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Down-regulation of Notchl signaling inhibits tumor
growth in human hepatocellular carcinoma
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Abstract: In some human cancers, the Notchl receptor and signaling pathway is upregulated, which increases the
oncogenic potential of the cell through prevention of differentiation and inhibition of apoptosis. We sought to
evaluate the role of Notchl in hepatocellular cancer (HCC), and evaluate the therapeutic efficacy of curcumin, a
known Notch1 inhibitor. Human liver tumors were compared to normal liver to evaluate for Notchl and Notch1
Intracellular Domain (NICD). Three human HCC cell lines were exposed to curcumin and evaluated for
downstream effectors by Western blot. In addition, standard MTT assays were performed to assess the effect of
curcumin in vitro. Finally, a nude mouse xenograft model was utilized to assess the response to curcumin in vivo.
High levels of NICD were present in the majority of human HCC samples and all three HCC cell lines. Treatment
with curcumin led to a dose-dependent decrease in the expression of NICD associated with the induction of
cleaved poly ADP-ribose polymerase (PARP), the degradation of cyclin D1 and increase in cyclin-dependent kinase
p21. Curcumin inhibited HCC cell proliferation in vitro. Importantly, transfection of Notch1 small-interfering RNA
(siRNA) into HCC cells resulted in cell growth inhibition and apoptosis, recapitulating the effects of curcumin.
Finally, treatment with curcumin resulted in a 40% decrease in tumor growth in vivo. These results suggest for the
first time that down-regulation of Notch1 signaling with curcumin is an attractive new therapeutic strategy for the
treatment of patients with HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a common
solid organ malignancy worldwide, with about
600,000 new cases diagnosed each year [1],
and it is the third most common cause of
cancer-related death worldwide. Surgical
resection, in the form of partial hepatectomy
or total hepatectomy followed by liver
transplantation, is the only curative option, but
only 10-30% of patients are candidates for
surgery at the time of presentation, due to
either poor hepatic reserve or the presence of
unresectable or metastatic disease. Attesting
to the aggressive nature of this disease, the
five-year survival is only 15-40% after curative
resection. Conventional chemotherapy is
largely ineffective for this disease, with
response rates of only 20% and no

improvement in survival [2]. Other treatment
options including ethanol injection or
radiofrequency ablation of small tumors can
be utilized with curative intent, but few
patients are candidates for these treatments
due to the advanced nature of the disease at
the time of presentation. Therefore, there is a
pressing need for the development of new
therapeutic approaches for advanced HCC.

Notchl has been shown to act as either a
tumor suppressor or an oncogene in human
cancer [3]. When acting as an oncogene, the
Notchl receptor and signaling pathway are
significantly upregulated, which results in
increased cellular proliferation, prevention of
differentiation, and inhibition of apoptosis [4].
Such a mechanism has been reported in
several malignancies including pancreatic
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cancer, colon cancer, non-small cell lung
cancer, cervical cancer, renal cell carcinoma,
and several lymphomas [5-7], and this
signaling pathway therefore represents a
potential therapeutic target.

Curcumin is a phenolic compound from the
plant Curcuma longa which is frequently used
as a flavoring agent in food and has been
shown to have antitumor effects in many
cancers, including pancreatic cancer [8-10].
In pancreatic cancer, treatment with curcumin
has been found to affect cell growth inhibition
and apoptosis, via down regulation of Notchl
[4]. Therefore, these data suggest that
inhibition of the Notch1 signaling pathway may
be a potential therapeutic target in tumors
where this pathway is overexpressed and plays
an oncogenic role. We sought to evaluate the
expression of Notchl in human HCC. In
addition, we sought to evaluate the
therapeutic efficacy of curcumin, a known
Notchl suppressor.

Materials and methods
Cell culture and Curcumin treatment

Human HCC cell lines HEP3B, SK-Hep-1 and
SNU449 were obtained from American Type
Culture Collection (ATCC, Manassas, VA).
HEP3B and SK-Hep-1 cells were cultured in
DMEM (Life Technologies, Rockville, MD)
supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich, St Louis, MO), 100 IU/mL
penicillin and 100 pg/mL streptomycin (Life
Technologies) and L-glutamine (Sigma-Aldrich).
SNU449 cells were cultured in RPMI 1640
(Life Technologies) containing supplements
(10% FBS, penicillin/streptomycin, and L-
glutamine). Cells were maintained in
humidified air containing 5% CO2 at 37 °C.
Curcumin (Sigma Chemical Co., St. Louis, MO)
was dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich) at a concentration of 100 mM
and was stored in a dark colored bottle at -
20°C. The stock was diluted to the required
concentration with DMSO when needed. Prior
to curcumin treatment, cells were grown to
about 80% confluence, and then exposed to
curcumin at varying concentrations (0-
40 uM). Cells grown in a medium containing
an equivalent amount of DMSO without
curcumin served as control. Experimental
findings were confirmed with duplicate
experiments.
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Cellular proliferation assay

HCC cell proliferation was measured by the
MTT (methylthiazolyldiphenyl-tetrazolium
bromide, Sigma-Aldrich) rapid colorimetric
assay as previously described [11, 12]. Briefly,
cells were seeded in quadruplicate on 24-well
plates and incubated for 24 hours under
standard conditions to allow cell attachment.
The cells were then treated with curcumin in
concentrations of O to 40 KM and incubated
for up to 6 days. The MTT assay was
performed on days O, 2, 4, and 6 by replacing
the standard medium with 250 KL of serum-
free medium containing MTT (0.5 mg/mL) and
incubated at 37 °C for 3 hours. After
incubation, 750 L of DMSO (Sigma-Aldrich)
was added to each well and mixed thoroughly.
The plates were then measured at 540 nm
using a spectrophotometer (uQuant; Bio-Tek
Instruments, Winooski, VT). Experiments were
performed at least twice.

Notch1 RNA interference assays

siRNA against Notchl or nonspecific siRNA
(Santa Cruz Biotechnology, sc-44226 and sc-
37007) were transfected into HCC cells using
Lipofectamine 2000 (Lipo, Invitrogen, San
Diego, CA) per the manufacturer's instructions.
The next day, the medium containing the
transfection complexes was replaced with
fresh medium, and the cells were incubated
for another 48 hours. The cells were then
harvested and cell lysates were prepared for
immunoblotting as described above. To
determine the effect of Notchl on HCC cell
proliferation, HCC cells were transfected with
Notchl siRNA or nonspecific siRNA and
incubated overnight. The next day, the cells
were trypsinized, counted, and plated in equal
amounts (30,000 cells per well) onto 24-well
plates. The MTT assay was performed on days
0, 2, 4, and 6, as described above.
Experiments were performed at least twice.

Western blot analysis

Total tissue or cellular proteins were isolated
as previously described [11, 12], and the
protein concentrations were determined using
a bicinchoninic assay kit (Pierce, Rockford, IL).
Tissue or cellular extracts (30-50 Hg) were
denatured by boiling for 5 minutes and
separated by 8%, 10% or 12% SDS-PAGE.
Proteins were transferred onto nitrocellulose
membranes (Schleicher and Schuell, Keene,
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Figure 1. Overexpression of Notchl in human
HCC specimens. Western blot of resected
human HCC tumors compared to normal
surrounding liver specimens was performed
to evaluate levels of active, cleaved Notchl
(NICD). Overexpression of the NICD protein
compared to surrounding normal liver tissues
occurred in 9/11 (82%) of specimens
examined. This Western blot of 3 samples is
a representative sample. Note samples are
numbered from 1 to 3, N = normal liver
tissue; C = HCC tumor tissue. GAPDH was
used to confirm equal protein loading.

NH) by electroblotting. Membranes were
blocked in milk (5% nonfat dry milk and 0.1%
Tween 20 in phosphate-buffered saline), and
exposed to primary and secondary antibodies
as described [13]. The following primary
antibody dilutions were used: Notch1 (1:1000,
Santa Cruz Biotechnology), Glyceraldehyde 3
phosphate dehydrogenase (GAPDH)
(1:10,000, Trevigen, Gaithersburg, MD),
p21CPL/WAFL - poly (ADP-ribose) polymerase
(PARP) and cyclin D1 (1:1000, Cell Signaling
Technology, Beverly, MA). Primary antibody
incubations were kept overnight at 4°C and
membranes were washed 3 times for 5
minutes or 3 times for 10 minutes in wash
buffer (0.1% Tween 20 in phosphate-buffered
saline). The membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit
antibody. Membranes were developed by
Immun-Star (Bio-Rad) for PARP and GAPDH or
by Super West Femto chemiluminescence
substrate (Pierce) for Notchl, p21CIPY/WAFL gnd
cyclin D1 according to the manufacturers’
directions.

Human tumor tissue and normal liver were
obtained from patients undergoing surgical
resection at our institution under an IRB-
approved protocol. Experimental findings were
confirmed with duplicate samples.

Xenograft Studies

Both animal care and treatment were
performed in compliance with our animal
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experiment protocol approved by the University
of Wisconsin-Madison Animal Care and Use
Committee. Male nude athymic, nu/nu mice
(Charles Rivers, Wilmington, Maryland, USA)
received subcutaneous (s.c.) injections of SK-
Hep-1 cells (1x107) into the right flank. On the
next day, mice were randomly divided into two
groups for the study. Curcumin was dissolved
in DMSO at a stock concentration of 500
mg/mL and stored at room temperature. Fresh
dilutions in PBS were made for each injection.
The treatment group of mice received 100
mg/kg curcumin every day by intraperitoneal
(i.p.) injection for 16 days, starting on the day
following cancer cell injection. A control group
was injected with vehicle (DMSO) diluted in
PBS. Each group consisted of 10 animals. The
mice were weighed three times during the
experimental period to assess toxicity of the
treatments, and the tumors were measured
every four days using calipers. Tumor volume
was calculated from the two-dimensional
caliper measurements using the following
formula: tumor volume = [length x (width)2 x &«
/6. On the final day of the study, all mice were
sacrificed by carbon dioxide inhalation.

Statistical analysis

Analysis of variance (ANOVA) with Bonferroni
post hoc testing was performed using a
statistical analysis software package (SPSS
version 10.0, SPSS, Chicago, IL). Student’s t-
test was used to compare tumor size in the in
vivo model. A p-value of < .05 was considered
significant.

Results

Overexpression of NICD in human HCC
specimens

To investigate the activation of the Notchl
signaling pathway in HCC, Western blot
analysis was utilized to measure levels of NICD
proteins using human HCC samples. As shown
in a representative tumor sample (Figure 1),
high levels of NICD protein was present in
9/11 (81%) of the human HCC samples tested
compared to the surrounding normal tissues.
This suggests that the Notchl signaling
pathway is constitutively activated in HCC, thus
outlining a potential oncogenic role of this
pathway.

Pharmacological inhibition of Notch1
suppresses HCC cell proliferation in vitro
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Figure 2. Curcumin inhibits Notch1 activation, and induces apoptosis and cell cycle arrest in HCC cells. High levels
of NICD were present in HCC cell lines at baseline. Treatment with curcumin led to a dose-dependent decrease in
the expression of NICD associated with the induction of cleaved poly ADP-ribose polymerase (PARP), and the
degradation of cyclin D1 and increase in cyclin-dependent kinase p21 in the human HCC cell lines HEP3B (A), SK-
Hep-1 (B) and SNU449 (C) cells. GAPDH was used to confirm equal protein loading.
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Figure 3. Curcumin suppresses growth of HCC cells in vitro. HCC cells were treated with curcumin (0-40 yuM)
for up to 6 days, and cell viability was measured with the MTT assay. The results indicate that curcumin led to

the inhibition of cell growth in both a dose-dependent and time-dependent manner in HEP3B (A), SK-Hep-1 (B)
and SNU449 (C) cells.

As shown in Figure 2A, high levels of NICD Treatment with curcumin, a known pharma-
were present in HEP3B cells at baseline. cological inhibitor of Notchl, led to a dose-
361
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Figure 4. Notchl RNA interference inhibits HCC cell growth in vitro. HCC cells were transfected with
lipofectamine (Lipo, vehicle control), nonspecific SIRNA (NS siRNA, Santa Cruz Biotechnology, sc-37007) or
Notchl siRNA alone (Santa Cruz Biotechnology, sc-44226). MTT assays were utilized to measure the cell
viability. As shown in (A), HEP3B cells transfected with Notch1 siRNA were found to have significant growth
inhibition compared with those transfected with NS siRNA. Statistically significant growth inhibition was also

seen in SK-Hep-1 (B) and SNU449 (C) cells.

dependent decrease in the expression of
NICD, which was associated with the induction
of cleaved poly ADP-ribose polymerase (PARP),
the upregulation of cyclin-dependent kinase
p21 and decrease in cyclin D1 in a dose-
dependent manner. Similar effects of
curcumin were observed in SK-Hep-1 (Figure
2B) and SNU449 cells (Figure 2C). To
determine how the cell growth was impacted
by down-regulation of NICD and associated
alteration in the levels of PARP, cyclin D1, and
p21, we performed MTT assays. As shown in
Figure 3A, HEP3B cells treated with curcumin
had a profound dose-dependent inhibition of
cell growth. Statistically significant growth
inhibition was also seen in SK-Hep-1 cells
(Figure 3B) and SNU449 cells (Figure 3C).

Knock-down of the Notch1 gene by siRNA
induces cell cycle arrest and apoptosis in
HCC cells

Although curcumin is a known natural

inhibitor, the observed growth suppressive
effects of this drug on HCC cells could be due

362

to other mechanisms. To confirm the inhibitive
effect of Notchl in HCC cell growth, HCC cells
were transiently transfected with lipofectamine
(Lipo, vehicle control), nonspecific siRNA (NS
siRNA) or siRNA against Notchl (Notchl
siRNA) alone. MTT assays were utilized to
measure the cell viability. HEP3B cells
transfected with Notchl siRNA had a
significant growth inhibition compared with
those transfected with NS siRNA (Figure 4A).
Statistically significant growth inhibition was
also seen in SK-Hep-1 cells (Figure 4B) and
SNU449 cells (Figure 4C). Furthermore, we
utilized Western blot analysis after 2 days of
transfection with Notchl siRNA or NS siRNA
(control) to measure the effect of Notchl
down-regulation on the expression of the cell-
cycle related genes. As shown in Figure 5A,
high levels of NICD protein were present in
HEP3B cells transfected with control siRNA. As
expected, NICD protein was absent in the cells
transfected with Notchl siRNA. More
importantly, the absence of NICD in these cells
was associated with the induction of cleaved
poly ADP-ribose polymerase (PARP), the

Am J Transl Res 2009;1(4):358-366
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Figure 5. Notch1 RNA interference blocks Notchl1 expression, and induces apoptosis and cell cycle arrest in
HCC cells. HCC cells were transfected with lipofectamine (Lipo, vehicle control), nonspecific SiRNA (NS siRNA)
or Notchl siRNA alone, and the total cellular extracts were isolated and analyzed by Western blot after 2
days. As shown in (A), high levels of NICD protein were present in HEP3B cells transfected with Lipo or NS
siRNA. As expected, NICD protein was absent in the cells transfected with Notchl siRNA. Importantly, the
absence of NICD in these cells was associated with the induction of cleaved PARP, an increase in cyclin-
dependent kinase p21, and a decrease in cyclin D1. Similar results were obtained when SK-Hep-1 (B) and
SNU449 (C) cells were evaluated. GAPDH were used to confirm equal protein loading.

degradation of cyclin D1 and an increase in
cyclin-dependent kinase p21. Similar results
were obtained in SK-Hep-1 (Figure 5B) and
SNU449 cells (Figure 5C). These data show
clearly that Notchl siRNA transfection
recapitulates the effects of curcumin in HCC
cells suggesting that the down-regulation of
the Notch1 signaling pathway inhibits HCC cell
growth in vitro.

Pharmacological inhibitor of Notch1
suppresses growth of HCC xenografts
in nude mice

We have demonstrated that curcumin
inhibited the growth of HCC cells by down-
regulating the Notchl signaling pathway in
vitro. Thus, we sought to investigate if
curcumin could inhibit HCC growth in vivo.
Therefore, nude mice injected with SK-Hep-1
cells received curcumin (100 mg/kg/d, i.p.) or
DMSO alone for 16 days. Animal weight
remained stable over the course of the
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Figure 6. Curcumin inhibits growth of human HCC
cells in vivo. Nude mice were injected
subcutaneously with SK-Hep-1 cells and then
were treated with intraperitoneal (i.p.) curcumin
(100 mg/kg) or DMSO every day for 16 days,
starting on the day following tumor inoculation.
Tumor growth in treated animals was significantly
decreased (215+13 mm3 vs 130 +12 mm3 on
day 16, p<.05).
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experiments and no adverse effects were
observed. All animals survived until the
respective study end-points. As shown in
Figure 6, tumor growth progressively slowed as
the number of injections of curcumin
increased. Curcumin-treated animals averaged
a 40% inhibition of tumor growth compared to
those of DMSO-treated controls (215 +13
mm3 vs 130 +# 12 mms3 on day 16, p<.05),
which demonstrates that curcumin inhibits
HCC growth in vivo.

Discussion

Notchl is a multifunctional protein that
regulates cellular differentiation, development,
proliferation, and survival in a variety of
contexts [14]. Both the Notchl receptor and
its ligands are transmembrane proteins with
large extracellular domains. Binding of ligand
and two proteolytic cleavages in the Notchl
receptor results in the release of NICD. Once
released, NICD translocates to the nucleus and
associates  with  transcriptional factors,
including one of its main target genes, hairy
enhancer of split (HES1), thereby modulating
the development and growth of cells [15-18].
Because Notchl plays an essential role in
proliferation, differentiation, and apoptosis,
pharmacological inactivation of Notchl-
mediated cell growth represents an attractive
therapeutic target for cancers in which this
signaling pathway is overexpressed.

In the present study, we found that high levels
of NICD proteins were present in the human
HCC samples compared to the surrounding
normal tissues suggesting constitutive
activation of the Notchl and potential
oncogenic role of this pathway in human HCC.
Importantly, down-regulation of Notchl
expression by curcumin led to a significant
growth inhibition in all three HCC cell lines
evaluated. A variety of pharmacological effects
of curcumin have been reported, including
anti-inflammatory, anti-oxidant, and anti-
carcinogenic activities [19]. Recently, it has
been shown that the anti-cancer property of
curcumin is mediated in part by its inhibitive
activity of Notch1 [4]. However, curcumin can
also suppress the activation of several factors
that are implicated in carcinogenesis,
including nuclear factor kappa B (NF-kB),
activator protein 1 (AP-1), signal transducer
and activator of transcription proteins (STAT3,
STATDH). Curcumin also modulates the
expression of early growth response protein 1
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(Erg-1) and peroxisome proliferators-
associated receptor gamma (PPAR-g) [20-23].
The observed effects of curcumin in HCC cells
may be a result of its activity as an inhibitor of
one or several of these proteins.

However, by utilizing siRNA analysis, we
investigated the specific role of Notch1 on the
anti-proliferation effects of curcumin. Using
siRNA to suppress Notchl, the curcumin-
induced growth inhibition was recapitulated,
demonstrating that the HCC growth inhibition
is associated with a reduction in Notchl. The
finding that the MTT assay using siRNA
resulted in some cell growth at day 6
compared to baseline (vs. the curcumin MTT
assay in which there was clear growth
inhibition at day 6 compared to baseline) is
likely explained by the fact that curcumin
modulates cell growth through multiple other
pathways other than Notchl itself, while
Notch-siRNA is directed specifically at a single
pathway.

Recent results have shown that down-
regulation of Notch1 expression regulates cell
death through apoptosis [23]. In this study, we
observed that levels of cleaved PARP, a well-
known apoptotic marker, increased in HCC
cells when Notchl  expression was
suppressed. Moreover, we found that the
reduction in Notchl by curcumin or siRNA
transfection led to an increase in p21 and a
decrease in cyclin D1, a pattern indicative of
cell cycle arrest. These results suggest that the
down-regulation of Notchl inhibits cell growth
through apoptosis and cell cycle arrest in HCC
cells. Because of these very promising
findings, we evaluated the effect of curcumin
on HCC tumor growth in vivo, and found that
treatment with curcumin led to a significant
suppression of tumor progression in an animal
model of HCC.

Other recent series have shown conflicting
results regarding Notch expression in HCC. An
early work by Qi, et al, showed that
overexpression of Notchl induced cell cycle
arrest and apoptosis in a single human HCC
cell line, SMC7721, but these results were not
correlated with human tumor specimens [24].
Other more recent series have found that
Notch3 and Notch4 proteins are upregulated
in 78% and 68% of HCC tumors [13]. Notably,
Notchl was not analyzed in this study.
However, another recent work demonstrated
Notch-1 and HES-1 overexpression in all 15
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paired HCC human samples [25].
Furthermore, in a study evaluating 87 resected
HCC tumors, Notch 1 protein (cytoplasmic)
was upregulated in 89% of tumor specimens,
when analyzed using immunohistochemical
staining and western blot [26]. Although this
data seems at first glance conflicting, the
weight of the evidence using human tumor
samples, including our own data, would
support the finding that Notch s
overexpressed in HCC.

In conclusion, our results demonstrate that
reduction of Notchl expression inhibits HCC
cell growth in vitro. Treatment of HCC tumor
cells with curcumin in vitro and in vivo led to
significant growth inhibition due to induction of
apoptosis and cell cycle arrest. These findings
strongly support that targeting of
overexpressed Notchl signaling pathway is a
potential new therapeutic strategy for
advanced HCC.
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