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ABSTRACT

Notch3 receptor is expressed in a variety of cancers and the excised active 
intracellular domain (N3ICD) initiates its signaling cascade. N-acetylcysteine (NAC) 
as an antioxidant has been implicated in cancer prevention and therapy. In this study, 
we demonstrated a negative regulation of Notch3 by NAC in cancer cells. HeLa cells 
treated with NAC exhibited a time- and concentration-dependent decrease in Notch3 
levels and its downstream effectors Hes1 and HRT1 in a manner independent of 
g-secretase or glutathione. In contrast, NAC did not affect protein levels of Notch1, the 
full length Notch3 precursor, or ectopically expressed N3ICD. Although SOD, catalase 
and NAC suppressed reactive oxygen species in HeLa cells, the first two antioxidants 
did not impact on Notch3 levels. While the mRNA expression of Notch3 was not altered 
by NAC, functional inhibition of lysosome, but not proteasome, blocked the NAC-
dependent reduction of Notch3 levels. Furthermore, results from Notch3 silencing 
and N3ICD overexpression demonstrated that NAC prevented malignant phenotypes 
through down-regulation of Notch3 protein in multiple cancer cells. In summary, NAC 
reduces Notch3 levels through lysosome-dependent protein degradation, thereby 
negatively regulates Notch3 malignant signaling in cancer cells. These results 
implicate a novel NAC treatment in sensitizing Notch3-expressing tumors.

INTRODUCTION

The evolutionarily conserved Notch signaling is 
involved in many important processes, including cell 
fate determination, differentiation, and proliferation 
[1-3]. Upon ligand binding, the canonical activation of 
Notch signaling starts with the sequential cleavages of 
Notch receptor by tumor necrosis factor-α-converting 
enzyme and γ-secretase. An active intracellular domain 
is then released and translocates to the nucleus, where 
it associates with the DNA-binding protein CSL/RBP-
Jκ for transcriptional activation of multiple downstream 

targets, including members of the Hes and HRT family 
[4, 5]. Notch3 is mainly expressed in vascular smooth 
muscle cells and facilitates cell orientation during arterial 
development [6, 7]. Pathologically, Notch3 expresses in 
cancer cells of various origins, including breast, ovary 
and colon, and plays a role in the regulation of tumor 
progression [6, 8-11].

N-acetylcysteine (NAC), a precursor of L-cysteine 
and reduced glutathione (GSH), is a widely-used 
antioxidant against reactive oxygen species (ROS) [12] 
and inhibits redox-sensitive signaling such as NFκB and 
MAPK pathways [13-17]. In addition to its applications in 
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cardiovascular injury, pulmonary diseases and drug toxicity 
[18-20], NAC has been proposed as a chemopreventive 
agent, either stand-alone or as an adjuvant [21-24]. 
Nonetheless, a recent study employing a genetically 
engineered mouse model of cancer indicates that combined 
dietary supplementation of NAC and vitamin E increases 
cancer burden and mortality [25]. Chandel and Tuveson 
[26] have proposed that failure of chemoprevention by 
dietary antioxidants may be attributed to their limited access 
to the local, tumor-promoting ROS but not to the distant, 
oncogene-suppressive ROS.

Although NAC is best known as an antioxidant, we 
have shown in this study that NAC effectively suppresses 
Notch3 receptor levels through ROS-independent and 
lysosome-mediated pathways, and thereby inhibits Notch3 
malignant signaling. Such results shall be of clinical 
significance for a new application of NAC in cancer 
treatment.

RESULTS

NAC down-regulates Notch3 receptor and its 
downstream signaling in HeLa cells

Mature Notch3 is a transmembrane dimer composed 
of an extracellular domain (N3EC) and an intracellular 
domain (N3IC), which are non-covalently bound after S1 
cleavage of the full-length Notch3 precursor (N3FL) in 
Golgi complex [4, 5]. Treatment of HeLa cells with NAC 
time- and dose-dependently suppressed protein levels of 
N3IC (Figure 1A&1B) but not N1IC (Figure 1A). Further 
analyses showed that the protein levels of N3IC and N3EC, 
but not N3FL, were decreased after NAC treatment in 
HeLa cells in a time-dependent manner (Figure 1C). Next, 
N3IC transactivation targets were analyzed. Treatments of 
HeLa cells with NAC (2, 5 or 10 mM) resulted in dose- 
and time-dependent decreases in Hes1 and HRT1 protein 
(Figure 2A) and mRNA (Figure 2B) levels. Consistent 
with these observations, results from dual-luciferase 
reporter assays showed the Hes1 reporter activity was 
decreased in a dose-dependent manner following NAC 
treatment (Figure 2C). Furthermore, the protein levels of 
Hes1 and HRT1 were diminished upon siRNA knockdown 
of Notch3 in HeLa cells (Figure 2D), confirming that these 
two genes are responsive downstream targets of Notch3 
signaling in HeLa cells.

NAC leads to Notch3 degradation through a 
lysosome-dependent pathway

To understand the mechanisms underlying NAC-
mediated Notch3 down-regulation, the canonical Notch 
processing by γ-secretase cleavage was firstly analyzed. 
Results from Western analysis showed that inhibition 
of γ-secretase activity by DAPT had no significant 
impact on the NAC-induced reduction in N3IC levels 

(Figure 3A). The mRNA level of Notch3 was not altered 
following NAC treatment (Figure 3B), indicating that 
the modulation occurred at protein level. Intracellular 
protein degradation may be achieved through lysosome-
mediated proteolysis or ubiquitin-mediated proteasome 
process [27]. To test these possibilities, HeLa cells were 
pre-treated with lactacystin (a proteasome inhibitor) or 
NH4Cl (a lysosome inhibitor). The results showed that 
NH4Cl, but not lactacystin, blocked the NAC-induced 
decrease of N3IC protein levels (Figure 3C). Interestingly, 
NAC did not decrease the level of ectopically expressed 
active intracellular domain (N3ICD) when cells were 
transfected with a vector expressing N3ICD (Figure 3D, 
upper panel). In contrast, when cells were transfected 
with a N3FL vector, the levels of N3EC and N3IC, but 
not that of N3FL, were reduced following NAC treatment 
(Figure 3D, lower panel). Results from subcellular 
analyses of Notch3 proteins (Figure 3E) showed that 
N3FL was detected only in the membrane fraction and 
remained unchanged following NAC treatment. N3EC 
was detected only in the cytosolic fraction, most likely due 
to its dissociation from the dimerization at the condition 
of extraction and then shedding off from the membrane 
as N3EC is non-covalently bound with N3IC which is 
the one containing the transmembrane domain. N3IC 
was observed in all three fractions, with membrane being 
the main compartment. Subcellular levels of N3EC and 
N3IC proteins were decreased following NAC treatment 
(Figure 3E).

NAC-mediated Notch3 down-regulation  
is ROS-independent

To determine whether the NAC-mediated Notch3 
down-regulation is attributed to its antioxidant function, 
additional antioxidants, SOD and catalase enzymes, were 
used to test this possibility. Treatment of HeLa cells with 
SOD or catalase did not lead to the reduction of N3IC 
protein level as observed by NAC treatment (Figure 4A, 
upper panel), although intracellular ROS levels were 
decreased at a comparable level between these three 
antioxidants (Figure 4B). Since NAC is a precursor 
of GSH, we thenceforward determined whether GSH 
confers the effect of NAC on Notch3. Cellular GSH level 
was increased with NAC addition but depleted by BSO, a 
glutathione-synthesis inhibitor (Figure 4C, upper panel). 
However, the NAC-induced decrease of N3IC protein 
level was independent of BSO treatment (Figure 4C, lower 
panel).

NAC alleviates Notch3-mediated malignant 
phenotypes

HeLa and HCC1937 cells were used to assessed the 
effects of NAC-Notch3 on cell proliferation, migration 
and invasion, in which no apparent difference was 
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observed among naive cells, lipofectamine-treated, and 
empty vector-transfected cells (Supplementary Figure S1). 
While treatment with NAC (5 or 10 mM) led to significant 
inhibition in cell proliferation (Figure 5A), migration 
(Figure 5B) and invasion (Figure 5C) in EV-transfected 
HeLa cells, exogenous expression of N3ICD reversed 
such inhibitory effects of NAC. To better evaluate the 
actual impact of N3ICD on cell malignancy, graphs 
of net percent changes were presented (Figure 5A-5C, 
right panels). Expression of exogenous N3ICD rescued 
the inhibition of NAC at 5 and 10 mM, respectively, on 
1) cell proliferation by 59.6±3.4 and 38.3±4.2% at 12 
h, 63.3±2.3 and 32.9±3.4% at 24 h, and 54.4±3.6 and 
38.9±3.4% at 48 h (Figure 5A), 2) cell migration by 
74.1±3.3 and 67.0±2.9 % at 24 h (Figure 5B), 3) cell 
invasion by 68.7±2.9 and 70.0±3.1% at 24 h (Figure 5C). 
Furthermore, siRNA knockdown of Notch3 in HeLa cells 
resulted in blunted proliferation, migration and invasion 

(Figure 5D-5F), suggesting that HeLa cell malignancy is 
Notch3-dependent.

Additional cancer cells were employed to explore 
whether the inhibitory effect of NAC on Notch3-meditated 
malignancy is cell-specific or a general pathway. Analyses 
in HCC1937 breast cancer cells showed similar outcomes 
of NAC inhibition of Notch3-mediated malignancy as 
those in HeLa cells, including NAC-induced decrease 
in N3IC protein level (Figure 6A) and rescue of NAC-
inhibited proliferation, migration and invasion by N3ICD 
(Figure 6B-6D). The percent rescue was averagely 
51.1±0.8 and 48.1±0.1% for proliferation (Figure 6B), 
39.8±2.5 and 29.0±1.7% for migration (Figure 6C), 
and 38.6±2.9 and 37.5±4.7% for invasion (Figure 6D) 
following NAC treatment at 5 and 10 mM, respectively. 
Similarly, siRNA knockdown of Notch3 attenuated 
HCC1937 cell proliferation, migration and invasion 
(Figure 6E-6G).

Figure 1: NAC decreases protein levels of Notch3, but not Notch1. A. Time- and dose-dependent inhibition of NAC on the 
intracellular domain of Notch3 (N3IC), but not Notch1 (N1IC). HeLa cells were treated with NAC (2-10 mM) for 0-24 h. B. Dose-
dependent inhibition by NAC (0-10 mM, 6 h) on the protein expression of N3IC in HeLa cells. C. NAC treatment (5 mM, 0-12 h) 
reduces protein levels of N3IC and extracellular domain of Notch 3 (N3EC) but not full length Notch 3 precursor (N3FL) in HeLa cells. 
Densitometry quantifications of the protein bands were shown after normalization with their respective β-actin levels. Data are presented 
as means ± SE, n=3. *, p < 0.05 compared with their respective non-treated group.
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NAC causes Notch3 degradation and growth 
inhibition in multiple cancer cells

In addition, three potential Notch3-dependent 
cancer cell lines ZR-75-1, OVCAR-3 and MCF-7 
[6, 10, 28, 29] were used to evaluate the effects of 
NAC on Notch3 protein levels and cell proliferation. 
Similarly, N3IC protein levels were decreased upon NAC 
treatment (5 and 10 mM, 0-24 h) in these three cell lines 

(Figure 7A). Interestingly, the NAC-induced decrease in 
N3IC protein levels was gradually recovered in MCF-
7 cells, presumably attributed to a high efficiency in 
regenerating Notch3 receptor in this cell line. While NAC 
treatment does-dependently inhibited the proliferation of 
ZR-75-1 (Figure 7B), OVCAR3 (Figure 7C), and MCF-
7 (Figure 7D) cells, expression of exogenous N3ICD 
attenuated such inhibitory effect of NAC by averagely 
33.6±8.3 and 23.8±5.8% in ZR-75-1 cells (Figure 7B), 

Figure 2: NAC inhibits Notch3 downstream signaling. A. NAC treatment (2-10 mM, 0-24 h) decreases Hes1 and HRT1 protein 
levels in HeLa cells. B. NAC treatment (0-10 mM for 6 h or 5 mM for 0-12 h) decreases Hes1 and HRT1 mRNA expression in HeLa cells. 
The mRNA expression of NAC-treated cells was normalized to that of non-treated cells whose value was set as 1. C. NAC treatment (0-10 
mM, 12 h) inhibits Hes1 reporter activity in HeLa cells. The luciferase activity in NAC-treated cells was normalized to that of non-treated 
cells whose value was set as 1. D. Notch3 siRNA knockdown reduces Hes1 and HRT1 levels in HeLa cells. Protein levels were determined 
2 days after siRNA transfection. siCtrl, scramble siRNA; siNotch3, Notch3 siRNA. Protein densitometry quantifications were shown after 
normalization with β-actin levels. Data are presented as means ± SE, n=3-4. *, p < 0.05 compared with their respective non-treated group.



Oncotarget30859www.impactjournals.com/oncotarget

36.0±7.8 and 29.4±7.2% in OVCAR3 cells (Figure 7C), 
54.5±1.1 and 49.6±1.6% in MCF-7 cells (Figure 7D), at 5 
and 10 mM, respectively.

DISCUSSION

Emerging evidence have suggested that Notch3 
is expressed in a number of cancerous tissues and plays 
an oncogenic role [6, 8-11]. NAC is a commonly used 
antioxidant either in clinic or basic research. In this 

study, we have disclosed a novel regulation of Notch3 
receptor by NAC. Through a ROS-independent, lysosome-
mediated pathway, NAC counteracts Notch3 malignant 
signaling in cancer cells.

The canonical process of Notch activation is 
dispensable in the NAC-induced Notch3 down-regulation 
as this novel pathway is independent of γ-secretase 
activity. As revealed by the analyses of Notch3 
endogenous expression, N3FL exogenous expression and 
their subcellular expression, NAC unanimously induces 

Figure 3: The NAC-induced decrease in Notch3 levels depends on lysosome-, but not proteasome-mediated proteolysis. 
A. Pre-treatment with a γ-secretase inhibitor, DAPT (20 μM, 30 min), had no effect on NAC-induced (5 mM, 0-12 h) decrease in N3IC 
protein expression in HeLa cells. B. NAC treatment (5 mM, 0-12 h) did not affect Notch3 mRNA expression in HeLa cells. C. Pre-treatment 
with NH4Cl (25 mM, 1 h), but not lactacystin (10 μM, 30 min), reversed NAC-induced (5 mM, 0-12 h) decrease of N3IC protein levels in 
HeLa cells. D. NAC treatment did not affect levels of exogenously expressed Notch3 active intracellular domain (N3ICD). HeLa cells were 
transfected with vectors expressing N3ICD or N3FL for 24 h, followed by treatment with NAC (5 mM, 0-12 h). E. Subcellular analysis of 
Notch3 protein levels following NAC treatment (5 mM, 6 h) in HeLa cells. Protein levels of N3FL, N3EC and N3IC in cytosolic, nuclear 
and membrane fractions were determined. Successful fractionation was evidenced by using the marker proteins GAPDH, cyclin B1, and 
Na+,K+-ATPase. N3FL, N3EC and N3IC denoted Notch3 full length, extracellular domain and intracellular domain, respectively. Protein 
densitometry quantifications were shown after normalization with β-actin (A, C, D) or their respective cellular compartment markers (E). 
Data are presented as means ± SE, n=3-4. *, p < 0.05 compared with their respective non-treated group.
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a reduction in N3IC and N3EC levels while the levels of 
N3FL remain unchanged, suggesting that the S1-cleaved 
mature Notch3, but not the full-length Notch3 precursor, 
is targeted by NAC. This notion is further supported by 
our mRNA analyses showing that Notch3 is not altered by 
NAC transcriptionally. Furthermore, NAC does not affect 
the protein levels of ectopically expressed N3ICD. These 
results together indicate that the regulation of NAC on 
Notch3 occurs at protein level and NAC targets Notch3 
at the interaction face of its intracellular and extracellular 
domains, i.e., the non-covalent binding region. 
Interestingly, the expression of Notch1 is not affected 
by NAC. Sequence differences between Notch1 and 
Notch3 exist along the heterodimerization region of the 
two domains [30, 31], which share only 41% homology 
(Supplementary Figure S2). NAC has been suggested to 
reduce protein disulfides in favor of thioredoxin in some 
cases, and to bind sulfenic acid derivatives in proteins 
[32]. Therefore, it is proposed that NAC modifies the 
non-covalent binding region of Notch3, decreasing 
protein stability and leading to protein degradation. 
Indeed, a lysosome-mediated proteolysis, but not the 
ubiquitin-proteasome pathway, is found to be involved 

in the degradation of Notch3 by NAC. A critical role for 
lysosomes in Notch3 degradation is also affirmed in the 
auto-degradation of Notch3 fragments [33].

Being effective antioxidants, NAC, SOD and 
catalase are functionally comparable and often comparably 
used in blocking ROS-generated cellular signaling [24, 34-
37]. Although incubation of cells with SOD and catalase 
indeed lead to similar decrease of intracellular ROS as 
compared to NAC, these two antioxidants surprisingly 
do not affect N3IC protein levels. Furthermore, inhibition 
of GSH synthesis, which is boosted by NAC treatment, 
does not affect the NAC-induced decrease in N3IC protein 
level. These results suggest that NAC mediates Notch3 
protein level through a ROS-independent mechanism.

Hes1 and HRT1 mRNA and protein levels are 
markedly reduced following NAC treatment. Since these 
two genes are targeted by both Notch1 and Notch3 but only 
the Notch3 expression is inhibited by NAC, one possibility 
is that Notch1 may compensate for Notch signaling 
when Notch3 is down-regulated in the presence of NAC. 
However, siRNA knockout of Notch3 leads to significant 
decreases in Hes1 and HRT1 levels, indicating that Notch 
signaling in HeLa and HCC1937 cells is indeed dependent 

Figure 4: NAC-mediated Notch3 down-regulation is independent of ROS. A. SOD or catalase treatment does not affect N3IC 
protein levels. HeLa cells were treated with SOD (1200 U/ml), catalase (1200 U/ml) or NAC (5 mM) for 0, 3, 6 or 12 h. B. The ROS levels 
following the treatments as described above. C. GSH depletion does not alleviate NAC-induced decrease of N3IC protein levels. HeLa 
cells were pretreated with BSO (100 μM, 24 h), followed by treatment with NAC (5 mM, 0-12 h). Total cellular GSH were measured and 
the values were normalized to that of the non-treated cells which was set as 100%. Protein densitometry quantifications were shown after 
normalization with β-actin levels. Data are presented as means ± SE, n=3. *, p < 0.05 compared with their respective non-treated group.
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on Notch3, if not exclusively. In agreement with most 
reports [21-24], NAC administration attenuates cancer cell 
proliferation, migration and invasion. Although HeLa cells 
may not represent the best model to test cancer behaviors 
due to the dysfunctional LKB1/AMPK signaling, a 
recently demonstrated pathway modulating NADPH 
homeostasis and promoting tumor cell survival during 
energy stress [38], our rescue experiments indicate that 
NAC prevents malignant phenotypes through inhibition 

of Notch3 signaling also in the LKB1/AMPK-proficient 
HCC1937 cells. Meanwhile, Notch3 silencing leads to 
similar depressive effects on these phenotypes, supporting 
that the malignant signaling is Notch3-dependent in 
these cells. Furthermore, the NAC-induced inhibition of 
Notch3 signaling and proliferation is observed in three 
additional cell lines (ZR-75-1, MCF-7 and OVCAR-3). 
These results together demonstrate that NAC negatively 
regulates Notch3 malignant signaling, and the regulation is 

Figure 5: Impact of Notch3 and NAC on HeLa cell malignancy. N3ICD overexpression rescues NAC-induced inhibition of 
proliferation (A), migration (B), and invasion (C). A. Numbers of EV- and N3ICD-transfected cells were counted at 12-48 h after NAC 
treatment (0-10 mM, left panel). *, p < 0.05 compared with the EV-transfected cells within the same treatment and time point. B. Results 
of the wound healing assay (left panels) were expressed as the migration index (the distance migrated relative to the initial scraped gap) 
and that of EV-transfected cells without NAC treatment was set as 100% (middle panel). C. Cells per field on the insert membrane were 
imaged (left panels) and counted (middle panel). B and C: *, p < 0.05 compared with no NAC treatment; #, p < 0.05 compared with the 
EV-transfected cells within the same treatment. Percent rescue (A-C, right panels) after N3ICD expression was calculated by dividing 
the net change after NAC treatment in N3ICD-transfected cells by that in EV-transfected cells. Notch3 siRNA knockdown inhibits cell 
proliferation D., migration E., and invasion F. as assessed by the same approaches described above. Representative images for migration 
and invasion were shown. *, p < 0.05 compared with the siCtrl-transfected cells. All data are presented as mean ±SE, n=3. I, the initial 
seeded cell number. EV, empty vector; N3ICD, Notch3 active intracellular domain; siCtrl, scrambled siRNA; siNotch3, Notch3 siRNA.
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Figure 6: Impact of Notch3 and NAC on HCC1937 cell malignancy. A. NAC treatment (5 and 10 mM, 0-24 h) decreases N3IC 
protein levels in HCC1937 cells. Expression of exogenous N3ICD rescues NAC-induced inhibition of proliferation B., migration C., and 
invasion D., and Notch3 siRNA knockdown inhibits proliferation E., migration F., and invasion G. in HCC1937 cells. Quantifications, sample 
size, statistics, and abbreviations for protein levels, proliferation, migration, and invasion assays were as described in Figure 1A&5 legends.

Figure 7: Analysis of the NAC-Notch3 pathway in three other cancer cells. A. NAC treatment (5 and 10 mM, 0-24 h) decreases 
N3IC protein levels in ZR-75-1, OVCAR3 and MCF-7 cells. B-D. Expression of exogenous N3ICD rescues NAC-induced inhibition of 
proliferation in ZR-75-1 (B), OVCAR3 (C), and MCF-7 (D) cells. Quantifications, sample size, statistics, and abbreviations for protein 
levels and proliferation assays were as described in Figure 1A&5 legends.
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not cell type-specific. On the other hand, dosages of NAC 
may determine how it functions in carcinogenesis. For 
example, it has been reported that NAC at a concentration 
of 0.2 mM increases malignant phenotypes in melanoma 
cell lines [39] and at 1 mM increases proliferation of lung 
cancer cells expressing wild-type p53 such as A549 and 
H460 [25]. In particular, A549 cells are considered to be 
Notch3-dependent. Nonetheless, these observations using 
low doses and ours using high doses are not mutually 
exclusive because NAC has no impact on Notch3 levels 
at 2 mM but displays an inhibitory role in malignancy at 
5-10 mM. Such doses (5-10 mM) are attainable in vivo, as 
similar concentrations of NAC have been intravenously 
administered in animals [40-42]. However, clinical studies 
have shown that plasma concentrations of NAC range 
300-900 mg/L, which equals 1.8-5.5 mM [43, 44]. Thus, 
NAC at a dose of 5 mM is clinically more relevant than 10 
mM. Meanwhile, a role of ROS in tumorigenesis remains 
exist. Thus, further investigations are needed to elucidate 
how pathways associated with diminished ROS and the 
ROS-independent NAC-Notch3 pathway interplay in the 
regulation of malignancy.

In summary, our data demonstrate that NAC 
decreases Notch3 levels, but not Notch1, through a 
lysosome-mediated degradation pathway potentially by 
its interaction with the non-covalent binding region of 
Notch3 receptor. Such effect of NAC is independent of 
ROS. NAC suppresses the malignant phenotypes including 
proliferation, migration and invasion through inhibition of 
Notch3 signaling in cancer cells. Since NAC as a ROS 
scavenger is presumably cancer preventive, at least when 
functioning at the site of production [26], future studies 
are warranted to understand whether Notch3-expressing 
cancer cells display increased susceptibility to NAC 
treatment in vivo. Overall, our results provide mechanistic 
insight into a novel suppression of Notch3 and its 
malignant signaling by NAC in cancer cells, suggesting a 
promising application of NAC targeting Notch3-mediated 
carcinogenesis.

MATERIALS AND METHODS

Cells and materials

Human cell lines HeLa, ZR-75-1 and MCF-7 
were obtained from American Type Culture Collection 
(Manassas, VA, USA). HCC1937 and OVCAR-3 cells 
were from the Cell Bank of Chinese Academy of Sciences 
(Shanghai, China). HeLa and MCF-7 cells were cultured 
in DMEM and the other cells were in RPMI-1640 media 
supplemented with 10% fetal bovine serum (Invitrogen, 
Carlsbad, CA, USA), 100 U/ml penicillin and 100 μg/ml 
streptomycin (Solarbio Science and Technology; Beijing, 
China). NAC, SOD and catalase were purchased from 
Beyotime (Shanghai, China). The γ-secretase inhibitor 
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine 

t-butyl ester (DAPT) was from Calbiochem (San Diego, 
CA, USA). Ammonium chloride (NH4Cl) and lactacystin 
were from Sigma (St. Louis, MO, USA). Buthionine 
sulfoximine (BSO) were from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Cytosolic, nuclear, and membrane 
fractions were extracted by using kits from Beyotime 
followingthe manufacturer’s instructions.

Western blot analysis

Cells were lysed in a sample buffer containing 
2% SDS, 60 mM Tris-HCl (pH 6.8) and 5% glycerol. 
Cell lysates were then boiled for 5 min. Total protein 
concentration was determined using a BCA kit (Beyotime, 
Shanghai, China), and equal amount of protein was loaded 
for Western blot analysis. In brief, proteins were resolved 
by SDS-PAGE, transferred to a PVDF membrane (Pall 
Gelman Laboratory, MI, USA), and then blocked with 5% 
milk in TTBS for 1 h at room temperature. The membrane 
was then incubated overnight at 4°C with a primary 
antibody followed by a secondary horseradish peroxidase-
conjugated anti-rabbit or anti-mouse antibody (Cell 
Signaling, Boston, MA, USA) for 1 h at room temperature. 
We used rabbit anti-Notch3 (sc-5593) and anti-Notch1 
(sc-6014-R) antibodies (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) that target the C-terminus; therefore, the 
intracellular fragments and full length Notch precursor 
can be detected. Mouse anti-Notch3 NECD antibody 
(H00004854-M01, Novus Biologicals, Littleton, CO, 
USA) recognizes the extracellular fragments and full 
length Notch3 precursor. Rabbit anti-Hes1 and anti-HRT1 
antibodies were from Millipore (Temecula, CA, USA). 
Rabbit anti-cyclin B1 and anti-Na+,K+-ATPase and mouse 
anti-β-actin antibodies were from Cell Signaling. Mouse 
anti-GAPDH antibody was from Beyotime. Blots were 
developed using enhanced chemiluminescence reagents 
(LumiGLO®Reagent and Peroxide, Cell Signaling) 
according to the manufacturer’s instructions.

Quantitative real-time PCR analysis

Total RNA was extracted from HeLa cells 
stored in TRIzol (Invitrogen, Carlsbad, CA, USA) and 
reverse-transcribed using the PrimeScript RTMaster 
Mix Perfect Real Time kit (TaKaRa, Dalian, China) 
following the manufacturers’ instructions. Real-time 
PCR analyses of Hes1, HRT1 and Notch3 mRNA 
levels were performed in Mastercycler® Realplex 
(Eppendorf, Germany) in sterilized 96-well PCR plates. 
The forward and reverse primer pairs were as follows: 
Hes1, 5’-GTCAACACGACACCGGATAA-3’ and 
5’-GAGGTGCTTCACTGTCATTTCC-3’; HRT1, 
5’-TGACCGTGGATCACCTGAAA-3’ and 5’-GCTGG 
GAAGCGTAGTTGTTG-3’; Notch3, 5'-GTGTGTGTC 
AATGGCTGGAC-3' and 5'-GTGACACAGGAGGCC 
AGTCT-3'; β-actin, 5’-CGCGGCGGCGCCCTATAAA 
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A-3’ and 5’-TGCACATGCCGGAGCCGTTG-3’. A 
volume of 20 μl mixture was used for reaction, which 
contained 37.5 ng cDNA, 300 nM primers and 10 μl 
SsoFast™ EvaGreen Supermix (Bio-Rad, Richmond, CA, 
USA). PCR reactions were performed at the following 
conditions sequentially: 10 sec at 95°C, 40 cycles of 95°C 
for 5 sec and 55°C for 30 sec, melting curve analysis 
(95°C for 15 sec, 60°C for 15 sec, from 60 to 95°C for 20 
min, 95°C for 15 sec ), and then hold at 4°C.

Vector and siRNA transfection

The vectors expressing full-length Notch3, 
N3ICD, or Hes1 firefly luciferase reporters [33, 45] 
were generously provided by Dr. Michael Wang, 
University of Michigan, USA. The Renilla luciferase 
vector pRL-TK was from Promega (Madison, WI, 
USA). Scrambled and Notch3 siRNA sequences 
(5’-CCUGGCUACAAUGGUGAUATT-3’) were 
purchased from GenePharma (Shanghai, China). Vectors 
or siRNA sequences were transfected into cells using 
Lipofectamine 2000 (Invitrogen). For dual-luciferase 
reporter assay, cells were co-transfected with the Hes1 
reporter (200 ng) and pRL-TK (10 ng) vectors for 12 h. 
After overnight serum starvation, the cells were treated 
with NAC for 12 h. Luciferase activity was measured 
using the dual-luciferase reporter assay kit (Promega) 
following the manufacturer’s instructions.

Measurement of intracellular ROS

Production of ROS was fluorometrically monitored 
using 2’,7’-dichlorofluorescein diacetate (DCFH-DA, 
Beyotime, Shanghai, China). Briefly, HeLa cells treated 
with catalase (1200 U/ml) or NAC (5 mM) for 0, 3, 6 
or 12 h were incubated with DCFH-DA (10 μM in fresh 
DMEM) for 20 min at 37°C, trypsinized, washed three 
times with PBS, and then loaded for reading at 488 nm 
(excitation) and 525 nm (emission) using FACSCalibur 
flow cytometer (BD Biosciences, USA).

Measurement of total GSH

Total GSH content (reduced and oxidized forms) 
was measured using a kit from Beyotime (Shanghai, 
China) following the manufacturer’s instructions. In 
brief, cell homogenates were deproteinated and the 
supernatant was processed to measure total GSH content 
with the reagents 5,5-dithio-bis-(2-nitrobenzoic acid), 
glutathione reductase and NADPH. The color formation 
was spectrophotometrically determined at 412 nm.

Proliferation assay

Cells were seeded in 12-well plates and allowed 
to grow for 24 h prior to plasmid or siRNA transfection. 
Twenty-four hours after transfection with the N3ICD or 

empty vector, cells were treated with NAC (0, 5 or 10 
mM) and collected at 12, 24 and 48 h. Alternatively, cells 
were trypsinized at 24, 48 and 72 h after siRNA delivery. 
Viable cells were counted based on the Trypan blue 
exclusion method [10].

Wound healing assay

Wound healing assays were performed as described 
by Song G et al [46]. Briefly, cells were seeded in 12-
well plates for overnight and transfected with the vector 
or siRNA sequence. Cells were grown to confluence 36 
h post-transfection and wounded by dragging a 200-
μl pipette tip through the monolayer. Cells were then 
washed using pre-warmed PBS to remove cellular 
debris and allowed to migrate for 24 h. Cells containing 
the N3ICD-expressing or empty vector were treated 
with NAC (0, 5 or 10 mM) at the time of wounding. 
Images of cell migration were taken at 0 and 24 h after 
wounding under a microscope (ECLIPSE Ti, Nikon, 
Japan). The relative distance between the leading edges 
was determined using NIS-Elements Documentation 
Software 4.10 and expressed as a migration index 
(the distance migrated in 24 h relative to the initial  
scraped gap).

Invasion assay

Cell invasion was analyzed as described previously 
with minor modifications [47]. Matrigel (BD Biosciences, 
Franklin Lakes, NJ, USA) was thawed at 4°C overnight 
and diluted to 3 mg/ml with cold DMEM. Millicell® 
plate inserts (8.0 μm pore size, 24-well format, BD 
Biosciences) were coated with 50 μl diluted Matrigel and 
incubated at 37°C for 4-5 h to allow for gelling. Cells 
were starved overnight 24 h after being transfected with 
the vectors or siRNA sequences. Cells containing the 
N3ICD or empty vector were treated with NAC (0, 5 or 
10 mM) for 6 h, trypsinized, washed twice with DMEM, 
and resuspended in DMEM at a density of 106 cells/mL. 
Lower chambers were filled with 500 μl warm DMEM 
containing 10% fetal bovine serum as the attractant, while 
the Matrigel-coated upper chambers were filled with 200 
μl of the cell suspension. Following 24 h incubation at 
37°C, cells were fixed for 30 min in 5% glutaraldehyde 
prepared in PBS at room temperature, and stained for 30 
min in 0.1% crystal violet dissolved in 2% ethanol. The 
numbers of invasive cells were calculated by counting 
three fields per chamber.

Statistics

Statistical analyses of the data were performed by 
Student’s t-test for paired observations. Data are expressed 
as means ±SE from at least three independent experiments. 
Differences were considered statistically significant when 
p < 0.05.



Oncotarget30865www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

GRANT SUPPORT

This work was supported by funding from 
Zhejiang Provincial Natural Science Foundation of China 
(LR13H020002, LY14C070004 and LY15H090021), and 
National Natural Science Foundation of China (81571087 
and 31201065).

REFERENCES

1. Garcia A, Kandel JJ. Notch: a key regulator of tumor 
angiogenesis and metastasis. Histol Histopathol. 2012; 27: 
151-156.

2. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: 
cell fate control and signal integration in development. 
Science. 1999; 284: 770-776.

3. Curry CL, Reed LL, Golde TE, Miele L, Nickoloff BJ, 
Foreman KE. Gamma secretase inhibitor blocks Notch 
activation and induces apoptosis in Kaposi's sarcoma tumor 
cells. Oncogene. 2005; 24: 6333-6344.

4. Kopan R, Ilagan MX. The canonical Notch signaling 
pathway: unfolding the activation mechanism. Cell. 2009; 
137: 216-233.

5. Zhu JH, Chen CL, Flavahan S, Harr J, Su B, Flavahan 
NA. Cyclic stretch stimulates vascular smooth muscle cell 
alignment by redox-dependent activation of Notch3. Am J 
Physiol Heart Circ Physiol. 2011; 300: H1770-H1780.

6. Chen X, Thiaville MM, Chen L, Stoeck A, Xuan J, Gao M, 
Shih Ie M, Wang TL. Defining NOTCH3 target genes in 
ovarian cancer. Cancer Res. 2012; 72: 2294-2303.

7. Domenga V, Fardoux P, Lacombe P, Monet M, Maciazek 
J, Krebs LT, Klonjkowski B, Berrou E, Mericskay M, Li 
Z, Tournier-Lasserve E, Gridley T, Joutel A. Notch3 is 
required for arterial identity and maturation of vascular 
smooth muscle cells. Genes Dev. 2004; 18: 2730-2735.

8. Pierfelice TJ, Schreck KC, Dang L, Asnaghi L, Gaiano N, 
Eberhart CG. Notch3 activation promotes invasive glioma 
formation in a tissue site-specific manner. Cancer Res. 
2011; 71: 1115-1125.

9. Serafin V, Persano L, Moserle L, Esposito G, Ghisi M, 
Curtarello M, Bonanno L, Masiero M, Ribatti D, Sturzl 
M, Naschberger E, Croner RS, Jubb AM, et al. Notch3 
signalling promotes tumour growth in colorectal cancer. J 
Pathol. 2011; 224: 448-460.

10. Yamaguchi N, Oyama T, Ito E, Satoh H, Azuma S, Hayashi 
M, Shimizu K, Honma R, Yanagisawa Y, Nishikawa A, 
Kawamura M, Imai J, Ohwada S, et al. NOTCH3 signaling 
pathway plays crucial roles in the proliferation of ErbB2-
negative human breast cancer cells. Cancer Res. 2008; 68: 
1881-1888.

11. Konishi J, Kawaguchi KS, Vo H, Haruki N, Gonzalez A, 
Carbone DP, Dang TP. Gamma-secretase inhibitor prevents 
Notch3 activation and reduces proliferation in human lung 
cancers. Cancer Res. 2007; 67: 8051-8057.

12. Aruoma OI, Halliwell B, Hoey BM, Butler J. The 
antioxidant action of N-acetylcysteine: its reaction with 
hydrogen peroxide, hydroxyl radical, superoxide, and 
hypochlorous acid. Free Radic Biol Med. 1989; 6: 593-597.

13. Kamata H, Manabe T, Kakuta J, Oka S, Hirata H. Multiple 
redox regulation of the cellular signaling system linked 
to AP-1 and NFkappaB: effects of N-acetylcysteine and 
H2O2 on the receptor tyrosine kinases, the MAP kinase 
cascade, and IkappaB kinases. Ann N Y Acad Sci. 2002; 
973: 419-422.

14. Zafarullah M, Li WQ, Sylvester J, Ahmad M. Molecular 
mechanisms of N-acetylcysteine actions. Cell Mol Life Sci. 
2003; 60: 6-20.

15. Chiang CH, Chuang CH, Liu SL, Chian CF, Zhang H, Ryu 
JH. N-acetylcysteine attenuates ventilator-induced lung 
injury in an isolated and perfused rat lung model. Injury. 
2012; 43: 1257-1263.

16. Rota C, Bergamini S, Daneri F, Tomasi A, Virgili F, 
Iannone A. N-Acetylcysteine negatively modulates 
nitric oxide production in endotoxin-treated rats through 
inhibition of NF-kappaB activation. Antioxid Redox Signal. 
2002; 4: 221-226.

17. Yang LY, Ko WC, Lin CM, Lin JW, Wu JC, Lin CJ, Cheng 
HH, Shih CM. Antioxidant N-acetylcysteine blocks nerve 
growth factor-induced H2O2/ERK signaling in PC12 cells. 
Ann N Y Acad Sci. 2005; 1042: 325-337.

18. Mahmoud KM, Ammar AS. Effect of N-acetylcysteine 
on cardiac injury and oxidative stress after abdominal 
aortic aneurysm repair: a randomized controlled trial. Acta 
Anaesthesiol Scand. 2011; 55: 1015-1021.

19. Dickey DT, Wu YJ, Muldoon LL, Neuwelt EA. Protection 
against cisplatin-induced toxicities by N-acetylcysteine and 
sodium thiosulfate as assessed at the molecular, cellular, 
and in vivo levels. J Pharmacol Exp Ther. 2005; 314: 
1052-1058.

20. Behr J, Maier K, Degenkolb B, Krombach F, Vogelmeier 
C. Antioxidative and clinical effects of high-dose 
N-acetylcysteine in fibrosing alveolitis. Adjunctive therapy 
to maintenance immunosuppression. Am J Respir Crit Care 
Med. 1997; 156: 1897-1901.

21. De Flora S, Izzotti A, D'Agostini F, Balansky RM. 
Mechanisms of N-acetylcysteine in the prevention of DNA 
damage and cancer, with special reference to smoking-
related end-points. Carcinogenesis. 2001; 22: 999-1013.

22. Kawakami S, Kageyama Y, Fujii Y, Kihara K, Oshima 
H. Inhibitory effect of N-acetylcysteine on invasion and 
MMP-9 production of T24 human bladder cancer cells. 
Anticancer Res. 2001; 21: 213-219.

23. Lee YJ, Lee DM, Lee CH, Heo SH, Won SY, Im JH, Cho 
MK, Nam HS, Lee SH. Suppression of human prostate 



Oncotarget30866www.impactjournals.com/oncotarget

cancer PC-3 cell growth by N-acetylcysteine involves over-
expression of Cyr61. Toxicol In Vitro. 2011; 25: 199-205.

24. Lee MF, Chan CY, Hung HC, Chou IT, Yee AS, Huang 
CY. N-acetylcysteine (NAC) inhibits cell growth by 
mediating the EGFR/Akt/HMG box-containing protein 1 
(HBP1) signaling pathway in invasive oral cancer. Oral 
Oncol. 2013; 49: 129-135.

25. Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, 
Bergo MO. Antioxidants accelerate lung cancer progression 
in mice. Sci Transl Med. 2014; 6: 221ra215.

26. Chandel NS, Tuveson DA. The promise and perils of 
antioxidants for cancer patients. N Engl J Med. 2014; 371: 
177-178.

27. Wang X, Terpstra EJ. Ubiquitin receptors and protein 
quality control. J Mol Cell Cardiol. 2013; 55: 73-84.

28. McAuliffe SM, Morgan SL, Wyant GA, Tran LT, Muto 
KW, Chen YS, Chin KT, Partridge JC, Poole BB, Cheng 
KH, Daggett J, Jr., Cullen K, Kantoff E, et al. Targeting 
Notch, a key pathway for ovarian cancer stem cells, 
sensitizes tumors to platinum therapy. Proc Natl Acad Sci 
USA. 2012; 109: E2939-2948.

29. McClements L, Yakkundi A, Papaspyropoulos A, Harrison 
H, Ablett MP, Jithesh PV, McKeen HD, Bennett R, Donley 
C, Kissenpfennig A, McIntosh S, McCarthy HO, O'Neill 
E, et al. Targeting treatment-resistant breast cancer stem 
cells with FKBPL and its peptide derivative, AD-01, via 
the CD44 pathway. Clin Cancer Res. 2013; 19: 3881-3893.

30. Weng AP, Ferrando AA, Lee W, Morris JPt, Silverman 
LB, Sanchez-Irizarry C, Blacklow SC, Look AT, Aster JC. 
Activating mutations of NOTCH1 in human T cell acute 
lymphoblastic leukemia. Science. 2004; 306: 269-271.

31. Gordon WR, Vardar-Ulu D, L'Heureux S, Ashworth T, 
Malecki MJ, Sanchez-Irizarry C, McArthur DG, Histen G, 
Mitchell JL, Aster JC, Blacklow SC. Effects of S1 cleavage 
on the structure, surface export, and signaling activity of 
human Notch1 and Notch2. PLoS One. 2009; 4: e6613.

32. Parasassi T, Brunelli R, Costa G, De Spirito M, Krasnowska 
E, Lundeberg T, Pittaluga E, Ursini F. Thiol redox 
transitions in cell signaling: a lesson from N-acetylcysteine. 
ScientificWorldJournal. 2010; 10: 1192-1202.

33. Jia L, Yu G, Zhang Y, Wang MM. Lysosome-dependent 
degradation of Notch3. Int J Biochem Cell Biol. 2009; 41: 
2594-2598.

34. Oh SH, Lim SC. A rapid and transient ROS generation 
by cadmium triggers apoptosis via caspase-dependent 
pathway in HepG2 cells and this is inhibited through 
N-acetylcysteine-mediated catalase upregulation. Toxicol 
Appl Pharmacol. 2006; 212: 212-223.

35. Gutierrez-Uzquiza A, Arechederra M, Bragado P, Aguirre-
Ghiso JA, Porras A. p38alpha mediates cell survival in 

response to oxidative stress via induction of antioxidant 
genes: effect on the p70S6K pathway. J Biol Chem. 2012; 
287: 2632-2642.

36. Kang MY, Kim HB, Piao C, Lee KH, Hyun JW, Chang 
IY, You HJ. The critical role of catalase in prooxidant and 
antioxidant function of p53. Cell Death Differ. 2012; 20: 
117-129.

37. Halasi M, Wang M, Chavan TS, Gaponenko V, Hay N, 
Gartel AL. ROS inhibitor N-acetyl-L-cysteine antagonizes 
the activity of proteasome inhibitors. Biochem J. 2013; 454: 
201-208.

38. Jeon SM, Chandel NS, Hay N. AMPK regulates NADPH 
homeostasis to promote tumour cell survival during energy 
stress. Nature. 2012; 485: 661-665.

39. Le Gal K, Ibrahim MX, Wiel C, Sayin VI, Akula MK, 
Karlsson C, Dalin MG, Akyurek LM, Lindahl P, Nilsson J, 
Bergo MO. Antioxidants can increase melanoma metastasis 
in mice. Sci Transl Med. 2015; 7: 308re308.

40. Wyckhuys T, Verhaeghe J, Wyffels L, Langlois X, 
Schmidt M, Stroobants S, Staelens S. N-acetylcysteine- 
and MK-801-induced changes in glutamate levels do not 
affect in vivo binding of metabotropic glutamate 5 receptor 
radioligand 11C-ABP688 in rat brain. J Nucl Med. 2013; 
54: 1954-1961.

41. Moazzen H, Lu X, Ma NL, Velenosi TJ, Urquhart 
BL, Wisse LJ, Gittenberger-de Groot AC, Feng Q. 
N-Acetylcysteine prevents congenital heart defects induced 
by pregestational diabetes. Cardiovasc Diabetol. 2014; 13: 
46.

42. Hogen T, Demel C, Giese A, Angele B, Pfister HW, Koedel 
U, Klein M. Adjunctive N-acetyl-L-cysteine in treatment 
of murine pneumococcal meningitis. Antimicrob Agents 
Chemother. 2013; 57: 4825-4830.

43. Prescott LF, Donovan JW, Jarvie DR, Proudfoot AT. The 
disposition and kinetics of intravenous N-acetylcysteine 
in patients with paracetamol overdosage. Eur J Clin 
Pharmacol. 1989; 37: 501-506.

44. Flanagan RJ, Meredith TJ. Use of N-acetylcysteine in 
clinical toxicology. Am J Med. 1991; 91: 131S-139S.

45. Dang L, Yoon K, Wang M, Gaiano N. Notch3 signaling 
promotes radial glial/progenitor character in the mammalian 
telencephalon. Dev Neurosci. 2006; 28: 58-69.

46. Song G, Zhang Y, Wang L. MicroRNA-206 targets notch3, 
activates apoptosis, and inhibits tumor cell migration and 
focus formation. J Biol Chem. 2009; 284: 31921-31927.

47. Zhu JH, Chen R, Yi W, Cantin GT, Fearns C, Yang Y, 
Yates JR, 3rd, Lee JD. Protein tyrosine phosphatase 
PTPN13 negatively regulates Her2/ErbB2 malignant 
signaling. Oncogene. 2008; 27: 2525-2531.


