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Abstract

Notch signaling is a candidate pathway that transmits environmental information into the cell  
and interferes with the epigenome of gastric cancer.  This study aimed to explore if the Notch pathway  
was abnormally regulated during gastric tumorigenesis.  To achieve the goal, Delta-like ligand 1 (DLL1)  
gene expression, Notch upstream signal, promoter methylation and its correlation with DLL1  
expression were examined by methylation-specific polymerase chain reaction (PCR) and real-time  
PCR (RT-PCR) in cultured gastric cancer cell lines or gastric cancer patient samples.  Immunostainings  
and tissue arrays (n = 40) were used to confirm the DLL1 expression was down-regulated in cancer cells.   
Transient or stable Notch1 active domain (NICD)-overexpression suppressed proliferation of the 
gastric cells but the in vivo tumor growth was enhanced.  The results of abnormal DLL1 methylation 
and expression observed in early gastric lesions and in gastric cancers may be relevant to the 
pathogenesis of gastric cancer.
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Introduction

Gastric cancer is a global health problem, 
although its incidence is decreasing (23).  Environ-
mental factors, like H. pylori infection and a high-
salt diet, are associated with gastric cancer onset, 
and signaling pathways are required to relay these 
outside signals into the cell (11, 24).  Disruption 
of signaling pathways induced by detrimental en-
vironmental factors may be memorized by cells as 
a somatic inheritable epigenetic change that may 
provide a selective advantage for tumorigenesis (10, 
12).  The biological functions regulated by these 
pathways would then be altered in the cancer cells.

Together with Wnt and bone morphogenetic 
proteins (BMPs), Notch signals are critical for the 
determination of stemness in both embryonic and  
somatic stem cells (6).  Notch signaling was initially  
found to regulate neuronal differentiation, and this 
role is conserved from Drosophila to humans (1, 5).  
Notch proteins are transmembrane receptors that 
are activated following interaction with Delta-like  
ligands (DLL) on neighboring cells, which triggers  
downstream Notch signaling (22).  Therefore, abnormal  
DLL regulation is associated with consequent alterations  
in Notch activation (18).  While aberrant Notch 
signaling has been found in breast, colorectal, glio-
blastoma, oral and lung cancers, but this pathway 
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seems to play multiple roles in solid tumors ranging 
from being oncogenic or tumor suppressive, to con-
tributing to tumor progression and maintenance (2, 
11, 21).  Some of these functions are contradictory 
under different contexts, which complicate the us-
age of the Notch signaling pathway as diagnostic or 
therapeutic targets (19).  Little evidence regarding 
Notch signaling in gastric cancer has been reported; 
thus, the role of Notch in gastric tumorigenesis 
needs to be clarified (9, 15).

DNA methylation is a stable epigenetic mark 
that is inheritable in somatic cells; abnormal DNA  
methylation has been associated with tumorigenesis  
in various cancers (3, 25).  Differential DNA meth-
ylation is one of the main determinants for genomic  
imprinting, genome stability and differentiation (4).   
Loss of global methylation and/or increased methylation  
within tumor suppressor genes have been hypothe-
sized to result in transformation of somatic cells and  
have been demonstrated in a variety of cancers (7).   
As previously reported in the estrogen receptor (14),  
knockdown of upstream receptors could lead to 
downstream signaling-specific methylation (14).  
This inheritable methylation can pass on the signal-
specific silencing to affect the function of the as-
sociated specific pathways in subsequent cellular 
generations (8).  If the abnormal regulation and 
methylation of components of the Notch signaling 
pathway could be confirmed in gastric cancer, these 
methylation changes could be tracked to monitor 
gastric oncogenesis and progression.

In order to determine if changes in Notch  
signaling occur in gastric cancer, we sought to de-
termine the methylation and expression status of the  
DLL1 gene in gastric cancer.  We performed meth-
ylation-specific polymerase chain reaction (PCR)  
(MSP) within the DLL1 promoter region to determine  
if the treatment of the methylation inhibitor, 5-Aza-
2’-deoxycytidine (5-Aza), could induce DLL1 dem-
ethylation, and if DLL1 expression was increased  
after 5-Aza treatment.  In pre-cancerous gastric tissue  
samples, abnormal DLL1 methylation was identified  
and abnormal DLL1 expression was detected by 
immunostaining.  To confirm the abnormal DLL1 
expression in gastric cancer, tissue arrays were 
employed.  Finally, Notch1 was overexpressed in 
gastric cancer cells to test if Notch signaling could  
interfere with tumor cell proliferation.  These findings  
will help to decipher the role of Notch signaling in 
gastric tumorigenesis.

Materials and Methods

Human Samples

The human samples were collected under the 

regulation of CGMH IRB102-1999B, 103-2136 and  
103-5491C and from the Tissue Bank, Department of  
Medical Research, Chang Gung Memorial Hospital,  
Chiayi.  The gastric lesions used in this study are listed  
in Table 1.

Cell Culture

Human gastric cancer cell lines, including AGS,  
KATOIII, MKN28, MKN45, SNU1 and SNU16, were  
cultured with RPMI-1640 medium (Invitrogen, CA, 
USA) supplemented with 10% fetal bovine serum 
(Invitrogen), 100 mg/ml penicillin/streptomycin 
(Invitrogen), and 2 mM L-glutamine (Invitrogen).

5-Aza Treatment

Cells were treated with 5 μM 5-Aza (Sigma-
Aldrich, MO, USA) or an equal volume of dimethyl  
sulfoxide, DMSO (Sigma-Aldrich) as a control for 5  
consecutive days.

Bisulfite Conversion

Isolated genomic DNA (0.5 μg) was bisulfite-
converted and purified as described by Yan et al. (26).

Relative Quantitative Real-Time MSP (qRT-MSP)

The relative qMSP was performed as described  
by Yan et al. (26).  Briefly, bisulfite-converted genomic  
DNA was subjected to qRT-PCR with DLL1 methy-
lation-specific primers (Table 2).  A SYBR Green I  
PCR Kit (Toyobo, Osaka, Japan) was used to conduct  
relative qMSP in an iQ5 qRT-PCR instrument (Bio-Rad,  
CA, USA).  Analysis of the melting temperature was  
performed to ensure that a specific amplicon was 
generated during PCR. Col2A1 (NM_033150) was 
used to generate a standard curve.  The methylation 
percentage was calculated as: [mean of target gene]/ 
[mean of Col2A1].  The fold change was then calcu-
lated as: [control or 5-Aza-treated DNA methylation  
percentage]/[control methylation percentage].  In  
order to observe the methylation fold changes in patient  
samples, the methylation fold changes were calculated  
as: [tumor parts or normal part methylation percent-
age]/[adjacent normal part DNA methylation per-
centage from the same patient].

Relative qRT-PCR

Total RNA was isolated (14) and 2 μg was reverse  
transcribed using SuperScript II reverse transcriptase  
(Invitrogen).  qRT-PCR was performed using a SYBR  
Green I PCR Kit (Toyobo) in an iQ5 qRT-PCR in-
strument (Bio-Rad) with DLL1 and glyceraldehyde-
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3-phosphate dehydrogenase (GAPDH) (NM_002046) 
reverse transcription primers (Table 2).  A serial di-
lution of the GADPH-amplified cDNA was used to 
generate a standard curve, and GAPDH from each 
sample was used as a quantification control.

Generation of Myc-Tagged Notch1 Construct, 
Transfection, Clone Isolation and Cell Proliferation 
Assay

Myc-tagged Notch1 intracellular domain (Notch1  

Table 1.  Collected gastric lesions

Biopsy Diagnosis H. pylori# RC*
001 Adenocarcinoma, intestinal, poorly-differentiated, Pt2n0 + -
002 Malignant, Diffuse large-B-cell lymphoma - +
003 Chronic	inflammation	with	intestinal	metaplasia U +
004 Adenocarcinoma, poorly-differentiated - +
005 Adenocarcinoma, moderately differentiated - +
006 Chronic	inflammation U +
007 Erosion, Ectopic fundic glands - +
008 Chronic	inflammation	with	intestinal	metaplasia - +
009 Adenocarcinoma, poorly-differentiated, High-grade malignant tumor + +
010 Erosion - +
011 Highly atypical cells - +
012 Chronic active gastritis - +
013 Gastric cancer U -
014 Adenocarcinoma with cribriform component, pT3N3b U -
015 Adenocarcinoma, poorly differentiated - +
016 Ectopic parietal glands, c/w heterotopia - +
017 Signet ring cell carcinoma U +
018 Mixed undifferentiated and signet ring cell carcinoma, grade III, pT4aN3a - +
019 High-grade B-cell lymphoma U +
020 Adenocarcinoma - +
021 R/O malignant tumor U +

#“+”: detected; “-”: not detected; “U”: uncertain of H. pylori infection.  RC*: with “+” or without
“-” inverse correlation between DLL1 methylation and expression (data taken from Fig. 2). 

Table 2.  Relative qMSP primers used

Gene (RefSeq) Primer Name 5’-Sequence Detection TM (°C)

GAPDH
(NM_002046)

H_GAPDH_RT_F CCCCTTCATTGACCTCAACTAGAT RT-PCR
Control 58, 54

H_GAPDH_RT_R CGCTCCTGGAAGATGGTGA

Col2A1
(NM_0033150)

BR_137 TCTAACAATTATAAACTCCAACCACCAA MSP
Control 60

BR_138 GGGAAGATGGGATAGAAGGGAATAT

DLL1
(NM_005618.3)

DLL1_MSP_prom_F GGTAGAGCGTAGGGGAATTC
MSP 60

DLL1_MSP_prom_R ACCCGATATCACTCGACGAC

DLL1_MSP_1stExon_F AAGTCGGCGATTTTTATTTTTTC
MSP 60

DLL1_MSP_1stExon_R CAAAACTTCTTTCTTTAAAAACCGAT

DLL1_RT_F TATCCGCTATCCAGGCTGTC
RT-PCR 58, 54

DLL1_RT_R GGTGGGCAGGTACAGGAGTA
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active domain, NCID) was cloned into a PiggyBac 
vector (9) and validated by sequencing.  AGS cells  
were transfected with a control PiggyBac vector or the  
Myc-tagged NICD PiggyBac vector.  The plasmid DNA  
was transfected by DMRIE-C (Invitrogen) transfection  
reagent in serum-free medium.  The transiently 
transfected cells were then subjected to a cell pro-
liferation assay or were selected with 2.4 μg/ml  
puromycin (Sigma-Aldrich) for stable clone isolation.   
Twelve individual control and twelve NICD-ex-
pressing clones were isolated and validated by their  
enhanced green fluorescent protein (EGFP) and 
expression of the Myc-tag.  Serial dilutions of cells 
(105-0) were plated into each well of a 96-well assay  
plate and the cells were allowed to attach.  Cells were  
then incubated at 37°C for 2 days.  3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)  
solution (20 μl, 5 mg/ml) (Sigma-Aldrich) was added  
to each well in 96-well plates and incubated at 37°C  
for 5 h.  The reaction was terminated by adding 100 μl  
DMSO and light absorbance was measured at 595 nm.

Western Blot Analysis

Cells were harvested with the standard RIPA 
buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 1% NP40, 0.5% DOC, 0.1% SDS), and 
denatured proteins were separated on a 10% poly-
acrylamide gel and trans-blotted onto a polyvi-
nylidene difluoride (PVDF) membrane (Bio-Rad).  
After blocking with skim milk, the membrane was  
treated with antibodies directed against Notch1 (3608,  
which detects the mature Notch1 receptor) (Cell  
Signaling, MA, USA), myc-tag (05-724, which detects  
ectopically expressed NICD) (Millipore, CA, USA) and  
GAPDH (GeneTex, CA, USA).  After washing, a 
secondary antibody conjugated with horseradish  
peroxidase was used to detect hybridization.  Results  
were visualized by chemiluminescence.  The film was  
scanned and analyzed.

Tissue Array and Immunostaining

Paraffin-embedded samples were prepared as  
described by Lu et al. (17).  Tissue arrays were prepared  
by the Expensive Advanced Instrument Core Labo-
ratory, Department of Medical Research and Devel-
opment, Chang Gung Memorial Hospital at Chiayi,  
Taiwan.  The sections were deparaffinized with xylene  
three times for 10 min each.  The slides were then 
treated with 100% alcohol twice for 5 min each.  
After putting into a serial dilution of alcohol (95, 
85, 70, 50, and 30%) for 3 min each, the slides were 
submerged in sterile water.  The slides were then 
kept at 95-100°C in 10 mM citrate buffer (pH 6.0) 
for 10-20 min.  The slides were then cooled to room 

temperature.  After being submerged in phosphate 
buffered saline containing Tween-20 (PBST) twice 
for 3 min each time, the slides were placed in 3%  
hydrogen peroxide/methanol for 20 min.  After being  
rinsed twice with PBST, the slides were blocked with  
of 10% goat serum/PBST.  The slides were then treated  
with primary antibodies at 4°C overnight.  After being  
washed with PBST three times for 2 min each time, 
2 drops of biotinylated secondary antibodies were 
applied onto the slides.  After 10 min, the slides  
were washed three times with PBST and one drop of  
3,3'-Diaminobenzidine (DAB) substrate was applied.   
After washing and dehydration in the air, the slides  
were mounted.  For fluorescence staining, the secondary  
antibodies used were conjugated with fluorescein and  
the mounting medium contained 4',6-diamidino-2- 
phenylindole (DAPI, Vector Laboratories, CA, USA).   
The photo-images were taken by conventional mi-
croscopy with both visible and different fluorescent 
light sources.  Quantification of the image intensity 
was obtained from 10 fluorescent photos using the  
NIH Image software (https://imagej.nih.gov/nih-im-
age).  The obtained DLL1 intensity was normalized  
with the obtained F-actin staining intensity from the  
fluorescence staining.  Pathologists scored the ex-
pression intensity and expression area (percentage) 
of the tissue array.  The intensity are listed 1, 2 or 3 
in scale but the 1.5 and 2.5 scales were specifically 
pointed out by the pathologist.  The expression area 
is rated from 10, 20, till 100% discretely.

Tumor Growth In Vivo

Isolated 106 control or NICD-expressing AGS 
cells were mixed with Matrigel (3:1) and inoculated 
subcutaneously into immune-deficient mice (BALB/
cAnN.Cg-Foxnlnu/CrlNarl, National Applied Re-
search Laboratories, Taiwan).  The mice were raised  
for 3 months.  A fluorescence molecular tomography  
system (FMT) (PerkinElmer, CA, USA) was used to 
track and quantify an injected tumor tracking dye, 
IntegriSense 750 (PerkinElmer).

Statistics

A paired Student’s t-test was used to compare the  
difference between the methylation and expression 
states.

Results

DLL1 Methylation in Gastric Cancer Cell Lines and 
Pre-Cancerous Samples

In order to detect the methylation state and 
expression pattern of DLL1, six gastric cancer cell 
lines, including AGS, KATOIII, MKN28, MKN45,  
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SNU1 and SNU16, were treated with 5 μM 5-Aza for  
5 days.  Two MSP primers were designed to determine  
and quantify the methylation state of the DLL1 pro-
moter (MSP1, Fig. 1A) and first exon region (MSP2, 
Fig. 1A).  MSP1 detected significant demethylation 
in the promoter region in the KATOIII and MKN45 
cell lines (Fig. 1A center), also in the exon 1 region 
in MKN28, MKN45 and SNU1 cell lines (Fig. 1A, 
bottom panel).  DLL1 expression was significantly 
increased after demethylation in the KATOIII, 
MKN28, and MKN45 cell lines (Fig. 1B), reflect-
ing demethylation of these cells lines shown in Fig. 
1A.  Therefore, DLL1 methylation was identified in 
several of the gastric cancer cell lines. 

The MSP1 primers were next used to detect the  
DLL1 methylation state in pre-cancerous samples.  
The results found that there were significant DLL1  

hypermethylation in the pre-malignant (Fig. 1C, open  
columns) compared with the adjacent normal (Fig. 
1C. filled columns) regions.  In order to determine  
correlation between DLL1 expression and methylation  
in the pre-cancerous clinical samples, relative-qMSP  
and immunostaining were performed (Fig. 2 and 
Table 1).  After quantification, a reverse correlation 
was found between the methylation state and DLL1 
expression.

Abnormal DLL1 Expression in Gastric Cancer Samples

To confirm that DLL1 was abnormally expressed  
in gastric cancers, 40 pairs (tumor versus adjacent 
normal) of gastric cancer clinical samples were col-
lected and arrayed.  After immunostaining (Fig. 3A) 
and analysis, DLL1 expression intensity was given  
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regions (closed columns) of the same patient.  The methylation percentages of the tumor samples were normalized by the 
methylation state of the normal regions for each patient to deduce the methylation fold changes. (n = 3, *P < 0.05)
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a score of 1-3 and the expression area was scored by  
percentage.  In a paired t-test, the expression in-
tensity of DLL1 was significantly decreased in the 
tumor (Fig. 3B), while the expression area showed 
no significant differences between the normal and 
tumor regions (Fig. 3C).  In individual samples, 
DLL1 was found to be more highly expressed in the 
normal than in the tumor regions in the majority 
of the clinical samples of all four stages (Fig. 3D).  
Furthermore, DLL1 expression was significantly 
less in the H. pylori-positive than in the H. pylori-
negative samples (Fig. 3E).

NICD Overexpression Suppressed Tumor Cell 
Proliferation in vitro but Enhanced Tumor Growth In 
Vivo

In order to evaluate the pathological functions 
of Notch signaling, NICD, which is the active form 
of Notch1 downstream of the DLL1 signal, was 
cloned into a PiggyBac vector (Fig. 4A, left panel) 
and sequence-validated.  Control (PiggyBac only) 
and NICD-expressing PiggyBac constructs were 
transfected into AGS gastric cancer cells.  Twelve 
control and twelve NICD-expressing AGS clones 
were isolated based on puromycin resistance and  
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transfection (Fig. 4B).  The same proliferation 
suppression was observed in the isolated NICD- 
expressing clones (represented by Notch1 _1, _3 and  
_12 in Fig. 4C).

The stable control and NICD-expressing AGS 
clones (106 cells) were then inoculated subcutane-
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Fig. 3. Abnormal DLL1 expression detected by tissue array.  (A) Forty pairs of gastric cancer samples were arrayed and immu-
nostained with anti-DLL1 antibodies.  The stained slides were scanned and examined by a pathologist.  DLL1 expression 
intensity was scored 0-3, while expression area was scored by percentage from each block of samples.  (B) Relative DLL1 
expression intensity from paired normal and tumor regions was compared (paired t-test).  (C) DLL1 expression percentage 
from paired normal and tumor regions was compared.  (D) DLL1 expression intensity from individuals collected from four 
stages of gastric cancer (I-IV) is shown as a heatmap.  (E) Comparison of the DLL1 expression intensity between H. pylori 
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EGFP expression.  Myc-tagged NICD expression was  
validated by western blot analysis (Fig. 4A, right 
panel).  Control- and NICD-transiently transfected  
AGS cells were tested for their proliferation capacity  
by the MTT assay.  The results showed that proliferation  
of the AGS cells was suppressed after NICD transient  
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Fig. 4. NICD overexpression in the AGS gastric cancer cell line.  (A) Left panel, Physical map of Myc-tagged NICD in the PiggyBac vector.  Right 
panel, western blot validation of the Notch overexpression in randomly isolated clones.  Proteins from isolated control (PiggyBac vector  
only, PB) and Notch1-overexpressed (Notch1) clones were subjected to western blot analysis.  Antibodies against Notch1, Myc-taq or GAPDH  
was used to probe the expression of the target genes.  (B) Proliferation of the control (circle)- or NICD (square) transiently-transfected AGS 
cells.  (C) Proliferation of the isolated control (closed) or NICD-overexpressing (open) clones of AGS cells.  Two controls and three NICD  
clones were analyzed.  (D) NICD overexpression affected tumor growth in vivo.  Control and NICD-overexpressing AGS cells (106 cells each)  
were mixed with Matrigel and injected subcutaneously into immune-deficient mice.  After 3 months of tumor growth, the mass of the tumor 
of the mice (left panels) was quantified (right panels) by the intensity of an injected cancer tracking dye (IntegriSense 750) in a FMT system.  (E)  
Expression of Oct4 and CD44 tumor stem cell-like markers in Notch-overexpressed AGS cells.  Western (upper panel) and immunostaining  
(lower panel) were used to detect the enhanced Oct4 and CD44 expression in Notch-overexpressed AGS cells.  The enhanced Oct4 and CD44  
expression correlates with the enhanced sphere-formation in low attachment dishes (center panel).  In (C) and (E), N1, N3 and N12 were Notch1-1,  
-3 and -12, respectively, and P1 was PB-1 of (C) above.  These were all isolated Notch-expressing or vector-insertion AGS stable clones. 
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ously into immune-deficient mice and tumor growth  
was monitored for 3 months (n = 4).  We found that  
the tumor growth was enhanced in the NICD-expressing  
clones, while the control clones did not develop into  
tumors (Fig. 4D).  These data indicate that sustained  
Notch signaling enhances tumor growth in vivo.

Notch signaling is responsible for stem cell  
maintenance and there are reports that Notch signaling 
is associated with a tumor stem cell-like phenotype  
(2, 11, 21).  The proliferation of NICD-overexpressing  
AGS cells was suppressed, but these cells formed tumors  
in the xenograft model.  While this seems contradictory,  
the data did correlate with the slow-growing but tu-
morigenic capacity of cancer stem cell-like cells (2, 
11, 21).  In this study, we observed upregulated ex-
pression of the stem cell markers Oct4 and CD44 in 
NICD-overexpressing AGS clones (N1, 3 and 12 in 
Fig. 4E compared with PB1), which indicates that 
NICD overexpression might result in the gastric 
cancer cells being more cancer stem cell-like. 

Discussion

In the current study, abnormal DLL1 methylation  
and a reverse correlation with DLL1 expression was  
identified in gastric cancer cell lines and tumor samples.   
The collected gastric cancer clinical samples might 
be infected with microorganisms to lower the RNA  
integrity.  Hence, immunohistochemical staining,  
instead of qRT-PCR, was used to detect DLL1 expression  
in clinical tissues.  Abnormal DLL1 methylation has 
been described in different cancers including gastric 
cancer (13, 18), while most of the previous studies  
have focused on abnormal DLL4 expression (20).  In  
this study, 5-Aza treatment caused various degrees 
of demethylation in the DLL1 promoter (MSP1) and 
first exon (MSP2) (Fig. 1), suggesting differential  
methylation states in the different gastric cancer cell  
lines analyzed.  Since DNA methylation is an inheritable  
dominant silencing mark, the finding of abnormal 
DLL1 methylation states in gastric cancer suggests 
that epigenetic regulation of Notch signaling might 
be involved in gastric tumorigenesis.

Compared with the consistent decrease in DLL1  
expression in gastric cancer samples, the abnormal  
methylation and expression of DLL1 was not consis-
tently observed in gastric pre-cancerous lesions.  This  
observation suggests that Notch signaling might play  
different roles in individual cases of gastric lesions and  
during the very early stages of transformation.  In other  
solid tumors, such as breast, colorectal, pancreatic,  
cervical, oral squamous cell carcinoma (SCC) and lung  
cancer, Notch signaling is suggested to be involved  
in the oncogenic process (21).  However, Notch acts as  
a tumor suppressor in prostate, liver, glioblastoma and  
skin cancer (16).  Hence, contradictory data indicate  

that Notch signaling could be both oncogenic and tumor  
suppressing in breast and lung cancers.  Therefore, 
it is important to monitor abnormal DLL1 methyla-
tion/expression and possible pathological develop-
ment in different patients with gastric lesions.

Reports have indicated that that Notch signaling  
is associated with stem cell maintenance and tumor stem  
cell-like phenotype (2, 11, 21).  Suppressed prolif-
eration and tumor formation in the xenograft model  
and analysis of expression of the stem cell marker genes,  
Oct 4 and CD44, suggested the NICD-expressed 
AGS cells could have become cancer stem cell-like.  
More cells expressing Oct4 and CD44 in NICD-
overexpressing AGS clones (Fig. 4E) indicate that 
NICD overexpression might transform the gastric 
cancer cells to become more cancer stem cell-like.

In conclusion, an inverse correlation between 
abnormal DLL1 methylation and expression was 
observed in gastric pre-cancerous lesions.  DLL1 
expression was lower in the tumor regions than in 
the paired normal regions in clinical samples from  
all four stages of gastric tumors.  NCID overexpression  
suppressed cell proliferation in cultured cells but 
promoted tumor growth in immune-deficient mice.
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