
The miR-183/ItgA3 axis is a key regulator of prosensory
area during early inner ear development
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MicroRNAs are important regulators of gene expression and are involved in cellular processes such as proliferation or
differentiation, particularly during development of numerous organs including the inner ear. However, it remains unknown if
miRNAs are required during the earliest stages of otocyst and cochlear duct development. Here, we report that a conditional loss
of Dicer expression in the otocyst impairs the early development of the inner ear as a result of the accumulation of DNA damage
that trigger p53-mediated apoptosis. Moreover, cochlear progenitors in the prosensory domain do not exit the cell cycle. Our
unbiased approach identified ItgA3 as a target of miR-183, which are both enriched in the otic vesicle. We observed that the
repression of integrin alpha 3 by miR-183 controls cell proliferation in the developing cochlea. Collectively, our results reveal that
Dicer and miRNAs play essential roles in the regulation of early inner ear development.
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The organ of Corti, located in the cochlea, is a sensory
epithelium composed of the mechanosensory hair cells (HCs)
and supporting cells (SCs). HCs are connected to spiral
ganglion neurons, which relay acoustic information to the
auditory cortex. In mice, at embryonic stage E8.5, the cochlea
arises from the otic placode, a thickening of surface ectoderm.
Then, the placode invaginates to form an otic vesicle, that is,
the otocyst. As early as E9, neuroblasts begin to delaminate
from the vesicle and migrate to form the cochleo-vestibular
ganglion. In the meantime, the otocyst undergoes a series of
morphologic rearrangements to generate the complex struc-
ture of the cochlea. Although considerable progress has been
made in the identification of factors mediating these events,
our understanding of the developmental mechanisms of this
structure remains limited.
MicroRNAs (miRNAs) are a class of endogenously

expressed noncoding RNAs of 21–22 nucleotides. To produce
mature miRNAs, the RNase III endoribonuclease Dicer
cleaves pre-miRNAs into double-strand miRNAs in the
cytoplasm. Once mature, miRNAs inhibit the translation of
target genes by pairing with the 3’UTR of the repressed
mRNA.1,2 miRNAs have a variety of targets3–5 and have
essential roles in several cellular processes, such as organo-
genesis, migration, cell differentiation and proliferation,6,7

demonstrating a crucial role of these small noncoding RNAs
during the development of many organs including the inner
ear.8–10

Previous studies have demonstrated the importance
of miRNAs during inner ear development. Hundreds of
miRNAs are expressed in the inner ear11–14 but only some
of them show a specific expression pattern during develop-
ment of inner ear and postnatally.5,14–18 Amongst them, some

miRNAs promote neurogenesis, morphogenesis, as well as
differentiation and survival of HCs.16,19–22 MiR-96, a miRNA
expressed specifically in the HCs, was the first miRNA found
to be associated with deafness.23–25 However, despite the
important progress made to elucidate the importance of
miRNA regulation for inner ear development, the genes regu-
lated by these small RNAs remain unknown in most cases.
Here, we have investigated the role of miRNAs during the

development of the otic vesicle using a Dicer conditional
knockout mouse line (FoxG1-cre+/− ; Dicer flox/flox, that is,
Dicer-cKO). We observed DNA damage, p53 activation and
finally apoptosis but also important defects of proliferation in
the prosensory domain of the cochlea. Bymicroarray analysis,
we identified a cohort of mRNAs that are upregulated in Dicer
mutant mice. Among them, the integrin alpha 3 (ItgA3) is
specifically expressed in the otic vesicle and its expression
is significantly increased in the developing cochlear duct of
Dicer-cKO mice. Interestingly, the members of the miR-183
family (miR-96, miR-182 and MiR-183) are expressed
early during the otocyst development and restricted to HCs
when they begin their differentiation.15,26 We uncovered that
miR-183 controls the early development of the inner ear
by specifically targeting ItgA3. Our present study reveals, for
the first time, that Dicer and miRNAs play essential roles in
the regulation of early inner ear development.

Results

Loss of mature miRNAs induces cell death and defects
in inner ear morphogenesis. To elucidate the role of Dicer
during the early development of the inner ear, we generated
Dicer-cKO mice by crossing Dicer flox/flox mice27 with
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transgenic FoxG1-cre mice.28 This resulted in Dicer invalida-
tion and in repression of miRNA maturation, specifically in the
otocyst. Consistent with inactivation of Dicer, in situ hybridi-
zations revealed decreased levels of multiple miRNAs in
Dicer-depleted cochleae, including the highly expressed
miR-183 (Figures 1a and b and29). Dicer-cKO neonates are
unable to breath resulting in their death rapidly after birth.28

Morphogenetic analysis of the developing inner ear of
Dicer-cKO embryos showed that the otic placode invagination
occurs normally (data not shown). Accordingly, we observed a
well-developed otic vesicle in Dicer-cKO embryos at E11.5
(Figures 1g and h). Sox2-positive sensory progenitors,
delimiting the prosensory domain, were indeed present
in equivalent number in WT and Dicer-cKO otic vesicles

(Figures 1g and h), indicating that the prosensory domain is
correctly established. Later during development, Dicer-cKO
embryos exhibited an underdeveloped cochlear duct
(Figures 1c and d) with reduced coiling as previously
described in Pax2-Cre; Dicer flox/flox mice.9 In addition, the
perimeter of the cochlea and the area of sensory epithelium
were significantly smaller in the absence of Dicer as compared
with WTat E12.5 (data not shown) and E14.5 (Figures 1e and
f). To investigate whether the inner ear morphogenesis defects
observed in Dicer-cKO embryos resulted from increased cell
death, we immunolabelled inner ear serial sections with
anti-activated caspase-3 (Act-Casp3) antibodies. At E12.5,
Act-Casp3+ cells were hardly detected in the cochlear duct
of wild-type (WT) mice (Figure 1i). In contrast, numerous

Figure 1 MicroRNA loss induces defects in morphogenesis and cell death. (a, b) In situ hybdridization for miR-183 at the embryonic stage E14.5. miR-183 is present in the
cochlear duct (red dotted line) in WT mice cochlea (a) while it is absent in Dicer-cKO cochlea (b). (c, d) Toluidin Blue stained sections of WT (c) and Dicer-cKO littermate (d)
cochleae at E14.5. (e, f) Quantifications of cochlear perimeter (e) and area of cochlear epithelium (f) in E14.5 WTand Dicer-cKO sections, followed by a t-test analysis (n= 3 for
each genotype). (g, h) Sox2 staining counterstained with DAPI in WT (g) and Dicer-cKO otic (h) vesicle at E11.5. (I, j) Activated Caspase-3 (Act-Casp3) staining (in red)
counterstained with DAPI (in blue) at E12.5 in the WT (i) and Dicer-cKO (j) otic vesicle. (k). Quantification of Act-Caspas3+ cells followed by a t-test analysis attests the statistical
significance of the increased apoptosis in the Dicer-cKO otic vesicle (531.8 ± 16.45; n= 4) in comparison with WT littermate (107.3± 21.01; n= 4). The dotted line marks the
cochlear duct. Data are expressed as mean±S.E.M. *Po0.05; ***Po0.0001. Scale bars: 50 μm
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Act-Casp3+ cells were detected in the cochlear duct of
Dicer-cKOmice (Figure 1j). Quantification of Act-Casp3+ cells
revealed a fivefold increase in the number of apoptotic cells
within the otic vesicle of Dicer-cKO animals as compared with
WT (Figure 1k). A similar increase in apoptosiswas seen in the
Dicer-cKO cochlea at E14.5 (Figures 2i and m). Thus, the loss
of mature miRNAs triggers massive cell death during the early
development of the cochlear duct.

The lack of Dicer results in DNA damage and activation
of the p53 pathway. We then asked whether loss of Dicer
induced DNA damage as previously described.30,31 Interest-
ingly, E11.5 Dicer-cKO otic vesicle displayed elevated
expression of phospho-histone H2AX (pH2AX) positive cells,
a marker of double-strand DNA breaks (Figures 2a and b). In

response to DNA damage, p53 and pro-apoptotic proteins
such as NOXA and PUMA are upregulated.32,33 To assess if
these proteins were involved in the DNA damage response
observed in the absence of Dicer, we analyzed their
expression by immunohistochemistry. As shown in Figures
2c-h, an increase in the expression of these three proteins
was observed upon deletion of Dicer in the cochlear duct at
E11.5. Together, these results indicated that the absence of
Dicer triggers DNA damage associated with an overexpres-
sion of p53 and the transcription of its downstream target
genes. To further verify the role of p53 pathway in apoptosis
caused by Dicer deletion, we bred Dicer-cKO mice with
p53 flox/flox mice to generate Dicer-cKO; p53-null mice
(called p53/Dicer-cKO) and we found that the number of
apoptotic cells was significantly reduced in p53/Dicer-cKO

Figure 2 The absence of Dicer induces DNA damage and the activation of the p53 pathway. (a–h) Representative transverse sections of E11.5 cochlear sections fromWT (a,
c, e, g) or Dicer-cKO (b, d, f, h) animals after immunofluorescence counterstained with DAPI in blue. (a, b) phospho-histone H2AX (pH2AX), (c, d) p53, (e, f) Puma, (g, h) Noxa
(all in red). (i–l) Immunohistochemistry against activated-caspase-3 (Act-Casp3; in red) in Dicer-cKO (i, j) and p53/Dicer-cKO (k, l) at E14.5 counterstained with DAPI (in blue).
The dotted line marks the cochlear duct. (m) Quantification of apoptosis in Dicer-cKO and p53/Dicer-cKO cochlear ducts at E14.5. Data are expressed as mean± S.E.M.
*= Po0.05 (t-test analysis). Scale bars: 50 μm
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otic vesicle as compared with Dicer-cKO embryos (Figures
2i-m). Taken together, these data indicate that p53 pathway is
activated after excessive DNA damage induced by Dicer
deletion.

Dicer controls prosensory epithelial progenitor prolifera-
tion. Another important step of cochlear development con-
sists in the specification of a prosensory area within the
ventral part of the developing otocyst and their proliferation
rate in order to generate an appropriate number of sensory
progenitors. Under physiological conditions, these Sox2-
expressing cells within the cochlear prosensory epithelium
are dividing and become post-mitotic around E13, depending
on their position within the longitudinal axis of the cochlea.
At this stage, a non-proliferative zone (NPZ) forms inside the
cochlear duct.34 We first asked whether cell proliferation
within the cochlea was disrupted in absence of miRNAs.
Time-pregnant females were injected with BrdU at E13.5 and
embryos were analyzed at E14.5. We identified an important
proliferation within the prosensory domain stained by Sox2
in Dicer-cKO embryos, whereas no obvious proliferating cells
are present in the NPZ of WT cochleae (Figure 3a). As
abnormal proliferation often results in cell death,35,36 we
analyzed the presence of BrdU/Act-Casp3-positive cells in
the prosensory domain of the cochlea. Indeed, BrdU-positive
apoptotic cells were seen in the Sox2 domain (Figure 3a,
arrowhead). Interestingly, ongoing cell proliferation in the
NPZ seen with Dicer invalidation was p53-independent as
co-deletion of Dicer and p53 does not restore the ZNP in
E14.5 cochlear duct (Figures 3b and c). These results
indicate that Dicer is necessary to define the NPZ in the
cochlea and that its absence leads to a massive proliferation
of progenitor cells followed by cell death.

Dicer invalidation interferes with expression of genes
involved in inner ear development. We compared expres-
sion profiles of protein-coding genes in WT and Dicer-cKO
littermate otic vesicles at E12.5 by microarray analysis to
identify potential miRNAs target messengers, as previously
described.29 Using Po0.05 as a cutoff, we found 1327
upregulated genes in Dicer-cKO (fold change ⩾1.6) and 877
downregulated genes (fold change⩽ -1.6) (Figure 4a). A
gene ontology (GO) analysis of upregulated genes in Dicer-
cKO revealed a significant enrichment in genes related to
DNA damage response, regulation of actin-based motility,
p53 signaling and Integrin signaling (Figure 4b and c).
Interestingly, Integrin signaling pathway has been shown to
be involved in inner ear development.37,38 Consistently,
functions such as Hearing, Cell survival and Growth were
reduced in Dicer-cKO as compared with WT (Figure 4b).
Taken together these results confirmed the observed
phenotype in Dicer-cKO developing inner ear and validate
immunolabelings supporting that inactivation of Dicer induces
DNA damage and a subsequent p53-dependent apoptosis.
Moreover, the integrin pathway was also found to be affected
in Dicer-cKO, notably by increased expression of numerous
integrins (Figure 4c). Among those, we confirmed by qRT-
PCR and immunohistochemistry (Figures 5a and b) that
ItgA3 is increased in Dicer-cKO cochleae as compared
with WT.

miR-183 targets ITGA3. Because the miR-183 family (that
includes miR-96, miR-182 and miR-183) was the main
miRNA family identified so far in the early developing otic
vesicle,11,15,26 we investigated whether those miRs could
target ItgA3. Using the MiRanda, TargetScan and PicTar
predictive databases, we found a complementarity between
seed sequences of miR-183 family members and the 3’UTR
of mouse ItgA3 (Figure 5c). To examine whether ItgA3 was a
physiological target of miR-183 family, the 3’UTR of ItgA3
was cloned into a reporter vector and luciferase assays were
performed in HEK-293T cells transfected with miR-96,
miR-182, miR-183 mimics or negative control RNA (neg-
ctl). Renilla Luciferase activity of ItgA3 3’UTR plasmid was
significantly decreased in the presence of miR-183 but not
with miR-96 nor miR-182 (Figure 5d). A mutated form of ItgA3
3’UTR (Figure 5c) abolish the negative effect of miR-183 on
the luciferase activity, suggesting the specific effect of
miR-183 on the 3’UTR of ItgA3 (Figure 5d). Accordingly, in
the presence of miR-183 hairpin inhibitor, UB-OC1 cells
highly overexpressed ItgA3 (Figure 5e). Taken together,
these results indicate that ItgA3 is a target gene of miR-183.

ItgA3 overexpression decreases cell adhesion and
increases proliferation. Having identified ItgA3 as a direct
target of miR-183, we next sought to characterize whether
ItgA3 overexpression could recapitulate the phenotypic
abnormalities observed in early developing otic vesicles
and cochlear ducts of Dicer-cKO embryos. ITGA3 over-
expression in UB-OC1 cells, (Figures 6a and b) is indeed
responsible for increased proliferation (Figure 6c). Although
25.8± 3.4% of GFP-positive cells were Ki67 positive in
control-GFP transfected cells, forced expression of ItgA3-
GFP resulted in a significant increase of Ki67-positive cells
among the GFP-positive population (36.1±1.9%, Po0.05)
(Figure 6d). Because the ability of cells to interact with their
extracellular environment is crucial for most developmental
processes including in the inner ear and the integrins are
known to be involved in this mechanism,39,40 we next sought
to determine whether the overexpression of ItgA3 could affect
the cell adhesion. When we looked for the involvement of
ItgA3 in cell adhesion, we observed significant adhesion
alterations on different extracellular matrices. In particular,
ItgA3 overexpression in UB-OC1 cells decrease significantly
adhesion on fibronectin and laminin (Figures 6e and f). Taken
together, these data suggest that overexpressing ItgA3 in
cochlear cells induced increased proliferation and decreased
cell adhesion, that would lead to decreased cell survival.

Discussion

Maintaining proper population of prosensory cells that will
give rise to HCs and SCs in the organ of Corti is essential
for inner ear function. The mechanisms through which
miRNAs regulate inner ear development have been investi-
gated in different studies.9,29,41 However, no data were
available concerning miRNA role at early stages of develop-
ment. Here, by using a mouse model with a conditional
removal of Dicer in the otocyst and performing global gene
expression profiling from E12.5 inner ears, we discovered an
important role for miRNAs during early development of this
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organ. The Dicer-cKO embryos showed a defect in the
development of inner ear, especially caused by an abnormal
proliferation, an increase in DNA damage and p53-mediated
apoptosis in the prosensory domain of the cochlea (Figure 7).
Among the potential miRNAs/target gene responsible for this
phenotype, we identified ItgA3 as a target of miR-183 and
observed that the repression of ItgA3 could be a key mecha-
nism in the regulation of cell proliferation in the developing
cochlea.

Dicer acts as a key regulator of survival at early stages of
inner ear development. In the absence of miRNAs matu-
ration, the otic placode invaginates normally and the otic
vesicle presents a normal histological appearance. Moreover,

the specification of Sox2-positive prosensory cells occurs
normally and the prosensory domain seems correctly
established by E11.5. The lack of phenotype following Dicer
knockout in early developing otocyst could be due to the
delay between Cre-recombinase expression and efficient
invalidation of Dicer gene as well as to the long half-lives of
Dicer mRNA and protein42,43 and thus miRNAs generated
during the early developmental phase of inner ear develop-
ment remain present. Although FoxG1 expression starts as
early as E9 in the otocyst,28 the decrease in miRNAs levels in
the developing inner ear of Dicer-cKO mice was delayed,
consistent with the relatively long half-life of miRNAs.44

Alternatively, the developmental pattern of expression of
miRNAs in the early developing otocyst is not well described

Figure 3 The lack of Dicer induces defects in proliferation of the prosensory cells in the cochlea followed by cell death. Timed pregnant females were injected with BrdU at
E13.5. Embryos were analyzed at E14.5 and their cochleae were immunolabeled to analyze the BrdU incorporation within the prosensory domain. (a) BrdU (in green), activated-
caspase-3 (Act-Casp3) (in red), Sox2 (in white) staining in WTand Dicer-cKO. The dotted line marks the cochlear duct. Arrowhead shows a cell double labeled for BrdU and Act-
Casp3. (b) Ki67 (in green)/Sox2 (in red) double-labeled cochlear sections from E14.5 Dicer-cKO and p53/Dicer-cKO littermate. The quantification followed by an ANOVA analysis
(c) attests the statistical significance of the increased proliferation in the Dicer-cKO (63.726± 35.534; n= 4) and p53/Dicer-cKO cochlea (70.416± 39.619; n= 4) in comparison
with WT littermate (4.050± 3.688; n= 4). Data are expressed as mean±S.E.M. *: Po0.05. Scale bars: 50 μm
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and no miRNAs have been identified so far before E9.5 in the
inner ear.
Later during the development, our findings indicate that

Dicer is essential to preserve otic morphogenesis. These
results correlates with what was previously observed.9,22 We
investigated which mechanisms were involved in these
developmental defects and found a massive DNA damage
leading to the activation of p53 apoptotic pathway and finally
cell death in the otic vesicle. These results could be explained
by a specific regulation of H2AX expression and genes
involved in DNA damage repair by miRNAs. Indeed, studies
showed that miRNAs can modulate H2AX expression, as well
as its phosphorylation.45,46 Therefore, in the absence of
mature miRNAs, the expression and phosphorylation of
H2AX would activate apoptotic pathways in the otic vesicle.
Alternatively, the effects observed might be due to miRNA-
independent cell survival function of Dicer, as previously
reported.31,47 Indeed, Dicer has been shown to process small

noncoding RNAs that are necessary for an efficient DNA
damage response. In that case, it would explain why we could
not identify any specific miRNAwith a protective effect against
DNA damage (see next paragraph).
DNA damage is followed by a massive apoptotic cell death

through, at least partially, a p53-dependent pathway. DNA
damage and apoptosis caused by knockdown of Dicer have
been reported elsewhere.30,31 However, a large number of
studies report that stem/progenitor cells are more tolerant to
DNA damage than differentiated cells.48,49 This suggest that
early otic progenitors do not share those characteristic
features with stem cells. However, as differentiation pro-
gresses during the development of the inner ear, progenitors
may become less sensitive to DNA damage, since Sox2-
positive progenitor cells are well present in the developing otic
vesicle of Dicer-cKO mice. The number of these cells is even
elevated in Dicer-cKO compared with WTand this increase is
p53-independent.

Figure 4 Dicer inactivation induces the modulation of expression of several genes involved in inner ear development. Microarray experiment was performed from
3 Dicer-cKO and 3 WT littermate cochleae. We chose differentially expressed genes with Po0.05 cutoff. (a) Heatmap representing the log2 fold change of expression
intensity per sample and gene. Upregulated genes in Dicer-cKO cochleae are on the top and downregulated genes on the bottom. Each row represents a single gene
and each column a single sample. (b) Heatmap representing the z-score of the canonical pathways and disease and functions annotations significantly modulated in
Dicer-cKO cochleae, calculated using IPA. A positive or negative z-score (red and blue) indicates respectively an up- or a downregulation of the pathway in Dicer-cKO (KO) in
comparison with WT littermate. (c) Representative genes identified by the microarray analysis and belonging to canonical pathways found to be upregulated in Dicer-cKO
cochleae
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miR-183 fine tunes ItgA3 expression to regulate cell
proliferation but not apoptosis. For a better understanding
of the mechanisms involved in the phenotype observed at
early stages of inner ear development, we performed high
throughput transcriptomic analyses from WT or Dicer-cKO
cochleae at E12.5. Functional pathways analyses revealed

that signaling pathways related to apoptosis and response to
DNA damage were upregulated in Dicer-cKO confirming our
phenotype. In addition, these analyses showed that Integrin
signaling pathway was upregulated in Dicer-cKO mice.
Among this, we found that ItgA3 was the only gene targeted
by miR-183 cluster, the only miRNAs identified so far in the

Figure 5 Integrin alpha 3 (ItgA3) is targeted by miR-183 expressed in the cochlea. (a) Expression level of ItgA3 determined by qRT-PCR on E12.5 and E14.5 cochleae. Gene
expression was normalized on Gapdh level and the results are shown as fold change relative to WT at E12.5 (Data represent the average of at least three independent
experiments±S.E.M.). (b) Immunolabellings for ItgA3 (in green) counterstained with DAPI (in blue) at E12.5 and E14.5 in Dicer-cKO and WT littermate cochleae. ItgA3, weakly
expressed in WTembryonic cochleae, is overexpressed in Dicer-cKO cochlear ducts. The dotted line marks the cochlear duct. (c) Predicted base pairing of mature mmu-miR-96,
-182, -183 and ItgA3 3’UTR are illustrated in red. Seed sequence of miRNAs are underlined. Mutated binding site in the 3’UTR of ItgA3 are also indicated in red. (d) Luciferase
assay in HEK-293T cells co-transfected with vectors coding either the WTor Mutated 3’UTR of ItgA3 and corresponding miRNA. Data are expressed as mean±S.E.M. of at least
three independent experiments (**: Po0.01). (e) ItgA3 staining (in red) counterstained with DAPI (in blue) of transfected UB-OC1 cells (an otocyst-derived cell line) with miR-183
hairpin inhibitors or control hairpin inhibitors. Scale bars: 50 μm
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early developing otocyst.15 Using luciferase assays, our
results showed that only miR-183 had the ability to inhibit
ItgA3 expression.
The Integrin family of extracellular matrix receptors is known

to be regulated by specific miRNAs.50 During organogenesis,
cell–cell or cell and extracellular matrix interactions are very
important to ensure proper organ development, including the
inner ear. Indeed, it was shown that ItgA3 is expressed in the
early otocyst and that its levels decline in the prosensory area
at E12.5,51 suggesting a potential role in early inner ear
development. Therefore, the abnormal level of ItgA3 present at
E12.5 in Dicer-cKO could affect the development of inner ear
by modulating these interactions. In addition, elevated integrin
expression, in the absence of the appropriate ligands, has
been shown to promote apoptosis.52 Based on these
observations, accumulation of ItgA3 in Dicer-cKO otocysts
could explain the massive apoptosis observed at early stages
of inner ear development. However, we failed to confirm this
hypothesis using UB-OC1 cultures treated with ItgA3 or
miR-183 inhibitors (data not shown). Therefore, according to
our results, DNA damage and apoptosis caused by depletion
of Dicer are not linked to miR-183/ItgA3. However, the
transfection efficiency of UB-OC1 with the vector overexpres-
sing ItgA3 is ~ 50%, and our bioassay may not be sensitive
enough to detect if an overexpression of ItgA3 could induce
cell death if only half of the cells overexpress the protein. It is
also important to notice that UB-OC1 cells are immortalized
and could be less sensitive to apoptosis than otic progenitors
in the developing inner ear. Moreover, UB-OC1 cells are
derived from otic progenitors of E13 mouse embryos but we
observed that ItgA3 seems to be regulated by miRNAs at
earlier stages of inner ear development (E12.5). Thus, UB-
OC1 cells could be less sensitive to ItgA3 overexpression than
the otic progenitors because they are not in the same ‘time
window’ of the inner ear development. Finally, it is possible that
other genes regulated by other miRNA cluster are involved
in the apoptosis observed in Dicer-cKO mice. In this case,
the overexpression of ItgA3 or the inhibition of miR-183
family could not be sufficient to induce apoptosis. Indeed,
GO analyses of the genes modulated by Dicer inactivation
identified other genes involved in apoptosis. However,
although we cannot exclude that other miRNAs/specific
targets could have a role during this early developmental
period, it is more likely that the absence of Dicer in highly
proliferating cells is linked to replication-associated DNA
damage as recently shown in the developing cerebellum.31

Integrin signaling is also known to be involved in cell
proliferation53,54 and could thus be linked to the defective cell
cycle arrest of Sox2 progenitors observed in Dicer-cKO
animals. Consistently, ItgA3 overexpression induces ongoing
proliferation of UB-OC1 cells cultured in non-proliferative
conditions. Moreover, a study showed an anti-metastatic effect
of miR-183 by repressing ITGB1 gene, confirming that
miRNAs can regulate the abnormal proliferation by targeting
integrins.55 Taken together, the present findings indicate that
miR-183 has a critical role in early inner ear development by
modulating the expression of ItgA3 and guarantees a normal
development of the cochlear prosensory area (Figure 7).
Interestingly, in Alport syndrome, a genetic disorder mainly
due to defect in type IV collagen and characterized by kidney

disease and neurosensory hearing loss, an overexpression of
ItgA3 is observed.56 Whether those patients present also a
deficit in miR-183 remains to be demonstrated.
In conclusion, our work emphasizes that Dicer is crucial

in regulating mechanisms that control prosensory domain
growth in the mammalian inner ear using probably both
canonical (miRNAs) and non-canonical RNAi. These findings
point out new avenues for HC regeneration that prerequisite
the identification of molecular pathways controlling prosen-
sory domain growth.

Material and Methods
Mouse strains and BrdU preparation. Dicer flox/flox mice27 were bred,
as previously described,7 to FoxG1-Cre mice28 in a mixed background (C57bl/6,
129SvJae) to obtain FoxG1-Cre/+; Dicer flox/flox embryos (Dicer-cKO) and FoxG1
+/+; Dicer flox/flox (hereafter referred as wild-type, WT). To generate p53/Dicer-cKO
embryos, Dicer flox/flox mice were first crossed with p53 flox/flox mice (Jackson
laboratories, gracious gift from Dr. Santamaria, CNIO Madrid) to generate Dicer
flox/+; p53 flox/+. Then, Dicer flox/+; p53 flox/+ were mated together to generate
Dicer flox/flox; p53 flox/flox mice. Mating of a Dicer flox/flox; p53 flox/flox mouse with
a FoxG1-Cre/+; Dicer flox/+ yield to FoxG1-Cre/+; Dicer flox/+; p53 flox/+ progeny.
Finally, these mice were mated together to produce FoxG1-Cre/+; Dicer flox/flox;
p53 flox/flox embryos (p53/Dicer-cKO). Littermates without Cre were used as
controls. Genotyping was carried out on genomic DNA derived from adult and
embryonic tail using the established PCR protocols for the FoxG1-Cre allele57 and
for Dicer flox allele.58 p53 alleles were amplified with the primer pair: 5′GGTTAA
ACCCAGCTTGACCA3′ and 5′GGAGGCAGAGACAGTTGGAG3′, amplifying a
270 bp fragment in wild-type (WT) and a 390 bp fragment in p53 flox animals.

BrdU (Sigma-Aldrich, Overijse, Belgium) was dissolved in 0.9% NaCl and 0.007 M
NaOH, and administrated at 100 mg/kg body weight by i.p. to time-pregnant females
at E13.5. Embryos were collected at E14.5. All animals were taken care of in
accordance with the declaration of Helsinki and following the guidelines of the Belgian
ministry of agriculture in agreement with EC laboratory animal care and use
regulation (86/609/CEE, CE of J no. L358, 18 December 1986).

Imaging
Tissue preparation: Embryos were collected from time-pregnant females at
E11.5; E12, E12.5; E14.5 taking the morning that vaginal plug was observed as
E0.5. Embryo’s head were fixed in paraformaldehyde 4% (PFA 4%) for 6 h (for
immunohistochemistry) or overnight (for in situ hybridization) at 4 °C and immersed
into sucrose 20% overnight then embedded in gelatin mixture containing 7.5%
of gelatin and 15% of sucrose dissolved in PBS 1 M. The heads were then
cryosectioned at 14 μm and placed on SuperFrost plus slides (VWR International)
for analyses.

Toluidine blue staining: Head sections at E14.5 were immersed for 1 min in
toluidine blue solution (2 g/l of toluidine blue in Walpole’s buffer containing 27 g/l
sodium acetate, 1.2% acetic acid, pH 7.4). Then, the sections were washed twice in
Walpole’s buffer for 5 min. Finally, the coloration was fixed with 50 g/l ammonium
molybdate solution before mounting in Safe Mount (VWR international).

Immunohistochemistry: Head sections were first heated at 94.5 °C in citric
acid based antigen retrieval solution for 15 min (Dako, Glostrup, Belgium) and then
blocked for 30 min with gelatin 0.25%—Triton X-100 0.3% (Sigma-Aldrich) in PBS
1M at room temperature. The primary antibodies were diluted in the same solution
and incubated overnight at 4 °C. The following primary antibodies were used in
various combinations: anti-active Caspase-3 (Rabbit, 1/500, Promega Benelux,
Leiden, The Netherlands), anti-Ki67 (Rabbit, 1/500, Cell marque, Rocklin, CA,
Dallas, TX, USA), anti-Sox2, (Goat, 1/100, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-BetaIII-tubulin (Tuj1; Rabbit, 1/500, Covance, Los Angeles, CA, USA),
anti-pH2AX (Rabbit, 1/250, Cell signaling, Danvers, MA, USA), anti-p53 (Mouse,
1/100, Cell signaling), anti-Puma, (Rabbit, 1/100, Abcam, Cambridge, UK), anti-
Noxa, (Rabbit, 1/100, Abcam, UK), anti-BrdU (Rat 1/500, AbD Serotec, Raleigh, NC,
USA), anti-ItgA3 (Rabbit, 1/100, a gift from R Hynes, HHMI, MIT, Cambridge, USA).
After PBS washes, Donkey anti-mouse/rabbit or goat secondary antibodies
conjugated with FITC, RRX or Cy5 (1/1000, Invitrogen, Merelbeke, Belgium) were
used. Sections were then mounted in Vectashield containing DAPI (Hard Set
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Mounting Medium, Vector laboratories, Burlingame, CA, USA) and examined with a
confocal microscope (NIKON A1, Brussels, Belgium).
To perform BrdU detection, DNA was denaturated with 2 N HCl for 30 min at 37 °C

followed by 0.1 M borate buffer pH 8.5 for 20 min. Then, the immunofluorescence was
performed as previously described.

In situ hybridization: miRNA in situ hybridizations were performed on frozen
sections of inner ear with 3’-digoxigeninlabeled LNA antisense probes (Eurogentec,
Seraing, Belgium) to mouse miR-183 as previously described.15 In brief, the
cryosections were fixed in 4% PFA and treated with 0.25% acetic anhydride in 0.1 M

triethanolamine. The sections were then prehybridized for 2 h with 50% formamide,
5 × sodium saline citrate buffer and citric acid to pH 6, 1% sodium dodecyl sulfate
(SDS) and 500 μg/ml yeast RNA (hybridization cocktail, 50% formamide, Lucron
bioproducts, Sint-Martens-Latem, Belgium). Probe (30 nM, final) was added to fresh
hybridization cocktail, and hybridization was performed overnight at 50 °C.
Hybridized sections were then washed and treated for 1 h at RT in buffer B1
(150 mM NaCl, 100 mM Tris, pH 7.4)+buffer B2 (10% normal goat serum) followed
by overnight incubation at 4 °C with alkaline phosphatase (AP)-labeled anti-
digoxigenin antibody (1:2000; Roche Applied science, Brussels, Belgium) in buffer
B2. After extensive washes, sections were exposed to the substrate for AP, nitroblue
tetrazolium, and 5-bromo-4-chloro-3-indoyl phosphate (NBT/BCIP; Sigma-Aldrich,
St. Louis, MO, USA). Reaction was blocked by washes with PBS (pH 5.5), followed
by postfixation in 4% PFA for 20 min finish with milliQ water rinses. Slides were
coverslipped with Aquamount.

Cell adhesion assay. UB-OC1 cells, an immortalized cell line from mouse
cochlear epithelium at E13.5,59 (2.104 cells/well) (gift from Pr Matthew Holley) were
seeded in 96-well plates coated with laminin (10 μg/ml, Sigma-Aldrich) and cultured
in MEM (Lonza, Belgium) supplemented with 10% Fetal bovine serum (FBS, Lonza,
Verviers, Belgium) at 33 °C in the presence of γ-interferon as previously described.
Twenty-four hours later, the cells were transfected using Transit-X2 reagent (Mirus)

with 1 μg of expression plasmid constructed by cloning ItgA3 coding sequence into
pCAGGs-IRES-GFP vector (ItGA3-GFP) or empty vector (GFP) according to the
manufacturer’s instructions. After 48 h, attached cells were stained with crystal violet
(0.5% crystal violet in 20% methanol) for 5 min. Then, the cells were washed, lysed
and the incorporated dye was measured by reading the absorbance at
560 nm. Student t-tests were used for comparisons. Values are given as
mean±S.E.M., with ‘n’ representing the number of independent experiment
analyzed per condition.

Cell counting. To quantify the active Caspase-3 positive cells, nine sections
were photographed and immunopositive cells were counted with Image J software.
The whole cochlear duct was Z-scanned using the × 40 objective and the composite
of the Z-stack images was analyzed for each 14 μm thick section. On every third
section throughout the cochlear duct, total number of positive cells was evaluated.
Counts from each section were added and multiplied by 3 to obtain the total number
of positive cells per cochlear duct. For measurements of cochlear volume, the
outlines of the cochlear duct were traced and cross-sectional areas measured
(using ImageJ) on every second serial section. Student’s t-tests were used for
comparisons (GraphPad Software). Values are given as mean±S.E.M., with
‘n’ representing the number of ear analyzed per condition.

Dual luciferase assay. HEK-293T cells were seeded in 24-well plates,
cultured in DMEM supplemented with 10% FBS and used at 75% confluence. The
cells were transfected using Dharmafect (Thermo Scientific, Dharmacon, Lafayette,
LA, USA) with 200 ng miRIDIAN miRNA mimics miR-96, miR-182 or miR-183
(Thermo Scientific, Waltham, MA, USA) and incubated 24 h at 37 °C. Then, medium
was removed from wells and cells in each well were transfected with X-tremeGENE
9 DNA transfection reagent (Sigma-Aldrich) with 1 μg psiCheck-2 containing the
3’UTR of ItgA3 according to the manufacturer’s instructions. Negative controls were
used by transfecting the miRIDIAN miRNA Mimic Negative Control #1 (Thermo

Figure 6 ItgA3 overexpression increases proliferation and decreases cell adhesion. (a) Representative western blotting of ItgA3 expression level in transfected UB-OC1 cells
with ItgA3-GFP or control-GFP plasmid. (b) Immunostaining against ItgA3 (in red) shows the upregulation of ItgA3 2 days after ItgA3-GFP plasmid transfection (GFP-positive cells
illustrating in green; white arrowhead). (c) Immunostaining against Ki67 (in red) shows the increase of proliferation 2 days after ItgA3-GFP or control-GFP (green) plasmid
transfection (Yellow arrows point Ki67-positive transfected cells and white arrows point KI67 negative transfected cells). (d) Ki67-GFP-positive cells quantification 48 h after
transfection of UB-OC1 with control-GFP (25.84 ± 5.92; n⩽ 3) or ItgA3-GFP (36.11 ± 4.02; n⩽ 3) plasmids (t-test analysis, *: Po0.05). (e, f) Transfected UB-OC1 cells with
ItgA3-GFP without the 3’UTR or control-GFP plasmid were plated onto laminin (d) or fibronectin substrate (e). Cell adhesion was quantified 2 h after plating on specific substrate.
The quantification has been performed on three independent experiments. Data are expressed as mean± S.E.M. *=Po0.05; ***= Po0.001. Scale bar: 10 μm

Figure 7 Summary diagram illustrating how Dicer and miR-183 control cell proliferation and survival partially through ItgA3 signaling pathway in the developing otic vesicle
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Scientific) or with the psiCheck-2 containing the 3’UTR of ItgA3 with point mutations
in the seed sequence for miR-183 (uccaagucucugucugGgUcaaa). Cells were
incubated 48 h at 37 °C. Then, the firefly and renilla luciferase activities were
measured using the Dual Luciferase Reporter Assay System kit (Promega, Leiden,
the Netherland) and Lumat LB 9507 luminometer (Berthold Technologies, Vilvoorde,
Belgium). Firefly Luciferase activity was reported to Renilla Luciferase activity to
normalize on the transfection efficiency. All experiments were performed in triplicate
and repeated at least three times. Values are given as mean±S.E.M. from three
independent experiments. Data were analyzed with ANOVA and Dunnet’s post hoc
analysis using GraphPad In Stat software.

Microarray. The cochlea of three individual E12.5 Dicer-cKO or WT littermate
mouse embryos were collected and preserved in RNAlater (Ambion, Austin, TX,
USA) as previously described.29 The tissues were handled by Miltenyi Biotec
(Leiden, The Netherlands) for microarray processing and analysis using Agilent
Whole Mouse Genome Oligo Microarrays. The raw intensity data were transformed
to log2 and subjected to quantile normalization. The comparison between Dicer-
cKO and WT cochlea tissue was performed by two-group t-test for independent
measurements, nDicer-cKO= 3, nwt= 3, Welch approximation for equal variance, P-
values determined based on distribution, P-value adjustment for multiple testing
using FDR, according to Benjamin Hochberg.
GO and functional analyses of the differentially regulated genes were performed

using Ingenuity Pathway Analysis (IPA; www.qiagen.com/ingenuity; QIAGEN, Venlo,
The Netherlands). Genes with their differential expression value (log ratio) were
submitted in IPA, allowing the software to calculate the z-score, a statistical measure
of correlation between relationship direction and gene expression. Therefore, we
were able to determine if the functions represented by the genes were up- or
downregulated by the miRNAs.

RT-qPCR. Tissue samples from inner ears of E12.5 and E14.5 embryos were
homogenized in 1 ml of TRIZOL reagent (Sigma-Aldrich) (per 50–100 mg of tissue)
using a sterile plastic homogenizer. A total of 0.2 ml of Chloroform (Sigma-Aldrich)
was added and tubes were vortexed and centrifuged. The aqueous phase
containing RNA was isolated. RNA was then precipitated with 500 μl isopropanol
(Sigma-Aldrich) and washed with 1 ml 70% ethanol. The RNA pellet was dissolved
in DEPC-treated water. For each retro-transcription, 500 ng of purified RNA was
used to synthesize cDNA with superscript III DNA polymerase (Roche, Brussels,
Belgium). Real-time PCR was carried out using SYBR green master mix (Roche),
1 μl of retrotranscribed cDNA and specific primers sets for ItgA3 in a light cycler
(Applied Biosystems, by Life technologies, Merelbeke, Belgium). Transcript levels
were normalized on Gapdh expression.

Western blotting. Transfected UB-OC1 cells with GFP or ItgA3-GFP were
treated on ice with a lysis solution (50 mM Tris HCl, pH 7.4, 1% Triton X-100,
150 mM NaCl, 10 mM NaF, 1 mM Na3VO4 and protease inhibitors (Protease
Inhibitor Cocktail Tablets, Roche)). Protein concentration was determined using
Bradford method. Then, 30 μg of protein lysates were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred on PVDF membranes (Millipore,
Overijse, Belgium). The membrane was blocked with 5% dried fat-free milk in TBS-
Tween 0.1% (TTBS) for 1 h at room temperature. Then, the membranes were
incubated overnight at 4 °C with the following antibodies diluted in the same
solution: ItgA3 (Rabbit, 1/2000, a gift from R. Hynes, HHMI, MIT, Cambridge, USA);
B-actin (Mouse, 1/25000, Sigma-Aldrich). After TTBS washing, membranes were
incubated with the appropriate horseradish peroxidase-conjugated secondary
antibody (1/5000, Abcam) for 2 h at room temperature. Protein expression was
detected by enhanced chemiluminescence (ECL, GE Healthcare, Machelen,
Belgium). ItgA3 protein expression was normalized on β-Actin.
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