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Abstract
Hypothesis—Adult mesenchymal stem cells (MSCs) can be converted into hair cell-like cells by
transdetermination.

Background—Given the fundamental role sensory hair cells play in sound detection and the
irreversibility of their loss in mammals, much research has focused on developing methods to
generate new hair cells as a means of treating permanent hearing loss. Although MSCs can
differentiate into multiple cell lineages, no efficient means of reprogramming them into sensory
hair cells exists. Earlier work has shown that the transcription factor Atoh1 is necessary for early
development of hair cells, but it is not clear whether Atoh1 can be used to convert MSCs into hair
cells.

Methods—Clonal MSC cell lines were established and reprogrammed into hair cell-like cells by
a combination of protein transfer, adenoviral based gene transfer and co-culture with neurons.
During transdetermination, inner ear molecular markers were analyzed by RT-PCR, and cell
structures were examined by immunocytochemistry.

Results—Atoh1 overexpression in MSCs failed to convert MSCs into hair cell-like cells,
suggesting that the ability of Atoh1 to induce hair cell differentiation is context dependent.
Because Atoh1 overexpression successfully transforms VOT-E36 cells into hair cell-like cells, we
modified the cell context of MSCs by performing a total protein transfer from VOT-E36 cells
prior to overexpressing Atoh1. The modified MSCs were transformed into hair cell-like cells and
attracted contacts from spiral ganglion neurons in a co-culture model.
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Conclusion—We established a new procedure, consisting of VOT-E36 protein transfer, Atoh1
overexpression, and co-culture with spiral ganglion neurons, which can transform MSCs into hair
cell-like cells.
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INTRODUCTION
Permanent hearing loss is the most common sensory disorder in humans, and represents a
serious and prevalent health concern (1). This affliction is particularly common among the
elderly, as about half of those over age 75 have age-related hearing loss (2). Permanent
hearing loss is usually caused by the degeneration of hair cells and spiral ganglion neurons
(SGNs) due to aging, noise exposure, ototoxic drugs, or bacterial and viral infections (3).
Because loss of hair cells is irreversible in mammals (4–8), the development of effective
methods to generate new hair cells would be of great therapeutic value.

As the linchpin for our sense of hearing, hair cells have been the subject of intensive
research. Two main approaches for generating new hair cells have emerged from many
studies on this subject. One approach has sought to induce hair cell-like cells by modifying
the extracellular environment of embryonic stem (ES) cells, induced pluripotent stem (iPS)
cells, and cells isolated from the inner ear (6, 9–12). Impressively, these studies have
successfully induced hair cell-like cells that respond to mechanical stimulation (10). This
stepwise differentiation method to induce hair cell-like cells from ES or iPS cells is effective
but labor and time intensive (9, 10). The other principal approach has sought to obtain hair
cell-like cells through Atoh1 overexpression induced transdetermination, a direct intrinsic
modification. Transdetermination is a one form of reprogramming that involves direct fate
switching of committed, but not yet fully differentiated, progenitor cells. Atoh1 is a basic
helix-loop-helix (bHLH) transcription factor essential for development of hair cells (13–15).
Overexpression of Atoh1 in differentiated nonsensory cells of the cochlea can induce hair
cell-like cells in vitro and in vivo (16–18). The nonsensory epithelial cells reprogrammed in
vivo attract innervations from SGNs and result in improved hearing thresholds (19, 20). This
successful transdetermination of nonsensory cells into hair cell-like cells suggests that other
progenitor cells, such as adult stem cells, could also be converted into hair cells by
overexpressing Atoh1.

MSCs are adult stem cells derived mainly from bone marrow or adipose tissue. Patient
specific mesenchymal stem cells (MSCs) are readily available and could be therapeutically
useful if they could be converted into hair cells. Due to the lack of a definitive molecular
marker, the exact origin and the cellular identity of MSCs remain elusive, although a
perivascular localization of these cells is generally accepted (21, 22). Molecular markers for
hair cells were induced in bone marrow-derived MSCs with or without Atoh1
overexpression (23). Because adipose tissue is endowed with an abundance of blood vessels
and MSCs can be easily isolated from adipose (24), we chose to test whether adipose-
derived MSCs could be reprogrammed into hair cell-like cells by Atoh1 overexpression.
Primary adipose stem cell cultures contain a heterogeneous mixture of endothelial cells,
including smooth muscle cells, pericytes, fibroblasts, mast cells, and preadipocytes (25).
Thus, we established three single-cell derived adult stem cell lines from mouse MSCs. Next,
we overexpressed Atoh1 in these cells and demonstrated that this treatment led to an
incomplete reprogramming of MSCs. By combining Atoh1 overexpression with protein
transfer from an otic epithelial cell line, we reprogrammed these cells into hair cell-like cells
that expressed hair cell-specific molecular markers. These modified cells attracted contacts
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from spiral ganglion neurons (SGNs). Thus, these results reveal a new transdetermination
mechanism to derive hair cells.

MATERIALS AND METHODS
Isolation and culture of adult adipose stem cells

The methods for isolation and culture of adult adipose stem cells were similar to those in
previous reports (24). Briefly, subcutaneous or adipose fat from C57BL/6J mice was washed
in PBS twice and minced into small particles. The minced tissue was digested in collagenase
(Gibco, final concentration 0.5 g/100 ml) for 45 minutes at 37°C. After centrifuging to
collect cells, possible blood cells in the sample were eliminated using RBC lysis buffer
(3.735 g NH4Cl and 85 mg Tris-HCl in 500 ml water). The remaining cells were plated in
DMEM-Low glucose (1 g/L) supplemented with 10% FBS, 1% Pen/Strep, and FGF2 (10 ng/
ml, Gibco). For single-cell derivation, we diluted and split cells into a 96 well plate (about
0.5- 1 cell/well), and confirmed one cell per well under a microscope. The cells were
cultured until colonies formed (about 2 weeks).

Differentiation of single-cell derived cell lines
For adipogenesis, cells were cultured for two weeks in adipogenic medium, which consisted
of DMEM supplemented with 10% FBS, 1 μm Dexamethasone, 0.5 mM
Isobuthylmethylxanthine, and 10 μg/ml insulin. Oil Red O stain, an established lipid dye,
was used to identify adipose cells. For chondrogenesis, cells were cultured for four weeks in
chondrogenic medium, which consisted of DMEM supplemented with 1% FBS, 110 μg/ml
sodium pyruvate, 0.15 mM ascorbate-2-phosphate, 100 nM dexamethasone, 1% ITS
(insulin, transferrin, and sodium selenite), and 10 ng/ml TGF. Alcian Blue was used to
identify the presence of sulfated proteoglycans characteristic of chondrogenesis. For
osteogenesis, cells were cultured for four weeks in osteogenic medium, which consisted of
DMEM supplemented with 10% FBS, 10 mM glycerophosphate, 0.15 mM ascorbic acid, 10
nM vitamin D3, and 10 nM dexamethasone. Alizarin Red was used to identify high
extracellular calcium accumulation typical of osteogenic differentiation.

Protein transfer
Culture of mouse VOT-E36 cells was performed as described in our previous reports (18,
26). After being induced at 39°C without γ–interferon for four days (the T-antigen mutant,
tsA58, is inactivated at 39°C), VOT-E36 cells were washed sequentially in PBS and cell
lysis buffer (100 mM HEPES, pH 8.2, 50 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, and
protease inhibitors), then sedimented at 750 rpm. The collected cells were resuspended in 1
volume of cold cell lysis buffer, and incubated for 30–45 minutes on ice. The cells were
sonicated on ice using a 3 mm diameter probe. The lysate was sedimented at 12,000 rpm for
15 minutes at 4°C to pellet the coarse material. The supernatant was aliquoted and frozen in
liquid nitrogen until the protein transfer. For protein transfer by Streptolysin O (SLO;
Sigma), adult adipose stem cells were grown to confluence, trypsinized, and washed twice in
cold PBS and once in cold HBSS. 20,000 cells in 14 μl of HBSS were mixed with 4.6 μl
SLO (100 μg/ml) to open up the cell membranes. Samples were incubated for one hour at
37°C and collected by centrifugation. The recovered cells were incubated with either 50μg
VOT-E36 cell lysate or 50μg boiled VOT-E36 cell lysate in 20 μl medium containing an
ATP-regenerating system. Cells were incubated for 30 minutes at 37°C and then plated for
recovery.
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Adenoviral Infection
A replication-incompetent adenovirus expressing Atoh1 was constructed and used as
previously described (18). Following protein transfer and recovery, cells were incubated in
adenoviral supernatant for three hours before being washed and cultured in neurobasal
medium (Gibco) enriched with N2 supplement (1%, Gibco), 73 μg/ml L-glutamate, 4.2 mg/
ml L-glutamic acid, and 1 mg/ml FCS. All procedures were performed at Biosafety Level 2,
which has been approved by the Institutional Biological and Chemical Safety Committee at
Washington University in St. Louis.

Co-culture with SGNs
E16 C57BL/6J mice were decapitated after being cooled down on ice, and both inner ears
were removed from the base of the cranium. Cochleae were extracted from the outer bony
labyrinth. The outer ligament/stria vascularis and organ of Corti were dissected away from
the central core of the cochlea that contains the spiral ganglion. The ganglion neurons were
mechanically dissociated and seeded into the dishes cultured with the modified adult adipose
stem cells.

Immunocytochemistry
For immunofluorescence staining, cells were cultured on cover slips and fixed for 15
minutes in 4% paraformaldehyde. Inhibition of non-specific binding and permeabilization
steps were performed by incubating the cover slips for one hour in PBS+Block (1X PBS,
5% serum, and 0.1% Triton X-100). Primary and secondary antibodies (fluorescein- or
cyanine 3-conjugated, Jackson Immunoresearch Laboratory, West Grove, PA) were
incubated overnight and for two hours, respectively, in PBS+Block. Nuclei were stained
with a 1 μg/ml solution of Hoechst 33242 (Sigma, MO). Cover slips were mounted with the
anti-fading agent (Vectashield, Vector Laboratories, USA). Cells were visualized using a
Zeiss fluorescence microscope or a Leica TCS 4D confocal laser scanning microscope
equipped with a krypton/argon mixed gas laser.

Reverse Transcriptase-Polymerase Chain Reaction Assay
Total RNA was extracted using the SV Total RNA Isolation kit (Promega, Madison, WI).
For reverse transcription, we used the RETROscript kit (Ambion, Austin, TX). RT-PCR was
performed on a PCR machine (Eppendorf, Germany). The exact sequence of each primer is
listed in the supplementary information.

RESULTS
To test whether adult MSCs could be reprogrammed into cells similar to sensory hair cells,
we transfected primary MSC cultures with an adenovirus expressing Atoh1 fused to the
amino-terminus of enhanced green fluorescent protein (EGFP). Two days after Atoh1
overexpression, we used the Stereo Investigator software (MicroBrightField, Inc.) to
examine five random fields per dish. All EGFP-positive cells expressed Myosin VII (seven
replicate experiments), a hair cell marker (Fig. 1) (11). In addition, using phalloidin staining,
we showed that cellular actin was reorganized after Atoh1 overexpression (Fig. 2A); this
may be the cause of protrusions seen at the cell surface revealed by confocal imaging (Fig.
2B). Approximately 82.5% (SD+/−4.52, four replicate experiments) of Atoh1
overexpressing cells, but fewer control cells (0.3%, SD+/−0.02; six replicate experiments),
had surface protrusions.

Consistent with previous studies showing a heterogeneous mixture of cell types in primary
MSC cultures (25), we observed various cellular morphologies in our primary cultures (Fig.
3A). We posited that the incomplete transdifferentiation could be at least partially due to
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interactions among a heterogeneous cell population in this culture. To overcome this
problem, we established clonal cell lines from our primary cultures. Following two passages
of the primary cultures, single cell-derived clones were derived by serial dilutions in 96-well
plates. Three healthy single clones were selected and expanded for characterization and in
vitro differentiation. All three single cell-derived clones showed homogenous fibroblast-like
morphological characteristics, and they all had similar growth curves (Fig. 3B, 3C). To
further examine these clonal cell lines, we used RT-PCR to analyze the expression of
surface markers in each line (Fig. 4A). These cell lines expressed three molecular markers of
adipose-derived stem cells, CD34, CD44, and CD29 (Itgb1), but lacked two other markers,
CD90 (Thy1) and CD105 (Eng). The absence of CD45 (Ptprc), which was present in the
primary (P0), the third (P3), and the sixth (P6) passages of the original adipose cell cultures,
indicates that these cell lines were not derived from hematopoietic cells. Interestingly, these
cell lines also expressed CD31 (Pecam1), a molecular marker specific to vascular
endothelial cells. Together, these data strongly suggested that these cells were of endothelial
origin, possibly from blood vessels in the adipose tissue.

We used RT-PCR to detect a panel of known stem cell molecular markers (Oct-4, Nanog,
Sox-2, and Rex-1) and compare these cell lines to different passages of primary cultures and
ES cells (Fig. 4B, left panel). Nanog was the only marker expressed in these cell lines. Next,
we tested the cell lines by assaying expression of a panel of 12 molecular makers of
undifferentiated cells. A majority of these markers were present in these three cell lines (9
out of 12 markers). One line (J1) expressed 10 of 12 markers (Fig. 4B, right panel). Another
line (J3) did not express Terf1, an important marker for pluripotent cells. Clearly, all three
cell lines had certain molecular markers for stem cells but were not the same as ES cells.
Interestingly, the molecular characterization revealed similar expression patterns for the
three lines.

To address the critical issue of whether these cells were adult stem cells, we tested their
ability to differentiate into various mesoderm derived cell types. We passed each line for
more than 50 generations and treated them with three different induction media. Because
results were similar among all three lines, only the data from the J1 line is presented here
with three replicated experiments for each differentiation condition (Fig. 5). After two
weeks of culture in adipogenic medium, a small percentage of cells (2.67%, SD+/−1.62,
three replicate experiments) were positive for Oil Red O staining, an established lipid dye
for adipose cells. Following four weeks of culture in chondrogenic medium most cells were
positive for Alcian Blue, indicating the presence of sulfated proteoglycans characteristic of
chondrogenesis. After four weeks of culture in osteogenic medium, many cells were labeled
with Alizarin Red, indicating high extracellular calcium accumulation, which is typical of
osteogenic differentiation (Fig. 5A). Because of their diffuse staining patterns, no counting
of positive cells was obtained for both chondrogenesis and osteogenic differentiation of
MSCs. However, these histological changes were well-correlated with molecular
characterizations of the treated cells. Specific molecular markers for each differentiation
lineage were appropriately induced (Fig. 5B). In short, the data showed that each of three
adult mesoderm stem cell lines could differentiate into three different mesoderm-derived cell
types. Thus, all three clonal cell lines were MSCs.

In order to reprogram MSCs into hair cells, we reasoned that Atoh1 should activate
molecular cascades important for hair cell differentiation. Focusing on one line (J3) for
subsequent studies, we first determined the expression patterns of key hair cell
differentiation markers in MSCs three (D3) and six days (D6) after Atoh1 overexpression.
We found that Atoh1 overexpression induced key markers Bmp7, Pax2, Jagged1, p27Kip,
Espin and Myosin VIIa (Fig. 6). Pax2 and BMP7 are early otic vesicle markers, Jagged-1 is
a mature sensory epithelia marker, p27Kip is a marker of developing sensory epithelia and

Lin et al. Page 5

Otol Neurotol. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



supporting cells, and Myosin VIIa and Espin are mature hair cell markers. These results
showed that Atoh1 activated molecular cascades for hair cell differentiation and that the
expression of Terf1 was not required for this transdetermination. However, as with earlier
experiments, functional calcium imaging of these modified cells failed to detect any
response to sound-induced mechanical stimulations (data not shown). Thus, Atoh1
overexpression was insufficient to completely convert MSCs into hair cell-like cells.

Having repeatedly failed to convert MSCs to hair cell-like cells by Atoh-1 overexpression,
we realized that reprogramming of MSCs into hair cells might depend on specific cell
context because previous studies have clearly shown that Atoh1 expression is critical for the
differentiation of multiple neuronal types, not just hair cells (27–29). However, molecular
regulatory mechanisms underlying this specific cell context for hair cell are still unknown.
Our previous work showed that VOT-E36 cells, a stable line of otic epithelial cells derived
from the ventral otocyst, are able to sense sound-induced mechanical stimulation after Atoh1
overexpression and SGN co-culture (18).

Building on earlier work, which showed that cell fate can be altered by direct transfer of
total cellular protein (30–33), we tested whether a direct transfer of total proteins from VOT-
E36 cells could modify the cell context of these MSCs and allow Atoh1 overexpression to
convert them into hair cell-like cells. We first tested the Streptolysin O mediated protein
transfection method with β-galactosidase to determine the efficiency of this procedure (Fig.
7A). Using the same systematic random sampling method (Stereo Investigator Software,
MicroBrightField, Inc.), we compared the ratio of cells positive for X-gal staining relative to
cells positive for Hoechst (a total cell number under the same visual field). We found that
the protein transfer efficiency was consistently over 50%, although detailed statistical
analysis was not performed.

After establishing the method, we transferred total protein from VOT-E36 cells to MSCs
and subsequently infected these cells with the adenovirus expressing Atoh1. Following these
treatments, the modified cells showed no hair bundles and were still unable to respond to
sound-induced mechanical stimulation (data not shown). Next, we increased the protein
transfer time to two days (one transfer per day) before Atoh1 adenoviral infection. After this
change, phalloidin staining showed focal accumulations of F-actin and protrusions similar to
hair cell bundles (Fig. 7B).

We compared the expression pattern of hair cell markers in MSCs under four conditions: (1)
no treatments, (2) Atoh1 overexpression, (3) VOT-E36 protein transfers (twice), and (4) a
combination of (2) and (3). We found TRPV4, Cdh23, Myo1C, CaM and PHR1 expression
in all four groups in three independent experiments. TRPA1 and TRPML3 were only
induced in group 4 (Fig. 7C). Two important caveats were noted for this finding. First,
recent studies have excluded these three TRP channels as possible mechanotransduction
channels; nevertheless, all of them are present in hair cells and play important roles for hair
cell functions (for recent reviews, 34,35). Second, this experiment lacked a proper negative
control because our attempts to use boiled protein lysate induced cell death, although
previous studies showed no contaminating DNA and RNA in protein lysates isolated using
the same method (30–33).

Next, we examined possible interactions between modified MSCs and co-cultured SGNs. By
using calretinin to label SGNs in the co-culture, we discovered that some modified MSCs
had obvious contacts with SGNs, although the number was relatively low (0.99%, SD+/
−0.21, three replicate experiments). A representative example is shown in Figure 8. A single
terminal-like structure was present on this transfected cell. Importantly, the confocal image
was focused on the surface of a transfected cell overexpressing ATOH1 and EGFP; thus, its
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nucleus was not visible at this level, but was confirmed in another focal plane (data not
shown).

DISCUSSION
To reprogram MSCs into hair cell-like cells, we established a new procedure, consisting of
VOT-E36 protein transfers, Atoh1 overexpression, and SGN co-culture. Modified cells
express genes present in hair cells, show actin reorganization with structures similar to hair
bundles, and are contacted by SGNs. Thus, our data provide convincing evidence for the
transdetermination of single-cell derived MSCs into hair cell-like cells.

An ideal source of autologous stem cells is adipose tissue, which, similar to bone marrow, is
rich in MSCs (22). The clonally derived MSC lines that we developed from adipose tissue
have similar morphologies and rates of self-renewal, and are equivalently pluripotent.
However, they are distinct from adipose omental stem cells (AOSCs). In AOSCs, the
surface markers CD29, CD34, CD44, CD90, and CD105 are expressed, while the
endothelial marker CD31 and the hematopoietic marker CD45 are not expressed (36–38). In
our cell lines, CD29, CD34, and CD44 are expressed, but the other two markers, CD90 and
CD105, are not. In addition, CD31 is expressed in our cell lines, but CD45 is absent. The co-
expression of CD31 and CD34 is used to identify endothelial progenitor cells (22, 38–41).
Overall, this expression pattern of surface markers suggests that our cell lines are most
similar to MSCs and are close to the lineage of adult endothelial cells. This leads us to
believe that these single-cell derived cell lines may have made an incomplete endothelial-to-
mesenchymal transition (42).

In normal development, MSCs are derived from mesoderm and hair cells are derived from
ectoderm. Thus, direct reprogramming between divergent lineages might not be possible.
For example, careful experiments clearly demonstrated that early claims of direct
“transdifferentiation” of blood cells into neurons, cardiomyocytes, and liver cells, or muscle
and neural cells into blood cells can be mostly attributed to cell fusion instead of cell
conversion (43). However, transcription factor-induced reprogramming of differentiated
cells into other specialized or pluripotent cells has been demonstrated repeatedly (for review,
44, 45).

The reprogramming process can be further divided into pluripotent reprogramming
(converting specialized cells into pluripotent stem cells) and lineage reprogramming
(directly conversion between different cell lineages). Lineage reprogramming can be further
divided into transdifferentiation (direct conversion of mature cells between different lineage)
and transdetermination (conversion of progenitor cells between different lineages) (44, 45).
In this study, we used transdetermination to convert MSC into hair cell-like cells by Atoh1
overexpression.

Atoh1 overexpression in MSCs activates molecular cascades necessary for hair cell
differentiation and induces molecular markers of sensory epithelial cells, but it cannot
completely convert MSCs into hair cells. The combination of total protein extract transfer
from VOT-E36 otic epithelial cells and Atoh1 overexpression represents a novel method to
convert MSCs into hair cell-like cells. Because the protein extract transfer itself does not
induce the unique molecular markers we examined (Fig. 7C) and our boiled protein control
did not work, at present, we do not know what factors in the protein extract contributed to
this conversion. In addition, factors provided by SGN co-culture were required to convert
MSCs into hair cell-like cells. Future studies should focus on parsing out the specific factors
that lead to the induction of hair cell-like cells. In addition, the current low
transdetermination rate, compounded with variability in SGN co-cultures, makes it difficult
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to perform detailed functional characterization of the modified cells. Patch clamp studies of
mechanotransduction channels for this study were unsuccessful, primarily due to the scarcity
of cells demonstrating a functional response. These data suggest that it may be beneficial to
derive hair cells by both lineage and pluripotent reprogramming. Because we have recently
identified a two-step induction process for iPS cells (46), we will explore whether hair cell-
like cells can be more efficiently derived from partially reprogrammed iPS cells.

In short, this study demonstrates the feasibility of reprogramming adult MSCs into hair cell-
like cells using a new method. Because adult adipose tissue is easy to obtain and MSCs from
adipose are readily isolated, our findings identify another potential source from which
specific sensory neurons, such as hair cells, may be derived. Transdetermination by total
protein transfer in combination with a lineage specific transcription factor expression also
represents a novel intrinsic method for deriving specific cell types that could prove useful
for future applications of stem cell therapies for age-related degenerative diseases, such as
presbycusis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Induction of hair cell specific markers in primary adult mouse adipose-derived stem cells
overexpressing Atoh1. A, Immunofluorescent imaging of MSCs infected adenovirus
expressing EGFP only or Atoh1/EGFP. Scale bar is 50 μm. B, Confocal immunofluorescent
imaging of MSCs infected adenovirus expressing Atoh1/EGFP. Scale bar is 10 μm.
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Figure 2.
Actin reorganization in primary adult mouse adipose-derived stem cells overexpressing
Atoh1. A, Immunofluorescent imaging of MSCs infected adenovirus expressing EGFP only
or Atoh1-EGFP. Scale bar is 50 μm. B, Confocal immunofluorescent imaging of MSCs
infected adenovirus expressing Atoh1-EGFP. Scale bar is 10 μm.
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Figure 3.
Morphology and growth kinetics of adult adipose-derived cells. A, Phase-contrast image
showing heterogeneous morphologies of primary adult adipose-derived cells. B, Phase-
contrast image of one single-cell derived cell line, J3, from mouse adipose tissue. Scale bars
are 10 μm. C, Growth kinetics of clonal cell lines derived from adult mouse adipose tissue
(J1, J2, and J3).
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Figure 4.
Molecular characterization of three single cell-derived cell lines. A, RT-PCR analysis of
surface markers in primary adult adipose-derived omental cells (ASOC) at passages 0 (P0),
3 (P3), and 6 (P6), clonally derived J1, J2, and J3 cells, and ES cells. B, RT-PCR analysis of
stem cell markers (left panel) and undifferentiated cell markers (right panel) in ES, AOSC,
J1, J2, and J3 cells.
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Figure 5.
Pluripotency of single cell-derived MSC line J1. A, induction of adipogenesis (a),
chondrogenesis (b), and osteogenesis (c) in J1 cells. B, RT-PCR analysis of molecular
markers for adipogenesis (a), chondrogenesis (b), and osteogenesis (c) in J1 cells. Scale bars
are 10 μm.
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Figure 6.
Characterization of MSCs (J3) overexpressing Atoh1. RT-PCR analysis of cochlear markers
in J3 cells at day 3 (D3) and day 6 (D6) with and without Atoh1 overexpression. Negative
(water) and positive (4 month old cochleae) detection controls are included.
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Figure 7.
Characterization of single-cell derived MSCs (J3) after protein transfer from VOT-E36 cells
and overexpression of Atoh1. A, Staining for X-gal and Hoechst showing the β-
galactosidase protein transfer to MSCs (J3). B, Confocal imaging of one MSC
overexpressing Atoh1 after VOT-E36 protein transfers (once per day for two days). The
cultures were stained with Phalloidin (red) and Hoechst (blue). The arrow indicates a hair
bundle-like structure. Scale bars are 10 μm. C, RT-PCR analysis of mature hair cell markers
in cochlea, MSCs (J3), MSCs overexpressing Atoh1 (J3+Atoh1), MSCs with VOT-E36
protein transfer (J3+E36), MSCs with VOT-E36 protein transfer and Atoh1 overexpression
(J3+Atoh1+E36), and no RT control
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Figure 8.
Physical contacts between SGN and modified adult stem cells. Confocal images of
immunofluorescent staining for SGN terminals (calretinin, red), nuclei (Hoechst, blue), and
Atoh1 overexpression (green). The red arrows point to the terminal-like SGN contact. Next
to the contact, there was a hair-bundle like structure. Scale bars are 10 μm.
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