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microRNA-183 is Essential for Hair Cell Regeneration 
after Neomycin Injury in Zebrafish
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1Department of Otorhinolaryngology, Hallym University College of Medicine, Seoul;
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Purpose: microRNAs (miRNAs) are non-coding RNAs composed of 20 to 22 nucleotides that regulate development and differen-
tiation in various organs by silencing specific RNAs and regulating gene expression. In the present study, we show that the mi-
croRNA (miR)-183 cluster is upregulated during hair cell regeneration and that its inhibition reduces hair cell regeneration fol-
lowing neomycin-induced ototoxicity in zebrafish.
Materials and Methods: miRNA expression patterns after neomycin exposure were analyzed using microarray chips. Quantita-
tive polymerase chain reaction was performed to validate miR-183 cluster expression patterns following neomycin exposure (500 
µM for 2 h). After injection of an antisense morpholino (MO) to miR-183 (MO-183) immediately after fertilization, hair cell regen-
eration after neomycin exposure in neuromast cells was evaluated by fluorescent staining (YO-PRO1). The MO-183 effect also 
was assessed in transgenic zebrafish larvae expressing green fluorescent protein (GFP) in inner ear hair cells.
Results: Microarray analysis clearly showed that the miR-183 cluster (miR-96, miR-182, and miR-183) was upregulated after neo-
mycin treatment. We also confirmed upregulated expression of the miR-183 cluster during hair cell regeneration after neomycin-
induced ototoxicity. miR-183 inhibition using MO-183 reduced hair cell regeneration in both wild-type and GFP transgenic zebraf-
ish larvae. 
Conclusion: Our work demonstrates that the miR-183 cluster is essential for the regeneration of hair cells following ototoxic inju-
ry in zebrafish larvae. Therefore, regulation of the miR-183 cluster can be a novel target for stimulation of hair cell regeneration.
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INTRODUCTION

Sensory-neural hearing loss (SNHL) is caused by aging, noise, 
and drugs and is one of the most common health problems 
associated with hearing loss. Although various treatment mo-
dalities have been developed, medical treatment for SNHL is 
still not available. The main SNHL pathology is cochlear hair 

cell damage, which is reversible in avians and fish. However, 
the mammalian cochlear hair cell is never regenerated, which 
is the main hurdle in medical treatment for SNHL. Therefore, 
understanding the hair cell regeneration mechanism in avi-
ans or fish is important to finding solutions for hair cell regen-
eration in mammals.

microRNAs (miRNAs), non-coding RNA composed of 20 to 
22 nucleotides, regulate development and differentiation in 
various tissues by silencing specific RNA and regulating gene 
expression.1 miRNAs are expressed in the inner ear and have 
important roles in the development and maturation of the in-
ner ear. For example, an miRNA (miR)-183 family cluster (miR-
183, miR-96, and miR-182) is expressed in inner ear sensory 
cells in zebrafish2 and mice.3 Overexpression of miR-96 or miR-
182 induces ectopic hair cell generation in zebrafish.4 In con-
trast, knockdown of miR-183, miR-96, and miR-182 causes re-
duced hair cell numbers in the inner ear.5,6 Moreover, mutations 
in miR-96 cause dominant-progressive hearing loss in mouse 
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and humans.7,8 
miRNAs have important roles during the regeneration of 

limbs, cardiac muscle, and liver.9-11 Thus, an emerging question 
is whether miRNAs also control hair cell regeneration in the 
avian and fish inner ear. Previously, overexpression of miR-182, 
but not miR-183 and miR-96, was shown to improve hair cell 
survival after cisplatin treatment.12 Meanwhile, anti-miR-181a 
peptide reduced proliferation during hair cell regeneration af-
ter streptomycin exposure in avian inner ear. The let-7 family 
of miRNA is involved in the initial process of hair cell regener-
ation in newt inner ear.13 However, there has been no direct evi-
dence supporting the role of miRNAs in hair cell regeneration.

Here, we show that miR-183 is essential for neuromast regen-
eration after neomycin-induced hair cell damage in zebrafish.

MATERIALS AND METHODS

Animals
Wild-type adult zebrafish (AB) were obtained from a commer-
cial supplier. The transgenic zebrafish lines that display green 
fluorescent protein (GFP) on hair cells (pou4f3::GFP) were 
also used.14 All procedures were following the regulation of the 
Institutional Animal Care and Use Committee of Yonsei Univer-
sity. Adult fish stock were maintained according to standard 
protocols.15 Embryos were raised at 28.5°C in E3 embryo medium 
(1 mM MgSO4, 120 mM KH2PO4, 74 mM Na2HPO4, 1 mM CaCl2, 
500 mM KCl, 15 mM NaCl, and 500 mM NaHCO3 in deionized 
H2O, pH 7.2) at a density of 30 larvae per 10-cm Petri dish.

Morpholino oligonucleotide and miRNA injections 
and neomycin treatment
Pulled-glass capillary micropipettes with tips broken to 10 µm 
were used to deliver 1 nL of morpholino (MO) into one-celled 
zebrafish embryos. The MO, including the standard control 
MO (GeneTools, Philomath, OR, USA), was dissolved in water 
to the desired concentration (1 mM) and injected into the cy-
toplasm. The sequence of anti-miR-183 (MO-183) was 
5’-CAGTGAATCTACCAGTGCCATA-3’ & MO-182 was 
5’-UUUGGCAAUGGUAGAACUCACA-3’. Wild-type zebrafish 
larvae at 72 hours post fertilization (hpf) were treated with 500 

µM neomycin for 2 h. Hair cells from neomycin-treated larvae 
were stained using a 20-min immersion in 2 mM YO-PRO1 (In-
vitrogen, Cergy Pontoise, France) 4 h (78 hpf), 12 h (86 hpf), 24 h 
(98 hpf), and 48 h (122 hpf) following neomycin treatment. The 
zebrafish larvae were anesthetized with 0.1% tricaine (3-ami-
nobenzoic acid ethyl ester, Sigma, St-Louis, MO, USA) and mo-
unted in 3% methylcellulose (Sigma) in a depression slide. The 
average hair cell number in three posterior neuromasts (P7, 
P8, and P9) was evaluated under a fluorescent microscope. 
These posterior neuromasts were selected because they ex-
hibit low variability in the number of hair cells, show definite 
differences in rate of regeneration, and produce clear confocal 
images due to the thin surrounding tissue. The study design is 
summarized in Fig. 1.

Microarray analysis for miRNAs
Zebrafish larvae were homogenized in Tri-reagent (Sigma) at 
a ratio of 100 mg of tissue per mL of reagent and total RNA was 
isolated at 4 h (78 hpf), 12 h (86 hpf), 24 h (98 hpf), and 48 h 
(122 hpf) following neomycin treatment. The miRNA expres-
sion profiles for each total RNA sample from zebrafish larvae 
were analyzed using GeneChip miRNA 1.0 arrays (Affymetrix, 
Santa Clara, CA, USA). Synthesis of complementary DNA (cDNA), 
hybridization to chips, and washes were performed according 
to the manufacturer’s protocol. GeneChip arrays were scanned 
at 3-mm density using a GeneArray Scanner (Affymetrix). Im-
ages were inspected to ensure that all 18 chips had low back-
ground and bright hybridization signals. Mean fluorescence 
signal intensity for each probe was quantile normalized. The 
one-way ANOVA test was used to determine significant differ-
ences in miRNA expression between control groups, where 
p<0.05 was interpreted as significant.

Quantitative real-time PCR
Quantitative-polymerase chain reaction (q-PCR) detection of 
miRNAs was performed using mirVana q-PCR miRNA primer 
sets (Ambion, Cergy Pontoise, France). Total RNA (100 ng) from 
each group was reverse transcribed using SuperScript Reverse 
Transcriptase (Invitrogen) in a 20-mL reaction to produce cDNA. 
Q-PCR was performed using a 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems) to analyze triplicate reactions (20 mL) 

Fig. 1. Experimental design for the effect of microRNA in hair cell regeneration. MO-183 injection into zebrafish larvae immediately after fertilization. 
Larvae were treated with neomycin (500 μM) for 2 h at 72 hpf. Total RNA sampling and hair cell counting was performed at 4, 12, 24, and 48 h after 
neomycin treatment. hpf, hours post fertilization; MO, morpholino.

Fertilization
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containing 26 SYBR Green PCR Master Mix (Applied Biosys-
tems), a 10-fold dilution of the mirVana q-PCR Primer Set, and 
cDNA. After incubation at 95°C for 20 s, PCR products were an-
alyzed throughout 40 cycles consisting of 95°C for 3 s and 60°C 
for 30 s. The threshold cycle was defined as the PCR cycle num-
ber at which the fluorescence intensity was appreciably above 
the background level but was still in the early exponential phase 
of amplification.

Whole-mount in situ hybridization
RNA probes against miR-183 were hybridized to fish fixed at 
120 hpf. Hybridization detection was via alkaline phosphatase 
(AP)-conjugated anti-digoxigenin (Roche, Indianapolis, IN, 
USA), followed by the NBT/BCIP color reaction. Whole-mount 
in situ hybridization was performed using locked nucleic acid 
(LNA) probes for miR-183 labeled with digoxigenin (DIG Oli-
gonucleotide 3′-End Labeling Kit; Roche). RNA probes for in 
situ hybridization were synthesized using Taq polymerase. 
LNA probes (miRCURY LNA probes) were purchased from Ex-
iqon (Vedbaek, Denmark) or custom synthesized (Integrated 
DNA Technologies, Coralville, IA, USA) by incorporating LNA 
modifications at every third nucleotide position from the 5′ 
end. LNA probes are antisense to miR-183 (5′-CAGTGAATTC-
TACCAGTGCCATA). Briefly, fixed tissues were defatted with 
ethanol, digested with 10 µg/mL Proteinase K/PBT, hybrid-
ized with 12 pmol labeled LNA probe, washed, and digested 
with RNase A. Labeled LNA probe was detected using AP con-
jugated sheep anti-DIG Fab fragment and BM Purple AP Sub-
strate (Roche). Tissues were whole mounted in glycerol and im-
aged using light microscopy using a Nikon Eclipse 800 micro-
scope. A minimum of three samples were prepared for each 
condition.

Statistical analysis
All experiments were performed independently at least three 
times using more than 10 larvae in each group for each exper-
iment. Statistical analysis was performed using SPSS v.16.0 

(SPSS Inc., Chicago, IL, USA). Tukey corrected one-way ANOVA 
or independent t-tests were used for analysis. Values of p<0.05 
were considered statistically significant.

RESULTS

Expression profiles of miRNAs after neomycin 
treatment in zebrafish larvae
Microarrays were used to screen the miRNAs upregulated 
during hair cell regeneration after neomycin treatment. Ac-
cording to our previous data,15 hair cell regeneration starts 4 h 
after neomycin treatment and is completed within 24 h. There-
fore, we compared miRNA expression levels at 4, 12, 24, and 
48 h after neomycin treatment with those treated with vehicle. 
Fig. 2 lists the miRNAs with increases greater than log2-fold 
than control for at least one time point. Among the 37 miRNAs, 
we focused on the miR-183 cluster, which are expressed in hair 
cells and play important roles in hair cell development. miR-
183 was upregulated 4 h after neomycin treatment, more st-
rongly expressed at 12 h and 24 h after neomycin treatment, 
and then returned to basal levels 48 h after treatment. miR-182 
and miR-96 had similar expression patterns. Other miRNAs, 
such as miR-21, miR-146a, and miR-739, were also increased 
more than log2 fold at three time points.

Expression of the miR-183 family after neomycin 
treatment
In order to validate the microarray data, we performed q-PCR 
for the miR-183 cluster. The miR-183 expression was signifi-
cantly increased 12 h (3.3±0.7-fold) after neomycin treatment, 
further upregulated at 24 h (3.8±0.8-fold) after neomycin treat-
ment, and returned to basal levels 48 h (1.2±0.1-fold) after 
neomycin treatment. miR-182 and miR-96 had similar expres-
sion patterns after neomycin treatment (Fig. 3).
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Fig. 2. miRNA expression microarray data after neomycin (500 μM) exposure for 2 h in zebrafish larvae. The data are expressed as log2 transformed 
fold change in miRNA expression at 4, 12, 24, and 48 h after neomycin treatment, compared to non-treated larvae. Only those miRNAs which showed 
2- or more fold change at any time point, compared to control, are shown. Arrows indicated miRNAs up-regulated in three time points. *miR-183 clus-
ters. miRNA, microRNA.
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Effect of miR-183 inhibition on hair cell regeneration 
after neomycin-induced ototoxicity
In situ hybridization showed clear miR-183 expression in hair 
cells from zebrafish larvae (120 hpf) injected with control MO. 
In contrast, the signal was barely detected in larvae injected 
immediately after fertilization with MO-183 (1 mM) (Fig. 4). 
These experiments indicate that the MOs injected at fertiliza-
tion work for at least 5 days. Next, we compared hair cell re-
generation after neomycin treatment between MO-injected 
larvae and the control group. Hair cells labeled with YO-PRO-1 
completely disappeared 4 h after treatment with 500 µM neo-
mycin in lateral line neuromasts. In larvae injected with con-
trol MO, hair cell regeneration was evident 24 h after neomy-
cin exposure. In contrast, hair cell regeneration was reduced 
in larvae injected with MO-183 (Fig. 5A and B). Fig. 5C shows 
the number of hair cells in the posterior neuromast (P7, P8, 
and P9) after neomycin treatment. The effects of MO-182 and 
MO-96 were similar to those of MO-183. 

The effect of miR-183 knockdown on the regeneration of in-
ner ear hair cells was also evaluated using zebrafish larvae ex-

pressing GFP in inner ear hair cells. The hair cells and otolith 
were completely regenerated 24 h after neomycin treatment 
(500 µM) in larvae injected with control MO (Fig. 6A). However, 
the hair cells were regenerated only partially in larvae injected 
with MO-183 (Fig. 6B).

DISCUSSION

Aberrant expression of miR-183 cluster has been identified in 
human disease, including cancer, neurological, and auto-im-
mune disorders.16,17 There are also several associations between 
miR-183 single nucleotide polymorphism and disease.18 Modu-
lation of miR-183 expression has been shown to elicit therapeu-
tic effects in animal disease models by regulating metabolism, 
apoptosis, and the immune system. Overexpression of miR-
183 significantly inhibited the proliferation of nasopharyngeal 
cancer cells.19 miR-183 also have protective effect on ischemic 
liver injury.20 These results suggest that modulation of miR-
183 cluster could be a potential therapeutic approaches for 
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Fig. 3. Expression of microRNAs after neomycin exposure. miR-96 (A), miR-182 (B), and miR-183 (C) expression in zebrafish larvae after neomycin 
treatment was compared with that from non-treated samples (n=3 at each time point). *p<0.05. miR, miRNA.
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Fig. 5. The effect of miR-183 knockdown on hair cell regeneration after neomycin-induced ototoxicity. (A) Hair cells labeled with Y-PRO1 are regener-
ating 24 h after neomycin treatment in zebrafish larvae injected with control MO. (B) Hair cells are partially regenerating in larvae injected with MO-
183 (1 mM). (C) Summarized data from six independent experiments. Scale bar, 100 μm. *p<0.05. miR, miRNA; MO, morpholino.
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the treatment of deafness. 
Previous research clearly shows that the miR-183 cluster 

plays an important role in hair cell development. Overexpres-
sion of miR-182 and miR-96 promotes zebrafish ectopic hair 

cell growth.4 Inhibition of the miR-183 cluster using antisense 
oligonucleotides results in delayed development of the ze-
brafish inner ear. Recently, evidence regarding the role of miR-
NAs in hair cell regeneration has been reported. Overexpres-
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sion of miR-181a enhances the proliferation of chicken basilar 
papilla cells, which differentiate into myosin VI positive cells 
after streptomycin-induced hair cell loss.21 Conversely, inhibi-
tion of miR-181a reduces papilla cells proliferation.22 These 
results indicate that miRNAs can be involved in hair cell re-
generation as well as development. Here, we showed that the 
miR-183 cluster was upregulated in zebrafish larvae after neo-
mycin-induced hair cell damage, and inhibition of miR-183 
using antisense peptides resulted in reduced hair cell regener-
ation. According to previous reports, various miRNAs, includ-
ing miR-183, are upregulated in the mouse inner ear following 
exposure to ototoxic drugs, noise stimulation, or oxidative st-
ress.23,24 Generation of oxidative stress during exposure to oto-
toxic drugs and noise stimulation can also induce hair cell de-
generation.25,26 Therefore, the miR-183 cluster may have a role 
in hair cell regeneration under stressful conditions in the mam-
malian inner ear, as well as in zebrafish.

Next, we examined how the miR-183 cluster stimulates hair 
cell regeneration in zebrafish. By combining several bioinfor-
matics data sets, the miRNA targets involved in hair cell devel-
opment were identified. In an ototoxicity mouse model induc-
ed by kanamycin exposure, the inner ear exhibits an increase 
in the expression of miRNAs-34a and -34c.24 These miRNAs 
regulate the p53 gene, which regulates apoptosis. Similarly, 
various upregulated miRNAs after acoustic trauma also target 
genes that participate in regulating apoptosis. miR-183 also 
targets TAO kinase 1 and regulates cell death and apoptosis in 
rat cochlear cells.27 Inhibition of miR-183 reduces mature neu-
ral derivatives, such as astrocytes and neurons, by targeting 
SOX-2 in murine neural stem cell renewal.28 These data indi-
cate that the miR-183 cluster can stimulate hair cell regenera-
tion by regulating signal molecules involved in apoptosis or 
trans-differentiation of hair cells. Thus, the identification of ex-
act miR-183 targets may provide new insight into the regulatory 
role of miR-183 during regeneration.

Our study design had a limitation regarding the lifespan of 
the MO. We injected the miR-183 morpholino immediately af-
ter fertilization. Although we confirmed that the expression of 
miR-183 was inhibited until 120 hpf, it is not clear if the miR-183 
morpholino can completely inhibit miR-183 throughout this 
timeframe. Therefore, we are planning to evaluate the role of 
miRNAs in conditional tissue specific Dicer knockdown mice. 
Another on-going study is to assess the roles of miR-21, miR-
146a, and miR-739, which also were upregulated in our micro-
array data, in hair cell regeneration.

In summary, we showed that the miR-183 cluster was up-
regulated during hair cell regeneration after ototoxic damage 
and that its inhibition reduced hair cell regeneration. Future 
studies to elucidate the exact targets and molecular mecha-
nisms of miR-183 mediated hair cell generation will help to 
develop a new potential drug targeted to hearing loss.
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