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ABSTRACT

The cells in the organ of Corti do not exhibit
spontaneous cell regeneration; hair cells that die after
damage are not replaced. Supporting cells can be
induced to transdifferentiate into hair cells, but that
would deplete their numbers, therefore impairing
epithelium physiology. The loss of p27Kip1 function
induces proliferation in the organ of Corti, which raises
the possibility to integrate it to the strategies to achieve
regeneration. Nevertheless, it is not known if the extent
of this proliferative potential, as well as its maintenance
in postnatal stages, is compatible with providing a basis
for eventual therapeutic manipulation. This is due in
part to the limited success of approaches to deliver tools
to modify gene expression in the auditory epithelium.
We tested the hypothesis that the organ of Corti can
undergo significant proliferation when efficient manip-
ulation of the expression of regulators of the cell cycle is
achieved. Lentiviral vectors were used to transduce all
cochlear cell types, with efficiencies around 4 % for hair
cells, 43% in the overall supporting cell population, and
74 % within lesser epithelial ridge (LER) cells.
Expression of short hairpin RNA targeting p27Kip1
encoded by the lentiviral vectors led to measurable

proliferation in the organ of Corti and increase in LER
cells number but not hair cell regeneration. Our results
revalidate the use of lentiviral vectors in the study and in
the potential therapeutic approaches for inner ear
diseases, as well as demonstrate that efficient manipula-
tion of p27Kip1 is sufficient to induce significant
proliferation in the postnatal cochlea.

Keywords: cochlear regeneration, supporting cell
proliferation, p27Kip1 shRNA, Lentiviral vectors

INTRODUCTION

Hearing loss is a prevalent and important disease,
affecting between one and three newborn infants per
every 1,000 births, and increasing up to 89 % in the
population over 80 years old (Erenberg et al. 1999;
Cruickshanks et al. 1998). Commonly, hearing loss is a
consequence of irreversible hair cells (HC) loss
(Schuknecht 1993; McFadden et al. 2004). During
intrauterine development of the organ of Corti (OC),
cells permanently exit the cell cycle and differentiate
(Ruben 1967). There is no cell replacement or
regeneration during extrauterine life. The current
therapies aimed to improve hearing do not address
the HC loss problem.
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Loss and gain of function studies of genes
expressed in the inner ear during development have
demonstrated that supporting cells (SC) retain some
regenerative potential (Chen and Segil 1999;
Löwenheim et al. 1999; Woods et al. 2004).
Consequently, new HC have been generated in
cochlear explants after Notch inhibition (Yamamoto
et al. 2006) and AtoH1 overexpression (Zheng and
Gao 2000). There is also evidence of functional HC
generation after AtoH1 overexpression in vivo
(Kawamoto et al. 2003; Izumikawa et al. 2005;
Gubbels et al. 2008), but those strategies are not
effective in severely damaged OC with absence of SC
(Izumikawa et al. 2008). Therefore, it appears that
increasing SC numbers is necessary for making
transdifferentiation possible while preserving the
epithelium physiology.

p27Kip1 controls the cell cycle progression and
has been proposed as the main responsible for the
permanent exit of SC from the proliferative cycle
(Chen and Segil 1999; Löwenheim et al. 1999).
White et al. (2006) showed that isolated SC in
culture are competent to decrease p27Kip1 expres-
sion, and therefore proliferate and transdifferentiate
into HC. There is also evidence that after decreasing
p27Kip1 expression in vitro and in vivo it is possible
to induce postnatal OC proliferation (Ono et al.
2009; Oesterle et al. 2011). These observations set
the basis to explore the potential therapeutic use of
p27Kip1 manipulation. Nevertheless, the ability of
the OC to sustain significant proliferation after
p27Kip1 knockdown through therapeutically feasible
manners, such as viral vectors is not clearly
established. Vectors aimed to modify gene expres-
sion and surgical approaches to deliver them into
the OC in vivo have been developed (Lalwani et al.
1996; Staecker et al. 2001; Ishimoto et al. 2002;
Bedrosian et al. 2006; Kilpatrick et al. 2011).
Lentiviral vectors (LV) are widely used and efficient
tools for gene delivery due to their wide tropism,
ability to transduce dividing and non-dividing cells,
potential for in vivo use, and long-term expression.
Nevertheless, these vectors have not been successful
in transducing the postnatal OC. Studies reported
poor results, with lack of transduction of HC in vitro
and lack of reaching the OC in vivo (Han et al.
1999; Pietola et al. 2008; Duan and Mi 2010).

Thus, we set to probe the hypothesis that the
decrease of p27Kip1 expression in the postnatal
cochlea achieved through viral delivered tools can
induce significant proliferation of the epithelium. We
efficiently transduced the OC with LV in rat and
mouse explants and demonstrated their capacity to
induce OC proliferation in rat cochlear cultures after
delivery of short hairpin RNA (shRNA) targeting
p27Kip1.

METHODS

shRNAs

Nineteen basepairs target sites were selected within
the Rattus norvergicus p27Kip1 mRNA sequence
(NM_031762.3) using a siRNA design software
(http://i.cs.hku.hk/∼sirna/software/sirna.php) (Yiu
et al. 2005). Then those with significant sequence
coincidences with other rat genes in “nr” database
after “blastn” were removed (http://blast.ncbi.
nlm.nih.gov). Sense and antisense oligonucleotides
were synthetized (Sigma-Aldrich) to obtain chosen
targets, as well as one scrambled sequence (control)
containing adaptors for hairpin formation and cloning.
After cloning, we tested their efficiency and selected the
vectors containing the following oligonucleotides (tar-
get sequences shown italicized): p27Kip1-shRNA sense
5 ′ - G A TCCCCGC C AG CG C A AGTGGAA TTT
CCACACCAAATTCCACTTGCGCTGGCTTTTTGGA-
AA-3′ and p27Kip1-shRNA antisense 5′-AGCTT
TTCCAAAAAGCCAGCGCAAGTGGAATTTGG
TGTGGAAATTCCACTTGCGCTGGCGGG-3′; Control-
shRNA sense 5′-GATCCCCGCTCGGCAGCGATAATGCT
TTCAAGAGAAGCATTATCGCTGCCGAGCTTTTTG
GAAA-3 ′ and Control - shRNA antisense 5 ′ -
AGCTTTTCCAAAAAGCTCGGCAGCGATAATGCTTCT
CTTGAAAGCATTATCGCTGCCGAGCGGG-3′.

Lentiviral vectors

The oligonucleotides were sequentially cloned into
two silencing plasmids: pZOFF and pFUGW-H1 fol-
lowing the Leal-Ortiz et al. (2008) procedure. The
second plasmid expresses EGFP driven by the UbiC
promoter and serves as a shuttle plasmid for a second
generation LV also constituted by pCMVΔR8.91 and
pVSV-G. Vectors were prepared in HEK 293T,
harvested, and concentrated according to Sena-
Esteves et al. (2004) protocol for high viral titers.
Viral concentration was determined by flow cytometry
with FACSCantoABD (Becton, Dickinson and
Company) and modifying the protocol of Logan et
al. (2004). Briefly, we transduced HEK 293T cells with
serial viral dilutions: 1:103, 1:104, and 1:105, and after
72 h we fixed the cells at 4 °C in PBS containing 2 %
formaldehyde, 0.5 % bovine serum albumin, and
0.05 % sodium azide. Then, we determined the
percentage of EGFP positive (+) cells and estimated
the number of viral particles (VP) per microliter of
viral stock present at transduction. The efficacy for
p27Kip1 knockdown was initially evaluated by Western
blot in E18.5 primary rat cortical neuron cultures
(Goslin and Banker 1991) transduced or not trans-
duced with LV with a multiplicity of infection (MOI)
of 5 VP per cell. Subsequent work was performed only
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with the vectors containing the most effective shRNA
and the control shRNA.

Organotypic cochlear culture and transduction
procedure

Newborn P0 Sprague Dawley rats and Carworth Farms
1 mice were euthanized and their cochleas were
collected. The bony capsule, membranous lateral wall,
and the spiral ganglia were removed. The hook was
removed and the rest of the explants were divided
into three portions and only the middle third was
placed on Nuclepore Track Etch Membranes
(Whatman) floating on DMEM-F12, supplemented
with N2 (Invitrogen) and Penicillin G (Sigma) in a
5 % CO2 incubator at 37 °C. Animal procedures were
approved by the Ethics Committee in Animal
Research, Faculty of Medicine, Universidad de Chile
(protocol # 201).

To optimize the transduction procedure, we tested
the addition of 10 μl of the control-shRNA LV to the
cultures, with different concentrations (0.3×105 to
1.5×106VP/μl), in one or two doses, and with
different routes of administration: alternatively, the
concentrated viral stock was dissolved into the final
culture medium (500 μl), used undiluted in 5 min
incubation with the explants before culture or placed
undiluted in a droplet on top of explants immediately
after their attachment to the membranes. The latter
was the most efficient and therefore the chosen
method for subsequent procedures. The following
experiments were performed by administering the
vectors at 2×105VP/μl two times, separated by 8 h and
followed by 12 h incubation. Culture media was
replaced every second day. The EGFP fluorescence
was checked (with no fixation) as reporter of trans-
duction after 72 h and explants were cultured
between 3 and 9 days.

Immunohistochemistry

After culture, explants were fixed with 4 % parafor-
maldehyde and stained. The primary antibodies used
were anti-MyosinVI (MyoVI; Proteus Biosciences),
anti-Prox1 (Chemicon), anti-p27Kip1 (Labvision
Neomarkers), anti-BrdU (Abcam), anti-cleaved
Caspase 3 (c -Casp3; Cel l Signal ing), anti -
Phosphohistone3 (PH3; Cell Signaling), anti-Ki67
(Chemicon), and anti-GFP (Invitrogen). The second-
ary antibodies were Rhodamine Red-X, Cy5, and FITC
(Jackson ImmunoResearch). The fluorescent dyes
used were Hoechst 33258, DAPI, and Rhodamine-
Phalloidin (Rhod-Phall; Invitrogen). For p27Kip1
staining, the samples were boiled in 10 mM citric acid
pH 6 for 10 min to unmask epitopes. For BrdU
staining, 2 N HCl incubation was performed for

10 min. Anti-GFP antibodies were used with BrdU
staining to enhance the EGFP detection after acid
treatment.

Image acquisition and analysis

Image acquisition was performed using a BX61WI
DSU Olympus microscope, a LSM Pascal 5 Axiovert
200 Zeiss confocal microscope and an Axio Observer
Z1 Zeiss microscope with Apotome.2. High magnifi-
cation stacks of images were obtained across the
epithelium. The pictures obtained with the DSU
microscope were treated with a deconvolution algo-
rithm using the program Huygens Professional
3.2.Op7 (Scientific Volume Imaging BV) and analyzed
with ImageJ 139u (NIH) and CellR 2.7 (Olympus).
Within these images, randomly selected 114×
114 μm fields aligned with HC rows and centered
in the first row of outer HC were analyzed. Cell type
markers detection, cell location, morphology, virtu-
al slicing in the Z plane and 3D reconstruction of
EGFP+cells were used in recognizing each cell type
and determining the percentage of viral transduc-
tion per field in the tissue. Due to important
differences in EGFP expression intensity found
between the different cell types, images presented
in the paper were optimized either for visualization
of low or high EGFP expressing cells, according to
the rationale of the figure. However, during analysis
the EGFP+ and the EGFP negative (−) cells were
quantitated using the information obtained from all
of the brightness settings. Between the same cell
type we found that the EGFP expression intensity
did not varied significantly.

RNA extraction and quantitative PCR

The p27Kip1 mRNA level was determined in rat
cochlear explants in duplicates per experimental
condition using qPCR after transduction and 4 days
in culture. We extracted total RNA from four cultures
per replicate with the RNeasy mini kit (Qiagen) and
synthesize cDNA using random primers with the
SuperScript® III First-Strand Synthesis System
(Invitrogen). The qPCR reaction was performed with
SYBRGreen qPCR Master Mix in StepOnePlus Real
Time PCR System (Applied Biosystems). The follow-
ing primers were used: Gapdh forward 5′ -
CTCTCTGCTCCTCCCTGTTC-3′ and reverse 5′-
GCCAAATCCGTTCACACC-3′; p27Kip1 forward
5′-GGAAGCGACCTGCGGCAGAA-3′ and reverse 5′-
GCCAGCATTCGGGGAACCGT-3′. The analysis of
relative gene expression level was performed using
2-ΔΔCT method (Livak and Schmittgen 2001).

MAASS ET AL.: p27Kip1 shRNA & Proliferation 497



Proliferation assay

P0 cochlear cultures were studied after 6 days in vitro
(DIV). The experiments were performed in triplicate
for each of the following conditions: non transduced
cultures (control), cultures transduced twice with
10 μl of control-shRNA LV (control shRNA), or
p27Kip1-shRNA LV (p27Kip1 shRNA) at 2×105VP/
μl. Ten fields per cochlear culture were analyzed (see
sample size calculation in “Statistical analysis”). The
proliferative status of the cochlear epithelia was
assessed by BrdU, PH3, and Ki67 immunostaining
and evaluated in the EGFP+ and in the EGFP−
populations. The BrdU incorporation was evaluated
after 2 h of incubation just before fixation using the
BrdU labeling reagent kit (Invitrogen). The mitotic
index was expressed as PH3+ cells/Ki67+ cells.

Immunostaining and morphological criteria were
used to identify SC subtypes. The fields were divided
into four regions to allocate the cells in proliferation:
(a) OC region (OC), where the HC, phalangeal,
pillar, and Deiters’ cells were located; (b) lesser
epithelial ridge (LER), containing Hensen’s and
Claudius’ cells; (c) greater epithelial ridge region
(GER), which contains inner sulcus cells and border
cells; and (d) below the OC region (BeOC), consti-
tuted by tympanic border cells located under the OC
basal membrane. The SC were distributed between
OC and LER regions.

The rate of proliferation was calculated and
expressed as the mean percentage of BrdU or PH3+
cells within total cell count per region (Hoechst+
cells). The efficacy of transduction to induce prolifer-
ation was expressed as the mean percentage of BrdU
and EGFP+ cells within the total EGFP+ cell popula-
tion per field; corrected by removing the number of
BrdU and EGFP+ cells present in the control-shRNA
LV and not considering the cells in GER and the HC
population. A linear regression was performed be-
tween the percentage of EGFP+ cells and cells in
proliferative cycle per field in cultures treated with
p27Kip1-shRNA LV and control-shRNA LV.

Finally, for each condition ten fields per culture
triplicate were analyzed to determine cell density per
field for each OC cell type within EGFP positive and
negative population.

Evaluation of hair cell transdifferentiation

The following features were analyzed to infer
transdifferentiation: co-labelling of BrdU and MyoVI,
increase in number or ectopic HC, increase in the
numbers of contacts between HC or loss of spaces
between HC in the epithelium and decrease in
support cell markers. BrdU incorporation per HC
was evaluated in transduced P0 rat cochlear cultures

after 72 h BrdU incubation between 4th and 7th DIV.
Incubation in 10 μM DAPT (Calbiochem) 5 DIV was
used as positive control of transdifferentiation in our
culture conditions.

Statistical analysis

All data are expressed as averages ± standard errors
(SEM). The efficiency of transduction was described
by the mean percentage of transduced cells per cell
type and was analyzed by descriptive statistics.
Statistical tests were performed with PAST2.01
(Hammer & Harper) and OpenEpi 2.3 (Emory
University) softwares. The level of significance was
defined as pG0.05. Sample size calculation was
performed for proliferative study using Stat Calc
(Epiinfo 3.4.3, CDC). The total number of cells and
the basal rate of mitosis nearby the OC per explant
(within the potential fields) was estimated using
MyoVI and PH3 immunofluorescence pixels quantita-
tion (Image J, NIH) in controls and considering OC
cell types distribution per field. The number of fields
to sample for significant differences detection was
determined with a confidence of 95 %. The numbers
of cells in proliferation, cells per region and field, and
contacts between cells were compared using Mann–
Whitney or Kruskal–Wallis nonparametric tests for
single or multiple testing, respectively, since the
samples did not accomplish normal distribution
(Shapiro–Wilk test) or homocedasticity (F or Barlet
test). The pairwise comparisons after Kruskal–Wallis
test were performed by the Mann–Whitney test with
the Bonferroni correction. For association analysis,
linear correlation was used calculating coefficient of
Pearson (r) and p values.

RESULTS

Lentiviral vectors transduce all cell types present
in the postnatal rodent organ of Corti in culture

As a proof of the concept that decreasing p27Kip1 it is
possible to induce proliferation in the OC, and in
order to achieve it through a procedure with thera-
peutic potential, we selected the LV delivery as the
method for stable expression of shRNA targeting
p27Kip1. Despite a previous report showing low
success of postnatal OC transduction in culture with
LV (Han et al., 1999), we investigated the possibility of
transduction with higher doses and different means of
administration in order to improve the interaction
between the vectors and the OC. First, we optimized
the production of lentiviral stocks to regularly achieve
viral titers from 2 to 3×105VP/μl. Then, the means of
best viral administration was explored to select one
that improved the transduction efficiency in the
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cultured OC. We found that placing the concentrated
preparation in a droplet on top of the cochlear
explant already attached to a filter membrane allowed
us targeting of the periphery of the explants and the
OC (Fig. 1A, B). On the contrary, with the application
of the vectors into the culture medium or by pre-
incubation, the results revealed a more scattered
distribution of transduced cells (EGFP+) through the
epithelium with low transduction of OC cells, which
was similar to the results reported by Han et al.
(1999). Moreover, with this method, the highest
efficiency of transduction was found in the cells
actually facing the rim of the explant, which allowed
the transduction of up to 63 % of HC and 81 % of SC
when the dissection edge passed through the OC,
thus exposing it to the vectors (not shown). In order
to preserve the epithelium structure and include most
OC cell types, explants were standardized to establish
the dissection edge more laterally, approximately
between Hensen’s and Claudius’ cells. After these
procedures, all cell types were transduced (Fig. 1C–F
and Table 1), and the obtained OC cultures showed
normal morphology and EGFP expression for up to
9 DIV (not shown). The procedure of viral transduc-
tion was repeated to increase the transduction effi-
ciency and avoid the use of higher viral titers
(Table 1). Thus, we demonstrated that the cochlear
explant transduction with LV is a feasible method to
transduce all cell types that constitute the postnatal
OC.

Then, we tested the efficiency of transduction in
mouse and rat explants using different viral doses and
concentrations and we evaluated the percentage of
transduction for each particular cell type. We used
EGFP, MyoVI, and Prox1 expression as references.
Results showed different efficiencies between differ-
ent cell types and species (Table 1) and higher
transduction efficiency for SC (up to 43 %). The
highest efficiency (74 %) and the highest EGFP
fluorescence intensity was found in LER cells,
the most lateral cells present in these explants.
Transduction efficiency in the OC decreased from
the lateral cells towards the medial region of the
explants (Fig. 1E, F and Table 1), except in the HC, in
which the percentage of EGFP+ cells was higher in
inner HC than in outer HC (10.8±2.7 and 2.2±0.4 %,
respectively, after double use of 2×106 VP in rat
explants). The GER region accounted for the lowest
percentage of transduction with a 0.05±0.0 %, and in
the BeOC region the percentage of EGFP+ cells was
58.2±0.2 % and it did not vary from lateral to medial
(double use of 2×106VP in rat explants). We found in
mouse explants that the percentage of transduced
cells increased with higher viral doses, and that the
HC were transduced only after applying at least 2.0×
106VP total per explant. When we compared rat and

mouse explants transduced with similar viral amounts
(2.0 and 2.2×106VP respectively) we found a higher
transduction efficiency in rats than in mice for HC
(p08.2×10−3) and for SC (p03.0×10−5; Table 1).

p27Kip1-shRNA lentiviral transduction induces
a decrease in p27Kip1 expression and proliferation
in the organ of Corti in culture

After demonstrating the ability to efficiently transduce
SC in rat cochlear explants we designed and cloned
rat oligonucleotides encoding shRNAs targeting
p27Kip1 into the vectors to promote the SC re-entry
into the cell cycle. We found one shRNA that
markedly decreased p27Kip1 expression in primary
rat neuronal cultures, dropping the protein level by
65 and 91 % after 4 and 6 DIV, respectively (Fig. 2A).
Its capacity was confirmed in P0 rat mid portion
cochlear cultures, which revealed a significant de-
crease in p27Kip1 immunostaining in transduced cells
(Fig. 2C, D) and a mild reduction (17 %, p00.1479) in
total p27Kip1 mRNA level in the whole explant
(Fig. 2B). This last modest response as measured in
the entire cultures was probably due to p27Kip1
expression in other areas of the cochlear explants
(not shown), while our transduction method targeted
the most lateral part of the OC. Also immunostaining
analysis showed that the level of reduction was related
with the intensity of EGFP, with the lowest p27Kip1
labeling intensity found in the brightest EGFP+ cells
(Fig. 2D).

After verifying that our vectors were effective to
decrease p27Kip1 expression, we studied the appear-
ance of proliferation markers in P0 rat cochlear
cultures at 6th DIV. We compared non-transduced
controls and cultures transduced twice either by
control-shRNA LV or p27Kip1-shRNA LV (2.0×106

VP). Because other areas of the explants could
constitute sources of proliferation, we evaluated the
whole width of the explant near the OC by dividing
the studied fields into four regions: OC, LER, GER,
and BeOC (see “Proliferation assay” in “Methods”;
Fig. 3A, B). In the SC holding regions (OC and LER)
we found proliferating cells, a higher mitotic index
and a significant increase in the overall number of
positive cells for each proliferative marker per field
after p27Kip1-shRNA LV transduction (Figs. 3C, D
and 4 and Table 2). In the OC region we saw BrdU+
cells after 2 h of incubation only when the explants
were transduced by p27Kip1-shRNA LV (Fig. 4A, B).
In the LER and BeOC regions, although we found
some BrdU+ cells in control explants we observed
statistically significant increments of BrdU+ cells in
the p27Kip1-shRNA LV-treated explants (Figs. 3D and
4C, D). Within the SC holding regions, the LER
region contained most of the proliferation increase
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(Figs. 3D and 4D). In the whole field, the BeOC
region had the greatest absolute increase and
accounted for the majority of the rise of proliferating
cells per field. However, when comparing the control-
shRNA LV and p27Kip1-shRNA conditions, the rela-
tive increase in BrdU+ cells was 390 % in the LER and
210 % in the BeOC region. In confirming these
findings in the cultures transduced by p27Kip1-shRNA

LV, we also found PH3+ cells in the LER (Fig. 4C) and
in the GER at 6th DIV, but with significant increases
only in the BeOC region (p00.04) and in the total
count per field (p00.02).

We evaluated cultures viability because we did not
find any significant increase in PH3+ labeling between
7th to 9th DIV (not shown), we found a significant
reduction in the number of BrdU+ cells at 6th DIV

A

D E

F

B C

FIG. 1. Efficient lentiviral transduction of rodent postnatal
cochlear explants. A Schematic view of the viral delivery
procedure. Application of 10 μl of concentrated LV on top of
cochlear explants floating in filter membranes. B Transduction of
the middle third of cochlear explants of P0 mice cultured for
8 DIV with 10 μl of LV at 1.5×106VP/μl encoding a control
shRNA. White squares represent the fields evaluated later in the
study of proliferation. We show EGFP (green) as reporter of
transduction, Myosin VI (red) and Hoechst (blue). C Representa-
tion of a cochlear explant indicating (red line) the level of the
optical section pictured in (D) and (E). D Diagram of the apical
domain of a transduced OC. Cells represented in the GER and
OC: inner and outer HC (IHC and OHC), border (Bor),

phalangeal (Ph), pillar (IP and OP), Deiters’ (D1, D2, and D3),
and Hensen’s cells (H). E Cochlear mid portion explant obtained
from a P0 rat and cultured for 5 DIV after control-shRNA LV
transduction at 1.5×106VP/μl. F P0 rat cochlear mid portion
explant cultured for 6 DIV after double control-shRNA LV
transduction at 2×105VP/μl. Arrow head IHC. Asterisks OHC.
D Deiters’ cells. The explants exhibit moderate EGFP expression
in most OC cell types and very intense EGFP expression in
Hensen’s cells. That difference impairs the detailed presentation
of all transduced cells in this image. The pictures shown in (E)
and (F) were optimized for EGFP visualization in the Deiters’
cells. M medial, L lateral.
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below the OC after the control-shRNA lentivirus trans-
duction when comparing with the untransduced cul-
tures (Fig. 3C, D), and there is evidence indicating that
both these vectors and the knockdown of p27Kip1,
acting independently, could be detrimental for the OC
(Bedrosian et al. 2006; Kanzaki et al. 2006; Ono et al.
2009; Oesterle et al. 2011). However, we did not find
morphological alterations or apoptosis in the fields by
cleaved Caspase 3 (c-Casp3) immunostaining between
6th and 9th DIV at any condition (not shown).

To explain the origin of the increments in prolif-
eration, we evaluated the number of BrdU+ cells in
the EGFP+ and EGFP− population (Fig. 3D). We
found that the significant increments in the prolifer-
ating cells per region and per field correspond to
significant increases in the EGFP+ cells, and that the
changes in the EGFP− cells were not significant,
except in the BeOC region. Below the OC, the
BrdU+ cells significantly increased within EGFP+ and
EGFP− cells (p01.0×10−7 and 3.0×10−3 respectively)
even though the p27Kip1 immunostaining was nega-
tive (not shown).

In order to confirm that the increase in prolifera-
tion was due to our intervention we performed a
linear regression analysis between the percentage of
EGFP+ cells and cells in proliferative cycle on each
region per field. We found positive and significant
linear correlation between the percentage of trans-
duction of Deiters’ cells and the total number of
proliferating cells per field (Pearson coefficient r00.5,
p06.0×10−3) in the explants treated with p27Kip1-
shRNA LV and not with the control-shRNA LV. In the
other cell types and regions the values did not have
the linear behavior required to establish correlations
between them (proliferating cells numbers close to
“zero” and transduced cells per field near to 100 %).
Thus, the Deiters’ cells were a good indicator of the
degree of transduction present per field and the total
number of proliferating cells represented the prolif-
erative response in the field.

Then, we studied the efficacy of our intervention to
induce proliferation by defining it as the corrected
percentage of BrdU and EGFP+ cells in the total EGFP
population per field. And, we found a 4.3±0.2 % of
proliferating cells per field after transduction.

Altogether, this evidence supports the assertion
that it is possible to induce the SC to reenter the cell
cycle and to induce an increase in proliferation in the
whole explant after p27Kip1-shRNA LV transduction.

p27Kip1 knockdown after shRNA transduction
induces an increase in support cell number
in culture

In order to assess the impact of the proliferative
response, we counted the number of cells per region
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and cell type. Although we did not find any associa-
tion at the 6th DIV between the number of SC, the
number of proliferating cells, and the percentage of
transduction, we found a significant increment in the
number of cells per field in the LER region in the
p27Kip1-shRNA LV-treated explants, and an enlarge-
ment of that area in the cultures (Fig. 5B–D). Even
though the total number of SC number significantly
increased overall (p05.6×10−5) we did not find
significant changes in the “non LER” SC numbers.

To elucidate the source of the increase in the
LER region, we evaluated the EGFP+ and EGFP−
cells numbers. Results indicated significant increases
in number of cells in both populations when
comparing p27Kip1-shRNA LV and control-shRNA
LV conditions (p01.5×10−6 and 0.02 respectively).
This result, and the fact that the increase in prolifer-
ation found in that region at 6th DIV was only
significant in the transduced cells but was significant
in both populations in the BeOC region (Fig. 4D),

A

D

B C

FIG. 2. Expression of shRNAs targeting p27Kip1 with LV effectively
decreases p27Kip1 in rat neuronal cultures and cochlear explants. A
p27Kip1 level in rat primary neuronal cultures. Upper panel
representative immunoblot at 4 and 6 DIV. Lower panel quantifica-
tion of p27Kip1 immunoblots normalized by TF2β expression. n=2
and 3 experiments for 4 and 6 DIV, respectively. Cultures transduced
with MOI=5. B p27Kip1 mRNA levels in rat mid cochlear explants,
4 days after a double administration of 10 μl of LV at 2×105VP/μl.
Relative quantification by 2-ΔΔCT method and Gapdh normalization.
n=3 experiments. Data are expressed as means ± SEM. C Schematic
representation of the cochlea showing the optical section level (red

line) pictured in (D). D Left panels p27Kip1 immunostaining (red)
6 days after double application of 10 μl of 1×105VP/μl of either
control-shRNA LV (upper panel) or p27Kip1-shRNA LV (bottom
panel) to P0 mid cochlear explants. EGFP (green) is reporting
transduction and DAPI (blue) is showing cell nuclei. The dashed
squares show the regions magnified in the four right panels. Note that
only in this last assay we reduced the viral amount enhancing the
contrast between transduced and not transduced cells. IHC inner
hair cells nuclei. Arrow heads examples of transduced cells. Asterisks
examples of not transduced cells. M medial, L lateral.
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could suggest that cell migration from below of the
cultures could play a role in the increment of LER
cells. Nevertheless, we did not find p27Kip1 negative
cells in that region in the controls (Fig. 2D; unless
decreasing their expression while proliferating) mak-
ing that possibility unlikely, since the most plausible
candidates for migration in the explants would be
p27Kip1 negative cells from BeOC region.

p27Kip1-shRNA knock down does not associate
to transdifferentiation of SC cells

Since there is evidence that cultured SC can prolifer-
ate and transdifferentiate into HC after decreasing
p27Kip1 (White et al. 2006) we evaluated that

possibility in our system. After 4 DIV, we incubated
the transduced cultures with BrdU for 72 h and we
looked for any MyoVI and BrdU double+ cells as an
indication that proliferating cells (putative SC) later
could express hair cell markers (HC differentiation).
Although in our culture conditions SC were able to
transdifferentiate into HC after 48 h of DAPT 10 μM
incubation increasing the HC number (positive
control, not shown), after knocking down p27Kip1
with this approach, we did not find any MyoVI and
BrdU double+ cells or any other evidence of
transdifferentiation, as inner, outer, or ectopic HC
numbers did not change (Fig. 5A) and no morpho-
logic changes suggesting transdifferentiation were
apparent in the transduced explants (not shown).

A

D

B C

FIG. 3. Expression of shRNAs targeting p27Kip1 increases the
proliferation in rat postnatal cochlear explants. A Example of an
examined field in the proliferation study after transduction of LV
encoding shRNAs targeting p27Kip1. The dashed square demarks a
114×114 μm field aligned and centered to the first row of outer HC
(OHC) nuclei. EGFP (green) reporter of transduction, Myosin VI (red),
and Hoechst (blue). B Schematic representation of the regions
evaluated across the explants. Each field was divided in: GER, OC,
LER, and BeOC regions. The SC are distributed into OC and LER
regions. BeOC region contain cells located below the OC in the
cultures (see “Proliferation assay” in “Methods”). CNumber of BrdU+

cells per field at 6thDIVin cochlear explants transduced twicewith 10 μl
of 2×105VP/μl. Multiple test overall significance: p=1.4×10−9 (Kruskal–
Wallis test). Pairwise comparisons: *pG0.05, **pG0.01 (Mann–
Whitney test with Bonferroni correction). D Number of BrdU+cells
per region, merging OC and LER into SC regions. Multiple tests
overall significance per region: GER p=0.79, SC regions p=2.2×
10−4 and BeOC p=6.3×10−8 (Kruskal–Wallis test). Pairwise compar-
isons: *pG0.05 and **pG0.01 (Mann–Whitney test with Bonferroni
correction). Data are means per region±SEM. Gray and white bars
represent EGFP positive and negative cells, respectively.
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DISCUSSION

Our work confirms and extends previous observations
about the role of p27Kip1 in the control of SC
proliferation and the possibilities of manipulating it
to induce cell division which may sustain therapeutic
efforts towards functional regeneration. Secondarily,

we established that the rodent postnatal hearing
epithelium is amenable to being efficiently trans-
duced by LV which allowed testing the significance
of the proliferative capabilities of the epithelium.

This is the first report of successful transduction of
postnatal HC and efficient SC transduction in rodents
with LV. To the best of our knowledge, only four

A B

C D

FIG. 4. p27Kip1 shRNA LV transduction increases proliferation
rate in the regions containing SC in culture, the LER region (Hensen’s
and some Claudius’ cells) accounts for the majority of the increase.
A, C Proliferating cells and mitotic figures in OC and LER regions
respectively in P0 rat mid cochlear portions transduced twice with
10 μl of 2×105VP/μl and cultured 6 DIV. EGFP (green) LV reporter,
BrdU (2 h incubation) and PH3 (both magenta), MyoVI (red), and
Hoechst (blue). M medial, L lateral. Dashed line in upper panels
shows the location of the Z plane virtual slice presented in the lower

panels. Brackets delimitates the area that holds SC. B, D Quantifi-
cation of BrdU+cells in OC and LER regions, respectively. Overall
significance for OC is p=0.88 and LER p=6.4×10−4 (Kruskal–Wallis
test). Pairwise comparisons: *pG0.05 and **pG0.01 (Mann–Whitney
test with Bonferroni correction). Data are expressed as means ± SEM.
Red lines in the diagrams indicate the level of the optical section
shown in (A) and (C). Gray and white bars represent EGFP positive
and negative cells, respectively.
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TABLE 2

Proliferative status of transduced explants

shRNA Region

Cells in Sa

(BrdU+/Hoechst+)
Cells in M

(FH3+/Hoechst+)
Cells in proliferative cycle

(Ki67+/Hoechst+)
Mitotic index
(FH3+/Ki67+)

% ± % ± % ± %

p27Kip1 SC regions 0.82 0.17 0.02 0.02 0.56 0.17 3.57
LER 1.38 0.34 0.04 0.04 1.29 0.38 3.10
BeOC 8.16 0.70 0.78 0.12 6.27 0.87 12.44
Field 3.94 0.35 0.41 0.06 3.61 0.43 12.92

Control SC regions 0.18 0.07 0 0 0 0 -
LER 0.44 0.18 0 0 0 0 -
BeOC 1.49 0.25 0.53 0.11 5.08 1.01 10.04
Field 0.98 0.16 0.24 0.04 1.58 0.47 10.04

Data are presented per region as mean percentage (%) ± standard error (SEM). S and M (mitosis phases)
aBrdU+cells after 2 h incubation. SC holding region (SC region) merges OC and LER regions. The cells in the GER region and the hair cells were excluded from this

analysis. “Field” includes SC and BeOC regions

A

D

B C

FIG. 5. Loss of p27Kip1 mediated by LV transduction increases the
number of SC in the culture. Quantification of SC after transduction
of p27Kip1-shRNA LV. A–C Number of cells in the sensory
epithelium per field and per cell type after 6 DIV and double
lentiviral administration of 10 μl of 2×105VP/μl. “Other SC” includes
supporting cells as Deiters’, Pillar and Phalangeal cells exclud-
ing Hensen’s and Claudius’ cells. In the studied fields the cells
in the LER are mostly Hensen’s cells. Gray and white bars
represent EGFP positive and negative cells, respectively. Overall
significance per cell type: HC p=0.16, other SC p=0.28 and
LER cells p=2.5×10−8 (Kruskal–Wallis tests). Pairwise compari-
sons: *pG0.05 and **pG0.01 (Mann–Whitney test with
Bonferroni correction). Data are expressed as means ± SEM.

D LER expansion in the p27Kip1-shRNA LV transduced explants.
Brackets mark the width and depth of the region. EGFP (green)
reporter of transduction, MyoVI (red), and Hoechst (blue).
Dashed line in upper panels shows the location of the Z plane
virtual slice presented in the lower panels. Dotted square
delimitates the 114 x114 μm region quantitated in (A–C). The
images have the same magnification. M medial, L lateral.
Although EGFP was present in some hair cells and in other
supporting cells, it is not apparent in this representation because
these pictures are optimized for EGFP visualization in Hensen’s
cells due to differences in intensity of EGFP fluorescence
between the different cell types (see “Image acquisition and analysis”
in Methods).
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previous reports addressed the LV administration to
the rodent cochlea. One group transduced immature
cochlear cells in utero, showing transgene expression
and hearing impairment (Bedrosian et al. 2006), but
did not explore the capacity to transduce postnatal
OC cells. Three additional reports did not find
evidence of OC transduction after perilymph injec-
tion (Han et al. 1999; Pietola et al. 2008; Duan and Mi
2010). Han et al. (1999) also used LV in postnatal
cochlear explants but with a lower dose and different
administration showing low rate of transduction in the
OC and no HC transduction. Our method of vector
delivery targeted the lateral region of the OC, thus
obtaining a reproducible manner to transduce ap-
proximately 11 % of inner HC, 2 % of outer HC, 8 %
of pillar cells, 21 % of Deiters’ cells, and 74 % of LER
cells (Hensen’s and Claudius’ cells). We explain our
results and differences with previously published on
the basis of our delivery technique and higher viral
amount and concentration. We show that our ap-
proach associates to a higher transduction efficiency
in SC; and also that it is more efficient transducing rat
rather than mouse cochlear cells. Additionally, we did
not detect any evidence of toxicity in the OC. This
bunch of information will also serve to promote the
use of LV in cochlear research taking advantage of
their long-term expression and versatility of their
design and tropism (reviewed by Mátrai et al. 2010).

There are still relatively few communications
regarding the use of shRNA to manipulate gene
expression in the inner ear and none published using
LV in rodents to express shRNA in the OC. This could
be due to the initial negative results with LV.
However, we show that this strategy is useful and
should be integrated into inner ear research, consid-
ering the availability of shRNA libraries already cloned
into LV (Paddison et al. 2004; Moffat et al. 2006).
Despite the negative results after perilymph injection
by other groups (Han et al. 1999; Pietola et al. 2008),
we propose to explore the potential role and efficien-
cy of LV in vivo. For that purpose it is necessary to test
higher doses and other delivery methods, such as
injections into the scala media.

The effectiveness of transduction was associated to
a significant effect on cell division, as expected for the
stable loss of function of p27Kip1. Thus, despite a
relative low rate of proliferation, we induced a
significant increase in proliferative markers showing
the feasibility to induce SC to reenter to the prolifer-
ative cycle with this methodology.

The proliferative response that we found (0.82 %
of SC were BrdU+ after 2 h incubation at 6 DIV) was
particularly significant taking into account the short
period of action of our shRNAs, the short window of
observation, and the low rate of basal and induced
proliferation, which was also found in other studies.

(Löwenheim et al. 1999) reported eight BrdU+ cells
per 100 μm of the OC (approximately 4 % of the SC)
in p27Kip1−/− mice after 4 days of BrdU administra-
tion. Another report with higher proliferation induc-
tion but with low gene delivery efficiency showed up
to 13.8 BrdU+ cells per explant (approximately
0.35 % of SC) after cochlear explant electroporation
with a different p27Kip1 shRNA and 3 days of BrdU
incubation (Ono et al. 2009). Therefore, the mild
change in the proliferative status of the epithelium
that we observed could be of greater biological
relevance because even a moderate response induced
by our tools could have prolonged and more signifi-
cant long-term effects.

The rate of proliferation found in the OC of
p27Kip1 mutant mice decreased with age
(Löwenheim et al. 1999). Nevertheless, Oesterle et
al. (2011) showed lower but still measurable prolifer-
ative responses in the adult OC after conditionally
deleting p27Kip1 in vivo in neonates and adult mice,
raising the possibility to use approaches like ours to
induce proliferation. Considering that cultured ex-
plants resemble the in vivo behavior of the epithelium
and taking into account that at 6th DIV we still found
a proliferative response to p27Kip1-shRNA LV, this
method shows promise to be useful at least in early
postnatal stages.

Although we did not identify the proliferating cells
among all subtypes of SC using markers, this ap-
proach and the general morphology of the cultured
explants allow us to propose that most, if not all of the
induced proliferation affects native OC cells, in
contrast with the migration of extrinsic cells.

In the LER region we found the highest relative
increase in proliferation, the maximum percentage of
transduction, and also the brightest fluorescence. The
coincident observation of a higher proliferation rate
in this region in mutant p27Kip1−/− mice (Chen and
Segil 1999) and in p27Kip1-shRNA electroporated
explants (Ono et al. 2009) could explain this not only
based on a higher efficiency of transduction but also
on a greater susceptibility to p27Kip1 downregulation.

We did not find a significant increase in proliferation
in GER and OC regions. This could be due to the very
low rate of proliferation found and insufficient power to
detect differences in these regions. Nevertheless, it must
be noted that we found evidences of proliferation in the
OC region only in the p27Kip1-shRNA LV condition.

The BeOC region accounted for most of the
absolute increment in proliferation observed in the
explants transduced by p27Kip1-shRNA LV. We did
not expect this increase since we could not detect
p27Kip1 expression in this region. We do not have a
plausible explanation of this, other than a ‘tissue’
response which is suggested by the occurrence of this
increase in both EGFP+ and EGFP− populations and
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the positive correlation found between the percent-
age of transduction in Deiters’ cells and the number
of BrdU+ cells per field. Conversely, in this region we
also found a significant decrease in the proliferating
cells in the explants treated with control-shRNA LV
when compared with no treated explants. Thus,
although we did not find c-Casp3+ cells, we cannot
exclude a toxic effect of the lentiviral-shRNA system in
this area. Should this be the case, this phenomenon
could be masking a higher response to p27Kip1-
shRNA LV. We report this information, because of the
therapeutic potential of knocking down p27Kip1 with
LV, and also because recently cells from this region,
tympanic border cells, have been suggested as candi-
dates for inner ear stem/progenitors cells (Chai et al.
2011; Jan et al. 2011), and their proliferative behavior
was not previously described in the p27Kip1 loss of
function reports (Chen and Segil 1999; Löwenheim et
al. 1999; Kanzaki et al. 2006; Ono et al. 2009; Oesterle et
al. 2011). All these changes in proliferation should be
intensely evaluated in future research to corroborate
the occurrence of a non-cell autonomous effect, as well
as if they are also observed in vivo.

This is the first report suggesting an increase in SC
number after inducing postnatal loss of function of
p27Kip1. Previous studies did not show SC number
counts (Ono et al. 2009; Oesterle et al. 2011). The
increase in the number of cells in the LER region
spatially coincides with the highest number of BrdU+
cells within the SC cells holding regions, the highest
efficiency of transduction and the highest intensity of
fluorescence per cell. However, we did not find
association between the number of SC and the
number of cells proliferating at 6th day or the
percentage of EGFP+ cells per field. We believe that
our mild but persistent proliferative response could
explain the increments found in the SC number,
although the possibility of migration from other areas
of the explant cannot be completely refuted.

We did not find evidence of transdifferentiation
from SC to HC. This is consistent with the observa-
tions in p27Kip1-shRNA electroporated explants
(Ono et al. 2009) or in vivo after conditionally
deleting p27Kip1 (Oesterle et al. 2011). And also with
the idea that the higher number of HC present in
mutant p27Kip1 cochleas (Chen and Segil 1999;
Löwenheim et al. 1999; Kanzaki et al. 2006) was the
result of an expanded population of progenitors
before differentiation, and not persistent proliferation
in the cochlea and further transdifferentiation.

These results sustain the concept that postnatal SC
can be efficiently induced to proliferate by means of a
viral-mediated decrease in p27Kip1 expression. The
results also validate the role of LV as a useful tool to
manipulate gene expression in the inner ear, by
showing efficient transduction in postnatal cochlear

explants. This sets the basis for designing in vivo
experiments, seeking long-term effects and comparing
differences in response based on age. Nevertheless,
significant improvements in vector technology, includ-
ing the control of delivered material, as well as the
possibility of co-expressing molecules leading to
transdifferentiation, should be reached before realistic
therapeutic attempts are made.
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