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Kremen1 regulates the regenerative
capacity of support cells and mechanosensory
hair cells in the zebrafish lateral line

Ellen Megerson,1,2 Michael Kuehn,1,3 Ben Leifer,1,4 Jon M. Bell,1 Julia L. Snyder,1 and Hillary F. McGraw1,5,*

SUMMARY

Mechanosensory hair cells in the inner ear mediate the sensations of hearing and balance, and in the
specialized lateral line sensory system of aquatic vertebrates, the sensation of water movement. In mam-
mals, hair cells lack the ability to regenerate following damage, resulting in sensory deficits. In contrast,
non-mammalian vertebrates, such as zebrafish, can renew hair cells throughout their lifespan. Wnt
signaling is required for development of inner ear and lateral line hair cells and regulates regeneration.
Kremen1 inhibits Wnt signaling and hair cell formation, though its role in regeneration is unknown. We
used a zebrafish kremen1mutant line to show overactiveWnt signaling results in supernumerary support
cells and hair cell regeneration without increased proliferation, in contrast with the previously described
role of Wnt signaling during hair cell regeneration. This work allows us to understand the biology of me-
chanosensory hair cells and how regeneration might be promoted following damage.

INTRODUCTION

Loss of hearing is one of the most common sensory defects found among the human population as an estimated 15% of the world’s popu-

lation has some degree of hearing loss and over 5% have disabling loss of auditory function (https://www.who.int/news-room/fact-sheets/

detail/deafness-and-hearing-loss). Hearing, along with vestibular function, is mediated by specializedmechanosensory hair cells found within

the inner ear. In mammals, hair cells damaged through exposure to noise, ototoxic drugs, injury, or disease fail to regrow.1–5 By contrast, non-

mammalian vertebrates, such as chickens, frogs, and fish, are capable of regenerating hair cells, often throughout their lifespan.6–8 Under-

standing how hair cells regenerate in some animals is critical to identifying potential therapies for human hearing loss.

In addition to inner ear hair cells, aquatic vertebrates havemechanosensory hair cells in their lateral line sensory systems that mediate sen-

sations of watermovement.9 Lateral line hair cells aremorphologically and genetically very similar to the inner ear hair cells of the auditory and

vestibular systems.10 The lateral line is arrayed on the surface of the body and amenable tomanipulation, unlike the inner ear, which is difficult

to access and experimentally manipulate.11,12 The zebrafish (Danio rerio) has emerged as an excellent model organism for the study of me-

chanosensory hair cell development and regeneration.13 Neuromasts are the sensory organs of the lateral line and are composed of mecha-

nosensory hair cells to sense water movement and surrounding support cells, which maintain neuromast homeostasis by acting as stem

cells.14 In the zebrafish, lateral line hair cells are robustly regenerative throughout the life of the animal.6

Recent work determined specific subpopulations of neuromast support cells preferentially give rise to regenerated hair cells, self-renew to

maintain stem cell numbers, or remain quiescent undermost conditions.15–19 Single-cell RNA-sequencing identified specific gene expression

profiles for the distinct subpopulations of neuromast support cells during neuromast regeneration.15,16,18,20 The transcriptional profiles served

as the basis for cell labeling experiments to analyze the behavior of support cells as hair cells are regrown. In particular, the Tg(sost:nlsEos)w215

transgenic line allowed conditional labeling of dorsoventral support cells and demonstrated these cells proliferate to give rise to the majority

of hair cells during regeneration.19 The proliferation of anterior-posterior support cells labeled with the Tg(tnfs10L3:nlsEos)w218 formed the

minority of regenerating hair cells and primarily gave rise to self-renewing support cells. Finally, peripheral support cells labeled with

Tg(sfrp1a:nlslEos)w217 were largely quiescent, though extensive ablation of interior support cells can trigger peripheral support cells to pro-

liferate and repopulate the neuromast.19,21,22 As we gain a better understanding of how specific populations of support cells contribute to

regeneration, the question is raised: how are these cell populations specified?

Fgf, Notch and Wnt signaling regulate proliferation and regeneration in the zebrafish lateral line.16,23–26 Regulation of the Fgf and Notch

pathways are required for the maintenance of proper hair cell numbers by inhibiting support cell proliferation and hair cell differentiation
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under homeostatic conditions. Following hair cell ablation, blocking the function of either Fgf or Notch during neuromast regeneration, via

pharmacological antagonists or mutant zebrafish lines, results in increased support cell proliferation and differentiation of supernumerary hair

cells.16,19,24 Analysis of support cell subpopulations foundNotch signaling inhibition increased regenerated hair cells forming from dorsoven-

tral and anterior-posterior populations. In particular, anterior-posterior cells labeledwith Tg(tnfs10L3:nlsEos)w218 contributed to a greater pro-

portion of regenerated hair cells as compared to control regeneration conditions.19

Canonical Wnt signaling has been implicated as a critical pathway regulating neuromast regeneration in the zebrafish lateral line. Gene

expression patterns and single cell RNA-sequencing examined during neuromast regeneration revealed canonical Wnt signaling is upregu-

lated beginning 3 h after hair cell ablation and remains active during the first 10h of regeneration.15,16,24 Studies using pharmacological

manipulation of the Wnt pathway or overexpression of pathway inhibitors such as heat-shock induction of Dkk1b, suggest Wnt signaling

is required for the proliferation of support cells and hair cell regeneration.16,24,27 Our current study is the first to specifically examine neuro-

mast regeneration in a zebrafish Wnt pathway mutant.

Kremen1 (Krm1) is a vertebrate-specificmember of theWnt pathwaywhich inhibitsWnt signaling as a co-receptor for the secreted family of

Dkk proteins.28,29 In the mouse cochlea, krm1 is expressed in support cells and inhibiting Krm1 function in cochlear explants results in the

formation of excess and disordered hair cells, but not significant changes in proliferation.30 In zebrafish, a krm1mutant line (krm1nl10) shows

truncated posterior lateral line formation and an increase in the development of neuromast hair cells.30,31 Blocking krm1 function with a mor-

pholino, resulted in the development of physically larger neuromasts, but no significant change in hair cell number.32 A role for Krm1 function

in hair cell regeneration has not been investigated.

In this study, we use the krm1nl10 zebrafish mutant line to determine the role of Krm1 in the regulation of cellular behavior during regen-

eration in the zebrafish posterior lateral line. Our analysis of hair cell numbers following ablation and regeneration shows a significant in-

crease in krm1nl10 mutants, though not an increase in cellular proliferation. Instead, we find loss of Krm1 function results in an increase of

Tg(sost:nlsEos)w215 labeled dorsoventral support cells, which give rise to regenerated hair cells. We can eliminate the supernumerary hair

cells in krm1nl10 larvae following repeated bouts of regeneration, suggesting a poised population of support cells exists which can be over-

whelmed by repeated regeneration. Finally, we demonstrate Notch signaling inhibition increases cellular proliferation, resulting in greater

numbers of dorsoventral support cells and regenerated hair cells in krm1nl10 mutant larvae. Overall, our results suggest regulation of Krm1

function is required for proper hair cell renewal after damage.

RESULTS

krm1 is dynamically expressed during regeneration in posterior lateral line NMs

Previous research revealed expression of krm1 in migrating posterior lateral line primordium during the initial 48 h of development in the

zebrafish embryo and in the support cells of developing adult mouse cochlea.30,31 We used whole-mount RNA in situ hybridization

(WISH)33 and hybridization chain reaction (HCR)34,35 for fluorescent in situ hybridization (FISH) to examine the expression patterns of krm1

in the zebrafish lateral line during regeneration. At 5 days post fertilization (dpf) krm1 is expressed throughout the neuromast (Figure 1A),

whenWnt signaling is expected to be low.24We used neomycin (NEO) to ablate hair cells and induce regeneration.We examined the expres-

sion pattern of krm1 in neuromasts at 4 h postNEO (Figure 1B), whenWnt is upregulated15,16,24 and 1 day postNEO (Figure 1C). At these time

points, krm1 expression is greatly reduced. By 3 days postNEO, regeneration is complete and krm1 expression is again expressed in neuro-

masts (Figure 1D).

Building on the dynamic expression of krm1during regeneration, we next sought to determine if there is cell-specific localization of krm1 in

NMs. By examining HCR-FISH in Tg(myosin6b:GFP)w186 (myo6:GFP) expressing larvae at 5dpf, we found krm1 is expressed throughout the

neuromast in surrounding support cells andmyo6:GFP-positive hair cells (Figures 1E–1E% and 1I). In agreement with our WISH experiments,

at 4 h post NEO-exposure we observe a significant decrease in HCR krm1 expression (Figures 1F–1F% and 1I) and a moderate recovery of

expression by 1 day post NEO (Figures 1G–1G% and 1I). By 3 -days after NEO-exposure, HCR krm1 expression has returned to homeostatic

levels in regenerated NMs (Figures 1H–1H% and 1I). Together our results indicate krm1 expression is present during homeostasis in NMs

when Wnt signaling is low and downregulated during regeneration when Wnt signaling is upregulated.

Supernumerary hair cells form during regeneration in krm1nl10 mutants

During development, Krm1 is expressed in the support cells of themouse cochlea.30 Blockage of Krm1 function by RNAi results in a significant

increase in the number of cochlear hair cells, thoughwithout a change in levels of proliferation.30 Examination of the krm1nl10 zebrafishmutant

line also showed an increase in the number of lateral line hair cells during development.30 We sought to determine if Krm1 activity also reg-

ulates the regeneration of hair cells in the zebrafish posterior lateral line. At 5dpf, prior to hair cell ablation with NEO, krm1nl10 mutant larvae

have significantly more hair cells labeled with myo6:GFP as compared to heterozygous and wild-type siblings (Figures 2A, 2A0, 2B, 2B0, and
2G). Total cell numbers as labeled by DAPI and a-Sox2 antibody-labeled support cells and hair cells within NMs did not show a significant

change between mutants and heterozygous sibling control larvae (Figures 2A00–2B%, 2H, and 2I). To confirm hair cells are susceptible to

NEO damage, we examined control and krm1nl10 NMs 1 h post exposure to NEO and found the majority of hair cells were ablated

(Figures 2C–2D% and 2G). To assess regeneration, we quantified hair cell numbers 3 days postNEO exposure and found a significant increase

inmyo6:GFP+ cells in krm1nl10 mutants as compared to heterozygous siblings (Figures 2E–2F0 and 2G). However, support cells and total cell

numbers were not significantly different (Figures 2E00–2F%, 2H, and 2I). We also compared the percentage of hair cell numbers to total cells

within NMs to confirm that the differences we are seeing are not the result of changes in overall neuromast size and still find a significant

ll
OPEN ACCESS

2 iScience 27, 108678, January 19, 2024

iScience
Article



Figure 1. krm1 expression is dynamic during posterior lateral line regeneration

(A–D) RNA in situ hybridization of krm1 showing expression in 5dpf NM prior to exposure to NEO, 4 h after NEO exposure, 1 day post NEO exposure in a 6dpf

larva, and 3 -days post NEO exposure in 8dpf larva.

(E–H) Confocal projections of HCR-FISH showing krm1 expression (red) during regeneration in wild-type NMs in Tg(myosin6b:GFP)w186 larvae (green) with nuclei

labeled with DAPI (blue) in 5dpf NM prior to exposure toNEO, 4 h afterNEO exposure, 1 day postNEO exposure in a 6dpf larva, and 3 days postNEO exposure

in a 8dpf larva.

(I) Quantification of fluorescence intensity in arbitrary units (A.U.) of HCR krm1 expression normalized to background during regeneration in wild-type larvae. Pre-

NEO n = 13 NM (7 fish), 4 h post-NEO n = 11 NM (7 fish), 1 day post-NEO n = 10 NM (7 fish), and 3 days post-NEO n = 14 NM (9 fish).

All data presented as mean G SD, Kruskal-Wallis test, Dunn’s multiple comparisons test. Scale bar = 20 mm.
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Figure 2. krm1nl10 larvae form supernumerary hair cells following regeneration in posterior lateral line neuromasts

(A–B%) Confocal projections of neuromasts in heterozygous sibling and krm1nl10 larvae with Tg(myosin6b:GFP)w186 expression in hair cells (green), a-Sox2

antibody-labeled support cells (red) and DAPI-labeled nuclei (blue) at 5dpf NM prior to exposure to NEO.

(C–D%) Heterozygous sibling and krm1nl10 mutant at 1 h post NEO exposure.

(E–F%) Heterozygous sibling and krm1nl10 mutant 3 days post NEO exposure.

(G–J) Quantification of Tg(myosin6b:GFP)w186 positive hair cells, a-Sox2 antibody-labeled support cells at 5dpf pre-NEO exposure, and the percentage of hair

cells Tg(myosin6b:GFP)w186 -positive cells/DAPI-labeled cells) at 1-h post NEO exposure, and at 8dpf, 3 days post NEO exposure.). 5dpf: het sibling n = 48 NMs
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difference in homeostatic and regenerated hair cells in krm1n10mutants as compared to heterozygous siblings (Figure 2J). These results sug-

gest mechanisms leading to excess hair cell number during development in krm1nl10 mutants may also regulate hair cell regeneration.

We next sought to confirm the supernumerary hair cells found in krm1nl10 mutants have functional mechanoelectrical transduction (MET)

channels by using the vital dye FM1-43FX which enters the cell through functional MET channels.36,37 Significantly more hair cells are labeled

with FM1-43 at 8dpf in krm1nl10 mutant NMs under both homeostatic and regeneration conditions as compared to heterozygous siblings

(Figures 2K–2P). These results suggest the supernumerary hair cells in krm1nl10 mutants have the potential for functional signaling.

Wnt activity is responsible for excess hair cells in regenerating krm1nl10 mutant NMs

The canonical Wnt signaling pathway is activated during hair cell regeneration in the zebrafish lateral line.24 Single-cell RNA sequencing

studies have demonstrated Wnt signaling is upregulated beginning 3 h after hair cell ablation with NEO in the zebrafish lateral line.15,16

To assess Wnt signaling dynamics during regeneration in our krm1nl10 line, we examined the expression of b-catenin b1 (ctnnb1) and wnt2

by WISH. In 5dpf larvae, prior to NEO-exposure, we found low levels of ctnnb1 and wnt2 expression in wild-type and mutant NMs

(Figures 3A, 3B, 3E, and 3F) and increased expression of both RNAs at 4 h post NEO in wild-type and krm1nl10 mutant larvae (Figures 3C,

3D, 3G, and 3H). We conclude Wnt signaling is active during regeneration in control and krm1nl10 NMs.

We next sought to determine if altering Wnt activity pharmacologically results in changes in regenerated hair cell numbers krm1nl10

mutant larvae. Previous work demonstrated altered regeneration patterns in the lateral line with exposure to Wnt signaling activators re-

sulting in increased hair cell numbers or Wnt inhibitors resulting in fewer hair cells.13 We exposed heterozygous sibling and krm1nl10

mutant larvae to the Wnt inhibitor IWR-1 or the Wnt activator 1-azakenpaullone (AZK38) following NEO-induced hair cell ablation and quan-

tified the number of hair cells (Figure 3I). Larvae exposed to DMSO regenerated supernumerary a-Otoferlin-antibody labeled hair cells in

krm1nl10 mutant NMs relative to heterozygous sibling larvae (Figures 3J, 3K, and 3N). Exposure to IWR-1 produced a trend toward

decreased regenerated hair cells in heterozygous and a significant decrease in krm1nl10 NMs as compared to DMSO treated larvae

(Figures 3L, 3M, and 3N). Though, krm1nl10 mutants showed significantly more regenerated hair cells than heterozygous siblings following

IWR-1 exposure (Figure 3N), suggesting the inhibitor does not entirely block Wnt activity. In a reciprocal experiment, larvae were exposed

to AZK during regeneration to overactivate Wnt signaling. We found exposure to AZK during regeneration resulted in a significant increase

in the number of hair cells in heterozygous sibling NMs as compared to DMSO controls (Figures 3O, 3Q, and 3S), but no significant change

in hair cell numbers in krm1nl10 mutant larvae as compared to DMSO treated krm1n10 larvae or AZK-exposed heterozygous controls

(Figures 3P, 3R, and 3S). Together the results suggest loss of Krm1 function results in increased Wnt signaling during regeneration in

the posterior lateral line and leads to the formation of supernumerary hair cells. Blocking Wnt signaling with IWR-1 reduces the bias toward

hair cell formation in krm1nl10 mutants, while further activating Wnt with AZK results in increase hair cell regeneration in control larvae, but

not mutants.

Regenerative proliferation is not increased in krm1nl10 mutant larvae

Previous work using chemical Wnt inhibitor and overexpression models, suggested Wnt signaling regulates the proliferation of NM support

cells in response to hair cell ablation.13,39,40 Inhibition of Wnt signaling using IWR-1 or conditional overexpression of Dkk family members,

resulted in a decrease in proliferation during regeneration. Conversely, treatment withWnt activators LiCl, BIO or AZK, resulted in an increase

in proliferation during regeneration.13,16,24–27,39,41,42 We sought to replicate the experiments by examining BrdU incorporation in DMSO,

IWR-1 or AZK exposed larvae during regeneration (Figure S1A). Consistent with previous work, we found altering Wnt signaling with

IWR-1 results in a significant decrease in proliferation (Figures S1B–C00, S1E, and S1F) and AZK results in a significant increase in proliferation

during NM regeneration (Figures S1B–B00, S1D–S1D’’, and S1E).

Todetermine if loss of Krm1 function alters proliferation in a similarmanner duringhair cell regeneration, weperformed a set of pulse-chase

BrdU incorporationsduring the 3-dayperiodof regeneration followingexposure toNEO (Figure 4A).Cells in regeneratingNMsprimarily incor-

porate BrdU during the first day following hair cell ablation.22 Following BrdU incorporation during 5-6dpf, we did not find a significant differ-

ence in the number of BrdU-positive cells at 8dpf in control or krm1nl10 larvae (Figures 4B–C% and 4H).We also found the percentageof BrdU+

cells compared to total DAPI+ (Figure 4I) and the percentage of BrdU+ hair cells (Figure 4J) were not significantly different in krm1nl10mutants

as compared to heterozygous sibling controls. To determine if proliferation is delayed in krm1nl10 during regeneration, we exposed regener-

ating larvae toBrdUduring 6-7dpf (Figures 4D–4E%) or 7-8dpf (Figures 4F–4G%) followingNEO-exposure at 5dpf and then collected the larvae

at 8dpf when regenerationwas complete.We foundno significant change in the total cells incorporating BrdU (Figure 4H) or in the percentage

Figure 2. Continued

(9 fish), krm1nl10 n = 38NM (9 fish); 1h-postNEO: het sibling n= 25NMs (7 fish), krm1nl10 n = 36NM (7 fish); 8dpf: het sibling n = 57NMs (11 fish), krm1nl10 n = 34NM

(10 fish).

(K–L00) Confocal projections of live images showing FM1-43 incorporation (magenta) in Tg(myosin6b:GFP)w186-positive hair cells (green) at 8dpf in heterozygous

sibling krm1nl10 mutant NMs under homeostatic conditions.

(M) Quantification of labeled hair cells during homeostasis, heterozygous sibling n = 36 NM (9 fish), krm1nl10 n = 31 NM (10 fish).

(N–O00) FM1-43 incorporation (magenta) in Tg(myosin6b:GFP)w186-positive hair cells (green) at 8dpf heterozygous sibling and krm1nl10 mutant NMs under

regeneration conditions.

(P) Quantification of regenerated hair cells, heterozygous sibling n = 34NM (10 fish), krm1nl10 n = 33NM (10 fish). All data presented asmeanG SD, Kruskal-Wallis

test, Dunn’s multiple comparisons test. Scale bar = 20 mm.
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Figure 3. Wnt signaling is active during regeneration in krm1nl10 neuromasts

(A–D) Representative images of RNA in situ hybridization at 5dpf of ctnnb1 expression in wild-type and krm1nl10 mutant NMs without exposure to NEO and 4 h

post NEO exposure.

(E–H) wnt2 expression in wild-type and krm1nl10 mutant NMs without exposure to NEO and 4 h post NEO exposure. Scale bar = 20 mm.

(I) Timeline of DMSO or inhibitor exposure, NEO-induced hair cell ablation, and regeneration between 5dpf and 8dpf.

(J–M) Confocal projects of 8dpf NMs following regeneration, hair cells are labeled with a-Otoferlin antibody (green) and nuclei are labeled with DAPI (blue) in

heterozygous sibling or krm1nl10 NMs with exposure to DMSO or IWR-1.

(N) Quantification of a-Otoferlin-positive cells. DMSO-exposed heterozygous sibling n = 20 NM (8 fish) and IWR-1-exposed heterozygous sibling n = 19 NM

(9 fish), and DMSO-exposed) and IWR-1-exposed krm1nl10 n = 20 NM (9 fish).
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of total cells (Figure 4I) or hair cells which incorporated BrdU (Figure 4J). Together our analyses of BrdU incorporation suggest the increase in

hair cells present in krm1nl10 mutants following regeneration are not the result of increased proliferation in NM cells.

Repeated regeneration eliminates supernumerary hair cells in krm1nl10 mutant NMs

The absence of increased proliferation in krm1nl10 mutants leads us to speculate there may be a population of support cells poised to

replenish lost hair cells in posterior lateral line NMs which do not rely on entry into the cell cycle. We reasoned, if such a population of cells

exists, repeated regeneration might be sufficient to reduce their number in krm1nl10 mutant larvae thus eliminating the potential to form su-

pernumerary hair cells (Figure 5A). We assessed hair cell number at 8dpf following exposure to NEO at 5dpf and 3 days of regeneration (1x

NEO; Figures 5B–5C0 and 5J), at 11dpf after 2 rounds of regeneration (2xNEO; Figures 5D–5E0 and 5J), at 14dpf after 3 rounds of regeneration

(3xNEO; Figures 5F–5G0 and 5J), and at 17dpf after 4 rounds of regeneration (4xNEO; Figures 5H–5I0 and 5J). As expected from our previous

experiments, we found krm1nl10 NMs formed significantly more hair cells compared to heterozygous siblings following the first round of

regeneration (Figure 5J). However, in each subsequent exposure toNEO and regeneration, we found no significant differences in the number

of regenerated hair cell betweenmutant and control larvae (Figure 5J). We also examined total NM cell numbers using DAPI labeling of nuclei

and did not find significant differences between heterozygous sibling and krm1nl10mutant larvae during the repeated rounds of regeneration

(Figures 5B00–5I00 and 5K).

To confirm the change in regeneration patterns we see with repeated exposure to NEO is based specifically on the response to damage

rather than age of the larvae, we exposed 14dpf larvae to NEO and assessed regeneration at 17dpf (Figure 5L). This single round to regen-

eration in older larvae again resulted in significantly more regenerated hair cells in krm1nl10 mutant NMs (Figures 5N–5N% and 5O) as

compared to heterozygous siblings (Figures 5M–M% and 5O), though no difference in DAPI+ cells (Figure 5P), indicating age is not the cause

of the absence of supernumerary hair cells following repeated damage.

To determine if the poised population of support cells found krm1nl10 can be re-established following damage, we performed two rounds

of hair cell ablation separated by a period of recovery. We exposed heterozygous sibling and krm1nl10 larvae to NEO at 5dpf, then allowed

them to recover until 14dpf, at which timeweperformed a secondNEO exposure and assessed hair cell regeneration at 17dpf (Figure 5Q).We

found in contrast to immediately successive rounds of regeneration, a period of recovery re-established the formation of supernumerary hair

cells in krm1nl10 mutant NMs (Figures 5R–5U). Together these experiments suggest there is a population of support cells in krm1n10 mutants

biased to give rise to hair cells which can be depleted by frequent repeated regenerations.

Dorsoventral support cells are increased in krm1n10 mutant neuromasts

Recent studies have found distinct subpopulations of support cells within lateral line NMs that preferentially contribute to hair cell regener-

ation (16,19,20). We sought to determine if specific support cell populations are altered in krm1nl10 mutant larvae during development. We

began by examining sost expression in dorsoventral support cells (Figures 6A and 6B) and found a small increase in krm1nl10 mutants

comparedwith heterozygous siblings.We then quantified photoconverted Tg(sost:nlsEos)w215-expressing dorsoventral support cells andmy-

o6:GFP-expressing hair cells in heterozygous sibling (Figures 6C–6C00) and krm1nl10 mutant NMs (Figures 6D–6D00) at 5dpf. We found signif-

icantly more myo6:GFP+ and sost:nlsEos+ cells in mutant larvae as compared to heterozygous siblings at 5dpf (Figures 6E and 6F). We also

examined other support cell subpopulations. We found no significant difference between heterozygous siblings and krm1nl10 mutant NMs in

tnfsf10L3-expressing apical-basal support cells using WISH and HCR-FISH (Figures S2A–S2E) nor sfrp1a-expressing peripheral support cells

usingWISH and Tg(sfpr1a:nlsEos)w217 (Figures S2F–S2J).19 Central supports cells were examined usingWISH for six1a, lfng, and isl1a, and did

not show appreciably different expression patterns in heterozygous larvae and krm1nl10mutants (Figures S2K–S2P).15,16,20 Together the results

suggest loss of Krm1 function during development results in an increase of dorsoventral support cells, as well as the differentiation of hair cells

in the posterior lateral line without an increase in overall NM size.

Dorsoventral cell contribute to the regeneration of supernumerary hair cells in krm1nl10 NMs

To analyze the contribution of sost:nlsEos+ support cells to hair cell regeneration, we photoconverted Tg(sost:nlsEos)w215 larvae, which

also carried the Tg(myosin6b:GFP)w186 transgene, by exposure to UV light at 5dpf and assessed cell numbers at 8dpf in live larvae. Under

homeostatic conditions (Figure 7A), we find significantly more photoconverted sost:nlsEos+ dorsoventral support cells and myo6:GFP+

hair cells in krm1nl10 mutant NMs (Figures 7C–7C00, 7D and 7E) as compared to heterozygous siblings (Figures 7B–7B00, 7D and 7E). How-

ever, we did not find a significant change in the hair cells co-expressing myo6:GFP and sost:nlsEos (Figure 7F), suggesting under homeo-

static conditions, few hair cells arise between 5-8dpf. To assess the contribution of sost:nlsEos+ dorsoventral support cells to hair cell

regeneration, we exposed larvae to NEO following photoconversion at 5dpf and allowed regeneration to progress to 8dpf before live im-

aging (Figure 7G). Under regeneration conditions, we found a significant increase in total myo6:GFP+ hair cells, hair cells expressing

Figure 3. Continued

(O–R) Confocal projects of 8dpf NMs following regeneration, hair cells are labeled with a-Otoferlin antibody (green) and nuclei are labeled with DAPI (blue) in

heterozygous sibling or krm1nl10 NMs with exposure to DMSO or AZK.

(S) Quantification of a-Otoferlin-positive cells. DMSO-exposed heterozygous sibling n = 14 NM (8 fish) and DMSO-exposed krm1nl10 n = 29 NM (9 fish), and AZK-

exposed heterozygous sibling n = 26 NM (11 fish) and AZK-exposed krm1nl10 n = 28 NM (9 fish). All data presented as mean G SD, Kruskal-Wallis test, Dunn’s

multiple comparisons test. Scale bar = 20 mm. See also Figure S1.
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myo6:GFP and sost:nlsEos, and total sost:nlsEos+ cells in krm1nl10 mutant NMs (Frig. 7I-I00,J,K,L) as compared to heterozygous control

larvae (Figures 7H–7H00, 7J, 7K and 7L). These results suggest the supernumerary sost:nlsEos+ support cells in krm1nl10 mutants give

rise to excess hair cells during regeneration. We next asked if repeated regeneration could overwhelm sost:nlsEos+ dorsoventral support

cells and reduce the number of regenerated hair cells. Building on our finding that two rounds of damage was sufficient to eliminate su-

pernumerary hair cells in krm1nl10 mutants (Figure 5), we performed photoconversion and NEO exposure on sost:nlsEos and myo6:GFP

larvae at 5dpf and again at 8dpf for two rounds of regeneration before collection and live imaging at 11dpf (Figure 7M). We no longer

found a significant difference in the total number of regenerated myo6:GFP+ hair cells, hair cells co-expressing myo6:GFP and sost:nlsEos,

or total sost:nlsEos+ support cells between heterozygous siblings (Figures 7N–7N00 and 7P–7R) and krmlnl10 mutant larvae (Figures 7O–7O00

and 7P–7R). Together with our previous results, these findings suggest a population of dorsoventral support cells are the source of super-

numerary hair cells in krm1nl10 mutants.

Figure 4. Proliferation does not contribute to the regeneration of supernumerary hair cells in krm1nl10 neuromasts

(A) Timeline of neomycin expose at 5dpf, followed by 24 h of BrdU incubation at 5-6dpf, 6-7dpf, or 7-8dpf, all conditions were allowed to develop until 8dpf then

fixed and processed for imaging.

(B–G%’’) Confocal projections of L2 neuromasts at 8dpf expressing Tg(myosin6b:GFP)w186 to label regenerated hair cells (myo6:GFP; green), BrdU incorporation

(red), and DAPI labeling of nuclei (blue) at 5-6dpf in heterozygous sibling or krm1nl10 mutant neuromasts NMs, from 6-7dpf,or from 7-8dpf. Scale bar = 20 mm.

(H–J) Total numbers of BrdU-positive cells in heterozygous or krm1nl10mutant neuromasts, percentage of total BrdU-positive cells (total BrdU+ cells/total DAPI+

cells), and percentage of BrdU-positive hair cells (BrdU+ myo6:GFP+ cells/total myo6:GFP+ cells). 5-6dpf: het sibling n = 50 NMs (12 fish), krm1nl10 n = 46 NM

(11 fish); 6-7dpf: het sibling n = 34NMs (9 fish), krm1nl10 n = 39NM (9 fish); 7-8dpf: het sibling n = 50NMs (12 fish), krm1nl10 n = 40NM (10 fish). All data presented as

mean G SD, Kruskal-Wallis test, Dunn’s multiple comparisons test.
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Figure 5. Repeated regeneration eliminates supernumerary hair cells in krm1nl10 larvae

(A) Timeline of NEO exposure and repeated regeneration.

(B–I00) Confocal projections of NMs expressing Tg(myosin6b:GFP)w186 in hair cells (green) and DAPI-labeling in nuclei following repeated exposures to NEO in

heterozygous sibling and krm1nl10 mutant NMs at 8dpf following 1 round ofNEO exposure and regeneration, at 11dpf following 2 rounds ofNEO exposure and

regeneration, at 14dpf following 3 rounds of NEO exposure and regeneration, and at 17dpf following 4 rounds of NEO exposure and regeneration.
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Notch inhibition alters cell numbers in krm1nl10 NMs

The Notch pathway is critical for regulating hair cell regeneration, as manipulation of Notch signaling greatly alters the number of hair cells

regenerated following damage.16,19,22,24 Specifically, Notch signaling regulates proliferation of NM support cells; inhibition of the Notch

pathway results in increased support cell proliferation, while activating Notch signaling decreased proliferation.16,24 As we do not see a sig-

nificant change in proliferation during regeneration in our krm1nl10mutant line, we reasoned the Notch pathwaymight bemore important for

regenerative NM cell proliferation as compared to Wnt signaling. To test this, we exposed 5dpf heterozygous sibling and krm1nl10 mutant

larvae to DMSO or the g-secretase inhibitor LY441575 for 5 h, ablated hair cells with NEO, returned the larvae to DMSO or LY441575 that

included BrdU for 24 h, and incubated larvae for an additional 2 days in DMSO or LY441575 alone (Figure 8A). We found BrdU incorporation

significantly increased in both heterozygous sibling (Figures 8D–8D% and 8G) and krm1nl10 NMs (Figures 8E–8E% and 8G) treated with

LY441575 relative to DMSO treated larvae (Figures 8A–8C% and 8G). As a proportion of total cell number in NMs, BrdU+ cells display a sig-

nificant increase in the percentage of BrdU+ cells in krm1nl10 mutants treated with LY441575 during regeneration compared with DMSO con-

ditions (Figures 8H and 8I). Additionally, we examined total hair cell numbers and the proportion of regenerated hair cells which incorporated

BrdU following Notch inhibition and found a significant increase in both heterozygous and krm1nl10 mutant larvae (Figures 8F and 8J) as

compared to DMSO conditions. The results suggest that while overactivating Wnt signaling in krm1nl10 mutants biases a poised population

of support cells to give rise to supernumerary hair cells, inhibition of the Notch pathway leads to an increase in proliferation, resulting to a

further increase in the number of regenerated hair cells.

Previous work demonstrated both the dorsoventral and anterior-posterior populations of support cells increase in number when theNotch

pathway is inhibited during regeneration.19 We used WISH to demonstrate the Notch pathways members notch1a, notch3, deltaA, and del-

taD, as well as the hair cell progenitormarker atoh1a, are expressed at similar levels in heterozygous sibling and krm1nl10mutant prior toNEO-

exposure at 5dpf and 1 day post hair cell ablation (Figures S3A–S3T). Because theNotch pathway regulates the regeneration of both hair cells

and dorsoventral support cells, we assessed what happens to these cell populations in krm1nl10 mutant larvae when Notch signaling was

conditionally inhibited during regeneration. To further examine the role of dorsoventral support cells during regeneration, we exposed het-

erozygous or krm1nl10 mutant larvae carrying the Tg(sost:nlsEos)w215 and Tg(myosin6b:GFP)w186 transgenes to DMSO or LY441575. At 5dpf,

we incubated the larvae in DMSO or inhibitor for 5 h prior to photoconversion with a UV light and exposure to NEO to ablate hair cells, the

larvae were then allowed to recover for 3 days and imaged live at 8dpf (Figure 9A). In agreement with our previous experiments, we found

Figure 5. Continued

(J–K) Quantification of regenerated Tg(myosin6b:GFP)w186 hair cells or DAPI-labeled nuclei in heterozygous sibling and krm1nl10 mutant NMs at 8dpf, 11dpf,

14dpf, and 17dpf. 8dpf heterozygous sibling n = 38 NM (8 fish) and krm1nl10mutant n = 30 NM (10 fish), 11dpf heterozygous sibling n = 23 (9 fish) and krm1nl10 n =

39 NM (10 fish), 14dpf heterozygous sibling n = 37 NM (9 fish) and krm1nl10 n = 31 NM (9 fish), and 17dpf heterozygous sibling n = 34 NM (10 fish) and krm1nl10 n =

31 NM (9 fish).

(L) Timeline of a single round NEO-exposure and regeneration between 14 and 17dpf.

(M–N00) Heterozygous sibling and krm1nl10 mutant NMs at 17dpf following 1 round of NEO exposure and regeneration.

(O–P) Quantification of regenerated Tg(myosin6b:GFP)w186 hair cells and DAPI-positive cells at 17dpf. Heterozygous siblings n = 68 NM (12 fish) and krm1nl10 n =

62 NM (12 fish). (Q) Timeline of 2 rounds of NEO exposure (at 5dpf and 14dpf) and regeneration until 17dpf.

(R–S00) Heterozygous sibling and krm1nl10 mutant NMs at 17dpf following 2x rounds of NEO exposure and regeneration.

(T–U) Quantification of regenerated Tg(myosin6b:GFP)w186 hair cells andDAPI-positive cells at 17dpf. Heterozygous siblings n = 33NM (8 fish) and krm1nl10 n = 58

NM (9 fish). All data presented as mean G SD, Kruskal-Wallis test, Dunn’s multiple comparisons test. Scale bar = 20 mm.

Figure 6. Dorsoventral support cells are increased in krm1nl10 mutant NMs

(A and B) RNA in situ hybridization showing sost expression in dorsoventral cells in heterozygous sibling and krm1nl10 NMs at 5dpf.

(C–D00) Confocal projections of Tg(myosin6b:GFP)w186 labeled hair cells (green) and Tg(sost:nlsEos)w215 labeled dorsoventral support cells (magenta) immediately

following photoconversion in live 5dpf heterozygous sibling and krm1nl10 mutant NMs.

(E–F) Quantification of Tg(myosin6b:GFP)w186 hair cells and total Tg(sost:nlsEos)w215 expressing NM cells. Heterozygous siblings n = 34 NM (8 fish) and krm1nl10

n = 46 NM (9 fish). All data presented as mean G SD, Mann-Whitney test. Scale bar = 20 mm. See also Figure S2.
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Figure 7. Dorsoventral support cells contribute to supernumerary hair cells following regeneration in krm1nl10 mutant NMs

(A) Timeline for Tg(sost:nlsEos)w215 photoconversion at 5dpf and homeostatic development until 8dpf.

(B–C00) Homeostasis at 8 days of Tg(myosin6b:GFP)w186 labeled hair cells (green) and Tg(sost:nlsEos)w215 labeled dorsoventral support cells (magenta) following

photoconversion in 5dpf heterozygous sibling and krm1nl10 mutant NMs.

(D–F) Quantification of Tg(myosin6b:GFP)w186 hair cells, total Tg(sost:nlsEos)w215 expressing NM cells, and hair cells expressing both Tg(myosin6b:GFP)w186 and

Tg(sost:nlsEos)w215 at 8dpf. Heterozygous siblings n = 21 NM (12 fish) and krm1nl10 n = 22 NM (12 fish).

(G) Timeline for Tg(sost:nlsEos)w215 photoconversion and NEO at 5dpf and 1 round of regeneration until 8dpf.

(H–I00) 1 round of regeneration of Tg(myosin6b:GFP)w186 labeled hair cells (green) and Tg(sost:nlsEos)w215 labeled dorsoventral support cells (magenta) following

photoconversion at 5dpf and NEO-exposure in heterozygous sibling and krm1nl10 mutant NMs.

(J–L) Quantification of Tg(myosin6b:GFP)w186 hair cells, total Tg(sost:nlsEos)w215 expressing NM cells, and hair cells expressing both Tg(myosin6b:GFP)w186 and

Tg(sost:nlsEos)w215 at 8dpf following 1 round of regeneration. Heterozygous siblings n = 23 NM (8 fish) and krm1nl10 n = 31 NM (8 fish).

(M) Timeline for Tg(sost:nlsEos)w215 photoconversion and NEO at 5dpf and again at 8dpf, for 2 rounds of regeneration until 11dpf.
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krm1nl10mutant larvae exposed to DMSO showed a significant increase in the number of regenerated hair cells and dorsoventral sost:nlsEos+

support cells (Figures 9C–C00,9F and 9G) as compared to heterozygous sibling controls (Figures 9B–9B00, 9F, and 9G). In comparison to DMSO

conditions, LY441575 treatment resulted in a significant increase in the regenerated hair cells in both heterozygous (Figures 9D–D00, 9F, and
9G) and krm1nl10 mutant NMs (Figures 9E–E00, 9F, and 9G), eliminating the difference in populations we see in previous experiments

(Figures 9F and 9G). However, when we examined sost:nlsEos+ cells in larvae exposed to LY441575, we found a significant increase in het-

erozygous NMs as compared to DMSO conditions (Figures 9B00, 9D00, 9F, and 9G), but not in krm1nl10mutant larvae (Figures 9C00, 9E00, 9F, and
9G). These results suggest that the supernumerary sost:nlsEos cells in krm1nl10 mutant NMs arise through mechanisms controlled by Wnt

signaling rather than the Notch pathway.

As inhibition of Notch signaling increases proliferation, dorsoventral support cell numbers, and hair cell regeneration in krm1nl10 mutant

larvae, we next asked if this increase was sufficient to overcome the depletion of poised support cells, we found following multiple rounds of

regeneration in mutant NMs. We performed two successive rounds of regeneration between 5dpf and 11dpf using heterozygous sibling and

krm1nl10 myo6:GFP/sost:nlsEos expressing larvae with continuous exposure to DMSO or LY441575 (Figure 9H). We found in our DMSO

treated conditions 2 rounds of regeneration was sufficient to eliminate supernumerary sost:nlsEos+ support cells and myo6:GFP+ hair cells

in krm1nl10 mutant larvae as compared to heterozygous controls (Figures 9I–9J00, 9M, and 9N). In contrast, inhibition of Notch signaling re-

sulted in a significant increase in both sost:nlsEos+ andmyo6:GFP+ cells in heterozygous sibling and krm1nl10 mutant NMs following succes-

sive rounds ofNEO exposure (Figures 9K–L00, 9M, and 9N). Together these results suggest that the Notch pathway regulates support cell pro-

liferation and hair cell regeneration through mechanisms distinct from those regulated by the Wnt pathway and Kremen1 function.

DISCUSSION

Ourwork demonstrates Krm1 functions in the zebrafish posterior lateral line to regulate the number of dorsoventral support cells and hair cells

duringNMdevelopment and regeneration. Undermost conditions Krm1 acts to inhibit canonicalWnt signaling, and the results reported here

agree with this function in the lateral line.29,31 Surprisingly, we found, in contrast to previous analysis of Wnt signaling in the lateral line, regen-

eration of supernumerary hair cells in krm1nl10 mutants occurs through the direct differentiation of support cells without an increase in

proliferation.13,16,24–27,39,41,42

Our analysis of Krm1 function during regeneration in the zebrafish posterior lateral line revealed a population of support cells poised to

give rise to new hair cells even in the absence of cellular proliferation. These support cells are members of the sost:nlsEos expressing dorso-

ventral population previously demonstrated to be the primary source of regenerating hair cells following neomycin induced damage.19 As

Krm1 functions to inhibit the canonical Wnt pathway, our results examining the loss of Krm1 function suggest Wnt signaling acts to regulate

the number of poised progenitor cells. We find repeated ablation of hair cells and successive rounds of regeneration depletes the poised

support cells and eliminates supernumerary hair cells in krm1nl10 mutants.

Specific function of support cell populations during lateral line regeneration

Recent studies have begun to identify subsets of support cells with distinct genetic profiles within the zebrafish lateral line which seem to

play specific roles during regeneration.15,16,19,20 Within the specialized subsets of support cells are additional subpopulations that pri-

marily contribute to self-renewal and others that will give rise to regenerating hair cells. Although krm1 is expressed throughout the NM,

loss of Krm1 function seems to particularly result in an increase in the dorsoventral population of sost:nlsEos+ support cells and mature

hair cells. Within the dorsoventral support cells, there seems to be a further specialized population of cells capable of differentiation into

hair cells without first undergoing proliferation. As we find an increase in sost:nlsEos support cells in krm1nl10 mutants, Wnt signaling

seems to play a role in the regulation of at least a subpopulation of dorsoventral support cells. With the development of more precise

expression profiles of cells participating in NM regeneration, we will hopefully be able to specifically determine the identity of the poised

support cells.

Wnt and notch signaling in the lateral line

Previous studies demonstrated members of the Wnt pathway are expressed at low levels in the dorsal-ventral poles of NMs during homeo-

stasis and strongly upregulated beginning at 3 h post hair cell ablation with neomycin.15,16,19,24 Several studies used pharmacological manip-

ulation of the Wnt pathway to dissect the function during regeneration of the zebrafish lateral line.16,24,25,42,43 These studies, as well as our

work, suggest altering Wnt activity specifically results in changes in support cell proliferation; activating Wnt with LiCl, BIO or AZK results

in increased proliferation and inhibition of Wnt signaling with IWR-1 leads to decreased support cell proliferation (Figure S1).16,24,25,42,43

With this history, we were surprised krm1nl10 mutants did not have an increase in proliferation in during regeneration and, in fact, had a

decrease in the proportion of BrdU-positive support cells during regeneration (Figure 4).

Figure 7. Continued

(N–O00) 2 rounds of regeneration of Tg(myosin6b:GFP)w186 labeled hair cells (green) and Tg(sost:nlsEos)w215 labeled dorsoventral support cells (magenta)

following photoconversion and NEO-exposure at 5dpf and 8dpf in heterozygous sibling and krm1nl10 mutant NMs.

(P–R) Quantification of Tg(myosin6b:GFP)w186 hair cells, total Tg(sost:nlsEos)w215 expressing NM cells, and hair cells expressing both Tg(myosin6b:GFP)w186 and

Tg(sost:nlsEos)w215 at 8dpf following 2 rounds of regeneration. Heterozygous siblings n = 21 NM (8 fish) and krm1nl10 n = 22 NM (7 fish). All data presented as

mean G SD, Mann-Whitney test. Scale bar = 20 mm.
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The difference between previous pharmacological manipulation experiments and the krm1nl10 mutants might be a result of the spec-

ificity of the targets affected. AZK and BIO both activate the Wnt pathway though inhibition of glycogen synthase kinase 3b (GSK3b) and

disruption of the destruction complex, releasing b-catenin and allowing Wnt-mediated gene transcription.38 While GSK3b is strongly

associated with canonical Wnt signaling, regulation of cell behaviors via multiple pathways also integrate GSK3beta activity, in particular

Figure 8. Notch signaling regulates cellular proliferation during regeneration in krm1nl10 neuromasts

(A) Timeline of drug exposure between 5-8dpf. DMSO or LY411575 at 5dpf for 5-h prior to NEO exposure, NEO exposure, BrdU incubation for 24 h h in the

presence of DMSO or LY411575, and then regeneration to 8dpf with exposure to DMSO or LY411575.

(B–E%) Confocal projections of L2 neuromasts at 8dpf expressing Tg(myosin6b:GFP)w186 to label regenerated hair cells (myo6:GFP green), BrdU incorporation

(red), and DAPI labeling of nuclei (blue) in heterozygous sibling and krm1nl10 mutant larvae following exposure to DMSO or LY411575.

(F–J) Quantification ofmyo6:GFP-labeled hair cells at 8dpf following regeneration during exposure to DMSOor LY411575, BrdU-labeled NM cells 8dpf following

regeneration during exposure to DMSO or LY411575, percentage of BrdU-positive cells/DAPI-labeled nuclei in NMs, and percentage ofmyo6:GFP-labeled hair

cell co-labeled with BrdU. DMSO-exposed heterozygous siblings n = 22 NM (9 fish) and krm1nl10 n = 26 NM (9 fish); LY411575-exposed heterozygous siblings n =

20 NM (11 fish) and krm1nl10 n = 26 NM (9 fish). All data presented as meanG SD, Kruskal-Wallis test, Dunn’s multiple comparisons test. Scale bar = 20 mm. See

also Figure S3.
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through the AKT/mTOR pathway to promote proliferation and regeneration.44 Along similar lines, IWR-1 inhibits Tankyrase, which re-

sults in the stabilization of Axin and the increased phosphorylation and subsequent degradation of b-catenin. Tankyrase plays roles in

many signaling pathways that can impinge on cellular proliferation.45 Thus, the changes in proliferation seen during regeneration with

exposure to pharmacological manipulations may be the result of alterations in multiple pathways and not limited to canonical Wnt

signaling.

The Notch/Delta pathway is critical for regulating cellular behavior during development and regeneration in the lateral line.16,19,22,24,27

Inhibition of Notch signaling results in dramatic increases in proliferation, support cell numbers, and hair cell formation.16,22,24 Previous

work examining the results of simultaneously manipulating theNotch andWnt pathways using pharmacological methods specifically resulted

Figure 9. Notch signaling alters NM cell numbers following repeated damage

(A) Timeline of drug exposure from 5-8dpf, photoconversion, NEO exposure, regeneration, and live imaging.

(B–E00) Live confocal projections of Tg(myosin6b:GFP)w186 labeled cells (myo6, green) and Tg(sost:nlsEos)w215 labeled cells (sost, magenta) in larvae exposed to

DMSO or LY411575 and 1 round of regeneration in heterozygous sibling krm1nl10 mutant larvae.

(F–G)Quantification of Tg(myosin6b:GFP)w186 labeled hair cells and Tg(sost:nlsEos)w215 labeled cells at 8dpf following regeneration during exposure to DMSOor

LY411575. DMSO-exposed heterozygous siblings n = 20 NM (9 fish) and krm1nl10 n = 21 NM (9 fish); LY411575-exposed heterozygous siblings n = 22 NM (9 fish)

and krm1nl10 n = 25 NM (11 fish).

(H) Timeline for drug exposure, Tg(sost:nlsEos)w215 photoconversion and NEO at 5dpf and again at 8dpf, for 2 rounds of regeneration until 11dpf.

(I–L00) Heterozygous sibling and krm1nl10 mutant larvae exposed to DMSO or LY411575 during 2 rounds of regeneration.

(M andN)Quantification of Tg(myosin6b:GFP)w186 labeled cells and Tg(sost:nlsEos)w215 labeled cells following 2 rounds of regeneration in the presence of DMSO

or LY411575. DMSO-exposed heterozygous siblings n = 24 NM (11 fish) and krm1nl10 n = 23 NM (10 fish); LY411575-exposed heterozygous siblings n = 22 NM

(8 fish) and krm1nl10 n = 24 NM (10 fish). All data presented as mean G SD, Kruskal-Wallis test, Dunn’s multiple comparisons test. Scale bar = 20 mm. See also

Figure S3.
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in changes in the levels of proliferation during lateral line regeneration.16,24 In contrast, our experiments assessing regeneration using the

krm1nl10 mutant line, suggest overactivating Wnt signaling increases hair cell progenitor specification and differentiation without altering

overall levels of proliferation. However, additionally inhibiting Notch signaling in our krm1nl10 mutants during regeneration resulted in in-

creases in proliferation and additional increases hair cell differentiation. These results suggest the Notch and Wnt pathways might regulate

independent mechanisms controlling lateral line regeneration. Future work examining additional Wnt pathway mutants should provide a

more detailed understanding of the role of Wnt signaling in regulating regeneration.

Krm1 and human hearing

Recent studies usingmammalian inner ear cell cultures suggestmanipulating theNotch andWnt pathways are critical to regrowing damaged

hair cells.46,47 Interestingly, while there are conflicting results for upregulation and downregulation of Notch signaling as a mechanism to pro-

mote regeneration, upregulation of Wnt signaling is consistently necessary.46,47 Krm1 is expressed in the support cells of the mammalian co-

chlea, making it a potential target for therapeutic intervention: inhibition of Krm1 function might be required for support cells to re-enter a

more progenitor-like stage to then differentiate as mechanosensory hair cells to restore hearing. Future work will be needed to determine if

regulation of Krm1 function also plays a role in hair regeneration in the inner ear.

Limitations of the study

In this study, we used the krm1nl10 mutant zebrafish line to determine if Krm1 function regulates hair cell regeneration. We determined that

krm1nl10 mutants form more dorsoventral support cells in their neuromasts as compared to controls, and that these cells can regenerate su-

pernumerary hair cells in the absence of increase proliferation. One of the primary limitations of this study is that we do not know the precise

identity of these poised dorsoventral cells. Future studies examining existing gene expression profiles of the lateral line or single-cell RNA

sequencing of krm1nl10 mutants, will help identify this poised progenitor population. Another limitation is that the current study does not

address the role of these poised progenitor cells in wild-type fish under homeostatic conditions. It is possible that this is a small population

of support cells, which can rapidly replenish hair cells damaged during the normal life cycle of the fish. Future work is needed to address these

questions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Otoferlin antibody DSHB Cat# HCS-1; RRID: AB_10804296

Mouse monoclonal anti-BrdU antibody BD Biosciences Cat# 347580; RRID: AB_10015219

Rabbit polyclonal anti-Sox2 antibody Thermo Fisher Cat# PA5-85144; RRID: AB_2792291

Alexa Fluor 674 goat anti-mouse antibody Thermo Fisher Cat# A-21236; RRID: AB_2535805

Alexa Fluor 568 goat anti-mouse antibody Thermo Fisher Cat# A-11004; RRID: AB_2534072

Alexa Fluor 674 goat anti-rabbit antibody Thermo Fisher Cat# A-21244; RRID: AB_2535812

Anti-Digoxigenin-AP, Fab Fragments Millipore Sigma Cat# 11093274910; RRID: AB_2734716

Chemicals, peptides, and recombinant proteins

DAPI Thermo Fisher Cat# D1306

Neomycin sulfate Millipore Sigma Cat# N0400000

BrdU (5-Bromo-20-deoxyuridine) Millipore Sigma Cat# 19–160

LY411575 Millipore Sigma Cat# SML0506

AZK (1-azakenpaullone) Millipore Sigma Cat# A3734

IWR-1-endo Millipore Sigma Cat# 681669

Digoxygenin RNA labeling mix Millipore Sigma Cat# 11277073901

Critical commercial assays

HCR RNA-FISH Bundle Molecular Instruments https://store.molecularinstruments.com/

new-bundle/rna-fish

Experimental models: Organisms/strains

Zebrafish: Wildtype *AB ZIRC http://zebrafish.org ZFIN: ZDB-960809-7

Zebrafish: krm1nl10 (McGraw et al., 2014)31 RRID: ZFIN_ZDB-GENO-141113-8

Zebrafish: Tg(myosin6b:GFP)w186 (Thomas and Raible, 2019)19 RRID: ZFIN_ZDB_B-ALT-170321-13

Zebrafish: Tg(sost:nlsEos)w215 (Thomas and Raible, 2019)19 RRID: ZFIN_ZDB-ALT_190909-10

Zebrafish: Tg(sfrp1a:nlsEos)w217 (Thomas and Raible, 2019)19 RRID: ZFIN_ZDB_GENO-200218-3

Oligonucleotides

atoh1a RNA in situ hybridization probe (Itoh and Chitnis, 2001)48 ZFIN: ZDB-GENE-990415-17

notch3 RNA in situ hybridization probe (Itoh and Chitnis, 2001)48 ZFIN: ZDB-GENE-000329-5

deltaA RNA in situ hybridization probe (Haddon et al., 1998)49 ZFIN: ZDB-GENE-980526-29

deltaD RNA in situ hybridization probe (Haddon et al., 1998)50 ZFIN: ZDB-GENE-990415-47

notch1a RNA in situ hybridization probe (Haddon et al., 1998)50 ZFIN: ZDB-GENE-990415-173

wnt2 in situ hybridization probe template primers

Forward:50TTGGATCGCAAGTGATGTGC30

Reverse:50CCAAGCTTCTAATACGACTCACT

ATAGGGAGAAAGCCCGTCCCATATTGGTT3

IDT ZFIN: ZDB-GENE-980526-416

kremen1 in situ hybridization probe template primers

Forward:50GCCACAACACCATGTGGACC30

Reverse:50CCAAGCTTCTAATACGACTC

ACTATAGGGAGATGGGCACCGTGGCATTATTT30

IDT ZFIN: ZDB-GENE-070705-262

ctnnb1 in situ hybridization probe template primers

Forward:50GATGCTCAAACATGCCGTGG30

Reverse:50CCAAGCTTCTAATACGACTCAC

TATAGGGAGACATGCCCTCCTGTTTGGTGG3’

IDT ZFIN: ZDB-GENE-980526-362

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, zebrafish or other materials should be directed to and will be fulfilled by the lead contact,

Hillary F. McGraw (mcgrawh@umkc.edu).

Material availability

All materials are available upon e-mail request to the lead contact, Hillary F. McGraw (mcgrawh@umkc.edu).

Data and code availability

Raw data files are available at Mendeley Data (https://data.mendeley.com/datasets/hg3y4v2cbf/1). No code was generated in this study.

EXPERIMENTAL MODEL

Zebrafish lines and maintenance

The following zebrafish lines were used: wild-type*AB (ZIRC; http://zebrafish.org), Tg(myosin6b:GFP)w186,19 Tg(sost:nlsEos)w215,19

Tg(sfpr1a:nlsEos)w217,19 and krm1nl10.31 Zebrafish were maintained and staged according to standard protocols.51 This study used larvae

at stages between 5 and 17dpf. Control animals were either wild-type or krm1nl10 heterozygous agematched larvae. krm1nl10 homozygous

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

six1a in situ hybridization probe template primers

Forward:50CTCGTTCGGCTTTACGCAAG30

Reverse:50CCAAGCTTCTAATACGACTCACT

ATAGGGAGAGATCTGATGCGGATGCCCTT30

IDT ZFIN: ZDB-GENE-040718-155

tnfsf10L3 in situ hybridization probe template primers

Forward:50TCTTTGGAGAGCCGTGCATT30

Reverse:50CCAAGCTTCTAATACGACTCACTA

TAGGGAGACTCACTGTCCGGAGACCAAC3’

IDT ZFIN: ZDB-GENE-070606-1

sost in situ hybridization probe template primers

Forward:50ACGGACCAAACCGGACATAC30

Reverse:50CCAAGCTTCTAATACGACTCACTAT

AGGGAGAATGAACCGCTTGAGCAGGAA3’

IDT ZFIN: ZDB-GENE-110411-139

sfrp1a in situ hybridization probe template primers

Forward:50ATAAGAACTGCGACCCAGGC30

Reverse:50CCAAGCTTCTAATACGACTCACT

ATAGGGAGACCACCTTGCGTCCCATGATA3’

IDT ZFIN: ZDB-GENE-040310-5

lfng in situ hybridization probe template primers

Forward:50CACCTGTCTGGGGTTTCTGT30

Reverse:50CCAAGCTTCTAATACGACTCACT

ATAGGGAGATCTGTCGCATGTTTCTGGAG3’

IDT ZFIN: ZDB-GENE-980605-16

isl1a in situ hybridization probe template primers

Forward:50CAACATCGGTTTCAGCAAGA30

Reverse:50CCAAGCTTCTAATACGACTCACT

ATAGGGAGAAGGCTGGTCGATGTCACTCT30

IDT ZFIN: ZDB-GENE-980526-112

tnfsf10L3 RNA FISH Probe Molecular Instruments GenBank: NM_001042713.1

krm1 RNA FISH Probe Molecular Instruments GenBank: NM_001114917.1

Software and algorithms

FIJI (Schindelin et al., 2012)49 https://imagej.nih.gov/ij/

PRISM GraphPad https://www.graphpad.com

Deposited data

Raw data files This paper Mendeley Database: https://data.mendeley.com/

datasets/hg3y4v2cbf/1
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mutants were identified by their characteristic posterior lateral line truncation.31 Larvae were kept in E3 embryo medium (14.97 mM NaCl,

500 mMKCl, 42 mMNa2HPO4, 150 mMKH2PO4, 1mMCaCl2 dihydrate, 1mMMgSO4, 0.714mMNaHCO3, pH 7.2). For all experiments, larvae

were treatedwith tricaine (Syndel) prior to fixation in 4%paraformaldehyde/PBS (ThermoFisher). All workwas performed in accordancewith

theMcGraw laboratory protocol #41153 approved by the UMKC IACUC committee. In laboratory zebrafish lines, sexual determination and

differentiation occurs at �25dpf (52), after the timepoints used in this study.

METHOD DETAILS

Whole mount RNA in situ hybridization

Whole mount RNA in situ hybridization (WISH) was carried out using established protocols,33 modified with a 5-min Proteinase K (Thermo

Fisher) treatment to preserve neuromast integrity. The probes used were: atoh1a,50 notch3,48 delta,50 deltaD,50 notch1a, kremen1, wnt2,

ctnnb1, six1a, tnfsf10L3, sost, sfrp1a, lfng, and isl1a. Antisense probes were generated using established protocols33 or using a PCR-based

protocol.53

HCR fluorescent RNA in situ hybridization

Hybridization chain reaction fluorescent in situ hybridization (FISH) was carried out following the manufacturer’s protocol (Molecular Instru-

ments). The probes used were krm1-B1(4 pmol) and tnfsf10L3-B2 (4 pmol), with the amplifiers B1-546 and B2-647 respectively (Molecular In-

struments). Larvae were subsequently labeled with DAPI andmounted using Fluorescent MountingMedia (EMDMillipore) to prevent fading.

Immunohistochemistry and FM1-43FX labeling

Wholemount immunolabeling was performed using established protocols (Ungos et al., 2003).54 The primary antibodies usedwere: anti-Oto-

ferlin antibody (mouse monoclonal, 1:200, DSHB, University of Iowa), anti-Sox 2 antibody (rabbit polyclonal, 1:100, Invitrogen) and anti-BrdU

antibody (mouse monoclonal, 1:100, BD Biosciences). Secondary antibodies used were: goat anti-rabbit Alexa 647 (1:1000, Invitrogen), goat

anti-mouse Alexa 568 (1:1000, Invitrogen), and goat anti-mouse Alexa 647 (1:1000, Invitrogen). Mature hair cells were labeled by a 1-min in-

cubation in 3mM FM1-43FX (Invitrogen).55 Nuclei were labeled with 30mM DAPI (Thermo Fisher).

Neomycin exposure and regeneration

For hair cell ablation, 5 days post fertilization (dpf) larvae were incubated in 400 mM neomycin (NEO, Millipore-Sigma) for 0.5 h and then

washed 3x in fresh embryo medium. In experiments analyzing complete regeneration, larvae were collected 3 days followingNEO exposure.

For RNA in situ hybridization, larvae were collected 4 h or 1 day postNEO. To assess multiples rounds of hair cell ablation and regeneration,

larvae were exposed to NEO at 5dpf, 8dpf, 11dpf, and 14dpf; larvae were fixed 3 days after their final NEO exposure.

BrdU incorporation

Cellular proliferation during regeneration was analyzed using bromodeoxyuridine (BrdU; Millipore Sigma). BrdU incorporation was carried

out using established protocols56,57; larvae were incubated in 10 mM BrdU for 24 h at set times following NEO-induced ablation: for

5–6 days BrdU, larvae were exposed to BrdU immediately after NEO for 24 and then transferred to fresh E3 for 2 days; for 6–7 days BrdU,

larvae were kept in E3 for 1 day following NEO, then incubated in BrdU for 1 and transferred to E3 for 1 day; and for 7–8 days BrdU, larvae

were kept in E3 for 2 days following NEO exposure, followed by 24 h BrdU incorporation. All larvae were collected for fixation at 8dpf.

Inhibitor treatment conditions

Wnt signaling was activated using the Gsk3b inhibitor 1-azakenpaullone (AZK; Millipore Sigma38) or was inhibited using the Tankyrase inhib-

itor IWR-1-endo (Millipore Sigma), both were dissolved in DMSO and diluted in E3 embryo medium to 9mM and 22mM respectively. Control

larvae were incubated in less than 1% DMSO. Notch inhibition was done using the g-secretase inhibitor LY411575 (Millipore Sigma) at 50mM

with DMSO as a control. For regeneration experiments in the presence of inhibitors, 5 dpf larvae were treated with inhibitors or DMSO for 5 h

prior to exposure to NEO. Following NEO-induced ablation, larvae were incubated in DMSO or inhibitors for 3 days of regeneration.

Photoconversion

For photoconversion experiments using Tg(sost:nlsEos)w215 or Tg(sfrp1a:nlsEos)w217 fish, 5 dpf larvae were placed in a shallow depression

slide and exposed to 405 nm light for 20 s using a Zeiss Imager.D2 compoundmicroscope and a 103 objective. For regeneration experiments,

photoconversion was carried out prior to NEO exposure. For live imaging of Tg(sost:nlsEos)w215 fish, larvae were anesthetized using tricaine

and embedded in 1.2% low melt agarose/E3 embryo medium.

Image collection

For imaging of RNA in situ hybridization and immunohistochemistry, processed larvae were placed in 50% glycerol/PBS and mounted on

slides. For imaging of HCR in situ hybridization, larvae were mounted on slides in Fluorescent Mounting Media (Calbiochem) and imaged

within 3 days of processing to prevent signal loss. Imageswere collected using a Zeiss 510meta confocalmicroscope using Zen 2009 software.
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Images were processed using Fiji software49 and brightness and contrast were adjusted using Photoshop (Adobe). Neuromasts L1-L4 were

analyzed for each fish and cells were manually counted under blinded conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was carried out using Graphpad Prism 10 (GraphPad Prism version 10.0.0 for Mac, GraphPad Software, San Diego,

California USA, www.graphpad.com). A Mann-Whitney nonparametric test was used for pairwise comparisons and a Kruskal-Wallis test

with Dunn’s multiple comparison tests was used of all other data. Significance was set at p < 0.05. All data is presented as G standard de-

viation (SD).
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