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Differentiation in Human Pluripotent Stem Cells
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During embryonic development, the olfactory sensory neurons (OSNs) and the gonadotropic-releasing hormone
neurons (GNRHNs) migrate from the early nasal cavity, known as the olfactory placode, to the brain. Defects in
the development of OSNs and GNRHNs result in neurodevelopmental disorders such as anosmia and congenital
hypogonadotropic hypogonadism, respectively. Treatments do not restore the defective neurons in these dis-
orders, and as a result, patients have a diminished sense of smell or a gonadotropin hormone deficiency. Human
pluripotent stem cells (hPSCs) can produce any cell type in the body; therefore, they are an invaluable tool for
cell replacement therapies. Transplantation of olfactory placode progenitors, derived from hPSCs, is a promis-
ing therapeutic to replace OSNs and GNRHNs and restore tissue function. Protocols to generate olfactory
placode progenitors are limited, and thus, we describe, in this study, a novel in vitro model for olfactory placode
differentiation in hPSCs, which is capable of producing both OSNs and GNRHNs. Our study investigates the
major developmental signaling factors that recapitulate the embryonic development of the olfactory tissue. We
demonstrate that induction of olfactory placode in hPSCs requires bone morphogenetic protein inhibition,
wingless/integrated protein inhibition, retinoic acid inhibition, transforming growth factor alpha activation, and
fibroblast growth factor 8 activation. We further show that the protocol transitions hPSCs through the anterior
pan-placode ectoderm and neural ectoderm regions in early development while preventing neural crest and non-
neural ectoderm regions. Finally, we demonstrate production of OSNs and GNRHNs by day 30 of differenti-
ation. Our study is the first to report on OSN differentiation in hPSCs.

Keywords: human pluripotent stem cell, differentiation, olfactory placode, olfactory sensory neurons,
gonadotropin-releasing hormone neurons

Introduction

Human pluripotent stem cells (hPSCs) are an invalu-
able tool to study human embryonic development [1],

and their ability to produce large numbers of specialized cells
support their potential as a therapy to replace damaged cells
[2]. A number of preclinical studies showed that transplan-
tation of hPSC-derived neural progenitors into animal models
of disease substantially restored tissue function through
replacement of neurons and glia [3,4]. Highly efficient dif-

ferentiation protocols were developed for a plethora of cell
types and are essential for their function in transplantations
[3,4].

The olfactory tissue is a unique model to study develop-
ment and neurogenesis because of its diverse population
of cells and its lifetime capacity to regenerate [5,6]. During
early embryonic development, olfactory sensory neurons
(OSNs) and gonadotropin-releasing hormone neurons
(GNRHNs) reside in the olfactory placode and travel to
their designated locations in the brain [7,8]. Defects in the
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embryonic development of OSNs lead to congenital anos-
mia, the inability to detect odors [9]. Additionally, age-
related olfactory dysfunction may occur in adults 40 years or
older due to progressive degeneration of OSNs and is often
the first symptom detected in those with neurodegeneration
[9]. Olfactory dysfunction is estimated to occur in 3%–20%
of the population in the United States [9]. Defects in
GNRHNs cause a hormone deficiency called congenital
hypogonadotropic hypogonadism (CHH), which affects 3.75
in 100,000 people and results in failure to sexually mature
and reproduce [7]. Even rarer, Kallmann syndrome is the
combination of anosmia and CHH [7].

Transplantation of olfactory progenitors, derived from
hPSCs, have the potential to treat anosmia and CHH through
replacement of OSNs and GNRHNs, respectively. The first
step toward their use in the clinic is to create a model to
differentiate hPSCs into olfactory placode through a sequence
of molecular cues that recapitulate characteristics of their
natural development. Placodes are thickenings of ectoderm,
derived from a common region called the pan-placode ecto-
derm (PPE), which develop into sensory organs such as the
ocular lens, olfactory tissue, or inner ear [10]. Previous
studies demonstrated the in vitro production of lens epithelial
cells, hormone-releasing pituitary cells, trigeminal neurons,
inner ear hair cells, and auditory neurons in hPSCs [11–22].
However, there are no studies on OSN differentiation in
hPSCs and only one study on GNRHN differentiation [23].

During gastrulation, antagonists of bone morphogenetic
proteins (BMPs), nodal growth differentiation factors
(NODALs), wingless/integrated proteins (WNTs), and fibro-
blast growth factors (FGFs) in the epiblast cells promote
ectoderm differentiation [24,25]. In the early gastrula, differ-
ent BMP signals distinguish between the various ectodermal
regions, including the early PPE [10,26]. Subsequently,
during the late gastrula, BMP inhibition is required for the
completion of PPE development [10,26]. Additionally, the
combination of BMP inhibition, WNT inhibition, and FGF
activation promotes optimal PPE development [27]. The
olfactory placode is derived from the anterior PPE and spec-
ified during late-stage gastrulation [10]. BMP inhibition
plays a major role in promoting an olfactory fate versus a
lens fate [28,29]. Furthermore, antagonists of WNT and ret-
inoic acid (RA) promote anterior and rostral cell fates while
inhibiting posterior placodes [30–34].

Based on evidence from these published studies, we es-
tablished a novel protocol for olfactory placode differentia-
tion and demonstrated molecular analysis supporting a role for
neural olfactory placode expression and the production of
OSNs and GNRHNs in hPSCs.

Materials and Methods

Stem cell cultures

The hPSC line used was iPS-IMR90-1 (passage 40–60),
purchased from WiCell [35] under a Materials Transfer
Agreement (WiCell agreement 20-W0304). The use of this
de-identified cell line does not constitute human subjects
research. Stem cells were maintained on Matrigel-coated
plates (Corning, Cat. No. 354277), cultured in mTeSR1
media (Stem Cell Technologies, Cat. No. 85850), and pas-
saged following the WiCell Feeder Independent mTeSR1
protocol. Stem cell cultures were passaged every 4–6 days

using Dispase I (Life Technologies, Cat. No. 17105-041) at
densities between 60% and 80% confluency and a 1:3–1:5
split ratio.

Directed differentiation of hPSCs into olfactory
placode cells and neurons

To start differentiation, hPSCs were dissociated into sin-
gle cells using Accutase (Stem Cell Technologies, Cat. No.
07920) and seeded at a density of 50,000 cells/cm2 in 24-
well plates coated with Matrigel (Corning, Cat. No.
354277). Cells were grown in an insulin–transferrin–selenite
(ITS) base differentiation media, consisting of DMEM/F12
medium (Thermo Fisher, Cat. No. 11320-033) supplemen-
ted with 10 mL/L penicillin–streptomycin (Thermo Fisher,
Cat. No. 15140-122), 1.35 g/L glucose (Thermo Fisher, Cat.
No. 15023021), 5 mg/L insulin solution human (Sigma-
Aldrich, Cat. No. I9278), 50 mg/L apo-transferrin human
(Sigma-Aldrich, Cat. No. T2036-500), and 0.03 mM sodium
selenite (Sigma-Aldrich, Cat. No. S5261). Cells were treated
with 10mM Y-27632 dihydrochloride (Sigma-Aldrich, Cat.
No. Y0503) for the first 24 h after seeding and differentia-
tion media were changed every 24 h until the end of the
experiment.

For olfactory placode experiments, the small molecules
and growth factors added to the ITS media for directed
differentiation included: 300 nM LDN-193189 (AXON
Medchem, Cat. No. 1509), 1 mM SB-431542 (StemMACS,
Cat. No. 130-105-336), 1mM IWP2 (StemMACS, Cat. No.
130-105-335), 100 nM AGN193109 (Tocris, Cat. No. 5758),
10 ng/mL transforming growth factor alpha (TGFa; Stem
Cell Technologies, Cat. No. 78123), and 10 ng/mL FGF8
(PeproTech, Cat. No. 100-25). Timed addition of these
small molecules and growth factors are detailed in the
Results section.

For the time course experiment and experiments in which
we differentiated OSNs and GNRHNs, neural media were
used from day 12 to 30 of differentiation, and 1mM DAPT
(StemMACS, Cat. No. 130-103-924) was added from day 24
to 30 to accelerate neuronal differentiation. Neural media
contained DMEM/F12 supplemented with 10 mL/L penicil-
lin–streptomycin (Thermo Fisher, Cat. No. 15140-122),
1.35 g/L glucose (Thermo Fisher, Cat. No. 15023021), and
N2 supplement-B (Stem Cell Technologies, Cat. No. 07156).

Quantitative real-time polymerase chain reaction

Total RNA was extracted using the RNeasy Micro Kit
(Qiagen, Cat. No. 74004) and RNase-Free DNase Kit (Qiagen,
Cat. No. 79254). RNA was reversed transcribed into cDNA
using the High-Capacity RNA to cDNA Kit (Applied Bio-
systems, Cat. No. 4387406). Quantitative real-time poly-
merase chain reaction (qRT-PCR) was performed using the
SybrGreen PCR Master Mix (Applied Biosystems, Cat. No.
4309155) and reactions were run on the real-time PCR
thermocycler (Applied Biosystems). Primers were designed
using the PrimerQuest Tool and purchased from Integrated
DNA Technologies. A complete list of the primers is pro-
vided in Supplementary Table S1. Data were normalized
to the gene 18S (internal control) and fold change was
calculated relative to Ct values from vehicle-treated groups
or day 0 stem cells in the time course experiment using
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the DDCt method. There were five experimental replicates
(n = 5) for all experiments, except the time course experi-
ment which had four experimental replicates (n = 4).

RNA sequencing

Total RNA extracted at day 30 of differentiation (either
vehicle or Final+DAPT treated, n = 3), were subjected to
RNA sequencing (RNA-Seq). Preparation of RNA library
and transcriptome sequencing was conducted by Novogene
Co., Ltd. (UC Davis, CA). Briefly, cDNA was generated
from purified, fragmented mRNA using random hexamers
and used for library preparation. Paired-end reads were gen-
erated using the Illumina platform. High-quality reads
obtained after quality control were mapped to the hg38
reference genome using Hisat2 (v. 2.0.5). FeatureCounts
(v1.5.0-p3) was used to generate read counts and FPKM of
each gene was calculated. The R package, DESeq2 (1.20.0)
was used to assess differential expression between vehicle-
treated and Final+DAPT-treated groups. P values obtained
were adjusted using the Benjamini–Hochberg approach.

Genes were filtered to exclude low read counts (<10), and
only those with an adjusted P value <0.05 and jlog2FCj > 1
were considered as differentially expressed. We examined
the presence of differentially expressed genes in human
olfactory placode formation (GO: 0071698, 0071699,
0071700, 0030910, 0060166) using gene ontology data [36–
38] and the Park and Saint-Jeannet, 2010 article [39].

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Alfa Aesar,
Cat. No. 43368) for 10 min, permeabilized with 0.3% Triton
(Sigma, Cat. No. T9284-500 ml) for 10 min, and blocked with
a solution of 2% fetal bovine serum (Thermo Fisher, Cat. No.
10438-026) and 0.01% Tween in 1 · phosphate-buffered saline
(PBS; EmbryoMax, Cat. No. BSS-1006-B) for 30 min. Pri-
mary and secondary antibodies were diluted in the same
blocking solution. A complete list of the primary antibodies
used in this study, as well as their dilution factors, is provided
in Supplementary Table S2. The EMX2 antibody (Thermo
Fisher, Cat. No. MA5-18821) was not included in our analyses,
because staining was unsuccessful and alternative antibodies
were not available. The olfactory marker protein (OMP) anti-
body used in this study was previously used in eight other
studies [40–47] and the gonadotropin-releasing hormone 1
(GNRH1) antibody was previously used in one other study
[48]. Cross-absorbed Alexa Fluor anti-mouse IgG, anti-rabbit
IgG, or anti-goat IgG (Invitrogen) were used as secondary
antibodies, as outlined in Supplementary Table S2.

Primary antibodies were incubated for 1 h at 37�C and
secondary antibodies were incubated for 30 min at 37�C.

Cells were treated with 10 mg/mL DAPI (Invitrogen) for
1 min and then washed three times with 0.01% Tween in
1 · PBS. Samples were stored in 1 · PBS and imaged on the
24-well plates. For experiments with neurons, stem cells
were seeded onto coverslips and differentiated. At the end
of the experiment, neurons were fixed and stained, and then
coverslips were transferred to glass slides for imaging at
magnification 20 · or 63 · with oil. Microscopy was perfor-
med on a LSM 800 confocal microscope (Zeiss). We per-
formed a Z-stack and took five images per experimental
group. We quantified the number of positive cells for each
image and constructed figures using the HALO software.
The HALO software calculated the number of positive cells
for each primary antibody and DAPI-positive cells. The num-
ber of positive cells for each protein was normalized to the
total number of cells in the sample (DAPI-positive cells).

Statistical analyses

Sample size was determined using G*Power software.
The parameters were set to a priori, an alpha error proba-
bility of 0.05, and a statistical power of 0.80. Analyses were
performed using statistical software (GraphPad Prism 5.04;
GraphPad Software). All statistical tests were two-sided
and data were presented as sample mean – standard error of
the mean (SEM). Differences between groups were analyzed
by one-way ANOVA with Dunnett’s multiple comparisons
to calculate P-values (*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Timed BMP inhibition induces olfactory placode
expression with neural potential

BMP signaling determines cell fate decisions between lens
and olfactory placodes during late-stage gastrulation [28,29].
BMP activation promotes a lens fate, whereas BMP inhibition
induces an olfactory fate [28,29]. Therefore, we tested the
hypothesis that BMP inhibition induces olfactory placode in
hPSCs. We treated hPSCs with LDN-193189 (LDN), a
small-molecule BMP inhibitor, starting at day 1, 3, or 6 of
differentiation to test the optimal timing of BMP inhibition
treatment for the induction of olfactory placode. We analyzed
expression of key olfactory placode and neural progenitor
markers at day 24 of differentiation. Gene expression of ol-
factory placode (POU2F1, DLX5, EMX2) and neural progen-
itor (ASCL1, NESTIN) was highest in the day 3 LDN group,
whereas lens placode (FOXE3) was inhibited at all LDN
treatment days (Fig. 1A). In the day 3 LDN group, cells ag-
gregated to form colonies by day 24 of differentiation.

POU2F1-positive cells were found in the center of the
colonies and NESTIN-positive cells were expressed at the

‰

FIG. 1. Timed BMP inhibition induces olfactory placode expression with neural potential. (A) qRT-PCR results at day 24 for
olfactory placode (POU2F1, DLX5, EMX2), neural progenitor (ASCL1, NESTIN), and lens placode (FOXE3). Values are
normalized to 18S and compared with vehicle-treated group (n = 5, mean – SEM). (B) Immunocytochemistry analysis comparing
protein expression on day 24 of differentiation for POU2F1 (green) and NESTIN (red). Scale bars, 100mM. (C) Quantification
of POU2F1- and NESTIN-positive cells. Values are normalized to DAPI and compared with vehicle-treated group (n = 5,
mean – SEM). (D) Immunocytochemistry analysis comparing protein expression on day 24 of differentiation for DLX5 (green)
and ASCL1 (red). Scale bars, 100mM. (E) Quantification of DLX5- and ASCL1-positive cells. Values are normalized to DAPI
and compared with vehicle-treated group (n = 5, mean – SEM). P-values (*P < 0.05, **P < 0.01, ***P < 0.001). BMP, bone
morphogenetic protein; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.
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periphery of the colonies (Fig. 1B). There was a 34%
increase of POU2F1-positive cells, 26% increase in NESTIN-
positive cells, and a 24% increase in POU2F1 and NESTIN
coexpressing positive cells in the day 3 group (Fig. 1C).
DLX5 and ASCL1 were expressed at the periphery of
the colonies and in the interconnecting cells of the colonies
in the day 3 LDN group (Fig. 1D). There was a significant
decrease in the number of DLX5 and ASCL1-positive cells
in the 3-day LDN-treated group versus control; however,
there was also a substantial difference in morphology of
the colonies and DLX5- and ASCL1-expressing cells were
localized to the periphery (Fig. 1E). Overall, the substantial
increase in gene expression along with localized expression
of the markers to the periphery of the colonies indicates
formation of olfactory placode. EMX2 was not assessed
due to inadequate detection of the antibody in the immuno-
cytochemistry experiments.

WNT inhibition elevates olfactory placode
expression and increases the number of neural
progenitors

We next explored the synergy of manipulating the NODAL
and WNT pathways in combination with BMP inhibition.
Inhibition of the NODAL pathway promotes ectoderm by
blocking endoderm and mesoderm [49–51]. The WNT path-
way patterns the anterior–posterior axis, in which WNT
inhibition promotes anterior cell fates [30–32]. We treated
hPSCs with LDN (days 3–24) in combination with vehicle,
SB-431542 (SB) to block the NODAL pathway (days 3–18),
or both SB (days 3–18) and IWP2 (IWP) to block the WNT
pathway (days 3–18). Expression of olfactory placode
(POU2F1, DLX5, EMX2) and neural progenitor (ASCL1,
SOX2) markers were analyzed at day 24 of differentiation.
DLX5 and EMX2 gene expression were significantly ele-
vated in the SB- and IWP-treated group; however, there was
no difference with SB alone. SB and IWP treatment did
not affect gene expression of POU2F1, ASCL1, or SOX2
(Fig. 2A).

For the immunocytochemistry analysis, there was no sig-
nificant difference in the number of POU2F1- or DLX5-
positive cells in either of the treatment groups (Fig. 2B, C).
There was a 42% increase in ASCL1-positive cells, a 58%
increase in SOX2-positive cells, and a 51% increase in
ASCL1 and SOX2 coexpressing positive cells in the SB-
and IWP-treated group (Fig. 2D, E). These results indicate
that WNT inhibition elevates olfactory placode gene expres-
sion and increases the number of neural progenitors. Since
NODAL inhibition, without WNT inhibition, did not promote
more neural progenitors, we concluded that SB treatment
was not necessary and was excluded from all subsequent
experiments.

Combined RA inhibition and WNT inhibition
treatment amplifies neural olfactory placode
expression

RA patterns the rostral–caudal axis of the head and is
also a posterior factor, thus, its inhibition promotes the
development of anterior and rostral cell fates [32–34]. We
assessed the effects of RA inhibition on olfactory pla-
code expression by using the small-molecule inhibitor,
AGN193109 (AGN), to block the RA pathway. We treated
hPSCs with LDN (days 3–24) in combination with vehicle,
IWP (days 3–18), or both IWP (days 3–18) and AGN (days
9–18), and evaluated expression of markers at day 24 of
differentiation. The combination of IWP and AGN treatment
significantly increased gene expression of olfactory placode
(POU2F1, DLX5) and neural progenitor (ASCL1, SOX2)
markers compared with vehicle treated; however, EMX2
showed decreased gene expression following IWP or com-
bined IWP and AGN treatment (Fig. 3A).

The number of POU2F1-positive cells and POU2F1/
DLX5-coexpressing cells was reduced in the combined IWP-
and AGN-treated group, but there was no difference in the
number of DLX5-positive cells across groups (Fig. 3B, C).
Additionally, there were no differences in the number of
ASCL1- and SOX2-positive cells between groups (Fig. 3D,
E). The qRT-PCR data suggest that the combined IWP and
AGN treatment further amplifies neural olfactory placode
gene expression. POU2F1 is a transcription factor in cell
cycle regulation [52], and the reduction of POU2F1-positive
cells, after RA inhibition treatment, may be an indicator of
the cells exiting the cell cycle.

Combined TGFa and FGF8 treatment boosts EMX2
gene expression

TGFa stimulates cell proliferation in olfactory explant
cultures and promotes neuronal survival [53–56]. FGF8 is
expressed in the invaginating epithelium of the olfactory pit
and plays a crucial role in olfactory development and neu-
rogenesis [56–60]. We hypothesize that TGFa and FGF8
treatment in combination with BMP inhibition promotes
olfactory placode differentiation and increases neural pro-
liferation. We treated hPSCs with LDN (days 3–24) com-
bined with vehicle, TGFa, FGF8, or both (all at days 9–24)
and analyzed expression of markers at day 24 of differen-
tiation. The combination of TGFa and FGF8 produced a
significant increase in EMX2 expression; however, individ-
ually they had no effect. Additionally, TGFa and FGF8
did not alter gene expression for other olfactory placode
(POU2F1, DLX5) or neural progenitor (ASCL1, SOX2)
markers (Fig. 4). We conclude that the combined treatment
of TGFa and FGF8 specifically boosts EMX2 expression
and does not promote other olfactory genes.

‰

FIG. 2. WNT inhibition elevates olfactory placode expression and increases the number of neural progenitors. (A) qRT-PCR
results at day 24 for olfactory placode (POU2F1, DLX5, EMX2) and neural progenitor (ASCL1, SOX2). Values are normalized to
18S and compared with vehicle-treated group (n = 5, mean – SEM). (B) Immunocytochemistry analysis comparing protein ex-
pression on day 24 of differentiation for POU2F1 (green) and DLX5 (red). Scale bars, 100mM. (C) Quantification of POU2F1- and
DLX5-positive cells. Values are normalized to DAPI and compared with vehicle-treated group (n = 5, mean – SEM). (D) Im-
munocytochemistry analysis comparing protein expression on day 24 of differentiation for ASCL1 (green) and SOX2 (red). Scale
bars, 100mM. (E) Quantification of ASCL1- and SOX2-positive cells. Values are normalized to DAPI and compared with vehicle-
treated group (n = 5, mean – SEM). P-values (*P < 0.05, **P < 0.01, ***P < 0.001). WNT, wingless/integrated proteins.
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A time course analysis demonstrates the dynamic
expression of genes for the combined treatment
plan to derive neural olfactory placode

We next evaluated the dynamic expression of genes over
the course of 30 days and analyzed expression every 6 days
using the total combined treatment. DAPT is a g-secretase
inhibitor and was added to cells on days 24–30 to accelerate
neuronal differentiation [61] (Fig. 5A). We first evaluated
transcriptional markers of the four different ectodermal regi-
ons in early development: PPE, neural crest (NC), non-
neural ectoderm (NNE), and neural ectoderm (NE). SIX1
and EYA1 (PPE) gene expression peaked at day 6 of dif-
ferentiation and turned off by day 12, suggesting transition
through the PPE. There was no increase in gene expres-
sion for PAX7 and SOX10 (NC) or TFAP2A and FOXI1
(NNE) in the day 6–12 window, showing that NC and
NNE were inhibited. PAX6 (NE) had a substantial increase
between days 6 and 12, indicating early induction of NE
(Fig. 5B).

We next looked at transcriptional markers for olfactory
placode and neural progenitors, which are expressed much
later in differentiation. DLX5 (olfactory placode) peaked at
day 30 and EMX2 (olfactory placode) peaked between
days 18 and 30. POU2F1 (olfactory placode) stayed at low
basal levels and was not induced, possibly indicating an
exit from the cell cycle. OTX2 (olfactory placode) peaked
early at day 6 and had a small increase at day 24, and
FOXG1 (olfactory placode) had a considerable induction
at day 30 of differentiation. ASCL1 (neural progenitor)
peaked by day 24 of differentiation and decreased by day
30, the time at which immature neurons appeared in the
culture. Surprisingly, SOX2 (neural progenitor) expression
peaked at day 6 of differentiation and then remained low.
NESTIN (immature neuron) was elevated between days 18
and 30, and GAP43 (immature neuron) peaked at day 30
(Fig. 5B).

Finally, we confirmed negative expression of different
placodes, pluripotency, mesoderm germ layer, and endo-
derm germ layer. FOXE3 (lens placode), LHX3 (adeno-
hypophyseal placode), PAX3 (trigeminal placode), and
PAX8 (otic placode) all stayed at basal levels and had
slight increases by day 30. POU5F1 (pluripotency) and
TBXT (mesoderm) significantly decreased across all
times indicating loss of pluripotency and mesodermal cell
fates, respectively. SOX17 (endoderm) had a small peak
at day 12 but was decreased at all other time points, indi-
cating endoderm inhibition (Supplementary Fig. S1A).
These results suggest induction of neural olfactory placode
that is being driven by early expression of anterior PPE
and NE.

OSNs and GNRHNs arise from hPSC-derived
olfactory placode

Finally, we differentiated hPSCs out to day 30 and tested
for production of OSNs, which express OMP, and GNRHNs,
which express GNRH1. There were three groups: vehicle
treated (Vehicle), final treatment plan (Final), and final
treatment plan with DAPT (Final+DAPT). The final treat-
ment plan included: LDN (days 3–24), IWP (days 3–18),
AGN (days 9–18), TGFa (days 9–24), and FGF8 (days
9–24). Gene expression for NESTIN, OMP, and GNRH1 were
significantly increased in the final treated group and
Final+DAPT-treated group, as assessed by qRT-PCR (Fig. 6A).

Immunocytochemistry analysis indicated that the number
of OMP-positive cells was increased in the Final+DAPT-
treated cells, whereas the number of GNRH1 cells did not
change. However, there was an increase in NESTIN-positive
cells following treatment, which resulted in colocalization,
as represented by an increase in OMP+NESTIN- and
GNRH1+NESTIN-positive cells (Fig. 6B, D). There were
around 20% of OMP+NESTIN-coexpressed positive neu-
rons at magnification 20 · (Fig. 6C) and around 40% of
GNRH1+NESTIN-coexpressed positive neurons at magni-
fication 20 · (Fig. 6E).

Immunocytochemistry analysis of OMP+NESTIN and
GNRH1+NESTIN-coexpressed positive neurons are dis-
played at magnification 63 · in Supplementary Fig. S2A
and B. This shows that the morphology of the GNRH1
neurons resembles that of GNRH1 neurons identified during
mouse postnatal development [62]. Supplementary Fig. S3
includes a preliminary study in which we had OMP-negative
and GNRH1-negative staining with NESTIN-positive cells to
show no background from primary antibodies. In summary,
our protocol produced a heterogeneous population of OMP
and GNRHN immature neurons at day 30 of differentiation.

We performed bulk RNA-Seq on the vehicle-treated
and Final+DAPT-treated groups. We evaluated 23 olfactory
placode genes identified in the article by Park and Saint-
Jeannet [39]. Of these, eight were found to be significantly
upregulated (ASCL1, EYA1, EYA4, HES5, HEY1, LHX2,
SIX4, and SIX6), and three were significantly downregulated
(DLX5, EMX2, and FOXG1) (Supplementary Table S3).
In addition, four olfactory placode-associated genes identi-
fied through the GO database, but not reported by Park and
Saint-Jeannet, were also upregulated (HOMER2, LRRN1,
SIX5, and SOX2) (Supplementary Table S3).

Discussion

In this study, we developed a methodology to generate
olfactory placode, OSNs, and GNRHNs from hPSCs by

‰

FIG. 3. Combined RA inhibition and WNT inhibition treatment amplifies neural olfactory placode expression. (A) qRT-PCR
results at day 24 for olfactory placode (POU2F1, DLX5, EMX2) and neural progenitor (ASCL1, SOX2). Values are normalized to
18S and compared with vehicle-treated group (n = 5, mean – SEM). (B) Immunocytochemistry analysis comparing protein ex-
pression on day 24 of differentiation for POU2F1 (green) and DLX5 (red). Scale bars, 100mM. (C) Quantification of POU2F1- and
DLX5-positive cells. Values are normalized to DAPI and compared with vehicle-treated group (n = 5, mean – SEM). (D) Im-
munocytochemistry analysis comparing protein expression on day 24 of differentiation for ASCL1 (green) and SOX2 (red). Scale
bars, 100mM. (E) Quantification of ASCL1- and SOX2-positive cells. Values are normalized to DAPI and compared with vehicle-
treated group (n = 5, mean – SEM). P-values (*P < 0.05, **P < 0.01, ***P < 0.001). RA, retinoic acid.
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investigating the major developmental signaling factors
involved in olfactory placode differentiation. We showed
that BMP inhibition alone elicited a strong induction of
neural olfactory placode and prevented induction of lens
placode, producing colonies that were similar to olfactory
tissue explants harvested from rodents, in which cell pro-
liferation is found on the periphery of the clusters [55]. The
timing of BMP inhibition is critical for neural olfactory
placode cells as early LDN treatment does not induce
olfactory placode and late LDN treatment does not promote
neurogenesis.

The dual-SMAD inhibition protocol, a well-established
protocol for neuronal differentiation, includes the combi-
nation of NODAL and BMP inhibition, which blocks
SMADs 1/5 and SMADs 2/3, respectively [63]. Therefore,
we expected an increase in neural progenitors with the addi-
tion of SB treatment to block the NODAL pathway. How-
ever, in our study, there were no differences in gene
expression, morphology, or staining pattern in the SB-treated
group compared with vehicle, which suggests that BMP inhi-
bition alone is a dominant pathway for neural olfactory
placode differentiation.

The addition of IWP, to inhibit WNT signaling and pro-
mote anterior cell fates, elevated two key olfactory placode
genes. Additionally, combined WNT and BMP inhibition
increased the proportion of neural progenitors within the
olfactory placode, which is consistent with previous reports
in the animal literature that this dual inhibition promotes NE
in the early gastrula [10]. The RA pathway does not play a
role in the broad specification of the body plan [24], and this
is reflected in our differentiation protocol where we did not
observe any major changes in the morphology of olfactory
placode following RA inhibition. However, gene expression
was increased for two olfactory placode and two neural
progenitor markers. The number of POU2F1-positive cells
was reduced despite the overall increased gene expression of
POU2F1, which may reflect the role of this transcription
factor in cell cycle regulation, indicating the potential ex-

iting of cells from the cell cycle and differentiating into
neurons.

Our study showed increased EMX2 gene expression fol-
lowing combined BMP inhibition with TGFa and FGF8
treatment. There are no previous reports on the regulation of
EMX2 expression by FGF8 in the animal olfactory placode
development literature. However, GNRH1-expressing neu-
rons derived from hPSCs using dual-SMAD inhibition and
high concentration of FGF8 show elevated EMX2 expres-
sion at day 21 of differentiation [23]. Altogether, these
studies suggest that FGF8 signaling may have a direct or
indirect effect on EMX2 gene expression and may increase
the developmental potential for olfactory placode.

We observed a peak in PPE and NE gene expression at
day 6 of differentiation. PAX6 was at a 3,000-fold increase
compared with the 6–10-fold increase of the PPE genes,
suggesting there was a much higher NE induction. Our
differentiation plan blocked NC and NNE expression. Four
olfactory placode genes (DLX5, EMX2, OTX2, FOXG1) and
three neural progenitor genes (ASCL1, NESTIN, GAP43)
had significant increases by day 24 and 30, indicating induc-
tion of neural olfactory placode progenitors. SOX2 was
expected to peak at day 24 as ASCL1 and SOX2 coexpres-
sion is found in neural progenitors; however, this was not
seen.

Early expression of PAX6, OTX2, and SOX2 indicates the
start of optic vesicle differentiation or early retina cells,
which is developed from the NE [64]. However, the absence
of expression at later time points indicates specificity of this
protocol for olfactory placode. Interestingly, the olfactory
placode was previously shown in animal models to develop
in the same time window as the formation of the optic cup of
the eye, as well as, arise from a continuous region of ante-
rior PPE and anterior NE [65,66]. This may explain why we
see early gene expression of a mix population for PPE, optic
cup, and NE. As expected, gene expression representing
the other placodes and germ layers were inhibited in this
protocol.

FIG. 4. Combined TGFa and
FGF8 treatment boosts EMX2 gene
expression. qRT-PCR results at day
24 for olfactory placode (POU2F1,
DLX5, EMX2) and neural progenitor
(ASCL1, SOX2). Values are nor-
malized to 18S and compared with
vehicle-treated group (n = 5, mean –
SEM). P-values (***P < 0.001). FGF,
fibroblast growth factors; TGFa,
transforming growth factor alpha.
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Coexpression of OMP with NESTIN and GNRH1 with
NESTIN indicates production of immature OSNs and
GNRHNs. While coexpression of NESTIN and OMP is not
usually immunodetectable [67,68], other studies have repor-
ted mature neural markers coexpressed with NESTIN or

other proliferating neural markers [69–71]. In particular,
Hendrickson et al. [70] demonstrated coexpression of
NESTIN (neural progenitor) with NEUN (mature neuron) in
adult rat and human brain cells. It is possible that we are
capturing immature neuronal cells that are beginning to

FIG. 5. A time course analysis demonstrates the dynamic expression of genes for the combined treatment plan to derive
neural olfactory placode. (A) Schematic representation of final combined experimental treatment plan. (B) qRT-PCR results
at day 0, 6, 12, 18, 24, and 30: pan-placode ectoderm (SIX1, EYA1), neural crest (PAX7, SOX10), non-neural ectoderm
(TFAP2A, FOXI1), neural ectoderm (PAX6), olfactory placode (POU2F1, DLX5, EMX2, OTX2, FOXG1), neural progenitor
(ASCL1, SOX2), and immature neuron (NESTIN, GAP43). Values are normalized to 18S and compared with day 0 group
(IMR90-1, n = 4, mean – SEM). P-values (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIG. 6. OSNs and GNRHNs arise from hPSC-derived olfactory placode. (A) qRT-PCR results at day 30 for immature
neuron (NESTIN), OSN (OMP), and GNRHN (GNRH1). Values are normalized to 18S and compared with vehicle-treated
group (n = 5, mean – SEM). (B) Immunocytochemistry analysis comparing protein expression on day 30 of differentiation
for OMP (green) and NESTIN (red). Scale bars, 100mM. (C) Quantification of OMP, NESTIN, and OMP+NESTIN-
positive cells. Values are normalized to DAPI and compared with vehicle-treated group (n = 5, mean – SEM). (D) Immu-
nocytochemistry analysis comparing protein expression on day 30 of differentiation for GNRH1 (green) and NESTIN (red).
Scale bars, 100 mM. (E) Quantification of GNRH1, NESTIN, and GNRH1+NESTIN-positive cells. Values are normalized
to DAPI and compared with vehicle-treated group (n = 5, mean – SEM). P-values (*P < 0.05, **P < 0.01, ***P < 0.001).
GNRH1, gonadotropin-releasing hormone 1; GNRHNs. gonadotropin-releasing hormone neuron; hPSC, human pluripotent
stem cell; OMP, olfactory marker protein; OSNs, olfactory sensory neurons.

517



express mature neuronal markers. Future studies should in-
clude a longer window of differentiation, until *50–
60 days to ensure mature neurons are generated, which may
provide a clearer picture of the transition from immature to
mature neurons.

Within our RNA-Seq data, upregulation of eight olfac-
tory placode-associated genes from published studies, and an
additional four identified from the GO database, supports the
claim that our method drives differentiation toward olfactory
placode. However, downregulation of three olfactory placode-
associated genes (DLX5, EMX2, and FOXG1) may be repre-
sentative of the time frame examined. Our time course experi-
ment indicated upregulation of these genes, but the experimental
conditions were different (control was day 0 cells in qRT-PCR
experiments and vehicle-treated day 30 cells in RNA-Seq ex-
periments). Future experiments assessing transcriptome-wide
profiles over a longer time course (eg, up to 60 days), along with
additional qRT-PCR validation of these same samples, may
provide more clues about the regulation of olfactory placode-
associated genes in our differentiation model.

Furthermore, several olfactory placode-associated genes
were not found to be significantly upregulated, suggesting
that increased sample numbers may provide more convinc-
ing evidence of olfactory placode derivation. Overall, we
conclude that the combined treatment plan generates cells
consistent with a neural olfactory placode phenotype, includ-
ing immature OSNs and GNRHNs. Future studies, however,
are needed to provide more evidence of olfactory placode
transcriptional processes and generation of mature OSNs
and GNRHNs, including increased sample numbers, addi-
tional time course experiments, and functional assays such
as electrophysiology and transplantation experiments.

Conclusion

We report, in this study, the molecular analysis of neural
olfactory placode induction in hPSCs and evidence for the
production of OSNs and GNRHNs. This study is the first to
report on the differentiation of OSNs in hPSCs. Establishing
differentiation protocols with high efficiency is critical for the
use of olfactory progenitors in preclinical experiments. These
studies provide a baseline for the development of stem cell
therapies that can treat anosmia and CHH through trans-
plantation of hPSC-derived olfactory placode progenitors.
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