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Notchl signaling inhibits growth of EC109 esophageal carcinoma
cells through downmodulation of HPV18 E6/E7 gene expression
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Aim: To investigate the role of the Notch1 signaling pathway in growth arrest of an esophageal carcinoma cell line (EC109)
in vitro and the mechanism involved.

Methods: An intracellular domain of Notchl (ICN) was transfected into cultured EC109 cells by lipofectamine transfection.
Subsequently, the proliferation of the transfected cells was measured by an MTT assay. Cell cycle distribution was ana-
lyzed by flow cytometry. Human papillomavirus type 18 (HPV18) E6/E7 mRNA expression was detected by RT-PCR, and
P53 protein expression was detected by Western blot.

Results: Activation of Notch1 signaling resulted in inhibition of EC109 cell proliferation with the induction of G,/M arrest,
downmodulation of HPV18 E6/E7 gene expression, and upregulation of p53 expression.

Conclusion: Repression of HPV18 E6/E7 expression by Notchl signaling results in the activation of p53-mediated pathways

with concomitant growth suppression of HPV18-positive EC109 cells.
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Introduction

Since their initial discovery in Drosophila as critical
regulators of embryonic development, Notch genes have
been found to be conserved in many species, including
human. Notch genes encode highly conserved type I trans-
membrane glycoproteins, which can be activated via direct
interaction with transmembrane ligands expressed on the

surface of neighboring cellstV 2.

Upon activation, Notch
is cleaved, releasing an intracellular domain (ICN)™! that
then translocates into the nucleus. The ICN associates with
transcriptional factors known as Su(H)/CBF1 to regulate
the expression of target genes and successively modulate the

development and growth of cells?®#

. Constitutive expres-
sion of active ICN in targeted cells also results in an “acti-
vated” Notch phenotype!™®.

Notch signaling is involved in a variety of cell specifica-

tion, proliferation, and apoptosis processes that affect the
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development and function of many organs”*. For example,
in the hematopoietic system, Notch is involved in T cell
commitment and B cell development"’. Overexpression
of Notchl has been demonstrated to promote the self-
renewal of hematopoietic stem cells in vivo and in vitro!'” "),
Pathophysiologic alterations in Notch signaling have been
associated with tumorigenesis. In human acute T-lympho-
blastic leukemia and lymphomas, Notchl transcripts encode
a series of truncated Notchl polypeptides containing at
least the cytosolic domain of Notch1'.. Similar truncations
caused by the insertion of wild-type mouse mammary tumor
virus within the Notchl and Notch4 genes are associated
with mammary tumors'® '?!
that dysfunction of intracellular Notch prevents differentia-

tion and predisposes undifferentiated cells to malignant
(13]

. These observations suggest

transformation' . On the other hand, constitutive activa-
tion of Notch1 signaling can cause a profound growth arrest
in small cell lung cancer cells, associated witha G, cell cycle
arrest!"*). Overexpression of active Notch1 inhibits the pro-
liferation of various prostate cancer cells!'¥), suggesting that
Notch activation can also induce growth arrest and reduce

the neoplastic potential of tumors.
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Esophageal cancer is the sixth most common cancer
worldwide and the third most common malignancy of the
gastrointestinal tract, and has a very poor prognosis. It is
estimated that about 30 000 new cases of esophageal cancer
are diagnosed annually in the world, approximately half of
which occur in China. Esophageal cancer has two major
histological types: adenocarcinoma (AC) and squamous
cell carcinoma (ESCC); the latter is the type seen more
frequently in China. Lu et al'"! demonstrated that Notchl
protein was overexpressed in normal esophageal tissues and
underexpressed in human ESCC. Hence, there may be a link
between the specific downmodulation of Notchl expression
in ESCC and their deregulated growth.

EC109, a well-differentiated human ESCC cell line, was
established in 1976 by the National Laboratory of Molecular
Oncology, Cancer Institute and Hospital, Chinese Academy
of Medical Sciences and Peking Union Medical College. It
was reported that EC109 was a human papillomavirus type
18 (HPV18)-positive cell line"”. In particular, the E6 and
E7 oncoproteins of HPV18 perturb normal cell cycle control
through their interactions with a number of cellular proteins,
such as p53 and p105-Rb. The role of Notchl1 is well studied
in another HPV-positive human cervical cancer cell line,
HeLa. It has been shown that expression of activated Notch1
strongly inhibits the growth of HPV-positive HeLa cells by
downmodulation of the E6 and E7 genes'.,

This study aims to assess whether increased Notchl
signaling via transfection with an exogenous intracellular
domain of Notchl (ICN) can directly affect the growth of
EC109 cells and expressions of E6/E7 and pS3.

Materials and methods

Reagents and plasmid

Thiazoyl blue tetrazolium bromide (MTT') was purchased
from Amresco (Solon, OH, USA). Lipofectamine 2000 and
anti-His antibody were purchased from Invitrogen (Carls-
bad, CA, USA). Anti-pS3 (FL-393) antibody, anti-B-actin
antibody, biotinylated goat anti-mouse secondary antibody,
and FITC-labeled goat anti-mouse secondary antibody were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The FACSort flow cytometer was from Becton Dick-
inson (San Jose, CA, USA).

Plasmid pcDNA3.1C-ICN (denoted as ICN) was a gift
from Professor Tom Kadesch (Department of Genetics, Uni-
versity of Pennsylvania School of Medicine, USA). ICN was
generated by PCR and cloned into the vector pcDNA3.1C at
the Xhol or Kpnl site, which contains a consensus kozak start
site, and cloned in-frame with the myc-his tags. The gene
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sequence contained in this plasmid was confirmed by gene
sequencing analysis.

Cell culture

The human ESCC cell line, EC109, was purchased from
the Shanghai Institute of Cell Biology, the Chinese Academy
of Sciences. EC109 cells were cultured in Iscove’s modified
Dulbecco’s medium (IMDM) supplemented with 2 mol/L
glutamine, 10% fetal calf serum, 100 U/mL penicillin G, and
100 U/mL streptomycin at 37 °C in a 5% CO, atmosphere.

Transfection of ICN

The EC109 cells were inoculated into 24- or 96-well
plates, and ICN or empty plasmid transfection was per-
formed as soon as the cells reached above 80% in confluence.
The transfection of ICN was performed using lipofectamine
2000 according to the manufacturer’s instructions. Three
experimental groups were established: a non-transfected
group, an empty plasmid-transfected group, and an ICN-
transfected group. All experiments were performed in tripli-
cate.

Detection of ICN protein expression in EC109 cells
by flow cytometry

The EC109 cells were harvested 72 h after transfection,
washed twice in PBS, and fixed with 2% paraformaldehyde
containing 0.1% Triton X-100 at 4 °C for 30 min. Next, nor-
mal goat serum was added and incubated at 4 °C for 30 min,
after which the supernatant was discarded. The diluted anti-
His antibody (1:100) was added and incubated at 4 °C for
30 min. Subsequently, the EC109 cells were washed twice
in PBS. Next, the FITC-labeled secondary antibody (1:50)
was added and incubated at 4 °C for 30 min, followed by two
washes in PBS and detection by flow cytometry.

Proliferation rate of EC109 cells measured by the
MTT assay

EC109 cells in 180 pL IMDM were inoculated onto
96-well plates. Four parallel rows of wells were set up for
each group. The MTT assay was performed 24, 48, and 72 h
after transfection, respectively. The absorbance (OD) of each
well was measured at 570 nm with enzyme-linked immuno-
sorbent detector (DG3022A).

Cell cycle analysis of EC109 cells by flow cytometry

EC109 cells were collected three days after transfection.
Cell cycle analysis was performed with a flow cytometer, and
the data were analyzed with Multicycle software (Phoenix
Flow Systems Inc, San Diego, CA, USA).
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Detection of HPV18 E6/E7 mRNA expression in
EC109 cells by RT-PCR

EC109 cells were collected three days after transfec-
tion and HPV18 E6/E7 mRNA expressions were detected
by RT-PCR. Total RNA was isolated from nucleated cells
with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol and the RNA was
dissolved in RNase-free water. RNA quality and quantity
were assessed by ethidium bromideagarose gel electropho-
resis and by relative absorbance at 260 nm versus 280 nm.
Complementary DNA (cDNA) was synthesized in a volume
of 20 pL with a cDNA synthesis kit (Fermenters, Glen Bur-
nie, MD, USA) according to the manufacturer’s protocol.
The obtained cDNA was amplified by a regular PCR. The
sequences of primers used were: TGTCAAAAACCGTI'GT-
GTCC (sense) and GAGCTGTCGCTTAATTGCTC (anti-
sense) for HPV18 E6/E7; ACCACAGTCCATGCCATCAC
(sense) and TCCACCACCCTGTTGCTGTA (anti-sense)
for GAPDH. The PCR conditions were: 94 °C for 3 min; 30
cycles of 94 °C for 30's, 58 °C for 60 s, and 72 °C for 90 s, fol-
lowed by a final extension at 72 °C for 10 min. The amplified
PCR products were electrophoresed on agarose gels and the
fragments were analyzed using the MUVB-20 gel analysis
system (Ultralum Inc, Claremont, CA, USA). The absor-
bance (A) value of the gene band/ GAPDH band was taken
as the relative amount of the target gene. The sizes of the E6/
E7 and GAPDH amplification products were 270 bp and 451
bp, respectively.

Detection of p53 protein expression in EC109 cells
by Western blot analysis

The proteins from cell lysates of EC109 cells were
separated by SDS-polyacrylamide gel electrophoresis and
transferred onto PVDF membranes (Millipore, Bedford,
MA, USA). The blots were incubated with the anti-pS3
antibody or the anti-B-actin antibody (1:100 dilution in a
blocking solution) at 4 °C overnight, then washed with a
solution containing 5% milk, 20 mmol/L Tris-HCI (pH 7.5),
500 mmol/L NaCl, and 0.05% Tween-20 (TBS-T). After
incubation with a secondary antibody (1:500 dilution in a
blocking solution, 3 h at room temperature), positive signal
bands were detected by the addition of nitroblue tetrazo-
lium (NBT)-S-bromo-4-chloro-3-indolylphosphate (BCIP,
Sigma, Saint Louis, MO, USA). The blots were scanned
using Quantity One 4.4.1 (Bio-Rad Technical Service
Department, Hercules, CA, USA).

Statistical analysis
All experiments were conducted in triplicate. The results

are presented as mean+SD. All data were processed with the
SPSS10.0 program (SPSS Inc.Chicago, Illinois, USA), and
statistical differences were determined by ANOVA followed
by the g test. P<0.05 was considered statistically significant.

Results

ICN expression rate in EC109 cells at 72 h post-trans-
fection

The EC109 cells were transfected with ICN-contain-
ing plasmids. After 72 h, the ICN expression rate was
64.71%%5.97% as detected by flow cytometry (Figure 1).
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Figure 1. ICN expression rate detected with FCM. (A) Non-
transfected group; (B) ICN-transfected group.

Constitutive activation of Notch1 signaling inhibits
proliferation of EC109 cells

MTT assays showed that the cell proliferation of the ICN-
transfected group was significantly inhibited in comparison
with the control groups (P<0.0S; Figure 2).
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Figure 2. Effect of activated Notchl on growth of EC109 cells as

measured by the MTT assay. P<0.05 for ICN-transfected group vs non-
transfected group and empty plasmid-transfected group.
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Constitutive activation of Notchl signaling in EC109
cells induces a G,/M arrest

EC109 cells were collected three days after transfection.
Cell cycle analysis was performed with a flow cytometer. In
the non-transfected group, the percentages of cells in G,/
G, phase, G,/M phase, and S phase were 49.05%+1.57%,
1.88%+0.66%, and 49.07%+1.34%, respectively. In the
empty plasmid-transfected group, the percentages of cells in
Go/G, phase, G,/M phase, and S phase were 49.93%+1.99%,
1.99%+1.02%, and 48.08%%0.99%, respectively. In the
ICN-transfected group, the percentages of cells in G,/
G, phase, G,/M phase, and S phase were 52.16%+2.82%,
42.57%%1.57%, and 5.07%=%1.59%, respectively. There
was a significant difference in the percentage of G,/M or S
phase cells between the ICN-transfected group and the non-
transfected or empty plasmid-transfected groups (P<0.01),
but not between the non-transfected group and the empty
plasmid-transfected group. There was a decrease in S phase
cells and an increase in G2/M phase cells, suggesting that
constitutive activation of Notch signaling inhibits the pro-
liferation of EC109 cells by blocking the cells at the G,/M
phase of the cell cycle (Figure 3).

Constitutive activation of Notchl signaling down-
modulates HPV18 E6/E7 gene expression

As the growth of HPV-transformed cancer cells is depen-
dent on sustained expressions of E6 and E7") we tested
whether the specific growth inhibitory effects of activated
Notchl on EC109 cells could be explained by downmodu-
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lation of the E6 and E7 genes. RT-PCR analysis of EC109
cells at 72 h after transient transfection revealed a drastic
inhibition of E6/E7 mRNA expression as a consequence of
activated Notch1 expression (Figure 4).
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Figure 4. E6/E7 mRNA expressions in EC109 cells post-transfection
detected by RT-PCR. 1, Marker (100 bp DNA ladder); 2, non-
transfected group; 3, empty plasmid-transfected group; 4, ICN-
transfected group.

Constitutive activation of Notch1 signaling upregu-
lates pS3 expression

To understand the molecular basis for Notch1-induced
cell cycle arrest in EC109 cells, we assayed the protein
expression of pS3 at 72 h after transient transfection. West-
ern blot analysis showed that pS3 expression in the ICN-
transfected group (2.15+0.23) was obviously higher than
that in the non-transfected and empty plasmid-transfected
groups (0.4610.02) (P<0.01; Figure S).
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Figure 3. Cell cycle distribution of EC109 cells detected with FCM. (A) Non-transfected group; (B) Empty plasmid-transfected group; (C) ICN-

transfected group.
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Figure 5. pS3 expression in EC109 cells post-transfection detected by
Western blot. 1, non-transfected group; 2, empty plasmid-transfected
group; 3, ICN-transfected group.

Discussion

Members of the Notch family of transmembrane recep-
tors play an important role in cell fate determination. Over
the past decade, a role for Notch in the pathogenesis of
hematologic and solid malignancies has become apparent.
Numerous cellular functions and microenvironmental cues
associated with tumorigenesis are modulated by Notch sig-
naling, including proliferation, apoptosis, adhesion, epitheli-
al-to-mesenchymal transition, and angiogenesis. It is becom-
ing increasingly evident that Notch1 signaling can be both
oncogenic and tumor suppressive. To study the role of the
Notch signaling pathway in EC109 cells, we transferred an
activated form of Notchl (ICN) into cultured EC109 cells,
and found that activation of the Notchl signaling pathway
led to an arrest of EC109 cell proliferation in the G,/M phase
of the cell cycle. A previous study had shown that constitu-
tive overexpression of Notch1 signaling caused a G, arrest
(14, This difference may be due to the different

experimental models utilized since Notch signaling functions
[19]

in lung cells

in a cell- and context-specific manner

We also investigated the probable mechanism of Notch1-
induced inhibition of EC109 cells, and found that activation
of the Notch1 signaling pathway led to increased pS3 protein
expression and decreased E6/E7 gene expression. It has
been reported that EC109 is a human papillomavirus type
18 (HPV18)-positive cell line!"”. Human papillomaviruses
(HPVs), especially the high-risk types 16 and 18, have been
identified as causative agents of at least 90% of cervical can-
cer cases and are linked to more than 50% of other anogeni-
tal cancers **. The HPV genome consists of approximately
8000 bp of closed-circular double-stranded DNA contain-
ing up to nine genes, and is functionally divided into three
regions: a long control region (LCR) covering about 10%
of the genome, an early (E) region, and a late (L) region'*.
The regulation of viral gene expression is complex and con-
trolled by multiple cellular and viral transcription factors.

Most of the regulation occurs within the LCR, which varies
substantially in nucleotide composition between individual
HPV types. Within the LCR, cis-active elements regulate
transcription of the E6/E7 genes, which are the transform-
ing genes responsible for immortalization and maintenance
of the malignant phenotype in HPV-positive cancer cells.
Transcription of the E6 and E7 genes is driven by the viral
upstream regulatory region (URR) promoter, which is main-
tained intact and active in HPV-transformed cancer cells™".,
The AP-1 complex plays a key role in initiating and main-
taining transcription from the URR promoter[u]. AP-lisa
heterodimeric DNA-binding complex formed by proteins of
the c-Jun and c-Fos families. It was reported that increased
Notchl signaling caused a dramatic downmodulation of
HPV-driven transcription of the E6/E7 viral genes, through
suppression of AP-1 activity by upregulation of the Fra-1
family member and decreased c-Fos expression!"”.. In HPV-
positive cells, the pS3 level is regulated by the continuous
expression of E6. The E6 oncoprotein has been shown to
recruit the cellular ubiquitin-protein ligase E6-AP to target
the pS3 tumor suppressor protein for ubiquitin-proteasome-

mediated degradation

24,25

. pS3 can arrest cells at the G,
checkpoint™ ], We conclude that the proliferation arrest
of EC109 cells caused by activation of the Notch1 signaling
pathway may be associated with increased pS3 expression
following lowered E6/E7 expression.

In summary, our results demonstrate that Notchl-medi-
ated repression of HPV18 E6/E7 expression results in activa-
tion of pS3 pathways and concomitant growth suppression of
HPV18-positive EC109 cells in vitro, which leads to growth
arrest in the G,/M phase. Combined with results from pre-

. . 2
vious studies'>®

, our observations raise the possibility that
downmodulation of Notchl expression may be one of the
mechanisms of esophageal squamous cell carcinoma tumori-
genesis. Therefore, the Notch1 gene could be a new target for

the treatment of squamous cell carcinoma.
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