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Abstract: This study was to investigate the differentiation potential of iPSCs into olfactory receptor neurons and
mitral/tufted cells in vitro. We extracted mouse embryonic fibroblast and prepared feeding layer, where mouse
iPSCs were inoculated on; RT-PCR were used to identify iPSCs pluripotency genes Oct4, Nanog and Sox2. Then, we
separated the olfactory epithelium and olfactory bulb from mice, which contained respectively olfactory receptor
neurons and mitral/tufted cells, co-cultured iPSCs with olfactory epithelium cell and olfactory bulb, and identified
differentiated cells with the olfactory receptor neurons markers (OMP, GAP43, NCAM), mitral/tufted cells markers
(TBX21, Ibal) after 14 days co-culturing by immunofluorescence and RT-PCR. We successfully established a stable
culture system of mouse iPSCs and RT-PCR showed that pluripotency genes (Oct4, Nanog, Sox2) were expressed in
mouse iPSCs. Immunocytochemical analysis or RT-PCR results indicated that the differentiated iPSCs can express
olfactory receptor neurons markers (OMP, GAP43, NCAM) and mitral/tufted cells markers (TBX24, Ibal) after be-
ing co-culture with olfactory epithelium or olfactory bulb. We conclude that Mouse iPSCs can be differentiated into
olfactory receptor neuron-like cells and mitral/tufted-like cells in vitro.
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Introduction

Tissue regenerative medicine refers to the use
of biological and engineering methods to ex-
changing impaired cells or tissues with new
functional cells or tissues. Sensorineural dys-
osmia may negatively impact quality of life,
safety, and nutrition [1], which remains a clini-
cal challenge. The first step in regenerative me-
dicine for sensorineural dysosmia is the gener-
ation of olfactory receptor neurons (OSNs) and
mitral/tufted cells. Olfactory receptor neurons
have round or oval cell bodies and possess a
bipolar morphology. The neurons extend a den-
drite to the apical surface of the olfactory epi-
thelium, where odor receptors are localized;
and its axons form functional synaptic connec-
tions with the dendrites of mitral/tufted cells
within the glomeruli of the olfactory bulb [2].
Although neurons has the ability to regenerate,
neurogenesis following damage involves that a

number of steps in the regenerative process be
executed properly [3].

Induced pluripotent stem cells (iPSCs) were
firstly generated by Takahashi and Yamanaka
through using a combination of 4 reprogram-
ming factors including Oct4 (Octamer binding
transcription factor-4), Sox2 (Sex determining
region Y)-box 2, KIf4 (Kruppel-like factor-4), and
¢c-Myc in 2006 [4]. It can not only be derived
from different types of somatic cells by intro-
duction of several defined transcription factors
[5], but also demonstrates both self-renewing
and pluripotency like embryonic stem cells
(ESCs) without immune rejection or ethical is-
sues [6], which could be used as an alternative
for ESCs in various clinical research. Previously,
several studies have reported the differentia-
tion to olfactory receptor neurons-like or mitral/
tufted-like cells from neural stem cells and me-
senchymal stem cells. Lee et al. [7] engrafted
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Table 1. Primers for reverse transcription
polymerase chain reaction to identify iPSCs
pluripotency

Genes Sequence
Nanog F: 5’-CTCCGCTCCATAACTTCGGG-3’
R: 5’-GCCCAGATGTTGCGTAAGTC-3’

Oct4 F: 5’-AGCCGACAACAATGAGAACC-3’
R: 5’-TGATTGGCGATGTGAGTGAT-3’
Sox2 F: 5-GTGGTTACCTCTTCCTCCCAC-3’

R: 5-TCTCCCCTTCTCCAGTTCG-3’

Table 2. Primers for reverse transcription
polymerase chain reaction to identify the dif-
ferentiated iPSCs after 14-day co-culture

Genes Sequence
NCAM  F: 5’-CGCAGAGTATGAAGTCTATGTGGTA-3-3’
R: 5’-CAGGACGAAGATGACAATGAGGAT-3’
GAP43 F: 5-AGCCTAAACAAGCCGATGTGCCT-3’
R: 5’-TCTTCTTTACCCTCATCCTGTCG-3’
OMP F: 5’-TCTTCTTTACCCTCATCCTGTCG-3’
R: 5-AGCAGATGCGGCTCCGAGTAGA-3’
TBX21 F:5'-GTTCCCATTCCTGTCCTTCACCG-3’
R: 5-ACACTGCACCCACTTGCCGCTCT-3’
lbal F: 5’-CCTCGATGATCCCAAATACAGCA-3’
R: 5’-GCCACTGGACACCTCTCTAATTAA-3’

neural stem cells transnasally into the mouse
anosmia model and found that the control
group had better survival rate and better recov-
ery of olfactory function in terms of the food-
finding test and the expression of OMP (olfac-
tory marker protein) than those of the control
group. Bone marrow-derived cells have been
suggested to be transplanted in the olfactory
bulb through the tail vein injection and a few
cells can differentiate into mitral/tufted cells
in the olfactory bulb [8]. Franceschini V et al.
reported that human adipose tissue-derived
stem cells were intravenously injected to im-
mune deficient mice and this was shown to
provide conditions for regeneration of the olf-
actory neuroepithelium after permanent dam-
age was induced by dichlobenil [9].

As shown in the above-mentioned studies, Cell-
based therapy might be a promising option for
olfactory impairment. iPSCs can be differenti-
ated to different cell types and be applied in
the study or treatment of numerous diseases
and drug discovery [10]. However, there is less
research in regard to the potential treatment of
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iPSCs for dysosmia. In the present study, we
intended to evaluate the therapeutic potential
of iPSCs in restoring olfactory. The regenerative
potential of iPSCs was demonstrated through
indirect co-culture with olfactory epithelium
and olfactory bulb in vitro and investigated
whether iPSCs could be differentiated into
olfactory receptor neurons or mitral/tufted
cells, which may provide an experimental basis
for the treatment of sensorineural olfactory
disorder.

Materials and methods
Cell line and cell culture

Specific pathogen Free (SPF) CD-1/ICR mice
were ordered from Vital River Experimental
Animal Technology Co. Ltd (Beijing, China).
Mouse Embryonic Fibro lasts (MEF) were ex-
tracted from E12.5 CD-1/ICR mice embryos. A
mouse induced pluripotent stem (iPS) cell line
(0203-001) obtained from the SiDanSai bio-
logical technology Co. Ltd (Shanghai, China)
was maintained on 1x10* cells per cm? mito-
mycin C-inactivated MEF as a feeder layer on
0.1% gelatin-coated tissue culture dishes in
iPSC medium containing KNOCKOUT Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 15% fetal bovine serum
(FBS; Gibco), 1% nonessential amino acids
(Gibco), 1% L-GlutaMax 100x(Gibco), 0.1 mM
B-mercaptoethanol (Gibco), 1 ul/ml leukemia
inhibitory factor (LIF; Millipore, American). The
primary olfactory epithelium [11] or olfactory
bulb was obtained from CD-1/ICR mice at post-
natal day 5 and was cultured in medium con-
taining 97% DMEM/F12 (1:1) (Hyclone) sup-
plemented with 2% N, (Gibco), 1% B27 (Gibco)
and 100 U/ml penicillin and 100 mg/ml strep-
tomycin (Gibco).

All animal experiments were approved by the
Laboratory Animal Ethics Committee of the
First Affiliated Hospital of Nanchang University.

Mouse iPSC differentiation in indirect co-
culture model

For generation of embryoid bodies (EBs), iPS
cells were trypsinized and re-suspended in EB
medium (above-mentioned iPS medium with-
out LIF). To induce EB formation, the hanging
drop method was used and drops of 20 ul
containing 2000 cells were pipetted onto the
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Figure 1. Characterization of MEF cells. A. The primary MEF cells showed a
long spindle shaped, cytoplasmic full and strong in stereo dimension. Bar =
100 micrometer. B. Mitomycin C-inactivated MEF as a feeder layer cells: the
cell became slender and some black particles uniformly distributed in the
cells. Bar = 100 micrometer.

lids of 10 cm cell culture dishes, then the lids
were placed back on the 10 cm dish contain-
ing 10 mL PBS to prevent drying out of hanging
drops and incubated at 37°C for three days.
24 mm Transwell with 0.4 um pore polyester
membrane insert (product #3450, Corning,
American) which are packaged 6 inserts in a 6
well plate were used for co-culture. 3-day-old-
EBs were first carefully transferred to cell slides
coated with fibronectin, which were placed in
6-well plates and each well was inoculated 15
EBs, then the inserts were placed in same well
of 6-well plate followed by primary olfactory epi-
thelium or olfactory bulb seeding on the inserts
in medium containing 97% DMEM/F12 (1:1)
(Hyclone) supplemented with 2% N, (Gibco), 1%
B27 (Gibco). Medium was changed every day.
The cells seeding on the upper chamber (the
insert) stayed physically separated from the
subnatant EBs, but may communicate via cyto-
kine through the 0.4 um pores.

Immunofluorescence

After 14-day co-culture, for staining of iPSCs,
the cell slides in co-culture system were taken
out and washed three times by PBS, and then
they were fixed in 4% paraformaldehyde for 15
minutes and permeabilized for 20 minutes in
0.5% Triton X-100/phosphate-buffered saline
(PBS). Next, blocking was performed by in-
cubation in concentrated normal goat serum
(Boster, Wuhan, China) for 30 minutes. Then
the cells were incubated with primary antibod-
ies overnight at 4°C. Primary antibodies were
anti-OMP (1:100; Santa Cruz Biotechnology,
sc-365818), anti-GAP43 (1:100; Abcam Bio-
technology; ab-11136), anti-NCAM (1:100; Ab-
cam Biotechnology; ab-9018), anti-T-bet/TBX-
21 (1:100; Abcam Biotechnology; ab-181400),
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anti-lbal (1:1200; Abcam Bio-
technology; ab178680). Then
cells were incubated with sec-
ondary antibody for 2 hour at
room temperature. Secondary
antibodies were goat anti-rab-
bit (IgG-cy31:100; Boster,
Wuhan, China; BA1032), goat-
anti-mouse IgG-cy3 (1:100;
Boster, Wuhan, China; BA10-
31). Finally, cells were stained
with 4’,6-diamidino-2-phenyl-
indole (DAPI) for nuclear coun-
terstaining and mounted with
Antifade Mounting Medium
(Southern Biotech; 0100-01). All fluorescent
photographs were acquired using a using an
Olympus BX53 fluorescence microscope.
Secondary antibodies were from the goat.

RNA extraction and RT-PCR

To identify iPSCs pluripotency genes Oct4,
Nanog and Sox2, semi-quantitative RT-PCR
was used. Total RNA of iPSCs was extracted
using TRIzol reagent (Life Technologies, Dar-
mstadt, Germany), according to the manufac-
turer’s instructions. cDNA was synthesized us-
ing Ex Taqg TM (TAKARA; DRR100A). The result-
ing cDNA was amplified by PCR using specific
primers. Primer sequences are listed in Table
1. Thermal cycling was performed as follows:
94°C (4 min), 30 cycles of 94°C for 30 s, 56°C
for 25 s and 72°C for 25 s, then 72°C (4 min)
and 4°C (4 min). B-actin expression was used
as a normalizing internal control. PCR products
were resolved by electrophoresis on 1.5% aga-
rose gels.

To quantitate olfactory receptor neurons-spe-
cific markers (OMP, GAP43, NCAM) express-
ion and mitral/tufted cells specific makers
(TBX21, lbal) expression in differentiated iPS
cells, the synthesized cDNA of iPSCs after 14-
day co-cultured was followed the same steps
as mentioned above with b-actin expression as
an internal control. Real-time quantitative PCR
(qPCR) was performed using the 2xAll-in-One™
qPCR Mix (GeneCopoeia, American). Specific
primers for reverse transcription and PCR re-
action are shown in Table 2. The conditions for
qPCR were 50°C (2 minutes), 95°C (10 min-
utes), followed by 40 cycles of 95°C for 30 s
and 60°C for 30 s.

Int J Clin Exp Pathol 2017;10(7):8072-8081
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Figure 2. Characterization of mouse iPS cells. A. The iPS cells grew with adherence and formed colonies. Bar = 100
micrometer. B. Embryoid bodies (EBs) formed readily the hanging drop method. Bar = 50 micrometer. C. EBs emitted
green fluorescence under the excitation of the blue light under the fluorescence microscope. Bar = 50 micrometer.

2000bp 2000bp
1000bp 1000bp
750bp 750bp
500bp 500bp
250bp 250bp
100bp 100bp
1.DL2000;2000bp, 1000bp, 750bp,500bp, 250bp, 100bp 1.DL2000;2000bp,1000bp, 750bp, 500bp, 250bp, 100bp
2. MEF mus actin 2.iPSCs mus Oct4
3.iPSCs mus actin 3. MEF mus Oct4
1 2 3 3 2 1
20000p 20000p
10000p 1000bp
7500p 750bp
S00bp 500bp
2500p 250bp
100bp 100bp

1.DL2000;2000bp, 1000bp, 750bp, 500bp, 250bp,100bp  1.DL2000;2000bp, 1000bp, 750bp, 500bp, 250bp, 100bp
2. MEF mus Nanog 2.iPSCs mus Sox2
3.iPSCs mus Nanog 3. MEF mus Sox2

Figure 3. Upregulation of pluripotency genes (Nanog, Oct4, and Sox2) in the iPS cells compared with MEF by RT-PCR
analysis. Actin was the internal control.

All experiments were done in triplicate. Data ative expression levels were evaluated using
were normalized to the internal control and rel- the 222t method. Specific primers for reverse
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transcription and PCR re-
action are shown in Tables 1
and 2.

Statistical analysis

The experiment was repeat-
ed at least three times. All
the data are presented as
mean + SEM. Statistical sig-
nificance for two compari-
sons was evaluated by t
test. Differences with P <
0.05 were considered sta-
tistically significant.

Results

Characterization of MEF
cells

The MEF were extracted
from E12.5 CD-1/ICR mice
embryos, after one-day cul-
ture, the cells grew with
adherence, which showed a
long spindle shaped, cyto-
plasmic full and strong in
stereo dimension (Figure
1A). They grew rapidly and
were passaged after 3 day
culture; while MEF were in-
activated by mitomycin C for
3 hours and became feeder
cells. The feeder cells lose
their proliferative capacity
and were as a feeder layer
for culturing IPS cells (Fig-
ure 1B).

Identification of mouse iPS
cells

Mouse iPS cells were cul-
tured with feeder cells in
the above mentioned iPSC
medium. Figure 2A shows
undifferentiated iPSCs colo-
nies grew on feeder cells;
After 3-4 days culture, we
collected the mouse iPS
cells and form EBs (Figure
2B). Initially, EBs were form-
ed by hanging drop culture
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Figure 4. A. Immunofluorescence staining of olfactory receptor neuron spe-
cific markers (OMP, Olfactory Maker Protein). Aa. The iPS cells co-cultured
with OSNs hardly expressed Oct4 GFP Gene. Ab. The differentiated iPSCs
expressed OMP after 12-day co-culture Scale bars = 50 um. Ac. 4’,6-diamid-
ino-2-phenylindole (DAPI) staining. Ad. Image D is merged by image B and
image C. Scale bars = 50 um. B. Immunofluorescence staining of olfactory
receptor neurons specific Markers (NCAM, Neural Cell Adhesion Molecule).
Ba. The iPS cells co-cultured with OSNs hardly expressed Oct4 GFP Gene.
Bb. The differentiated iPSCs expressed NCAM after 12-day co-culture. Bc.
4’ ,6-diamidino-2-phenylindole (DAPI) staining. Bd. Image D is merged by im-
age B and image C. Scale bars = 50 um. C. Immunofluorescence staining of
olfactory receptor neurons specific Markers (GAP43, Growth Associated Pro-
tein-43). Ca. The iPS cells co-cultured with OSNs hardly expressed Oct4 GFP
Gene. Ch. The differentiated iPSCs expressed GAP43 after 12-day co-culture.
Cc. 4’,6-diamidino-2-phenylindole (DAPI) staining. Cd. Image D is merged by

M/T cells specific proteins
TBX21 (Figure 5A), Ibal
(Figure 5B) expression, not in
control group.

RT-PCR showed expression
levels of OMP, NCAM, GAP43
in the co-culture on days 14
(Figure 6A) compared with
the control; besides, GAP43
expression was significantly
higher than OMP, NCAM, whi-
ch showed more iPSCs may
differentiated to non-mature
OSNs other than mature OS-
Ns. TBX21, Ibal (Figure 6B)
were also expressed in olfac-
tory bulb co-culture group, not
in the control group.

Discussion

It is generally known that

image B and image C. Scale bars = 50 um.

and largely composed of densely packed iPSCs,
creating simple EBs. After cultured in suspen-
sion 2-3 days, the EBs were collected and were
cultured on 6-well plates. Under fluorescence
microscope, the undifferentiated EBs emitted
green fluorescence with Oct4-GFP+ (Figure
2C).

Semi-quantitative PCR showed the pluripoten-
cy genes (Nanog, Oct4, and Sox2) were expre-
ssed in the iPS cells but not in the MEF, which
identify iPSC pluripotency (Figure 3).

Differentiation to OSNs or M/T cells in vitro

In vitro differentiation of iPSCs was induced
using a co-culture model established by Corn-
ing Transwell. In the co-culture model, the ORNs
or M/T cells were seeded on hanging cell cul-
ture inserts to prevent direct contact with the
EBs, which were seeded on the 6-well plates.
At 14-day co-culture, we collected the EBs on
the Transwell 6-well for analysis.

Immunofluorescence analysis of OSNs co-cul-
ture group showed that the expression and dis-
tribution of the ORNs proteins as OMP (Figure
4A), NCAM (Figure 4B) and GAP43 (Figure 4C)
were more obvious than that in the control. As
the same, M/T cells co-culture group also show
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the olfactory nerve can spon-
taneously regenerate, which
involves various factors. In
some cases, damage can result in irreversible
anosmia. Despite advances in our understand-
ing of olfaction, effective treatments for com-
mon causes of olfactory loss, including head
trauma, viral infection, and chronic rhinosinus-
itis, aging [12], neurodegenerative diseases
[13] or environmental factors remain elusive at
this time. As a result, we attempted to evaluate
the effects of iPSCs on irreversible anosmia.

In the present study, we report cell differentia-
tion in vitro that mouse iPSCs possess the
potency to differentiate into olfactory receptor
neurons and mitral/tufted neurons in the indi-
rect co-culture system. These differentiated
cells express olfactory receptor neuron mark-
ers (OMP, GAP43, NCAM) and mitral/tufted
neuron markers (TBX21, lbal) after 14-day
co-culture.

Gene expression experiments in mouse iPSCs
revealed that the expression of OSNs markers,
including OMP, GAP43, NCAM were markedly
increased in olfactory epithelium co-culture
compared with iPSCs grown alone. The expres-
sion of olfactory maker protein (OMP), which
expressed in fully differentiated and matured
OSNs [14] indicated mouse iPSCs differentiat-
ed into matured OSNs. Growth associated pro-
tein-43 (GAP-43) is an important marker genes

Int J Clin Exp Pathol 2017;10(7):8072-8081
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Figure 5. A. Immunofluorescence staining of mitral/tufted neurons specific
markers (TBX21, T-box Transcription Factor-21). Aa. The iPS cells co-cultured
with OSNs hardly expressed Oct4 GFP Gene. Ab. The differentiated iPSCs
expressed TBX21 after 12-day co-culture. Ac. 4’,6-diamidino-2-phenylindole
(DAPI) staining. Ad. Image D is merged by image B and image C. Scale bars
=50 um. B. Immunofluorescence staining of mitral/tufted neurons specific
markers (Ibal, lonized Calcium Binding Adaptor Molecule 1). Ba. The iPS
cells co-cultured with OSNs hardly expressed Oct4 GFP Gene. Bb. The dif-
ferentiated iPSCs expressed Ibal after 12-day co-culture. Bc. 4’,6-diamidino-
2-phenylindole (DAPI) staining. Bd. Image D is merged by image B and image
C. Scale bars = 50 um.

er than that of OMP, which
showed that most of mouse
iPSCs differentiated into im-
mature OSNs in the olfactory
epithelium.

T-bet/Thx21 expression is
confined to olfactory bulb
and the thymus. In the olfac-
tory bulb, T-bet/TBX21 expre-
ss highly in the mitral/tufted
cell layer as well as in a few
scattered cells of the glomer-
ular layer [15]; lonized calci-
um binding adaptor molecule
1 (Ibal) is considered to be a
marker of microglia/macro-
phages [16]; Ibal and TBX21
stain the cytoplasm of mi-
croglia/macrophages and the
nuclei of mitral/tufted cells
respectively. The expression
of TBX21 and lbal in the olf-
actory bulb co-culture indicat-
ed that the differentiation of
iPSCs toward M/T occurred.

Indirect co-culture systems
are cultures in which two or
more types of cells are cul-
tured in the same environ-
ment with physical separa-
tion. In this type, cells inter-
act only through soluble fac-
tor signaling [17] so the dif-
ferentiation mechanism may
involves that olfactory epithe-
lium and olfactory bulb in
the upper chambers of Trans-
well plates secrete some
cytokines or growth factors
which promoted the differen-
tiation of mouse iPSCs into
OSN-like cells and M/T neu-
ron-like cells.

However, there have been
several studies assessing
the paracrine effect of trans-
planted stem cells on res-
toration of olfactory disorder
rather than its differentiation
to olfactory receptor neurons.

used to confirm differentiation of iPSCs into Kwon et al. [18] reported that bone marrow

immature OSNs. Our Real time PCR analysis stromal cells

(BMSCs) transplantation ac-

showed that the expression of GAP43 was high- celerated regeneration of chemically damaged
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olfactory mucosa through the paracrine effect
of BMSCs on NGF (nerve growth factor). Jo et
al. [19] demonstrated that BMSCs transplanta-
tion affect restoration of OE and olfaction, most
likely via regulation of the neurotrophic factor
expression.

However, our studies demonstrated that only a
small number of iPSCs expressed OSNs mark-
ers and M/T neuron markers during culture.
This suggests that the efficiency of iPSC differ-
entiation is low. As Shu et al. mentioned [20]
melatonin could promote neural differentiation
of induced pluripotent stem cells. So neuro-
trophic factor or NGF could promote olfactory
nerve regeneration, we presumed that we can
improve the efficiency of induction by adding
some cytokines which promote neural differen-
tiation of iPSCs.

To our knowledge, this is the first time that
mouse iPSCs differentiating to OSN-like cells
and M/T neuron-like cell have been demon-
strated and iPSCs transplantation has a possi-
bility of a potential future treatment for olfac-
tory disorder. Although further studies need
to elucidate whether iPSCs can promote anos-
mia functionally after transplantation following
olfactory damages. In future, we are going to do
experiment in vivo.
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Figure 6. A. Real-time PCR analysis of OMP,
GAP43, and NCAM in the iPS cells in experi-
mental group and control group. Experiments
were performed in triplicate. *Significant at P
< 0.05. B. Real-time PCR analysis of TBX21,
Ibal in the iPS cells in experimental group
and control group. Experiments were per-
formed in triplicate. *Significant at P < 0.05.
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