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Abstract: Hearing impairment most often involves loss of sensory hair cells and auditory neurons. As this loss is 
permanent in humans, a cell therapy approach has been suggested to replace damaged cells. It is thus of interest 
to generate lineage restricted progenitor cells appropriate for cell based therapies. Human long-term self-renewing 
neuroepithelial stem (lt-NES) cell lines exhibit in vitro a developmental potency to differentiate into CNS neural lin-
eages, and importantly lack this potency in vivo, i.e do not form teratomas. Small-molecules-driven differentiation 
is today an established route obtain specific cell derivatives from stem cells. In this study, we have investigated 
the effects of three small molecules SB431542, ISX9 and Metformin to direct differentiation of lt-NES cells into 
sensory neurons. Exposure of lt-NES cells to Metformin or SB431542 did not induce any marked induction of mark-
ers for sensory neurons. However, a four days exposure to the ISX9 small molecule resulted in reduced expression 
of NeuroD1 mRNA as well as enhanced mRNA levels of GATA3, a marker and important player in auditory neuron 
specification and development. Subsequent culture in the presence of the neurotrophic factors BDNF and NT3 for 
another seven days yielded a further increase of mRNA expression for GATA3. This regimen resulted in a frequency 
of up to 25-30% of cells staining positive for Brn3a/Tuj1. We conclude that an approach with ISX9 small molecule 
induction of lt-NES cells into auditory like neurons may thus be an attractive route for obtaining safe cell replace-
ment therapy of sensorineural hearing loss.
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Introduction

The World Health Organization estimates that 
360 million people have a disabling hearing 
loss (http://www.who.int/mediacentre/factshe- 
ets/fs300/en/). The most common causes of 
hearing impairment are related to either inher-
ited and acquired factors e.g., exposure to 
noise, againg and exposure to otoxic drugs [1]. 
Hearing impairment is predominantly caused 
by a loss of sensory hair cells in the cochlea 
and the subsequent loss of spiral ganglion neu-
rons. In mammals, loss is permanent as nei-
ther hair cells nor sensory neurons can regen-
erate in the cochlea. However, in non-mamma-
lian species the auditory cells have capacity to 
regenerate, and thus function can be restored 
[2, 3]. It has been shown in avians and lower 
vertebrates that supporting cells can be trig-
gered by the factors released from dying hair 
cells to replace the sensory cells, by prolifera-

tion or transdifferentiation modes [4]. In 
humans, the only now available clinical 
approach for functionally replacing sensory 
cells is the cochlear implant. A cochlear implant 
bypasses missing or malfunctioning hair cells 
and electrically stimulates the auditory neu-
rons. It follows that the efficacy of the cochlear 
implant depends on the presence of remaining 
healthy auditory neurons that can be electrical-
ly stimulated. A cell therapy approach aiming at 
increasing the number of auditory neurons in 
cochlea has thus been proposed to improve the 
functionality of cochlear implants [5].

Stem cells have the potential to differentiate  
in many cell types and different technical 
approaches have been used for obtaining con-
trolled induction into specific cell lineages [6]. 
Synthetic small molecules with specificities for 
genes or gene products have been shown to be 
valuable tools in this respect [7]. This approach 
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has been used to modulate specific targets in 
stem cells involved in signaling, metabolic, 
transcriptional or epigenetic mechanisms and 
allowing them to either maintain their pluripo-
tency or differentiate into particular cell fates 
[8, 9]. Compared to genetic modifications, a 
chemical approach has a number of advantag-
es, e.g., less labor intense, providing a higher 
degree of temporal control over protein func-
tion (effects are rapid and reversible), and large 
possibilities to be used at different concentra-
tions and combinations. Interestingly, it has 
been shown that certain small molecules trig-
ger a rapid conversion of embryonic stem cells 
to a neural cell fate [8, 9]. 

Recent studies have revealed that isoxazole 9 
(ISX9; a small molecule found to promote neu-
rogenesis), and metformin (a first line diabetic 
drug) induce neuronal differentiation in mouse 
hippocampal neural stem cells and mouse 
embryonic cortical radial precursors respec-
tively [10, 11]. 

SB431542 is an inhibitor of the TGFβ/activin/ 
nodal signalling, blocking phosphorylation of 
ALK4, ALK5 and ALK7 [12]. It has been shown 
to increase neuronal differentiation as well as 
sensory neural differentiation in combination 
with other small molecules by using human plu-
ripotent stem cells [13-15]. A combination of 
the small molecule SB431542, Noggin and 
wnt-1 was reported to promote sensory neural 
differentiation in human neural progenitors 
[16]. 

Metformin is a diabetic drug shown to induce 
βIII tubulin positive cells from cortical precur-
sors [11], and to provide a neuroprotective 
effect from oxidative damage [17]. In vivo 
administration of metformin has been reported 
to promote neurogenesis by enhancing the pro-
liferation and differentiation of adult olfactory 
and hippocampal subgranular zone neuro-
blasts [11]. 

Long-term self-renewing neuroepithelial stem 
cell (lt-NES cells), derived from human embry-
onic stem cells (hESC) or induced pluripotent 
stem cells (hIPSC), offer new tools for studies of 
neural development. lt-NES can also be cap-
tured directly from the human foetuses [18]. 
The Lt-NES cells express markers present also 
in neuroepithelia and neural rosettes, such as 
PAX6, PROM1, SOX1, MMRN1 and PLZF [19]. 

It-NES cells can be stably expanded in culture 
over long periods of time with maintained 
potency to differentiate into cell populations 
with more than 90% neurons and lower number 
of glia cells [19]. An alternative route to obtain 
Lt- NES cells identical to iPS cell derived. 

Here, we report the effect of the above 
described three small molecules; SB431542, 
Isoxazole 9 and metformin on lt-NES cells, with 
focus on possible differentiation into sensory 
neurons. 

Materials and methods

Culture of neuroepithelial stem cells

Lt-NES cell line C1GFP and AF22 were derived 
from iPSC cell lines and cultured as described 
previously [19]. Briefly, cells were cultured on 
0.1 mg/ml polyornithine (sigma) and 2 μg/ml 
laminin (sigma) coated flask in NES medium, 
consisting of Dulbecco’s modified Eagle’s medi-
um/F12 (DMEM/F12) with L-glutamin, N2 
(1:100), B27 (1:1000), penicillin/streptomycin 
(100 units), bFGF (10 ηg/ml) and hrEGF (10 ηg/
ml). Cells were passaged 1:3 every 2-3 days 
using tripLE Express and define trypsin inhibitor 
(all reagents from Life Technologies). 

Dose response experiments

For dose response experiments, cells were 
plated on polyornithine and laminin coated cov-
er slips at density of 50,000 cell/cm2 in NES 
differentiation medium (1:1 ration of DMEM/
F12 and Neurobasal medium, N2 (1:100), B27 
(1:100)) for 2 days. After two days, cells were 
treated with NES differentiation medium with 
isozaxole 9 (ISX9) at a concentration of 5, 10, 
20 or 40 μM for 4 days.

Differentiation experiments with small mol-
ecule compounds

Isoxazole-9 (ISX9) and SB431542 were dis-
solved in DMSO and metformin in distilled 
water. ISX9 was used at a concentration of 20 
μm, as identified by dose response experi-
ments (see above). The concentration used for 
SB431542 was 10 μM and for metformin 500 
μM, as described in previous reports [11, 16, 
20]. Cells were plated on polyornithine and lam-
inin coated cover slips in NES differentiation 
medium, as described above, for 2 days and 
then grown in NES differentiation medium with 
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small molecules for another 4 days. Medium 
was changed every day. After 4 days, cells were 
cultured in NES differentiation medium with 
BDNF (10 ng/ml) and NT3 (10 ng/ml) for fur-
ther 7 days. Half of the medium was changed 
every second day with double concentration of 
BDNF and NT3.

RNA extraction and reverse transcription (RT)

Total RNA was extracted using Trizole reagent 
(Life Technologies) according to the manufac-
turer’s instructions. RNA was dissolved in 20 μl 
water (molecular biology grade water, Sigma). 
The concentration of total RNA was measured 
using a NanoDrop1000 spectrophotometer 
(Thermo Scientific). 1 μg total RNA was treated 
with RNase free DNase (Invitrogen Carlsbad, 
CA, USA), according to the manufacturer’s pro-
tocol. The DNase treated RNA was reverse-
transcribed using a high capacity RNA to cDNA 
kit (Life Technologies), according to the manu-
facturer’s recommendation. 

Real time polymerase chain reaction

Gene expression was quantified using an 
Applied Biosystems 7500 Real time PCR sys-
tem, and SYBR Green master mix (Applied 
Biosystem). Commercially available KiCqStart 
primers for GATA3, Brn3a, Peripherin, Neurod1, 
18S were purchased from Sigma. All reactions 
were performed in triplicate in SYBR green 
master mix (Applied Biosystems) in 96-well 
optical plates. For each reaction; 20 ng cDNA, 
10 μl master mix, 0.5 μl primer and 5 μl water, 
were used. The PCR reaction was performed 
according to standard protocols of 40 cycles  
of denaturation-annealing. Normalization of 
mRNA was done using 18s ribosomal gene  
and relative expression level were reported as 
2delta delta ct.

Immunocytochemisty

Cells were fixed in 4% paraformaldehyde (PFA) 
for 20 minutes at room temperature and 
washed 3 times with PBS for 5 minutes. Cells 
were permeabilized with TTPBS (0.5% Triton 
X-100 + 1% Tween 20 in PBS) for 10 minutes at 
room temperature (RT), and exposed to block-
ing buffer (2% BSA in TTPBS) for 1 hr at RT. 
Primary antibodies, Brn3a (Millipore, 1:200), 
Tuj1 (Covance, 1:1000), Ki67 (Abcam, 1:200), 
active caspase3 (BD Pharmingen, 1:200) were 

diluted in blocking buffer and incubated with 
cells at 4°C overnight. Next day, cells were 
washed three times with TTPBS and secondary 
antibodies were applied; donkey anti-mouse 
cy3 diluted 1:400 (Jackson Immunoresearch), 
donkey anti-rabbit diluted 1:400 (Jackson 
Immunoresearch) for 2 hrs at RT. Cells were 
counter stained with DAPI. Positive cells were 
visualized in an LSM 700 confocal microscope 
(Carl Zeiss). Pictures for analysis were obtained 
from 9-10 random fields (20X magnification), 
from 3 independent experiments. Numbers  
of positive cells were counted from each 
condition.

Statistics

The Graphpad prism software was used to per-
form all statistical analysis. Statistical differ-
ences were performed by One-way ANOVA, and 
Tukey’s multiple comparison test to determine 
significance level among groups. 

Results

First we set out to analyse the optimal dose for 
treatment of the lt-NES cells, with the aim of 
finding a dose that did not affect proliferation 
or apoptosis. For treatments with SB431542 
and metformin optimal doses have been pub-
lished [11, 16, 20]. For ISX9, others have 
reported variations depending on cell lines 
[21], and titration experiments were thus per-
formed on the Lt-NES cell lines used (C1GFP 
and AF22). 

Four concentrations of ISX9 (5, 10, 20 and 40 
μM) were first tested on It-NES cells regarding 
effects on proliferation (measured by Ki67-IHC) 
and apoptosis (measured by cleaved caspase3-
IHC). The percentage of Ki67 positive cells was 
not affected by 5 or 10 μM ISX9, but significant-
ly reduced by 20 μM and 40 μM (p<0.05. Figure 
1A). Percentage of cells staining for cleaved 
caspase-3 was significantly decreased by 5 or 
10 μM ISX9 (p<0.05), unaffected by 20 μM 
(NS), and increased by 40 μM (p<0.05. Figure 
1B). 

Titrations for the effects on the expression of 
neural markers showed that NeuroD1 mRNA 
was significantly reduced following exposure to 
all tested doses of ISX9, compared to control 
treatment with DMSO (p<0.05. Figure 1C, 1E). 
We also analysed the expression of GATA3 fol-
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lowing ISX9 treatment. GATA3 mRNA expres-
sion was significantly increased by 20 μM and 

40 μM ISX9 (p<0.05. Figure 1D, 1F), but not at 
lower doses. 

Figure 1. Dose-dependent response of ISX9 on lt-NES cells. (A) Quantitative analysis of the proliferative maker 
Ki67 showed that a higher dose of ISX9 significantly reduced proliferation in cells whereas (B) the apoptotic marker 
Cleaved Caspase 3 was seen to significantly increase at higher dose of ISX9. (C-E) The mRNA expression of NeuroD1 
was significantly reduced in ISX9 treated cells. (D-F) At a higher dose of ISX9, GATA3 expression was significantly 
increased. Average of 3 experiments. Bars show mean ± SD. * = p<0.05.
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Thus, a concentration of 20 μM ISX9 was se- 
lected for the differentiation experiments 
described below.

Effects on mRNA expression of sensory neural 
markers 

An overview of the results from qPCR regarding 
mRNA expression of the sensory neural mark-
ers Brn3a, peripherin, GATA3 and NeuroD1 are 
summarised in Figure 2. In C1GFP cells, the 

mRNA expression of GATA3 was increased 
25-fold after treatment with 20 μM ISX9 and 
the similar increase was obtained with a combi-
nation of ISX9 plus SB431542 (p<0.05. Figure 
2B). In AF22 cells, the effects was even more 
pronounced with a 230-fold increase by treat-
ment with ISX9 alone, and a 180-fold increase 
by the combination of ISX9 plus SB431542 
(p<0.05. Figure 2F). In contrast, treatments 
with SB431542 and metformin did not induce 

Figure 2. ISX9 induces mRNA expression of sensory neural markers. Gene expression analysis showed a significant 
increase in GATA3 (B, F), Brn3a (C, G) and peripherin (D, H) in ISX9 treated cells. The Brn3a and peripherin expres-
sion were in both cell lines similar but GATA3 expression were 10 times more in AF22 cells compared to C1GFP 
cells line. However, NeuroD1 expression was reduced in ISX9 treated cells compared to control (A, E). Average of 3 
experiments. Bars show mean ± SD. * = p<0.05.



Induction of sensory neurons by ISX9

24 Am J Stem Cells 2016;5(1):19-28

any change in GATA3 in either of the It-NES cell 
lines. 

C1GFP cells exhibited a 27-fold increase in 
peripherin expression following exposure to 
ISX9 and a 22-fold increase by the combination 
treatment with ISX9 plus SB431542 (p<0.05 
Figure 2D). In AF22 cells the results showed a 
28- and 23-fold increase, from the ISX9 or ISX9 
plus SB431542 treatments, respectively (p< 
0.05 Figure 2H). 

Expression of Brn3a was 5,5- and 3,7-fold 
increased in C1GFP cells; and 7 and 5-fold 
increase in AF22 cells, from ISX9 or ISX9 plus 
SB431542 treatments, respectively (p<0.05, 
Figure 2C, 2G). 

Effects on protein expression 

To confirm the mRNA results, we also per-
formed immunocytochemistry for Brn3a and 
Tuj1 in combination to identify sensory neu-
rons. A summary on the IHC data is illustrated 
in Figure 3. 

The frequencies of Brn3a/Tuj1 positive cells 
were significantly increased following exposure 
to ISX9 as well as from the combination treat-
ment with ISX9 plus SB431542, when com-
pared to control treatment (16% vs 14% in 
C1GFP (Figure 3A) and 22% vs 19% in AF22 
(Figure 3B) p<0.05). A significant increase in 
Brn3a/Tuj1 positive cells was also obtained fol-
lowing metformin treatment of C1 GFP cells 
(12%; p<0.05), but not in AF22 cells (15%; NS). 

Figure 3. ISX9 treatment induces an increased number of cells immunoreactive for Brn3a and Tuj1 at 4 days of 
treatment. The numbers of Brn3a and Tuj1 positive cells were significantly increased following ISX9 treatment, 
either alone or in combination of SB431542. However, metformin (MET) treatment resulted in a significantly in-
creased number of positive cells in C1GFP cells line (A) but not in AF22 cell line (B). Average from 3 experiments. 
Bars show mean ± SD. * = p<0.05.

Figure 4. Expression of GATA3 after 4+7 days. Lt-NES cells were treated with the small molecules for 4 days and 
the cultured 7 more days in survival medium containing neurotrophic factors BDNF and NT3. After 4+7 days, GATA3 
expression was induced in ISX9 and ISX9+SB431542 treated cells of both cell lines (A, B). Average from 3 experi-
ments. Bars show mean ± SD. * = p<0.05.
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Further differentiation in the presence of neu-
rotrophic factors

As it has been demonstrated that BDNF and 
NT3 are important for the survival of sensory 
neurons [22]. After 4 days of treatment with 
small molecules lt-NES cells were allowed to 
differentiate for another 7 days in the presence 
of the neurotrophic factors BDNF and NT3. 

The addition of 7 days culture with neurotrophic 
factors induced no further change regarding 
mRNA levels of Brn3a or peripherin, in any of 
the treatment groups (data not shown). 
However, expression of GATA3 mRNA was sig-
nificantly up-regulated in the ISX9 as well as in 
the ISX9+SB431542 treated cells (8- and 
5-fold in C1GFP cells; 66- and 50-fold in AF22 
cells, respectively) (p>0.05, Figure 4A, 4B). 
Also the percentages of cells positively immune-
stained for Brn3a and Tuj1 were significantly 
increased in ISX9 and ISX9+SB431542 treated 
cells (23% vs 18% in C1GFP and 28% vs 22% in 
AF22), respectively (p>0.05, Figures 5A, 5B 
and 6). 

Discussion

Human It-NES cell lines derived from human 
pluripotent stem cells have been shown to 
exhibit a capability to propagate in culture over 
long periods of time, while maintaining their 
capacity to differentiate into the neural linage 
[19]. Previously, it has been shown that It-NES 
cells can differentiate into different types of 
neurons, like dopaminergic neurons, motorneu-

rons and cholinergic neurons [19, 23, 24]. It is, 
however, not known whether they also can dif-
ferentiate into sensory neurons. 

We have here tested the effects in two human 
It-NES cell lines from three separate small mol-
ecules, with suggested effects on the differen-
tiation of sensory neurons.

Gou et al. showed that a combination of 
SB431542, noggin and wnt1 could induce dif-
ferentiation of human neural progenitor cells 
into 50% of sensory neurons and 50% of 
Schwann cells [16]. In the present study, we did 
not observe an increase in the number of sen-
sory neurons after a combination treatment 
with ISX9 and SB431542. It is possible that 
SB431542 has inhibiting effect on neuroepi-
thelial cells as they are more committed 
towards neuronal cells. 

The C1GFP and AF22 cell lines differed with 
regard to response to Metformin. While the fre-
quency of cells staining positive for Brn3a/Tuj1 
was increased in the C1GFP cell line, similar 
statistical difference was not obtained using 
the AF22 cell line. 

It was previously reported that the transcription 
factors Neurog1 and NeuroD1 both play impor-
tant roles during the specification and develop-
ment of cochleo-vestribular ganglions [25, 26]. 
Knockout studies in mice have demonstrated 
that deletion of Neurog1 or NeuroD1 affect  
the development of the cochleo-vestibular gan-
glion. In addition, Schneider and co-workers 

Figure 5. Quantitative analysis of the number of cells immunoreactive for Brn3a and Tuj1 4+7 after days. The fre-
quencies of Brn3a and Tuj1 positive cells in ISX9 treated cells were significantly higher after 7 days of treatment 
(A, B). Both the cells lines showed similar pattern for positive cells, whereas no difference was seen between other 
treatments. Average from 3 experiments. Bars show mean ± SD. * = p<0.05. 
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reported that the small molecule isoxazole 9 
activated NeuroD expression in hippocampal 

neural stem cells and induced robust neuronal 
differentiation [10]. From these published data, 

Figure 6. Immunostaining for sensory neural markers after 4+7 days. Cells were treated with small molecules for 4 
days and cultured additional 7 days in medium containing BDNF/NT3. After 4+7 days, cells were immunostained 
with Tuj1 (A, E, I) and Brn3a (B, F, J). Merged pictures in (D, H, L) for DMSO, ISX9 and ISX9+SB431542 respectively. 
Cells were counter-stained with DAPI (C, G, K). Magnification 20X.
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we hypothesized that ISX9 could activate devel-
opmental genes for auditory neurons via the 
NeuroD1 gene. Based on mRNA and protein 
IHC analysis we here demonstrate that a four 
day treatment with the small molecule ISX9 
induced expression of sensory neural markers 
in two lt-NES cell lines. However, the NeuroD1 
expression was at this time point, contrary to 
the hypothesis, significantly reduced, leaving 
the suggested link to NeuroD1 obscure. Further 
analysis is needed to explore the mechanism, 
and e.g. a kinetic analysis of the NeuroD1 
expression following ISX9 exposure may explain 
the induction of sensory neuronal markers. 

Furthermore, a regimen when ISX9 was re- 
moved from the cultures and instead replaced 
with the presence of the neurotrophic factors 
BDNF and NT3 for another seven days, signifi-
cantly increased the frequency of cells express-
ing markers for sensory neurons, up to 25-30%, 
(p<0.05). Our results showed here a significant-
ly induced expression for GATA3, Brn3a, and 
peripherin as well as number of Brn3a/tuje 
positive cells in ISX9 treated cells. Expression 
of GATA3 is known to play a critical role in speci-
fication of auditory specification during early 
development [27, 28]. A presence of GATA3 
expression in mature stages of auditory neu-
rons development has also been reported [27, 
29]. 

A four-day ISX9 treatment thus resulted in sig-
nificantly increased expression of GATA3 and 
Brn3a as well as protein expression of Brn3a 
(immunohistochemistry). Prolonged culture in 
the presence of BDNF and NT3 lead to signifi-
cant further increase in Brn3a/Tuj1 positive 
cells as well as GATA3 expression. 

In conclusion, the present findings demon-
strate that exposure to the small molecule ISX9 
induces markers for auditory-like phenotypes 
in iPS derived lt-NES cells. Notably, contrary to 
hESC or hiPSC, Lt-NES cells lack in vivo pluripo-
tency, i.e. the developmental potency for tera-
toma formation. An approach with ISX9 small 
molecule induction of lt-NES cells for the gen-
eration of auditory-like neurons may thus be an 
attractive route for obtaining cells for a replace-
ment therapy of sensorineural hearing loss.
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