhibitor: 141.1 ± 6.9 μm vs.
10 μM Erbstatin: 85.8 ± 3.9 μm, SEM) (Fig. 5C). Interestingly,
EGFR inhibition at 3 dpf significantly reduced axon regeneration
when using various EGFR inhibitors compared with the controls
(vehicle: 98.8 ± 5.1 μm vs. 8 μM EGFR inhibitor: 47.5 ± 4.4 μm
vs. 9 μM EGFR inhibitor: 36.4 ± 3.6 μm vs. Erbstatin: 49.0 ±
4.4 μm vs. 10 μM Lavendustin A: 55.2 ± 6.6 μm vs. Tyrphostin
23: 46.3 ± 5.4 μm, SEM) (Fig. 5C). Thus, EGFR requirements
during developmental innervation of the epidermis are distinct
from those during postinnervation stages.

In the A431 human cancer cell line, EGFR oxidation at
C797 leads to enhanced kinase activity in the presence of
EGF (28). This cysteine residue is conserved in zebrafish
EGFR, suggesting a critical function. We therefore generated
an EGFR(C797A) dominant-negative variant fused to GFP
expressed in basal keratinocytes [tp63:EGFR(C797A-GFP)].
Both this variant and a wild-type zebrafish EGFR-GFP control
plasmid were transfected into human keratinocytes (HaCaT) to
assess their localization. The wtEGFR-GFP was localized to the
plasma membrane, whereas EGFR(C797A) showed increased
cytoplasmic localization, confirmed by a reduced membrane:cy-
toplasmic ratio [wtEGFR-GFP: 1.8 ± 0.1 vs. tp63:EGFR
(C797A)-GFP: 1.2 ± 0.18, SEM] (Fig. 5D and E). Increased
EGFR internalization has also been described upon treating
nonsmall-cell lung cancer cells with the EGFR inhibitor, Erlotinib
(64), suggesting that internalization of zfEGFR(C797A) is likely
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caused by the loss in EGFR activity, consistent with the EGFR
activating functions of H2O2 (28). We next assessed endogenous
EGFR oxidation in HEK001 human keratinocytes (23). DYn-2
treatment followed by click-chemistry pulled down oxidized pro-
teins, which were subsequently probed with anti-EGFR antibody
during Western blotting. Antiglutathione peroxidase (GPX), a
known oxidation target, was used as positive control (65). Addi-
tion of 0.01% H2O2 to the cells for 30min resulted in 1.5-fold
enrichment in EGFR and 2.8-fold in GPX compared with
untreated control cells (Fig. 5F), confirming EGFR oxidation in
epidermal keratinocytes.
To determine whether EGFR oxidation was critical for cutane-

ous axon regeneration, we mosaically expressed EGFR(C797A) in
keratinocytes coexpressing tdTomato from the same construct,
while axons were colabeled with CREST3:LexA_lexAop_GFP.
Injury followed by 12-h time-lapse imaging showed a pheno-
type that largely mimicked gpx1a overexpression, whereby axon
branches contacting EGFR(C797A) keratinocytes retracted
upon contact while distal branches of the same neuron regener-
ated [krt4:Gal4VP16_tdTomato+CREST3:LexA_lexAop_GFP:

145.1 ± 9.6 μm vs. krt4:Gal4VP16_tdTomato_EGFR(C797A)+
CREST3:LexA_lexAop_GFP distal: 148.4 ± 12.5μm vs. contact:
�39.8 ± 9.9 μm (retraction), SEM] (Fig. 5G and H and Movie
S16). Consistently, areas in which EGFR(C797A) keratinocytes
were present remained devoid of axons when monitored over the
course of 12 h [number of branches/50 μm for krt4:tdToma-
to+CREST3:GFP: 0.5 h postamputation (hpa) 14.8 ± 1.36 μm;
6 hpa 12.6 ± 1.36 m; 12 hpa 13.9 ± 0.6 μm vs. krt4:tdTomato_
EGFR(C797A)+CREST3:LexA_lexAop_GFP: 0.5 hpa 13.9 ±
1.3 μm; 6 hpa 8.0 ± 2.8 μm; 12 hpa 8.8 ± 1.3 μm, SEM] (Fig.
5I), indicating that EGFR oxidation is critical for epidermal
reinnervation. EGFR was shown to coimmunoprecipitate with
Nox2 in A431 cancer cells (28), suggesting the possibility of a
regulatory feedback mechanism to sustain or inhibit EGFR-
dependent reactive oxygen species (ROS) production. To assess
this possibility, we measured relative H2O2 concentrations in
epidermal keratinocytes of amputated Tg(krt4:HyPer) fish in the
presence and absence of EGFR inhibitor. Compared with con-
trols, pharmacological EGFR inhibition significantly reduced the
HyPer oxidation ratios monitored over 60 min (maximal

Fig. 4. Phenotypic differences between duox1(�/�) and cyba(�/�) mutants. (A) Time-lapse imaging of a 3dpf duox1(�/�) mutant shows largely retraction of
axon branches at the amputation wound, as indicated by 12-h colored tracks/arrows. (B) A cyba(�/�) mutant retains some regenerative capacity, as indicated
by 12-h tracks. (C) Cutaneous axons retract in duox1(�/�) mutants and morphants, whereas cyba(�/�) mutants show limited growth, although significantly
reduced compared with amputated wild-type fish (left to right: n = 3, 12, 5, 10, and 5 animals, one-way ANOVA, all comparisons are significantly different
[P < 0.0001] except where indicated otherwise); amp, amputation; MO, morpholino; uninj. uninjured. (D) HyPer oxidation measured in axon branches near
the amputation wound of control and cyba(�/�) mutants reveals similar oxidation increase following injury [n = 3 control, n = 5 cyba(�/�)

fish]. (E) Wallerian
degeneration onset in cyba(�/�) mutant at ∼6 hpa compared with wild-type onset at ∼1.75 hpa (arrows). (F) Fragmentation onset occurs within 2 hpa in
∼80% of wild-type and >2 hpa in ∼30% of cyba(�/�)

fish, whereas ∼40% cyba(�/�)
fish show no fragmentation (wild-type: n = 5; cyba(�/�): n = 4, two-way

ANOVA, wild-type vs. cyba�/�: P = 0.002) (G) Severed axon branches fuse in a cyba(�/�) mutant.

PNAS 2022 Vol. 119 No. 30 e2115009119 https://doi.org/10.1073/pnas.2115009119 7 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115009119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115009119/-/DCSupplemental


difference at 60-mpa vehicle: 1.15 ± 0.05 vs. EGFR inhibitor:
1.032 ± 0.04, SEM) (Fig. 5J), suggesting that the EGFR con-
trols H2O2 production under conditions of injury to sustain its
activity.

EGFR-Dependent mmp13 Expression Is Required for Axon
Regeneration. We previously demonstrated with laser axotomy
that cutaneous axons in the caudal fin have limited regenerative
capacity in the absence of keratinocyte damage (21). Studies in

Fig. 5. Keratinocyte-specific oxidation of EGFR-Cys797 promotes axon regeneration. (A) The transcription inhibitor, DRB, and the translation inhibitor, cyclo-
heximide, but not actinomycin D and 6-MP, impair axon regeneration in 3-dpf zebrafish. (B) Ingenuity Upstream Pathway analysis of RNA-seq data to deter-
mine H2O2 transcriptional profile in 4-dpf zebrafish shows H2O2 and EGF as common upstream regulators of transcriptionally up-regulated (red) and
down-regulated (green) genes. (C) Antagonistic EGFR functions regulate axon regeneration during (1 dpf) and after (3 dpf) skin innervation by Rohon-Beard
neurons. (D) Reduced membrane localization of zebrafish EGFR(C797A)-GFP following transfection into human HaCaT keratinocytes compared with wtEGFR-
GFP. (E) Membrane:cytoplasmic GFP ratio is reduced in cells expressing EGFR(C797A) (five cells and two biological replicates, each). (F) Detection of EGFR sul-
fenylation in HEK001 human keratinocytes via Western blotting following click chemistry shows a 1.5-fold increase upon 30-min stimulation with H2O2. GPX
serves as positive control. (G, Upper) Zoomed view of red square shown in Lower, Left image: Axon branches retract around sites of tdTomato_EGFR(C797A)
expressing keratinocytes (yellow arrows), whereas axons regenerate in areas devoid of tdTomato_EGFR(C797A)+ keratinocytes (white arrows). (Lower) Trans-
mitted light overlay of Upper image in low magnification to depict the injury site. Retracting (yellow) and growing axons (white) are overlaid as 12-h tracks in
the right image. (H) Quantification of G (from left: n = 5, 5, and 6 animals). (I) Axon branch number is reduced at 6 and 12 h postinjury in regions where kera-
tinocytes express krt4:Gal4VP16_tdTomato_ EGFR(C797A) compared with animals in which keratinocytes express krt4:Gal4VP16_tdTomato. (J) EGFR inhibition
(n = 34 animals) reduces HyPer oxidation compared with control animals (n = 33). Statistical comparisons were used as follows: (A, C, H, and J) ANOVA and
Tukey’s multiple-comparisons test; (E) Student’s t test; (I) two-way ANOVA and Sidak’s multiple-comparisons test.
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mice further showed that the uninjured epidermis stays devoid
of reinnervating axons following sciatic nerve lesion (15),
suggesting that cues in the extracellular matrix (ECM) of
uninjured epidermis might prevent axon growth. Accordingly,
skin-wounding activates MMPs (66), and thus ECM remodel-
ing may promote growth. MMP-9 and -13 were valid candi-
dates based on our RNA-seq data and validated qPCR (Fig. 6A).
STRING-Db (EMBL) analysis further confirmed interactions
between the EGFR and MMP-13 (Fig. 6B). To assess the role
of MMPs in axon regeneration, we first used the MMP inhibi-
tor, GM6001, which blocks the activity of MMP-1, -2, -3,
and -9. Twelve-hour time-lapse imaging revealed that GM6001
did not significantly impair regeneration (untreated uninjured:
23.86 ± 1.2-μm untreated amputated: 83.4.9 ± 6.8 μm vs. vehi-
cle amputated: 96.24 ± 4.6 μm vs. 10 μM GM6001 amputated:
92.33 ± 8.4 μm, SEM), suggesting that these MMPs are not
involved in axon regeneration (Fig. 6C). To further validate this,
we also used a selective MMP-9 inhibitor. This surprisingly
showed that axon regeneration was significantly increased com-
pared with vehicle controls (10 μM: 172.5 ± 23.64 μm, SEM)
(Fig. 6C and Movie S17). Therefore, MMP-9 activity appears
to restrict axon growth following tissue wounding. A strong
alternative candidate mediating axon regeneration was therefore
MMP-13. Twelve-hour time-lapse imaging revealed that
MMP-13 inhibition with the selective MMP-13 inhibitor,
DB04760, prevented axon regeneration and also induced axo-
nal retraction, similar to duox1 mutants and upon axonal contact
with keratinocytes expressing either gpx1a or EGFR(C797A)
(10 μM DB04760: �51.99 ± 5.8 μm [retraction]) (Fig. 6C
and D and Movie S18). The antagonizing functions of MMP-9
and -13 may be necessary to coordinate tissue interactions during
wound repair.
To further elucidate the relationship between EGFR, H2O2,

and mmp13, we treated 3-dpf animals with either H2O2, the
antioxidant, N-acetylcysteine (NAC), or EGFR inhibitor to assess
H2O2/EGFR-dependent mmp13a expression via qPCR at 3 hpa.
While H2O2 treatment significantly elevated mmp13a expression
levels, NAC and EGFR inhibition caused significant down-
regulation comparable with uninjured animals (fold-change from
uninjured: 0.01% H2O2: 5.8 ± 1.6 vs. 0.1% NAC: 1.0 ± 0.2
vs. 9 μM EGFR inhibitor: 0.9 ± 0.5, SEM) (Fig. 6E). This dem-
onstrates that mmp13a expression is induced by H2O2 and
EGFR following injury. We next analyzed the ECM ultrastruc-
ture surrounding cutaneous axons using transmission electron
microscopy in uninjured zebrafish and following caudal fin injury
in the absence and presence of DB04760. Cutaneous axons in
the uninjured fin epidermis were closely associated with keratino-
cytes, as previously shown (67), whereas large gaps surrounded
axons at 3 hpa, which was abolished in the presence of DB04760
(Fig. 6F). Together with evidence that MMP-13 is closely associ-
ated with cutaneous axons following caudal fin amputation (34),
these data indicate that MMP-13 is recruited to sites of contact
between axons and keratinocytes following injury to facilitate
axon regeneration via localized matrix remodeling.

Discussion

In this study, we uncovered an H2O2-dependent mechanism
involving EGFR oxidation and MMP-13 dependent matrix
remodeling in cutaneous sensory axon regeneration following
tissue wounding. We identified distinct functions for Duox1
and Nox/p22Phox in this process (Fig. 6G), whereby loss of
duox1 promotes axonal retraction, distinct from partial regener-
ation, slower Wallerian degeneration, and axonal fusion in cyba

mutants. The slow Wallerian degeneration phenotype resembles
that of WldS mice (68) in which a chimeric fusion between the
N-terminal 70 aa of the Ubiquitin fusion degradation protein 2a
(Ufd2a) and the NAD biosynthetic enzyme, Nmnat1, delays
axon degeneration (60, 70) by inhibiting SARM1 function,
which normally depletes NAD+ following axonal injury to
induce Wallerian degeneration (71–75). WldS transgene over-
expression in Drosophila (76) and zebrafish (54) neurons indu-
ces the same slow-degeneration phenotype as found in mice,
suggesting a conserved neuron-intrinsic mechanism. Given the
protective effects of NAD+ in injured axons, it is possible that
presumptive NADPH accumulation in cyba mutants intersects
with NAD+ metabolism through yet unknown mechanisms.
Another possibility is that NADPH accumulation protects sev-
ered axons against harmful ROS, which are most likely pro-
duced in axonal mitochondria following injury. Consistent with
this idea are time-lapse imaging studies in zebrafish showing
rapid mitochondrial oxidation in severed cutaneous axon frag-
ments following axotomy, which is prevented upon WldS over-
expression (77). Furthermore, mitochondria-specific NMNAT3
and targeted expression of WldS and NMNAT1 to mitochon-
dria mimics the WldS phenotype (72), further implicating mito-
chondria in Wallerian degeneration. Thus, scavenging neuronal
mitochondrial ROS may protect against Wallerian degeneration
in pathologies, such as neuropathy.

The finding that severed axons fuse with intact axons upon
loss of p22Phox is highly intriguing. Thus far, axonal fusion
has been described only in invertebrates, such as crayfish (78),
leeches (79, 80), snails (81), Aplysia (82), earthworms (83), and
nematodes (84). Axonal fusion consists of several key events
and requires that: 1) the onset of fragmentation is sufficiently
delayed, 2) a molecular bridge forms between two fragments, 3)
membrane fusion between two fragments establishes cytoplas-
mic continuity, and 4) internal structures repristinate (85, 86).
Although detailed characterizations remain to be done, our
time-lapse studies indicate that several key features are present
in cyba mutants. In Caenorhabditis elegans, axonal fusion
depends on the type I membrane protein, epithelial fusion fail-
ure 1 (EFF-1) (84), which was identified to mediate epithelial
and muscle cell fusion (87). This transmembrane glycoprotein
with eight predicted pairs of disulfide-linked cysteine residues
has however no sequence homology in other organisms aside
from C. elegans (87). EFF-1 was proposed to use a mechanism
that combines aspects of virus-cell fusion and SNARE-mediated
fusion, and thus, although EFF-1 may not be conserved, the
overall fusion process may be mediated by similar fusogens in
other species (88). Interestingly, Nox2 deficiency in mice has
been associated with reduced SNARE-mediated glutamate
release (89), indicating a cross-talk between NADPH oxidases
and fusogens.

We detected more extensive H2O2 gradients when using
HyPer imaging as compared with the narrow sulfenylation gra-
dients formed along the wound edge detected with click chemis-
try and antidimedone antibody staining. Parameters such as ECM
and cytoplasmic diffusion constants, and the presence of antioxi-
dant complexes, can influence gradient formation upon localized
H2O2 release from wound keratinocytes. H2O2 secretion into the
extracellular space is followed by localized diffusion and entry into
the cytoplasm via aquaporin channels (8, 90). Intracellular diffu-
sion across multiple membranes appears unlikely since H2O2 is
rapidly scavenged by intracellular antioxidant complexes. More-
over, the presence of cytoplasmic peroxiredoxins restricts H2O2

protein oxidation to localized areas of <1 μm diameter (27),
occurring at rate constants of 10�5 to 10�8 (M�1s�1) (91, 92).
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Fig. 6. EGFR promotes cutaneous axon regeneration via MMP-13 dependent ECM remodeling. (A) Correlation between qPCR and RNA-seq dataset shows
increased egfra and mmp9, and mmp13a expression (red dots), among others, following H2O2 treatment. (B) String-DB shows MMP-13 interacting with the
EGFR. (C) DB04760 but not GM6001 (MMP-1/2/3/9 inhibitor) impairs axon regeneration following injury, whereas selective MMP-9 inhibition increases regen-
eration (left to right: n = 13, 4, 8, 7, 6, and 4 animals). (D) Time-lapse sequence showing impaired axon regeneration with DB04760, with 12-h colored tracks
depicting axonal retraction (Movie S18). (E) qPCR shows increased mmp13a expression following 3-h H2O2 treatment. mmp13a expression is abolished at
3 hpa upon treatment with the antioxidant, NAC, and EGFR inhibitor (n = 3 biological replicates with 10 pooled 3-dpf zebrafish each). Statistical comparison
with uninjured control group is shown. (F) Transmission electron microscopy at 3 hpa shows large gaps between keratinocytes (periderm = green, basal
layer = yellow, axons = blue) at sites harboring axon branches. Gaps are absent in uninjured epidermis and following treatment with DB04760. (G) Model
shows dual H2O2 functions in keratinocytes leading to EGFR oxidation and MMP-13 activation mediating axon growth within the epidermis. Loss of neuron-
intrinsic p22Phox slows Wallerian degeneration and promotes axonal fusion mediated. Statistical comparisons in C and E used one-way ANOVA and Bonfer-
roni’s posttest.
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Consistently, mathematical modeling predicted that extracellular
H2O2 can overcome distances of ∼30 μm with antioxidant bar-
riers (93), which is one to two cell diameters, similar to the sulfe-
nylation gradient. The difference in gradient detection may
therefore relate to 1) HyPer overexpression within cells, which can
detect even minute amounts of H2O2 entering the cell, and
2) low sensitivity of experimental detection of sulfenylation detec-
tion methods that is perpetuated by a relatively low abundance
of endogenous proteins available for peroxiredoxin-dependent
thiolation.
Our study suggests that oxidation-dependent EGFR activation

parallels that in cancer cells (28), consistent with the idea that
cancers represent nonhealing wounds (94, 95). Although this
comparison has referred to chronic inflammatory processes, our
data indicate that other mechanisms occur similarly, such as oxi-
dative activation of the EGFR, which does not involve the
immune system. Increased attention has been given in the past
decade to interactions between neurons and tumors (96–98). An
intriguing possibility may therefore be that oxidation-dependent
EGFR activation stimulates nerve innervation of tumors to pro-
mote growth, which remains to be elucidated.
We have demonstrated distinct functions for MMP-9 and

MMP-13 in cutaneous axon regeneration, whereby MMP-9
serves a modulatory role that restrains axon growth. This
restraining activity may be indirectly regulated through cleavage
of membrane-tethered glycoproteins. For example, following spi-
nal cord injury, MMP-9 cleaves growth-inhibitory myelin associ-
ated glycoprotein (MAG) fragments that have been associated
with axon growth prevention, which can be circumvented upon
MMP-9 inhibition (99). A similar mechanism in the epidermis
may reduce axon regeneration following tissue injury, possibly to
coordinate tissue repair processes. Alternatively, MMP-9 inhibi-
tion may reduce environmental constraints that would otherwise
allow axons to regrow more rapidly. For example, MMP-9–null
mice show defects in epidermal keratinocyte migration (100). A
similar function in zebrafish could create a more permissive axon
growth environment.

Materials and Methods

Zebrafish Husbandry and Transgenic Lines. For wild-type strains, zebrafish
(Nacre/mitfa) and AB strains were purchased from the Zebrafish International
Resource Centre. Embryos were raised and bred according to NIH guidelines.
Animals were handled in strict accordance with good animal practices as
approved by the appropriate institutional Animal Care and Use Committee
(IACUC) (University of Miami’s #A-3224-01 and Association for Assessment and
Accreditation of Laboratory Animal Care accreditation site: 001069; MDI Biologi-
cal Laboratory IACUC #A13-20). Zebrafish eggs were incubated at 28.5 °C in a
14:10-h light:dark cycle.

Pharmacological Agents. The following inhibitors and concentrations were
added 2 h prior to imaging (unless stated otherwise in the text) and kept in
the solution during imaging unless otherwise stated: DMSO vehicle (0.15%);
Phluoroglucinol (25 μM; Sigma-Aldrich, Cat. no. 79330); 5,5-dimethyl-1,3-
cyclohexanedion, dimedone (1.5 mM; Sigma-Aldrich, Cat. no. D153303). Dime-
done selectively and irreversibly binds to sulfenic acid (26) and was added 1 h
prior to and 30 min after amputation. Click-Tag DYn-2 (10 μM; Cayman Chemi-
cal, Cat. no. 11220); EGFR inhibitor (8 and 10 μM; Cayman Chemical, Cat. no.
16363); Erbstatin (10 μM; Cayman Chemical, Cat. no.10010238); Lavendustin
A (10 μM; EMD Millipore, Cat. no. 428150); Tyrphostin A23 (10 μM; Sigma-
Aldrich, Cat. no. T7165); actinomycin D (10 μM; Tocris, Cat. no. 1229); 6-MP
(10 μM; Sigma-Aldrich, Cat. no. 38171); DRB (10 μM; Cayman Chemical, Cat.
no. 10010302); cycloheximide (10 μM; Cayman Chemical, Cat. no. 14126);
hydrogen peroxide (0.01% and 0.3%; Sigma-Aldrich, Cat. no. H1009); GM6001
(10 μM; Ilomastat, Millipore Sigma, Cat. no. CC1100); DB04760 (MMP-13 inhibi-
tor, Millipore Sigma, Cat. No. 444283); NF-κB inhibitor (10 μM; JSH-23, Sigma-
Aldrich, Cat. no. J4455). MMP-9 inhibitor I (Cayman Chemical, Cat. no.15942).

Image Processing. Images were processed and analyzed in Imaris (Bitplane)
and Fiji. HyPer maximum intensity projections were generated in ZEN (Zeiss).
The ratiometric view for each image was created using the Image Calculator in
ZEN with the following formula: (488 nm/405 nm) × 1,500 for keratinocytes
and (488 nm/405 nm) × 1,200 for axons and Spectrum LUT. For publication,
projected tiffs were processed in Photoshop. Three-dimensional reconstructions
were performed in Imaris using the semiautomated Surfaces feature. Schematics
were prepared in Adobe Illustrator and Microsoft PowerPoint.

Statistical Analyses. Statistical comparisons were made using Prism 7-9
(GraphPad). Comparisons of two groups was done using Student’s t test. Com-
parisons by more than two groups and a single variable were done using one-
way ANOVA, whereas comparisons of multiple groups and variables were done
using two-way ANOVA. All comparisons were performed at α = 0.05 (95% confi-
dence interval), using multiple comparisons posttests, as indicated in figure
legends. The SEM is shown for all experiments where at least two biological rep-
licates were used per group.

Data Availability. All study data are included in the main text and supporting
information.
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