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Notch Signaling Induces Retinal Stem-Like Properties
in Perinatal Neural Retina Progenitors and Promotes
Symmetric Divisions in Adult Retinal Stem Cells

Laurent Balenci and Derek van der Kooy

Understanding the mechanisms regulating retinal stem cell (RSC) activity is fundamental for future stem cell-
based therapeutic purposes. By combining gain and loss of function approaches, we addressed whether Notch
signaling may play a selective role in retinal stem versus retinal progenitor cells in both developing and adult
eyes. Inhibition of either Notch or fibroblast growth factor signaling reduced proliferation of retinal stem and
retinal progenitor cells, and inhibited RSC self-renewal. Conversely, exogenous Delta-like 3 and direct intrinsic
Notch activation stimulated expansionary symmetric divisions in adult RSCs with the concomitant upregulation
of Hes5. Knocking down Hes5 expression specifically decreased the numbers, but not the diameters, of adult RSC
primary spheres, indicating that HES5 is the downstream effector of Notch receptor in controlling adult RSC
proliferation. In addition, constitutive Notch activation induced retinal stem-like asymmetric self-renewal
properties, with no expansion (no symmetrical division) in perinatal neural retina progenitor cells. These
findings highlight central roles of Notch signaling activity in regulating the modes of division of retinal stem and

retinal progenitor cells.

Introduction

STEM CELLS AND THEIR DIRECT PROGENY reside in special-
ized “niches”, in which secreted factors and cell—cell in-
teractions control stem cell behavior including proliferation,
self-renewal, and cell fate [1,2]. In many fish and amphibians,
the ciliary marginal zone (CMZ) has been described as an
extensive proliferative niche, where retinal stem cells (RSCs)
take part in normal adult retinogenesis and contribute to re-
generating the damaged retina [3-5]. A second source of retinal
neurons comes from the Miiller glial cells, which were shown
to re-enter the cell cycle and de-differentiate into retinal pro-
genitors to replace neurons within injured retinas of cold-
blooded vertebrates [6-8]. By contrast, no such proliferative
properties have been observed within the adult ciliary epithe-
lium (CE) (ie, the mammalian equivalent of the CMZ) in
mammals beyond the early postnatal [postnatal day (PND) 10
in mice] period, nor following adult injury [9-11]. Hence, the
presence in vivo of bona fide RSCs within the adult CE has
been questioned. Recent studies have shown otherwise that
proliferation within the adult CE might occur in specific con-
texts of genetically modified mouse strains and in human eyes
with retinal detachment or anterior vitreoretinopathy [12-15].

In addition, two laboratories have sparked the controversy
and suggested that all the cells within the adult mammalian

CE are identical pigmented epithelial cells with a limited
potential to differentiate into mature non-pigmented rod
photoreceptors [16,17]. Many recent studies clearly have
demonstrated that RSCs can be isolated and grown as
spheres from the adult CE of distinct mammals [18-21].
Moreover, we previously identified a very rare population (1
in 500 cells, ie, 0.2%) of pigmented cells within the CE of
embryonic to adult mammalian eyes that clonally exhibits
the self-renewal and multipotentiality stem cell properties
[22,23]. More convincing and more supportive of a stem
hypothesis are the cell sorting methods that allowed us to
prospectively isolate a unique and rare population of medi-
um-sized, heavily pigmented, P-cadherin low-expressing
cells within the adult CE that exhibits RSC properties. These
adult CE-isolated RSCs from adult mouse and human eyes
showed also a great potential to differentiate into mature
non-pigmented rod photoreceptors [24].

The adult CE consists of two distinct cell layers: the inner
non-pigmented CE, which represents a continuum of the
neural retina (NR), and the outer pigmented CE, which is
continuous with the retinal pigmented epithelium (RPE) [25].
RSCs in the mammalian eye clonally divide in vitro to gen-
erate self-renewing, pigmented spheres with or without ex-
ogenous growth factors [23]. NR progenitors, which exist
only in the embryonic and perinatal retina [26], proliferate to

Department of Molecular Genetics, Terrence Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto,

Canada.



2

form clonal, non-pigmented, and most important, non-self-
renewing spheres. In the present study, the presence of
pigment within clonal spheres was a clear and rigorous cri-
terion to distinguish clonal pigmented RSC-derived colonies
(containing pigmented cells, accounting for rare stem cells
and a majority of RPE progenitors) from clonal non-
pigmented NR progenitor-derived colonies (which contain
only non-pigmented NR progenitors) [13,22,23].

The regulating roles of Notch signaling in neural and
retinal development have been extensively described but not
specifically in individual stem cells or progenitors [9,27-31].
In the absence of reliable markers to purely and uniquely
isolate a RSC from a retinal progenitor, the clonal sphere
assay represents the best option to study the specific effects
of Notch activity in individual RSCs or retinal progenitors
[32,33].

We externally and internally modulated Notch signaling
in vitro to determine the specific functions of this cell sig-
naling pathway in single retinal progenitors or RSCs in the
perinatal post-natal day 2 (PND2) period, and in single adult
RSCs. We demonstrated that DII3 and the overexpression of
Notchl IntraCellular Domain (N1ICD) both correlated with
the upregulation of Hes5 that stimulated expansion of adult
RSCs. Loss of function studies showed that inhibition of ei-
ther Notch or fibroblast growth factor (FGF) signaling
pathways reduced the proliferation of RSCs and retinal
progenitors and blocked RSC self-renewal. More specifically,
downregulation of Hes5 in adult RSCs resulted in decreased
proliferation of adult RSCs, but not that of retinal progenitors
since only the numbers, but not the diameters of adult RSC
primary spheres were reduced in presence of Hes5 small
interfering RNA (siRNA) compared to control. Most inter-
esting, the constitutive activation of Notch signaling in
perinatal NR progenitor cells conferred a retinal stem-like
cell identity on these cells, as assessed by the acquired FGF-
dependent self-renewal properties. These findings demon-
strate that Notch signaling may play an important role to
enhance RSC population in vitro to treat retinal diseases.

Materials and Methods
Mice

Timed pregnant and adult (6 to 8 week-old) C57Bl6 mice
(Charles River) were housed and used in accordance with
“The use and care of experimental animals” guidelines. Our
animal protocols were reviewed and approved by the Ani-
mal Care Committee of the University of Toronto.

Primary cell cultures, clonal sphere assay,
passaging techniques

RSCs were isolated from the presumptive ciliary epithe-
lium (pCE) and from the CE of PND2 and adult mice, re-
spectively (Fig. 1A). Each “n” experiment used tissues
dissected from at least three different animals (six eyes).
Culture conditions and the clonal sphere assay were per-
formed as previously described [13,23]. Briefly, pCE- and
CE-derived cells were plated at a low cell density (10 cells/
pL) in standard culture conditions containing serum-free
media (SFM) [23] supplemented with fibroblast growth fac-
tor (FGF2) (F) (10ng/mL) and heparin (H) (2 pg/mL; Sigma
Aldrich) (SFM +FH).
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NR progenitor cells were extracted from the developing
PND2 NR (Fig. 1A). NR and RPE were separated by placing
eye tissues into Dispase (Collaborative Research, VWR) for
1min (postnatal period) to 3min (adult) at 37°C. Tissues
were then mechanically triturated and dissociated to single
cells. Cell suspensions were plated at 10 cells/pL in SFM +
FH. Notch IntraCellular Domain (NICD)-infected NR pro-
genitors were also passaged, then grown in a set of experi-
ments (Fig. 4) in SFM supplemented with the epidermal
growth factor (EGF, 10ng/mL), or supplemented with both
FGF2 and EGF (10ng/mL each) after being grown in
SFM +FH or SFM +EGF for the first 7 days.

To assess expansion and/or self-renewal abilities in vitro,
primary colonies were passaged either in bulk or in single
sphere manner. All of the colonies (bulk) or individual
spheres (single sphere) were harvested and placed either in
SFM only (NR progenitor-derived colonies) or in an enzyme
solution (Trypsin 1.33mg/mL, Hyaluronidase 0.67 mg/mL,
Kinurenic acid 0.2mg/mL, Collagenase type 1 and type 2
(0.5mg/mL each), and Elastase (0.1%) (pCE- and CE-derived
colonies). NR-derived colonies were readily mechanically
dissociated to single cells and plated again in SFM+FH.
Stem cell colonies (bulk or single) were kept in enzyme so-
lution for 30min at 37°C. Upon enzyme exposure spheres
were triturated 30 times and then spun down for 5min.
Partially dissociated colonies were then resuspended in SFM-
containing 1mg/mL Trypsin inhibitor and triturated addi-
tional 30 times to single cells. Cells were then centrifuged
again for 5min at 1,500 rpm and resuspended in SFM + FH.
Passaged spheres were counted after 7 days in culture.

Toxicity evaluation of pharmacological inhibitors

PND2 NR-derived progenitors, PND2 pCE- and adult CE-
derived RSC cultures were cultured in SFM +FH in presence
of the DMSO vehicle (Ctl) or in increasing doses of y-secre-
tase inhibitor DAPT (N-[N-(3,5-Difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine t-butyl ester; Calbiochem) from 1 to
20 uM as indicated, and/or increasing concentrations of FGF
receptor inhibitor SU 5402 (Calbiochem) from 1 to 10 uM.
Pharmacological inhibitors were repeatedly added every
other day for 6 days. At this point, numbers of generated
spheres were counted and sphere diameters measured. In-
hibitor-induced toxic effects were further evaluated by har-
vesting the growing spheres and cells present in the different
drug and dose groups, washing them twice in SFM and
plating cells and forming spheres into SFM +FH. The new
cultures were allowed to grow for additional 7 days and
colonies were then counted again. Nonsignificant decreases
in sphere numbers compared to vehicle controls after a total
of 12 days in culture were considered as drug doses viable
for cells. Subsequent experiments were performed using the
highest non-toxic doses for both inhibitors.

Knockdown siRNA experiments

Targeted Hes5, and non-targeted control (scrambled) siR-
NA was used at 50nM with DharmaFECT transfection re-
agent 1 (Dharmacon). Knockdown was confirmed by
quantitative polymerase chain reaction (q-PCR) for Hes1 and
Hes5. Hes1 levels were measured to assess the specificity of
Hes5 siRNA. No significant difference in Hesl expression
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levels were observed across three independent experiments.
Hes5 levels were reduced to ~65% of control.

Retrovirus preparation and infection

Replication-incompetent retroviral backbones pMX-IRES-
GFP (pMXIE) and N1ICD-containing retroviral construct
(pPMXIE-N1ICD) were previously described [29]. PND2 NR
progenitors, PND2 and adult RSCs were plated at clonal cell
density (10 cells/pL) in SFM +FH. Viruses were added 6h
after plating with a Multiplicity of Infection=10 and left in
culture media for 7 days. Numbers of clonal non-infected
“GFP~" and infected “GFP*” spheres were determined.

RT-PCR and g-PCR

Developing (pCE) and adult CE and NR eye tissues were
microdissected and RNA was extracted using RNAeasy mini
kit (Qiagen) complemented with DNase treatment. RNAs
were then reverse-transcribed using one-step reverse- tran-
scription kit (Qiagen). Equivalent cDNA amounts were used
to screen expression of Notch signaling components using the
pairs of primers listed in Supplementary Table S1 (Supple-
mentary Data are available online at www liebertpub.com/
scd).

For g-PCR experiments, total RNA (50-100ng, extracted
from four to six spheres of about the same size) were reverse-
transcribed using random hexamer primers (Invitrogen) and
MOoMLYV reverse transcriptase Superscript III (Invitrogen)
according to the manufacturer’s instructions.

q-PCR were performed using Hesl, Hes5, and Hprt Taq-
Man Gene expression assays (Applied Biosystems) and run
on 7900HT sequence Detection System (Fast real time PCR
system; Applied Biosystems). Three independent experi-
ments were performed and each sample was screened in
triplicates per individual run. Quantification was performed
using AACt analysis with specific reference samples as in-
dicated in figure captions and normalized to hprt gene.

Statistics

Data are expressed as mean+SEM. GraphPad Prism 4.0 t-
tests or analyses of variance were used for statistical com-
parisons where appropriate, with Dunnett’s and Bonferroni’s
post hoc tests as required. Minimal statistical significance
was defined at *P<0.05.

Results

In the current study, the proliferation of RSCs was moni-
tored by evaluating the total numbers of primary or pas-
saged clonal spheres. The average diameter of clonally
expanded spheres was used as an estimate of the prolifera-
tion of retinal progenitors (given that more than 99% of cells
in the spheres are progenitor cells) [23,34]. Self-renewal ca-
pacities were assessed by both bulk and single sphere pas-
saging to address the involvement of non-cell or cell
autonomous effects, respectively [13,22,23]. Moreover, the
numbers of new spheres obtained from the dissociation of
individual clonal spheres enabled the determination of the
mode of division (symmetric giving rise to multiple sec-
ondary clonal spheres or asymmetric generating one single
clonal secondary sphere) of the initial sphere-forming cell.

Exogenous DII3 Notch ligand promotes proliferation
of adult RSCs

Notch isoforms (Notchl to 4) represent a class of trans-
membrane receptors that binds to transmembrane ligands
(such as Delta-like 1, 3, and 4 or Jagged 1 and 2) present on
the surface of adjacent cells. Receptor ligand-binding initiates
two proteolytic events. The last one, mediated by the y-
secretase, releases the NICD, which is subsequently translo-
cated to the nucleus where it binds to several partners and
activates the expression of downstream target Hairy and
enhancer of split (Hes) family genes [35]. Several reports in
both the vertebrate and invertebrate nervous systems have
established a critical role for Notch signaling in preserving a
pool of undifferentiated precursor cells in developing eyes
[36-41]. Moreover, we previously showed that components
of the Notch signaling pathway are critical for the mainte-
nance (self-renewal) and expansion (proliferation) of em-
bryonic neural and RSCs [29,42].

To investigate specific roles of Notch signaling in either
RSCs or retinal progenitor cells, we first analyzed the ex-
pression patterns of Notch signaling components (ie, ligands,
receptors, and target genes) within the RSC compartment
(presumptive and adult ciliary epithelium, pCE and CE re-
spectively), in dividing perinatal NR progenitors and in the
differentiated adult NR. Notch 1, 2, 3, and 4 receptor isoforms
and the majority of the Notch ligands, including Jagged 1,
Jagged 2, Delta-like (DIl)1, and DII4, were ubiquitously ex-
pressed in both developing (PND2) and adult CE and NR
(Fig. 1B). By contrast, DII3 is expressed only in PND2 NR
progenitor cells and no longer in adult NR, nor in pCE or CE.
Regarding the Notch target genes, only Hes5 was specifically
expressed in the PND2 NR and not in the other tested tissue
samples (Fig. 1B). This correlation between Hes5 and DII3
expression patterns suggests a possible communication be-
tween neighboring PND2 NR progenitors as D113, binding to
Notch receptor-expressing progenitors, which would acti-
vate downstream Hes5 expression. This result is in accor-
dance with a previous study showing that Hes5 is expressed
in dividing retinal precursors located in the germinal zone in
developing mouse retina, before being gradually restricted to
differentiating Miiller glial cells later in the early postnatal
(PND?) period [43].

We next examined the functional effects of exogenous
Dll-induced Notch activation on developing PND2 NR
progenitors and PND2 RSCs respectively, and on adult
RSCs. Neither the addition of DII1 nor DII3 produced sig-
nificant effects on the numbers of PND2 NR progenitor- or
PND2 RSC-derived primary spheres (Fig. 1C, Supplemen-
tary Fig. S1A). These results might be explained by the fact
that at PND2, both retinal stem and progenitor cells are still
proliferating [13,23,44]. However, when added to adult
RSC cultures, DII3, but not D111, led to a 1.8-fold increase in
the numbers of clonal adult pigmented RSC primary
spheres compared to control (Fig. 1D). This clonal sphere
assay suggests that Notch signaling activation promotes
non-cell autonomous survival or proliferation of adult
RSCs. In contrast, no functional effects of exogenous DII3
were observed on retinal progenitors since both DII3-trea-
ted PND2 and adult RSC spheres appeared to exhibit
equivalent sphere diameters compared to controls (data not
shown).
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FIG. 1. Exogenous DII3 enhances proliferation and self-renewal of adult retinal stem cells (RSCs). (A) Schematic repre-
sentation of sagittal sections of the developing (PND2) and the adult eye. PND2 neural retina (NR) progenitors and PND2
RSCs were extracted from the developing NR and the presumptive ciliary epithelium (pCE), respectively. Adult RSCs were
isolated from the adult ciliary epithelium (CE). (B) RT-PCR analysis of Notch receptors, ligands and downstream target genes
in developing and adult eyes. Hprt was used as an internal control. No amplification was observed in the absence of reverse
transcriptase. Lane 1: postnatal day 2 (PND2) NR, lane 2: adult NR, lane 3: PND2 pCE, lane 4: adult CE, n=3. (C, D) PND2
NR progenitors (C) and adult RSCs (D) were cultured in standard culture conditions (Ctl) or supplemented with increasing
concentrations of Delta-like (DII)1 or DII3 ligands (10, 50 or 100ng/mL). (C) A two-way analyses of variance (ANOVA)
showed no main effects of drug treatment or dose and there was no significant interaction [F(3,56)=0.82, P>0.05, n=8]. (D) A
two-way ANOVA revealed a significant interaction between drug treatment and dose [F(3,40)=29.58, *P <0.05, n=6]. Post
hoc tests indicated a significant increase in the numbers of adult RSC primary spheres between Ctl versus DII3 (50 and
100ng/mL), *P<0.05, but no difference was observed across DII1 doses versus Ctl (P>0.05). (E) Quantitative polymerase
chain reaction (q-PCR) analyses of Hes1 and Hes5 expression in clonal adult RSC spheres cultured in presence of either DIl1 or
DII3 (50 ng/mL each). Samples were compared to adult RSC spheres cultured in standard culture conditions and normalized
to hprt. A two-way ANOVA indicated a significant interaction of drug treatment and gene [F(2,12)=27.88, *P <0.05, n=3 in
triplicates]. Post hoc tests revealed that DII3 significantly up-regulated Hes5 (*P <0.05), but not Hes1 (P>0.05) expression
compared to non-treated adult RSC spheres. (F) Single sphere passaging of adult RSC spheres grown in standard culture
conditions (Ctl), or in presence of 50 ng/mL DII1 or 50 ng/mL DII3. A one-way ANOVA indicated a significant main effect of
the treatment [F(2,21)=6.02, *P <0.05, n=4]. Dunnett’s post hoc tests revealed that DII3 (*P <0.05) but not DII1 (P>0.05, n.s:
nonsignificant) generated a significant increase in the numbers of adult pigmented RSC secondary colonies compared to
control.

N2

To further understand the underlying mechanisms upon Using single-sphere passaging, we demonstrated that, in
Notch stimulation, the expression levels of Hesl and Hes5 control conditions, single clonal PND2 RSC spheres have the
Notch target genes were quantified by q-PCR analysis. DII3  ability to divide both symmetrically and asymmetrically as
stimulation specifically up-regulated Hes5 in primary adult one initial sphere gave rise to 1.5 (from 0 up to 6 new
RSC spheres, whereas DIlI1 did not influence downstream spheres) new secondary pigmented spheres on average
Hes1 and Hes5 expression compared to control (Fig. 1E). (Supplementary Fig. S1B). This means that some sphere-
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forming stem cells divided at least once symmetrically. In
contrast, in the same conditions, single clonal adult RSC
spheres did not generate more than one (either zero or one
new sphere) new secondary pigmented sphere, indicating
that adult RSCs only divided asymmetrically in our culture
conditions (Fig. 1F). Single dissociated PND2 RSC spheres
cultured in the presence of exogenous DIlI1 or DII3 did not
exhibit any differences in the numbers of passaged pig-
mented spheres compared to control (Supplementary Fig.
S1B). Nonetheless, single adult RSCs, in presence of DII3, but
not DII1, produced 1.8 times more secondary pigmented
spheres thus confirming effects of exogenous DII3 on adult
RSC survival or proliferation. The proportion of individual
adult RSC primary spheres that did not passage in DII3-
treated (28%*2%) versus control (30%+3%) groups was
equivalent, thus ruling out DII3-induced survival effects on
adult RSCs and rather suggesting enhanced symmetric di-
visions. We hypothesized that this variability in response to
ligand stimulation between PND2 and adult RSCs may be
due to the fact that, in early in vivo postnatal development,
Notch signaling activity already is maximal and could not
therefore be more activated with the addition of DI ligands,
thus enabling RSCs to proliferate both symmetrically and
asymmetrically to contribute to retina formation [13,26]
(Supplementary Fig. S4D).

Inhibition of the Notch signaling pathway reduces
the proliferation of RSCs and retinal progenitors

To test whether endogenously active Notch signaling is
functional in developing and adult eyes, PND2 NR progen-
itors, PND2 pCE-derived RSCs, and adult CE-derived RSCs
were cultured in presence of DAPT in clonal sphere assays.
This drug is known to inhibit the y-secretase enzyme activity
responsible for the cleavage of Notch receptor following li-
gand binding, thus preventing the release of the N1ICD [45].
First, the toxicity of this inhibitor on the various cell types
was evaluated by performing a dose-response curve to in-
creasing concentrations of DAPT (1 to 20 uM). DAPT dose-
dependently diminished the numbers of pigmented PND2
and adult RSC primary spheres, indicating a reduced pro-
liferation or survival of RSCs compared to vehicle control
groups (Supplementary Figs. S2B and S3A). However, no
toxic effects of DAPT were observed on PND2 and adult
RSCs up to the 10 pM DAPT dose, as the 7 day-rescue period
allowed the generation of equivalent numbers of pigmented
primary spheres compared to controls. Hence, we conclude
that inhibition of Notch diminishes the proliferation of PND2
and adult RSCs. This result tallies with our previous data
demonstrating that perturbation in Notch signaling (absence
of the presenilinl gene) impaired the numbers of embryonic
RSC primary spheres [42]. Moreover, DAPT-treated PND2
and adult RSC primary spheres were significantly smaller in
size compared to controls (Supplementary Figs. S2C and
S3B). This smaller size phenotype could be due to either
proliferation or survival defects on retinal progenitors.
However, the analysis of DAPT treatments on PND2 NR
progenitors led us to rule out the death of stem cell-derived
progenitors in spheres, as the clonal sphere-forming ability of
PND2 NR progenitors exposed to the 10uM DAPT dose
could still be rescued by transfer to standard culture condi-
tions (Supplementary Fig. S2A). Therefore, these data dem-
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onstrate that Notch signaling regulates proliferation of
retinal stem and retinal progenitor cells in vitro.

Additionally, to control the pharmacological specificity to
Notch signaling, PND2 NR progenitors and adult CE-
derived cells were stimulated by DII1 or DII3 in presence of
DAPT. Neither of the Notch ligands restored the numbers of
progenitor- nor stem cell-derived primary colonies when
DAPT was included in the cultures (Fig. 2A, B). We thus
conclude that the DII3-mediated proliferation on adult RSCs
(Fig. 1C) occurred through activation of the canonical Notch
signaling pathway, as this proliferative effect was inhibited
in presence of DAPT (Fig. 2B). Since the highest non-toxic
dose of DAPT did not completely suppress the formation of
PND2 NR progenitor- and adult RSC-derived primary
spheres, we hypothesized that at least one other cell signal-
ing pathway may be responsible for this remaining prolif-
eration.

FGF signaling pathway regulates RSC proliferation
and is required for retinal progenitor proliferation

Although an initial study demonstrated that a rare subset
of pigmented cells from the adult CE is able to form clonal
pigmented spheres in the absence of exogenous growth
factors, this work also clearly established that exogenous
FGF2 promotes RSC proliferation [23]. Further, exogenous
DII3 was shown to promote proliferation of adult RSCs in
our standard FGF2-containing culture medium (Fig. 1D).
This additional growth led us to anticipate that both Notch
and FGF signaling pathways may participate in RSC prolif-
eration. A specific FGFR1 inhibitor, SU5402, was used to
block FGF signaling and its toxicity was assessed through a
dose-response curve on adult CE-derived cells. SU5402 ex-
posure led to decreased numbers and diameters of adult
clonal RSC colonies (Fig. 2B) in a dose-dependent manner
(Supplementary Fig. S3C, D). At the 5 uM dose, the numbers
of adult pigmented RSC primary spheres could be restored
following the 7-day rescue period in control media, thus
excluding any potential toxic effects. We conclude that in-
hibition of FGF signaling alters adult RSC proliferation.

The reduced sphere diameters can be due to impairment
of retinal progenitor proliferation since blocking the FGF
signaling with 5uM of SU5402 completely blocked the pri-
mary sphere formation of PND2 NR progenitors (Fig. 2A and
Supplementary Fig. S3D). The fact that adult RSC primary
spheres were observed at the 5 uM SU5402 dose (Fig. 2B and
Supplementary Fig. S3C) eliminated a potential toxicity on
retinal progenitors and suggested that FGF signaling is in-
volved in retinal progenitor proliferation. These results
support the idea that FGF signaling stimulates adult RSC
proliferation, while being required for the expansion of
PND2 NR progenitor cells. All together, these data demon-
strate the involvement of both Notch and FGF signaling
pathways in RSC proliferation. Inhibiting both Notch and
FGF signaling pathways together resulted in no primary
sphere formation from adult RSC cultures (Fig. 2B), provid-
ing a direct piece of evidence for the additive effect of these
two signaling pathways.

Since clonal adult pigmented RSC primary spheres were
generated in FGF2-supplemented culture media and in the
presence of DAPT, (Fig. 2B), we next examined the respective
importance of both FGF and Notch signaling pathways in
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adult RSCs. To do this, we cultured adult RSCs in the reverse
culture conditions, thereby stimulating Notch while inhibit-
ing FGF signaling pathways. In presence of SU5402, DII3 but
not DII1 increased the numbers (Fig. 2B) but not the sizes
(data not shown) of adult pigmented RSC primary spheres
compared to adult RSC spheres grown in the FGFR inhibitor
alone. Such an increase in sphere numbers was not observed
when adult RSCs were grown in the presence of DAPT with
an excess of exogenous FGF2 compared to the spheres cul-
tured in DAPT alone (data not shown). Therefore, Notch
signaling demonstrates preferential effects on RSCs, and FGF
signaling on retinal progenitors.

Molecular crosstalk between FGF and Notch
signaling pathways in clonal adult RSC colonies

To elucidate the downstream molecular effects of the in-
hibition of the separate Notch and FGF signaling pathways,
the levels of the Hesl and Hes5 Notch target genes were
quantified in adult RSC primary spheres. qPCR analyses
revealed that DAPT-exposed adult RSC primary spheres,
with or without the addition of DII1 or DII3 Notch ligands,
downregulated Hes5 expression compared to control (Fig.
2C). Besides, adult RSC spheres cultured in presence of FGFR
inhibitor alone show decreased Hes1, but not Hes5 expression
compared to controls. Moreover, SU5402-treated adult RSC
spheres restored Hes1, but not Hes5 expression to normal
levels when DIl was added, whereas DII3 induced the
specific up-regulation of Hes5 (Fig. 2C). These results un-
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derline a crosstalk between FGF and Notch signaling path-
ways in regulating retinal progenitor proliferation, since
inhibiting FGF signaling affects the downstream Hes1 Notch
target gene. These findings also suggest the combination of
the DII3 (ligand)-Notch receptor-HES5 as a preferential
pathway to stimulate adult RSC proliferation. To confirm
this assumption, we assessed the knockdown of Hes5 ex-
pression on adult RSC cultures. The 65% reduction in Hes5
transcripts led to a 50% decrease in numbers, but not in di-
ameters of clonal pigmented adult RSC primary spheres (Fig.
2E, F). All together, these results and the fact that Hes5 ex-
pression was not detectable in adult CE (Fig. 1B) reinforces
the idea that Notch-HES pathway is predominantly present
in rare pigmented RSCs in vivo.

Notch and FGF cell signaling pathways are both
required for adult RSC self-renewal

To address the roles of the FGF and Notch signaling
pathways in the self-renewal of adult RSCs, CE-derived cells
were initially cultured for 7 days in the presence of either
DAPT or SU5402. Individual spheres with similar diameters
from the control and inhibitor-treated groups were subse-
quently passaged into inhibitor-free standard culture condi-
tions. As already shown (Fig. 1E), single clonal adult RSC
colony gave rise to no more than 1 new sphere on passaging,
thus demonstrating that adult RSCs solely divide asymmet-
rically (Fig. 2D). However, in the presence of either DAPT or
SU5402 for 7 days, individual clonal adult RSC primary

>
FIG. 2. Notch and fibroblast growth factor (FGF) signaling pathways are involved in the proliferation of retinal stem and
retinal progenitor cells and both are required for stem cell self-renewal. (A) PND2 NR progenitors were cultured in standard
culture conditions (Ctl) or in presence of y-secretase inhibitor (DAPT) or FGF receptor inhibitor (SU 5402). NR progenitors
were also stimulated with either DII1 or DII3 (50ng/mL) in presence of DAPT (10 uM) to validate the inhibition of Notch
signaling in PND2 NR progenitor cells. A one-way ANOVA revealed a significant main effect of treatment [F(4,85) =82.44,
*P<0.05, n=4]. NA, not applicable. (B) Adult RSCs were cultured in standard culture conditions (Ctl) or in diverse com-
binations of DIl Notch ligands, DAPT and SU5402 inhibitors as mentioned. There was a significant main effect of DAPT
treatment (left part) on the numbers of adult pigmented RSC primary colonies compared to control [F(4,85)=79.88, *P <0.05,
n=4]. Multiple comparison tests indicated that in presence of DAPT, neither DII1 nor DII3 had significant effects on the
numbers of adult RSC primary spheres compared to cultures treated with DAPT alone (P>0.05). A one-way ANOVA
showed a significant main effect of SU5402 treatment (right part) on the numbers of adult RSC primary spheres
[F(3,68)=25.13, *P <0.05, n=4]. Post hoc tests revealed that SU5402 significantly reduced the numbers of adult RSC primary
spheres compared to control. The addition of DII3 (*P <0.05), but not DII1 (P>0.05) to SU5402-treated adult RSC cultures
significantly restored the numbers of adult RSC primary spheres compared to cultures treated with SU5402 alone (SU5402 vs.
SU5402/DI13). (C) g-PCR analyses of Hes1 and Hes5 expression in adult RSC spheres grown in standard culture conditions or
in diverse combinations of DIl Notch ligands, DAPT and SU5402 inhibitors as indicated. Data were all compared to control
adult RSC spheres and normalized to hprt (n=3, in triplicates for each group). A two-way ANOVA showed a significant
interaction of drug treatment (DAPT treatments) and gene [F(3,16)=7.64, *P <0.05]. Multiple comparison tests revealed that
DAPT significantly downregulated Hes5 but not Hes1 expression (Ctl vs. DAPT, Ctl vs. DAPT/DII1, Ctl vs. DAPT/DII3,
*P<0.05). A two-way ANOVA demonstrated a significant interaction of drug treatment (SU 5402 treatments) and gene
[F(3,16)=28.54, *P <0.05]. Multiple comparison tests revealed that SU5402 significantly decreased Hesl but not Hes5 ex-
pression (Ctl vs. SU5402, *P <0.05). The addition of DII1 restored HesI expression in SU5402-treated conditions (SU5402 vs.
SU5402/DIl1, *P<0.05). In presence of DII3, SU5402-treated adult RSC spheres exhibited a significant rescue of HesI ex-
pression (SU5402 vs. SU5402/DII3) and a significant increase of Hes5 expression compared to control (Ctl vs. SU5402/DII3,
*P<0.05). (D) Passaging of individual adult RSC primary spheres in (drug-free) standard culture conditions after being
cultured for 7 days in control (Ctl) conditions, in DAPT or in SU5402 inhibitor conditions as mentioned. A one-way ANOVA
revealed a main effect of treatment [F(2,33) =55, *P <0.05, n=4]. Multiple comparison tests indicated that DAPT and SU5402
blocked the formation of pigmented adult RSC secondary spheres (Ctl vs. DAPT and Ctl vs. SU5402, *P<0.05). (E, F)
Numbers (E) and sphere diameters (F) of clonal adult RSC primary spheres from adult CE-derived cells grown in presence of
non-targeted small interfering RNA (siRNA) (scrambled) or in presence of Hes5 siRNA. One-way ANOVA revealed a main
effect of treatment on the total numbers of clonal primary RSC spheres [F(2, 83)=85.40, P <0.05]. Dunnett’s multiple com-
parison test indicated that Hes5 siRNA (*P <0.05), but not scrambled (P>0.05) significantly reduced the numbers of clonal
adult RSC primary spheres. One-way ANOVA revealed no main effect of treatment on the diameters of clonal adult RSC
primary spheres [F(2, 45)=1.624, P>0.05].
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spheres did not form any secondary spheres in drug-free
conditions, suggesting that the Notch and FGF signaling
pathways both are necessary for adult RSC self-renewal.

Constitutive activation of Notch signaling pathway
confers retinal stem-like cell features on PND2
NR progenitor cells

High Notch signaling activity appears to distinguish neural
stem cells from their downstream intermediate neural pro-
genitors [32]. To look at this notion in the retina, we addressed
whether the constitutive activation of Notch signaling in single
NR progenitors may revert them back to a stem cell state.
PND2 NR progenitors were infected with retroviruses con-
taining the N1ICD, the portion that is cleaved and translocated
to the nucleus when Notch receptor is activated. No difference
was observed in the total numbers of primary colonies
obtained from both infected groups compared to the non-
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exposed group. Moreover, control GFP- and NI1ICD-GFP-
overexpressing cells produced equivalent numbers of clonal
non-pigmented primary GFP* spheres (Fig. 3A). All of the
colonies from the three [non-exposed (-), GFP (pMXIE),
NIICD (pMXIE-N1ICD)] groups were then passaged in bulk.
The overexpression of N1ICD induced self-renewal, as shown
by the formation of clonal non-pigmented secondary spheres
compared to control groups that did not show such self-re-
newal properties (Fig. 3B). A biased survival effect of FGF2 on
infected NR progenitors can be ruled out as NICD-infected NR
progenitors initially grown in EGF alone gave rise to equivalent
numbers of primary spheres (data not shown). Moreover, if
grown in serum-containing media for 3 weeks, these NICD-
infected NR progenitor spheres showed multipotentiality as
they differentiated into retinal neurons and glial cells (Balenci
and van der Kooy, unpublished data) [41].

To further examine the acquired self-renewal properties of
PND2 NR progenitors in response to sustained Notch
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Perinatal neural retina progenitor cells
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FIG. 3. Constitutive activation of Notch signaling pathway induces self-renewal properties to perinatal NR progenitor cells.
(A) Numbers of primary spheres emerging from PND2 NR progenitors non-transduced (—) or either infected with control
GFP (pMXIE) or Notchl-ICD (pMXIE-N1ICD) retroviruses in standard culture conditions. White and green bars represent
non-infected (GFP~) and infected (GFP™") spheres respectively. A one-way ANOVA revealed no main effect of infection
[F(2,69)=0.199, P>0.05], indicating that the total numbers of primary spheres did not significantly vary across the three
different groups. An unpaired t-test showed that the overexpression of N1ICD did not induce any difference in primary
GFP™" sphere formation compared to control GFP-overexpressing group [t=0.449, df=46, P>0.05, n=10]. (B) Bulk-passaging
of PND2 NR progenitor primary spheres obtained from the three different groups defined in (A). A one-way ANOVA
indicated a main effect of infection [F(2,69)=470.5, *P <0.05, n=8] thus demonstrating that N1ICD overexpression induced
the formation of non-pigmented PND2 NR progenitor secondary colonies compared to control and GFP-overexpressing
groups (*P <0.05). The inset shows a representative non-pigmented secondary colony arising from a single N1ICD-infected
PND2 NR progenitor cell (scale bar=50 pm). (C, D) N1ICD-infected PND2 NR progenitor spheres were serially passaged
either in bulk (C) or in single sphere (D) in standard culture conditions. One-way ANOVA showed no significant main effects
of passaging on the numbers of spheres over at least four passages [passage #2 (P2) to #5 (P5)] using either bulk
[F(3,44)=0.362, P>0.05] or single sphere [F(3,60)=0.348, P>0.05] passaging techniques (n=8 each). (E) g-PCR analyses of
Hes1 and Hes5 expression in N1ICD-infected NR progenitor spheres (four to six spheres in total) at P2 (P2 N1ICD-PND2 NR)
or P5 (P5 N1ICD-PND2 NR) compared to PND2 NR primary spheres exposed to control GFP (pMXIE) retrovirus and
normalized to hprt. A two-way ANOVA showed a significant interaction of infection and gene [F(2,12)=95.91, *P<0.05, n=3
in triplicates for each condition]. Multiple comparison tests indicated that the overexpression of N1ICD significantly in-
creased Hes5 (*P <0.05) but not Hes1 (P>0.05) expression levels (Ctl vs. P2 N1ICD PND2 NR and Ctl vs. P5 N1ICD PND2
NR). N1ICD, Notchl IntraCellular Domain.
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Perinatal neural retina progenitor cells
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FIG. 4. Gained self-renewal abilities of NR progenitors are FGF-dependent. (A, B) Evaluation of the numbers (A) and the
diameters (B) of secondary (2°) colonies obtained from bulk-passaging N1ICD-infected PND2 NR progenitor primary spheres
grown in different growth factor conditions [epidermal growth factor (EGF), FGF, and EGF+FGF]. One-way ANOVA
indicated significant main effects of treatment on the numbers [F(2,33)=38.64, *P<0.05)] and the diameters of spheres
[F(2,15)=3.966, *P <0.05, n=4] of non-pigmented N1ICD-infected PND2 NR progenitor secondary colonies. Post hoc tests
showed that FGF significantly increased the numbers and the sizes of PND2 NR-infected secondary colonies compared to
spheres grown in EGF (EGF vs. FGF, *P <0.05), whereas the presence of both EGF and FGF did not reveal significant effects
on the numbers and the sizes of secondary colonies compared to spheres grown in FGF alone (FGF vs. EGF/FGF, P>0.05, n.s:
nonsignificant). (C, D) Evaluation of the numbers (C) and the diameters (D) of tertiary (3°) colonies obtained from bulk-
passaging N1ICD-infected PND2 NR progenitor secondary spheres grown in different growth factor conditions (EGF, FGF,
and EGF+FGF). One-way ANOVA revealed significant main effects of treatment on the numbers [F(2,33)=134.4, *P <0.05]
(C) and the diameters [F(2,33)=185, *P<0.05, n=4] (D) of non-pigmented N1ICD-infected PND2 NR progenitor tertiary
colonies. FGF2 was required for the maintenance of non-pigmented N1ICD-infected PND2 NR progenitor tertiary spheres
since no tertiary colonies were generated in the presence of exogenous EGF only (EGF vs. FGF, *P <0.05). The presence of
both FGF and EGF in the culture media did not significantly modify either the numbers or the diameters of N1ICD-
overexpressing PND2 NR progenitor tertiary spheres compared to colonies grown in FGF2 alone, (FGF vs. EGF/FGF,
P>0.05).

activity, non-pigmented N1ICD-infected NR progenitor col-
onies were passaged either in bulk or as single spheres. In
bulk, we observed that the frequency of sphere forming cells
was consistent over passages, suggesting that each single
N1ICD-infected NR progenitor gives rise to a single new
sphere-forming cell. These sphere-forming cells do not ex-
pand their numbers by symmetric division, but only asym-
metrically divide to maintain the single sphere-forming cell
in each colony (Fig. 3C). In support of this hypothesis, in-
dividual N1ICD-infected spheres generated no more than
one new sphere on passaging, confirming that the initial
sphere-forming cells did not symmetrically divide as this
would have led, at least, to two new clonal spheres (Fig. 3D).

Most interesting, neither N1ICD-infected primary colonies
nor N1ICD-induced secondary spheres were larger in size
than GFP-infected spheres (pMXIE), thus reinforcing the
conclusion of Fig. 1C that activation of Notch signaling does
not stimulate proliferation of retinal progenitors.

To identify the molecular components involved in this
NI1ICD-induced self-renewal ability, q-PCR analyses were
carried out. N1ICD-overexpressing PND2 NR progenitor-
derived spheres revealed a seven-fold increase in Hes5 ex-
pression compared to primary PND2 NR progenitor colo-
nies, whereas Hes1 expression remained unchanged (Fig. 3E).
Further, the up-regulation of Hes5 expression was main-
tained over time in N1ICD-infected spheres until at least the
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fifth passage (the last passage tested) (P5 N1ICD-PND2 NR,
Fig. 3E). The constitutive activation of Notch signaling in
PND2 NR progenitors correlated with an increase in Hes5
expression during the process of turning NR progenitors into
retinal stem-like cells, thereby changing the mode of division
of the sphere-forming cell from symmetric progenitor divi-
sions to strictly asymmetric stem cell-like divisions. Note-
worthy, none of the N1ICD-infected NR progenitor-derived
spheres became pigmented, meaning that, they did not ac-
quire all of the features that RSCs normally possess. How-
ever, we previously found that pigmentation is not crucial
for RSC function, since adult albino CD1 mice harbor normal
numbers of non-pigmented, colony sphere-forming RSCs
that self-renew in vitro [23].

To further investigate these induced self-renewal proper-
ties, primary PND2 NR progenitor spheres overexpressing
NI1ICD were passaged in bulk and plated in EGF, FGF2, or
EGF+FGF2, two growth factors shown to promote retinal
progenitor and adult RSC proliferation [23]. Removal of ex-
ogenous FGF2 during passaging led to the formation of less
secondary colonies and prevented the emergence of tertiary
spheres (Fig. 4A, C). In addition, in the absence of FGF2,
spheres were smaller in diameter emphasizing the role of
FGF2 in promoting proliferation of retinal progenitors (Fig.
4B, D). These findings demonstrate that constitutive activa-
tion of Notch signaling led single PND2 NR progenitor cells
to a stem-like cell identity, since these cells were induced to
self-renew, a function for which exogenous FGF2 was re-
quired.

Constitutive activation of Notch signaling pathway
induces symmetrical divisions in adult RSCs

Since Notch activation induced self-renewal in PND2 NR
progenitors, we next addressed the potential role of Notch
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activation in PND2 and adult RSCs that possess self-renewal
abilities. GFP(pMXIE)- and NI1ICD(pMXIE-N1ICD)-over-
expressing PND2 RSCs generated the same proportions of
non-infected (GFP™) and infected (GFP*) clonal pigmented
primary and secondary colonies (Supplementary Fig. S4A-
C). The overall numbers of colony-forming cells were
comparable between both infected groups (pMXIE and
pPMXIE-N1ICD) and the non-exposed group (—) over the
first two passages ruling out any potential survival and
proliferative effects of Notch activation on single PND2
RSCs. This result is consistent with the observation that ex-
ogenous DII3-mediated Notch activation did not influence
PND2 RSC proliferation (Supplementary Fig. S1A, B). It is
important to note that individual non-infected (-) or in-
fected GFP* (from both control GFP- and N1ICD- groups)
colonies generated more than one new sphere at each pas-
sage suggesting that PND2 RSCs divide both symmetrically
(to generate two identical daughter RSCs) and asymmetri-
cally (to maintain RSC population while also generating
retinal progenitor cells) (Supplementary Fig. S4C).

Adult CE-derived cells submitted to NI1ICD over-
expression produced equivalent numbers of clonal infected
(GFP"), pigmented primary spheres of comparable sizes to
adult RSC cultures grown in the presence of the control GFP
virus (Fig. 5A, B). Nevertheless, once passaged in bulk,
N1ICD-infected clonal adult RSC-derived spheres generated
twice as many pigmented clonal secondary colonies (which
were also smaller in diameter) as the control GFP-infected
colonies (Fig. 5C, D). The proportion of non-infected (GFP ™)
spheres between GFP- and N1ICD-overexpressing groups
was similar; this suggests that Notch activation promotes
survival or proliferation of adult RSCs. However, a survival
hypothesis seems less likely given that NI1ICD-over-
expressing group did not show increased numbers of clonal
pigmented primary colonies (Fig. 5A).

FIG.5. Sustained Notch signaling promotes symmetrical divisions in adult RSCs. (A, B) Numbers (A) and sphere diameters
(B) of primary spheres resulting from adult CE-derived cells non-transduced (—) or infected either with control GFP (pMXIE)
or Notch1-ICD (pMXIE-N1ICD) retroviruses in standard culture conditions. Insets above each diagram are representative of
characteristic spheres arising from the respective predefined groups in (A) (scale bars=>50 um). One-way ANOVAs did not
reveal a main effect of infection neither on the total numbers [F(2,57)=1.682, P>0.05] (A) nor on the sphere diameters
[F(2,/48)=0.5092, P>0.05] (B) of adult RSC primary colonies. An unpaired t-test demonstrated that the overexpression of
NI1ICD produced equivalent numbers of primary GFP+spheres compared to the control GFP group [t=1.917, df=39,
P>0.05, n=5]. (C, D) Numbers (C) and sphere diameters (D) of secondary spheres emerging from bulk-passaging adult RSC
primary spheres coming from the three different groups defined in (A, B). White and green bars represent non-infected (GFP ™)
and infected (GFP*) spheres respectively. (C) A one-way ANOVA revealed a significant main effect of infection
[F(2,45)=34.25, *P < 0.05], where the N1ICD-overexpressing group demonstrated a significant increase in the total numbers of
adult RSC secondary colonies compared to non-exposed and control GFP groups (non-exposed (—) vs. pMXIE-N1ICD and
PMXIE vs. pMXIE-N1ICD, *P <0.05). An unpaired t-test showed a significant difference in the numbers of secondary GFP™*
colonies in the N1ICD group compared to the control GFP group [t=7.371, df=34, *P<0.05). (D) A one-way ANOVA
showed a significant main effect of infection [F(2,101) =22.25, *P <0.05, n=>5], where the overexpression of N1ICD (*P <0.05),
but not GFP alone (P>0.05), significantly reduced the diameters of adult RSC secondary colonies compared to the non-ex-
posed group (—) [(—) vs. pMXIE, P>0.05, n.s: non-significant and (—) vs. pMXIE-N1ICD, *P <0.05]. (E) Numbers of sec-
ondary (2°) spheres arising from the dissociation of individual primary spheres coming from different groups as previously
mentioned in (A). In control GFP (pMXIE) and N1ICD-overexpressing (pMXIE-N1ICD) retrovirus groups, only infected
(GFP™") spheres were passaged. One-way ANOVA showed a significant main effect of infection [F(2,33)=21.53, *P<0.05,
n=>5], where individual N1ICD-overexpressing spheres generated three times more secondary colonies than the non-exposed
(—) and the GFP-overexpressing groups [(—) vs. pMXIE-N1ICD and pMXIE vs. pMXIE-N1ICD, *P <0.05]. (F) g-PCR analyses
of Hes1 and Hes5 expression in adult RSC primary spheres (four to six spheres in total) infected with either control GFP
(pPMXIE) or N1ICD-overexpressing (pMXIE-N1ICD) retroviruses. Data were compared to non-transduced adult RSC primary
spheres (Ctl) and normalized to hprt (n=3, in triplicates). A two-way ANOVA revealed a significant interaction of infection
and gene [F(2,12)=128.17, *P <0.05], where the overexpression of N1ICD significantly stimulated Hes5 (*P <0.05), but not
Hes1 (p>0.05) expression compared to non-exposed and control GFP groups.
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To examine whether the constitutive Notch activation has
an effect on proliferation, individual non-infected (-) and
infected (GFP*) primary spheres from control GFP- and
N1ICD-overexpressing groups were passaged. Clonal adult
RSC spheres overexpressing N1ICD produced three times
more secondary clonal pigmented spheres compared to the
non-exposed and control GFP groups (Fig. 5E). The propor-
tion of infected GFP+ spheres that did not passage was
equivalent between the control GFP- (pMXIE, 33%+4%) and
N1ICD-overexpressing groups (pMXIE-N1ICD, 32%*3%),
thus excluding survival effects.

One other alternative to proliferative effect might be that
Notch activation, as shown in this study for PND2 NR pro-
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genitors, turns some of the pigmented RPE progenitors into
retinal stem-like cells able to form clonal spheres. To test this
potential conversion, PND2 RPE progenitor cells were iso-
lated (from the central retina rather than the pCE region) and
cultured in proliferating conditions (see Supplementary Fig.
S5) and subsequently infected with either the control GFP
virus (pMXIE) or the N1ICD-GFP-containing virus (pMXIE-
NI1ICD) 24h after the initial plating. On day 7, 47%%5% in
the control group and 39%+3% in the N1ICD-group of
PND2 RPE progenitor cells exhibited GFP expression (Sup-
plementary Fig. S5). However, no primary spheres emerged
in either group, indicating that Notch activation did not
promote proliferation nor took RPE progenitors back to RSC
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state. In sum, these results show that the constitutive acti-
vation of Notch signaling pathway promotes symmetrical
divisions of the adult RSCs (Fig. 5D, E). Additionally, we
further identified Hes5 as the principal mediator in the ex-
pansion of adult RSC population (Figs. 2E and 5F). In con-
clusion, N1ICD overexpression prompted adult RSCs to
switch from a completely asymmetric to a more symmetric
mode of division, probably at the expense of retinal pro-
genitor proliferation since N1ICD-transduced adult RSC
secondary spheres decreased in size (Fig. 5D).

Discussion

The balance between the symmetric and asymmetric di-
visions of stem cells is tightly controlled during develop-
ment. In the developing eye, retinal precursors
symmetrically divide to increase the stem/progenitor pool
before switching to an asymmetric mode of division to
maintain resident stem/progenitor pool while generating
differentiated progeny [46]. Although we and others have
shown that RSCs may continue to expand through perinatal
development, potential intrinsic and extrinsic factors regu-
lating RSC activity remain elusive [13,23,29,47]. Under-
standing the molecular mechanisms controlling RSC
proliferation and self-renewal and whether these processes
are interchangeable are crucial for therapeutic purposes. This
may allow targeted therapies triggering the proliferation of
quiescent endogenous RSCs and the differentiation of their
progeny into appropriate retinal cells to replace lost or in-
jured cells. Numerous studies have shown that Notch sig-
naling plays important roles in maintaining progenitors in an
undifferentiated state and in promoting glial cell fate in
vertebrate developing retina [30,38,40,41,48,49]. However,
little is known about Notch functions in individual retinal
stem/progenitor (precursor) cells during perinatal retina
development and in the adult.

The present study investigates the role of Notch signaling
in perinatal RSC versus retinal progenitors and in adult RSCs
(Table 1). Reports on Drosophila and vertebrates suggested
that the role of Notch signaling depends on the develop-
mental and cellular contexts of a given tissue [9,35]. We show
that external and internal modulations of the Notch signaling
activity acts as an important molecular component in pro-
liferating PND2 NR progenitors and in adult self-renewing
RSCs to influence their respective modes of division. En-
hanced Notch signaling activity in PND2 NR progenitors
induced self-renewal by producing secondary clonal, non-
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pigmented spheres, whereas in uninfected or in control
conditions, these cells formed no secondary spheres. In-
creased cell survival cannot account for these secondary
spheres as no difference in primary sphere formation was
observed. Moreover, passages of single NI1ICD-infected
PND2 NR progenitor-derived spheres produced no more
than one new sphere, indicating that normally proliferating
perinatal NR progenitors switch their mode of division to
strictly asymmetric. Our result slightly differs from a previ-
ous study where constitutive Notch activation in embryonic
retinal progenitors led to the formation of very rare pig-
mented, self-renewing colonies [41]. Perhaps, the develop-
mental stage and the environmental signals may help induce
biochemical components required for pigmentation. The
absence of pigmentation led us to propose that increased
Notch activity in PND2 NR progenitors induced a “partial
reprogramming” giving rise to self-renewing non-pigmented
spheres. Closer analysis of the self-renewal features of
N1ICD-induced retinal stem-like cells revealed properties
similar but not identical to normal self-renewing adult RSCs
in vitro. These reverted NR progenitors exclusively divide
asymmetrically and these divisions are dependent on exog-
enous FGF2, as opposed to adult RSCs, which can divide
without exogenous factors [23]. Further genetic analyses,
however, are needed to bring insights into the molecular
mechanisms involved in this reversion process and identify
which signaling pathways and/or genetic programs were
reactivated in response to high Notch activity. A previous
report showed that overexpressing C-promoter binding factor
(CBF-1), a co-factor promoting Notch transcriptional activity,
failed to revert neural progenitors back to neural stem cells
[32], which makes the present demonstration of a reversible
state between retinal progenitors and RSCs unique. Other
studies in brain and hematopoietic systems have previously
correlated a high Notch activity in the stem cell population
[32,50]. The fact that the extrinsic and intrinsic increase of
Notch signaling activity had no effects on PND2 RSCs sug-
gests that a substantial Notch activity already exists in such
RSCs.

By contrast, reducing Notch activity decreased, but did
not abolish, the proliferation of PND2 and adult RSCs, since,
despite the DAPT treatment, some perinatal and adult RSC
primary spheres were generated. Emerging RSC spheres also
displayed smaller sphere diameters indicating that DAPT
perturbed also retinal progenitor proliferation. The 5-day
DAPT treatment transiently induced a cell cycle arrest of
RSCs and retinal progenitors since these cells resumed

TABLE 1. SUMMARY TABLE

N1ICD overexpression

Proliferation Self-Renewal (gain of function) DAPT treatment (loss of function)
PND2 NR progenitor + - Induced self-renewal Reduced proliferation
No more proliferation
PND2 RSC + + No effects Reduced proliferation
Adult RSC - + Maintained self-renewal Inhibited self-renewal

Induced proliferation Reduced proliferation

Table highlighting the basic proliferation and self-renewal properties of the different retinal cell types presented in this study including the
PND2 NR progenitors, PND2 RSCs, and adult RSCs. The schematic summarizes the different effects observed on the different initial sphere-
forming cells following N1ICD overexpression (gain of function) or DAPT treatment (loss of function).

N1ICD, Notch 1 IntraCellular Domain; NR, neural retina; PND2, postnatal day 2; RSCs, retinal stem cells.
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proliferation to form equivalent numbers of primary spheres
with comparable diameters to controls when cultured back
in standard culture conditions. The presence of some re-
maining spheres in DAPT-treated cultures suggests that the
off-target toxic effects at higher doses might have prevented
us from observing a complete inhibition of RSC-derived
sphere formation by blocking the Notch function. Alter-
natively, the remaining clonal RSC-derived spheres might
reflect the presence of different RSC and retinal progenitor
populations not dependent on Notch signaling to divide.
Since the inhibition of FGF signaling impaired proliferative
potential of adult RSCs while it completely inhibited prolif-
eration of PND2 NR progenitors, the second hypothesis
seems more likely.

In the developing retina, progenitors progress through a
series of “competent stages” in which retinal progenitors
present variable differentiation abilities [30]. This evolving
competence of progenitors might parallel upstream in the
cell lineage the stem cell capacity to divide symmetrically or
asymmetrically, in which Notch signaling activity would
play a crucial role [27,32,51-53]. Although, constitutive ac-
tivation of Notch was shown to have no or little effects on the
competence of early progenitor cell differentiation [41,54],
we compared the functions of activated Notch signaling in
PND2 versus adult RSCs. In the developing eye within the
pCE, PND2 RSCs still divide, whereas RSCs become quies-
cent within the adult CE and no longer proliferate even fol-
lowing injury [9,10]. However, once extracted from their
niche, both PND2 and adult RSCs are able to generate clonal
primary pigmented colonies in vitro. Subsequently, passag-
ing of individual pigmented PND2 RSC primary colonies
resulted in more than 1 new secondary pigmented sphere,
whereas a clonal adult RSC sphere did not produce more
than one secondary pigmented sphere. Consequently, PND2
RSCs have the ability to both symmetrically and asymmet-
rically divide, while adult RSCs adopt only an asymmetric
mode of division. This observation might explain why the
constitutive activation of Notch signaling induced no chan-
ges in PND2 RSCs, whereas it increased the numbers of adult
RSC colonies on passaging.

Hes5 was reported in other studies to be the most reliable
Notch target genes and a good read-out of the Notch activity
[32,55,56], whereas Hes1 expression was shown to be regu-
lated by other cell signaling pathways [57,58] (the present
study). The Notch-induced competence of adult RSCs to
symmetrically divide is further supported by the concomi-
tant upregulation of Hes5 expression to reach a level similar
to the one quantified in PND2 RSCs in which, we assumed,
Notch activity is maximal (Supplementary Fig. S4D). A
similar upregulation of Hes5 was observed upon DII3 stim-
ulation in adult RSCs, which also resulted in enhanced adult
RSC proliferation, as attested by the augmentation in the
numbers of primary and secondary pigmented spheres.
Conversely, downregulating Hes5 reduced specifically the
numbers, but not the diameters, of adult RSC primary
spheres, thus emphasizing the effector role of HES5 in adult
RSC proliferation. Levels of ligand and receptor expression
were shown to be important to distinguish a signal sending
cell from a signal receiving cell, respectively, between adja-
cent cells [59]. In chick and mouse developing retina, DIl
ligands are preferentially expressed in retinal progenitors
[60,61]. We propose that our culture conditions mimic
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in vivo environment of RSC where DII3-expressing retinal
progenitors preferentially trans-activates Notch-expressing
RSC signal receivers to expand the stem cell population
while the stepwise downregulation of DII3 (Fig. 1B) induces
the subsequent quiescence of adult RSCs. The fact that ex-
ogenous ligands impacts on neither the numbers of PND2
NR-derived primary spheres nor the diameters of adult RSC
colonies suggests that PND2 NR progenitors and adult RSC-
derived progenitors are more likely to be the Dll-signal
sending cells.

A converging piece of evidence is that direct Notch over-
activation in single adult RSCs led to a three-fold increase in
clonal pigmented secondary colonies compared to control,
thus revealing a symmetric expansion of adult RSCs. This
result indicates that Notch activity effects on the RSC mode
of division rather than producing changes in cell cycle length
or proliferation rate. N1ICD-infected adult RSC colonies
appeared indeed smaller in size compared to controls sug-
gesting a decrease in progenitor numbers due to decreased
asymmetric divisions of the N1ICD-infected RSCs. This hints
at another fundamental aspect of a niche, as keeping a per-
fect balance between stem cells and their downstream pro-
genitors.

The present results demonstrate that increased activation
of Notch signaling reverts PND2 NR progenitors back to
retinal stem-like state, and promotes symmetrical divisions
in adult RSCs, thereby increasing the RSC pool.
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