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Abstract. NOTCH1 is known as an oncogenic or tumor
suppressive gene in solid cancer. NOTCH1 mutations in oral
squamous cell carcinoma (OSCC) frequently occur near the
ligand-binding region. These mutations change the domain
structure of this protein and affect the ligand binding activity.
When NOTCH1 is activated by ligand binding, NOTCH1 intracellular domain (NICD) is cleaved from the cell membrane.
This study investigated the functional change induced by a
NOTCH1 mutation detected in OSCC clinical samples using
stable transformant analysis. HEK293 cell lines expressing
NOTCH1 wild-type (WT cells) or p.A465T NOTCH1 (A465T
cells) were established. NOTCH1 expression was analyzed by
flow cytometry, western blotting, and immunofluorescence
using an anti-human NOTCH1 antibody. mRNA expression
levels in WT and A465T cells were determined by quantitative real-time PCR (qPCR). Cell proliferation was analyzed by
using cell growth assays and a xenograft tumor assay. Flow
cytometry indicated that NOTCH1 expression on the cell
membrane was lower in A465T cells than that in WT cells.
NOTCH1 and NICD were both detected by western blot in
WT and A465T cells. The immunofluorescence signal for
NICD was detected in the nucleus of WT cells, while it was
localized mainly in the cytoplasm of A465T cells. HES1 and
HEY1 mRNA expression levels were lower in A465T than in
WT cells. The cell growth of WT cells was significantly higher
than that of HEK293 cells (3-fold, P<0.01), while that of A465T
cells was significantly lower than that of HEK293 cells (37%,
P<0.01). In a xenograft model, the tumor cell implantation
rate of WT cells was 80%, while that of A465T cells was 0%.
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This study indicates that NOTCH1 acts as an oncogene and
that the NOTCH1 mutation (p.A465T) in the ligand-binding
region causes the loss of tumorigenicity by downregulating the
NOTCH1 pathway.
Introduction
Oral cancer is a rare cancer that represents 1% of solid
cancers. Squamous cell carcinoma (SCC) represents 90%
of oral cancer. The incidence rate depends on populations
because oral squamous cell carcinoma (OSCC) is associated
with tobacco use and alcohol consumption (1,2). There is no
specific biomarker and the standard treatment for OSCC is
dissection (3). Although several cancer genes are known as
drivers in head and neck squamous cell carcinoma (HNSCC),
there is no specific therapeutic molecule (4-6). Recent
sequencing studies examined HNSCC, including OSCC
occurring at a heterogeneous set of anatomical sites (1,7-9).
NOTCH1 mutations are frequently detected in OSCC in addition to TP53, CDKN2A, PIK3CA, and HRAS mutations. These
mutations, including NOTCH1 mutations, are known in solid
cancers (1,7,8,10). Studies on Caucasian populations indicate
that NOTCH1 mutations might be associated with worse prognosis, but studies on Asian populations indicate an oncogenic
role for NOTCH1 (1).
NOTCH family includes four members (termed
NOTCH1‑4), which are type 1 transmembrane receptors.
NOTCH1 affects proliferation, differentiation, and apoptosis of
diverse cell types in various organisms (11). NOTCH proteins
are composed of an extracellular domain (NECD) and an
intracellular domain (NICD). The NECD contains epidermal
growth factor repeats (EGFr) 1-36 and EGFr 12 is the ligandbinding domain. When EGFr 12 binds to its ligands, jagged and
delta family proteins, the NOTCH receptor is cleaved. After
cleavage of the NOTCH receptor, the NICD is released from
the cell membrane and it migrates to the nucleus. The NICD
interacts with RBP-J, which is a DNA-binding protein. Finally,
these complexes activate HES or HEY family of transcription
genes, thereby inducing downstream factors (11). NOTCH
signaling presents an oncogenic or tumor suppressive effect,
owing to crosstalk with the EGF receptor (EGFR) pathway and
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the subsequent activation of the PI3K-AKT pathway, KRAS,
CCND1, and matrix metalloproteinase 9 (MMP9) (11).
NOTCH1 is a well-known oncogene in blood cancer; 50%
of patients with T-cells acute lymphoblastic leukemia (T-ALL)
present NOTCH1 mutations (12). However, the mutation spectrum of NOTCH1 in OSCC is different from that of T-ALL.
Therefore, the function of NOTCH1 in solid cancer is unclear.
Recent studies suggested that NOTCH1 may play an oncogenic
or tumor suppressive role in solid cancer because the NOTCH1
pathway regulates various oncogenes and tumor suppressor
genes such as c-Myc, PI3K, RAS family, EGFR, PTEN, and
TP53. For example, both overexpression and downregulation
of NOTCH and ligands have been implicated in several human
cancers, including OSCC, in clinical studies (11,13,14). For
HNSCC, there are some studies using cancer cell lines, but
there is no report using clinical samples. Thus, the function of
NOTCH1 in tumors is unsettled (15). We previously reported that
NOTCH1 mutations in Japanese patients with OSCC frequently
occur near the ligand-binding region (9.5%, 8 of 84 patients with
OSCC). These mutations are thought to induce a conformational
change in NOTCH1 and its downregulation (16).
At present, there is no report on the function of NOTCH1
mutations detected in OSCC clinical samples. In this study,
we examined the expression and the functional change of
a NOTCH1 mutant (p.A465T) detected in OSCC clinical
samples using stably transformed HEK293 cells.
Materials and methods
Construction of expression vectors. The vectors contained
the EBV promoter-cDNA of NOTCH1 gene [wild-type (WT)
NOTCH1, NOTCH1 mutant [G1393A (p.A465T)], or empty
vector (MOCK)]-IRES-anti-hygromycin. The G1393A was
introduced in NOTCH1 (NM_017617) human ORF cDNA
Clone (Origene Technologies, Inc., Rockville, MD, USA) by
in vitro mutagenesis. The cDNA was cloned into the pCEP4
vector (Invitrogen, Carlsbad, CA, USA) between the SalI and
NruI restriction sites as previously described (17).
Cell culture and transfection. HEK293 cells and transformants were cultured in Dulbecco's modified Eagle's medium
with 10% fetal bovine serum under 5% CO2 at 37˚C. HEK293
cells were transfected using the WT NOTCH1 and p.A465T
NOTCH1 mutant expression vectors with X-tremeGENE HP
Reagent (Roche, Basel, Switzerland) in a 6-well plate, and
cells were cultured with hygromycin (400 µg/ml) over 21 days.
Stable transformants were used for all assays.
Flow cytometry. Cells were collected by trypsinization
followed by centrifugation at 500 µg for 5 min. Cell pellets
were then resuspended in 100 µl of phosphate buffered
saline (PBS, Life Technologies, Carlsbad, CA, USA). The
following antibodies were used for fluorescence-activated
cell sorting (FACS) analysis: PE anti-human Notch1 antibody
(MHN1‑519) (BioLegend, San Diego, CA, USA) and PE mouse
IgG1 κ Isotype control (BioLegend; negative control). After
incubation of the cells with 1 µl of antibody for 20 min and
washing in PBS, cells were incubated at 4˚C in the dark for
1 h. They were then analyzed using a FACS Aria cell sorter
(BD Biosciences, San Jose, CA, USA).

Western blotting. Cell extracts were prepared using an ultrasonic disrupter, and protein concentration was determined by
DC protein assay (Bio-Rad, Hercules, CA, USA). T Protein
(25 µg) were loaded on 7.5% SDS/PAGE pre-casted gels
(e-PAGEL, ATTO, Tokyo, Japan) and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA,
USA). The primary antibody used was the NOTCH1 antibody
(1:1,000, #3608, Cell Signaling Technology, Danvers, MA,
USA), which recognizes the C-terminal of NOTCH1, and
the secondary antibody was the peroxidase-conjugated rabbit
anti-rabbit IgG antibody (1:2,000, #7074, Cell Signaling
Technology). Rabbit anti-GAPDH antibody (1:3,000, G9545,
Sigma-Aldrich, St. Louis, MO, USA) was used for standardization. Detection was carried out by chemiluminescence using
Western Lightning Ultra (Perkin-Elmer, Waltham, MA, USA).
Immunofluorescence imaging. WT and A465T cells cultured
on glass slides were washed three times with PBS, fixed in
4% paraformaldehyde (PFA) for 15 min at room temperature,
washed 3 times with PBS, and incubated with 10% goat serum
(Rockland Immunochemicals, Inc., Pottstown, PA, USA) for
10 min at room temperature. After washing, the cells were
incubated with a rabbit monoclonal anti-NOTCH1 antibody
(1:100, #3608, Cell Signaling Technology) diluted in 0.05%
Triton X100/1% BSA/0.01 M PBS at 4˚C for 16 h. After
being washed with PBS, the cells were incubated with Alexa
Fluor® 488 F(ab')2 fragment goat anti-rabbit IgG(H+L) (1:200,
Molecular Probes, Eugene, OR, USA) at room temperature for 1 h. Cells were washed 3 times, and nuclei were
stained with 4',6-diamidino-2-phenylindole, dihydrochloride
(DAPI) (Sigma-Aldrich). Cell fluorescence was analyzed by
laser scanning confocal microscopy (LSM700; Carl Zeiss,
Jena, Germany).
Quantitative real-time PCR. Total RNA was extracted from
WT cells, A465T cells, and MOCK cells by using TRIzol
reagent (Invitrogen). RNA was reverse-transcribed to cDNA.
Primers were as follows: HES1, forward 5'-gaagcacctccggaa
cct-3', reverse 5'-gtcacctcttcatgcactc-3'; HEY1, forward 5'-cata
cggcaggagggaaag-3', reverse 5'-gcatctagtccttcaatgatgct-3'.
These primers were designed by using primer3plus (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).
Quantitative real-time PCR (qPCR) amplification was
performed using Fast SYBR-Green Master Mix (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer's
instructions. β-actin was used as the housekeeping gene.
Cell growth assay. The Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) was used to determine cell
proliferation of WT, A465T, and MOCK cells. Two thousand
five hundred cells per well were cultured in 96-well culture
plates in Dulbecco's modified Eagle's medium with 10% fetal
bovine serum for 96 h. CCK-8 solution (5 µl) were added
to the cells for 2 h at 37˚C, and optical density (OD) was
examined at a wavelength of 450 nm using a spectra Max® i3
(Molecular Devices, Sunnyvale, CA, USA) according to the
manufacturer's instructions.
Xenograft model. WT, A465T, and MOCK cells (5x10 6 )
were suspended in a 1:1 mixture of 200 µl PBS and Matrigel
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Figure 1. Flow cytometry analysis of WT and A465T cells. NOTCH1 expression was measured by assessing PE fluorescence. The number of NOTCH1
positive cells were 9240 cells (92.4%) and 2500 cells (25.0%) in WT and
p.A465T transformants, respectively. MOCK cells were used as negative
controls (10 NOTCH1 positive cells, 0.1%).

(Corning, Tewksbury, MA, USA) and injected subcutaneously
into the flank of five female BALB/C nude mice (5 weeks old)
for each group (CLEA Japan, Tokyo, Japan). At 8 weeks after
transplantation, we evaluated the cell implantation rate. All
experiments were approved by the Animal Ethics Committee
of Tokai University School of Medicine. These tumors were
excised and preserved in 10% formalin. Hematoxylin and
eosin (H&E) staining was performed by using a standard technique. Immunohistochemical staining (IHC) was performed
by using a rabbit monoclonal anti-NOTCH1 antibody (1:100,
#3608, Cell Signaling Technology).
Statistical analysis. Statistical analyses were performed by
using the SPSS version 23 software (SPSS, Chicago, IL, USA).
The data shown represent mean values ± SD. The statistical
analyses were performed using the Student's t-test, and P<0.01
was considered to indicate a statistically significant difference.
Results
Flow cytometry. The percentage of NOTCH1 positive cells
was 92.4% and 25.0% in WT and p.A465T transformants,
respectively. MOCK cells were used as a negative control
(NOTCH1 positive cells: 0.1%). The histogram of A465T cells
was diphasic, and the fluorescence intensity of positive A465T
transformed cells was lower than that of WT transformed
cells (Fig. 1). We verified the mRNA expression level of each
transfected vector. The mRNA expression was standardized
to that in MOCK cells. The NOTCH1 mRNA level was 1.78
(WT/MOCK) in WT cells and that of A465T cells was 0.48
(p.A465T/MOCK) consistent with the FACS analysis.
Western blotting. NOTCH1 and NICD were detected both in
WT and A465T cells. NOTCH1 and NICD expression levels
were lower in A465T cells than those in WT cells, but the
NICD expression level, as compared to that of NOTCH1, was
relatively higher in A465T cells than that in WT cells (Fig. 2).
Immunofluorescence imaging. Consistent with previous
studies, NICD was detected in the nucleus in WT cells.
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Figure 2. Western blot analysis of NOTCH1 and NICD expression in WT and
A465T cells. MOCK cells were used as a control. GAPDH was used as an
internal loading control.

However, we detected a strong NICD signal in the cytoplasm
of A465T cells and no signal in the nucleus. This means that
NICD was equally expressed in WT and A465T cells, but the
localization of the NICD in A465T cells was different from
that in WT cells (Fig. 3).
Quantitative real-time PCR. We measured HES1 and HEY1
mRNA expression level in WT and A465T by qPCR. mRNA
expression was standardized to that in MOCK cells. The
HES1 mRNA expression levels in WT and A465T cells were
3.55 and 0.38, respectively (Fig. 4A). The HEY1 mRNA
expression levels in WT and A465T cells were 5.15 and 079,
respectively (Fig. 4B).
Cell growth. The cell growth rates of WT and A465T cells,
measured as a ratio of the cell number using MOCK cells as
a standard, were 313 and 37%, respectively. The A465T cell
number was significantly lower than the MOCK cell number
(P<0.01), while the WT cell number was significantly higher
than the MOCK cell number (P<0.01) (Fig. 5).
Xenograft model. WT, A465T, and MOCK cells were injected
subcutaneously in the flanks of five mice per group. WT cell
implantation was observed in the flank of four out of five
mice (implantation rate: 80%). MOCK cell implantation was
detected in the flank of three out of five mice (implantation
rate: 60%). However, no implantation was observed in mice
injected with A465T cells. Tumors generated from WT cells
were obviously larger than those generated from MOCK
cells, consistent with the cell growth assay results (Fig. 6A).
We performed H&E staining on tumors generated from each
NOTCH1 WT and MOCK cells in the flanks of nude mice
at 8 weeks after implantation. Macroscopically, nude mice
presented a well-circumscribed margin and slight fibrosis of
the tumor masses. Cell density of WT cells was higher than
that of MOCK cells. Immunohistochemical staining showed
that all cells were NOTCH1 positive (Fig. 6B).
Discussion
NOTCH1 mutations are the most frequently detected mutations in HNSCC (7). These mutations are specifically detected
in the vicinity of the ligand-binding region of NOTCH1
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Figure 3. Immunofluorescence imaging of NICD in WT and A465T cells. Red arrows indicate NICD.

Figure 4. HES1 (A) and HEY1 (B) mRNA expression levels in WT, A465T, and MOCK cells assessed by quantitative real-time PCR. Values are normalized
to β-actin. Error bars represent standard errors.

in patients with OSCC and HNSCC (7,16,18). Among these
mutations, the G1393A (p.A465T) mutant identified in two
Japanese OSCC patients is located in EGFr12, and the other
six mutations are located in EGFr10. A previous report showed
that the G1393A (p.A465T) mutation leads to a conformational
change of NOTCH1 ligand-binding domain by protein structure simulation (16). However, recent studies using cancer cell
lines could not provide evidence about the functional role of
NOTCH1 mutations detected in clinical samples (15,19,20).
Thus, to clarify the function of NOTCH1 in OSCC, we established A465T cells expressing the NOTCH1 A465T mutant
and examined its characteristics.
Generally, the process of NOTCH1 activation requires
some key steps. The first step is ligand binding, which requires
NOTCH1 localization on the cell membrane. The second step
is NOTCH1 cleavage between the NECD and NICD (21,22).
Finally, the translocation of NICD into the nucleus leads

Figure 5. Cell growth assay using WT and A465T expressing cells. **P<0.01
as determined by Student's t-test. Error bars represent standard errors.

to the activation of NOTCH1 signaling (23). To examine
the NOTCH1 activity between WT and A465T cells, we
performed flow cytometry analysis to quantify the amounts
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Figure 6. Xenograft mouse model. (A) Red, black, and white squares indicate the injection site and/or xenograft generated by injection of WT, A465T,
or MOCK cells, respectively. (B) Xenograft tumor sections of WT and MOCK cells were stained with hematoxylin and eosin (H&E) and with an antiNOTCH1 antibody.

of NOTCH1 localized on the cell surface and western blot
analysis to evaluate NOTCH1 cleavage by detecting NICD
and NOTCH1 (24). Although NOTCH1 A465T expression
was downregulated on the cell surface as shown by flow
cytometry analysis, both the cleaved NICD and full length
NOTCH1 were detected in the A465T cells by western blot
analysis. Consistent with our findings, a previous in silico
report suggested that p.A465T mutation affects the conformation of NOTCH1 ligand binding region and downregulates
NOTCH1 function (16). Thus, we hypothesized that NOTCH1
A465T would be downregulated and the NICD would not be
localized in the nucleus. As mentioned above, NICD has to
be cleaved from NOTCH1 in the cell membrane in order to
migrate to the cytoplasm or nucleus. To examine whether the
NICD from NOTCH1 A465T participates in the NOTCH1
signaling, we next analyzed NICD localization by immunofluorescence and confocal microscopy. The NICD in A465T
mutant cells was localized in the cytoplasm instead of in the
nucleus by immunofluorescence analysis. Furthermore, HES1
and HEY1 mRNA expression levels were decreased in A465T
cells compared with that in MOCK cells. A recent report
demonstrated that a decrease in NOTCH1 mRNA expression
induces a decrease in HES1 and HEY1 mRNA expression (25).
Together with this study, our findings suggest that NOTCH1
activity declined in A465T cells.
O-fucosylation is an important factor in the maturation of
NOTCH1 because the chaperone activity must be sufficient to
support ligand binding (26). Furthermore, the disruption of a
single EGFr can dominantly perturb NOTCH activation (27).
In this study, although NOTCH1 A465T was cleaved, the
NICD could not translocate to the nucleus. According to these
reports, we considered that the conformational change in the
NICD structure was associated with some modifications,
including O-fucosylation, or with a change in the structure
of the EGFrs induced by p.A465T mutation, which lead to
NOTCH1 downregulation.
We next performed cell growth assay and xenograft
implantation to evaluate the effect of WT and A465T
NOTCH1 on NOTCH1-related tumorigenesis. Cell growth
assay showed that the proliferation of WT cells increased,
while that of A465T cells decreased. The growth of NICD

overexpressing cells increased and that of NOTCH1 knocked
down cells decreased in vitro (20,28). In addition, recent
reports demonstrated that siRNA-mediated silencing of
mRNA for both HEY1 and NOTCH1 causes lower levels of
cell proliferation (29). In our study, HEY1 expression levels
were lower in A465T cells than in WT cells. The implantation
rate of cells in a xenograft model represents the resistance
of cell lines to immunosuppression and their adaptation to
the host microenvironment (30). NOTCH1 regulates the
formation of the microenvironment (31). Our xenograft model
showed that no implantation was observed when A465T
cells were injected to the mice, while WT expressing cells
were implanted at a higher rate than MOCK cells. Thus, our
cell growth assay and xenograft model indicated that WT
NOTCH1 leads to increases tumorigenicity, while p.A465T
mutation abolishes it. These data are consistent with our
previous report that median disease-free survival of OSCC
patients with NOTCH1 mutation in the vicinity of the ligand
binding region is significantly longer than that of patients
presenting with WT NOTCH1 (16). Together with previous
evidence, these findings suggest that the p.A465T mutation
mediates NOTCH1 downregulated tumorigenicity.
In this study, we expected a negative relationship between
p.A465T mutation and NOTCH1 activity. However, our results
did not directly demonstrate whether NOTCH1 activity was lost
in A465T cells. Further experiments are required to determine
whether p.A465T located in EGFr 12 leads to the instability
of NOTCH1 within cell membrane. However, this mutation
did not directly contribute to the defect in NICD migration as
shown in Fig. 3. Secondly, since NOTCH signaling crosstalks
with other pathways associated with tumorigenicity, other
molecular factors might abolish NOTCH1 tumorigenicity.
Third, ligand stimulation is followed by the cleavage step of
NOTCH1. Thus, we expect that the p.A465T mutant could
lead to alternative cleavage of NOTCH1, resulting in structural
changes and/or unusual migration of NICD.
In conclusion, our findings suggest that NOTCH1 acts
as an oncogene and that p.A465T NOTCH1 mutation in the
ligand-binding region affect cell growth and/or tumorigenicity of OSCC. Furthermore, we consider that NOTCH1
mutations in the ligand-binding region could be good
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prognostic factors and the domain could be used as a new
therapeutic molecule in OSCC. Further studies are warranted
to elucidate the direct relationship between the p.A465T
mutant and NOTCH1 activity.
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