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ABSTRACT

The loss of retinal ganglion cells (RGCs) is the primary pathological change formany retinal degenerative
diseases.Althoughthere is currentlynoeffective treatment for this groupofdiseases, cell transplantation
to replace lost RGCs holds great potential. However, for the development of cell replacement therapy,
better understanding of themolecular details involved in differentiating stemcells into RGCs is essential.
In this study, a novel, stepwise chemical protocol is described for thedifferentiationof humanembryonic
stem cells and induced pluripotent stem cells into functional RGCs. Briefly, stem cellswere differentiated
into neural rosettes, whichwere then cultured with the Notch inhibitorN-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT). The expression of neural and RGCmarkers (BRN3A, BRN3B,
ATOH7/Math5,g-synuclein, Islet-1, and THY-1)was examined. Approximately 30%of the cell population
obtained expressed the neuronal marker TUJ1 as well the RGC markers. Moreover, the differentiated
RGCs generated action potentials and exhibited both spontaneous and evoked excitatory postsynap-
tic currents, indicating that functional and mature RGCs were generated. In combination, these data
demonstrate that a single chemical (DAPT) can induce PAX6/RX-positive stem cells to undergo
differentiation into functional RGCs. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:424–432

INTRODUCTION

A diverse group of vision disorders are caused by
degeneration of the retina. These diseases, such
as glaucoma and optical atrophy disorders, affect
millions of people worldwide with varying degrees
of irreversible vision loss resulting from the loss of
retinal ganglion cells (RGCs). In glaucoma, RGC loss
is the primary pathological change and can occur
at any age. Glaucoma is the second leading cause
of blindness in the world [1]. Approximately 10%
of blindness in the United States is associated
with glaucoma. It is estimated that approximately
4 million Americans suffer from glaucoma, but
only half of those affected have been diagnosed.
The cause of glaucoma can be genetic or nonge-
netic. Currently, there is no cure for glaucoma,
and medications and surgical intervention can
only slowdown the progression of vision loss. Un-
fortunately, approximately 10% of patients with
glaucoma will lose their vision even if treated
appropriately [2].

RGC death is also implicated in optic atrophy
disorders such as dominant optic atrophy (DOA)
and Leber’s hereditary optic atrophy (LHON). DOA
is marked by progressive bilateral loss of visual
acuity, visual field deficits, and abnormal color
vision [3–6]. LHON results in a sudden onset of vi-
sual loss and appears at a later age (18–35 years).

In addition, LHON is maternally inherited and is
caused bymutations in themitochondrial genome
[7]. During the atrophic phase, it is difficult to dis-
tinguish LHON from DOAwithout a family history.
Currently, there are no effective treatments for
all of these degenerative retinal diseases resulting
from RGC loss [8, 9]. However, human embryonic
stem cells (hESCs) and induced pluripotent stem
(iPS) cells provide promising therapeutic possibili-
ties. Therefore, differentiation of hESCs or iPS cells
into RGCs has been actively studied. However, an
efficient and simplifiedmethod for RGC differenti-
ation is lacking. A major problem facing this strat-
egy is the difficulty of transforming stem cells into
fully functional RGCs. Because ethical issues have
complicated the ability to use hESCs for therapeu-
tic purposes, recent work has been focused on the
possibility of using iPS cells, which can be obtained
from patient-matched adult cells, to generate re-
placements for the RGCs that are lost in retinal
degenerative diseases [10–12].

The RGC differentiation process is compli-
cated and is regulated by many intrinsic and ex-
trinsic factors. Many transcription factors are
critical for differentiation of stem cells into RCGs.
A high level of PAX6 expression has been shown
in the mouse to be required for the activation
of Math5 (homologous to ATOH7 in humans), a
basic helix-loop-helix (bHLH) transcription factor
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that plays an important role in RGC specification and differentia-
tion [13]. Gain and loss of function studies have demonstrated
that ATOH7/Math5 is essential for the development of the RGC
lineage [14–17]. Recent studies have further shown that the de-
letion of the remote enhancer of human ATOH7/Math5 disrupts
retinal generation and causes nonsyndromic congenital retinal
detachment [16]. Moreover, mutations in Math5 disrupt the
generation of RGCs [14]. Several transcription factors, including
BRN3a, BRN3b, and BRN3c are translated after Math5 is ex-
pressed, suggesting that Math5 regulates the BRN3 family [18].
All of these factors have been used as the markers of RGCs.

To determine whether stem cells have been successfully dif-
ferentiated into RGCs, markers that are specific to these special-
izedneurons have tobe examined. Earlymarkers for RGCs include
RX, a homeobox-containing protein that plays a critical role in
normal eye development, and PAX6, which is commonly used
as a marker for neuroepithelial differentiation [19]. Shortly after
completing their terminal mitosis, ∼80% of RGC precursor cells
express the POU-domain proteins BRN3b and BRN3a [20–22].
Thus, the expression levels of BRN3a and BRN3b can be used to
indicate the differentiation of stem cells into RGCs. Islet-1 is a
LIM-homeodomain protein that is expressed in RGCs during
retinal genesis, particularly in biopolar, interneural, and ama-
crine cells [23]. g-Synuclein is highly expressed in proximity to
BRN3a in the axons and cytoplasm of RGCs. Accordingly, coex-
pression of BRN3a and g-synuclein is also considered a marker
of RGCs [24]. Finally, the cell surface protein THY-1/CD90, origi-
nally discovered as a thymocyte antigen, can also serve as an
RGC marker [25].

During RGC development, the activation of Notch signaling
has been found toprevent RGCdifferentiation [26]. Notch activity
has been shown in the mouse to be downregulated just prior to
the differentiation of RGCs during normal eye development, and
Notch signaling is inhibited by N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT) [26, 27]. This dis-
covery of the role of Notch signaling in RGC differentiation
prompted us to develop the protocol for the retina-specific dif-
ferentiation of stem cells or iPS cells presented in this paper [19,
28–30]. We hypothesized that hESCs and iPS cells expressing
a high level of PAX6 can be induced into functional RGCs when
notch signaling is inhibited. To test this hypothesis in humanem-
bryonic stem (ES) cell and iPS cell models, a two-step approach
was designed inwhich human ES cells and iPS cells were first dif-
ferentiated into PAX6+ and RAX+ (retinal Rx) neural rosettes.We
then found that the Notch signaling inhibitor DAPT is sufficient
to induce neural rosettes into functional RGCs.

MATERIALS AND METHODS

Culture of hESCs and iPS Cells

Clinical-grade hESCs (H9) were purchased from the WiCell Re-
search Institute (Madison, WI, http://www.wicell.org), and iPS
cells were derived from skin fibroblast cells obtained by a needle
punch biopsy with an approved institutional review board proto-
col from the University of California, Irvine. Following the biopsy,
the skin fibroblast cells were cultured and infected with retrovi-
ruses expressing the human transcription factors OCT4, SOX2,
KLF4, and c-MYC to induce pluripotency, as described previously
[31]. Multiple iPS cell colonies were generated and examined for
the presence of iPS cellmarkers and the ability to form teratomas.

The iPS cells and hESCs were maintained in human embryonic
stem (hES) medium (Knockout Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 [DMEM/F-12] containing 20%
knockout serumreplacement, 1mMGlutaMAX(LifeTechnologies,
Grand Island, NY, http://www.lifetechnologies.com), 1 mM non-
essential amino acids, 0.1 mM2-mercaptoethanol, 1 mMpenicil-
lin, and 1 mM streptomycin) supplemented with 10 ng/ml basic
fibroblast growth factor (bFGF; Millipore, Billerica, MA, http://
www.millipore.com) and grown on a feeder layer of mitotic-
inactivated primary mouse embryo fibroblasts (PMEFs). After
the iPS cells and hESCs reached confluence, the medium was
removed, the cells were rinsed with phosphate-buffered saline
(PBS), collagenase type IV (1 mg/ml) was added (1 ml per well
of a six-well plate), and the cells were incubated at 37°C. After
15 minutes, the collagenase was removed, and hES medium
was added (1 ml per well). The cells were scraped with a 5-ml
pipette, centrifuged at 1,000g for 3 minutes, dissociated into
small clumps, and plated on fresh PMEFs.

Differentiation of hESCs and iPS Cells

On reaching confluence, cells were scraped into small aggregates
and transferred to nonadherent plates (six-well plates; Nunc,
Rochester, NY, http://www.nuncbrand.com) in hES media with-
out bFGF for 1 week to generate embryoid bodies. The embryoid
bodieswere transferred to gelatin-pretreatedplates and cultured
in hES medium containing 10% fetal bovine serum (FBS). Neural
rosettes appeared after several days. One week later, the neural
rosettes were mechanically lifted with a syringe needle and a pi-
pette tip and grown in suspension in hESmedium containing 10%
FBS and 10 mM DAPT (Calbiochem, San Diego, CA, http://www.
emdbiosciences.com) for 5 days to allow the formation of neuro-
spheres. The neurospheres were then transferred to laminin-
coated plates. The medium and fresh DAPT were renewed every
other day. On day 40 following the start of differentiation, the
cells were fixed with 4% paraformaldehyde and examined by
immunofluorescence (IF).

IF Assays

Cells were washed with PBS, then fixed with 4% paraformalde-
hyde for 10 minutes at room temperature. IF was performed
as described previously [32, 33]. Briefly, after two washes with
PBS, cells were incubated with blocking buffer (10% goat serum
and 0.3% Triton X-100 in PBS) for 1 hour. Primary antibodies were
diluted in blocking buffer and then added to the cells for 1 hour
at room temperature. The primary antibodies and dilution are
shown in Table 1. The cellswere then subjected to three 5-minute
washes with PBS and incubated with secondary antibodies
diluted in blocking buffer containing DAPI (49,6-diamidino-2-
phenylindole; 1:400) for 1 hour at room temperature. The fol-
lowing secondary antibodies were used: Alexa Fluor 488 goat
anti-rabbit IgG, Alexa Fluor 594 goat anti-rabbit IgG, Alexa Fluor
488 goat anti-mouse IgG, and Alexa Fluor 594 goat anti-mouse
IgG. After three 5-minute washes with PBS, the cells were visual-
ized with a Nikon Ti Microscope (Nikon, Tokyo, Japan, http://
www.nikon.com) at 310 and 320 magnifications and analyzed
with the NIS-Elements software (Nikon). For quantification of
differentiation efficiency, multiple random images were taken
from different parts of plate, and then the cells were counted
using ImageJ software for quantification analysis. The p value
was calculated using the Student t test, if applied.
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The tissue sectionswere analyzed by immunohistochemistry,
as described previously [34]. Briefly, the frozen section slides
were first placed into HistoVT One solution (Nacalai USA, Inc.,
San Diego, CA, http://www.nacalaiusa.com) and incubated at
70°Cfor20minutes tocomplete theantigen-retrieval stepandthen
washed with PBS three times. The slides were blocked in a buffer
containing10%serum(supplementedwith0.3%TritonX-100when
necessary) in PBS for 1.5 hours. The primary antibodies were di-
luted in the same blocking buffer and incubated with the slides
at 4°C overnight. The following day, the slides were washed three
timeswith PBS and incubatedwith secondary antibodieswithDAPI
in blocking buffer for 1 hour at room temperature. Following three
PBS washes, the slides were mounted with VectaMount (Vector
Laboratories, Burlingame, CA, http://www.vectorlabs.com) and
glass coverslips and visualized with a Nikon Ti microscope.

Quantitative Polymerase Chain Reaction Assays

RNA was isolated and purified using the RNeasy Plus Mini Kit
(Qiagen, Hilden, Germany, http://www.qiagen.com) according
to the manufacturer’s recommendations. SYBR Green polymerase
chain reaction (PCR) was performed in triplicate for each primer
set using an ABI Prism 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.com),
as described previously [32]. Negative-control reverse transcription-
PCR (RT-PCR)was included to ensure the absence ofDNA contam-
ination. The primers were designed to span introns or to target
exon junctions. To ensure the specificity of the PCR assays per-
formed,melting curve analyseswere performed at the end of each
reaction. The resulting gene expression data were normalized to
glyceraldehyde-3-phosphate dehydrogenase and then analyzed
with the2ΔΔCtmethod, asdescribedpreviously [32]. The following
primers were used for the analysis of ATOH7/Math5: forward,
59- ACG CAG GGT TCC CCA GT -39; reverse, 59- GCG GCC GAA
GTG CTC ACA GT -39. The following primers were used for the
analysis of BRN3b: forward, 59- ACC CCA TGC ACC AAG CAG
CG -39; reverse, 59- TGC TTG AAG CGC TCG GCG AA -39.

Electrophysiological Analysis of RGCs

Electrophysiological experiments were performed, as described
previously [35]. The cell culture medium was replaced with arti-
ficial cerebrospinal fluid containing 124 mM sodium chloride, 3
mM potassium chloride, 1.25 mM monopotassium phosphate,
3.4 mM calcium chloride, 2.5 mM magnesium sulfate, 26 mM
sodium bicarbonate, and 10 mM D-glucose (pH 7.3). To assess
whether the axons were capable of triggering antidromic spikes,
CNQX (20 mM) was added to the medium. Whole-cell current-
clamp recordingswere obtainedwith anAxopatch 200A amplifier
(Molecular Devices, Sunnyvale, CA, http://www.moleculardevices.
com). The data were filtered at 2 kHz, digitized at 1–5 kHz, and
analyzed offline with the following programs: Mini Analysis
(Synaptosoft, Decatur, GA, http://www.synaptosoft.com), Origin
(OriginLab, Northampton, MA, http://www.originlab.com/), and
pCLAMP 7 (Axon Instruments/Molecular Devices Corp., Union
City, CA, http://www.moleculardevices.com). Depolarizing cur-
rents intended to induce action potentials were delivered at
0.05 mA for 1 ms. Stimulation pulses were delivered with a
bipolar metal electrode to axon bundles at sites located more
than 200 mm from the edges of the cell colonies.

RESULTS

Differentiation of hESCs Into Neural Rosettes

To induce differentiation into neural rosettes, hESCs were incu-
bated in hES medium without bFGF for 1 week. The resulting
rosette-like structure was analyzed by IF for the expression of
the retinal progenitor cell (RPC) markers RX and PAX6 and the
tight junction protein ZO-1 [36]. Typical radial cell morphology
was observed after 1 week in culture, and the expression of RX
and PAX6 was detectable by IF. Figure 1A shows immunostaining
of RX and PAX6. Furthermore, ZO-1 localized to the apical lumens
of the structures (Fig. 1B). These data confirm that this protocol
generated characteristic neural rosettes.

Differentiated hESCs Express RGC Markers

In order to differentiate the neural rosette into RGCs, we tested
the effects of various culture conditions. In this experiment, the
neural rosette colonies were maintained in either an adherent or
a suspension culture with two different media. In the adherent
cultures, the neural rosettes were maintained in the original
plates and treated with DAPT for 4 weeks. In the suspension cul-
ture condition, neural rosettes were lifted up to form neuro-
spheres and incubated for 5 days in the presence of DAPT. We
found only the suspension culture condition allowed us to further
differentiate the cells into the structure with long fibers. For dif-
ferent media, DMEM/F-12 supplemented with B27 and DAPT
(DMEM/F-12+B27) and hESC medium supplemented with FBS
andDAPT (hES/FBS)were tested. After 3weeks of culture, expres-
sion of the RGC marker BRN3a was examined by IF. A significant
number of BRN3a-positive cells were observed in both DMEM/
F-12+B27 (Fig. 1C) and hES/FBS (Fig. 1D). We then quantified
BRN3a-positive cells to determine whichmediumworked better.
In a comparison of DMEM/F-12+B27 medium and hES/FBS
medium, hES/FBS medium was superior. As shown in Figure 1E,
hESCs in hES/FBS culture medium in the presence of DAPT
yielded a significantly higher percentage of BRN3a-positive
cells (53% 6 5%) than the DMEM/F-12+B27 culture condition
(20% 6 1.0%) (p = .007). The experiment was repeated three

Table 1. Primary antibody information

Antibody

Rabbit anti-human g-synuclein (1:200; GeneTex, Irvine, CA, http://www.
genetex.com)

Rabbit anti-humanTUJ1 (1:100; Fitzgerald Industries International, Acton,
MA, http://www.fitzgerald-fii.com)

Mouse anti-human Islet-1 (5 mg/ml; Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, http://dshb.biology.uiowa.edu/)

Mouse anti-human BRN3a (1:50; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, http://www.scbt.com)

Rabbit anti-human ZO-1 (1:300; Invitrogen, Camarillo, CA, http://www.
invitrogen.com)

Rabbit anti-human Pax6 (1:200; Covance, San Diego, CA, http://www.
covance.com)

Mouse anti-human Retinal RX (1:200; Santa Cruz Biotechnology)

Rabbit anti-human Nanog (1:100; Epitomics, Burlingame, CA, http://
www.epitomics.com)

Rabbit anti-human SSEA-4(1:100; Novus Biologicals, Littleton, CO, http://
www.novusbio.com)

Mouse anti-mouse THY-1 (1:50; GeneTex)

Rabbit anti-human THY-1 (1:100; GeneTex)
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times, and we produced very similar results. Consequently, hES/
FBS culture medium was chosen for all other experiments.

To assess whether the hESCs could differentiated into RGCs,
the colonies continued to be cultured, as shown in Figure 2A, and
stained for theneuron-specificmarker TUJ1 (bIII tubulin) andRGC
markers. As shown in Figure 2, after 26-day culture in the pres-
ence of DAPT, the differentiated hESCs exhibited long processes
(more than2cm) (Fig. 2B) andexpressedRGCmarkers BRN3a (Fig.
2B), Islet-1 (Fig. 2C), Thy-1 (Fig. 2D) g-synuclein (Fig. 2E). Colocal-
ization of BRN3a and g-synuclein was also analyzed and observed
in the differentiated hESC colonies (Fig. 2E). Furthermore, the
Islet-1-positive and BRN3a-positive cells aggregated and formed
grape-like clusters that connected to one another through elon-
gated fibers, suggesting that interactions existed between cell
groups. The specificity of each antibody was confirmed with
the retinal tissues. We stained retinal sections with anti-BRN3a,
anti-g-synuclein, and anti-THY-1 antibody. Thy-1, BRN3a, and
g-synuclein were observed only in the RGC layer (supplemental

online Fig. 1). To quantify the differentiation efficiency, we
attempted to perform fluorescence-activated cell sorting. Stem
cells are grown in clusters, and after differentiation, it was even
more difficult to disassociate into a single cell suspension for
this analysis. For this reason, we performed cell counting with
ImageJ software. The percentage of hESCs positive for RGC
markers in the hES/FBS culture condition with DAPT was tested.
RGC markers BRN3a, g-synuclein, Islet-1, and Thy-1 were exam-
ined. Five random fields were chosen, and a total of 1,536 cells
were counted. Approximately 20%–30% of cells are RGCmarker
positive (22.36% 6 2.30%) (n = 3).

We then attempted to examine the expression of ATOH7/
Math5 by IF; however, we found that neither the commercially
available anti-human ATOH7/Math5 antibody nor the BRN3b an-
tibody provided sufficient specificity. Consequently, the level of
ATOH7 and BRN3b expression was assessed by RT-PCR. As shown
in Figure 2F (left panel), ATOH7Math5 expression was increased
110-fold in the differentiated hESCs over the control, and the

Figure1. Differentiation of stemcells into neural rosettes. (A, B):Humanembryonic stemcells (hESCs) and inducedpluripotent stemcellswere
differentiated into neural rosettes. On day 14, the expression levels of RX, PAX6, and ZO-1 were examined in neural rosettes by immunoflu-
orescence, and RX and PAX6 were detected at high levels. The differentiation efficiency of two different culture media was evaluated based
on BRN3A expression detected by immunostaining. (C): BRN3a+ cells after culturing neural rosettes as neurospheres for 5 days followed
by 3 weeks of culture in hES/FBS. (D): BRN3a+ cells after neural rosettes were cultured as neurospheres for 5 days followed by 3 weeks
in F-12/B27 medium with N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT). (E): Comparison of hES/FBS and
DMEM/F12+B27. The total number of BRN3a-positive colonies for the hES line in two different medium (hES/FBS and DMEM/F12+B27) were
counted after 3 weeks of culture. For each group, eight random images were taken from different parts of the plate. The number of positive
cells was normalized with the number of cells. hESCs in hES/FBS culture medium yielded a significantly higher percentage of BRN3a-positive
colonies (53% 6 5%) than DMEM/F-12+B27 culture condition (20% 6 1.0%) (p = .007). Scale bars = 100 mm. Abbreviations: DAPI,
49,6-diamidino-2-phenylindole; D/F12+B27, Dulbecco’s modified Eagle’s medium/Nutrient Mix F-12 supplemented with B27 and DAPT;
DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; hES/FBS, human embryonic stem cell medium supplemented
with fetal bovine serum and DAPT.
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BRN3b levels were increased by 3,411-fold in the differentiated
hESCs after differentiation over the control (Fig. 2F, right panel).
Together, these data indicate that the protocol described in this
paper efficiently generated RGCs from hESCs.

Expression of RGC Markers in Differentiated Human
iPS Cells

Beforewedifferentiated human iPS cell, the iPS cell colonieswere
first tested by IF for the expression of the stem cell-specific
markers NANOG and SSEA-4 (Fig. 3A). Teratoma formation assays
were also performed and confirmed the iPS colonies’ obtainedplu-
ripotency (Fig. 3B). The iPS cells were then differentiated with the
protocol described previously for the hESCs. The expression pat-
terns of BRN3a, g-synuclein, and Islet-1 in the differentiated human
iPS cells were similar to those observed in the differentiated hESCs;

for example, a majority of the cells were positive for TUJ1, Islet-1
(Figs. 3C, 4B), g-synuclein (Figs. 3D, 4D), Thy-1 (Fig. 4C). Long fiber
bundles, up to10mmindiameter,werepresent andexpressedboth
Islet-1 and TUJ1 (Fig. 3C). The differentiated human iPS cells formed
grape-like structures similar to those formed by the hESCs (Fig. 4A,
4B). To quantify the differentiation efficiency, the percentage of iPS
cells positive for RGC markers in the hES/FBS condition in the pres-
ence of DAPT was also analyzed. The markers BRN3a, g-synuclein,
Islet-1, andThy-1wereexamined.Five randomfieldswerealsoused,
and a total of 1,845 cells were counted with ImageJ software.
Overall, 20%–30% cells were RGC marker positive (27.836% 6
2.56%). ATOH7Math5 and BRN3B expression levels were also
tested by RT-PCR and increased 857-fold and 6,024-fold, respec-
tively, after differentiation (Fig. 4E). In combination, these data
suggest that this novel protocol is very efficient for deriving RGCs
from both hESCs and human iPS cells.

Figure 2. Differentiated human embryonic stem cells (hESCs) are positive for RGC markers. (A): Schematic diagram of the procedure used
todifferentiatehESCs intoRGCs. (B):Expressionof theneuronalmarkerTUJ1and theRGCmarkerBRN3afollowingapplicationofa stepwiseprotocol
for differentiation of hESCs. (C): Expression of the RGC marker Islet-1 following application of a stepwise protocol for differentiation of hESCs. (D):
THY-1 expression was examined with immunofluorescence (left). (E): High-level expression of g-synuclein in differentiated hESCs. Coexpression
of the RGC markers g-synuclein and BRN3a in differentiated hESCs. (F): Quantitative reverse transcription polymerase chain reaction analysis of
ATOH7/Math5 and BRN3B in differentiated hESCs. Following differentiation of hESCs according to the stepwise protocol, the mRNA levels of
the RGCmarkers ATOH7/Math5 and BRN3B increased dramatically. Compared with the controls, the level of ATOH7/Math5 increased 110-fold,
and the level of BRN3B increased 3,411-fold. Scale bars = 500 mm ([C], right panel) and 100 mm (all other images). Abbreviations: g-Syn,
g-synuclein; DAPI, 49,6-diamidino-2-phenylindole; H9, human embryonic stem cell line H9; RGC; retinal ganglion cell.
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Differentiated iPS Cells Function as Neurons in
Electrophysiological Tests

We next used conventional whole-cell recording methods to
determine whether the differentiated iPS cells could function
as mature neurons when maintained in artificial cerebrospinal
fluid [35]. As shown in Figure 4F, the resting membrane potential
was approximately250 mV, and short depolarizing pulses (0.05
mA) triggered actionpotentials of 1–2mV in duration,with apeak
amplitude exceeding 0 mV. Interestingly, brief inward currents
occurred spontaneously that corresponded in size (10–20 pA)
and duration (5–10 ms) to fast (glutamatergic) excitatory post-
synaptic currents (EPSCs) that have been recorded in cortical
neurons; this finding suggests that the differentiated iPS cells
received functional synaptic inputs. As noted, the cell colonies
formed dense fascicles of what appeared to be axons and indeed
exhibited immune-positive staining for axon markers (Figs. 3, 4).
To assess whether these structures contained competent axons,
we applied stimulation pulses to the bundles at a distance of
200–300 mm from the colony edge while recording from a single
cell body. When delivered under the control conditions, a stim-
ulation pulse routinely evoked an EPSC with characteristics
comparable to those occurring spontaneously (Fig. 4F).

These results strongly suggest that the nerve-like structures
generated by the differentiated cells contained conducting axons
with fully functional synapses. To further determine the function-
ality of the axons, wewonderedwhether the axonswere capable
of triggering antidromic spikes following the addition of the
AMPA receptor antagonist CNQX. The EPSCs that are typically
elicited by single pulses were not observed, but antidromic spikes
were routinely recorded from the cell bodies (Fig. 4F). Collectively,
these results demonstrate that the neuron-like cells differentiated
from stem cells according to the procedures described developed
the physiological characteristics of RGC neurons, including the
production of nerve-like bundles that contained axons that
both conducted spikes and formed glutamatergic synapses, sug-
gesting that the differentiated neuron-like cells were functional.

DISCUSSION

In this report, we have described a relatively straightforward
and simple method for differentiating both hESCs and iPS cells
into functional RGCs. We believe that the resulting streamlined
protocol for producing high yields of RCGs from stem cells repre-
sents a significant advance in the development of RGC replace-
ment therapy.

Figure 3. Characterization of induced pluripotent stem (iPS) cells generated fromhuman fibroblasts. (A):Characterization of the generated iPS
cells in terms of pluripotency markers NANOG (right) and SSEA-4 (left). (B):Hematoxylin and eosin staining of iPS cell-derived teratomas shows
three germ layers of differentiation: endoderm (gland), mesoderm (blood vessel, bone), and ectoderm (neuron, skin). Examples of dissected
teratomas are shown: kidney capsule (left) and testis (right). iPS cells were derived from skin fibroblast cells that were obtained from a needle
punch biopsy. The cells were cultured and subsequently infected with a retrovirus expressing OCT4, SOX2, KLF4, and c-MYC. Multiple iPS cell
colonies were generated and maintained in hESC medium containing 10 ng/ml basic fibroblast growth factor on a layer of mitotic-inactivated
primarymouse embryo fibroblasts cells. (C): Expression of the retinal ganglion cell marker Islet-1 (red) and TUJ1 (green). The differentiated cells
exhibited fasciculated axons and thick fibers. (D): High expression of g-synuclein in differentiated human iPS cells. Scale bars = 100 mm.
Abbreviations: g-Syn, g-synuclein; DAPI, 49,6-diamidino-2-phenylindole.
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Several studies have reported and intended to generate ret-
inal ganglion-like cells from embryonic stem cells and iPS cells
[12, 28, 37, 38]. Using suspension culture in nonadherent culture
dishes allows neurosphere formation. Cells can further differen-
tiate into retinal progenitor epithelial cells and neural epithelial
rosette-containing colonies. This was used to model early retinal
development in hESCs and iPS cells [19]. Stepwise differentiation
of stem cells into retinal cells has also been examined by other
groups. After 4- to 5-month culture, hESCs can differentiate into
retinal pigment epithelial and photoreceptor cells. To efficiently
promotedifferentiation fromRPCs into ganglion cells,we showed
that DAPT was sufficient to promote the lineage differentiation
to RGCs. Our protocol of differentiation of hESCs or iPS cells into
RGC is much simpler compared with the protocol previously
reported [24]. Our results indicate that Notch signaling plays
an important role in stem cell differentiation and that it can
be a potential target for clinical application.

Notch activity has been shown to be downregulated just
before RGC differentiation [26]. DAPT can effectively inhibit the
Notch signaling [27]. By mimicking this developmental process,

we were able to differentiate iPS cells and hESCs into RGCs. Our
stepwise differentiation protocol supports that Notch signaling
plays a fundamental role in RGC differentiation, that DAPT is
critical for inducing RGC differentiation from PAX6-positive/
Rx-positive RPCs, and that Notch inhibitors might have therapeutic
applications.

During vertebrate development, RGCs project their axons
through the optic nerve into their targets within the brain [39].
RGCs process and convey signals from rod and cones directly
to the visual centers in the brain [40]. This is a very complicated
process. Studies usingmousemodels have shown that RGCdevel-
opment can be divided into three stages. First, ATOH7/Math5
is specifically required for competence, specification, and differ-
entiation [41]. Pax6 is activated in the early competence stage
and upregulates ATOH7/Math5. ATOH7/Math5 in turn plays an
important role in RGC specification. ATOH7/Math5 performs this
function in two ways. First, it activates genes specifically respon-
sible for RGC differentiation. Second, ATOH7/Math5 represses
expression of other bHLH transcription factors that are responsi-
ble for promoting other cell fates within the retina [41].

Figure 4. Differentiated human iPS cells express positive retinal ganglion cell (RGC) markers. (A): Expression of the neuronal marker TUJ1
and the RGC marker BRN3a following the application of a stepwise differentiation protocol to generate human iPS cells. BRN3a-positive cells
exhibit fasciculated axons as RGCs in vivo. (B): Coexpression of TUJ1 and the RGC marker Islet-1 following the application of a stepwise differ-
entiation protocol to generate human iPS cells. (C): Expression of THY-1 in differentiated human iPS cells. (D): Coexpression of the RGCmarkers
g-synuclein and BRN3a in differentiated human iPS cells. (E): Quantitative polymerase chain reaction analysis of ATOH7/Math5 and BRN3B in
differentiated human iPS cells. Comparedwith the controls, the level of ATOH7/Math5 increased 857-fold and BRN3B increased 6,024-fold. (F):
Electrophysiological analysis of differentiated RGCs. A resting membrane potential and emitted scattered spikes were recorded in the soma
of cells when a current was supplied (top left); EPSCs evoked after a stimulus were applied to a distal axon-like structure (bottom left); an
AP in the soma in presence of CNQX (right). Scale bars = 100 mm. Abbreviations: g-Syn, g-synuclein; AP, action potential; DAPI, 49,6-diamidino-
2-phenylindole; EPSC, excitatory postsynaptic current; iPS, induced pluripotent stem; I-V curve, current-voltage curve.
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Our study also showed that hESCs and iPS cells can be differ-
entiated into RGCs with similar efficiency. Because the use of
hESCs in these therapies poses considerable ethical and technical
challenges, the development of iPS cells represents a potential
solution to the problems faced by hESC-based therapies; human
iPS cells can be derived from readily obtainable adult cell types
and are patient matched. Deriving iPS cells from patients with
retinal degenerative diseases and differentiating the iPS cells into
RGCs will facilitate our understanding of the molecular mech-
anisms behind specific cell-type differentiation and promote
development of a potential cellular therapy.

This study holds great potential to apply cell transplant
therapy in glaucoma, DOA, and LHON. All are caused by RGC
loss. Because the majority of patients have significant RGC loss
at diagnosis, medication would not be able to help them. Devel-
opment of safe RGC transplantation techniques is needed to
replace the lost cells. The retina could be an optimal model for
investigation of stem cell therapy because the retina is most ac-
cessible for surgery and outcome monitoring. A previous study
showed that visual restoration via a subretinal electronic pros-
thesis implies that even a severely degenerated retina may have
the capacity for repair after cell replacement [42].

In order to translate our study to clinical applications, we
will need to further test the efficacy of iPS cell differentiation
in an animal model. There are a few animal models for glaucoma;
however, not all models used for studying these diseases mimic
the human disorders [43]. Mutations of OPA1 (optic atrophy 1)
are responsible for the majority of DOA, thus the Opa1 knockout
mouse could be a potential model. However, the phenotypes are
not even seen until 18–20 months of age. Therefore the Opa1
knockoutmousemaynotbe thebestmodel forcell transplantation.
Bst mice have a mutation in a ribosomal gene that causes almost
complete loss of ganglion cells [44]. Pathologically, Bstmice could
be used as an animal model for our future tests. We may have
to determine whether RPCs injected intravenously could survive
in vivo. In this case, the terminal differentiated cells may not
be the best option because the axon could be as long as 2 cm.
It would be more appropriate to transplant partially differenti-
ated cells and coinject with DAPT. Therefore, the committed
cells could continue to differentiate in vivo. Oral administration
of DAPT might also promote the process.

Recently, embryonic RPCs were transplanted into adult mice.
A significant number of E14.5 RPCs were able to differentiate
into RGCs. However, RPCs contribute to restoring damaged optic
nerves autonomously as well as nonautonomously [45]. The effi-
cacy has yet to be determined. Transplantation of hESC-derived
photoreceptors was able to restore visual function in a mouse
model [46]. In addition, several studies in other conditions are
encouraging. Stem cell therapy was used for amyotrophic lateral
sclerosis, and it has been shown that stemcells provide neuropro-
tection in the animal models of ALS. Furthermore, the efficacy
of neuroprogenitor cells-derived from iPS cells was tested, and
respiratory function in these animal models of ALS was im-
proved. Eleven independent studies showed slowed disease

onset and progression, improved motor function, and signifi-
cantly prolonged survival [47]. Spinal muscular atrophy is a motor
neurondisease. In amousemodel of spinalmuscular atrophy, spi-
nal cord neural stem cells were transplanted into the spinal cords
of mice. The transplanted cells developed into motor neurons,
and the treatedmice showed improvedmuscular function and in-
creased lifespan. The major effect of neural stem cell transplan-
tation is to improve the survival and function of the motor
neurons. All of these conditions have the similar feature of RGC
loss, suggesting cell replacement for RGCs could be a promising
therapy [48].

Finally, eyeshavemuch less immune rejectionof transplanted
cells. The survival of allogeneic porcine RPCs without immune
suppression has been shown [49]. Previous study has supported
the tolerance of RPCs as allografts, and a high level of rod photo-
receptor development could be obtained from cultured RPCs
following transplantation [49]. We may see immune rejection
and will have to coinject the cells with immune-repressor or
administer systemically. These points should be considered
for future preclinical study.

CONCLUSION

We have developed a novel, stepwise chemical protocol to dif-
ferentiate hES cells and iPS cells into functional RGCs. We found
that a single chemical, DAPT, can induce PAX6/RX-positive stem
cells to undergo differentiation into functional RGCs.
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Ribosomal protein L24 defect in belly spot
and tail (Bst), a mouse Minute. Development
2004;131:3907–3920.
45 Cho JH, Mao CA, Klein WH. Adult mice

transplantedwith embryonic retinal progenitor
cells: New approach for repairing damaged
optic nerves. Mol Vis 2012;18:2658–2672.
46 Lamba DA, Gust J, Reh TA. Transplanta-

tion of human embryonic stem cell-derived
photoreceptors restores some visual function
in Crx-deficient mice. Cell Stem Cell 2009;4:
73–79.
47 Teng YD, Benn SC, Kalkanis SN et al. Mul-

timodal actions of neural stem cells in a mouse
model of ALS: A meta-analysis. Sci Transl Med
2012;4:165ra164.
48 Corti S, NizzardoM, NardiniM et al. Neu-

ral stem cell transplantation can ameliorate the
phenotypeof amousemodel of spinalmuscular
atrophy. J Clin Invest 2008;118:3316–3330.
49 Klassen H, Kiilgaard JF, Warfvinge K et al.

Photoreceptor differentiation following trans-
plantation of allogeneic retinal progenitor cells
to the dystrophic rhodopsin Pro347Leu trans-
genic pig. Stem Cells Int 2012;2012:939801.

See www.StemCellsTM.com for supporting information available online.

432 Stem Cell Differentiation Into Retinal Ganglion Cells

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

www.StemCellsTM.com

