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a b s t r a c t

In mammals, the cochlear sensory epithelium becomes quiescent early during development. After the
first postnatal week, there is no cell replacement or proliferation, and severe damage leads to permanent
deafness. Supporting cells’ trans-differentiation has been suggested as a way to regenerate cochlear hair
cells after damage. However, they are also needed for proper functionality. Cdkn1b (p27Kip1) participates
in the cochlear terminal mitosis state achieved during development. Its expression is maintained in adult
supporting cells and its postnatal deletion has induced cochlear proliferation in vitro and in vivo.
Therefore, its manipulation has been proposed as a feasible way to induce proliferation of supporting
cells after birth. Nevertheless, the literature is scarce regarding feasible methods to directly decrease
p27Kip1 in the clinical domain. The effects of p27Kip1 knockdown using viral vectors are not completely
elucidated and no pharmacological approaches to decrease p27Kip1 in the cochlea have been tested
in vivo before. This study explores the ability of p27Kip1 messenger knockdown and pharmacological
transcriptional inhibition to induce proliferation of supporting cells in the P0 neonatal rat cochlea in vivo.
Respectively, lentiviral vectors transducing shRNA against p27Kip1 were administered into the scala media
or Alsterpaullone 2-Cyanoethyl into the round window niche. Cell markers and gene expression were
assessed through immunostaining and qRT-PCR. Despite both methods significantly decreasing p27Kip1

expression in vivo, signs of toxicity in the organ of Corti were not found; however, relevant proliferation
was not found either. Finally, cochlear damage was added to increase the response in vitro, achieving only
a mild to moderate proliferation induction. We conclude that our approaches were not able to stimulate
the recall of supporting cell proliferation despite significantly decreased p27Kip1 levels in vivo. Consid-
ering the evaluation of the cochlea at a very responsive stage, we propose that the level of isolated
modification of p27Kip1 expression in living mammals achievable through these approaches is insuffi-
cient to induce proliferation of supporting cells. Future proliferation induction experiments in the co-
chlea should study other methods and genes.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hearing loss is a huge global health problem. It affects most of
the population over the age of 75, as well as a significant proportion
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ntiago, Chile.
emana.cl (J.C. Maass).
of young people (Cruickshanks et al., 1998; Erenberg et al., 1999).
Considering the overall cost of this disability, it is a heavy economic
burden for most countries in the world. Globally, the annual cost of
unaddressed hearing loss has been estimated between 750 and 790
billion dollars (Olusanya et al., 2014; World Health Organization,
2017). The currently available treatments are expensive, and they
do not directly assess the cochlear damage (Bishop and Eby, 2010;
Manchaiah et al., 2017; Wilson, 2017; World Health Organization,
2017).

Like all other mammals, we are born with a limited number of
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cells within the organ of Corti. During early intrauterine develop-
ment, the progenitors stop proliferating and differentiate (Ruben,
1967). Subsequently, functional cells involved in auditory mecha-
nisms can decrease in number after damage, resulting in hearing
loss (Merchant et al., 2010). However, other vertebrates like birds
and fishes continuously experience cell proliferation and replace-
ment of their hearing epithelium and can spontaneously regenerate
their sensory cells (Corwin and Cotanche, 1988; Harris et al., 2003;
Ryals and Rubel, 1988).

During the last 20 years significant breakthroughs have been
achieved in the field of cochlear regeneration. The genetic manip-
ulation of developmental genes has shown that there is regenera-
tive potential in the mammalian organ of Corti. Trans-
differentiation and proliferation of cochlear cells have been suc-
cessfully induced in young mammals in vitro and in vivo
(Izumikawa et al., 2005; L€owenheim et al., 1999; Mizutari et al.,
2013; Oesterle et al., 2011; Sage et al., 2005; Walters et al., 2014a;
White et al., 2006). Nevertheless, the degree of the response has
been significantly reduced in older animals (Maass et al., 2015;
Oesterle et al., 2011; White et al., 2006). Maturation apparently
makes the hearing epithelium progressively unresponsive to
regeneration induction, and unfortunately that is precisely when
hearing loss becomes more frequent with age (Maass et al., 2016).

In the organ of Corti, the sensory cellsethe hair cellseare the cell
type that is more sensitive to damage. Trans-differentiation of
supporting cells into hair cells has traditionally been the main goal
of cochlear regeneration. However, it should not be considered the
only purpose of the field, since both hair cells and supporting cells
are necessary for normal cochlear physiology, and trans-
differentiation necessarily decreases the number of supporting
cells (Cai et al., 2013; Gubbels et al., 2008; Hori et al., 2007;
Izumikawa et al., 2005; Kawamoto et al., 2003; Woods et al., 2004).
Moreover, during regeneration experiments persistence of sup-
porting cells is important to preserve the regenerative potential.
Although the regeneration obtained is higher when some degree of
hair cell damage is induced, no regeneration is achieved in severely
damaged cochlear epithelia that are devoid of supporting cells
(Izumikawa et al., 2005, 2008; Kawamoto et al., 2003; Mizutari
et al., 2013; Raphael et al., 2007). Therefore, it is as important to
have a means for increasing the number of supporting cells as it is
having tools for producing more hair cells.

p27Kip1 protein, or CDKN1B, is a cyclin-dependent kinase in-
hibitor that blocks the cell cycle progression from G1 to S. During
development, a wave of p27Kip1 expression precedes the cell cycle
exit in the inner ear pro-sensory domain (Chen and Segil, 1999;
L€owenheim et al., 1999; White et al., 2006). From there, its
expression is preserved in the cochlear supporting cells until
adulthood. Thus, this gene is believed to be one of the main factors
responsible for preserving the quiescent state in the mature organ
of Corti. We and others have successfully manipulated the p27Kip1

messenger levels to induce proliferation of supporting cells in
postnatal rodents (Maass et al., 2013; Oesterle et al., 2011; Ono
et al., 2009). However, the responses obtained have been variable,
and the direct modification of the p27Kip1 messenger levels has not
been tested in vivo in animal models through practicable methods
in humans, which raises questions about the actual importance of
decreasing p27Kip1 for regenerative therapies.

In theory, to induce proliferation and end up with a normal ear,
the effect should be transitory. The knockout mice of p27Kip1 shows
persistent proliferation in the organ of Corti, along with morpho-
functional abnormalities (Chen and Segil, 1999; Kanzaki et al.,
2006; L€owenheim et al., 1999; Oesterle et al., 2011). There are
many ways to induce a decrease in gene expression, but fewer that
could be theoretically delivered to patients and that are capable of
inducing a transitory effect. In our previous study, we used p27Kip1-
shRNA (short hairpin RNA) lentiviral vectors to significantly
decrease p27Kip1 expression, induce cell proliferation and increase
the number of supporting cells in newborn cochlear cultures
(Maass et al., 2013). However, we did not test the effects in vivo.
Recently, Alsterpaullone 2-Cyanoethyl (A2CE) was described as a
potent p27Kip1 transcriptional inhibitor; nonetheless, its capacity to
induce cochlear supporting cell proliferation has not been studied
(Walters et al., 2014b). Conceptually, both strategies can be per-
formed in vivo in animals and patients (Izumikawa et al., 2005;
Raphael et al., 2007; Goycoolea et al., 1988; Mizutari et al., 2013).
We believe that studying the effects of these methods in living
rodents could give a pre-clinical hint into the usefulness of tar-
geting the p27Kip1 messenger in the inner ear of humans. Therefore,
we conducted an in vivo study to evaluate whether any of these
clinically feasible approaches could induce proliferation and in-
crease the number of supporting cells in healthy or damaged rat
neonatal cochleas at the moment when the regenerative potential
is supposed to be highest.

2. Material and methods

2.1. Experimental animals

Postnatal day zero (P0) Sprague Dawley rats were obtained from
the Central Animal Facility of the Faculty ofMedicine of Universidad
de Chile. After the experimental procedures, the animals were
euthanized or kept with their mothers in the animal station of the
Interdisciplinary Program of Physiology and Biophysics of the
Institute of Biomedical Sciences (ICBM) of the Faculty of Medicine
of Universidad de Chile. All animal procedures were approved by
the Faculty of Medicine of Universidad de Chile Bioethics Com-
mittee concerning the protocols number 585 and 992 and were
conducted following the NIH guide for the care and use of labora-
tory animals.

2.2. Lentiviral vectors

Second generation lentiviral vectors, including silencing plas-
mids p27Kip1-shRNA LV and control-shRNA LV were used, both of
which have been previously described in the study conducted by
Maass et al. (2013). The vectors were prepared in HEK293T cells,
collected and concentrated by ultracentrifugation according to the
protocol by Sena-Esteves et al. (2004). The lentiviral concentration
used fluctuated between 2 and 5� 106 Vp/ml, which was deter-
mined by flow cytometry, as described in the study conducted by
Logan et al. (2004). All viral vectors procedures were performed
under the institutional bio-safety guidelines of the Faculty of
Medicine of Universidad de Chile.

2.3. Cochlear cultures

Cochlear explantswere collected fromP0 rats as described earlier
(Maass et al., 2013). Briefly, the heads were bisected, the temporal
bones were extracted and the otic capsules were removed to obtain
the membranous cochlea, from which the Reissner's membrane,
Modiolus and lateral wall were collected. The remnant cochlear
epithelia were cultured on Nuclepore Track Etch Membranes
(Whatman, Maidstone, UK) floating on DMEM/F-12 medium (buff-
ered with Hepes; Thermo Fisher Scientific, Waltham, MA) supple-
mented with B27 (Thermo Fisher Scientific), 1mM N-acetylcysteine
(Sigma-Aldrich, St.Louis, MO), 5 ng/ml EGF (Thermo Fisher Scienti-
fic), 2.5 ng/ml FGF2 (ThermoFisher Scientific) and67 mg/mlpenicillin
(Laboratorio Chile, Santiago, Chile) in a 37 �C humidified incubator
with 5% CO2. For p27Kip1 transcriptional inhibition experiments, the
cultureswere treatedwith 5 and 10 mMAlsterpaullone 2-Cyanoethyl
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(A2CE;CalbiochemEMD,Burlington,MA)or0.04%v/vDMSO(vehicle
control; Thermo Fisher Scientific) for 24 h for mRNA level determi-
nation or for 72 h for immunostaining. For damage experiments, the
explantswere cultured for three to four days in vitro, completing two
initial days in 320 mM of Gentamicin (Laboratorio Chile) and one to
three final days in A2CE 10 mM or vehicle.

2.4. In vivo experiments

P0 pups were anesthetized using hypothermia. The skin on the
neck posterior and inferior to the left ear was disinfected with 70%
EtOH and incised. The retro-auricular fat and the muscles were
dissected toward the bulla. The bulla was opened from its inferior
aspect, the annulus was displaced laterally, and the middle ear
mucosa was removed from the promontory. The stapedial artery,
round window and basal turn of the cochlea were identified. This
was followed by treating the rat pups with a scala media injection or
a round window drug administration, according to the specific
phase of the study.

2.4.1. Scala media injection
The scala media at the basal turn of the cochlea was punctured

by transparency with a Bonn micro-probe, and 0.6 ml of lentiviral
vectors were injected through a 0.004500 ID and 0.000500 wall pol-
yimide micro-cannula (A-M Systems, Sequim, WA) at 0.4 ml/min.
After the injection, a plug of muscle was placed in the middle ear.

2.4.2. Round window treatment
1mm3 of Surgispon (Aegis Lifesciences, Gujarat, India) gelfoam

embedded in 20 mM or 1mM Alsterpaullone 2-Cyanoethyl (A2CE;
Calbiochem EMD) was placed over the round window niche.

After both of these procedures were completed, the annulus and
the muscles were re-positioned, and the skin was closed with
Histoacryl (B. Braun, Melsungen, Germany). The pups recovered in
a heating pad and were kept with their respective mother for four
days after the lentiviral vector injections and for three to eight days
after the A2CE administrations.

For the BrdU incorporation experiments, the pups received an
intra-peritoneal injection one day before euthanasia, according to
the instructions of the manufacturer (Thermo Fisher Scientific).

After the completion of the in vivo experiments, the pups were
sacrificed, and their ears were dissected for surface preparations of
the hearing epithelium (see dissection in Cochlear cultures section).
These explants were cultured in supplemented DMEM/F-12 me-
dium for 1 h to allow adherence to the Nuclepore Track Etch
Membranes (Whatman).

2.5. Immunostaining

The cochleas obtained from in vivo or in vitro experiments were
washed in the membranes with PBS and fixed in 4% PFA for 1 h at
20 �C. Subsequently, they were washed in PBS, permeabilized and
blocked in PBS containing 0.2% TritonX-100 and 10% donkey serum.
Then, they were incubated with primary antibodies overnight at
4 �C, washed in PBST (0.1% TritonX-100 in PBS) and incubated with
secondary antibodies for 2 h at room temperature. Finally, the ex-
plants were treated with Hoechst 33258 (Thermo Fisher Scientific)
for nuclear staining or Rhodamine-Phalloidin (Phalloidin; Thermo
Fisher Scientific) for actin filaments staining. The primary anti-
bodies were anti-Myosin VI (MYO6; 25e6791, Proteus Biosciences),
anti-p27Kip1 (DCS-72.F6, Thermo Fisher Scientific), anti-SOX2
(SOX2; AB5603, Millipore), anti-cleaved Caspase 3 (c-CASP3;
D175, Cell Signaling), anti-BrdU (ab6326, AbCam), anti-KI67marker
of proliferation (MKI67; AB9260, Chemicon), anti-proliferating cell
antigen (PCNA; M0879, Agilent Dako) and anti-GFP (Thermo Fisher
Scientific). The secondary antibodies were Rhodamine Red-X, Cy5
and FITC (Jackson ImmunoResearch). All the antibodies were used
at 1:200. For p27Kip1 and PCNA immunostainings, the samples were
boiled for 10min in 10mM citric acid (pH 6) for epitope retrieval.
For BrdU staining, the samples were treatedwith 2NHCl for 30min.
The images were obtained using a BX61WI DSU Olympus micro-
scope and analyzed with ImageJ 139u (NIH) and CellR 2.7
(Olympus). The experiments were performed and analyzed in three
to eight biologic replicates. Whole cochlear explants were evalu-
ated unless specified. The stained cells were manually counted, and
the counts were normalized to 100 mm. The percentages of positive
cells were calculated using the number of positive cells for each
evaluated stain within the total number of cells in the evaluated
region. The quantification of the relative mean fluorescence in-
tensity obtained after p27Kip1 protein immunostaining was per-
formed using ImageJ 139u (NIH) for at least six randomly selected
cells in three different experiments. The pictures used for this
purpose were taken under the same conditions, and the brightness
and contrast settings were adjusted to the closest possible values.
Supporting cells were identified by SOX2 expression, p27Kip1

expression and position in Hoechst staining. The supporting cell
counts were limited to phalangeal, pillar, Deiters', Hensen's and the
closest two rows of the Claudius cells.

2.6. qRT-PCR

Per replicate, total RNA from four whole cochlear explants was
extracted using the PureLink RNA Micro kit (Thermo Fisher Scien-
tific), and cDNA was synthesized using random primers with the
SuperScript III First-Strand Synthesis System (Thermo Fisher Sci-
entific). The number of biologic replicates used were three to four.
SYBRGreen qPCR Master Mix was used for qRT-PCR reactions in the
StepOneReal TimePCRSystem(AppliedBiosystems).Gapdh forward
50-CTCTCTGCTCCTCCCTGTTC-30 and reverse 50-GCCAAATCCGTT-
CACACC-30, and p27Kip1 forward 50-GGAAGCGACCTGCGGCAGAA-30

and reverse 50-GCCAGCATTCGGGGAACCGT-30 primers were used.
The analysis of the relative gene expression levels was performed
using 2�DDCT method (Livak and Schmittgen, 2001).

2.7. Statistical analysis

Statistical tests were performed using the Past 3.15 software
(Hammer and Harper). Parametric or non-parametric tests were
performed according to the distribution, variance, sample size and
the characteristics of the variables included in the data. Therefore,
Mann-Whitney and Kruskall-Wallis tests for independent samples
were used for assessing the differences between the groups when
one independent variable was used. When the effect of two factors
or independent variables were evaluated, the two-way analysis of
variance (ANOVA) test was used for comparison. For pairwise
comparisons within the samples, Mann Whitney, and Dunn's post-
hoc analysis with Benjamini-Hochberg procedure for 0.1 false dis-
covery rate control were used. Assumptions of normality and ho-
moscedasticity required for each statistical test were evaluated
using visualization of the data, Shapiro-Wilk, F and Levene's tests. A
p-value < 0.05 was significant. For non-normally distributed data,
the box plots including the median and interquartile range or the
whole data set were presented as descriptors. Medians, inter-
quartile ranges (IQR) and ±1.5 IQR whiskers in the box plots were
calculated using the interpolation method. Arbitrarily, when the
sample size was 3, the dot box was used for data representation.

2.8. Research data repository

Raw data obtained and used in this research was included in
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Mendeley's repository as suggested by Elsevier.

3. Results

3.1. Lentiviral vectors were capable of transducing supporting cells
in the neonatal rat cochlea in vivo

As mentioned earlier, we previously found that a p27Kip1-shRNA
knockdown mediated by lentiviral vectors can induce a mild pro-
liferation of the cochlear supporting cells in vitro (Maass et al.,
2013). To confirm and extend these findings in vivo, we tested the
abilities of our vectors to transduce the cochlear epithelium in pups
after injecting them through the scala media. Concentrated lenti-
viral vectors were administered to P0 rats, which were then
analyzed at P4 by EGFP immunostaining as a reporter of trans-
duction (Fig. 1AeE). To assess the efficiency of our gene transfer, the
percentage of transduction was calculated as the number of EGFP
positive cells divided by the total number of cells in the evaluated
fields per region and per cell type (Fig. 1D). The basal portion of the
cochlea located near the puncture site was found to be the segment
that achieved the highest transduction efficiency, and from that
point, the number of transduced cells decreased toward the apex. In
the basal segment of the organ of Corti, 6e8% of supporting cells
and 12% of hair cells were transduced per given field, but no cells
were transduced in the apex. All cell types in the organ of Corti
were transduced except the phalangeal cells. We also evaluated the
transduction efficiencies beyond the organ of Corti. Interestingly,
the cells located in the Reissner's membrane and the Stria vascularis
showed higher transduction efficiencies than in the sensory
epithelium (Fig. 1C and D). In the region of the cochlear duct closer
to the spiral ganglion, a high percentage of EGFP þ cells were also
found. However, in the spiral ganglion neurons, only 20% trans-
duction was found after co-labeling with Beta 3 tubulin (TUBB3).
We did not find significant transduction efficiency differences be-
tween control and p27Kip1-shRNA lentiviral vectors (Fig. 1AeD).
Thus, our vectors transduced the organ of Corti through scala media
injection, which made them suitable for exploring the effects of
p27Kip1-shRNA transduction in vivo.

3.2. p27Kip1-shRNA transduced by lentiviral vectors decreased
p27Kip1 protein but did not induce supporting cell proliferation in
the neonatal rat cochlea in vivo

After evaluating the transduction feasibility, we evaluated
whether our vectors were capable of significantly decreasing the
p27Kip1 protein in vivo in the organ of Corti. Therefore, four days
after the injection, p27Kip1 expression was explored by immuno-
staining (Fig. 2A). Therewas a moderate, but significant, decrease in
the relative fluorescence corresponding to the p27Kip1 protein
expression in the p27Kip1-shRNA treated EGFP positive cells
(Fig. 2B). This indicated that our vectors could induce a decrease in
the p27Kip1 protein in vivo. We also noticed that the difference was
greater and more significant when comparing these EGFP positive
cells to the control-shRNA treated cells, rather than to the p27Kip1-
shRNA treated EGFP negative cells.

Since there are some concerns about the safety of decreasing the
p27Kip1 messenger (Kanzaki et al., 2006; Oesterle et al., 2011), and
because it might be possible that a part of the protein decrease
could be explained by cellular damage, we evaluated the cochlear
structure and the presence of cleaved Caspase 3 (c-CASP3) by im-
munostaining. Within 4 days of the exploration period of our study,
no gross morphology defect or c-CASP3 positive cell was found in
the organ of Corti (Fig. 2C). Only some c-CASP3 positive cells were
found under and nearby the organ of Corti of treated ears and
controls. These findings led to the conclusion that there was no
evidence of toxicity with our approach.
Finally, we explored whether the decrease in the p27Kip1

messenger levels obtained with our lentiviral vectors was enough
to induce proliferation and consecutively to increase the number of
supporting cells in vivo. Initially, BrdU incorporation was assessed
by immunostaining after a single intra-peritoneal injection in the
treated and control animals at P4. There were no BrdU positive cell
within or nearby the organ of Corti, despite ten replicates and the
finding of BrdU positive cells in distant areas of the same explants
(Fig. 2D). A single pulse was used, rather than multiple pulses or
continuous BrdU administration, to strictly assess the proliferating
cells at the time when the knockdown should already be effective
and to skip prior developmental proliferation. Then, we explored
the cell cycle progression in the treated organs by assessing the
proliferation marker MKI67. Theoretically, this marker should be
expressed in most of the proliferating stages of the cell cycle,
omitting quiescent G0 cells. However, there were not any MKI67
positive cells, nor a mitotic figure in the organ of Corti, across the
entire explants obtained from eight cochleas treated with the
p27Kip1-shRNA lentiviral vectors or their controls in vivo, although
we obtained MKI67 positive cells immediately below the organ of
Corti and in other areas of the explants (positive control of prolif-
eration in our in vivomodel; Fig. 2E). Moreover, the relative number
of supporting cells and hair cells did not increase in the p27Kip1-
shRNA treatment relative to its control (Fig. 2F and G). Despite the
fact that some proliferation could have been missed with these
assessments, the results suggest that this method to decrease
p27Kip1 was not strong enough for inducing a significant prolifer-
ative response in vivo under our conditions.

3.3. A transcriptional inhibitor of p27Kip1 significantly decreased the
p27Kip1 levels in the neonatal rat cochlea in vitro and in vivo

Considering the more diffuse and efficient in vitro transduction
experiments shown in our previous study concerning these vectors
(Maass et al., 2013), and the finding that the transduction obtained
in this in vivo study was more limited to some cells and areas of the
cochlea, we sought for a more extensive way to decrease the
cochlear p27Kip1 levels in vivo. A few years ago, Walters et al. (2014)
performed a drug screen and reported that Alsterpaullone 2-
Cyanoethyl (A2CE) was a potent p27Kip1 transcriptional inhibitor.
Thus, to see whether decreasing the p27Kip1 messenger levels
in vivo in a wider portion of the organ of Corti and in a higher
proportion of cells would lead to a more significant proliferation
response, we tested A2CE in vitro and in vivo. To check that A2CE
could decrease the p27Kip1 messenger levels, cochlear cultures
were incubated in 5 and 10 mM A2CE for 24 h. Immunostaining and
qRT-PCR results showed a significant decrease in the p27Kip1 pro-
tein expression and p27Kip1 messenger levels (Fig. 3AeC). Next, to
reproduce these results in vivo, 1m3 gelfoams soaked in 20 mM or
1mM A2CE were placed in the round windows of P0 neonatal rats.
This caused a significant decrease in the p27Kip1 levels at the
highest concentration used, along with no evidence of damage in
the immunostainings (Fig. 3DeG). Therefore, treatment of the
middle ear with A2CE was successful in decreasing the p27Kip1

levels in the organ of Corti in vivo.

3.4. Alsterpaullone did not induce relevant supporting cell
proliferation in the neonatal rat cochlea, even in the presence of
cochlear damage

Next, we tested the ability of A2CE to induce proliferation in the
cochlea in vitro and in vivo. Cochlear explants were incubated in
10 mMA2CE for three days, while P0 neonate ears were treatedwith
1mM A2CE gelfoams to analyze them on the third day of life. In



Fig. 1. In vivo transduction of neonatal cochlear epithelium with lentiviral vectors. P4 neonatal cochlear explants four days after the in vivo scala media injection of control-shRNA
and p27Kip1-shRNA lentiviral vectors at P0. A. The whole basal segment of a cochlear duct transduced with control-shRNA. In rectangles, the approximated regions of a part of
another explant, shown in B. OC: organ of Corti. SV: stria vascularis. RM: Reissner's membrane. *: RM bent over the cochlear explant. EGFP: green and reporter of transduction. B.
Portion of a basal segment transduced with control-shRNA lentiviral vectors. Most of the spiral ganglia was removed during dissection. EGFP: green. Hoechst: blue. MYO6: red. The
dotted rectangles show the approximate areas corresponding to the organ of Corti, the stria vascularis and the Reissner's membrane. C. Some cell types transduced by control-shRNA
lentiviral vectors. Top: Supporting cells transduced in the organ of Corti. Bottom left: Stria vascularis marginal Cells (M). Bottom right: Reissner's membrane. EGFP: green. Hoechst:
blue. SOX2: red. The dashed lines in left panels show the location of the Z plane's virtual slice that is presented in right panels. D. The percentage of EGFP þ cells per cell type and
region after transduction with lentiviral vectors. Gray circles: % after control-shRNA transduction. Black dots: % after p27Kip1-shRNA transduction. Vertical lines indicate the median
for each case, n¼ 3. There were no significant differences between control and p27Kip1-shRNA conditions (p¼ 0.8524 for both; two-way ANOVA). The percentages of transduction
were significantly higher in the stria vascularis and in Reissner's Membrane cells (p¼ 0.00000 for both; two-way ANOVA). E. Transduced cells in the spiral ganglion. Left panel:
merged pseudo-colored images shown in the right panels. TUBB3: red. EGFP: green. Hoechst: blue. Right panels from left to right: TUBB3, EGFP and Hoechst in gray. Stars mark a
few transduced cells.
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Fig. 2. The effects of p27Kip1 knockdown in neonatal rat cochleas using p27Kip1-shRNA lentiviral vectors in vivo. A. p27Kip1 expression in the basal segments of P4 cochlear explants
transduced by p27Kip1 or control-shRNA lentiviral vectors scala media injection at P0. Left: non-transduced explant. Center: explant transduced by p27Kip1-shRNA lentiviral vectors.
Right: explant transduced by control-shRNA. EGFP: green and reporter of transduction. p27Kip1: magenta. Hoechst: blue. MYO6: red. The panels are divided to show the green, blue
and magenta channels separately, along with the merged channel in the upper right corner of each panel. Arrow heads show transduced cells. Hensen's Cells (H). B. Relative p27Kip1

fluorescence in transduced or non-transduced cells by p27Kip1 or control-shRNA, n¼ 6 per condition. Line: median calculated by interpolation. Empty gray dots: the data set. Boxes:
inter quartile range (IQR). Error bars: ± 1.5 IQR. p¼ 0.00426 using the Kruskal-Wallis test. *: p¼ 0.00499, 0.00812 and 0.02002, respectively, from left to right, using Mann-Whitney
pairwise comparison. Benjamini-Hochberg procedure was used to assign significance. C, D and E. Respectively, c-CASP3, BrdU and MKI67 labeling in cochlear explants transduced
in vivo by p27Kip1-shRNA lentiviral vectors in the organ of Corti (OC), under it (UOC) or distant from it. c-CASP3, BrdU or MKI67: red. EGFP: green. Hoechst: blue. Stars show
transduced supporting cells. F and G. Relative number of supporting and hair cells after p27Kip1-shRNA or control-shRNA, respectively. The percentages relative to the median in the
control condition are shown. The plot shows the actual data set in dots and the medians in vertical lines, n¼ 3 per group. p¼ 0.36869 and 1, respectively (Mann-Whitney test).
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both experiments, we did not find any MKI67 positive cells in the
organ of Corti, whichwould have been an indication of proliferation
in the treated or control groups (Fig. 3H). Moreover, after using
A2CE, the number of hair cells or supporting cells did not increase
relative to the control group (Fig. 3I and J). Additionally, to see
whether other proliferation markers and further time points would
add a more manifest effect, we performed MKI67-p27Kip1 immu-
nostaining on the fourth and eight days of life and PCNA-SOX2
immunostaining on the fourth day of life after a single in vivo
application of A2CE at P0. Despite the significant decrease that was
detected in the p27Kip1 expression in the basal segment of the co-
chlea at P4 (Fig. 3K), there were not any proliferating cells in the
whole cochlea, nor was there a significant increase in the number of
supporting cells either (Fig. 3LeM).

Finally, considering these cumulative negative results, we
explored the effects of adding cochlear damage as a factor to induce
proliferation. Damage triggers inner ear regeneration in other
vertebrates (Corwin and Cotanche, 1988), and most of the relatively
successful attempts to induce trans-differentiation in vivo have
included cochlear damage (Izumikawa et al., 2008, 2005;
Kawamoto et al., 2003; Mizutari et al., 2013). Thus, mild to mod-
erate damage to the cochlear epithelium in vitrowas induced prior
to the reduction of p27Kip1 expression. For that purpose, cochlear
explants were cultured in 320 mM Gentamicin for the initial 48 h
and in 10 mM A2CE for the final 24 h to find evidence concerning
apoptosis and proliferation by immunostaining (Fig. 4AeC). Inter-
estingly, few proliferating cells were found only in the cochlear
cultures that were treated with A2CE and Gentamicin; however, no
significant increase in the number of SOX2 positive cells after the
treatment was found (Figs. 4B and 5). To see if a longer incubation
with A2CE plus damage would induce a stronger proliferative
response, two additional sets of experiments were prepared in vitro
bymodifying the A2CE incubation length and by keeping the initial
48 h Gentamicin treatment. In the first set, one additional day in
A2CE was included by completing a total of 48 h of p27Kip1 inhi-
bition after Gentamicin incubation. In the second set, the cochleas
were cultured in A2CE for 72 h or the entire experiment (Fig. 4C).
With the first approach, no signs of proliferation were obtained
after assessing with SOX2-PCNA double immunostaining. However,
after three days of incubation in A2CE, SOX2-PCNA and MKi67-
p27Kip1 double positive cells were identified, which suggests a
moderate proliferation induction in the damaged organ of Corti.
The number of supporting cells did not significantly increase after
using A2CE (Fig. 4B and C and Fig. 5). Although no damage was
previously detected in vivo or in vitro after A2CE incubation, signs of
cochlear damage were detected in these final experiments (Fig. 4B
and C and Fig. 5), possibly reaching the limit of tolerance con-
cerning our in vitro set up. To further evaluate the therapeutic
ability of this approach, we tried to reproduce these results in vivo
in P0 neonates but were not capable of inducing any significant
cochlear damage by means of direct scala media inoculation or
topical round window administration of 80mM Gentamicin as a
preceding step to A2CE administration for proliferation induction.
Although it is possible to induce damage in older animals in vivo, P0
rats were used because it is the extra-uterine stage that is tempo-
rally closer to the cell cycle exit and theoretically more amenable to
the induction of proliferate. These mild to moderate effects com-
bined suggests that the decrease of p27Kip1 expression achieved by
these therapeutically feasible means was insufficient to induce
relevant proliferation in rats’ supporting cells.

4. Discussion

A significant amount of knowledge, along with potential ther-
apeutic implications, is generated in animal models. Before
translation into clinical practice, however, it is essential to
comprehensively explore their realistic applicability. We have
tested two clinically feasible methods to decrease p27Kip1 in vivo.
After achieving moderate reductions in the protein level with both
approaches, no relevant amounts of proliferation were detected,
and thus, there was no increase in the number of supporting cells in
the neonatal rat organ of Corti. Only in vitro and after adding
cochlear damage to the p27Kip1 knockdown was there a mild pro-
liferation response in the supporting cells, although a significant
increase in their numbers was not detected. Still, we cannot rule out
some proliferation induction in adults or long-term effects using
these methods. The data presented here strongly suggest that the
sole and moderate reduction of p27Kip1 obtained by either of these
two clinically feasible approaches will not yield robust supporting
cell proliferation in vivo in the rat cochlea.

This study is one of the few that has reported a successful
transduction of the organ of Corti in vitro or in vivo with lentiviral
vectors (Han et al., 1999; Maass et al., 2013; Wang et al., 2013; Wei
et al., 2013). These vectors are frequently used in research, but their
use concerning the inner ear has been scarce. In this study, we
transduced them into the basal portion organ of Corti with mild to
moderate success but achieved very high rates of transduction in
the stria vascularis and in the Reissner's membrane. This might be
useful for future studies involving these regions; however, it is also
important in the context of this research. The cells in the cochlear
duct are functionally connected through gap junctions. It is possible
that some amount of p27Kip1-shRNA could circulate (Zhu et al.,
2015), causing RNA interference in the EGFP negative cells.
Although this possibility was not evaluated directly, it supports the
idea that the p27Kip1-shRNA transduction might be distributed
enough to decrease p27Kip1 in transduced and non-transduced cells
of the cochlear duct. Supporting this idea, there is evidence that it is
possible to induce gene knockdown in the organ of Corti after
shRNA middle ear injections (Oishi et al., 2013; Yu et al., 2012). In
case a more diffuse effect might be achieved, it could also deter-
mine the milder reduction in p27Kip1 relative fluorescence that we
detected after p27Kip1-shRNA transduction in the EGFP positive
cells, compared to EGFP negative ones (Fig. 2B).

In the literature there are still questions regarding the perti-
nence of p27Kip1 expression manipulation for proliferation induc-
tion of supporting cells in deafness treatment. As we can all likely
agree, in order for any regenerative approach to be truly beneficial
in a clinical setting, it should induce robust supporting cell prolif-
eration. This is one of the few reports that evaluates the ability in
vivo to induce proliferation through themanipulation of the p27Kip1

levels, using approaches that could be used in patients. Previously,
there was only one report that used clinically feasible methods to
modify a component of the p27Kip1 pathway. Minoda et al. (2007)
explored the effects of Skp2 over-expression in the organ of Corti
to stimulate the p27Kip1 protein degradation but did not explore the
p27Kip1 expression in the transduced cells; thus, they could not
directly link the results to p27Kip1 down-regulation. Although they
found some proliferation of the interdental cells, correlating with
our results, they did not find any evidence of proliferation in the
organ of Corti after Skp2 over-expression (Minoda et al., 2007).
Regarding the amount of proliferation obtained from direct p27Kip1

level-reduction experiments, previous results are diverse. The
constitutive mutants of p27Kip1 underwent persistent cell division
in postnatal supporting cells (Chen and Segil, 1999; Kanzaki et al.,
2006; L€owenheim et al., 1999), and the conditional mutants in
the postnatal cochlea induced strong supporting cell growth
(Oesterle et al., 2011). However, fewer amounts of proliferation
were reported in the literature when the p27Kip1 messenger levels
were only decreased in the postnatal cochlea. Interestingly,
L€owenheim et al. (1999) also explored the amount of proliferation



Fig. 3. The effects of pharmacological inhibition of p27Kip1 transcription on neonatal rat cochleas in vitro and in vivo. A. qRT-PCR results showing the p27Kip1 mRNA levels in P0
whole cochlear explants cultured for 1 day in vitro (DIV) in 10 mM Alsterpaullone 2-Cyanoethyl (A2CE) or vehicle, n¼ 3 per condition. p¼ 0.02732 using Kruskal-Wallis test. *:
p¼ 0.00729 using Dunn's post-hoc analysis. B. p27Kip1 relative fluorescence in cochlear cultures treated with 10 mM A2CE or vehicle for 3 DIV. p ¼ 0.00000 using Kruskal-Wallis test.
*: p¼ 0.00040, 0.00039 and 0.005075, respectively, from left to right using Mann Whitney pairwise comparison, n¼ 6 to 9 per condition. C. p27Kip1 expression in the apex of P0
cochlear explants cultured in 10 mM A2CE or vehicle for 3 DIV. p27Kip1: magenta. Hoechst: cyan. D. qRT-PCR results showing the p27Kip1 levels in whole P1 neonatal rat cochlear
explants treated in vivo at P0 with the topical administration of 20 or 1 mM A2CE or vehicle to the round window, n ¼ 4 for each condition. *: p¼ 0.03038 using Mann-Whitney
pairwise comparison. p¼ 0.02307 using Kruskal-Wallis test. E. Relative p27Kip1 fluorescence in P3 neonatal rat cochlear explants treated in vivo at P0 with the topical administration
of 1mM A2CE or vehicle. p ¼ 0.00000 using Kruskal-Wallis test. *: p¼ 0.00000, 0.00299 and 0.000048, respectively, from left to right using Mann-Whitney test pairwise
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in heterozygous mutant p27Kip1 mice during the first week of life,
reporting postnatal proliferation in the organ of Corti, but it was 28
times weaker than in the homozygous mutant. Hence, when only a
reduction in p27Kip1 gene expression is achieved, the magnitude of
the responses weaker and closer to this study findings, which were
mild to negative (Maass et al., 2013; Ono et al., 2009). We believe
that when comparing the data presented in this paper to all the
cumulative p27Kip1 reduction data there is a clear pattern sug-
gesting that p27Kip1 levels should be severely reduced, if not
completely abolished, to induce a robust supporting cell
proliferation.

Despite the fact that we were able to prove that it is possible to
significantly reduce the p27Kip1 expression by 40e50% in vivo with
our methods, we could not bring its levels to zero. Therefore, we
think that for a truly beneficial regenerative method other stronger
approaches should be pursued. Furthermore, we believe that
CRISPR-Cas9 technologies should be considered, since it might offer
advantages over themethods evaluated in this study. Targeted gene
disruption in humans might be possible with these technologies in
the future (Hsu et al., 2014), and they were recently tested in vivo in
the mammalian inner ear (Gao et al., 2017). However, in vivo gene
editing has not yet been tested for this regenerative purpose. In
theory, a permanent deletion or disruption of the p27Kip1 gene
could abolish the protein levels, but it will not induce a transient
effect, compromising the safety of the approach. Although theo-
retically possible, inducing transitory proliferation of supporting
cells by conditional genome modifications in non-mutant mam-
mals seems to be less feasible than just modifying the gene
expression. Alternatively, a nuclease null form of Cas9 fused to
KRAB transcription repressor has also been used for highly specific
and efficient genetic knockdown in vitro and in vivo inmice neurons
and blood cells (Braun et al., 2016; Zheng et al., 2018). Using this
CRISPR-based interference approach, it is theoretically possible to
reduce nearly 90% of the gene expression of the targeted genes.
These are very promising tools, but they have some limitations in
targeting and still have not been used in cochlear cells (Gilbert et al.,
2013; Qi et al., 2013).

Literature suggests that regenerative potential is increased by
damage (Izumikawa et al., 2005; Kil et al., 2011; Mizutari et al.,
2013), and we obtained in vitro an incremental change in the pro-
liferation in the organ of Corti after adding cochlear damage to
A2CE incubation. Nevertheless, the proliferating cells found were
only assessed using SOX2 and p27Kip1 immunostainings instead of
more stable cell fate tracers. The expression of SOX2 is decreased
between P1 and P6 (Maass et al., 2016), making its detection harder
in later postnatal stages. Additionally, it is possible that the damage
induced by aminoglycosides could disrupt the basal membrane of
the epithelium. Also, SOX2 is expressed by the cells of the greater
epithelial ridge. Thus, we cannot rule out the fact that the little
incremental gains in proliferation found in the organ of Corti was
comparison, n¼ 9 to 15 per condition. F. p27Kip1 expression in the basal segment of P3 neon
round window. p27Kip1: magenta. Hoechst: cyan. G. Apoptosis in basal portion of P3 cochle
UOC: under the organ of Corti. c-CASP3: magenta. Hoechst: cyan. H. Proliferation markers
evaluated by MKI67 expression. Phalloidin: magenta. MKi67: green. Hoechst: cyan. OC: in th
number of hair cells and supporting cells, respectively. The percentages relative to the med
actual data set in dots and the medians in vertical lines, n¼ 3 to 6 per group. p¼ 0.6531 and 0
neonatal rat cochlear explants treated in vivo at P0 with the topical administration of 1
value¼ 0.001024, using Mann-Whitney test pairwise comparison. In the mid portion the p
Bottom: P8. p¼ 0.002806 using Kruskal-Wallis test. After comparing treatment and control
comparison, n¼ 5 to 6 per condition. L. Proliferation markers in the basal portion of P4 and P
PCNA expression. Upper most panels: P4. Bottom: P8. Right panels show cells in the organ o
located above the organ of Corti (AOC) or under the organ of Corti (UOC). p27Kip1 and SOX2
show the merged and the green and cyan channels separately, n¼ 3 to 6 per condition. M.
Percentages relative to the median in the control condition. Medians calculated by interpola
per group. p¼ 0.6267 and 0.68471, respectively (Mann-Whitney test). Benjamini-Hochberg
caused by infiltration of cells coming from other areas of the ex-
plants. Furthermore, we believe that even if those proliferating cells
were genuinely coming from supporting cells, the small amount of
proliferation found would hardly mean a clinically relevant
response. However, we could not confirm these ideas in vivo.

In addition to not finding relevant proliferation in the organ of
Corti after p27Kip1 decrease, we did not see any significant signs of
collateral cell death in vivo. Although we recognize we did not
evaluate other cell death types than apoptosis, we believe that this
result is noteworthy. First, because it discourages the possibility
that cell death might explain the decrease in the p27Kip1 levels and
the absence of proliferation obtained in this study in vivo. Second, it
is interesting since it is possible that the lack of signs of cell death
found in this study in vivo might be related to the lack of prolifer-
ation itself. Most p27Kip1 reduction experiments that have achieved
proliferation have also shown evidence of ototoxicity (Chen and
Segil, 1999; Kanzaki et al., 2006; L€owenheim et al., 1999; Oesterle
et al., 2011; Ono et al., 2009). Similarly, in the in vitro part of this
study, we did find some cochlear cells positive for apoptosis
markers together with other cells positive for proliferation markers
(Fig. 4AeC and Fig. 5). The idea of co-occurrence is supported
further by other reports of cochlear cell death after forced prolif-
eration induction in p27Kip1 independent fashion (Chen et al., 2003;
Laine et al., 2007; Yu et al., 2010). However, since this study was not
designed for detecting that association, we could not directly link
forced proliferation to cell death. Finally, the lack of apoptosis
markers is relevant because the moderately reduced levels of
p27Kip1 achieved in this research do not appear to cause cell death
like what has been observed in the p27Kip1 knockout papers.
Aggregating the results of this research with the findings of our
previous study in vitro (Maass et al., 2013) we do not have evidence
of cell death after p27Kip1 knockdown with shRNA transduced in
lentiviral vectors. Nevertheless, we found apoptosis markers in vitro
after A2CE. Despite the fact that the increment in cell death
markers was not significant, the finding of some positive cells
suggests that the drugmight be toxic for the inner ear under certain
conditions.

Unlike this research, our previous in vitro study detected some
proliferation in the organ of Corti after p27Kip1 knockdown (Maass
et al., 2013). Even thoughwe used the same viral strategy in the first
part of this report, there are many differences between both
studies. One is that in this study, the scala media injection was
placed at the base of the cochlea, getting the best transduction rate
in the basal segment. However, in our previous paper, we focused
the analysis in the more immature, less differentiated and more
responsive, mid-portion of the cochlear duct. Another difference is
that our in vivo transduction was less efficient than our previous
in vitro approach, which limited the possible amount of p27Kip1

reduction. Finally, in vitro experiments are essentially distant from
real conditions. In cultures, growth factors are added and the
atal cochlea treated in vivo at P0 with the topical administration of 1mM A2CE to the
ar explants treated in vivo at P0 with 1mM A2CE or vehicle. OC: in the organ of Corti.
in the basal portion of P3 cochlear explants treated in vivo with 1mM A2CE or vehicle
e organ of Corti. UOC: under the organ of Corti, n¼ 3 to 6 per condition. I and J: Relative
ian in the control condition. Medians calculated by interpolation. The plots show the
.89642, respectively (Mann-Whitney test). K. p27Kip1 relative fluorescence in P4 and P8
mM A2CE or vehicle. Top: P4. p¼ 0.004815 for P4 using Kruskal-Wallis test. *: p-
¼ 0.002388, but not considered significant after correction, n¼ 6 to 9 per condition.
conditions, the lowest p-value obtained was 0.1988 using Mann-Whitney test pairwise
8 cochlear explants treated in vivowith 1mM A2CE or vehicle evaluated by MKI67 and
f Corti (OC) or at the same level in the greater epithelial ridge (g). Left panels show cells
: magenta. MKi67 and PCNA: green. Hoechst: cyan. Right and left panels are divided to
Relative number of supporting cells at P4 and P8, top and bottom graphs respectively.
tion. Plots show the actual data set in dots and the medians in vertical lines, n¼ 3 to 6
procedure was used for significance determination after post-hoc analyses.



Fig. 4. The effects of Gentamicin and Alsterpaullone 2-Cyanoethyl (A2CE) incubation on the cochlear cultures. A. Schematic view of the experiments shown in B and C. B. Portion of
the apex of P0 cochlear explants cultured for 3 days in vitro (3 DIV). During the initial 48 h, the explants were cultured in Gentamicin 320 mM or vehicle, and during the last day
in vitro cultured in the presence of 10 mM A2CE or vehicle. The panels from left to right show MYO6, c-CASP3, SOX2 or MKI67: red. Hoechst: blue. PCNA and Phalloidin: green. C.
Explants cultured for 3 days as in B but were exposed to A2CE during the 3 days of incubation. Same immunostaining as well but using p27Kip1 instead of Phalloidin in the third
column of panels: green. Arrowheads: double positive cells. For SOX2-PCNA and MKI67-p27Kip1 immunostaining, red and green channels are shown separately.
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proximity to cell cycle reentry or to cell death is not necessarily the
same as that of in vivo experiments. Moreover, the structure of the
cultured epithelium might be untidier, having more chances of
migration of proliferating cells from other areas of the explants.
Despite these differences, after comparing themwe believe that the
lack of proliferation found in this study still makes the point that we
did not obtain more proliferation than the already mild
proliferation found in our previous in vitro study (Maass et al.,
2013). Thus, after evaluating the clinical implications of this
approach, we believe that not having evidence of significant pro-
liferation is more conclusive and relevant in this study, compared to
our previous results (Maass et al., 2013).

Within the limitations of this study, we did not evaluate the
effect of our approaches in adult animals, or after longer periods of



Fig. 5. Cell counts in the organ of Corti in vitro after Gentamicin and Alsterpaullone 2-Cyanoethyl (A2CE) incubation on the cochlear cultures. The number of positive cells for
markers per 100 mm of the apex of the cochlea in the evaluated conditions in Fig. 4B and C: 3 days' control cultures, 10 mM A2CE for one day, 320 mM Gentamicin for two days,
320 mM Gentamicin for two days plus 10 mM A2CE for one day, 10 mM A2CE for three days and 320 mM Gentamicin for two days plus 10 mM A2CE for the whole length of the
incubation. The cell counts are shown from left to right and from top to bottom as follows: MYO6þ cells, SOX2þ cells, p27Kip1þ cells, PCNA þ SOX2þ cells, MKI67 þ p27Kip1þ cells,
and c-CASP3þ cells. The graphs show the actual data set in dots and the medians in vertical lines. Medians calculated by interpolation. n ¼ 3 to 9 per group. p ¼ 0.00107 for MYO6þ
data, p ¼ 0.00104 for SOX2þ data, p¼ 0.00191 for p27Kip1þ data, p ¼ 0.00041 for PCNA þ SOX2þ data, p ¼ 0.1805 for MKI67 þ p27Kip1þ data, and p ¼ 0.03415 in c-CASP3þ data
using Kruskal-Wallis test. *: the p-values obtained during Dunn's post-hoc analyses were significant after Benjamini-Hochberg procedure, p < 0.05.
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observation. We also did not test the effect of damage in vivo.
Although lentiviral vectors and osmotic pumps can provide long-
term effects (M�atrai et al., 2010), after our mild results in the
neonatal cochlea we decided not to test older animals. We did it
considering that in the conditional mutant of p27Kip1 the best
proliferation rates were observed when harvesting the mutant
cochleas just after birth. Later in life, the number of proliferating
cells decreases, suggesting the involvement of other regulatory
genes (Oesterle et al., 2011). Moreover, there was evidence sup-
porting the argument that the lentiviral vectors’ genetic informa-
tion could be progressively silenced by epigenetic modifications in
the host genome (Hofmann et al., 2006; Wang et al., 2010). We
believe that during the first week of life or in vitro we had more
chances to induce and detect stronger responses, and we supposed
that later in vivo we would not get more relevant responses.
However, this was only a supposition based on previous evidence,
and we cannot precisely predict the results of a more prolonged
intervention in more mature individuals or in damaged cochleas
in vivo. It is also important to remark that this study was performed
on newborn rats, and most of the previous related information was
obtained from neonatal mice. Although the rat and mouse devel-
opment of cochlear epithelia are very similar and responsive to
trans-differentiation methods, we cannot fully extrapolate our re-
sults to mice. However, we believe that our approach is still accu-
rate for testing feasibility in our preclinical context. Mice are not the
ultimate target species that we are aiming for, and our methods are
conceptually practicable regarding other species as well. Another
limitation is that this study relies only on morphologic evidence of
proliferation and damage. Even though we recognize that only
using immunostaining proliferation markers could have decreased
our detection rate, the fact that we got MKI67-positive supporting
cells after p27Kip1 down-regulation in our previous in vitro study
supports the notion that the response obtained in this in vivo study
was weaker than our previous study, instead of simply being
negative. Although we tried to increase our detection rate and
reproducibility by detecting different proliferation antigens, the
fact that PCNA staining detected more cells could induce some er-
ror, since it is also expressed during DNA repair (Essers et al., 2005)
and we induced damage in vitro in this study. Likewise, our
exploration of toxicity was also limited to the evaluation of sensory
epithelium morphology and Caspase 3 active immunostaining. A
more extensive evaluation of cell death and hearing would be
needed to definitively rule out the secondary damage induced by
p27Kip1 knockdown in vivo. Finally, our approaches mostly acted in
the basal turn of the cochleadprecisely the portion of the cochlea
that is less responsive to regeneration (Cox et al., 2014; Maass et al.,
2016, 2015). Therefore, it is possible that our negative results were
influenced by the aforementioned fact as well. We recognize that
other strategies aiming at the middle or apical turns might be more
effective inducing proliferation.

If we conceive the supporting cell trans-differentiation into hair
cells as a future tool to treat deafness, wewill need to have efficient
means to increase the number of supporting cells to preserve the
appropriate physiology. In agreement with our results, the previous
literature and the available possibilities for the clinical context, we
believe that it will be more beneficial to attempt to manipulate
factors other than p27Kip1, or perhaps to target these factors in
combination with p27Kip1 knockdown approaches. However, we
cannot rule out the possibility that other pharmacological agents
that target p27Kip1, other dosing regimens or durations of treatment
with A2CE or other drugs, or other potential gene therapeutic ap-
proaches that target more cells and induce greater knockdown of
p27Kip1 could induce a robust supporting cell proliferation.

To perform future experiments within this topic, we believe that
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the cell cycle control in the supporting cells should be revisited. In a
recent transcriptome analysis of supporting cells at P1 and P6
(Maass et al., 2016) and within a list of known genes canonically
involved in the cell cycle control (Schimmang and Pirvola, 2013),
we only detected significant expression of p27Kip1 in supporting
cells, whereas we found expression of many genes in the Notch and
Wnt pathways. Furthermore, modifications in both pathways have
been recently proposed as targets for proliferation induction in the
neonatal cochlea (Hu et al., 2016; McLean et al., 2017; Ni et al.,
2016b, 2016a). We believe that future experiments on this topic
will need to add other gene expression modifications to briefly
promote proliferation before trans-differentiation induction. It
would be reasonable to test modifications of multiple genes alone
or in combination with p27Kip1 knockdown. If more than one gene
is involved, then more complex approaches will be needed. For
instance, current inducible viral vectors technologies could be used,
since they can orchestrate intricate patterns of gene expression
through multi-step modifications (M�atrai et al., 2010), as well as
CRISPR interference for simultaneously targeting different genes
(Braun et al., 2016; Zheng et al., 2018). Finally, we have shown that
neonatal cochleas are useful for testing initial methodological
feasibility, but we believe that the ultimate clinical relevance of the
forthcoming approximations should be evaluated in vivo in older
deaf animals and assessed for longer periods of time.

Many studies have proposed the manipulation of p27Kip1 to
induce proliferation, but none had evaluated its feasibility. We have
presented cumulative evidence that it is possible to decrease the
p27Kip1 levels in cochlear supporting cells of the non-mutant ani-
mals in vivo. However, the presented reduction was not enough to
induce relevant proliferation in vivo. Our results were obtained
during early postnatal development and after damage, when the
supporting cells would theoretically be more prone to proliferation.
Therefore, we believe that it is unlikely to have better results later,
when deafness is more common. Additionally, the studied period of
rat inner ear development roughly corresponds to 14e15 weeks of
human gestation (Locher et al., 2013), which is very far from the
current reach concerning fetal surgery. Thus, our results suggest
that it would be a major achievement to induce proliferation using
the approaches tested in this study, even in fetal supporting cells. In
this way, our results add additional preclinical context to the pre-
vious literature that suggested p27Kip1 as a target to induce pro-
liferation of supporting cells. We believe that the major impact of
this research is in providing evidence that an isolated andmoderate
reduction of p27Kip1 levels, such as that achieved in vivo by these
clinically feasible means, might not be sufficient to induce prolif-
eration after birth in the organ of Corti. Thus, future research should
seek other methods, perhaps other genes and combined ap-
proaches to effectively stimulate inner ear proliferation in animals,
and hopefully in patients.
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