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Previous studies of the developing lens have shown that Notch signaling regulates differentiation of lens fiber
cells by maintaining a proliferating precursor pool in the anterior epithelium. However, whether Notch
signaling is further required after the onset of fiber cell differentiation is not clear. This work investigates the
role of Notch2 and Jagged1 (Jag1) in secondary fiber cell differentiation using rat lens epithelial explants
undergoing FGF-2 dependent differentiation in vitro. FGF induced Jag1 expression and Notch2 signaling (as
judged by the appearance of activated Notch2 Intracellular Domain (N2ICD)) within 12–24 h. These changes
were correlated with induction of the Notch effector, Hes5, upregulation of N-cadherin (N-cad), and
downregulation of E-cadherin (E-cad), a cadherin switch characteristic of fiber cell differentiation. Induction
of Jag1 was efficiently blocked by U0126, a specific inhibitor of MAPK/ERK signaling, indicating a requirement
for signaling through this pathway downstream of the FGF receptor. Other growth factors that activate
MAPK/ERK signaling (EGF, PDGF, IGF) did not induce Jag1. Inhibition of Notch signaling using gamma
secretase inhibitors DAPT and L-685,458 or anti-Jag1 antibody markedly decreased FGF-dependent
expression of Jag1 demonstrating Notch-dependent lateral induction. In addition, inhibition of Notch
signaling reduced expression of N-cad, and the cyclin dependent kinase inhibitor, p57Kip2, indicating a direct
role for Notch signaling in secondary fiber cell differentiation. These results demonstrate that Notch-
mediated lateral induction of Jag1 is an essential component of FGF-dependent lens fiber cell differentiation.

Published by Elsevier Inc.
Introduction

The vertebrate ocular lens is composed of two distinctive cell types:
terminallydifferentiatedfiber cells thatmakeupthebulkof the lens anda
monolayer of epithelial cells that covers the anterior surface. Fiber cells
are constantly added to the bulk of the lens through the proliferation of
epithelial cells in a region just above the lens equator known as the
germinative zone. Following division, cells in the germinative zone
migrate posteriorly where they enter a transition zone, withdraw from
the cell cycle, and differentiate into fiber cells (McAvoy et al., 1999). Fiber
cells formed in this way are referred to as secondary fibers, to distinguish
them from the primary fiber cells found at the center of the lens, which
form from the posterior cells of the lens vesicle during embryogenesis
(McAvoy et al., 1999; Sue Menko, 2002). Secondary fiber differentiation
continues throughout the lifetime of the organism, adding concentric
layers of fibers around the primary fibers of the lens nucleus. Several
morphological and molecular changes occur during differentiation,
including cell cycle exit regulated by the cyclin dependent kinase
inhibitors (CKI's) p57Kip2 and p27Kip1 (Fromm and Overbeek, 1996;
and Developmental Biology
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Lovicu and McAvoy, 1999; Zhang et al., 1998, 1999), a cadherin switch
from E-cadherin (E-cad) to N-cadherin (N-cad) (Xu et al., 2002) cell
elongation, accumulation of fiber-specific proteins and the eventual loss
of intracellular organelles and nuclei (McAvoy et al., 1999; Piatigorsky,
1981).

Proliferation of epithelial cells and their subsequent differentiation
into fiber cells are controlled by growth factors from surrounding
tissues of the eye, which reach the lens by diffusion through the
aqueous and vitreous humors (Lang, 1999). A number of growth
factors have been shown to promote lens epithelial cell proliferation
in vivo and in vitro, including PDGF-A, PDGF-D, EGF, and IGF (Ray et
al., 2005; Reddan and Wilson-Dziedzic, 1983; Reneker and Overbeek,
1996). However, only members of the FGF family can induce lens fiber
differentiation, at least in mammals (Lovicu and Overbeek, 1998;
Robinson, 2006; Robinson et al., 1995b; Schulz et al., 1993), as shown
by a variety of model systems, including transgenic mice (Chow et al.,
1995; Govindarajan and Overbeek, 2001; Robinson et al., 1995a, 1998;
Stolen and Griep, 2000; Stolen et al., 1997), conditional gene ablation
(Zhao et al., 2008, 2006), and in vitro studies of lens epithelial
explants (Lovicu and McAvoy, 1989; Lovicu and Overbeek, 1998;
McAvoy and Chamberlain, 1989; McAvoy et al., 1991). Although the
signaling pathways that act downstream of FGF during differentiation
are not fully understood, signaling via MAPK/ERK plays a central role
and is required for expression of a number of fiber-specific markers
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(Golestaneh et al., 2004; Lovicu and McAvoy, 2001). Nonetheless,
other pathways, including PI3 kinase (Chandrasekher and Sailaja,
2003; Souttou et al., 1997;Wang et al., 2009;Weber andMenko, 2006;
Zatechka and Lou, 2002), c-Jun NH(2)-terminal kinase (JNK)
(Golestaneh et al., 2004), Jak/Stats (Ebong et al., 2004a,b; Potts et
al., 1998) and Rho GTPases (Maddala et al., 2004) are also activated by
FGF and seem to be required for certain aspects of differentiation.

Notch signaling is a highly conserved, cell–cell signaling pathway
that is involved in the determination of cell fate during development
(Bray, 2006; Harper et al., 2003; Kadesch, 2004). Notch receptors
(1-4) and their ligands (Delta, Serrate/Jagged) are transmembrane
proteins with large extracellular domains. In canonical notch
signaling, upon activation of Notch receptors by their ligands, the
receptors undergo proteolytic cleavage, leading to the release of the
Notch Intracellular Domain (NICD). The NICD translocates to the
nucleus, where it forms a transcriptional complex with the DNA-
binding protein RBP-Jκ (or Rbp-J) and the coactivator Mastermind,
leading to activation of target genes. Genes activated by Notch
signaling include the Hes and Hey (Herp) family of transcription
factors. The Notch pathway has a wide range of functions in both
developing and adult tissues. These include creating mosaic patterns
of alternating cell types, boundaries or oscillatory patterns of gene
expression (Bray, 2006). Notch signaling is known to operate in
three distinct modes: lateral inhibition, binary cell fate, and lateral
induction. In lateral inhibition, signaling between Notch ligand and
Notch receptor on an adjacent cell inhibits ligand production in the
receiving cell through a negative feedback loop (Bray, 1998; Chitnis,
1995). During binary cell fate decisions, in contrast, distinct cell
fates are determined by asymmetric distribution of Notch pathway
components, such as the cytoplasmic Notch inhibitor, Numb. Finally,
in lateral induction, which is the least well described mode of Notch
action, signaling between Notch ligand and Notch receptor on
adjacent cells results in a positive feedback, which promotes ligand
expression and activation of Notch on both cells. This mechanism
has been suggested to propagate Notch signals through a cell-to-cell
relay mechanism (Ross and Kadesch, 2004). These various modes of
signaling allow Notch to perform different functions within the
same tissue in a spatially and temporally regulated manner.

In the developing lens, Notch signaling is required to maintain a
population of proliferating epithelial precursor cells (Jia et al., 2007;
Rowan et al., 2008). Loss of canonical Notch signaling due to
conditional knockout of Rbp-J in the lens results in aberrant expression
of the CKI, p57Kip2 in the germinative zone, resulting inpremature exit
from the cell cycle and decreasing the supply of proliferating precursor
cells needed for secondary fiber cell differentiation (Jia et al., 2007).
This regulation of p57Kip2 by Notch appears to be mediated by
unidirectional Notch signaling from Jag1-expressing fiber cells to the
overlying epithelial cells of the germinative zone, as shown by the
expression of the Notch effector Herp2 in these cells. Other cell cycle
regulatory genes, including cyclins D1 and D2, and the cyclin
dependent kinase inhibitor p27Kip1 also act downstream of Notch
signaling to maintain the progenitor pool (Rowan et al., 2008).

While these studies provide valuable insight into the role of Notch
signaling in lens growth and development, a number of unanswered
questions remain. It is unclear, for example, how Notch signaling is
affected by differentiation cues, such as FGF, as cells enter the transition
zone. Moreover, it has been difficult to determine whether Notch
signaling has a specific role in secondary fiber cell differentiation distinct
from its role inmaintaining the precursor pool. The conditional knockout
studies showan increase in thepercentage of foxe3negative cells at E14.5,
suggesting that loss of Notch signaling promotes secondary fiber cell
differentiation (Rowan et al., 2008). Nonetheless, the expression pattern
of the lens fiber cell marker, beta-crystallin, was not altered in the Rbp-j
conditional knockouts, suggesting that loss of Notch signaling does not
affect the differentiation process, per se (Jia et al., 2007). The results
obtained from these studies are difficult to interpret because of the tight
coupling of proliferation, migration, and differentiation. Since loss of
Notch signaling causes cells in the germinative zone to cease proliferat-
ing, they fail to migrate and do not encounter the high concentrations of
FGF present in the vitreous humor, which provide the differentiation
cues. Thus, the effect of Notch signaling on differentiation cannot be
definitively established using an in vivo model. To address these
questions we have used the well established neonatal rat lens epithelial
explant model (Lovicu et al., 1995; Lovicu and McAvoy, 1989; McAvoy,
1980; McAvoy and Chamberlain, 1989). This model provides a powerful
tool to study secondaryfiber cell differentiation in isolation, by inducing a
cohort of epithelial cells to differentiate synchronously. Unlike in vivo
mouse models, the explant system obviates the need to maintain a
proliferating cell population, with the added advantage of being able to
test the effect of individual growth factors. Our results demonstrate a role
for Notch-dependent lateral induction of Jag1 in the proper expression of
key proteins, such as p57Kip2 and N-cad, during FGF-induced secondary
lens fiber cell differentiation.

Materials and methods

Antibodies and reagents

Rabbit polyclonal Anti-Jag1 antibody (SC-8303) and rabbit poly-
clonal anti-p57Kip2 (SC-8298) were purchased from Santa Cruz
Biotechnology Inc., Santa Cruz, CA. Rabbit monoclonal anti-GAPDH
antibody (Cat#2118) and Rabbit Polyclonal anti-Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) were purchased from Cell Signaling
Technology, Inc., Danvers, MA. Rabbit polyclonal p57Kip2 (ab33169)
and rabbit polyclonal anti-activated Notch2 (ab8926) were purchased
from Abcam, Cambridge, MA. Mouse monoclonal anti-E-cadherin
(Cat# 610182) and anti-N-cadherin (Cat# 610921) antibodies were
purchased from BD, Biosciences, CA. For blocking studies anti-rat
Jagged1 antibody (AF-599) was purchased from R&D systems,
Minneapolis, MN. For immunofluorescence secondary antibodies,
Alexa Fluor 568 goat anti-mouse IgG (H+L) (2 mg/mL), Alexa Fluor
488 goat anti-mouse IgG (H+L), Alexa Fluor 568 goat anti-rabbit IgG
(H+L), and Alexa Fluor 488 goat anti-rabbit IgG (H+L), were
purchased from Invitrogen (Molecular Probes), Carlsbad, CA. For
immunoblotting, secondary antibodies ECL Rabbit IgG, HRP-Linked
Whole Ab (fromdonkey), ECLMouse IgG, HRP-LinkedWhole Ab (from
sheep) and ECL Plus Western Blotting Detection Reagents were
purchased from GE Healthcare, Piscataway, NJ.

U0126 ((1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]
butadiene)) (a specific MEK1/2 inhibitor) was purchased from Cell
Signaling Technology, Inc., Danvers, MA. ERK Activation Inhibitor
Peptides (Cat#328000, 328005), DAPT ({N-[N-(3, 5-Difluorophe-
nacetyl-L-alanyl)]-S-phenylglycine t-Butyl Ester}) and L-685,458
({1S-Benzyl-4R-[1-(1S-carbamoyl-2-phenethylcarbamoyl)-1S-3-
methylbutylcarbamoyl]-2R-hydroxy-5-phenylpentyl}carbamic Acid
tert-butyl Ester) were purchased from EMD Chemicals, Inc.,
(Calbiochem), Gibbstown, NJ. Growth factors IGF-1, EGF, and
PDGF were purchased from Peprotech Inc., Rocky Hill, NJ. Basic
Fibroblast Growth Factor-2 (FGF-2) was purchased from Sigma, St
Louis, MO.

Preparation of lens epithelial explants

All procedures involving animals conformed to the guidelines
provided by the National Institutes of Health, Bethesda, MD and the
Association for Research in Vision and Ophthalmology. Preparation of
lens epithelial explants was adapted from methods described in
Lovicu and McAvoy (2001). Neonatal (P2–P3) Wistar rats (Charles
River Laboratories, Raleigh, NC) were euthanized, lenses were
removed and placed in culture medium (M199+0.1%BSA, Strepto-
mycin, Penicillin, Amphotericin B). The lens capsule (with the
adherent epithelial monolayer) was removed from the fiber cell
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mass bymicrodissection and gently pinned out flat in the culture dish.
Central epithelial (CE) explants were made by trimming away the
peripheral epithelium (PE) with a sterile scalpel. Explants were
washed 3 times with sterile phosphate buffered saline (PBS) contain-
ing calcium and magnesium and once with 1 mL of fresh, equilibrated
(37 °C, 5% CO2) medium. For differentiation assays, explants were
cultured in medium containing 100 ng/mL FGF-2, 37 °C in 5% CO2, for
1, 2 or 4 days (or as indicated).

Inhibitor and growth factor treatments

Inhibitors were added 2 h before addition of growth factors to yield
the following final effective concentrations: U0126 — 50 μM (as used
previously (Lovicu and McAvoy, 2001); DAPT — 50 μM; L-685,458 —

20 μM. Concentrations of the gamma secretase inhibitors DAPT and
L-685,458 used in this study are comparable to the concentrations
used in previous studies on Notch signaling (Dahlqvist et al., 2003;
Daudet et al., 2009; Kanungo et al., 2008; Tang et al., 2006; Williams
et al., 2006; Yao et al., 2007). Control dishes, lacking inhibitor, were
supplemented with an equivalent volume of the vehicle, dimethyl-
sulfoxide (DMSO). Growth factors FGF-2, IGF-1, EGF and PDGF were
used at final concentrations of 100 ng/mL, 200 ng/mL, 20 ng/mL,
and 100 ng/mL respectively. These concentrations were comparable
to the concentrations used by in a previous lens explant study
(Iyengar et al., 2006; Lovicu and McAvoy, 2001). Control dishes for
growth factor treatments were supplemented with 0.1% BSA. The
inhibitor and growth factors were present for the duration of the
culture.

Jag1 blockade experiments

To block Jag1 functions, anti-rat Jagged1 antibody (AF-599, R&D
systems) was added at a final concentration of 100 μg/mL (a
concentration that is comparable to the concentration that can block
binding of Jagged1 to Notch2 receptor in functional ELISA assays,
suggested by the manufacturer) to the culture medium. After 24 h of
incubation an additional 100 μg/mL was added to bolster the
blockade. Any unbound antibody was washed away at the end of
the incubation by several washes of PBS.

Immunoblotting

Explants for each immunoblotting experiment were obtained
from littermates and extracts prepared from pools of 5–10
explants. At the end of the experiment, explants to be used for
SDS-PAGE and subsequent immunoblotting were rinsed in cold
PBS and lens proteins extracted in RIPA buffer ((Tris–HCl
(50 mM) pH 7.4, NaCl (150 mM), NP-40 (1%), sodium deox-
ycholate (0.5%), SDS (0.1%)) containing Complete Mini-protease
inhibitor cocktail tablet (Roche, Indianapolis, IN) and Halt-
phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL).
Protein levels were determined using the Biorad Dc protein assay
(Bio-Rad, Hercules, CA) according to manufacturer's instructions.
SDS-PAGE was performed with NuPAGE Novex Bis-tris Gels and
XCell Surelock minicell (both from Invitrogen) followed by
western blotting using mini Western Blotting apparatus (Bio-
Rad). Immunoblots were scanned using a Typhoon 9410 (GE
Healthcare) variable mode scanner. Images were densitometrically
analysed using Imagequant 5.2 (GE Healthcare) software for
quantification of the signal intensities.

Immunofluorescence and confocal microscopy

Rat lens explants were fixed in 4% paraformaldehyde (Boston
Bioproducts, Worcester, MA) for 30 min at room temperature,
followed by a brief permeabilization with 0.25% Triton-X-100 in PBS.
Slides were washed in PBS and blocked with 5% goat serum in PBS
overnight. Primary antibodies (1:50 to 1:200 dilution) were incubated
for overnight at 4 °C with gentle shaking. Slides were washed in PBS to
remove unbound antibody. Secondary antibodies conjugated to
Alexa dyes were used as secondary antibody at a dilution of 1:250.
Nuclei were stained with DAPI. Immunofluorescence was imaged
using a Leica laser scanning confocal microscope. Images were
collected with a confocal microscope (SP2; Leica, Exton, PA). All
images were collected at a 1024×1024-pixel resolution and a depth
of 8 bits per channel. Fluorescent signals for DAPI (400–500 nm),
Alexa Fluor 488 (500–550 nm), and Alexa Fluor 568 (580–675 nm)
were collected by using a sequential scan mode to reduce bleed-
through. All fluorescence images that were to be compared were
taken at the same time, using the same settings, using tissues that
were stained together and explants for each immunostaining
experiment were obtained from littermates.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Germantown, MD) from about 4 to 6 explants from each treatment/
condition. Approximately 2–3 μg of total RNA with a concentration of
30–40 ng/μL was isolated from each sample. About 100–200 ng was
used as a starting material to prepare cDNA using Omniscript RT kit
(Qiagen). Reverse transcriptionwas carried out at 37 °C for 60 min. RT
enzyme was inactivated at 95 °C for 5 min. PCR was performed using
PCR Platinum Super Mix (Invitrogen) in a total reaction volume of
50 μL, comprising 45 μL super mix, 2 μL cDNA and 2 μL (forward and
reverse) primers. Primer sequences were as follows: Jag1 — Forward:
5′ AAA TAC ACG TGG CCA TTT CTG CCG 3′, Reverse: 5′ GCA CAT TGT
TGG TGG TGT TGT CCT 3′; Hes5 — Forward: 5′ ACA GCA GCA TTG AGC
AGC TGA AAC 3′, Reverse: 5′ TAA AGC AGC TTC ATC TGC GTG TCG 3′;
Hes1 — Forward 5′ ACA GCC TCT GAG CAC AGA AAG TCA3′, Reverse 5′
TGA GGA AAG CAA ATT GGC CGT CAG 3′. Thermocycling was as
follows: 94 °C for 30 s to 2 min; followed by 30 cycles of 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 1 min. PCR products were analysed by
loading 10 to 20 μL of the reaction mix with 3 μL of 6× loading dye on
agarose gel (1.0%).

Results

Jag1 and N2ICD are highly expressed in the peripheral lens epithelium

Previous studies have shown that Jag1 expression is localized
in epithelial cells of the transition zone, which are in the early
stages of differentiation, and in the anterior tips of the secondary
fiber cells (Jia et al., 2007; Rowan et al., 2008). Since we
planned to use rat lens epithelial explants for studies of Notch
signaling during differentiation, we first examined the localization
of Jag1 expression in isolated whole-mounted lens epithelia.
Immunostaining lens epithelia from newborn rat lenses with
Jag1 specific antibody showed a high level of Jag1 expression in
the peripheral epithelium (PE). These cells were located in the
transition zone (TZ) before the epithelium was peeled away from
the intact lens (see Fig. 9 inset). In contrast, little or no Jag1
staining was seen in cells of the central epithelium (CE) (Fig. 1A).
Co-immunostaining for the early differentiation marker N-cad,
confirmed that the Jag1 expressing cells in the PE are, in fact,
differentiating.

Localization of Notch signaling in the lens epithelium has been less
well characterized, since it has been examined only by expression of
the Notch effectors, Herp2(Hey1) (Jia et al., 2007) and Hes1 (Rowan
et al., 2008). These studies have localized Notch signaling to the
anterior lens epithelium, particularly proliferating cells of the
germinative zone. In order to gain a better understanding of Notch
signaling, we immunostained whole-mounted lens epithelium for the



Fig. 1. Jag1 and N2ICD are highly expressed in the peripheral lens epithelium. Representative immunofluorescence micrographs of whole mounts of freshly isolated postnatal day-2
(PN2) rat lens epithelial explants stained with specific antibodies. (A, B) Jag1 (A) and N2ICD (B) expression colocalize with expression of N-cad, an early marker of differentiation, in
the peripheral epithelium (PE). (C, D) The increase in the N2ICD corresponds to decreased immunostaining of E-cad (refer to arrowheads in panel C). Higher magnification (D),
shown as an inset (dotted line box) in panel C, shows that the increased staining of N2ICD coincides with the appearance of intracellular vesicles (refer to arrows in panel D) that
immunostain for E-cad, suggesting E-cad degradation (D). Scale bar on panel C represents 100 μm length and is applicable for all images of panels A, B and C. Scale bar on panel D
represents 10 μm and is applicable for all images of panel D.
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N2ICD, a marker for active Notch2-dependent signaling (Figs. 1B, C).
The results indicate that N2ICD, like Jag1, is highly localized in cells of
the PE, rather than in the germinative zone, as expected. Co-
immunostaining for N-cad and N2ICD confirmed that N2ICD is
localized to cells of the transition zone. In addition, N2ICD expression
coincided with decreased E-cad immunostaining, loss of E-cad from
cell–cell boundaries (Fig. 1C), and appearance of E-cad on intracellular
vesicles (Fig. 1D), suggesting that both Jag1 expression and Notch2
signaling are correlated with the cadherin switch, which marks the
onset of the fiber cell differentiation. Together these findings suggest a



Fig. 2. The protein profiles of microdissected peripheral epithelium (PE) and central
epithelium (CE) with respect to N-cad, p57Kip2, Jag1 and N2ICD are compared in
representative immunoblots. Near absence of N-cad, p57Kip2, and Jag1 in the CE
demonstrates that microdissection of central explants efficiently separates cells of the
CE from differentiating cells in the PE. GAPDH has been used as a loading control.
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potential role for Notch signaling in secondary fiber cell differentia-
tion, in addition to its previously identified role in maintaining a
proliferating precursor pool.

FGF induces Jag1 and activates Notch2 signaling in cultured explants

The ability of FGF to induce differentiation of lens epithelial
explants (Lovicu and McAvoy, 2001, 2005; McAvoy and Chamberlain,
Fig. 3. FGF induces Jag1 and activates Notch signaling. (A) Representative immunoblot of Jag1
for indicated times (hours). GAPDH has been used as a loading control. The two bands reco
Lower band represents the N2ICD. (B) Representative immunofluorescence of Jag1 in the c
shows that FGF induces uniform expression of Jag1 in all cells in this region and demonstrate
DAPI (blue). Scale bar is applicable to all images of panel B and represents 20 μm length. (C)
CE explants cultured in the presence or absence of FGF (100 ng/mL) for 24 h. Tubulin RT-PCR
as negative controls. Analyses of at least three different replicates provided similar results.
effectors Hes5 and Hes1, using total RNA isolated from CE explants cultured in the presence
control. Negative controls lacking reverse transcriptase (RT) showed no amplified products
1989, 1990) provided a possible means of testing the role of Notch
signaling in secondary fiber cell differentiation. The CE and PE can be
separated by microdissection as previously described (Lovicu and
McAvoy, 2001). The explanted CE has a distinct protein profile, with
reduced levels of N2ICD and little or no expression of Jag1, N-cad, and
p57Kip2 (Fig. 2). Explants of CE were cultured in the presence or
absence of a concentration of FGF known to produce differentiation
(100 ng/mL) and incubated for various times from 2 to 120 h. Cell
lysates were then immunoblotted for Jag1 and N2ICD (Fig. 3A). Anti-
Jag1 antibody (H114; Santa Cruz Biotechnology, Santa Cruz, CA) has
been previously used (Mancini et al., 2005), to specifically detect Jag1
and we confirmed the specificity of the N2ICD by blocking with the
immunogenic peptide (not shown). FGF induced Jag1 expression
between 24 and 48 h. Immunostaining of the explants after 4 days
confirmed that Jag1 was expressed uniformly throughout the explant
and was localized along cell–cell boundaries (Fig. 3B). To determine if
induction of Jag1 was also seen at a transcriptional level, we isolated
total RNA from explants cultured in the presence or absence of FGF for
24 h and performed a RT-PCR using specific primers for Jag1. Results
revealed a strong induction of Jag1mRNA by FGF within 24 h (Fig. 3C).
Induction of Jag1 was closely paralleled by an increase in N2ICD levels
above the basal level seen in the control explants (Fig. 3A), suggesting
that signaling arises from the interaction between Jag1 and Notch2 on
adjacent differentiating cells.

To determine whether FGF-dependent Jag1 induction and Notch2
activation result in canonical Notch signaling, we examined the
and N2ICD from lens epithelial explants exposed to 100 ng/mL FGF (+) or 0.1% BSA (−)
gnized by the N2ICD antibody likely represent sequential cleavage products of Notch2.
entral region of rat lens epithelia cultured in the presence or absence of FGF for 4 days
s that Jag1 (green) is localized along cell–cell boundaries. Nuclei have been stained with
FGF induction of Jag1 mRNAwas demonstrated by RT-PCR using total RNA isolated from
was performed as a positive control. Reactions lacking reverse transcriptase (RT) served
(D) The ability of FGF to activate Notch signaling was examined by RT-PCR for Notch
or absence of FGF (100 ng/mL) for 24 h. Tubulin RT-PCR was performed as a positive
(not shown). Analyses of at least three different replicates provided similar results.



Fig. 4. Jag1 induction is regulated by MAPK/ERK pathway. (A) Representative immunoblots of Jag1 and pERK1/2 expression in CE explants treated with the MEK inhibitor U0126.
GAPDH expression is shown as loading control. (B) Representative whole mounts micrographs of rat lens CE explants cultured in the presence or absence of FGF and MAPK/ERK 1/2
pathway inhibitor U0126 (50 μM) for 48 h and immunolabelled for Jag1 and pERK1/2. Scale bar is applicable to all images of panel B and represents 100 μm length. (C) Representative
immunoblots of Jag1 expression in CE explants treated with the ERK Activation Inhibitor Peptide (ERK AIP). GAPDH expression is shown as loading control.
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transcription of two known Notch effectors, Hes5 and Hes1. FGF
induced Hes5 expression within 24 h (Fig. 3D). Although Hes1was
also detected, its expression was not significantly affected by FGF
within this time period. The activation of Notch-dependent target
gene Hes5 confirms that FGF induces canonical Notch signaling during
fiber cells differentiation.

FGF induction of Jag1 is dependent on MAPK/ERK1/2 signaling

Activation of MAPK/ERK1/2 signaling has previously been shown to
be required for FGF-dependent differentiation of rat explants (Lovicu
and McAvoy, 2001; Wang et al., 2009; Weber and Menko, 2006). To
address the importance of this pathway in Jag1 induction by FGF-2, we
used the selective pharmacological inhibitor of MEK 1 and MEK 2,
U0126. Explants exposed to U0126 for 48 h showed a complete
suppression of Jag1 under conditions that blocked pERK1/2, an
indicator of the level of MAPK/ERK1/2 signaling (Fig. 4A). Immuno-
Fig. 5. Jag1 expression is not induced by IGF-1, EGF, or PDGF. (A) Representative immunofluo
FGF-2, IGF-1, EGF, or PDGF for 48 h and immunostained for Jag1. Scale bar is applicable to all im
of treated explants from the same experiment immunoblotted for Jag1.
fluorescence of the explants treated with U0126 confirmed that
induction of Jag1 and phosphorylation of ERK1/2 by FGFwere impaired
compared to the control explants (Fig. 4B). Moreover, Jag1 induction by
FGF was also inhibited by inactivating ERK1/2 using ERK activation
inhibitor peptides (AIP), as an alternative means of blocking MAPK/
ERK1/2 signaling (Fig. 4C). These findings demonstrate that active
MAPK/ERK1/2 signaling is required for the induction of Jag1 by FGF in
the explants.

Although other growth factors also activate signaling via MAPK/
ERK1/2 in rat lens explants, they are unable to induce differentiation
(Lovicu et al., 1995; Lovicu and McAvoy, 2001; Zhou et al., 2003). To
determine whether these growth factors also have the ability to
induce Jag1, explants were cultured for 48 h in the presence of
appropriate concentrations of each growth factor. Immunofluores-
cence (Fig. 5A) and immunoblotting (Fig. 5B) showed that only FGF is
competent to induce Jag1. These results suggest that induction of Jag1
may be an integral part of the differentiation process.
rescence micrographs of explants of central epithelium (CE) treated with BSA (control),
ages of panel A and represents 10 μm length. (B) Corresponding immunoblots of lysates



172 S.S. Saravanamuthu et al. / Developmental Biology 332 (2009) 166–176
Inhibition of Jag1-Notch signaling reduces expression of differentiation
markers N-cad and p57Kip2

To test whether the Notch signaling induced by FGF has a direct
role in secondary fiber cell differentiation, we examined the effect of
blocking Notch signaling on the expression of two genes activated
early in the differentiation process, N-cad and p57Kip2. Anti-Jag1
antibody was added to the culture 3 h prior to the addition of FGF to
prevent productive engagement of surface expressed Jag1 with Notch
receptors. After 48 h incubation, lysates were immunoblotted with an
Fig. 6. Blockade of Notch signaling with anti-Jag1 antibody reduces expression of p57Kip2 an
absence of anti-Jag1 antibody and analysed for expression of N2ICD, p5Kip2, and N-cad. (A)
FGF induced an increase in N2ICD above the basal level (indicated by black in the bar gra
(indicated by gray areas of the bar graphs) was reduced by incubation with anti-Jag1. (B) Q
(n=3), demonstrated approximately a 50% decrease +/−5.14 (s.e.m.) (p=0.0354). (C) Im
p57Kip2 and N-cad. (D) Incubation with anti-Jag1 antibody sharply reduced immunofluores
represent 100 μm length.
antibody specific for N2ICD. As expected, FGF treatment increased
levels of N2ICD above the basal level seen in untreated explants. This
increase was inhibited (approximately 50%) in the presence of anti-
Jag1 antibody, indicating effective blockade of Jag1-dependent Notch
signaling (Figs. 6A, B). Under these conditions, expression of p57Kip2
and N-cad was also inhibited (Fig. 6C). Inhibition of these differentia-
tion markers was confirmed by immunofluorescence staining
(Fig. 6D). The gamma secretase inhibitors DAPT (50 μM) and
L-685,458 (20 μM), which have been widely used to suppress Notch
signaling, also reduced the FGF-dependent increase in N2ICD, N-cad
d N-cad. CE explants were cultured in the presence of FGF for 4 days in the presence or
Effectiveness of the blockade by anti-Jag1 was evaluated by immunoblotting for N2ICD.
phs), as seen in control explants treated with only BSA. This FGF-dependent increase
uantification of N2ICD expression by densitometric scanning of replicate immunoblots
munoblotting lysates of the cultured explants confirmed the reduction in expression of
cence of p57Kip2 and N-cad in all cells of the explant. Scale bars in all images of panel D



Fig. 7. Inhibition of Notch signaling with gamma secretase inhibitors reduces expression
of N-cad and p57Kip2. (A) CE explants were cultured in the presence of FGF for 4 days
in the presence or absence of the gamma secretase inhibitors, DAPT (50 μM) and
L-685,458 (20 μM), and immunoblotted to determine expression of N2ICD and N-cad.
Reduction of N2ICDwith these pharmacological inhibitorswas paralleled by reduction in
N-cad expression, confirming the results obtained with anti-Jag1 antibody. (B) Lysates
from CE explants cultured in the presence or absence of FGF and/or L-685,458 were
immunoblotted for p57Kip2, representative immunoblot shows reduction in the
expression of p57Kip2 during suppression of Notch signaling by L-685,458.

Fig. 8. Jag1-Notch signaling regulates Jag1 induction. (A) CE explants were cultured in
the presence of FGF for 4 days in the presence or absence of anti-Jag1 antibody and
analysed for expression of Jag1. Immunoblotting demonstrated a marked reduction of
Jag1 protein in the presence of anti-Jag1 antibody. (B) Quantification of Jag1expression
by densitometric scanning of replicate immunoblots (n=3), demonstrated approxi-
mately a 70% decrease +/−10.9 (s.e.m.) (p=0.0238). (C) CE explants were cultured in
the presence of FGF for 4 days in the presence or absence of the gamma secretase
inhibitors, DAPT (50 μM) and L-685,458 (20 μM). Inhibition of Notch signaling with
these pharmacological inhibitors confirmed that Notch signaling regulates induction
of Jag1.
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and p57Kip2 (Figs. 7A, B) confirming the results obtained with the
anti-Jag1 antibody. These findings demonstrate that FGF-dependent
Jag1-Notch signaling regulates expression of genes involved in
secondary fiber cell differentiation.

Jag1-Notch signaling regulates Jag1 expression via lateral induction

Previous studies have suggested that Jag1 itself may be a target of
Notch signaling (Daudet et al., 2007; Ross and Kadesch, 2004). To test
whether such a mechanism contributes to the expression of Jag1
during lens fiber cell differentiation, we examined the effect of Notch
signaling blockade on the FGF-induced expression of Jag1. The results
indicate that blocking Notch signaling either by anti-Jag1 antibody or
by gamma secretase inhibitors dramatically reduces expression of
Jag1 (Figs. 8A–C). This demonstrates that Notch signaling is required
for robust, sustained expression of Jag1 during differentiation. Since
we observe a uniform expression of both the ligand Jag1 (Fig. 3B) and
the N2ICD in all cells of the differentiating explants, the lateral
induction of Jag1 in the signal-receiving cell apparently generates a
reciprocal induction of Jag1 in the adjacent, signal-sending cell, thus
creating a positive feedback amplification of Jag1 expression, similar
to that observed in the developing inner ear (Daudet et al., 2007).

Discussion

FGF induces Jag1 during fiber cell differentiation

FGF is known to induce a number of differentiation-specific genes
during lens fiber cell differentiation, including cyclin dependent
kinase inhibitors, N-cad, crystallins, and lens-specific intermediate
filament proteins. The present study provides the first demonstration
that FGF is also responsible for the induction of Jag1mRNA and protein
during differentiation. Our data demonstrate that FGF signaling
through MAPK/ERK1/2 is required for Jag1 induction, although
other growth factors, such as EGF, PDGF, and IGF-1, which are
known to activate this pathway in proliferating lens epithelial cells
(Lovicu and McAvoy, 2001; Zhou et al., 2003) are not sufficient.
Interestingly, Jag1 has also been shown to be a target of Toll Like
receptor (TLR) signaling via ERK1/2 activation in human and murine
macrophages (Goh et al., 2009), thus strengthening the link between
Jag1 and the ERK1/2 pathway shown in the present study. While the
transcription factors involved in Jag1 induction by FGF are not yet
known, one potential candidate is Tcf/Lef (T cell-specific factor/
lymphoid enhancer binding factor), a downstream effector of the
Wnt/beta-catenin pathway. Jag1 has been shown to be a target of
beta-catenin during hair follicle formation, and Tcf/Lef binding sites
have been identifiedwithin the promoter region of human,mouse and
rat Jag1 (Estrach et al., 2006; Katoh and Katoh, 2006). Moreover, Wnts
and proteins in the Wnt signaling pathway are expressed in the lens
throughout its development (Ang et al., 2004; Cain et al., 2008; Chen
et al., 2006; de Iongh et al., 2006; Kreslova et al., 2007) and have been
shown to promote morphological aspects of FGF-induced differentia-
tion (Lyu and Joo, 2004).

Notch-dependent lateral induction of Jag1

The results of the present study indicate that Notch-dependent
lateral induction further amplifies the initial FGF-dependent induction
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of Jag1 in differentiating lens fiber cells. Induction of Jag1 in rat lens
epithelial explants between 24 and 48 h after FGF treatment was
accompanied by Notch2 mediated signaling, as shown by the
increased production of the N2ICD and the induction of the Notch
effector, Hes5. By microarray analysis, induction of Jag1 and Hes5 has
been detected in differentiating lens epithelial explants as early as
12 h after addition of FGF (Ales Cvekl, personal communication).
Immunostaining revealed that all cells in the explant expressed both
Jag1 ligand and N2ICD. Moreover, a similar co-localization of Jag1 and
N2ICD was seen in cells of the peripheral lens epithelium, suggesting
that this pattern of Notch activation also occurs in vivo. To test
whether Notch signaling is directly involved in Jag1 expression, we
inhibited Notch signaling using pharmacological inhibitors of gamma
secretase or anti-Jag1 antibody. The inefficiency of DNA delivery to the
primary explants hampered the use of other strategies for blocking
Notch signaling, such as siRNA. Our results showed that blocking
Notch signalingmarkedly inhibited expression of Jag1, an indication of
Notch-dependent lateral induction. Inhibition of Notch signaling with
anti-Jag1 antibody was also shown to inhibit production of the N2ICD,
confirming that the antibody effectively blocks FGF-dependent Notch
signaling. While our data indicate a role for Notch2 and Hes5 in this
process, we do not rule out the possibility that Notch1 and other
effectors of Notch signaling, including Hey1 (Herp2) (Jia et al., 2007)
and Hes1 (Rowan et al., 2008) may also be involved. Although the
initial induction of Jag1 is clearly Notch-independent, as shown by the
residual expression of Jag1 in lenses of Rbp-J conditional knockouts
(Jia et al., 2007; Rowan et al., 2008), a robust expression of Jag1
requires Notch-dependent lateral induction via positive feedback
through Jag1-Notch signaling. This closely resembles the mechanism
of Serrate1 (Jagged1) induction involved in the formation of the
prosensory patches in the chick inner ear (Daudet et al., 2007). The
similarity between these two developmental systems suggests that
Fig. 9. A dual role for Notch signaling in the lens. Epithelial cells in the germinative zone (GZ)
diffusing from the vitreous humor andmitogenic growth factors (pink gradient) secreted into
view), which is restricted to fiber cells (F) and cells in the TZ in the early stages of differentiat
permits proliferation in the presence of appropriate mitogen concentration. Notch signali
maintaining a pool of precursor cells needed for secondary fiber cell production. As no diffe
mitotic precursor cells migrate posteriorly they are exposed to increasing FGF concentration
Jag1 occurs. This is rapidly amplified by lateral induction via positive feedback involving bidir
established between non-differentiating and differentiating cells in the transition zone. In dir
of the GZ, Notch signaling in the differentiating cells positively regulates p57Kip2. Moreover,
is being lost from cell–cell junctions.
positive feedback via Jag1-Notch may be a general mechanism for
producing a uniform field of extended Notch signaling.

Notch effector, Hes5, is specifically induced by FGF

Our data indicate that Hes5 may be the relevant Notch effector
involved in secondary lens fiber cell differentiation. Although the high
level of N2ICD in the differentiating explants would be expected to
induce other classical Notch effectors as well, we did not observe an
increase in Hes1, which is also expressed in these cells. The inability of
Notch signaling to increase Hes1 expression in our experiments is
consistent with published studies indicating that Hes1 is, in fact,
downregulated following differentiation (Rowan et al., 2008). This
suggests that Notch-independent mechanisms may regulate Hes1
during differentiation, restricting its Notch-dependent role to the
regulation of epithelial cell proliferation in the germinative zone.
Although the decrease in Hes1 expression seen in fiber cells in vivo did
not occur in the differentiating explants within the first 24 h, detecting
such an effect in explants may require longer incubation times. The rat
lens explant systemwill be a valuable tool for exploring the spatial and
temporal dynamics of these and other Notch effectors, such as Hey1, at
various stages of secondary fiber cell differentiation.

Notch signaling regulates cadherin switching during differentiation

N-cad is the principal fiber cell cadherin, replacing E-cad at the
onset of differentiation (Pontoriero et al., 2009). Loss of N-cad
interferes with fiber cell elongation and blocks the normal morpho-
logical development of the lens, leading ultimately to fiber cell
vacuolization and degeneration. The present evidence for Notch-
dependent regulation of this gene demonstrates that Notch signaling,
indeed, has a specific role in secondary fiber cell differentiation.
and transition zone (TZ) are exposed to a cocktail of growth factors: FGF (blue gradient)
the aqueous humor by the ciliary body. Jag1 expression (shaded violet in the magnified
ion, induces unidirectional Notch signaling (arrows) in the overlying epithelial cells and
ng in the GZ negatively regulates p57Kip2 (Jia et al., 2007; Rowan et al., 2008), thus
rentiation occurs in this region, cells express E-cad, but not N-cad or Jag1. As the post-
. At a critical, threshold concentration of FGF, an initial, Notch-independent induction of
ectional Notch signaling between adjacent differentiating cells. A sharp boundary is thus
ect contrast to the role of Notch signaling in repressing p57Kip2 in the proliferating cells
Notch signaling regulates cadherin switching by augmenting N-cad expression, as E-cad
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Moreover, regulation of N-cad by Notch is of particular interest, since
the coupling of E-cad downregulation and N-cad upregulation is also
seen during other developmental events and during epithelial to
mesenchymal transitions (EMT), in general (reviewed by Katoh and
Katoh (2008)). Previous work indicates that Notch signaling plays a
role in this process by inducing Snail, a repressor of E-cad, which in
turn leads to the loss of E-cad (Leong et al., 2007; Tiezzi et al., 2007;
Zavadil et al., 2004). However, cadherin switching also involves the
subsequent replacement of E-cad by N-cad (or other cadherins).
Whether Notch signaling is also involved in this step has not been
clear, although a recent study reported that loss of the Notch targets
Hes1 and Prop1 is correlated with N-cad downregulation in pituitary
cells (Himes and Raetzman, 2009). Thus, the present demonstration
that inhibition of Notch-Jag1 signaling represses N-cad expression
provides direct evidence linking Notch to N-cad expression and
confirms the central role of Notch signaling in cadherin switching
during fiber cell differentiation.

FGF reverses the mode of Notch signaling during differentiation

Differentiation of lens epithelial cells to form lens fiber cells
requires proper withdrawal from the cell cycle at the lens equator,
which is regulated by the cyclin dependent kinase inhibitors, p27Kip1
and p57Kip2 (Zhang et al., 1998, 1999). Two independent studies
using different promoters to direct Cre-mediated deletion of Rbp-J in
the lens observed a small lens phenotype, coupled with reduced
epithelial cell proliferation, premature cell cycle withdrawal in the
peripheral anterior epithelium, and aberrant expression of p57Kip2
and p27Kip1 (Jia et al., 2007; Rowan et al., 2008). Moreover, the small
lens phenotype in the Rbp-J conditional knockout was at least
partially reversed by deletion of p57Kip2, indicating that Notch-
dependent repression of this cell cycle inhibitor is important for
maintaining a pool of proliferation-competent precursor cells. In Rbp-J
conditional mutants, Jag1 is also inappropriately induced in cells
located in what would otherwise be the germinative zone (Jia et al.,
2007; Rowan et al., 2008). In further confirmation of a role for Notch in
repressing differentiation in the epithelium, overexpression of Notch1
Intracellular Domain (N1ICD) in the lens shifted the zone of cells
expressing p57Kip2 and p27Kip1, toward the posterior (Rowan et al.,
2008). Notch signaling has also been shown to repress these cell cycle
inhibitors in other cell types using a variety of techniques (Georgia et
al., 2006; Jia et al., 2007; Riccio et al., 2008). Notch effectors Hes1
(Georgia et al., 2006) and Hey1/Herp2 (Jia et al., 2007) can both
repress p57Kip2. Thus, in general, previous studies support the idea
that Notch signaling inhibits differentiation of lens epithelial cells in
the germinative zone by repressing expression of cyclin dependent
kinase inhibitors, p57Kip2 and p27Kip1, and the Notch ligand, Jag1.

In contrast, the present study indicates that certain differentiation-
specific genes, such as Jag1, N-cad, andp57Kip2arepositively regulated
by Notch signaling in the presence of differentiation-inducing
concentrations of FGF. Thus, Notch signaling has a dual role in lens
differentiation (Fig. 9). On the one hand, unidirectional Notch signaling
from the fiber cells to the overlying epithelial cells of the germinative
zone inhibits differentiation and permits proliferation. On the other
hand, as cells migrate posteriorly and are exposed to increasing
concentrations of FGF, signaling through the FGF receptor converts the
inhibitory effect of Notch to an inductive effect. Expression is then
further amplified by Notch-Jag1 signaling between adjacent cells once
the tipping point is reached, to produce a uniform field of Jag1
expressing cells, as seen in secondary fiber cells and the differentiating
explants. This powerful feedback amplification of expression defines a
sharp boundary between non-differentiating and differentiating cells
in the transition. This ability of FGF to switch the mode of Notch
signaling from lateral inhibition to lateral induction exemplifies the
versatility of Notch signaling and represents a novel interaction
between these two developmentally important signaling pathways.
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