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Inhibition of the Jagged/Notch pathway inhibits retinoblastoma
cell proliferation via suppressing the PI3K/Akt, Src,
p3SMAPK and Wnt/p-catenin signaling pathways
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Abstract. The Notch signaling pathway is a highly conserved
developmental pathway, which is important in the regulation
of cellular proliferation, differentiation and apoptosis. The
aberrant expression of the Notch pathway has been associ-
ated with carcinogenesis in various types of cancer. In order
to investigate the expression profiles and biological functions
of Notch receptors and ligands in retinoblastoma, the expres-
sion levels of their proteins in the human retinoblastoma cell
line SO-Rb50 using western blot analysis was assessed. The
present study revealed that Notchl and Jagged2 were highly
expressed compared with human retinal pigment epithelial
cells. When treated with DAPT, a specific inhibitor of Notch
receptor cleavage, expression of Notchl and Jagged2 were
downregulated in a dose-dependent manner, which was
accompanied by substantial cell growth arrest, as indicated
by the Cell Counting kit-8 assay. In addition, phosphoryla-
tion of Akt, p38 mitogen-activated protein kinase and Src,
together with the expression of phosphoinositide 3-kinase
and p-catenin, was abated in a dose-dependent manner.
However, expression of either total extracellular signal-regu-
lated kinase (Erk)1/2 or phospho-Erk1/2 was not changed
in SO-Rb50 cells. These findings demonstrated that the
Jagged2/Notchl pathway can promote oncogenesis in retino-
blastoma in co-operation with multiple signaling pathways.
The inhibition of the Notch signaling pathway by DAPT
represents a potentially attractive strategy for the therapy of
retinoblastoma.
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Introduction

Retinoblastoma is the most common intraocular malignancy
in children. The incidence of retinoblastoma is constant at
1/15,000-1/20,000 live births worldwide, which corresponds
to ~9,000 new cases every year (1). If diagnosed early and
treated appropriately, children with retinoblastoma are able to
be cured. However, the prognosis remains poor in developing
countries (2), where mortality due to retinoblastoma is common.

Itis well accepted that retinoblastoma is initiated by the muta-
tion of the tumor suppressor gene retinoblastoma 1 (RB1) (3).
Numerous studies have suggested that Knudson's M1 and M2
mutational events are necessary for initiating the oncogenesis of
retinoblastoma; however, other tumor suppressor genes or onco-
genes may also participate in the aggressive progression of this
tumor (4). The initiating events are only sufficient for driving the
formation of the benign retina tumor, or retinoma; however, they
are not enough to lead to the development of malignancy (5).
Thus, additional mutational events or other biological behaviors
are required for the development from retinoma into retinoblas-
toma. In addition to its cell biology, there are also numerous
unclear aspects associated with the presence of chemoresistance
that must be addressed (6). Therefore, the development of novel
strategies for the treatment of retinoblastoma is highly desirable
for improving the survival outcome of this disease.

Notch signaling is a highly conserved pathway, which medi-
ates signaling between adjacent cells directly in metazoans (7).
In mammals, five canonical Notch ligands (Jaggedl and 2 and
Delta-like 1, 3 and 4) and four Notch receptors (Notchl-4)
have been described to date. Notch receptors are activated by
binding to their transmembrane ligands on nearby cells. This
interaction further triggers sequential receptor cleavages within
the transmembrane domain and the release of the Notch intra-
cellular domain (NICD). Following moving into the nucleus,
NICD binds to the transcriptional factor CBF/Su(H)/LAG-2
(CSL; also known as RBP-J in rodents), which is normally
suppressed by a corepressor complex. Corepressors are replaced
by a coactivating complex containing Mastermind-like protein
when NICD associates with CSL. Downstream genes, including
Hes-1 and Hey-1, are activated subsequently.

Aberrant expression and dysfunction of the Notch pathway
is frequently observed in various types of cancer (8,9). In
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tumorigenesis, the Notch pathway is a double-edged sword (10).
It can be an adjudicator of survival versus death, proliferation
versus growth arrest or differentiation versus ‘stemness’.
Despite the progress in delineating the expression profiles and
functional derangements of Notch signaling pathways in carci-
nogenesis during the last decade, its biological significance in
retinoblastoma has received little attention, if any.

The present study first examined the expression
profiles of Notch ligands and receptors in the human reti-
noblastoma cell line SO-Rb50, and assessed the effect of
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine z-butyl
ester (DAPT), a Notch signaling inhibitor, on the proliferation
of these cells, as well as its underlying mechanism.

Materials and methods

Cell culture and treatment. Human retinoblastoma cells
(SO-Rb50 cells) were obtained from the Department of
Pathology of Zhongshan Ophthalmic Center, Sun Yat-sen
University (Guangzhou, Guangdong, China). The cells were
cultured in RPMI-1640 medium (Gibco-BRL, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(Gibco-BRL) at 37°C in a humidified atmosphere of 95%
air and 5% CO,. DAPT (Sigma, St. Louis, MO, USA) was
dissolved in dimethyl sulfoxide (DMSO; Sigma) to yield a
final concentration equal to 10 mmol/l. Cells were then treated
with various concentrations of DAPT (5, 10, 30 and 60 pzmol/l)
or DMSO of the same volume (control).

Cell proliferation analysis. The standard colorimetric Cell
Counting kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,
Japan) was used for the determination of the number of viable
cells in cell proliferation assays. SO-Rb50 cells were seeded
with a volume of 200 ul cell suspension (10,000 cells/well)
into 96-well plates. Following treatment with DAPT, the cells
were incubated for 24 or 48 h. Following that, 20 1l CCK-8
was added to each well and incubated for 2 h at 37°C. Optical
densities were measured using a microplate reader (EIx800;
Bio-Tek Inc., North Brunswick, NJ, USA) by scanning at
450 nm. Cell survival rates were measured at two time-points
of the cell growth curve.

Western blot analysis. Cells were collected and lysed with cell
lysis buffer. The cell lysates were collected following centrifu-
gation. An equal amount of protein was loaded and separated on
10% SDS-PAGE. Following being transferred onto polyvinyli-
dene difluoride membranes (Millipore, Bedford, MA, USA),
the membranes were inhibited in 5% skimmed milk for 1 h
and then incubated with primary antibodies at 4°C overnight.
Following washing three times with phosphate-buffered saline
containing 0.1% Tween-20, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. The membranes
were incubated with SignalFire™ Elite ECL Reagent (Cell
Signaling Technology, Beverly, MA, USA) and exposed to
X-ray film. B-actin was used as the loading control. Primary
antibodies, including rabbit mAb anti-Jaggedl, rabbit mAb
anti-Jagged2,rabbit mAb anti-Notch1, rabbit mAb anti-Notch?2,
rabbit mAb anti-Notch3, rabbit mAb anti-PI3K, rabbit mAb
anti-Akt, rabbit mAb anti-p-Akt, rabbit mAb anti-p3SMAPK,
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rabbit mAb anti-p-Src, rabbit mAb anti-p-Erk1/2, rabbit
mAb anti-f-catenin, mouse mAb anti-f3-actin, mouse mAb
anti-Erk1/2, mouse mAb anti-p-p38MAPK and mouse mAb
anti-Src, together with horse anti-mouse and goat anti-rabbit
HRP-conjugated secondary antibodies were purchased from
Cell Signaling Technology.

Statistical analysis. Each experiment was repeated at least
three times. The results are expressed as the mean + standard
error. Student's t-test was performed for the estimation of
statistical significance. P<0.05 was considered to indicate a
statistically significant difference.

Results

Notchl and Jagged?2 are highly expressed in SO-Rb50 reti-
noblastoma cells. In order to understand the role of Notch
signaling in retinoblastoma, the present study initially
sought to identify which Notch receptors and ligands were
primarily expressed in SO-Rb50 cells. Western blot analysis
was performed to measure the protein expression levels of
Notchl, Notch2, Notch3, Jaggedl and Jagged2. Their expres-
sion in a human retinal pigment epithelial cell line, ARPE-19,
was set as the control. A significantly higher expression
of Jagged2 (4.23+0.35 fold change; P<0.05) and Notchl
(11.6+1.40 fold change; P<0.05) was detected in SO-Rb50
cells (Fig.1 A and B). The expression levels of Jagged] in these
two types of cell lines were comparable. However, ARPE-19
exhibited much higher expression levels of Notch2 and
Notch3, while they were minimal in SO-Rb50 cells. These
results suggest that Notch signaling is important in oncogen-
esis in retinoblastoma.

Inhibition of the Notch pathway by the y-secretase inhibitor
DAPT is able to downregulate the expression of Jagged2 and
Notchl. To determine the effects of a y-secretase inhibitor on
the Notch signaling pathway, the protein expression levels of
Notchl and Jagged2 in DAPT-treated SO-Rb50 cells were
examined by western blot analysis. The expression of Jagged?2
and Notchl were downregulated following treatment with
DAPT for 24 h. This alteration was more profound for Jagged?2
levels, which decreased with increasing DAPT concentration
in a dose-dependent manner (P<0.05; Fig.1C and D).

Inhibition of the Notch pathway inhibited SO-Rb50 cell
growth. To determine whether DAPT is able to inhibit
SO-Rb50 cell proliferation, its effect on cell growth was
examined by the CCK-8 assay. Cells were treated with various
concentrations of DAPT (0, 5, 10, 30 or 60 gmol/l). The
results demonstrated that DAPT dose-dependently inhibited
SO-Rb50 cell growth. The inhibitory effect was significant
when SO-Rb50 cells were treated with 60 ymol/l DAPT
for 24 h or with 30 or 60 gmol/l DAPT for 48 h (‘P<0.05,
"P<0.01; Fig. 2A). Nevertheless, the suppression effect was not
significantly different between these two doses at either 24
or 48 h (P>0.05). Under the phase-contrast microscope, the
cell density was found to be markedly reduced when treated
with 30 or 60 ymol/l DAPT for 24 h (Fig. 2B). These results
demonstrated that the inhibition of the Notch pathway with
DAPT was able to inhibit SO-Rb50 cell proliferation.
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Figure 1. Expression profiles of Notch ligands and receptors in SO-Rb50 cells. Protein expression levels of Jagged1, Jagged2, Notch1, Notch2 and Notch3 were
assessed by western blot analysis. Their protein expression in the human retinal pigment epithelial cell line ARPE-19 was used as the control. (A and B) SO-Rb50
cells demonstrated significantly higher expression levels of Notchl and Jagged2 than ARPE-19 cells. (C and D) When SO-Rb50 cells were treated with various
concentrations of DAPT (5, 10, 30 and 60 gmol/l), the expression of Notchl and Jagged2 was downregulated in a dose-dependent manner. 3-actin was set as
the loading control. DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine z-butyl ester. “P<0.05.
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Figure 2. The growth of SO-Rb50 cells was markedly arrested following DAPT treatment. Cell proliferation was assessed using the CCK-8 assay following 24
or 48 h treatment with DAPT. (A) The suppressive effect was significant when cells were treated with 60 gmol/l DAPT for 24 h or with 30 or 60 zmol/l DAPT
for 48 h. (B) When observed under an inverted microscope, the cell density was apparently decreased in DAPT-treated groups (magnification, x100). CCK-8,
Cell Counting kit-8; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine z-butyl ester. "P<0.05; “P<0.01.

DAPT modulates cell growth through the regulation of the
PI3K/Akt, Src, p38MAPK and wnt/f-catenin pathways;
however, it has no effect on the Erkl/2 pathway. The Notch
signaling pathway has been demonstrated to crosstalk with
the epidermal growth factor receptor pathway (11). Therefore,
several key signaling pathways associated with cell growth,
including PI3K/Akt, Src, p38MAPK, wnt/B-catenin and Erk,
were assessed by western blot analysis following 24 h treatment
with various concentrations of DAPT. A significant inhibitory
effect on the expression of PI3K and [3-catenin was observed,
as well as on the phosphorylation of Akt, Src and p3SMAPK,

following treatment with 30 or 60 xmol/l DAPT (Fig. 3A-H).
Although several studies have demonstrated the crosstalk
between the Notch pathway and the Erk1/2 pathway (12), no
effect on p-Erk1/2 levels was observed in any of the treatments
(P>0.05; Fig. 31 and J).

Discussion
Among various molecular targets, Notch signaling is attractive

as it is involved in numerous cellular processes, including cell
fate specification, differentiation, proliferation and survival.
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Figure 3. DAPT inhibits SO-Rb50 cell growth via co-operating with multiple pathways. Western blot analysis was performed to detect the activation of
several classic pathways, including the (A and B) PI3K/Akt, (C and D) Src, (E and F) p38MAPK, (G and H) wnt/B-catenin and (I and J) Erk1/2 pathways.
Total protein expression levels of Akt, p38MAPK, Src and Erk1/2 were used as the internal control for their phosphorylated isoforms, respectively, and
B-actin was set as the loading control for PI3K and B-catenin. Expression of PI3K and (3-catenin, as well as phosphorylation of Akt, p38MAPK and Src,
were significantly abated when treated with 30 or 60 gmol/l DAPT for 24 h. (I and J) Of note, the total or phosphorylated Erk1/2 were not changed. DAPT,
DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine #-butyl ester; MAPK, mitogen activated protein kinase; PI3K, phosphoinositide 3-kinase; Erk,

extracellular signal-regulated kinase. "P<0.05.

Previous studies have demonstrated that Notch signaling is
involved in the carcinogenesis, progression, invasion and neuro-
vascular formation of numerous malignant tumors. Notch is able
to function as an oncogene or a tumor suppressor, depending
on the cell type and context. It acts as a tumor suppressor in
skin tumors and non-small cell lung cancer (13,14). However,
it acts as an oncogene in renal, pancreatic, breast and prostate
cancer (15). In the present study, Notchl and Jagged2 were

found to be highly expressed in the human retinoblastoma
cell line. Inhibition of the Jagged2/Notchl signaling pathway
with DAPT suppressed cell growth via multiple crosstalk with
other pathways. Therefore, the present study provided evidence
supporting the role of Jagged2/Notchl as oncogenes in human
retinoblastoma cells.

Previous studies have demonstrated that Notch is aber-
rantly expressed in various types of human cancers, including
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breast, colon, cervical, lung, head and neck, renal cell
carcinoma and pancreatic cancer (16). Typically, Notchl is
overexpressed in prostate cancer cell lines and human prostate
cancer tissues (17). Furthermore, Notchl expression levels in
human prostate cancer tissues are elevated with increasing
tumor grade (17). However, the role of the Notch pathway
in retinoblastoma remains to be elucidated. Therefore, in
the present study, the expression profiles of Notch ligands
(Jaggedl and 2) and receptors (Notchl-3) were investigated
for the first time, to the best of our knowledge. Notchl and
Jagged2 were identified to be highly expressed in the human
retinoblastoma cell line, which is similar to findings in
myeloma cells, tongue carcinoma tissues and lung adenocar-
cinoma (18-20). These results further demonstrate that the
expression of Notch signaling pathway proteins is frequently
altered in malignancies.

Previous studies reported that components of the Notch
signaling pathway are also the downstream targets of Notch
signaling itself (21). In the present study, the expression levels
of Jagged2 and Notchl were consistently and significantly
suppressed when the cells were treated with various concen-
trations of DAPT. This suppressive effect was more profound
on the ligand Jagged2 and was dose-dependent. The effect of
DAPT on the gene expression levels of Jaggedl, Notch2 and
Notch3 were not examined, as their expression was relatively
low in SO-Rb50 cells.

Several studies have demonstrated that the downregula-
tion of the Notch signaling pathway elicited a marked effect
on the cell growth inhibition of cancer cells (22,23). In
the present study, when the Notch signaling pathway was
inhibited with DAPT, SO-Rb50 cells underwent cell cycle
arrest, which was in agreement with previous studies. The
present study demonstrated that DAPT inhibited SO-Rb50
cell proliferation in a dose-dependent manner.

It is well accepted that numerous signaling pathways,
including PI3K/Akt, Erk, p38MAPK, Src and wnt/B-catenin
signaling, are involved in tumor cell growth, invasion and
metastasis. Since DAPT inhibited the proliferation of
SO-Rb50 cells, the present study examined the effects of
DAPT on the PI3K/Akt, Erk, p38M APK, Src and wnt/f3-catenin
signaling pathways.

The protein kinase Akt, which is able to induce y-secretase,
has been implicated in transducing Notch signaling (24).
Notchl activation enhanced melanoma cell survival and this
effect was mediated by activation of the Akt pathway (25).
Activating mutation of Notchl comprises the most prominent
genetic abnormality in T-cell acute lymphoblastic leukemia
(T-ALL) in children. However, the majority of T-ALL cell
lines with Notchl mutations demonstrate chemoresistance
to y-secretase inhibitors (26). Previous studies revealed that
PI3K/Akt and PTEN/AKT/mTOR pathways are involved in
tumorigenesis (27). The present study examined whether the
growth inhibition of SO-Rb50 cells was indeed due to the
regulation of the Akt pathway. It was consistently found that
the downregulation of the Notch signaling pathway by DAPT
decreased Akt phosphorylation, suggesting that Akt inactiva-
tion may contribute to DAPT-induced cell growth arrest.

Src family kinases are non-receptor kinases overexpressed
in the majority of pancreatic cancers and involved in cancer
progression and metastasis. The expression of Src kinase is

457

significantly higher in various types of invasive tumors (28,29).
In pancreatic cancer cells, Notchl and c-Src proteins are
physically associated, and this association mediates Notchl
processing and activation (30). Poorly differentiated tumors
demonstrated a higher expression of Src kinase when compared
with moderately- and well-differentiated tumors (31). Although
Src kinase is moderately expressed in normal retinal tissues,
Src kinase and phosphorylated signal transducer and activator
of transcription 3 proteins in invasive retinoblastoma tumors
are highly expressed, suggesting that they may be important
in invasiveness by contributing to multiple aspects of tumor
progression. In the present study, a high expression of p-Src
and Src in SO-Rb50 cells was detected, whereas DAPT
inhibited the phosphorylation of Src without affecting the total
Src expression. These results indicated that Src kinases are
inactivated by DAPT.

The Wnt signaling pathway, which is involved in stem cell
self-renewal and differentiation in various types of cancer,
is a promising candidate pathway for cancer therapy (32). In
chick and monkey retina, canonical Wnt signaling regulates
the proliferation of retinal stem/progenitor cells, maintains
them in an uncommitted state and suppresses neuronal
differentiation. Although previous studies demonstrated that
Wat signaling activation significantly decreased the viability
of retinoblastoma cells by inducing cell cycle arrest associ-
ated with the upregulation of p53 (33), sorted adenosine
triphosphate-binding cassette sub-family G member 2
(ABCG2)-positive stem-like cells exhibited higher levels of
[B-catenin than ABCG2-negative non-stem cells. This suggests
that elevated canonical Wnt signaling regulates cancer
stem-like cell populations in retinoblastoma. Therefore, inhib-
iting the canonical Wnt pathway may potentially suppress
stem-like cell formation in retinoblastoma. 3-catenin, which
is involved in numerous protein-protein interactions (34), is
considered the central hub of the Wnt signaling pathway. The
present study found that DAPT also inhibited the expression
of B-catenin in SO-Rb50 cells, which indicates an interaction
between the Wnt and Notch signaling pathways.

Crosstalk among the intracellular signaling pathways is
important in the determination of signaling specificity. In
myogenesis, Notch was reported to specifically indirectly
inactivate p38MAPK by inducing the expression of MKP-1,
a member of the dual-specificity MAPK phosphatase (35).
However, crosstalk between the Notch and the MAPK
pathways in cancer has remained to be fully elucidated.
In human nasopharyngeal carcinoma cells, a y-secretase
inhibitor suppressed human cell proliferation via inactivating
Erk1/2 signaling pathways, without affecting p38MAPK
signaling (22). In melanoma, Notchl signaling promoted
primary melanoma progression, partially mediated through
the activation of the MAPK pathway (25). Notably, in the
present study, examination of the Erk1/2 and p38MAPK levels
in DAPT-treated SO-Rb50 cells revealed that p38MAPK
decreased in a dose-dependent manner in response to DAPT,
whereas the expression of p-Erk1/2 was not affected. These
data indicated that DAPT treatment resulted in the inhibition
of the MAPK signaling pathway with specificity on pP38MAPK
signaling (however, not on Erk1/2 signaling). In addition, the
crosstalk between Notch and other oncogenic pathways was
likely to be context-dependent.
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In conclusion, the present study suggested that

Jagged2/Notchl signaling was involved in oncogenesis in
retinoblastoma. Inhibition of the Notch pathway with DAPT
inhibited the proliferation of human retinoblastoma cells via
suppressing the PI3K/Akt, Src, p38MAPK and Wnt/p-catenin
signaling pathways.
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