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Notch1 is associated with the initiation and progression of various solid tumors. However, the exact role of Notch1
expression in head and neck squamous cell carcinoma (HNSCC) remain unclear. We created cells ectopically expressing
notch intracellular domain (NICD) from previously established HNSCC cells and examined self-renewal capacity and stem
cell markers' expression compared with control cells. In addition, we knocked Notch1 down in primary spheres obtained
from HNSCC tumor tissue and assessed the attenuation of stemness-associated traits in these cells in vitro and in vivo.
Furthermore, we examined clinical relevance of Notch1 expression in HNSCC patients. Constitutive activation of NICD
promoted the self-renewal capacity of HNSCC cells by activating sphere formation and increased the expression of stem
cell markers such as Oct4, Sox2, and CD44. In contrast, Notch1 knockdown in primary HNSCC cancer stem cells (CSCs)
attenuated CSC traits and augmented the chemosensitizing effects of cisplatin along with the decreased expression of
almost all of ABC transporter genes. In addition, Notch1 knockdown in HNSCC CSCs inhibited tumor formation and
increased survival of mice in a xenograft model. Also, Notch1 acted upstream of canonical Wnt signaling in HNSCC cells.
Finally, elevated Notch1 expression is associated with poor prognosis in patients with HNSCC. In conclusion, Notch1 may
be a critical regulator of stemness in HNSCC cells, and inactivation of this pathway could be a potential targeted approach
for the treatment of HNSCC.
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Head and neck squamous cell carcinoma (HNSCC) arises
from the mucosal linings of the upper respiratory and
digestive tracts and is the sixth leading cancer by incidence
worldwide, with 600 000 new cases being reported every year.1

Despite recent advances in the understanding of HNSCC
progression and the development of novel therapeutic targets,
the 5-year survival rate for HNSCC patients has remained in
the range of 50–60% for the past three decades.2 Therefore,
development of novel strategies for HNSCC treatment is
warranted to improve the survival outcome of this deadly
disease.

Most solid tumors, including HNSCC, contain a small
population of pluripotent cancer stem cells (CSCs).3 The CSC
hypothesis states that CSCs possess unique features of
self-renewal, unlimited proliferation, asymmetric cell
division, and resistance to chemotherapy. Notably, CSCs are
thought to have a major role in tumor relapse and metastatic
spread, which are the common causes of high morbidity and,

ultimately, death of the majority of patients with HNSCC.4

Therefore, a deeper understanding of the biological
characteristics of HNSCC CSCs is an important goal, and
the targeted elimination of these CSCs is part of a new
conceptual framework for HNSCC treatment.

Notch signaling is attractive among several molecular
targets because it is involved in a variety of cellular processes,
such as cell proliferation, differentiation, and survival.5 Notch
proteins are a family of heterodimeric transmembrane
receptors composed of an extracellular domain responsible
for ligand recognition, a transmembrane domain, and an
intracellular domain involved in signal transduction. To date,
four Notch receptors (Notch 1–4) and five ligands (Jagged-1,
Jagged-2, Delta-1, Delta-3, and Delta-4) have been described
in mammals. When a Notch receptor is triggered by a
ligand, Delta-Serrate-Lag2 family members are expressed on
neighboring cells, followed by successive proteolytic cleavage
events in the transmembrane domain of the receptor, leading
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to the release of the Notch intracellular domain (NICD).6,7

NICD is released from the plasma membrane and translocates
into the nucleus, where it forms a complex with the members
of the CSL transcription factor family. This complex mediates
the transcription of target genes such as Hes-1 and Hey-1,
among others.6

Notch signaling has been shown to have an important role
in cell fate determination, cell survival, and proliferation.8

Abnormal expression of Notch receptors has been observed in
different types of epithelial malignant lesions. Moreover, the
critical role of Notch signaling in angiogenesis and cisplatin
resistance has been demonstrated in HNSCC.9,10 In addition,
high expression of both Jagged1 and Notch1 is associated with
the worst prognosis in patients with HNSCC.11 Emerging
evidence has also shown that Notch signaling is involved in
the control of tumorigenesis and self-renewal of stem cells.12

However, two recent next-generation sequencing studies
showed that Notch1 gene mutations, previously not known,
have important roles in the carcinogenesis of HNSCC,
suggesting the role of Notch1 as a tumor-suppressor
gene.13,14 Thus the possible role and the consequence of
the regulation of Notch1 signaling in HNSCC remain
controversial. Nevertheless, systematic functional studies that

elucidate the exact role of the Notch1 in HNSCC are hard to
find, especially in HNSCC CSCs. In the present work, we
examined whether Notch1 signaling affects the stem cell traits
of HNSCC CSCs and the prognosis of patients with HNSCC.
Our findings provide evidence that Notch1 has a critical role
in regulating the characteristics of HNSCC CSCs.

MATERIALS AND METHODS
Cell Lines and Reagent
Human HNSCC cell line SNU 1041 was purchased from
Korean Cell Line Bank and grown in DMEM in a humidified
atmosphere with 5% CO2 at 37 °C. HNSCC CSCs (K3, K4,
and K5) was isolated and characterized from the primary
surgical specimen of a HNSCC patient as previously
described.3 These cells were maintained in DMEM
containing B27 (Invitrogen), N2 supplement (Invitrogen),
basic fibroblast growth factor (20 ng/ml, R&D systems,
Minneapolis, MN, USA), and epidermal growth factor
(20 ng/ml, R&D systems). For chemoresistance assay,
cisplatin was purchased from Sigma (Sigma–Aldrich,
St Louis, MO, USA). Primary antibodies were purchased as
follows: Notch1, CD44, Oct4, Sox2, Ki-67, and β-catenin
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and

Figure 1 Differentiated HNSCC cells could acquire CSC phenotype through NICD activation. (a) NICD translational levels in the control vector-transduced
SNU1041 cells and NICD-transduced SNU1041 cells by western blotting. (b) Sphere-forming capacity in the control vector-transduced SNU1041 cells and
NICD-transduced SNU1041 cells. Bar, 10 μm. Data are expressed as mean± s.d. (n= 6). **Po0.01. (c) mRNA levels of Oct4, Sox2, and Nanog, stemness-
associated genes, in the control vector-transduced SNU1041 cells and NICD-transduced SNU1041 cells. Data are expressed as mean± s.d. (n= 3).
(d) CD44 expression levels in the control vector-transduced SNU1041 cells and NICD-transduced SNU1041 cells by FACS analysis.
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NICD from Cell signaling (Denver, MA, USA). Secondary
antibodies, anti-rabbit IgG or anti-mouse IgG, were
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA).

Full materials and methods are available in the
Supplementary Methods.

RESULTS
Constitutive Activation of NICD Enhances HNSCC Cell
Stemness
We initiated an in vitro study to investigate whether constitutive
activation of Notch1 signaling could promote HNSCC
CSC traits. For this, we generated NICD-overexpressing
SNU1041 (SNU1041-NICD) and control vector-transducing

SNU1041 cells by retroviral gene transfer, which were
confirmed by western blotting analysis (Figure 1a). Additionally,
we confirmed that the expression levels of Hes1 and Hey1,
downstream molecules of NICD, were significantly upregulated
in SNU1041-NICD cells (Supplementary Figure S1). Next, we
performed an in vitro sphere-forming assay to compare the s
elf-renewal ability of SNU1041-NICD cells with that of
SNU1041-control cells. We found that the sphere-forming
ability of SNU1041-NICD cells was significantly higher than
that of SNU1041-control cells in serum-free condition
(Figure 1b). Several markers, including Oct4, Sox2, Nanog,
and CD44, are associated with CSC properties. Therefore, we
subsequently analyzed the expression of these stem cell
markers in SNU1041-NICD cells compared with that in

Figure 2 Knockdown of Notch1 suppresses cancer stem cell traits of HNSCC CSC. (a) The mRNA levels of Notch 1 in ALDHhigh- and ALDHlow-HNSCC
CSCs. Data are expressed as mean ± s.d. (N= 3). ALDH, aldehyde dehydrogenase. (b) Sphere-forming ability of HNSCC CSC-shScramble and HNSCC
CSC-shNotch1 cells in serum-free conditions. Bar, 10 μm, Data are expressed as mean± s.d. (N=3). **Po0.01. (c) The protein levels of stemness-associated
genes (Oct4 and Sox2) in HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells determined by western blotting. (d) CD44 expression in HNSCC
CSC-shScramble and HNSCC CSC-shNotch1 cells were determined by FACS analysis.
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SNU1041-control cells. Transcriptional levels of Oct4 and
Sox2 were considerably increased in SNU1041-NICD cells
(Figure 1c). In addition, flow cytometry analysis to quantify
CD44 expression, a marker of HNSCC CSCs, showed that
CD44+ cells were considerably increased from 2.54 to 14.47%
in SNU1041-NICD cells (Figure 1d). Collectively, activation of
Notch1 signaling appears to enhance the stemness phenotype of
HNSCC cells.

Knockdown of Notch1 Attenuates HNSCC CSC Traits
In Vitro
CSCs have been identified in human HNSCC using aldehyde
dehydrogenase (ALDH) activity. We therefore compared the
Notch1 mRNA levels of ALDHhigh and ALDHlow cells in
HNSCC CSCs and observed increased Notch1 mRNA levels
in ALDHhigh cells compared with ALDHlow cells (Figure 2a).
To further determine the regulatory role of wild-type Notch1
in HNSCC CSCs, we assessed the effect of Notch1
downregulation on cultured HNSCC CSCs. For this study,
HNSCC CSCs were transduced with control-shRNA or
Notch1-specific shRNA by lentiviral vectors. Western blotting
analysis confirmed the efficient knockdown of Notch1
expression (Supplementary Figure S2A). We also confirmed
the downregulated transcription of the Notch1 target
genes Hes1 and Hey1 in HNSCC CSC-shNotch1 cells

(Supplementary Figure S2B). Contrary to Notch1 activation,
Notch1 knockdown decreased the sphere-forming ability of
HNSCC CSCs (Figure 2b). Western blotting analysis showed
that Notch1 knockdown led to decreased protein levels of
CSC markers such as Oct and Sox2 (Figure 2c). FACS analysis
showed that CD44 expression was also decreased in HNSCC
CSC-shNotch1 cells (Figure 2d).

Knockdown of Notch1 Enhances the Sensitivity of
HNSCC CSCs to Cisplatin by Suppressing ABCC2 and
ABCG2 Transporter Gene Expression
Next we conducted a methyl thiazolyl tetrazolium (MTT)
assay to evaluate the effect of Notch1 knockdown on the
chemosensitivity of HNSCC CSCs. The MTT assay revealed
that Notch1 knockdown decreased the number of viable
HNSCC CSCs after cisplatin treatment, compared with that
of control cells (Figure 3a). The chemoresistance of CSCs
could be attributed to their increased ability to exclude
exogenous and endogenous toxic materials via ATP-binding
cassette (ABC) transporters. Therefore, we investigated the
changes in ABC transporter levels in HNSCC CSCs after
Notch1 knockdown and observed that Notch1 knockdown
decreased the mRNA expression levels of almost all ABC
transporter genes in HNSCC CSCs (Figure 3b).

Figure 3 Knockdown of Notch1 enhances the sensitivity of HNSCC CSCs to cisplatin. (a) MTT assay after cisplatin administration with various
concentrations in HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells. Data are expressed as mean± s.d. (N= 3). **Po0.01. (b) mRNA levels of
different ABC transporters in HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells. Data are expressed as mean ± s.d. (N= 3).
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Knockdown of Notch1 Induces Antitumor Effects in a
Xenograft Model of HNSCC CSCs
To validate the in vitro finding that suppression of Notch1
decreased the stem cell traits of HNSCC CSCs in vivo, we
investigated the inhibitory effects of Notch1 knockdown on
HNSCC CSC-mediated tumor initiation in a mouse xenograft
model. We subcutaneously injected varying numbers of
HNSCC CSC-shNotch1 cells (103, 104, or 105) and HNSCC
CSC-scramble shRNA cells (103, 104, or 105) in BALB/c mice.
As shown in Figure 4a, even 103 HNSCC CSC-scramble
shRNA cells were sufficient to initiate tumor formation
6 weeks after injection; however, only 40% (2 out of 5) of
mice injected with 105 HNSCC CSC-shNotch1 cells exhibited
visible tumor formation. In an orthotopic model, the
injection of HNSCC CSC-scramble shRNA cells produced
tongue tumors in all of the injected mice (n= 5), but HNSCC
CSC-shNotch1 cells did not (Figure 4b). Next, we examined
whether Notch1 knockdown affected the cell proliferation
rate using Ki-67 staining in sections from the xenografted
tumors. We observed that Notch1 knockdown significantly
decreased the expression of Ki-67-positive cells (Figure 4c)

and CD44-positive cells, putative markers of HNSCC CSCs
(Figure 4d). Finally, we compared the survival rates of mice
injected with HNSCC CSC-shNotch1 cells or HNSCC
CSC-scramble shRNA and observed a significant increase in
cumulative survival in mice bearing tumors formed from
HNSCC CSC-shNotch1 cells compared with those bearing
tumors formed from HNSCC CSC-scramble shRNA cells
(Figure 4e). Taken together, our findings suggested that
Notch1 has a critical role in tumor propagation of HNSCC
CSCs in a xenograft model.

Notch1 Signaling Acts Upstream of Canonical Wnt
Signaling in HNSCC Cells
We previously observed that canonical Wnt signaling
maintains the stem cell characteristics of HNSCC cells.15

The stem-like phenotype of cells with Notch1 activation led
us to examine the relationship between the Notch1 and Wnt
signaling pathways. Nuclear β-catenin levels, an indicator of
canonical Wnt signaling activation, increased or decreased
with Notch1 overexpression and suppression, respectively
(Figure 5a and Supplementary Figure S3). Relative to

Figure 4 Targeting Notch1 suppresses HNSCC CSC tumor growth and increases survival of mice bearing HNSCC CSC xenografts. (a) In vivo propagation
of human head and neck cancer in nude mice by either HNSCC CSC-shScramble or HNSCC CSC-shNotch1cells (right panel). Representative photos
showing tumor in a mouse at the cell injection site (left panel). (b) Hematoxylin and eosin slides of tongue tumor tissue generated by injection of
HNSCC CSC-shScramble and HNSCC CSC-shNotch1. Bar, 500 μm, Data are expressed as mean ± s.d. (N= 5). (c) Percentage of positive cells for Ki-67, a
proliferation marker, in xenograft tumor tissue generated by injection of HNSCC CSC-shScramble and HNSCC CSC-shNotch1. Bar, 20 μm, Data are
expressed as mean ± s.d. (N= 3), **Po0.05. (d) Percentage of positive cells for CD44, a putative HNSCC CSC marker, in xenograft tumor tissue generated
by injection of HNSCC CSC-shScramble and HNSCC CSC-shNotch1. Bar, 20 μm, Data are expressed as mean ± s.d. (N= 3), **Po0.05. (e) Kaplan–Meier
survival curves of mice orthotopically implanted with HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells (n= 5). *Po0.05.
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vector-transduced controls, the expression levels of Axin-2,
c-Myc, and LEF-1, various target genes of β-catenin, as well as
TOP luciferase reporter activity were significantly decreased
in Notch1 knocked down HNSCC CSCs (Figures 5b and c).
In addition, immunohistochemical examination of nuclear
β-catenin in tumors derived from the in vivo mouse
model revealed significantly decreased nuclear β-catenin
expression in tumor tissues derived from shNotch1-HNSCC
CSCs injection compared with those derived from
control-HNSCC CSCs (Figure 5d). To confirm Wnt signaling
activation as the mechanism mediating Notch1 effects in
HNSCC CSCs, we studied whether ectopic expression of
β-catenin rescues the decreased CSC phenotypes caused by
Notch1 downregulation in HNSCC stem-like cells. First, we
transfected β-catenin-overexpressing vector into HNSCC
stem-like cells with Notch1- shRNA (Supplementary Figure
S4A). Forced expression of β-catenin in shNotch1 HNSCC
stem-like cells not only restored tumor sphere formation and
but also rescued chemoresistance (Supplementary Figure S4B
and S4C). In addition, ectopic expression of β-catenin
increased cell proliferation capacity (Supplementary

Figure S4D). Taken together, these results suggest that the
Notch1 pathway maintains partly the stem cell traits of
HNSCC CSCs through Wnt signaling.

Notch1 Expression can Predict the Prognosis of Patients
with HNSCC
To explore the predictive value of Notch1 expression levels on
the prognosis of HNSCC patients, we analyzed the survival
data from 67 patients with HNSCC based on Notch1
expression. The clinicopathological features of these patients
are summarized in Table 1. Notch1 was poorly expressed
in 26 samples and highly expressed in 41 samples
(Supplementary Figure S5). Notch1 expression was
significantly correlated with lymph node metastasis and
tumor recurrence (Po0.05; Table 1). Notch1 expression
and Kaplan–Meier survival estimates for patients with
HNSCC are shown in Figure 6, suggesting that patients with
increased Notch1 expression had a significantly worse
prognosis than those with decreased expression (Po0.05).
Altogether, these results suggest that Notch1 expression
significantly affects the prognosis of patients with HNSCC.

Figure 5 Notch1 signaling acts upstream of canonical Wnt signaling in HNSCC cells. (a) The protein levels of nuclear β-catenin in HNSCC CSC-
shScramble and HNSCC CSC-shNotch1 cells (upper) and SNU1041-NICD and SNU1041-control cells (lower). (b) mRNA levels of different target genes of
nuclear β-catenin (Axin-2, c-myc, and LEF1) in HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells. Data are expressed as mean± s.d. (N= 3). (c)
Reporter gene assay of TOP/FOPlash of HNSCC CSC-shScramble and HNSCC CSC-shNotch1 cells. Data are expressed as mean± s.d. (N= 3). **Po0.05. (d)
Percentage of positive cells for nuclear β-catenin in xenograft tumor tissue generated by injection of HNSCC CSC-shScramble and HNSCC CSC-shNotch1.
Arrow indicates nuclear β-catenin-positive cells. Data are expressed as mean ± s.d. (N= 3), **Po0.05.
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DISCUSSION
Tumors are composed of a heterogeneous group of cells.
At least two different models, the stochastic model and the
hierarchy model, have been proposed to explain the
heterogeneity of tumor cells.16,17 The hierarchy (or CSC)
model suggests that tumors are composed of a heterogeneous
group of cells that have arisen from stem-like precursors.
CSCs are characterized by their tumorigenic properties and
their ability to self-renew, form differentiated progeny, and
develop resistance to therapy. Recently, we demonstrated a

number of primary HNSCC-driven squamospheres that
possess the general properties of CSCs, including self-renewal,
stem cell marker expression, aberrant differentiation,
tumor-initiating potential, and chemoresistance with an
increased side population.3 The origin of CSCs is not fully
understood; however, data suggest that they originate from
normal stem or progenitor cells or, possibly, from other
cancer cells.18 Tumors composed of small populations of
CSCs and large numbers of differentiated tumor cells may be
particularly susceptible to combination drug regimens that
target each cell population. Therapeutic targeting of both
CSCs and bulk tumor populations may provide a strategy to
suppress tumor regrowth.18

Tumor relapse and metastasis remain major obstacles to
improving overall cancer survival, and CSCs are considered a
major cause of tumor relapse after conventional therapy
because of their resistance to chemotherapy and radiotherapy
modalities.19,20 The slow growth rate and chemoresistant
characteristics suggest that CSCs may survive routine
chemotherapy, only to reinitiate tumor growth at a later
point in time.21 Several mechanisms are involved in
CSC chemoresistance, including the expression of the
ATP-binding cassette superfamily of active drug
transporters.22 Members of this transmembrane superfamily
act as unidirectional cellular pumps and have been linked
with multidrug resistance. Resistance to anticancer
drugs could be attributed to the reduced levels of drug
accumulation within CSCs.

Notch signaling has a critical role in cellular developmental
pathways, including proliferation, differentiation, and
apoptosis.8 It also contributes to cancer progression by
activating transcription factors that promote cell survival,
motility, and tumor angiogenesis.23 Emerging lines of
evidence have suggested that cancers can grow from CSCs,
and the Notch pathway is believed to be deregulated, leading
to uncontrolled self-renewal of CSCs that generate tumors.
Notch may drive tumor growth through the generation or
expansion of CSCs.24,25 A growing body of literature suggests
the biological importance of Notch signaling in cancer and
CSCs, further suggesting that inactivation of Notch signaling
by novel approaches could be useful for cancer therapy.

The Notch gene is abnormally activated in several human
malignancies. Upregulated expression of Notch receptors and
their ligands in cervical, lung, colon, renal, and pancreatic
cancers have been reported.7,26 It has recently been
demonstrated that Notch1 mutations are frequently found
in HNSCC, suggesting a potential role for this pathway in the
biology of CSCs and in the etiology of head and neck
cancer.13 Zhang et al.27 reported high expression levels of
Notch receptors and ligands in tongue cancer and suggested
that Notch signaling may control the differentiation and
proliferation of tongue carcinoma cells. Zeng et al.10 reported
that HNSCC may utilize the Notch signaling pathway to
promote tumor angiogenesis in vivo, and that the level of
Jagged1 expression is associated with the development of

Table 1 Relationship between Notch1 expression and
clinicopathological parameters in patients with HNSCC (n=67)

Variables No. of cases Notch1
expression

P-value

Low High

(a) Univariate analysis

Age (years) 0.936

460 46 18 28

≤ 60 21 8 13

Gender 0.545

Male 54 20 34

Female 13 6 7

Pathological T stage 0.506

T1-T2 40 16 24

T3-T4 27 10 17

Pathological N stage 0.019*

N0 37 19 18

N+ 30 7 23

Recurrence 0.013*

R0 51 24 27

R+ 16 2 14

Tumor grade 0.147

WD 22 11 11

MD or PD 45 15 30

Tumor invasion

Lymphatic invasion 12 3 9 0.343

Vascular invasion 2 1 1 1.000

Perineural invasion 2 1 1 1.000

Variables P-value Odds ratio 95.0 CI Exp(B)

Lower Upper

(b) Multivariate analysis

Pathological N+ 0.030* 4.135 1.151 14.857

Recurrence 0.018* 7.726 1.426 41.863

*Po0.05.
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HNSCC. Gu et al.9 reported that Notch1 expression is
associated with cisplatin resistance in HNSCC. In addition,
Lin et al.11 showed that high co-expression of Jagged-1 and
Notch1 signaling is associated with the worst prognosis in
patients with HNSCC. Thus Notch signaling has an important
role in the carcinogenesis and prognosis of HNSCC.
However, to the best of our knowledge, the possible role
and the consequence of the regulation of Notch signaling in
HNSCC CSCs has never been examined.

In this study, we investigated the role of Notch1 signaling
in HNSCC and HNSCC CSCs. Activation of Notch1 signaling
is correlated with cell proliferation of HNSCC through
influence on cell cycle progression. Furthermore, constitutive
activation of NICD promoted CSC traits in differentiated
HNSCC cells. In contrast, downregulation of Notch1
signaling led to attenuation of CSC traits in HNSCC CSCs
and enhanced the chemosensitivity of cisplatin to HNSCC
CSCs by suppressing ABCC2 and ABCG2 transporter gene
expression. Interestingly, enhanced stemness after Notch1
signaling activation in HNSCC CSCs is associated with
crosstalk with the canonical Wnt signaling pathway. Finally,
high Notch1 expression was associated with poor prognosis in
patients with HNSCC. Collectively, our data suggest that
Notch1 signaling, as a major target for HNSCC, has an
important role in HNSCC and HNSCC CSCs.

Current chemotherapeutic agents may target and kill the
overall population of differentiated tumor cells, which
constitute the bulk of the tumor. CSCs, with slower and less
abundant proliferation, express drug transporters and thus
appear to be relatively drug resistant. Therefore, they are
spared, ultimately inducing tumor relapse after completion of
treatment. The development of new therapeutic approaches
targeting CSCs has become a major issue in cancer biology.
With these considerations, our results suggest that the Notch1

pathway may be an attractive target for the treatment
of HNSCC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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