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Zebrafish lateral line neuromasts are composed of central hair cells surrounded by supporting cells.
Cisplatin is a common anticancer drug, with hair cell disruption being a frequent side effect of this drug. In
our study, we observed complete functional hair cell loss after six hours of cisplatin insult in neuromasts,
as demonstrated by anti-parvalbumin 3 immunofluorescence staining or YO-PRO1 vital dye staining.
Time course analysis of neuromast hair cell regeneration showed that regenerated hair cells first appeared
between 12 and 24 h after damage, and the abundance of these cells increased stepwise with recovery
time. After 72 h, 90% of the hair cells were regenerated, and after 84 h, the number of regenerated hair cells
was comparable to the number of neuromast hair cells before treatment. The expression pattern of slc17a8
also showed that hair cells were regenerated after cisplatin exposure. Meanwhile, peripheral supporting
cells moved toward the center of the neuromasts, as shown by the in situ expression pattern of sox21a.
Increased hair cell progenitor formation was also observed, as demonstrated by the in situ expression
pattern of atohla. Furthermore, we detected increased expression of wnt2, wnt3a, and ctnnb1 in sorted
supporting cells from the sqet10 transgenic line, which labels neuromast supporting cells specifically.
In situ hybridization analysis also showed decreased expression of dkkla and dkk2. Regenerated hair
cells were inhibited by early inhibition of Wnt/(3-catenin signaling. Taken together, the results presented
here showed that Wnt/3-catenin signaling was activated in supporting cells during cisplatin exposure
earlier than expected. Our results also indicated that supporting cells enabled hair cell regeneration via
Wnt/B-catenin signaling during cisplatin exposure.
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damaged zebrafish lateral line hair cells in a dose-dependent man-
ner (Giari et al., 2012; Ou et al,, 2007; Thomas et al., 2015). Ou

1. Introduction

Hair cell regeneration requires nonsensory progenitor differen-
tiation and sensory progenitor formation (Cruz et al., 2015; Groves
etal., 2013). However, when and how hair cell progenitor formation
occurs remain unknown. In mammals, hair cell loss is permanent.
In lower vertebrates, such as zebrafish, hair cells exhibit robust
regenerative ability after toxicant exposure (Kniss et al., 2016;
Lush and Piotrowski, 2014; Pisano et al., 2014). Cisplatin is one
of the most commonly used anticancer drugs, with the most fre-
quent side effect being hearing disability, with 18% of adult patients
had severe to profound hearing loss after cisplatin (Frisina et al.,
2016) and severe ototoxicity ranged from 7% to 22% in children
(Knight et al., 2017). It has been previously observed that cisplatin
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et al. indicated that six hours of cisplatin exposure resulted in
almost complete mature hair cell loss in neuromasts (Ou et al.,
2007). It is also known that hair cells can regenerate fully after
cisplatin-induced hair cell loss (Mackenzie and Raible, 2012). Nev-
ertheless, the cellular and molecular mechanisms that regulate the
hair cell progenitor population during the regeneration process
remain unclear.

The zebrafish lateral line has another mechanosensory organ
in addition to ears. The posterior lateral line ultimately develops
10-12 hair cells that are surrounded by supporting cells in the
periphery in each neuromast in larvae five days post fertilization
(Villegas et al.,2012). Lateral line neuromast hair cells share genetic
and organ system homology with mammalian vestibular hair cells
(Barbazuk et al., 2000; Goldsmith and Jobin, 2012). Additionally,
zebrafish lateral line neuromast hair cells are easily visible and
accessible, facilitating the study of the cellular and molecular mech-
anisms underlying hair cell regeneration.
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It is well known that regenerated hair cells originate from neu-
romast stem cells (Lopez-Schier and Hudspeth, 2006; Williams and
Holder, 2000). Supporting cells are interposed between hair cells in
the lateral line neuromasts and can enter the mitotic S-phase and
become hair cell progenitors (Williams and Holder, 2000; Presson
et al., 1996; Presson et al., 1995). Proliferating supporting cells
may move inwards after drug-induced hair cell death. Addition-
ally, regeneration of chicken and amphibian hair cells can occur
from dividing or transdifferentiating supporting cells (Adler and
Raphael, 1996; Baird et al., 1996). Previous studies have revealed
that the soxB1and soxB2 genes play essential roles in maintenance of
the embryonic stem cells in an undifferentiated state (Bylund et al.,
2003; Hernandez et al., 2007; Lan et al., 2011). Differentiation of
hair cell progenitors requires expression of the transcription factor
atohla(Sarrazinetal.,2006). Moreover, no data have demonstrated
the behavior of neuromast supporting cells during the occurrence
of cisplatin-induced hair cell damage. We set out to define the
changes in gene expression in neuromast supporting cells at high
resolution during hair cell death and to investigate the changes
in gene expression in the hours before hair cell regeneration. We
demonstrated that Wnt/f3-catenin signaling was activated early
in neuromast supporting cells, and this activation was necessary
but not sufficient for hair cell regeneration. Our study indicated
that early Wnt/[3-catenin signaling activation in supporting cells is
essential for hair cell progenitor formation.

2. Materials and methods
2.1. Ethics statement

The use of animals was in accordance with the Guidelines on the
Handling and Training of Laboratory Animals by the Universities
Federation for Animal Welfare (UFAW). The experimental protocol
was in accordance with the principles outlined in the Declaration
of Helsinki.

2.2. Fish preparation and cisplatin treatment

The wild-type fish used in this study were Tiibingen fish. Sqet10
and sqet4 transgenic fish were used to label neuromast support-

ing cells and hair cells, respectively (Parinov et al., 2004). Larval
fish were generated by paired mattings. For cisplatin treatment,
1 mM cisplatin solution was freshly prepared before use by dissolv-
ing cisplatin powder (Sigma, 33422) in larval fish rearing medium
(5mM Nacl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgS04). Five
days post fertilization (dpf), larval fish were incubated in 1 mM
cisplatin medium for six hours at 28.5°C.

2.3. In situ hybridization

In situ probes for sox21a, atoh1a, dkk1a, dkk2, and slc17a8 were
synthesized according to standard procedures. In brief, to gener-
ate sox21a, atohla, dkk1a, dkk2, and slc17a8 antisense probes, PCR
was performed on cDNA from 5 dpf larval fish using the primers
listed in the following section. PCR products were then ligated with
the Ez-T vector to obtain plasmids. Linearized plasmids were used
as templates to synthesize DIG-labeled antisense probes. In situ
hybridization procedures were performed as described previously
(Thisse and Thisse, 2008). Images were obtained with a Zeiss Axio
A1 inverted microscope. The following primers were used to clone
these probes:

sox21a (Fw 5'-GCACGAGCAGGTCACTTCA-3’ and Rv 5'-CGGAA-
TAATGCGGGAAAG-3'), atohla (Fw 5-GCCACAAACTTTCCTCC-3'
and Rv 5'-GAATGTTCCGTCCTCGT-3'), dkkla (Fw 5-CATCCAGCC-
CGAGTGA-3’" and Rv 5'-GTTGAGCACAAAGCGAGT-3'), dkk2 (Fw 5'-
GTGCGGATGGGAGAAACT-3’ and Rv 5-TCTGGAGAATGAGGTGGC-
3’), and slc17a8 (Fw 5-TCTGAAGGAAAAGCTCAACCCGGGG-3’ and
Rv 5'-GCACCGCTGACAAAATGCCCACCTT-3).

2.4. Neuromast hair cell staining

In this study, neuromast hair cells were stained by immunoflu-
orescence or vital dye staining. The immunofluorescence staining
protocol was performed according to Harris et al. (2003). In brief,
10-15 fish larvae were fixed overnight at 4°C with 4% PFA and
then treated with acetone and blocked with PBDT plus 2% normal
goat serum. The larvae were incubated in rabbit anti-parvalbumin
3 (1:500, Sigma) or rabbit anti-myosin VI (1:500, Proteus Bio-
Sciences) overnight at 4°C. Then, the larvae were washed again
with PBDT and incubated with Alexa Fluor 488-labeled goat

Control Cisplatin

Anti-Parvalbumin 3

YO-PRO1

Hair cells/neuromast/fish

Fig. 1. Cisplatin-induced hair cell loss in zebrafish lateral line. (A and A’) Anti-parvalbumin 3 antibody staining showed only one abnormal hair cells, with rounded body,
remained after six hours treatment (red arrow). Scale bar, 5 uwm. (B and B’) YO-PROT1 live dye staining showed only one rounded-hair cells remained after treatment (red
arrow). Scale bar, 10 wm. (C) Quantification of functional hair cells after six hours cisplatin insult. ***, P<0.0001, 11 fish in each group, the first three posterior lateral line
neuromasts hair cells were counted. The experiment was repeated at least three times. (For interpretation of the references to colour in the figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Time course of hair cell regeneration following cisplatin insult. After cisplatin removal, fish larvae were incubated in fish medium to allow regeneration. (A, A’and A”)
In situ anti-myosin VI antibody staining showed regenerated hair cells at 0, 24 and 60 h after treatment. Scale bar, 10 wm. (B and B’) In situ hybridization using anti-sense
probe slc17a8 showed regenerated hair cells in neuromasts at 60 h post treatment. Red arrow, regenerated hair cells. Scale bar, 20 wm. (C) Quantification of regenerated hair
cells. Myosin VI-positive hair cells were quantified, with 12 h interval, during recovery time. Comparisons between each group were made by student t test. ***, P<0.0001;
ns, P>0.05. 12 fish in each group. The experiment was repeated at least three times. (For interpretation of the references to colour in the figure legend, the reader is referred

to the web version of this article.)

anti-rabbit IgG (H+L) (1:200, Invitrogen) for six hours at room tem-
perature. Labeled cells in neuromasts were counted with a Zeiss
Axio Al inverted fluorescence microscope using a 40x objective.
Vital dye staining of neuromast hair cells was performed by immer-
sion in 2 WM YO-PRO1 (Invitrogen, Y3603) in embryo medium for
30 min (Santos et al., 2006).

2.5. Fluorescence activated cell sorting (FACS)

One thousand 5 dpf untreated (control) or cisplatin-treated
sqet10 larvae were harvested to remove head tissue and collected
in 1.5-ml tubes. Then, 1 ml of Ringer’s solution was added, and the
mixture was gently pipetted to remove the yolk. Then, 1 ml of 0.25%
trypsin-EDTA (Gibco, MB3379) was added, and the mixture was
gently pipetted every five minutes at 28.5°C for 20-30 min to dis-
sociate the tissues into single cells. Finally, 10% FBS and 1 mmol/l
CaCl, were added to stop the enzymatic reaction. The cells were
centrifuged at 1000 rpm for 5 min and resuspended in PBS to obtain
dissociated cells. Cells were sorted with a BD Aria Il with a nozzle
size of 90 wm, and GFP + cells were sorted directly into 200 wl of

TRIzol reagent (Invitrogen, 15596026) and stored at —80°C until
further use.

2.6. RNA extraction, RT-PCR, QPCR

Approximately 10% sorted GFP+cells from several sorting
experiments were gathered and mixed for total RNA extraction
following the manufacturer’s instructions. cDNA was synthesized
using an M-MLV kit (Invitrogen, C28025) and served as a tem-
plate for RT-PCR and QPCR. QPCR was performed using the SYBR®
Green Quantitative RT-qPCR Kit (Invitrogen, A25780). Total RNA
from each sample was normalized to (3-actin.

2.7. Chemical compounds
For Wnt/B-catenin signaling inhibition, 0.1 wM FH535 (Merck,

219330) or 25 M XAV939 (Selleck, S1180) was added to the fish
medium (Huang et al., 2009; Jacques et al., 2012). For Wnt/(3-
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Fig. 3. The expression patterns of sox21a and atoh1la. Fish larvae were sampled one-hour interval during cisplatin insult regimen and in situ hybridization using anti-sense
probe sox21a or atohla were made. (A) The expression pattern of sox21a. sox21a positive supporting cells moved gradually from the periphery to the center of neuromasts
upon cisplatin exposure. Scale bar, 10 wm. The picture showed a representative neuromast. At least 10 fish larvae were observed in each experiment. Each experiment
repeated thrice. (B) The expression pattern of atohla. atohla positive cells increased from two hours to four hours post treatment in neuromasts. Scale bar, 10 wm. Above
panel, control group incubated in fish medium without cisplatin. Below panel, experimental group incubated in fish medium with cisplatin. A representative neuromast was
shown. At least 10 fish larvae were observed in each group. The experiment was repeated at least three times.

catenin signaling activation, 1 M BIO (Sigma, 361550) was added
to the fish medium (Atilla-Gokcumen et al., 2006).

2.8. Statistical analysis

To provide easy access to hair cells and reduce variability in the
number of hair cells found in different neuromasts, we counted the
first three neuromast hair cells from the posterior lateral line in
all experiments. All values were expressed as the mean + SD, and
statistical analyses were performed using Student’s t-test. Differ-
ences were considered significant if P<0.05. Each experiment was
repeated three times.

3. Results

3.1. Neuromast hair cells regenerated following cisplatin insult in
the zebrafish lateral line

To induce complete hair cell loss and rapid and full hair cell
regeneration in zebrafish lateral line neuromasts, six hours of expo-
sure to 1 mM cisplatin was used to damage the hair cells according
to studies by Ou et al. (2007). Immunofluorescence staining using
an anti-parvalbumin 3 antibody showed that occasionally one
abnormal rounded-body hair cell remained after treatment (Fig. 1A
and A’), which indicated that cisplatin induced almost complete
mature hair cell death. Additionally, live fish staining with the
vital dye YO-PRO1, which specifically labels neuromast hair cells
(Santos etal., 2006), demonstrated that cisplatin treatment induced
nearly complete mechanotransducive hair cell damage, albeit one

abnormal hair cell undergoing the death process was occasion-
ally observed (Fig. 1B and B’). Quantification of the remaining hair
cells after cisplatin treatment is shown in Fig. 1C. Taken together,
these results show that a six-hour cisplatin-induced damage regi-
men could induce complete functional hair cell loss in lateral line
neuromasts.

The time course of hair cell regeneration following cisplatin-
induced damage was analyzed. Immunofluorescence staining using
anti-myosin VI revealed all the hair cells (both nascent and mature
hair cells) in the neuromasts (Seiler et al., 2004). Quantification of
hair cells using immunofluorescence staining with anti-myosin VI
showed that hair cell regeneration occurred between 12 and 24 h
after cisplatin removal and increased overtime. After 72 h, more
than 90% of the hair cells were regenerated, and after 84h, the
regenerated hair cells in the neuromasts were comparable to the
neuromast hair cells before treatment (Fig. 2A-A”, and C). Slc17a8 is
the gene that encodes vesicular glutamate transporter 3 (VGIuT3),
which is a marker of neuromast hair cells in zebrafish and inner hair
cells in mammals (Trapani and Nicolson, 2011). In situ hybridiza-
tion using the antisense probe of slc17a8 also demonstrated hair
cell regeneration after cisplatin treatment (Fig. 2B and B’). Addi-
tionally, we observed no significant difference in the number of
control neuromast hair cells during recovery (Fig. S1). Moreover,
when 50 uM cisplatin was applied to the lateral line for 24 h, hair
cell regeneration was delayed and started after 24 h post treat-
ment (Fig. S2). Taken together, these results showed that a six-hour
cisplatin treatment regimen can induce complete hair cell loss fol-
lowed by rapid and complete hair cell regeneration in zebrafish
lateral line neuromasts.



52

(x 1,000)

SSC-A

FITC-A

X.-x. Mi et al. / Annals of Anatomy 226 (2019) 48-56

()

\X=

B T, tet v o

ncubation

-—

_Cut the head tissue

::.: Flow cytometr
4
»oc_!
]
;t's-r ] Q1 Q2
)
(=1 -~ S
O =
I s
Qe 1
o =9
R
a 4’
Noqf
=X;-
=%,
-

Fig. 4. Fluorescence activated cell sorting of neuromasts supporting cells. (A) A representative neuromast from transgenic line sqet10. Only supporting cells were labeled
by GFP, hair cells were differentiated by red vital dye staining. Right is a scheme to show cell types in a neuromast. (B) Outline of FACS protocol. (C) Flow cytometry of GFP
positive supporting cells. Left, FITC staining, P1 indicated the GFP positive supporting cells that were sorted. Right, perCP-Cy5-5-A staining, Q3 + Q4 (99%) indicated the alive
supporting cells after sorting. (For interpretation of the references to colour in the figure legend, the reader is referred to the web version of this article.)

3.2. Neuromast supporting cells moved toward the center of the
neuromasts during cisplatin exposure

To observe dynamic changes in neuromast supporting cells dur-
ing cisplatin exposure, in situ hybridization of the antisense probe
of sox21a was used to observe the dynamic patterns of the sup-
porting cells (Lan et al., 2011). The expression pattern showed that
sox21a was usually expressed in the peripheral supporting cells in
normal neuromasts (Fig. 3A, control panel). After three hours of cis-
platin treatment, sox21a-positive supporting cells moved toward
the center of the neuromasts (Fig. 3A, cisplatin panel). We also
observed that after hair cell regeneration, the expression of sox21a
reverted to the periphery of the neuromasts (Fig. S3). This finding
indicated that dynamic changes in supporting cells may occur in
response to hair cell loss upon cisplatin insult.

The expression pattern of atohla showed that several atohla-
positive cells were present among the supporting cells in normal
larval developmental neuromasts (Fig. 3B, control panel). After cis-
platin incubation, the abundance of atoh1a-positive cells increased
from two hours to four hours post treatment (Fig. 3B, cisplatin
panel; Fig. S4). These data demonstrated that the abundance of
potential hair cell progenitors increased during hair cell death,
suggesting that there were more supporting cells that exhib-
ited hair cell differentiation potential at an early stage than
expected.

3.3. Wnt/B-catenin signaling was activated in neuromast
supporting cells during hair cell death

To examine changes in gene expression in supporting cells
at a high resolution, fluorescence activated cell sorting (FACS)
was used to sort the supporting cells in neuromasts during cis-
platin exposure. In the sqget10 transgenic line, supporting cells

but not hair cells were specifically labeled by GFP (Fig. 4A). Five
dpf sqget10 larvae were treated with cisplatin, and after three
hours of cisplatin exposure, fish larvae were harvested and head
tissue was removed to exclude the anterior lateral line neuro-
mast supporting cells (Fig. 4B). GFP-positive supporting cells were
sorted according to the FITC gate, and the activity of the sorted
cells was confirmed by perCP-Cy5-5-A dye staining (Fig. 4C and
D).

We observed that cisplatin induced caspase 3 activation in
neuromast hair cells (Fig. S5B), and previous studies revealed
that caspase 3 induced Wnt/B-catenin signaling to regenerate
the lost tissues (Bergmann and Steller, 2010). The Wnt/(3-catenin
signaling pathway is triggered by the binding of Wnt ligand to
the LRP-5/6 receptors and Frizzled receptors. Dickkopfs (Dkks)
serve as an extracellular Wnt inhibitor by disrupting the forma-
tion of Wnt/LRP/Frizzled complex (Mao et al., 2001). To measure
the changes in expression of Wnt/(-catenin signaling genes, we
first applied RT-PCR to screen the changes in factors involved in
Wnt signaling. RT-PCR data showed that the expression of wnt2
and wnt3a increased in cisplatin-treated supporting cells com-
pared to the control group (Fig. 5A). We also observed slightly
decreased expression of wnt7bb in the cisplatin-treated group
(Fig. 5A). Furthermore, QPCR was used to quantify the relative
changes in gene expression. The results showed that the expression
of wnt2 and wnt3a were increased significantly in the cisplatin-
treated group, but the expression of wnt7aa was not significantly
reduced in the cisplatin-treated supporting cells compared to
the control (Fig. 5B). Additionally, in situ hybridization of dkks
showed that dkk1a and dkk2 levels were reduced in neuromast sup-
porting cells during cisplatin exposure (Fig. 5C). Taken together,
these data suggest that Wnt/B-catenin signaling is activated in
supporting cells during cisplatin-induced hair cell death in neu-
romasts.
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Fig. 5. Wnt/B-catenin signaling activated in neuromasts supporting cells. (A) RT-PCR in sorted supporting cells showed increased expression of wnt2 and wnt3a in cisplatin-
treated group compared to control group. Slightly decreased expression of wnt7bb was observed in cisplatin-treated group. Cldnb served as supporting cells “housekeep”
gene. $-actin used as an internal control. (B) Quantification of expression changes in sorted supporting cells. wnt2, wnt3a and ctnnb1 had significantly increased expression in
cisplatin-treated group, while wnt7bb had not significantly reduced expression. Cldnb had the same expression level between two groups. 8-actin used as an internal control.
*, P<0.05. ns, no significance. (C) Whole mount in situ hybridizations of dkk1a and dkk2. dkk1a and dkk2 expressed in neuromasts hair cells and adjacent supporting cells in
untreated fish larvae. The significantly reduced expressions were observed during cisplatin incubation time window. Above panel, dkk1a expression panel; below panel, dkk2
expression panel. Red circles indicated the range of a neuromast. Purple circles indicated hair cells location. Red arrow showed hair cells. Green arrow indicated supporting
cells. Scale bar, 10 wm. 10 fish in each group. The experiment was repeated at least three times. (For interpretation of the references to colour in the figure legend, the reader

is referred to the web version of this article.)

3.4. Regenerated hair cells were inhibited by early Wnt/B-catenin
signaling inactivation

To observe the effects of early Wnt/[3-catenin signaling activa-
tion, we applied Wnt/[3-catenin signaling inhibitors within the first
few hours following cisplatin removal, to observe the effects on
the number of regenerated hair cells. The data showed that incu-
bation with FH535 for the first two hours significantly reduced hair
cell regeneration at 48 h after cisplatin removal, and the first four
hours of incubation with FH535 also led to significantly reduced
hair cell regeneration compared to the control group. Additionally,
we applied FH535 incubation for the first 12 h, and hair cell regen-
eration was significantly reduced compared to the control group
(Fig. 6A and B). Moreover, XAV939, another Wnt/-catenin signal-
ing inhibitor, exhibited the same effect on hair cell regeneration
(Fig. S6). However, addition of BIO, a specific GSK3 kinase inhibitor,
did not influence the number of regenerated hair cells compared to
the control group (Fig. 6A and C). These chemical compounds did
not exhibit any toxicity toward the fish under the concentrations
used in this study. Taken together, these findings demonstrated
that early Wnt/f-catenin signaling activation is necessary but not
sufficient for hair cell regeneration.

4. Discussion

Lateral line neuromast hair cell regeneration has been exten-
sively studied after ototoxic drug treatment. However, there is little

data regarding the changes in gene expression that occur during
the treatment period. In our study, we subjected zebrafish lat-
eral line neuromasts to six hours of cisplatin exposure to observe
the changes in gene expression during the treatment period. We
first used anti-parvalbumin 3 antibody staining and YO-PRO1 vital
dye staining to demonstrate mature hair cell death in neuro-
masts, and we also used anti-myosin VI antibody staining to detect
mature and nascent hair cells in neuromasts. Comparing the results
from different labeling methods, we found that cisplatin dam-
aged nearly all the mature hair cells but not nascent hair cells
with our insult regimen. These data are consistent with a previ-
ous study that revealed that nascent hair cells were insensitive
to cisplatin due to a lack of mechanotransduction (Mao et al.,
2001).

Mackenzie and Raible showed that after 50 WM cisplatin treat-
ment for 24 h, regeneration in larval zebrafish was significantly
delayed and remained incomplete after 96h (Mackenzie and
Raible, 2012). In our study, after treatment with 1mM cisplatin
for six hours, larval zebrafish exhibited rapid hair cell regenera-
tion after 12 h post treatment, and almost complete regeneration
was observed after 84 h. Slattery and Warchol demonstrated that
10-20 wM cisplatin treatment for 24 h led to decreased support-
ing cell proliferation and transdifferentiation in cisplatin-damaged
chicken basilar papilla (Slattery and Warchol, 2010). We specu-
lated that a longer cisplatin treatment is not only toxic to hair cells
but also damaged the regeneration capacity of supporting cells. In
contrast to chronic cisplatin exposure, acute treatment with a high-
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Fig. 6. Regenerated hair cells were reduced after early inhibition of Wnt/B-catenin signaling. Transgenic line sqet4, which labels hair cells specifically, was applied in this
experiment. (A) Representative pictures showed regenerated hair cells after early hours of FH535 (inhibitor) or BIO (activator) addition during recovery time. Scale bar,
10 wm. 11 fish in each group. (B) Quantification of regenerated hair cells after FH535 addition. Comparisons were made between each group with control using student t test.
** P<0.0001. 11 fish in each group. (C) Quantification of regenerated hair cells after BIO addition. ns, no significance. 10 fish in each group. All experiments were repeated

at least three times.

concentration cisplatin exposure regimen led torapid and complete
hair cell regeneration in the zebrafish lateral line.

A label retention assay from Cruz et al. demonstrated that dif-
ferentiating supporting cells were located in the center of the
neuromasts during regeneration (Cruz et al., 2015). In a study
by Romero-Carvajal et al., proliferating cells and their proge-
nies moved toward the center of neuromasts before mitosis and
reverted to their original positions post mitosis in regenerat-
ing neuromasts (Romero-Carvajal et al., 2015). In our study, we
observed that supporting cells moved toward the center of the neu-
romasts during hair cell death and back to the periphery after hair
cellregeneration. We speculated that the supporting cells were pre-
pared for hair cell regeneration upon hair cell loss. Additionally,
we observed that the levels of atoh1a-labeled hair cell progenitors
increased, which strongly supported the hypothesis that support-
ing cells undergo hair cell regeneration earlier than expected.

During sensory development, Wnt/f3-catenin signaling gov-
erns prosensory domain specification and hair cell differentiation
(Jacques et al., 2012). Jiang et al. found that Wnt/B-catenin sig-
naling is not involved in regulating the onset of proliferation but
governs proliferation at later stages of hair cell regeneration (Jiang
et al., 2014). Suppression of the Wnt pathway reduced the num-
ber of regenerated hair cells and mitotic supporting cells in chick
cochleae (Jiang et al., 2018). In our study, we found that the expres-
sion levels of the Wnt/f3-catenin signaling ligands wnt2 and wnt3a
increased early during the cisplatin damage period but not those
of wnt10a, wnt10b or wnt4a, as reported in previous studies (Blum
and Begemann, 2012; Ramachandran et al., 2011). We speculated
that cisplatin-induced hair cell death is a caspase-dependent mech-

anism that stimulates hair cell regeneration (Ding et al., 2012).
Wnt/B-catenin signaling is widely involved in compensatory pro-
liferation for tissue regeneration (Chera et al., 2009; Gurley et al.,
2008; Petersen and Reddien, 2009). In Hydra head regeneration,
Apoptosis is both necessary and sufficient to induce Wnt3 secre-
tion (Chera et al., 2009). Our data and studies by Ou et al. have
indicated that cisplatin damages neuromast hair cells in a caspase
3-dependent apoptotic manner (Fig. S5B) (Ou et al., 2007). We also
found that the neomycin treatment regimen used by Jiang et al.
did not induce caspase 3 activation (Fig. S5C). This finding might
partially explain Jiang et al.’s observation that Wnt/3-catenin sig-
naling is not involved in early stages of hair cell regeneration (Jiang
et al.,, 2014). Previous studies have revealed that neomycin mainly
induces perturbation of the mitochondrion (Owens et al., 2007).We
speculated that the early Wnt/3-catenin signaling activation was a
response to cisplatin-induced hair cell death, which stimulated hair
cell regeneration. However, to make this claim, further research is
needed. When we exposed the cells to high levels of copper, we did
not observe caspase 3 activation or the accompanying early Wnt
activation (Fig. S5 D-F). Our study indicated that early activation
of Wnt/B-catenin signaling in supporting cells may be a unique
response to caspase 3-dependent apoptotic hair cell death.
Previous studies have demonstrated that activation of Wnt/[3-
catenin signaling increases the number of supporting cells that
return to the cell cycle in response to hair cell damage and the
number of regenerated hair cells (Head et al., 2013; Jacques et al.,
2014). In this study, we did not elucidate the impact of cisplatin
on proliferating or transdifferentiating supporting cells, as we
know that hair cell differentiation is also regulated in part by
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Wnt/p-catenin signaling. We observed that both proliferating and
transdifferentiating supporting cells were affected when Wnt/3-
catenin signaling was inhibited (unpublished data). These results
suggested that early Wnt/B-catenin signaling activation in sup-
porting cells enabled hair cell regeneration in neuromasts after
cisplatin-induced damage.

Mammals do not regenerate hair cell spontaneously but retain
the potential. Bramhall et al. showed that Lgr5-positive support-
ing cells can serve as hair cell progenitors in the postnatal mouse
cochlea following ototoxic damage (Bramhall et al., 2014). Li
et al. demonstrated that Notch inhibition removes the brakes on
Wnt/3-catenin signaling, thus promotes Lgr5* progenitor cells to
mitotically regenerate new hair cells in mammalian cochlea (Li
et al.,, 2015). Our study showed that an early Wnt activation in
neuromasts supporting cells is necessary for hair cell regeneration
following cisplatin insult. Our results also indicated that cisplatin-
induced cell death triggers Wnt-dependent hair cell regeneration in
zebrafishlateral line. Our findings will give a hintin the try toinduce
hair cell regeneration after cisplatin ototoxicity in mammals.

Taken together, these results demonstrated that a regimen of
cisplatin exposure could induce complete hair cell loss followed by
rapid and complete hair cell regeneration. We further evaluated
the expression pattern of genes involved in neuromast supporting
cells at high resolution by FACS. Wnt/-catenin signaling was acti-
vated in supporting cells upon hair cell death induced by cisplatin.
Early inhibition of Wnt/[3-catenin signaling led to reduced hair cell
regeneration, but early activation of Wnt/3-catenin signaling had
no effect on the number of regenerated hair cells. Other signaling
pathways, such as Notch and FGF, should be considered in future
studies. Overall, we demonstrated that early Wnt/@-catenin sig-
naling activation in supporting cells is necessary but not sufficient
for hair cell regeneration. Our study will broaden our knowledge
regarding the role of Wnt/3-catenin signaling in hair cell regener-
ation.

5. Conclusion

Studies on the gene expression patterns in supporting cells dur-
ing hair cell death are scarce. Wnt/[3-catenin signaling has been
widely studied in late stages of hair cell regeneration. The results
presented here demonstrate that Wnt/f-catenin signaling was
activated in neuromast supporting cells during hair cell death ear-
lier than expected. Early activation of Wnt/[3-catenin signaling was
found to be necessary for hair cell regeneration. This study broad-
ens our knowledge regarding the role of Wnt/[3-catenin signaling
in hair cell regeneration.
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