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MicroRNA-183 family expression in hair cell development and
requirement of microRNAs for hair cell maintenance and
survival
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Abstract
MicroRNAs (miRNAs) post-transcriptionally repress complementary target gene expression and
can contribute to cell differentiation. The coordinate expression of miRNA-183 family members
(miR-183, miR-96, and miR-182) has been demonstrated in sensory cells of the mouse inner ear
and other vertebrate sensory organs. To further examine hair cell miRNA expression in the mouse
inner ear, we have analyzed miR-183 family expression in wild type animals and various mutants
with defects in neurosensory development. miR-183 family member expression follows
neurosensory cell specification, exhibits longitudinal (basal-apical) gradients in maturating
cochlear hair cells, and is maintained in sensory neurons and most hair cells into adulthood.
Depletion of hair cell miRNAs resulting from Dicer1 conditional knockout (CKO) in Atoh1-Cre
transgenic mice leads to more disparate basal-apical gene expression profiles and eventual hair
cell loss. Results suggest that hair cell miRNAs subdue cochlear gradient gene expression and are
required for hair cell maintenance and survival.
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Introduction
The mammalian inner ear is a complex organ comprised of sensory and non-sensory tissues
within the cochlea and vestibule that are organized to facilitate hearing and balance,
respectively. The cochlea contains a single sensory epithelium called the organ of Corti
within which highly organized rows of hair cells and supporting cells run from the base to
the apex (Barald & Kelley, 2004) and detect high to low frequency stimuli, respectively
(Carey & Amin, 2006). The vestibule contains five sensory epithelia comprised of
mechanosensory hair cells and supporting cells (Barald & Kelley, 2004). The anterior crista,
horizontal crista, and posterior crista function to detect linear or angular acceleration,
whereas the saccular macula and utricular macula detect horizontal or vertical motion
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(Fritzsch et al., 2007). The mouse inner ear has been well studied as a model system for
determining the molecular mechanisms that dictate sensory epithelia development. While
considerable progress has been made in identifying the molecular pathways required for
inner ear morphohistogenesis, maturation, and homeostasis (Eatock & Hurley, 2003; Barald
& Kelley, 2004; Fritzsch et al., 2006), less is known about the degree to which microRNAs
influence inner ear gene expression and affect cell specification and differentiation.

MicroRNAs are small (~21 nucleotide) RNAs processed from endogenous transcripts that
function to mediate post-transcriptional silencing of complementary target genes (Ambros,
2004). Mammalian species possess as many as one thousand miRNA genes that might each
influence expression of hundreds of target genes (Griffiths-Jones et al., 2006; Griffiths-Jones
et al., 2008). It has been recently estimated that 60% of human genes contain conserved
miRNA binding sites (Friedman et al., 2009a). Many miRNAs display distinct expression
patterns in specific tissues and cell types (Wienholds et al., 2005; Landgraf et al., 2007) that
can affect cell specification and differentiation (Bushati & Cohen, 2007;
Papagiannakopoulos & Kosik, 2008; Lu & Liston, 2009; Zorio et al., 2009). For example,
Drosophila miR-9 overexpression or deletion effects loss or ectopic formation of sensory
organ precursors, respectively (Li et al., 2006). Additionally, mammalian miR-124
overexpression leads to decreased proliferation and promotes neuronal differentiation,
whereas miR-124 repression leads to increased proliferation and increased levels of non-
neuronal transcripts (Lim et al., 2005; Cheng et al., 2009). These studies demonstrate that
such highly conserved miRNAs are critical for neurosensory development.

In mice, approximately one hundred microRNAs were shown to be expressed in the
newborn and adult inner ear (Weston et al., 2006) or vestibular and cochlear tissues
(Friedman et al., 2009b), suggesting miRNAs make considerable contributions to inner ear
development and maintenance. Indeed, depletion of mature miRNAs by conditional
knockout (CKO) of Dicer1 in embryonic mouse inner ear results in severe defects in
neurogenesis and morphohistogenesis (Soukup et al., 2009; Kersigo et al., 2011). Moreover,
the extent of hair cell development in miRNA-depleted sensory epithelia appears to correlate
with residual hair cell miRNA expression. In another study, CKO of Dicer1 in mouse inner
ear sensory epithelia effects hair cell degeneration and sensorineural hearing loss (Friedman
et al., 2009b). Interestingly, the morphology of surviving, miRNA-depleted hair cells is
highly similar between these Dicer1 CKO models, suggesting that sensory epithelial
miRNAs are crucial for both hair cell development and maintenance.

In vertebrates, the miR-183 family (miR-183, miR-96, and miR-182) is expressed in
neurosensory cells including zebrafish inner ear hair cells and neuromast hair cells
(Wienholds et al., 2005), chicken and mouse cranial and spinal ganglia (Darnell et al., 2006;
Kloosterman et al., 2006), and mouse eye photoreceptors and inner ear hair cells (Weston et
al., 2006; Xu et al., 2007). The three miRNAs appear to be strictly co-expressed and
processed from the same primary transcript (Weston et al., 2006; Saini et al., 2008).
Moreover, miR-183-related miRNAs including miR-228 and miR-263b demonstrate a wider
taxonomic distribution and expression in ciliated neurosensory cells and organs (Pierce et
al., 2008), suggesting that these highly conserved miRNAs are important for neurosensory
cell development and function. Indeed, recent studies demonstrate that mutations in miR-96
effect hereditary deafness in humans and mice (Lewis et al., 2009; Mencia et al., 2009;
Weston & Soukup, 2009), and that overabundance or inhibition of miR-183 family members
in zebrafish development, respectively, effect ectopic hair cell formation or reduction in hair
cell number (Li et al., 2010).

In this report, we examine the pattern of miR-183 family expression in the mouse inner ear
from early development through functional maturation. Mouse models that fail to develop

Weston et al. Page 2

Dev Dyn. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mature hair cells and/or sensory neurons demonstrate that miR-183 family expression
follows sensory neuron and hair cell specification, and is concomitant with hair cell
differentiation. Upon functional maturation of cochlear hair cells, miR-183 family members
demonstrate a marked basal-apical expression gradient. To determine whether such hair cell
miRNAs affect basal-apical gene expression, we performed microarray analyses from basal
and apical organ of Corti from control versus hair cell-specific Dicer1 CKO mice. Results
from these studies reveal the general impact of hair cell miRNAs on cochlear gene
expression and on hair cell maintenance and survival.

Results
Embryonic miRNA expression in neurosensory cells

To examine the developmental expression pattern of neurosensory miR-183 family members
in mouse inner ear, whole-mount in situ hybridization (ISH) using locked nucleic acid
(LNA) probes was performed over the course of hair cell development from embryonic day
(E) 12.5 to E16.5 (Fig. 1A). Robust expression is observed only in statoacoustic ganglia
(SAG) at E12.5, which is the earliest time of hair cell development in the vestibular end
organs (Kelley, 2006). At E14.5, miRNA-183 family expression is most apparent in inner
ear ganglia and vestibular sensory epithelia, and faint detection is observed in the
developing cochlea (Fig 1A). At E16.5, miR-183 family expression is observed in all
sensory ganglia and epithelia throughout the inner ear (Fig. 1A). In the cochlea, expression
appears greatest in spiral ganglia (SG), and a distinct strip of expression is seen from base to
apex within the organ of Corti (Fig. 1A,B). Frozen sections from the base and apex of the
cochlea (Fig. 1C) show that the miRNAs are first detected in inner hair cells (IHCs), the
differentiation of which precedes that of outer hair cells (IHCs) (Kelley, 2007;Dabdoub et
al., 2008). Some diffuse staining is observed in transient cells of the greater epithelial ridge
(Fig. 1B,C). At E18.5 (data not shown) and postnatal day (P) 0 (Weston et al., 2006; see also
Supplementary Fig. S1), miR-183 family member expression is limited to ganglia and hair
cells throughout the inner ear. Identical expression patterns are observed for miR-96,
miR-182 and miR-183 (Fig. 1A,Supplementary Fig. S1), consistent with the miRNAs being
processed from a common primary transcript (Weston et al., 2006;Saini et al., 2008).
miR-183 family members thus serve as excellent markers for neurosensory cell
differentiation within the developing inner ear.

Postnatal miRNA expression gradients
Postnatal miR-183 family member expression in cochlear hair cells demonstrates dynamic
changes in intensity as the organ attains functional maturity. At P0, miR-183 family
members show robust expression in hair cells that gradually diminishes from base to apex
(Fig 2A,B,A,′B′), which is a pattern consistent with the progression of hair cell
differentiation from base to apex (Kelley, 2007). Additionally, expression of the miRNAs
generally appears greater in OHCs than IHCs. However, in the functionally mature cochlea
at P37, miR-183 family members exhibit robust expression in apical hair cells that gradually
diminishes toward the base (Fig. 2C,D,C,′D′). Moreover, OHC and IHC miRNA expression
ranges from being similar in apical hair cells to greater in IHCs than OHCs approaching the
base, whereas the relatively similar expression of the differentiated hair cell marker myosin
VIIa suggests that miRNA gradient expression is not an artifact of histological differences in
hair cells (Fig. 2A″-D″). Basal hair cells show relatively less miR-183 family member
expression, especially in OHCs. These longitudinal and radial gradients in cochlear miR-183
family member hair cell expression are established around the time of functional maturation
(2-3 weeks of age; data not shown) and persist well into adulthood (Supplementary Fig. S2),
where similar patterns are observed at P100 while vestibular miR-183 family member hair
cell expression remains relatively stable. These data suggest that miR-183 family member
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function extends beyond developmental effects and might contribute to gradients in hair cell
gene expression that affect differentiated cell functionality and maintenance.

Dependence of miRNA expression on neurosensory transcription factors
Neurosensory ganglia and hair cells are both derived from proneuronal precursors that are
respectively dependent on the basic helix-loop-helix (bHLH) transcription factors Neurog1
and Atoh1 (Fritzsch et al., 2010). Lack of Neurog1 expression prevents sensory neuron
specification and development and results in a reduction of sensory epithelia in both the
cochlea and the vestibule (Ma et al., 2000). miR-183 expression in Neurog1 null inner ear
demonstrates that hair cell miRNA expression is unaffected in the cochlea and vestibular
endorgans whereas sensory neurons are altogether absent (Fig. 3A). Conversely, lack of
Atoh1 prevents hair cell specification and leads to loss of sensory neurons primarily due to
absence of hair cell neurotrophic support (Matei et al., 2005). Atoh1 null inner ear shows no
miR-183 hair cell expression, whereas surviving ganglia in the cochlea demonstrate weak
miRNA expression (Fig. 3B). Pou4f3 is a POU domain factor essential for the
differentiation and maintenance of hair cells in the cochlea (Xiang et al., 1997). Pou4f3
mutant (Dreidel mouse) inner ear develops immature hair cells that rapidly undergo
apoptosis especially in the cochlea (Hertzano et al., 2004), but retains some sensory neurons
(Xiang et al., 2003). Pou4f3 mutant inner ear demonstrates that miR-183 is weakly
expressed in surviving cochlear hair cells, but that expression of the miRNA is absent in
vestibular hair cells (Fig. 3C). The data demonstrate that miR-183 expression is downstream
of Neurog1 and Atoh1 specification of sensory neurons and hair cells, respectively.
Moreover, miR-183 expression is likely dependent on downstream factors for differentiation
and maintenance.

Hair cell miRNA depletion and hair cell loss in Dicer1 CKO mice
To investigate the function of small RNAs in hair cell development and maintenance, we
generated Atoh1-Cre conditional Dicer1 knockout (CKO) mice (Atoh1-Cre;Dicer1flox/flox).
Atoh1 and the Atoh1-Cre transgene are expressed in all hair cells beginning approximately
E12.5 to E14.5 in addition to other tissues, most notably including the cerebellum and
intestinal epithelium (Ben-Aire et. al., 1997; Yang et al., 2001; Matei et al., 2005). Dicer1
CKO mice thus exhibit a general failure to thrive, increasing ataxia, and seizures that
contribute to lethality around 4 weeks of age (data not shown).

To confirm the loss of functional Dicer1 and depletion of mature miRNAs in hair cells,
miR-183 expression was examined in P18 Dicer1 CKO mice and littermate controls (Atoh1-
Cre;Dicer1flox/wt). In situ hybridization demonstrates that miR-183 expression is largely
depleted in Dicer1 CKO inner ear hair cells by P18, whereas expression in an equally
reacted littermate control inner ear appears normal despite hemizygousity of Dicer1 (Fig.
4A). Notably, miR-183 expression in spiral ganglia is equivalent between the Dicer1 CKO
and control cochlea, and an analysis of supporting cell expression of an epithelial miR-200
family member (miR-141; Weinholds et al., 2005; Darnell et al., 2006) shows little
difference in expression within the organ of Corti (Supplementary Fig. 3). These data
demonstrate the intended hair cell-specificity of Dicer1 CKO and subsequent depletion of
hair cell miRNAs.

Residual expression of miR-183 in the P18 Dicer1 CKO cochlea (Fig. 4A; Supplementary
Fig. S4) follows the expression pattern observed for the functionally mature mouse cochlea
(Fig. 2C,D; Supplementary Fig. S4), where there is a rapidly declining apical to basal
gradient and IHC to OHC radial gradient of residual expression. These data suggest that
beyond the half-life of Dicer1, the depletion of hair cell miRNAs is largely dependent on
miRNA half-life from recent miRNA expression levels. Moreover, the model demonstrates
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that mature miRNAs are extremely long-lived in post-mitotic, differentiating hair cells,
where detection is evident upwards of three weeks from the time of Dicer1 deletion.

Considering the nuances of the model, Atoh1-Cre knockout of Dicer1 mainly provides an
opportunity to examine the effect of slow depletion of miRNAs on hair cell maturation and
maintenance. With regard to the latter, hair cell viability in Dicer1 CKO and control
cochleae was examined by phalloidin staining of F-actin and immunostaining of myosin
VIIa at P16 and P28 (Fig. 4B). At P16, both Dicer1 CKO and control cochleae demonstrate
a normal histological organization and presence of hair cells in apical and basal segments of
the organ of Corti, with minor loss of OHCs in the base of the Dicer1 CKO cochlea. At P28,
however, the Dicer1 CKO cochlea shows a marked reduction in basal OHCs and some loss
of apical OHCs, whereas IHCs are substantially less affected. These data demonstrate that
hair cell miRNA depletion results in a progressive loss of OHCs from base to apex, and that
miRNAs are thus required for cochlear hair cell maintenance and survival.

Response of gene expression profiles to hair cell miRNA depletion
Given that hair cell miR-183 family member expression exhibits a longitudinal gradient in
the mature cochlea, it is plausible that these apparently abundant miRNAs might function to
establish gradient expression of other genes. To address this hypothesis, microarray analysis
was used to examine the gene expression profiles of apical versus basal organ of Corti
dissected from P16 Dicer1 CKO and control cochleae, where hair cell miRNAs have been
largely depleted without affecting hair cell viability. The expectation is that apical-basal
gradient gene expression might be reduced when hair cell miRNAs are depleted.

Analysis and comparisons of expression profiles from control apex (cA), control base (cB),
Dicer1 CKO apex (ckoA), and Dicer1 CKO base (ckoB) yielded a data set of 1,902 probe
sets for which there is determinable presence of expression in any one of the profiles and
significant changes in gene expression >2-fold (Fig 5A; Supplementary Table S1).
Expectedly, comparisons of cA to ckoA and cB to ckoB show the highest degree of
correlation, suggesting that neither apical gene expression nor basal gene expression has
been drastically altered in the Dicer1 CKO organ of Corti relative to the control organ of
Corti. However, whereas comparison of cA to cB establishes the number of probe sets
exhibiting >2-fold changes representing apical-basal gradient gene expression, comparisons
of cA to ckoB, ckoA to cB, and finally ckoA to ckoB show increasing gradient gene
expression that is more than quadrupled from control to Dicer1 CKO organ of Corti. These
data effectively demonstrate that depletion of hair cell miRNAs has a relatively nominal
effect on apical or basal gene expression per se that is nevertheless accentuated upon
consideration of apical-basal gradient gene expression, contrary to the hypothesis.

Venn diagrams illustrate the overlap between Dicer1 CKO and control apical/basal probe set
data in consideration of significant >2-fold changes (gradient expression) or significant <2-
fold changes (no gradient expression) versus consideration of >2-fold or <2-fold changes for
all 1,902 probe sets (Fig. 5B). Analysis of this presentation reveals that probe sets exhibiting
significant gradient expression in the Dicer1 CKO model do not result from a conversion of
probe sets exhibiting significant non-gradient expression in the control, but instead are
largely derived from probe sets that did not show significant gradient or non-gradient
expression in the control. The data suggest that depletion of hair cell miRNAs mainly allows
significant gradient gene expression to arise from gene expression levels that already show
some variability. Results from the microarray analysis thus suggest that hair cell miRNAs, in
so far as gradient miR-183 family member expression is representative, are not the cause of
cochlear gradient gene expression, but rather function to suppress it.
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Perturbation of cochlear gradient gene expression in the Dicer1 CKO mouse represents the
combined direct and indirect effects of miRNA regulation of target gene expression that
ultimately contribute to hair cell degeneration in the model. Although it is tempting to
correlate expectant increases in the level of predicted miRNA target gene expression with
the loss of miRNA function, heterogeneity of tissue cell types represented in the analysis
and the fact that miRNAs rarely elicit >2-fold changes in mRNA expression level (Baek et
al., 2008; Selbach et al., 2008) likely preclude the observation of strong correlations (data
not shown). Nevertheless, it is useful to consider predicted miR-183 family member target
genes represented in the data set as candidates to scrutinize potential miRNA functions in
hair cell development and maintenance. A gene ontological listing of predicted miR-183
family member target genes within the data set (Supplementary Table S2) suggests a number
of targets with established roles in inner ear biology. Notable among these is Sox2, an SRY-
box containing transcription factor required for the establishment of prosensory domains and
development of hair cells (Kiernan et al., 2005; Oesterle et al., 2008). Sox2 expression is
nevertheless downregulated upon differentiation and maturation of hair cells, whereas
neighboring supporting cells retain its expression (Kiernan et al., 2005). We therefore
investigated whether hair cell miR-183 family member expression can directly effect Sox2
downregulation.

Sox2 is a miR-183 family target
Sox2 contains a single predicted and highly conserved miR-182 binding site within its 1.1
Kb 3′ untranslated region (3′UTR). To address whether Sox2 mRNA might be a miR-182
target, coexpression of the RNAs in cochlear hair cells was examined by in situ
hybridization (Fig. 6A). At P0, apical and basal IHCs show miR-182 and Sox2 mRNA
coexpression, whereas the RNAs are coexpressed in OHC only in apical OHCs by this time
point. These data demonstrate the opportunity for interaction between the RNAs in
developing hair cells. To determine whether miR-182 binding to the site within Sox2 mRNA
can inhibit translation, the entire Sox2 3′UTR was cloned downstream of the open reading
frame encoding Photinus luciferase (pLuc-Sox2), and the miR-182 binding site was mutated
to disrupt miRNA seed pairing (pLuc-mutSox2). Negative and positive control vectors,
respectively, contained no insert (pLuc) or a synthetic 3′UTR with tandem miR-183 family
member binding sites that are perfectly complementary to each miRNA (pLuc-183). Dual
luciferase assays were performed using HEK293 cells co-transfected with reporter vector
and siRNA mimic for miR-182 or scrambled control siRNA to determine normalized
relative luciferase activity for each construct (Fig. 6B). Expectedly, pLuc is unaffected by
miR-182 while pLuc-183 is effectively reduced ~95% where the miRNA is designed to act
as an siRNA. pLuc-Sox2 is repressed ~25% by miR-182, whereas pLuc-mutSox2 is
significantly and fully derepressed. The specificity and significance of pLuc-Sox2 repression
demonstrates that the miR-182 binding site is functionally accessible and suggest that Sox2
is a bona fide hair cell miR-183 family member target gene.

Discussion
Several recent studies have demonstrated the functional relevance of miR-183 family
members in the development and maintenance of hair cells in the inner ear. The first
Mendelian disease associated with microRNAs results from a point mutation in the seed
region of miR-96, which causes progressive hearing loss in humans (Mencia et al., 2009). A
similar ENU-induced mutation in miR-96 is associated with rapid hair cell degeneration and
deafness in the Diminuendo mouse (Lewis et al., 2009). Interestingly, each of these miR-96
mutations is different, suggesting that the hearing loss phenotype results from loss of
function rather than gain of function. In zebrafish embryos, injection of miR-96 or miR-182
causes the formation of ectopic hair cells, whereas knockdown of miR-96, miR-182 or
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miR-183 results in significantly fewer hair cells formed from apparently normal sensory
maculae (Li et al., 2010).

Considering the importance of miR-183 family members in hair cell development and
maintenance, we sought to better define their patterns with regard to hair cell commitment,
differentiation, maturation, and maintenance of hair cells in the mouse inner ear. We show
that the miRNAs exhibit coordinated expression in sensory neurons from E12.5 and in hair
cells from E14.5. Moreover, expression in cochlear hair cells is first detectable in inner hair
cells, and subsequently in all hair cells by P0. The data demonstrate that expression of the
miRNAs specifically follows the timing of specification of sensory neurons and hair cells
throughout the inner ear (Kelley, 2006; Kelley, 2007; Fritzsch et al., 2010). Moreover, we
show that expression of the miRNAs is dependent upon Neurog1 and Atoh1 required for the
specification of sensory neurons and hair cells, respectively. The results show that miR-183
family expression is a property of committed sensory cell types and is thus likely to exert the
greatest influence upon sensory cell differentiation in early development. Moreover, it is
interesting to note the differential dependence of miR-183 family expression on Pou4f3 in
surviving vestibular versus cochlear hair cells. The data suggest that miR-183 family
expression is differentially regulated like other downstream hair cell factors such as Lhx3
(Hertzano et al., 2004), further highlighting nuances in the genetic programs that contribute
to differentiation of distinct hair cell types.

Previous microarray analysis and quantitative RT-PCR of mouse inner ear miRNA
expression indicated the continued postnatal expression of miR-183 family members
(Weston et al., 2006). We now demonstrate that miR-183 family expression in sensory
neurons and hair cells persists well into adulthood, where cochlear hair cells exhibit distinct
longitudinal and radial gradient patterns that develop about the time the organ reaches
functional maturity. Importantly, the observed expression pattern of miR-183 family
members in the mouse inner ear is highly consistent with previously observed expression
patterns in mouse, chicken, and zebrafish sensory cells and ganglia (Wienholds et al., 2005;
Darnell et al., 2006; Kloosterman et al., 2006; Weston et al., 2006; Xu et al., 2007; Pierce et
al., 2008; Friedman et al., 2009b; Lewis et al., 2009; Soukup et al., 2009; Li et al., 2010).
Collectively, the data stand in stark contrast to two recent publications (Sacheli et al., 2009;
Wang et al., 2010) that show non-coordinated and widespread miR-183 family expression in
non-sensory cells of the mouse embryo and inner ear, and fail to detect hair cell expression
in the juvenile and adult inner ear. Although there are points of consistency in miR-183
family expression in sensory neurons and hair cells, particularly at late embryonic and early
postnatal time points, discrepancies in miRNA detection likely reflect differences in
hybridization protocols using sectioned versus intact tissues. Results suggest that whole-
mount in situ hybridization more accurately reflects the coordinated and sensory cell-
specific expression pattern of miR-183 family members in the mouse inner ear.

Based on the overall apical-basal gradient expression pattern of miR-183 family members in
hair cells of the mature cochlea, we hypothesized that hair cell miRNAs function to promote
gradient gene expression. However, apical and basal organ of Corti gene expression profiles
for control and Atoh1-Cre;Dicer1 CKO mice show that depletion of hair cell miRNAs
results in relatively pronounced gradient gene expression. Importantly, these analyses were
performed at a time when there is substantial miR-183 depletion, but little or no apparent
hair cell loss. While analysis of mRNA levels does not rule out the possibility that miR-183
family members might effect gradient expression of some target genes, the model
demonstrates that hair cell miRNAs significantly influence organ of Corti gene expression
and dampen apical-basal gradients. Moreover, the depletion of hair cell miRNAs causes
eventual hair cell death, particularly for basal OHCs.
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It is interesting to note the range of effects observed in various Dicer1 CKO models and the
Diminuendo mouse (reviewed in Weston & Soukup, 2009). Previous work has demonstrated
that Pax2-Cre; Dicer1 CKO in the otic placode leads to severe morphological and
histological defects of the inner ear (Soukup et al., 2009), whereas Pou4f3-Cre;Dicer1 CKO
occurring later in the organ of Corti and hair cells throughout the inner ear causes severe
hair cell degeneration and deafness by P38 (Friedman et al., 2009b). The morphological
characteristics of immature and malformed hair cells in the two Dicer1 CKO models are
strikingly similar. Depletion of miRNAs in the Atoh1-Cre;Dicer1 CKO model described
here is hair-cell specific and relatively slow, where the long half-life of mature miRNAs in
post-mitotic Dicer1 CKO models appears to be a feature consistent with other Dicer1 CKO
models (Schaefer et al., 2007; Cuellar et al., 2008). Hair cells appear to develop normally
and show moderate degeneration and loss at P28 compared to the Pou4f3-Cre;Dicer1 CKO
model at P38. Together these models demonstrate that hair cell miRNAs play critical roles
in both hair cell development and maintenance. Considering the effects of miRNA depletion
in Dicer1 CKO models, it is pertinent to note that the loss of miR-96 in homozygous
Diminuendo mice results in a relatively severe hair cell phenotype (Lewis et al., 2009). The
developmental absence of this single miR-183 family member is thus more detrimental than
the maturational depletion of all hair cell miRNAs in the Atoh1-Cre;Dicer1 CKO model,
lending further credence to the notion that miR-183 family members play critical roles in
early hair cell development. Among the undoubtedly numerous target genes through which
miR-183 family members exert their influence, we have validated that Sox2, which remains
expressed in supporting cells, is repressed by miR-182. These data are consistent with the
hypothesis that miR-183 family members promote hair cell fate and differentiation in part by
repressing supporting cell genetic programs (Soukup, 2009).

In summary, this study details the onset and persistent expression of miR-183 family
members in sensory cells of the mammalian inner ear, where the regulatory functions of
such hair cell miRNAs contribute to development and maintenance. As therapeutic
strategies for stimulating hair cell regeneration and hearing restoration continue to advance
(Beisel et al., 2008; Brigande & Heller, 2009; Groves, 2010), they might benefit
substantially from miRNA-based therapies (Hammond, 2006) designed to guide
developmental or maturational processes that contribute to hair cell maintenance and
function.

Experimental Procedures
Animals

Animal care and handling complied with protocols approved by the Creighton University
Institutional Animal Care and Use Committee and employed measures to minimize pain and
discomfort. FVB/N mice were purchased from Charles River Laboratories. Various mutant
and littermate control mouse ears were derived from Neurog1 null mice (Neurog1tm1And;
Ma et al., 1998; Ma et al., 2000), Atoh1 null mice (Atoh1tm2Hzo; Ben-Aire et al., 1997;
Matei et al., 2005), and Pou4f3 mutant (Dreidel) mice (Pou4f3ddl; Frankel et al., personal
communication; Hertzano et al., 2004). Mouse embryos were harvested from timed pregnant
females counting the day a vaginal plug was present as E0.5. Embryos and postnatal mice
were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
(pH 7.4) to preserve tissues for in situ hybridization and immunohistochemistry.

Mice carrying floxed Dicer1 (Dicer1tm1Bdh; Harfe et al., 2005) alleles (Dicer1flox/flox) were
mated to mice carrying an Atoh1-Cre transgene (Tg(Atoh1-cre)1Bfri; Matei et al., 2005) to
generate Atoh1-Cre;Dicer1flox/wt mice. Atoh1-Cre;Dicer1flox/wt mice were subsequently
mated to Dicer1flox/flox mice to generate Atoh1-Cre;Dicer1flox/flox CKO animals and Atoh1-
Cre;Dicer1flox/wt littermate controls. Offspring were genotyped by PCR analysis of tail
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DNA using Cre-specific primers (5′-GCCTGCATTACCGGTCGATGCAACGA and 5′-
GTGGCAGATGGCGCGGCAACACCATT) that produce a 726 bp product, and Dicer1-
specific primers (5′-CCTGACAGTGACGGTCCAAAG and 5′-
CATGACTCTTCAACTCAAACT) that produce a 420 bp product from the Dicer1flox allele
and a 351 bp product from the Dicer1wt allele (Harfe et al., 2005).

Whole mount in situ hybridization (ISH)
Whole-mount ISH was performed as previously described (Weston et al., 2006; Pierce et al.,
2008) using locked nucleic acid (LNA) probes for miRNAs labeled with digoxigenin (DIG
Oligonucleotide 3′-End Labeling Kit; Roche) or riboprobe for Sox2 mRNA labeled with
DIG by transcription using T7 RNA polymerase (DIG RNA Labeling Kit; Roche). LNA
probes were either purchased (miRCURY LNA probes; Exiqon) or custom synthesized
(Integrated DNA Technologies) by incorporating LNA modifications at every third
nucleotide position from the 5′ end. LNA probes are antisense to miR-183 (5′-
CAGTGAATTCTACCAGTGCCATA), miR-96 (5′-
AGCAAAAATGTGCTAGTGCCAAA), miR-182 (5′-
TGTGAGTTCTACCATTGCCAAA), or miR-141 (5′-
CCATCTTTACCAGACAGTGTTA). Riboprobe antisense to Sox2 mRNA (659 nt) was
transcribed and purified by denaturing polyacrylamide gel electrophoresis from template
DNA generated by PCR amplification of a sequence-verified clonal isolate of Sox2 derived
from mouse genomic DNA using primers (5′-GCTCTGCACATGAAGGAGCAC and 5′-
TAATACGACTCACTATAGGGCATGTGCGACAGGGGCAG). Briefly, fixed tissues
were defatted with ethanol, digested with proteinase K, hybridized with 12 pmol labeled
LNA probe or 100 ng labeled riboprobe, and washed and digested with RNase A. Labeled
LNA probe was detected using alkaline phosphatase (AP) conjugated sheep anti-DIG Fab
fragment and BM Purple AP Substrate (Roche). Tissues were whole mounted in glycerol
and imaged by light microscopy using a Nikon Eclipse 800 microscope. A minimum of two
samples was prepared for each genotype and time point described.

Immunohistochemistry
FVB/N mouse cochleae were microdissected and stained with a rabbit anti-mouse myosin
VIIa antibody (Affinity Bioreagents) as previously described (Matei et al., 2005; Pauley et
al., 2006). Briefly, fixed tissues were defatted, blocked with normal goat serum, incubated
with 1:50 dilution of primary antibody, rinsed, incubated with Alexa Fluor 568-conjugated
goat anti-rabbit antibody (Invitrogen), rinsed, mounted and imaged using a Zeiss LSM 510
META LNO confocal microscope. The organ of Corti was optically sectioned at 2 μm
intervals and images are the composite of sections including hair cell bodies.

Inner ears from Atoh1-Cre;Dicer1 CKO and control mice were embedded in 2.5% agarose,
and sagittal sections (300 ± 50 μm) containing the apical, middle, and basal cochlear turns
were obtained using a vibratome. Sections were similarly stained with rabbit anti-mouse
myosin VIIa antibody (Abcam) detected with Alexa Fluor 488-conjugated goat anti-rabbit
antibody (Molecular Probes), and Alexa Fluor 568-conjugated Phalloidin (Molecular
Probes) to detect F-actin. Sections were imaged by confocal microscopy as described above.

RNA extraction
Total RNA from the organ of Corti (OC) was isolated using the mirVana miRNA Isolation
Kit (Ambion). Each biological replicate included the combined apical or basal OC from
each ear of a Dicer1 CKO mouse or littermate control mouse. Tissues were disrupted by
rotor-stator homogenization in lysis buffer to facilitate RNA isolation. The quality and
quantity of each RNA preparation were determined using a Model 2100 Agilent
BioAnalyzer.
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Microarray Analysis
Two biological replicate samples of total RNA (300 ng each) from apical and basal OC from
Dicer1 CKO and littermate control mice were analyzed using Affymetrix Mouse Genome
430 2.0 Arrays (8 total microarrays). Sample preparation, hybridization, and analysis were
performed by the Microarray Core Facility at the University of Nebraska Medical Center.
The mas5 function from the affy software package (Bioconductor project;
http://www.bioconductor.org/) was used to calculate probe set expression values. Expression
values from replicate microarrays were used to determine statistically significant changes in
gene expression (p<0.05, fold changes >2.0 or <0.5) using the Student's t-test. Microarray
data have been deposited in the NCBI Gene Expression Omnibus (Edgar et al., 2002) and
are accessible through GEO Series accession number GSE26822
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26822).

Dual Luciferase Assays
Tandem sites complementary to miR-183, miR-96 and miR-182 were generated from
synthetic oligonucleotides and inserted into the 3′UTR of the parental Photinus luciferase
reporter vector pMIR-REPORT (Ambion) to produce pLuc-183. The ~1.1 Kb 3′UTR of
mouse Sox2 was amplified from genomic DNA and similarly inserted into pMIR-REPORT
to produce pLuc-Sox2. The miR-182 complementary seed match of pLuc-Sox2 (5′-
TTGCCAA) was mutated to contain two single base changes (5′-TTCCGAA) using the
QuikChange II Site Directed Mutagenesis Kit (Stratagene) to produce pLuc-mutSox2.
HEK293 cells (~2×105 cell/well; 24-well plate) were co-transfected with 200 ng Photinus
luciferase reporter vector, 50 ng Renilla luciferase reporter vector phRL-TK (Promega), and
25 pmol synthetic RNA duplex representing miR-182 or scrambled control siRNA
(Integrated DNA Technologies) using Lipofectamine 2000 (Invitrogen). Cells were cultured
post-transfection for 48-72 h and harvested to perform dual-luciferase assays using the Dual-
Glo Luciferase Assay System (Promega) on a Modulus Microplate Luminometer with dual
injectors (Turner Biosystems). Two replicate readings from 3-6 independent transfections
were performed. The ratio of Photinus and Renilla luciferase activity for each Photinus
luciferase reporter vector with miR-182 was normalized to that for each with scrambled
control siRNA. The Mann-Whitney-Wilcoxon test was performed to determine the statistical
significance of differences between samples.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Embryonic expression of miR-183 family members in hair cells and peripheral sensory
neurons of mouse inner ear by in situ hybridization using LNA probes. A: Detection of
miR-183 family members in E12.5, E14.5, and E16.5 whole mount inner ears. Expression is
indicated in statoacoustic ganglia (SAG), which segregate to form vestibular ganglia (VG)
and spiral ganglia (SG) in the cochlea (CO), and in all sensory epithelia (AC, anterior crista;
HC, horizontal crista; PC, posterior crista; U, utricular macula; S, saccular macula; OC,
organ of Corti). Bars represent 200 μm. B: Detection of miR-183 in the apex and base of
E16.5 cochlea. Bars represent 200 μm. C: Detection of miR-183 in inner hair cells (IHC) of
E16.5 cochlea. Depicted are frozen cross-sections of apical and basal segments of cochlea,
and the basal organ of Corti in whole mount (GER, greater epithelial ridge; LER, lesser
epithelial ridge; SA, spiral artery; OHC, outer hair cells). An arrowhead denotes the
approximate position of IHC along the boundary between the GER and OC in the apex,
whereas the position of IHC in the base is more evident by DAPI staining of nuclei (red).
Bars represent 20 μm.
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Figure 2.
Expression of miR-183 exhibits temporal changes in longitudinal and radial gradients in
postnatal mouse cochlea by in situ hybridization. A-D: Detection of miR-183 in the apex
and base of P0 and P37 cochleae. Scale bars represent 200 μm. A′-D′: Corresponding
segments of OC in the apex and base. Scale bars represent 20 μm. Intensity of miR-183
detection in hair cells appears as basal>apical and OHC>IHC at P0 versus an apical>basal
and IHC>OHC at P37. A″-D″: Immunohistochemical detection of hair cell myosin VIIa in
apex and base of P0 and P37 cochleae. Scale bars represent 20 μm. Labels are as described
in the legend to Fig. 1.
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Figure 3.
Expression of miR-183 in inner ear of Neurog1 null, Atoh1 null and Pou4f3 mutant mice
and controls by in situ hybridization follows neurosensory cell fate specification and
differentiation. A: Hair cell expression of miR-183 is unaffected in Neurog1 null inner ear
lacking in sensory neurons. B: Expression of miR-183 is evident in remaining sensory
neurons of Atoh1 null inner ear lacking hair cells. C: Expression of miR-183 is unaffected in
sensory neurons of Pou4f3 mutant inner ear, but absent in vestibular hair cells and weak in
remaining cochlear hair cells. Scale bars represent 200 μm. Labels are as described in the
legend to Fig. 1.
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Figure 4.
Hair cell miRNA depletion and eventual hair cell loss in Atoh1-Cre;Dicer1 CKO inner ears
versus controls. A: Hair cell expression of miR-183 is largely depleted at P18 in Atoh1-
Cre;Dicer1 CKO inner ear by in situ hybridization. Depicted are the posterior cristae and
apical turns of cochleae from control and Dicer1 CKO mouse inner ears that are equally
reacted. Scale bars represent 200 μm. B: Hair cell loss in the cochlea of Atoh1-Cre;Dicer1
CKO inner ear compared to control. Depicted is immunohistochemical detection of myosin
VIIa in hair cells (green) and phalloidin staining of F-actin (red) in organ of Corti near the
base and apex of P16 and P28 control and Dicer1 CKO cochleae. Scale bar represents 10
μm. Labels are as described in the legend to Fig. 1.
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Figure 5.
Microarray analysis of gradient gene expression in control and Atoh1-Cre;Dicer1 CKO
organ of Corti. A: Significant changes in gene expression comparing apical and basal organ
of Corti. Shown for each comparison of expression profiles from control apex (cA), control
base (cB), Dicer1 CKO apex (ckoA), and Dicer1 CKO base (ckoB) are the number of probe
sets out of 1,902 expressed that exhibit significant changes greater than 2-fold. Numbers in
parentheses indicate the correlation coefficient for each comparison. B: Comparison of
gradient and non-gradient expression profiles between control and Dicer1 CKO organ of
Corti. Venn diagrams show the overlap among probe sets that show gradient expression
(grad.; >2-fold change) or non-gradient expression (no grad.; <2-fold change) considering
those with significance (p<0.05) and all 1,902 probe sets.
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Figure 6.
Coexpression and validation of Sox2 as a target of miR-182. A: In situ hybridization
detecting miR-182 and Sox2 mRNA at P0. Depicted are apical and basal segments of OC,
where coexpression of the RNAs is evident in OHCs at the apex and in IHCs. B: Dual
luciferase assay demonstrating specificity of Sox2 silencing by miR-182. The parental
Photinus luciferase reporter vector (pLuc) was modified to contain tandem complementary
sites to miR-183 family members (pLuc-183), the Sox2 3′UTR (pLuc-Sox2), or the Sox2
3′UTR with a mutated miR-182 binding site (pLuc-mutSox2). The box and whisker plot
represents the distribution of relative luciferase activity for each reporter construct with
miR-182 normalized to control siRNA. Bars span the 10th to 90th percentiles, and boxes
span the 25th to 75th percentiles. The asterisk denotes a significant and specific reduction of
Photinus luciferase expression with miR-182 (p<0.01; Mann-Whitney-Wilcoxon test).
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