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NOS1 S-nitrosylates PTEN and inhibits autophagy in
nasopharyngeal carcinoma cells
Lingqun Zhu1,4, Linlin Li1,4, Qianbing Zhang1,4, Xiao Yang1, Zhiwei Zou1, Bingtao Hao1, Francesco M Marincola2, Zhengjun Liu3,
Zhuo Zhong1, Meng Wang1, Xiaoxuan Li1, Qianli Wang1, Keyi Li1, Wenwen Gao1, Kaitai Yao1 and Qiuzhen Liu1

Autophagy is a cellular survival mechanism that involves the catabolic degradation of damaged proteins and organelles during
periods of metabolic stress, and when overly stimulated, commonly contributes to cell death. Nitric oxide (NO), a potent cellular
messenger, participates in a complex mechanism which assists in controlling autophagy. However, the mechanism by which
endogenous NO formed by distinct isoforms of nitric oxide synthase (NOS) helps to regulate autophagy in cancer cells remains
unclear. Here we report that NOS1 reduces excessive levels of autophagy and promotes the survival of nasopharyngeal carcinoma
cells. We found that inhibition of NOS1 increased cell death resulting from siRNA or the use of pharmacologic agents; and this effect
was reversed by the autophagy inhibitor, chloroquine. The role of NOS1 in the autophagy process depended on the activation of
AKT/mTOR signaling by S-nitrosylation of phosphatase and tensin homolog (PTEN) proteins. The mechanism by which NOS1
modifies PTEN protein might involve a direct interaction between these two molecules. Moreover, in an in vivo study, the NOS1
inhibitor N(G)-nitro-L-arginine methyl ester activated AKT/mTOR signaling and promoted autophagy in xenograph tumors. Our
studies demonstrated that NOS1 prevents excessive autophagy via S-nitrosylation of PTEN, and activation of the AKT/mTOR
signaling pathway. PTEN and the AKT/mTOR signaling pathway are promising targets for improving the chemotherapeutic
treatment of cancer.
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INTRODUCTION
Autophagy is a cellular self-digestion mechanism involving the
catabolic degradation of damaged proteins and organelles during
periods of metabolic stress, and is required for tumor cell survival
during periods of starvation and ongoing tumorigenesis.1,2

However, excessive autophagy is commonly associated with cell
death,3 and thus autophagy must be carefully regulated if cells
are to survive under stressful conditions. Targeting the pro-death
and pro-survival functions of autophagy has become a novel
therapeutic strategy for treating cancer.4,5 Nitric oxide (NO) is a
ubiquitous messenger molecule capable of regulating multiple
cellular signaling pathways,6,7 including those which modulate
autophagy.8,9 Exogenous NO produced by the NO donor
compound DETA-NONOate or the overexpression of three NOS
family members (NOS1, NOS2, and NOS3) creates a decrease
in autophagic flux.8 Moreover, exogenous NO can induce
S-nitrosylation of JNK1 and IKKB proteins,10 and thereby regulate
autophagy via mTOR-dependent and independent mechanisms.
S-nitrosylation of IKKB reduces AMPK phosphorylation, leading to
mTORC1 activation via TSC2 (IKKB-AMPK-TSC2). Furthermore,
S-nitrosylation of JNK1 reduces Bcl-2 phosphorylation; resulting
in increased formation of the Bcl-2-Beclin1 complex (JNK-BCL-2-
Beclin1).8 As inhibiting the function of endogenous NOSs by
L-NAME-enhanced autophagy does not require the two pathways
mentioned above, endogenous NOSs in their basal state might
exert their effects by other mechanisms.8 NO and nitric oxide
synthases are ubiquitous enzymes in malignant tumors, and

known to exert both pro- and anti-tumor effects.11 When present
at low to intermediate concentrations, NO stimulates various
oncogenic signaling pathways such as AKT, ERK, and HIF, and
when present at high concentrations, NO can produce nitrosative
stress and stimulate anti-oncogenic signaling mechanisms such as
the p53 and apoptosis pathways.7,11,12 Endogenous NO is formed
by three NOS isoforms (NOS1, NOS2, and NOS3) that differ in the
way they modify transcription processes and enzyme activity.6,7

NOS1 and NOS3 are constitutively expressed in cells, and both
produce low levels of NO in response to stimulation of intracellular
cellular calcium flux. In contrast, NOS2 is inducible, becomes
increasingly expressed in response to inflammation, and produces
high levels of NO in a calcium-independent manner.7 Thus, the
existing evidence suggests that NOS1 and NOS3 mainly function
in promoting tumor development, while depending on the state
of a cell, NOS2 might also play an additional role in tumor
progression, However, it remains unknown whether distinct NOS
isoforms play different roles in regulating autophagy, and which
signaling pathways are involved.
The mammalian target of rapamycin (mTOR) is a critical

regulator of autophagy.13 However, the mTOR signaling pathway
is regulated by numerous other upstream signaling pathways
including PI3K/Akt, AMPK, and p53. In particular, the mTOR
pathway is activated when levels of growth factors or amino acids
become sufficiently low to create a cellular energy crisis, and in
this manner, modulates autophagy based on the cellular energy
requirements.14 PTEN, a dual protein/lipid phosphatase, is a key
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regulator of the AKT/mTOR pathway. A mutation in the PTEN gene
or a downregulation of PTEN protein production are frequent
occurrences in several types of cancer,15,16 and lead to activation
of the AKT/mTOR signaling pathway, which is associated with
a poor clinical prognosis. Recently, PTEN in neuron cells was
reported to become selectively S-nitrosylated at cysteine residue
(Cys-83) in the presence of low concentrations of NO.17 However,
it is unclear whether endogenous NOS plays a role in inducing
S-nitrosylation of PTEN to form SNO-PTEN. Here we report that
NOS1 induces S-nitrosylation of PTEN. This leads to increased Akt/
mTOR signaling activity, which results in inhibition of autophagy
and promotion of cell viability.

RESULTS
Exogenous NO plays a dual role in regulating autophagy in NPC
cells
We first evaluated the basic level of autophagy in six NPC cell lines
(CNE1, CNE2, 6-10B, 5-8F, SUNE1, and HONE1) by immunoblotting
with antibodies against autophagy proteins LC3-II and Beclin1,
and autophagy substrate, p62. Among the six cell lines evaluated,
CNE2 and 5-8F are more aggressive cell lines when compared
with CNE1 and 6-10B, respectively.18,19 Immunoblotting studies
revealed that autophagy-related proteins LC3-II and Beclin1 were
highly expressed in CNE2 and 5-8F cells, moderately expressed in
6-10B and SUNE1 cells, and only slightly expressed in CNE1 and
HUNE1 cells, while the autophagy substrate p62/SQSTM1 showed
an opposite trend of expression (Figure 1a). This result suggested
that more aggressive NPC cell lines have higher levels of
autophagy. Therefore, we decided to use CNE2 and 5-8F cells
with high levels of autophagy in our subsequent experiments
investigating the effects of NO on autophagy.
The effect of NO on cellular functions depends on the length of

exposure and the NO concentration.11 The physiological concen-
tration of NO released by endogenous NOS isoforms is o300 nM.
We treated CNE2 and 5-8F cells with different concentrations
of the NO donor DETA NONOate (0–500 μM) to sustain a certain
NO concentration range (5–200 nM) in the cell culture medium.
Immunoblotting studies revealed that CNE2 and 5-8F cells
cultured with low concentrations of DETA NONOate (12.5–
100 umol/l) expressed lower amounts of Beclin1 protein, but
higher amounts of p62; additionally, their cellular levels of LC3-II
protein were less obviously reduced (Figure 1b). Interestingly,
these trends were reversed in cells cultured with high concentra-
tions (4100 μM) of DETA NONOate (Figure 1c). Immunofluores-
cence staining showed that the amount of LC3-II protein (green
fluorescence spots) in the cytoplasm of CNE2 cells was reduced
by high levels of NO (Figure 1d). These data indicate that low
concentrations of NO decrease autophagy levels, while higher NO
concentrations increase autophagy. Moreover, immunofluores-
cence staining also showed that the levels of Atg16L1, an early
autophagy-related protein, were regulated in a bidirectional
manner by different concentrations of NO (Figure 1d). Thus, NO
appears to help regulate autophagy during its early stage of flux.

NOS1 inhibits autophagy in NPC cells
The three isoforms of NOS are known to release different amounts
of NO in vivo.7 We had previously evaluated the amount of NO
released by cancer cells grown in our culture medium, and found
that the concentration of NO released by cancer cells in our
culture medium was 10% of that released by cells which had been
treated with 100 μM DETA-NONOate (~40 nM NO) under the same
conditions.20,21 This concentration of NO is much lower than that
released by NOS2 under conditions of inflammatory stimulation.
To evaluate the relative amount of NO released into the culture
medium by each of the NOS isoforms, we treated NPC cells with
either a broad-spectrum NOS inhibitor (L-NAME),22 or a selective

NOS1 or NOS2 inhibitor (N-PLA or 1400W, respectively). We found
that the amount of NO formed by CNE2 cells could be reduced by
treatment with any of the three inhibitors (L-NAME, N-PLA, or
1400W). Treatment with L-NAME produced a greater reduction in
the amount of NO formed by CNE2 cells when compared to
treatment with either N-PLA or 1400W. Moreover, treatment with
N-PLA produced less of a reduction in NO concentration when
compared to treatment with 1400W. These data suggest that
while all three NOS isoforms contribute to the amount of NO
released into culture medium, NOS1 may produce less NO when
compared with NOS2 (Figure 2a).
To assess the role of each distinct NOS isoform in regulating

autophagy, we evaluated the effect of individual NOS inhibitors on
expression of LC3B and p62 proteins in CNE2 cells. Immunoblot-
ting studies revealed that LC3B expression was increased, but p62
expression was decreased in CNE2 cells treated with L-NAME
or N-PLA for 48 h; while treatment with 1400W increased LC3B
expression, and did not reduce p62 expression (Figure 2b).
Additionally, immunofluorescence assays showed that inhibition
of NOS1 with either L-NAME or N-PLA increased the punctate
fluorescence that indicates LC3B and ATG16L1 expression in the
cytoplasm of CNE2 cells (Figure 2c). To verify NOS1 as an inhibitor
of autophagy in NPC cells, we evaluated any changes in auto-
phagy that occurred following NOS1 knockdown and overexpres-
sion, respectively. As expected, expression of LC3B and Beclin1
proteins was markedly increased in CNE2 cells containing siNOS1;
however, both proteins showed markedly decreased expression in
CNE2 cells which overexpressed NOS1, when compared with
expression in their control groups (Figures 2d and e). These results
suggest that under basal conditions, NOS1 helps to inhibit
autophagy by producing a small amount of NO. In contrast,
NOS2 only partially impacts the formation of autophagosomes
during the early phase, and is not an effective inhibitor of
autophagy.

Autophagy inhibition by NOS1 contributed to cell survival and
resistance to cisplatin (DDP) in NPC cells
Cancer cells employ increased rates of autophagy as a survival
mechanism to protect themselves against different types of
cellular stress.1 Flow cytometry studies revealed that NOS1
knockdown by siRNA significantly increased both the PI and
Annexin V-FITC positive cell populations, which are indicative of
dead cells and apoptotic cells, respectively (Figure 3a). We
performed NOS1 knockdown and overexpression studies to
investigate how NOS1 might affect the viability of NPC cells.
MTT assays showed that when compared with the control groups,
knockdown of NOS1 greatly reduced the numbers of viable
NPC cells, while overexpression of NOS1 did not have this effect.
Moreover, CNE2 cells that overexpressed NOS1 displayed
increased proliferation after 48 h (Figures 3b and c). We next
used the autophagy inhibitor chloroquine to investigate whether
the increased cell death seen among NOS1 knockdown cells was
related to autophagy. MTT tests showed that the increased cell
death which occurred following NOS1 knockdown could be
partially blocked by treatment with chloroquine (Figure 3b). This
result suggests that NOS1 promotes cell viability in vitro by
regulating autophagy.
A previous study showed that depletion of endogenous NO

enhanced DDP-induced cell death.23 To examine whether NOS1
might play a role in chemotherapy resistance, we investigated the
effect of genetically knocking down or forcing overexpression of
NOS1 on the viability of CNE2 cells being treated with DDP.
Following DDP treatment, cells with siNOS1 were significantly less
viable when compared with control cells (Figure 3d). In contrast,
overexpression of NOS1 partially blocked DDP-induced cell death
(Figure 3e). We next evaluated whether inhibiting NOS1 could
improve the effect of chemotherapy. Cells were treated with DDP
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in the presence or absence of a single NOS inhibitor (either
L-NAME, N-PLA, or 1400W). MTT assays showed that NOS1
inhibition caused by either L-NAME or N-PLA increased the level
of cell death induced by DDP, while NOS2 inhibition caused
by 1400W protected cells from the effects of DDP treatment
(Figure 3f). We also used different doses of the NO-releasing
compound DETA NONOate to test whether exogenous NO might
regulate NPC cell viability. We found that while low concentrations
(o100 μM) of DETA NONOate could mildly increase cell viability,
its effect on viability was not as significant as that produced by
NOS1 overexpression. Moreover, high concentrations of artificially
released NO reduced the percentage of viable cells (Figure 3g).
The increased viability of CNE2 cells exposed to a low concentra-
tion of exogenous NO suggests that NOS1 regulates cell viability
through its products of NO. The results described above indicate
that NOS1 inhibits autophagy, contributes to cell viability, and
plays a role in the chemoresistance of NPC cells. Additionally,
inhibition of NOS1 either by genetic or pharmacologic methods
promotes DDP-induced cell death.

Autophagy inhibition by NOS1 depends on activation of the AKT/
mTOR pathway
The AKT/mTOR signaling pathway is constitutively activated in
nasopharyngeal carcinoma (NPC) tissue.24 To investigate whether
the role played by NOS1 in autophagy inhibition depends on
activation of AKT/mTOR signaling, we evaluated the effect of
NOS1 on AKT/mTOR signaling induced by NOS1 siRNA, as well as
by overexpression of NOS1. The activity status of the AKT and
mTOR pathways was evaluated by determining the levels of
phosphorylated AKT and TOR proteins (p-AKT and p-mTOR,
respectively). Immunoblotting studies showed that the levels of
p-AKT and p-mTOR were decreased by NOS1 knockdown with
siRNA, while the total amounts of AKT and mTOR proteins
remained unchanged. However, slightly increased levels of p-AKT
and p-mTOR proteins were detected when NOS1 was over-
expressed (Figures 4a and b). To investigate whether only NOS1
activates AKT/mTOR signaling, we evaluated the effects of several
NOS inhibitors (L-NAME, N-PLA, and 1400W) on the activation of
AKT/mTOR signaling. A 48-h treatment with either L-NAME or

Figure 1. Exogenous NO plays a dual role in regulation of autophagy. (a) Basic level of autophagy in six of NPC cell lines was tested by western
blot using antibodies against LC3B, Beclin1 (autophagy-related protein) and p62 (autophagy substrate). (b) Immunoblot shows that
autophagy was inhibited by low concentration of exogenous NO (DETA-NONOate 0–100 μM for 24 h) in CNE2 (left) and 5–8F (right).
(c) Immunoblot shows that autophagy was increased by high concentration of exogenous NO (DETA NONOate 125–500 μM for 24 h) in CNE2
(left) and 5–8F (right). (d) Representative images by inversed fluorescent microscope showed that LC3B (left) and ATG16L1 (right) were
inhibited by low dose but increased by high dose of NO after immunostained with primary antibodies and corresponding FITC-conjugated
secondary antibodies. Nuclei were counterstained with DAPI. Representative images of each sample are shown. (Blots were probed for GAPDH
as a control for equal protein loading in all lanes).
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N-PLA significantly reduced the levels of p-AKT and p-mTOR
proteins, as well as the downstream levels of phosphorylated
mTOR S6 (p-S6). In contrast, treatment with 1400W did not
significantly reduce the levels of p-AKT, but did significantly
reduce the levels of p-S6 (Figure 4c). Moreover, exogenous NO
produced by 50–100 μM DETA NONOate significantly increased
the levels of phosphorylated S6 present in CNE2 cells after 48 h of
treatment, but only slightly increased the levels of p-AKT
(Figure 4d). These data indicate that the ability of NOS1 to
activate mTOR is dependent on AKT activation, while NOS2 or a
certain level of NO might activate mTOR signaling via another
mechanism upstream of mTOR, instead of via the AKT pathway.
Next, we used chemical inhibitors of AKT and mTOR (Akt1/2

kinase inhibitor and rapamycin, respectively) to investigate
whether NOS1-induced autophagy inhibition was correlated with
the role of NOS1 in activating the AKT/mTOR pathway. Treatment
with rapamycin not only increased the basal levels of LC3B and
Beclin1 in CNE2 cells, but also reversed the decreases in LC3B and
Beclin1 levels which had been induced by treatment with DEAT-
NONOate or by NOS1 overexpression (GV358-NOS1; Figure 4e).
Treatment with Akt1/2 kinase inhibitor significantly decreased
the basal levels of p-AKT, and markedly reversed the increased
p-AKT levels which had been induced by NOS1 overexpression.
Additionally, Akt1/2 kinase inhibitor treatment also decreased the
levels of p-S6 and increased the levels of LC3B expression
(Figure 4f). These results demonstrated that NOS1-induced

activation of mTOR signaling and the upstream AKT pathway is
indispensable for the ability of NOS1 to reduce autophagy
inhibition.
A previous study showed that AMPK activates autophagy by

inhibiting mTOR and directly phosphorylating ULK1.25 To deter-
mine whether regulation of mTOR by NOS1 in NPC cells is
dependent on AMPK activity, we used western blotting to detect
the levels of p-AMPK and AMPK proteins in NPC cells treated with
a NOS1 inhibitor or NO donor. We found no dramatic difference
regarding the results obtained in the presence or absence of
a NO donor and NOS1 inhibitor (Figure 4g). This result suggests
that activation of mTOR by NOS1 does not require participation of
the AMPK pathway. Taken together, these results indicate that
inhibition of autophagy proteins in NPC cells is dependent on
AKT/mTOR signaling.

NOS1 activates AKT/mTOR signaling by inducing S-nitrosylation of
PTEN
PTEN is a crucial negative regulator of AKT/mTOR signaling, and
in neural cells, is modulated by NO-induced S-nitrosylation.17

We investigated whether NOS1 nitrosylates PTEN to activate AKT/
mTOR signaling. The levels of S-nitrosylated PTEN in CNE2 cells were
measured by immunoblotting with an S-nitrosylation antibody after
the cells had been treated with 50 μM DETA NONOate or had
overexpressed NOS1. Our results showed that both exogenous NO

Figure 2. NOS1 activity and expression in NPC cells control the base level of autophagy. (a) NO of CNE2 cells could be reduced by treatment
with any of the three inhibitors. The relative amount of NO released into the culture medium was tested by the Griess method after treated
with L-NAME (1 mM), N-PLA (100 μM), or 1400W (100 μM), respectively, in CNE2 cells for 24 h. (b) Inhibition of NOS1 activity by non-selective
inhibitor L-NAME (left) or selective inhibitor N-PLA (right) for various time periods (24, 48, and 72 h) increased autophagy level CNE2; inhibition
of NOS2 activity with selective inhibitor 1400W increased LC3B but not decreased substrate p62 tested by western blot. (c) Representative
images of increased LC3B (left) and ATG16L1 (right) detected by immunofluorescent after treated with L-NAME and 1400W for 24 h (nuclei
were counterstained with DAPI). (d) Downregulation of NOS1 by siRNA induced increased autophagy level in CNE2 cells. (e) NOS1
overexpression after infected with GV358-NOS1 for 48 h decreased the level of autophagy in CNE2 cells. GAPDH was used as a loading control.
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produced by DETA NONOate and endogenous NO produced
by NOS1 overexpression significantly enhanced the levels of
S-nitrosylated PTEN, as compared with those levels found in control
cells (Figure 5a). The increased S-nitrosylation of PTEN was followed
by an enhanced phosphorylation of AKT and S6 proteins in the AKT/
mTOR pathway (Figure 5b). Moreover, depletion of S-nitrosylation
activity by treatment with the reducing agent 1,4-Dithiothreitol
reversed the increased levels of p-AKT and p-S6 produced by
NOS1 overexpression. This reversal was followed by a recovery of

autophagy-related protein expression (Figure 5b). These data suggest
that NOS1-induced SNO-PTEN promoted activation of the AKT/mTOR
signaling pathway in NPC cells.
Although NO can be toxic to cells, it has a very short biological

half-life.6 NOS1 activity must be tightly regulated by targeting its
activity toward specific subcellular sites via PDZ domains, which
are essential for establishing functional protein networks that
control diverse cellular functions.26,27 PTEN possesses a C-terminal
PDZ-binding motif that is recognized by a specific set of PDZ

Figure 3. Autophagy inhibition by NOS1 contributed to cell survival and chemoresistance to DDP in NPC cells. (a) Flow cytometry analysis
indicates siNOS1 increased the death (PI positive ) and apoptosis (Annexin V positive) cells in CNE2; (b) The increased cell death by NOS1
siRNA was reversed significantly by autophagy inhibitor chloroquine in CNE2 compared to siRNA control tested by MTT or flowcytometry.
(c) Overexpression of NOS1 by transfer with GV358-NOS1 promoted cell growth in CNE2 cells tested with MTT. (d, e) siNOS1 (d) increased
while NOS1 overexpression (e) decreased the cell death induced by treatment with 2.5 μM DDP (DDP) for 48 h measured by MTT assay as
compared to control. (f) Treated with selective inhibitor for NOS1 (N-PLA) but not for NOS2 (1400W) increases the sensitivity of CNE2 to DDP
treatment as measured by MTT assay. (g) Cells were incubated with the indicated doses of DETA NONOate for 48 h, cell viability was analyzed
by MTT. (The figure showed by combining the value of three independent experiments; values=mean± S.E., *Po0.05; **Po0.01;
***Po0.001).
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domains found in scaffolding and regulatory proteins or
enzymes.28,29 In some instances, stabilization of PTEN protein
increases its catalytic activity, as measured by decreased p-AKT
levels.30,31 We investigated whether NOS1 binds to PTEN for pur-
poses of nitrosylating PTEN. Co-immunoprecipitation assays showed
that NOS1 detected by an anti-NOS1 antibody in GV358-NOS1 cells
co-immunoprecipitated with PTEN (Figure 5c).

NOS1 inhibits autophagy in vivo by activating PTEN/AKT/mTOR
signaling
In our previous study using a NPC xenograft model with CNE2
cells, we observed that inhibition of NOS by treatment with
L-NAME resulted in markedly inhibited tumor growth (data not
shown). To verify that NOS1 inhibits autophagy in vivo, we
performed histochemical analyses that evaluated the effect of

Figure 4. NOS1 inhibition on autophagy depends on the activation of AKT/mTOR signal in NPC cells. (a, b) siRNA-NOS1 (a) decreased while
overexpression-NOS1 (b) increased the p-AKT, p-mTOR, and p-S6 level. (c) Treated with L-NAME (1 mM, left) or N-PLA (100 μM, median) but not
1400W (right) decreased the level of p-AKT, p-mTOR, and p-S6 tested by immunoblotting with antibody for p-AKT(Ser473), AKT, p-mTOR
(Ser2448), mTOR, p-S6 (S235/236), and S6. (d) Treated with either DETA NONOate by indicated concentration for 24 h increased the p-AKT,
p-mTOR, and p-S6 level in CNE2 tested by western blot. (e) Treated with mTOR inhibitor rapamycin for 24 h reversed overexpresison NOS1
(up) or NO donor (down) induced the increasing of autophagy. (f) Inhibition of AKT with AKT inhibitor II for 24 h increased the autophagy
level, which had been inhibited by being treated with NOS1 overexpression tested by immunoblotting with antibody for autophagy protein
and events of AKT/mTOR signal. (g) Treated with 50 μM DETA-NONOate or NOS1 inhibitor L-NAME (1 mM) or N-PLA (100 μM) did not alter the
level of p-AMPKα (T172) and AMPKα by immunoblotting; GAPDH was probed to ensure equal protein loading.
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L-NAME treatment on the level of autophagy and activation of
AKT/mTOR signaling in both control and L-NAME-treated samples.
The results showed that L-NAME inhibited these processes at the
level of p-AKT and p-S6 (Figure 6a). Moreover, L-NAME upregu-
lated expression of autophagy-related protein LC3B and down-
regulated the autophagy substrate, p62 (Figure 6b).
S-nitrosylation of PTEN facilitates its ubiquitin-mediated degra-

dation, therefore, we investigated the level of PTEN protein in
tissue affected by NOS inhibition. Immunohistochemistry studies

performed with a PTEN antibody indicated that treatment with
L-NAME decreased the expression of PTEN when compared with
its expression in a control group. Interestingly, NOS1 expression
was also reduced by L-NAME. The possible existence of a back
loop in NOS1-mediated PTEN regulation needs to be investigated
in future experiments. When taken together, our data consistently
support our conclusion that NOS1-mediated inhibition of autop-
hagy in NPC cells depends on S-nitrosylation of PTEN, which
mediates the activation of AKT/mTOR signaling.

Figure 5. NOS1 activates AKT/mTOR pathway through inducing S-nitrosylation on PTEN. (a) Treated with 50 μM DETA-NONOate (up) or
infected with GV358-NOS1 (down) for 24 h increased the level of S-nitrosylation PTEN as tested by biotin-switch assay with antibody for
S-nitrosylation in CNE2 cells. Total PTEN in cell lysates was loaded as control. (b) De-S-nitrosylation of PTEN with reducing agent
1,4-Dithiothreitol (500 μM) for 24 h reversed the increased p-AKT and p-mTOR induced by NO donor or overexpresion NOS1 as detected by
western blot. (c) Interaction of NOS1 with PTEN in NOS1-GV358 cells were detected by co-immunoprecipitated with anti-NOS1 antibody.
Western blotting was performed by using indicated antibody.

Figure 6. L-NAME decreased the activation of AKT/mTOR signal and increased autophagy level in vivo. (a) Representative images of
immunohistochemistry analysis show that L-NAME decreased the p-AKT and p-S6 in xenograph tumor. (b) Representative images
of immunohistochemistry analysis show that L-NAME increased the expression of autophagy protein LC3B and autophagy substrate p62.
(c) Representative images of immunohistochemistry analysis show that L-NAME also increased the expression of PTEN mildly. All photos were
taken under a microscope at × 400 magnification.
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DISCUSSION
In this study, we demonstrated that a small amount of NO
produced by NOS1 was capable of inducing S-nitrosylation of
PTEN. This led to activation of the AKT/mTOR signaling pathway,
the downregulation of autophagy, and a resultant increase in cell
survival. Our results imply that inhibition of NOS1 by either
genetic or pharmacologic methods can inhibit the AKT/mTOR
pathway and decrease chemoresistance displayed by cancer cells.
This information may provide a clue for managing chemoresis-
tance in cases of NPC.
NPC is common throughout southern China, and has a 25-fold

greater incidence in this region when compared with its incidence
in other countries. Moreover, NPC has been consistently
associated with the Epstein–Barr virus.32 The PI3K-AKT-mTOR
signaling pathway is frequently activated in cases of NPC, and this
activation is critical for cancer cell survival; however, it is also
correlated with a poor clinical prognosis.24 The EBV latent
membrane proteins LMP1 and LMP2A are capable of inactivating
PTEN,33 which is an important tumor suppressor protein in various
types of cancer cells. Previous studies have shown that PTEN
phosphatase negatively regulates PI3K/Akt signaling,34,35 but is
frequently inactivated by a gene deletion or mutation, and also
degraded in the proteosomes of many types of cancer cells.36

Various types of post-translational modifications, including phos-
phorylation, oxidation, and acetylation, are also known to regulate
the function and stability of PTEN.37 In this study, we confirmed
that endogenous NOS could mediate S-nitrosylation of PTEN and
activate AKT/mTOR signaling, resulting in decreased levels of
autophagy and increased chemoresistance.
Protein S-nitrosylation is a covalent post-translational modifica-

tion that results from coupling a NO moiety containing a reactive
thiol group to a protein cysteine residue to form an S-nitrosothiol
(SNO) moiety.38 S-nitrosylation plays a key role in the transmission
of NO-based cellular signals involved in vital cellular processes,
including transcription regulation, DNA repair, apoptosis, and
autophagy.10,38,39 Low concentrations of either exogenous or
endogenous NO can selectively induce S-nitrosylation of PTEN at a
specific cysteine residue (Cys-83).17 Moreover, S-nitrosylation of
PTEN leads to degradation of PTEN via a ubiquitin ligase NEDD4-1-
mediated mechanism involving ubiquitin. This degradation is
followed by hyper-activation of the Akt cascade in neuron cells.40

In this study, we showed that NOS1 induces S-nitrosylation of
PTEN in NPC cells, leading to downregulation of PTEN expression
and activation of the downstream AKT/mTOR pathway. This
finding provides a new mechanism for the dysregulation of AKT/
mTOR signaling in NPC cells, and suggests a new target that might
be exploited when attempting to manage chemoresistance by
regulating autophagy.
Although all three NOSs (NOS1, NOS2, and NOS3) exist in NPC

cells and contribute to the total NO concentration in NPC cells,
only NOS1 was shown to activate AKT/mTOR signaling by
S-nitrosylation of PTEN. NOS2 produced higher levels of NO in
CNE2 cells, it only slightly S-nitrosylated PTEN. One possible factor
underlying the special ability of NOS1 to nitrosylate PTEN might
be the unique PDZ domain possessed by NOS1.26 A PDZ domain
consists of ~ 90 amino acids. Modular interactions mediated by
PDZ domains facilitate the selective and effective interaction of
NOS1 with its target substrate. In brain tissue, NOS1 is targeted
toward synaptic membranes by its interactions with scaffolding
proteins PSD-95 and PSD93, which anchor two PDZ domains.41

NOS1 interacts with its substrate by recognizing and selectively
binding the specific C terminus of its target protein molecule via
the PDZ domain. PTEN possesses a C-terminal PDZ-binding motif
that is recognized by a specific set of PDZ domains found in
scaffolding and regulatory proteins.29 Many of the proteins that
interact with PTEN via PDZ domains are multi-PDZ-domain
scaffolding proteins that stabilize PTEN and decrease p-AKT

levels.42 However, the binding of PTEN to a specific PDZ domain
containing NOS1 has not yet been reported. For the first time, this
study verified that NOS1 selectively modifies PTEN by S-nitrosyla-
tion, which is dependent on its interaction with PTEN. Future
studies will verify whether NOS1 directly or indirectly interacts
with PTEN via scaffolding and regulatory proteins containing PDZ
domains. Our current findings help to elucidate the effects of
NOS1 on autophagy, and provide a detailed molecular mechanism
explaining the efficacy of NOS1 in modulating autophagy. The
affects produced by NOS1 contribute to cell survival and impact
the development of chemoresistance. As a result, our findings may
provide clues for improving the treatment of NPC.

MATERIALS AND METHODS
Cell lines and culture
The human NPC cell lines, CNE1, CNE2, 6-10B, 5-8F, SUNE1, and HONE1,
were from previous storage cells of our institute. Cells were maintained in
RPMI 1640 (Invitrogen, Gibco, China) supplemented with 10% fetal bovine
serum (FBS; BI, Salt Lake City, UT, USA) in a humidified 5% CO2 atmosphere
at 37 °C. Stable NOS1 overexpression and nontargeted control cell lines
were generated by CNE2 cells that infected with lentivirus vector GV358
(Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin) encoding NOS1 or control
(Genechem, Shanghai, China) according to the manufacturer’s instructions.
Stable clones were infected with lentivirus and selected in culture medium
containing puromycin (2 μg/ml).

Antibodies and reagents
DETA NONOate(DETA), L-NAME, N-PLA, 1400W, and the Griess agents were
purchased from Cayman Chemical (Ann Arbor, MI, USA). Chloroquine
diphosphate salt, Akt1/2 kinase inhibitor, DDP, 1,4-Dithiothreitol, and
thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (St Louis, MO, USA), rapamycin was purchased from LC Laboratories
(Woburn, MA, USA). The primary antibody against GAPDH and β-actin was
purchased from Sigma-Aldrich. Antibodies recognizing LC3B, p-AKT(Ser473),
AKT, p-mTOR (Ser2448), mTOR, p-S6 (S235/236), S6, and p-AMPKα (Thr172)
were purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against Beclin1, p62, NOS1, PTEN, and AMPK were obtained
from Abcam (Cambridge, MA, USA). Atg16 L were purchased from MBL
(Nagoya, Japan). Secondary antibody peroxidase conjugated goat anti-rabbit
IgG (h+l) and peroxidase conjugated goat anti-mouse IgG (h+l) were
purchased from fdbiotech (Guangzhou, China). Goat anti-rabbit Alexa Fluor
488and DAPI were purchased from Invitrogen (Carlsbad, CA, USA).

Small interfering RNAs
The target sequence for NOS1 siRNA was 5′-CTAGCACTTACCAGCTCAA-3′,
the control siRNA sequence was chemically synthesized by RiboBio Co. Ltd.
(Guangzhou, China). Cells were seeded into six-well plates the day before
transfection. Thereafter, cells were transfected with serum-free Opti-MEM
media (Invitrogen, Gibco, China), lipofectamine 2000 (Invitrogen), and
100 nM siRNA according to the manufacturer’s recommendations. The
medium was replaced with fresh growth medium containing 10% fetal
bovine serum 6 h after transfection, and cells were incubated for an
additional 24 h for subsequent experiments.

Immunoblotting
Cells were plated into six-well plate 1 day before indicated treatment and
were washed twice with cold PBS before added in RIPA buffer with 1 mM
PMSF and 1 mM phosphatase inhibitor mixture. The protein concentration
in each sample was determined using the Bradford assay. After normal-
ization, equal amounts of proteins were fractionated on 8–15% SDS-PAGE
gels. The proteins were then transferred to PVDF membranes (Millipore,
Boston, MA, USA) and incubated with the indicated primary antibodies and
corresponding HRP-conjugated secondary antibodies. The immunoreactive
bands were visualized by chemiluminescence according to the manufac-
turer’s recommendations (Millipore).

Immunofluorescence
Immunofluorescence was performed as previously described.8 For immuno-
fluorescent staining, the cells were fixed with 4% paraformaldehyde after
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indicated treatment. After incubation with primary antibody, included LC3B
and ATG16L, the slides were incubated with Alexa Fluor 488-conjugated
secondary antibody for 1 h, followed by counterstaining with DAPI solution.
Images were acquired using a Nikon Eclipse TE2000 Inverted Fluorescence
Microscope System (Nikon, Tokyo, Japan) and analyzed using Nikon software.
Representative images are shown in figures with identical settings.

Co-immunoprecipitation
Immunoprecipitates were obtained using Pierce Co-Immunoprecipitation
(Co-IP) Kit (Cat. No.26149). The assay was performed according to the
manufacturer’s instructions. Using this method enables isolation of native
protein complexes from cells lysate by directly immobilizing purified
antibodies onto an agarose support. After being washed and elutioned,
the immunoprecipitates were subjected to western blot assays.

Biotin switch assay for S-nitrosylation
Detection of S-nitrosylated proteins was performed using a kit (Cat. No.
10006518, Cayman Chemical) that employs a modification of the previ-
ously described ‘biotin-switch’ method.43 Using this method, nitrosyl-
groups are replaced with biotin residues. Biotinylated proteins were then
precipitated by western blotting.

Immunohistochemistry evaluation
Tumor tissues embedded in paraffin from both the control and L-NAME-
treated groups were collected from previous experiment of our group. And
4 μM thick tissue sections were prepared on slides and then were dewaxed
and rehydrated in xylene and graded alcohols. After antigen retrieval,
slides were blocked with 0.3% hydrogen peroxide (Zhongshan Gold
Bridge, Beijing, China) and 5% BSA, followed by primary antibody at 4 °C
overnight. The indicated antibody was incubated according to the
manufacturer’s protocol. After washing with PBS, the slides were incubated
with secondary antibody (mouse/rabbit probe HRP labeling) for 30 min at
room temperature and then loaded onto DAB mixed reagent for 5 min.
Counterstain of hematoxylin was applied for 3 min.

MTT assay
Cells per well were plated overnight in 96-well plate. After treatment with
indicated compounds for the indicated time period, 10 μl MTT (5 mg/ml)
was added in each well. After incubated for 2–4 h at 37 °C when the purple
precipitate is clearly visible, 100 μl of DMSO was added to all wells
including controls. Swirl gently for 15 min and record absorbance at
490 nm by BioTek Instruments (Winooski, VT, USA).

Apoptosis assay
The percentage of cells undergoing apoptosis was determined using
Annexin V-FITC/PI double staining with the Apoptosis Detection Kit
(KeyGEN BioTECH, Nanjing, China). The assay was performed according to
the manufacturer’s instructions. Briefly, after performing the indicated
treatments, cells were collected and washed twice with pre-cold PBS
buffer, and then cells were stained with Annexin V and PI in 1 ×binding
buffer. The percentage of cells undergoing apoptosis was determined
using FACSCalibur (BD Biosciences, Franklin lakes, NJ, USA).

Statistical analysis
Each experiment was repeated at least three times. For all the quantitative
analyses represented in the histograms, the values are expressed as the
mean values ± S.D. The significance of the differences between mean
values were assessed using Student’s t-test. All computations were
calculated using the SPSS 20.0.
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