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Abstract
Melanoma is one of the cancers of fastest-rising incidence in theworld. Inducible nitric oxide synthase (iNOS) is

overexpressed in melanoma and other cancers, and previous data suggest that iNOS and nitric oxide (NO) drive
survival andproliferation of humanmelanoma cells. However, specificmechanisms throughwhich this occurs are
poorly defined. One candidate is the PI3K–AKT–mTOR pathway, which plays a major role in proliferation,
angiogenesis, and metastasis of melanoma and other cancers. We used the chick embryo chorioallantoic
membrane (CAM) assay to test the hypothesis that melanoma growth is regulated by iNOS-dependent mTOR
pathway activation. Both pharmacologic inhibition and siRNA-mediated gene silencing of iNOS suppressed
melanoma proliferation and in vivo growth on the CAM in human melanoma models. This was associated with
strong downregulation ofmTORpathway activation byWestern blot analysis of p-mTOR, p70 ribosomal S6 kinase
(p-P70S6K), p-S6RP, and p-4EBP1. iNOS expression and NO were associated with reversible nitrosylation of
tuberous sclerosis complex (TSC) 2, and inhibited dimerization of TSC2 with its inhibitory partner TSC1,
enhancing GTPase activity of its target Ras homolog enriched in brain (Rheb), a critical activator of mTOR
signaling. Immunohistochemical analysis of tumor specimens from stage III melanoma patients showed a
significant correlation between iNOS expression levels and expression of the mTOR pathway members.
Exogenously supplied NO was also sufficient to reverse the mTOR pathway inhibition by the B-Raf inhibitor
vemurafenib. In summary, covalent modification of TSC2 by iNOS-derived NO is associated with impaired TSC2/
TSC1 dimerization, mTOR pathway activation, and proliferation of human melanoma. This model is consistent
with the known association of iNOS overexpression and poor prognosis in melanoma and other cancers. Cancer
Res; 74(4); 1067–78. �2014 AACR.

Introduction
Melanoma incidence is increasing rapidly, and although

surgical removal of early-stage disease is often curative, the
mean survival time following metastasis is rarely beyond one
year due to chemotherapeutically resistant disease (1). Thus, it
is critical to identify new molecular targets for melanoma
therapy.

Inducible nitric oxide (NO) synthase (iNOS) is constitutively
overexpressed in many cancers, including melanoma and
gastric (2), breast (3), and head and neck (4) carcinomas. In
melanoma, iNOS expression correlates strongly with poor
clinical outcome (5, 6). On balance, preclinical data support
a protumor role for iNOS/NO (7) by a variety of mechanisms
(8–10). In both in vitro and in vivo models, iNOS and NO have
been variously shown to enhance carcinogenesis and tumor
progression, stimulate angiogenesis, support tumor growth,
and promote metastasis (11, 12). Thus, there is substantial
interest in themolecularmechanisms throughwhich iNOS and
NO enhance tumor growth and aggressive behavior.

The PI3K–AKT–mTOR oncogenic signaling pathway (13) is
one potential target of iNOS/NO. mTOR is activated by the
small GTPase Ras homolog enriched in brain (Rheb; refs. 14,
15), which is the target of the GTPase-activating domain of the
tuberous sclerosis complex 2 (TSC2) protein. TSC2 is a tumor
suppressor gene, which, when complexed with TSC1, inacti-
vates Rheb and thus inhibits activation of mTOR and down-
stream pathway members such as p70 ribosomal S6 kinase
(P70S6K) and eukaryotic initiation factor 4E-binding protein 1
(4EBP1).
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Limited experimental evidence supports the hypothesis that
iNOS/NO-drivenmTOR activation can contribute to oncogenic
signaling. Some studies have suggested that NO can activate
mTORsignaling innoncancermodel systems, includingmurine
macrophages (16) and vascular smooth muscle cells (17).
However, as yet there have been no studies assessing the ability
of cancer-expressed iNOS and endogenously produced NO in
physiologic concentrations to activate the mTOR pathway.

In the current study, we assessed the effect of iNOS inhibi-
tion with small-molecule antagonists or RNA interference-
mediated gene silencing (knockdown) on human melanoma
in the chick chorioallantoic membrane (CAM) model, which
has been widely used to study cancer growth and angiogenesis
in vivo (18). Our data show that in human melanoma, mTOR
pathway activation is dependent on iNOS expression/activity,
and support a model where iNOS modulates mTOR activity by
NO-mediated posttranslational modification of the upstream
regulator TSC2.

Materials and Methods
Tumor cell lines and chick embryo chorioallantoic
membrane model of tumor growth

Authenticated human melanoma lines, A375 and MeWo,
were obtained from American Type Culture Collection. The
line mel624 was obtained from the laboratory of E.A Grimm,
UT MD Anderson Cancer Center (Houston, TX) and authen-
ticated by the MD Anderson Characterized Cell Lines Core
Facility. For CAM assays, 2 � 106 log-phase, A375 cells were
implanted in 25 mL Matrigel on the CAM of 10-day-old chick
embryos (SPAFAS) as described (19, 20). Implanted cells were
treated with L-N-(1-Imonoethyl) Lysine (L-NIL) applied topi-
cally onto the upper CAM, or transfected 24 hours earlier with
iNOS-targeting, scrambled, or nontargeting control siRNA.
After 6 days, tumor growth was evaluated macroscopically,
and tumor tissue with a minimal amount of surrounding CAM
was minced, dissociated into single-cell suspension with type
1A collagenase, and live tumor cells counted by Trypan blue
exclusion. Alternatively, excised CAM tissues were homoge-
nized with passive lysis buffer (Boston Bioproducts) for West-
ern blot analysis, or fixed in 10% zinc formalin, embedded in
paraffin, cut in 5-mm sections, and analyzed by hematoxylin
and eosin (H&E) staining and immunohistochemistry (IHC).

Transient transfection of human melanoma cells
A375, Mel624, and/or MeWo cells were transfected with

Lipofectamine according to the manufacturer's (Invitrogen)
protocol. At 24 hours after transfection, cells were replated for
use in the indicated assays. Plasmid expressing the full-length
murine GFP- iNOS sequence was a generous gift from Ignacio
Rodriguez-Crespo (ComplutenseUniversity ofMadrid,Madrid,
Spain) and has been previously described (21). pMSCV-puro
GFP vector (Addgene) was used as a control. Human iNOS-
targeting siRNA Stealth RNA duplexes and nontargeting con-
trol siRNA (catalog number 46-2002) were from Invitrogen.

Chemicals and reagents
L-NIL (hydrochloride) and DEANONOate were purchased

from Cayman Chemical. 2-(4-Carboxyphenyl)-4,4, 5, 5–tetra-

methylimidazoline-1-oxyl-3-oxide (PTIO), S-nitroso-penicilla-
mine (SNAP), and dithiothreitol were from Sigma-Aldrich.
Vemurafenib (PLX4032/RG7204) was purchased from Selleck-
chem. All chemicals were prepared freshly from powdered
stock on the day of each experiment. All cell culture reagents
were from Invitrogen.

Western blot analyses
Following SDS-PAGE and transfer to nitrocellulose, mem-

branes were incubated overnight at 4�C with primary anti-
bodies against iNOS (sc-651; SantaCruz Biotechnology),mTOR
(sc-2983; Santa Cruz Biotechnology), p-mTOR Ser 2448 (sc-
2971; Santa Cruz Biotechnology), Phospho-4E-BP1 (Thr37/46;
sc-9459; Santa Cruz Biotechnology), 4E-BP1 (sc-9977; Santa
Cruz Biotechnology), Tuberin/TSC2 (D57A9; sc-3990; Santa
Cruz Biotechnology), Hamartin/TSC1 (sc-4906), and Actin
(sc-1616; Santa Cruz Biotechnology) followed by appropriate
secondary antibody conjugated to horseradish peroxidase.
Results were visualized by commercial chemiluminiscence kit
(Millipore). Relative signal intensities for total and phospho-
proteins were quantitated by densitometry using ImageJ soft-
ware (NIH, Bethesda, MD), and normalized densitometry
values were expressed as ratio of phospho- to total protein
levels.

Immunoprecipitation
Cells were seeded into 6-well plates and incubated for 1 hour

at 37�C with 100 or 300 mmol/L fresh SNAP, 100 mmol/L fresh
DEANONOate, and 1,000 or 3,000 mmol/L L-NIL. Cells were
washed with ice-cold PBS and lysed in NP-40 and X100 plus
protease inhibitors for 10 minutes on ice, then cleared by
centrifugation (10,000 g for 10 minutes at 4�C). For TSC2
immunoprecipitation, the antibody (Bethyl Laboratories cat
A300-526A) was incubated with lysates on ice for 90 minutes
before treatment with protein A beads and incubation at 4�C
for 3 hours with gentle rotation. Beads were washed, recovered
between each wash by centrifugation (1,000 g for 30 seconds at
4�C), and resuspended in sample buffer before immunoblot
analysis.

Immunohistochemistry of CAM and clinical melanoma
specimens

Formalin-fixed, paraffin-embedded (FFPE) sections (5
mmol/L) of excised human melanoma tumors from CAM were
immunostained forKi-67 (sc-23900 SantaCruzBiotechnology),
S100 (ab14849, Abcam), or HMB45 (Ventana Medical System,
Inc), p70 S6K (49D7; Cell Signaling Technology Cat # 2708),
Phospho-4E-BP1 (Thr37/46; 236B4; Cell Signaling Technology
Cat # 2855), 4E-BP1 (53H11; Cell Signaling Technology Cat #
9644), iNOS (Creative Biolabs), nitrotyrosine (EMD Millipore
Corp.). Preimmune normal mouse immunoglobulin G (IgG;
Vector Laboratories) and anti-vimentin antibody (BioGenex
Laboratories) were used as negative and positive controls,
respectively

For Ki-67 staining of CAM tissue, the fractional area occu-
pied by the immunoreactive Ki-67 was quantified with the
Bioquant image analysis system (BIOQUANT Image Analysis
Corporation) as previously described (22). Random fields from
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seven independent sections were analyzed per sample and
averaged.

Rheb GTP-gS guanine nucleotide-binding assay
A375 cells were transfected with iNOS-targeting or control

siRNA as described above. Forty hours after transfection, cells
were washed once with phosphate-free Dulbecco's Modified
Eagle Medium (Invitrogen), and processed with the Rheb
Activation Assay Kit (NewEast Biosciences) as previously
described (23). For positive and negative controls, A375 cell
lysate, was incubated with GTP-gS or GDP, respectively, for 90
minutes before immunoprecipitation.

Biotin switch assay of S-nitrosylation
The biotin switch assay was performed according to the

method of Jaffrey and Snyder (24) with somemodifications. Cell
lysates were prepared in SDS sample buffer incubated for 16
hours at 37�C in the dark with either 100 mmol/L fresh SNAP,
1,000 mmol/L L-NIL, 300 mmol/L PTIO, and 1 hour with 10
mmol/L DTT room temperature or left untreated, after which
they were subjected to biotin-switch assay using the S-Nitro-
sylated Protein Detection Kit (Cayman Chemical). After the
biotin-switch assay, biotinilatedproteinswerepulleddownwith
streptavidine-agarose beads (Thermo Scientific) and the eluate
was resolved by SDS-PAGE and analyzed by immunoblotting.

Clonogenic survival assay
Cellswere seeded into 6-well plates at concentrations of 500/

well or 1,000/well in triplicate. After 24 hours, L-NIL was added
or cells were transiently transfected with siRNA as described
above before changing to serum-containing medium. Cells
were incubated for 10 to 14 days to form visible colonies.
Colonies were stained with methylene blue, rinsed with water,
air-dried and imaged and quantified by using ImageJ, and
colony number was counted. Cell colonies were visually iden-
tified and colonies more than 50 cells counted (25)

TUNEL staining
FFPE tissue sections (5 mm) from CAM were processed for

terminal deoxynucleotidyl transferase–mediated dUTP nick
end labeling (TUNEL). The ApoTag Fluorescein In Situ Apo-
ptosis Detection Kit (Millipore) was used according to the
manufacturer's instruction. Five different fields were counted
per sample. TUNEL kit: S7110, EMD Millipore Corporation.
Mounting Medium with propidium iodide is H-1300 (Vector
Laboratories).

Analysis of cell-cycle progression
Cells were plated at a density of 1� 105 cells/5 mL medium

in 60 cm-diameter dishes and L-NIL added 24 hours later in
fresh medium. Adherent cells were harvested 48 hours later by
trypsinization and centrifugation. After washing with PBS,
propidium iodide was added and the DNA content of stained
nuclei analyzed by flow cytometry with the FACSCalibur using
FlowJo 7.6 software.

Statistical analysis
Associations between staining number and intensity levels

of iNOS, nitrotyrosine, p-4EBP1, and p70S6K coexpression in

clinical melanoma samples were assessed using Fisher exact
tests. Overall survival was determined from stage III diagnosis
to last known vital status. Patients alive at the last follow-up
date were censored. Associations between iNOS expression
levels and overall survival were assessed using univariate Cox
proportional hazards models. Throughout the paper, error
bars indicate SEM, � indicates P < 0.05 significance, and ��

indicates P < 0.01 significance.

Results
iNOS inhibition or knockdown suppresses in vivo growth
of human melanoma in the CAM model

Nitrotyrosine is a stable NO end product and marker of
cumulative iNOS activity (26). To assess the contribution of
iNOS to humanmelanoma growth in a physiologically relevant
setting, we established primary A375 melanoma tumors in the
CAM assay and treated them with the iNOS-selective compet-
itive antagonist L-NIL (27, 28) or gene knockdown with iNOS-
targeting siRNA (29). iNOS knockdown decreased constitutive
iNOS gene expression (Fig. 1A), and both siRNA and L-NIL
markedly suppressed nitrotyrosine accumulation in A375
tumors grown on CAM (Fig. 1A and B).

Well-vascularized three-dimensional tumor nodules were
present by 6 days after inoculation of melanoma cells into
Matrigel upon the CAM. Immunohistochemical staining with
themelanomamarkers S100 (Fig. 2A; ref. 30), andHMB45 (data
not shown) as well as conventional H&E sections (Fig. 2B)
verified discrete humanmelanoma tumors on the background
of chicken-derived CAM cells. iNOS knockdown (Fig. 2C) or
L-NIL (Fig. 2D) suppressed both macroscopic tumor growth
across several human melanoma cell lines (A375, Mel624, and
MeWo), and the number of viable tumor cells (Fig. 2B and C
and Supplementary Fig. S1A and S1B).

Growth suppression of human melanoma after iNOS
knockdown or inhibition is associated with decreased
clonogenic survival and proliferation, and increased
apoptosis

The clonogenic survival assay has been shown to correlate
with tumor cell proliferative capacity in vivo (31). Both iNOS
inhibition and knockdown suppressed in vitro clonogenic
growth of A375 cells (Fig. 3A), consistent with the marked
reduction in in vivo tumor growth. L-NIL treatment in vitro also
arrested A375 cells at the G2–M phase of the cell cycle (Fig. 3B;
ref. 32). iNOS knockdown in vivo also inhibited by over 50%
immunostaining for the proliferation marker Ki-67 (Fig. 3C;
ref. 33). Furthermore, iNOS knockdown increased by 2-fold
apoptosis in vivo asmeasured by TUNEL assay (Fig. 3D; ref. 34).
Thus, the marked melanoma growth suppression observed
with iNOS inhibition or silencing is the result of concomitant
inhibition of proliferation and increased apoptotic cell death.

Constitutive activation of the mTOR growth/survival
pathway in vivo is downregulated by knockdown or
inhibition of iNOS in human melanoma

Because the mTOR pathway has been shown to be a key
mediator of proliferation and survival for melanoma (35) and
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other tumors (36), we focused on this pathway in two human
metastatic melanoma cell lines grown in CAM, A375 (bearing
the clinically significant BRAFV600E mutation; Fig. 4A and B),
and MeWo (wild-type BRAF; Fig. 4C and D). iNOS-targeting
siRNA and iNOS inhibition with L-NIL coordinately down-
regulated expression of the activated (phosphorylated) form of
multiple mTOR pathway members in a dose-dependent fash-
ion (Fig. 4A and B).

Specificity of the iNOS-targeting siRNA is demonstrated by
the similar effect of siRNA constructs targeting different
regions of the iNOS gene (Fig. 4C), and the lack of effect of
two different control constructs derived from scrambled
iNOS-targeting sequences (Figs. 2C and 4A and C) We further
confirmed specificity of iNOS-targeting siRNA by performing
genetic rescue of siRNA-treated cells with a construct expres-

sing GFP fused to murine iNOS (GFP-iNOS; Fig. 5A; ref. 21),
which is incompletely homologous with the human ortholog
and thus resistant to knockdown (Supplementary Fig. S2).
GFP iNOS markedly upregulated iNOS expression and
reversed siRNA-mediated inhibition of S6RP and 4EBP1 phos-
phorylation (Fig. 5B). We also noted modest, but reproducible
upregulation of S6RP and 4EBP1 phosphorylation in cells
transfected with the GFP-iNOS construct but not GFP alone,
consistent with previously published data (37). Taken togeth-
er, our results demonstrate that endogenous iNOS expression
is required to maintain high levels of the constitutive mTOR
pathway activation in two human melanoma and that inhi-
bition of iNOS activity or gene expression markedly down-
regulates mTOR signaling in melanoma cells in a reversible
fashion.
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Figure 1. Effect of the iNOS-selective competitive antagonist L-NIL or iNOS siRNA knockdown on iNOS protein and nitrotyrosine levels. A375 cells
were transfected with siRNA against iNOS or control siRNA at the indicated concentration and cultured for 24 hours before inoculation on the CAM (A) or
allowed to grow on CAM in the presence of the indicated concentrations of L-NIL (B). After 5 days, tumors were excised and whole-cell lysates subjected to
SDS-PAGE and Western blot analysis for iNOS, nitrotyrosine, and actin. Representative Western blot analyses are shown, and the accompanying
graphs show relative nitrotyrosine (NT) levels derived from three independent experiments. �, P < 0.05 significance; ��, P < 0.01 significance.
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iNOS-mediated S-nitrosylation of TSC2 regulates
TSC2/TSC1 dimerization and the activity of the
mTOR-activating small GTPase Rheb
S-Nitrosylation is a reversible NO-mediated posttranslation-

al modification of cysteine residues, which can affect protein
stability or activity, and thus a candidatemediator of activation
by iNOS. To examine whether this mechanism occurs in
human melanoma cells, A375 cells were treated with SNAP
(a donor of NO), PTIO (an NO scavenger), or L-NIL for 16 hours
before harvest of cell lysates and biotin switch assay to detect
nitrosylated proteins (38). Constitutively nitrosylated proteins
biotinylated during the biotin switch reactionwere observed in
untreated and SNAP-treated lanes, with a marked reduction in

biotinylation intensity in lysates from L-NIL- and PTIO-treated
cells (Fig. 6A), demonstrating reversible nitrosylation of endog-
enous proteins in melanoma.

To assess nitrosylation of specific mTOR pathway proteins,
we performed a streptavidin-agarose pulldown after the biotin
switch reaction, followed by immunoblot analysis for specific
proteins of interest. This method successfully detected nitro-
sylation of several control proteins previously known to be
S-nitrosylated, including Bcl-2 (39) and AKT (Supplementary
Fig. S3; ref. 40).We observed endogenous nitrosylation of TSC2,
whichwas enhanced by treatment of the cell lysate with theNO
donor SNAP. Reversibility of TSC2 nitrosylation was confirmed
by loss of the SNO-TSC2 band after biotin switch with lysate
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from L-NIL- or PTIO-treated cells (Fig. 6B). However, total
TSC2 levels were not affected, suggesting that nitrosylation
does not affect TSC2 stability.

TSC1/TSC2 dimerization is a critical checkpoint for down-
stream Rheb activation required for mTOR pathway signaling.
To further characterize the mechanism of NO-mediated con-
trol of TSC2 activity, we performed coimmunoprecipitation
studies to determine the effect of NO on TSC1/TSC2 binding.
A375 cells were treated with two structurally different NO
donors DEANONOate and SNAP (Fig. 6C) or L-NIL. We immu-
noprecipitated cell lysates with anti-TSC2 antibody and per-
formed immunoblotting of immunoprecipitate complexes and
crude lysates (total lysate) with anti-TSC1, -TSC2, or -actin
antibody. NO treatment decreased the binding of TSC1 to

TSC2, whereas L-NIL enhanced binding. These experiments
demonstrate that iNOS/NO modulates dimerization of TSC2
with its inhibitory partner TSC1. We next investigated the
association of TSC2 nitrosylation with activation of down-
stream signaling, by assessing Rheb GTPase activity. iNOS-
targeting siRNA almost completely inhibited Rheb activation
(Fig. 6D), demonstrating control of Rheb activity by iNOS.
Although iNOS and NO can potentially also control mTOR
pathway activation by acting on AKT or on upstream path-
ways, whichmodulate AKT activation (41), we saw no evidence
that iNOS inhibition downregulated AKT phosphorylation
(Supplementary Fig. S4). We also saw little effect of the NO-
dependent guanyl cyclase inhibitor ODQ, on mTOR pathway
activation (Supplementary Fig. S5), suggesting that iNOS/NO
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regulation is independent of this mechanism. Thus, we infer
that iNOS/NO indirectly controls Rheb activity by nitrosylation
of the immediately upstream regulator TSC2.

Coexpression of iNOS, nitrotyrosine, p-4EBP1, and
p70S6K in clinical melanoma samples, and effect of NO
on mTOR signaling downstream of B-Raf
We used IHC to examine expression of iNOS, nitrotyro-

sine, p-4EBP1, and p70S6K in vivo in tissue microarrays
(TMA) from metastatic tumors from stage III melanoma
patients (representative stains shown in Fig. 7A). Staining for
iNOS was discrete and variable among tumors, whereas the
NO biomarker nitrotyrosine showed more diffuse staining,
consistent with the high diffusivity of NO. Antibodies to
phospho-4EBP1 and p70S6K also showed the anticipated
cytoplasmic staining.
To explore whether iNOS and nitrotyrosine staining levels

correlated with mTOR pathway activation, we evaluated

staining number (% of cells positively staining) and intensity
for all markers in random fields from three TMA cores (6)
and tested for pairwise associations between markers, and
between staining intensity and overall and disease-free
survival. Of 118 available patient samples, staining data were
available for 112 (nitrotyrosine), 108 (iNOS), 103 (p-4EBP1),
and 100 (p70S6K) patients. We found a significant correla-
tion between iNOS and nitrotyrosine staining number (P ¼
0.0043) and intensity (P < 0.0001), consistent with the role of
iNOS as the primary NO-producing enzyme in human mel-
anoma cells. We also found statistically significant associa-
tions between phospho-4EBP1 and p70S6K number (P <
0.0001) and intensity (P < 0.0001) by Fisher exact test,
presumably reflecting upregulation of both markers during
the mTOR pathway activation. iNOS staining intensity and
nitrotyrosine staining intensity were significantly correlated
with p70S6K and nitrotyrosine intensity, respectively (Fig.
7B). Thus, we observed a positive association between iNOS

Figure 4. iNOS knockdown or targeted inhibition suppresses mTOR pathway activation in vivo. A375 cells were transfected with iNOS-targeting or control
siRNA (A) or the indicated concentrations of L-NIL and CAM assay (B) performed as described in Fig. 1. Whole-cell lysates were subjected to SDS-PAGE and
Western blot analysis for mTOR phosphorylated at serine 2448 (Ser2448), p-P70S6K phosphorylated at threonine 389 (Thr389), p-4EBP1 phosphorylated at
threonine 37/46 (Thr37/46), p-S6RP phospho at serine 235/236 (Ser235/236), and actin as a loading control. C, MeWo cells were transfected with
iNOS-targeting or control siRNA before CAM assay and Western blot analysis for mTOR, p-P70S6K, p-4EBP1, p-S6RP, and actin. D, quantitation of
phospho-4EBP1 versus total protein and phospho-S6RP versus actin was by densitometric analysis. All graphs represent data derived from
three independent experiments. �, P < 0.05 significance; ��, P < 0.01 significance.
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upregulation and the mTOR pathway activation in clinical
melanoma specimens similar to what we observed in human
melanoma in the CAM assay

We then examined the effect of NO on mTOR signaling
downstream of the BRAF inhibitor vemurafenib (PLX4032/
RG7204; refs. 39, 40) because it is used clinically in treatment of
melanoma. Cells were treated with vemurafenib and the
exogenous NO donor DEANONOate, or a combination of both
for 3 hours. Western blot analysis revealed that short-term
treatment with vemurafenib alone markedly reduced phos-
phorylation of downstream mTOR pathway members S6RP
and 4EBP1 in A375 lysates. We found that exogenously sup-
plied NO reverses mTOR inhibition seen after vemurafenib

treatment (Fig. 7C and D), suggesting that NO can act down-
stream of BRAF to bypass BRAF inhibition, and thus may serve
as a potential mechanism of escape (41, 42).

Discussion
In the present study, we used human melanoma grown in

the in vivo CAM model to test the hypothesis that iNOS
upregulation by cancer cells enhances tumor growth and
survival by driving mTOR pathway activation, a critical medi-
ator of oncogenic signaling. We found that iNOS expression in
human melanoma leads to nitrosylation of TSC2, which is
associated with impaired dimerization of TSC2 with its inhib-
itory partner TSC1 and enhanced activation of its target, the
small GTPase Rheb, and subsequent activation of downstream
members of the mTOR pathway. iNOS-mediated activation of
mTOR signaling is oncologically significant, leading to
enhanced proliferation as measured by Ki-67 immunostaining
and cell-cycle analysis, decreased apoptosis, and macroscopic
tumor growth onCAM.We also find evidence that iNOS-driven
mTOR activation is clinically relevant because iNOS and
nitrotyrosine expressions are positively correlated with S6K
and phospho-4EBP1 upregulation by IHC ofmetastatic human
melanoma samples.

In the present study, we functionally dissect the role of
endogenous iNOS/NO expression with the selective iNOS
inhibitor L-NIL and iNOS-targeting siRNA, thus showing that
the upregulation of iNOS previously reported in melanoma
and many other cancers is itself sufficient to drive mTOR
pathway activation and tumor growth. This is consistent
with prior studies showing that iNOS upregulation induces
many of the hallmarks of mTOR activation (proliferation,
survival, angiogenesis, treatment resistance) and is associ-
ated with poor prognosis in human melanoma patients. In
fact, downregulation of mTOR activation by iNOS inhibition
or knockdown was associated with a striking reduction in
melanoma growth on the CAM, similar to that which we
have previously reported in mouse xenograft studies (27).
We also noted a robust effect of iNOS inhibition or knock-
down on in vitro colony formation by human melanoma
cells, suggesting that even in vitro iNOS may be required for
optimum clonogenicity of founder cells. We also found that
exogenously supplied NO reverses mTOR pathway inhibition
seen after vemurafenib treatment, suggesting that NO can
act downstream of BRAF to bypass BRAF inhibition, and
thus is a potential mechanism of escape (40, 42).

Although NO is pleiotropic and can potentially regulate
mTOR pathway activation through other mechanism, such
as nitrosylation of EGF receptor and other molecules
upstream of mTOR signaling (PMID 22878588), our study
is also the first to propose nitrosylation of an mTOR pathway
member as a biochemical mechanism linking cancer-related
iNOS/NO overexpression with pathway activation. NO can
alter signal transduction pathways via covalent modification
of target proteins through nitration and nitrosylation. We
show by biotin switch assay that TSC2, which in the acti-
vated state acts to suppress mTOR activation, by forming a
Rheb-inactivating complex with TSC1, is constitutively
nitrosylated in melanoma cells. Immunoprecipitation
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experiments demonstrate that iNOS/NO modulates dimer-
ization of TSC2 with its inhibitory partner TSC1, a critical
checkpoint for downstream Rheb activation, thus modulat-

ing physical association of TSC1 and TSC2 is a plausible and
novel mechanism by which iNOS/NO can control mTOR
pathway activation. TSC2 has many cysteines in functionally
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relevant areas of the protein that could potentially be
nitrosylated, and ongoing work in our laboratory is focused
on identifying specific cysteines that are targets for nitro-
sylation in melanoma cells.

A limitation of our study approach is the possibility that
iNOS is abnormally dysregulated in the CAM system, and
thus our results are not relevant to melanoma in human
patients. However, melanoma lines used in this study
constitutively express iNOS even in tissue culture, and
iNOS expression is well documented in human melanoma
cell lines and clinical specimens. Also the correlation
between iNOS and NO expression levels and S6K and
4EBP1 we observed in human clinical metastatic melano-
ma specimens supports the relevance of this mechanism to
clinical melanoma. Although other NOS isoforms (NOS1,
NOS3) may also be expressed in cancer cells and play a role
in their biology, we conclude that in our system iNOS is a

key driver of NO-mediated signaling in human melanoma
cells.

iNOS and other inflammatorymolecules have been shown to
play pivotal roles in carcinogenesis, tumor progression, pro-
liferation, and apoptosis resistance of human cancers. Molec-
ular therapy targeting cancer-related inflammation is an
attractive approach to cancer treatment because iNOS and
other inflammatory mediators are broadly overexpressed in a
number of human cancers, largely dispensable for untrans-
formed cells, and amenable to pharmacologic inhibition. We
and others have described potent antitumor effects of iNOS
inhibition, which are both direct (43, 44) and indirect (28),
highlighting the dual role of iNOS as signaling molecule and
inflammatory mediator. Our results provide a convincing
biologic mechanism by which iNOS upregulation activates
oncogenic signaling in melanoma cells through the posttrans-
lational modification of TSC2, and set the stage for further
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investigation into specific mechanisms linking inflammation,
redox signaling, and cancer biology.

Disclosure of Potential Conflicts of Interest
M.A. Davies has commercial research grant from Glaxosmithkline, Genen-

tech,Merck, Astrazeneca, Oncothyreon, andMyriad, and is a consultant/advisory
board member of Genentech, Novartis, and GlaxoSmithKline. J.A Aguirre-Ghiso
has commercial research support from ImClone - Eli Lilly and is a consultant/
advisory board member of Novartis. A.G. Sikora has commercial research grant
from Advaxis Pharmaceuticals. No potential conflicts of interest were disclosed
by the other authors.

Authors' Contributions
Conception and design: E. Lopez-Rivera, P. Jayaraman, A.G. Sikora
Development of methodology: E. Lopez-Rivera, J.E. Chipuk, A.G. Sikora
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): E. Lopez-Rivera, P. Jayaraman, F. Parikh, M.A. Davies,
S. Ekmekcioglu, S. Izadmehr, Y. Estrada, A.G. Sikora
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): E. Lopez-Rivera, M.A. Davies, S. Izadmehr, D.R.
Milton, E.A. Grimm, J.A. Aguirre-Ghiso, A.G. Sikora
Writing, review, and/or revision of the manuscript: E. Lopez-Rivera, M.A.
Davies, S. Ekmekcioglu, D.R. Milton, E.A. Grimm, J.A. Aguirre-Ghiso, A.G. Sikora

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): E. Lopez-Rivera

Acknowledgments
The authors thank the helpful review and suggestions provided by Dr. Stuart

Aaronson, Department of Oncological Sciences, Icahn School of Medicine at
Mount Sinai.

Grant Support
This work was partially supported by grants from the NIH National Institute

of Dental and Craniofacial Research (5R03DE021741-02; A.G. Sikora and J.A.
Aguirre-Ghiso), the NIH National Cancer Institute (1K08CA154963-01A1; A.G.
Sikora), The Dr. Miriam and Sheldon G. Adelson Medical Research Foundation
(E.A. Grimm), the NIH Melanoma Specialized Program of Research Excellence
(NIH P50 CA093459; E.A. Grimm and S. Ekmekcioglu), and Institutional Core
Grant NIH CA16672 (MD Anderson Characterized Cell Line Core).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received February 28, 2013; revisedDecember 19, 2013; acceptedDecember 20,
2013; published OnlineFirst January 7, 2014.

References
1. Bhatia S, Tykodi SS, Thompson JA. Treatment of metastatic

melanoma: an overview. Oncology 2009;23:488–96.
2. Wang GY, Ji B, Wang X, Gu JH. Anti-cancer effect of iNOS inhibitor

and its correlation with angiogenesis in gastric cancer. World J Gas-
troenterol 2005;11:3830–3.

3. Vakkala M, Kahlos K, Lakari E, Paakko P, Kinnula V, Soini Y.
Inducible nitric oxide synthase expression, apoptosis, and angiogen-
esis in in situ and invasive breast carcinomas. Clin Cancer Res
2000;6:2408–16.

4. Pukkila MJ, Kellokoski JK, Virtaniemi JA, Kumpulainen EJ, Johans-
son RT, Halonen PM, et al. Inducible nitric oxide synthase expression
in pharyngeal squamous cell carcinoma: relation to p53 expression,
clinicopathological data, and survival. Laryngoscope 2002;112:
1084–8.

5. Ekmekcioglu S, Ellerhorst J, Smid CM, Prieto VG,Munsell M, Buzaid
AC, et al. Inducible nitric oxide synthase and nitrotyrosine in human
metastatic melanoma tumors correlate with poor survival. Clin Cancer
Res 2000;6:4768–75.

6. Ekmekcioglu S, Ellerhorst JA, Prieto VG, Johnson MM, Broemeling
LD, Grimm EA. Tumor iNOS predicts poor survival for stage III
melanoma patients. Int J Cancer 2006;119:861–6.

7. Fukumura D, Kashiwagi S, Jain RK. The role of nitric oxide in tumour
progression. Nat Rev Cancer 2006;6:521–34.

8. Azad N, Vallyathan V, Wang L, Tantishaiyakul V, Stehlik C, Leonard
SS, et al. S-nitrosylation of Bcl-2 inhibits its ubiquitin-proteasomal
degradation. A novel antiapoptotic mechanism that suppresses apo-
ptosis. J Biol Chem 2006;281:34124–34.

9. Guo HB, Stoffel-Wagner B, Bierwirth T, Mezger J, Klingmuller D.
Clinical significanceof serumS100 inmetastaticmalignantmelanoma.
Eur J Cancer 1995;31A:1898–902.

10. Mannick JB, Schonhoff CM. Analysis of protein S-nitrosylation. Curr
Protoc Protein Sci 2006; Chapter 14:Unit 14.6.

11. Ekmekcioglu S, Tang CH, Grimm EA. NO news is not necessarily
good news in cancer. Curr Cancer Drug Targets 2005;5:103–15.

12. Wink DA, Ridnour LA, Hussain SP, Harris CC. The reemergence of
nitric oxide and cancer. Nitric Oxide 2008;19:65–7.

13. Meier F, Schittek B, Busch S, Garbe C, Smalley K, Satyamoorthy K,
et al. The RAS/RAF/MEK/ERK and PI3K/AKT signaling pathways
present molecular targets for the effective treatment of advanced
melanoma. Front Biosci 2005;10:2986–3001.

14. Castro AF, Rebhun JF, Clark GJ, Quilliam LA. Rheb binds tuberous
sclerosis complex 2 (TSC2) and promotes S6 kinase activation in a
rapamycin- and farnesylation-dependent manner. J Biol Chem 2003;
278:32493–6.

15. Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. Tuberous
sclerosis complex gene products, Tuberin and Hamartin, control
mTOR signaling by acting as a GTPase-activating protein complex
toward Rheb. Curr Biol 2003;13:1259–68.

16. Zhang L,Cardinal JS,Bahar R, Evankovich J,Huang H,Nace G, et al.
Interferon regulatory factor-1 regulates the autophagic response in
LPS-stimulated macrophages through nitric oxide. Mol Med 2012;18:
201–8.

17. Doronzo G, Viretto M, Russo I, Mattiello L, Di Martino L, Cavalot F,
et al. Nitric oxide activates PI3-K and MAPK signalling pathways in
human and rat vascular smooth muscle cells: influence of insulin
resistance and oxidative stress. Atherosclerosis 2011;216:44–53.

18. Zhang J, Hua ZC. Targeted gene silencing by small interfering
RNA-based knock-down technology. Curr Pharm Biotechnol 2004;
5:1–7.

19. Aguirre-Ghiso JA, Estrada Y, Liu D, Ossowski L. ERK(MAPK) activity
as a determinant of tumor growth and dormancy; regulation by p38
(SAPK). Cancer Res 2003;63:1684–95.

20. Yu W, Kim J, Ossowski L. Reduction in surface urokinase receptor
forces malignant cells into a protracted state of dormancy. J Cell Biol
1997;137:767–77.

21. Navarro-Lerida I, Martinez-Moreno M, Ventoso I, Alvarez-Barrientos
A, Rodriguez-Crespo I. Binding of CAP70 to inducible nitric oxide
synthase and implications for the vectorial release of nitric oxide in
polarized cells. Mol Biol Cell 2007;18:2768–77.

22. Alhassen F, Kudrolli H, Singh B, Kim S, Seo Y, Gould RG, et al.
Depth-of-interaction compensation using a focused-cut scintillator for
a pinhole gamma camera. IEEE Trans Nucl Sci 2011;58:634–8.

23. Li Y, Inoki K, Guan KL. Biochemical and functional characterizations
of small GTPase Rheb and TSC2 GAP activity. Mol Cell Biol 2004;
24:7965–75.

24. Jaffrey SR, Snyder SH. The biotin switch method for the detection of
S-nitrosylated proteins. Sci STKE 2001;2001:pl1.

25. Wouters A, Pauwels B, Lambrechts HA, Pattyn GG, Ides J, Baay M,
et al.Countingclonogenic assays fromnormoxic andanoxic irradiation
experiments manually or by using densitometric software. Phys Med
Biol 2010;55:N167–78.

26. Robertson FM, Long BW, Tober KL, Ross MS, Oberyszyn TM. Gene
expression and cellular sources of inducible nitric oxide synthase
during tumor promotion. Carcinogenesis 1996;17:2053–9.

27. Sikora AG, Gelbard A, Davies MA, Sano D, Ekmekcioglu S, Kwon J,
et al. Targeted inhibition of inducible nitric oxide synthase inhibits
growth of human melanoma in vivo and synergizes with chemother-
apy. Clin Cancer Res 2010;16:1834–44.

iNOS Drives mTOR Pathway Activation by Nitrosylation of TSC2

www.aacrjournals.org Cancer Res; 74(4) February 15, 2014 1077

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/4/1067/2716425/1067.pdf by guest on 19 M

ay 2023



28. Jayaraman P, Parikh F, Lopez-Rivera E, Hailemichael Y, Clark A, Ma
G, et al. Tumor-expressed inducible nitric oxide synthase controls
induction of functional myeloid-derived suppressor cells through
modulation of vascular endothelial growth factor release. J Immunol
2012;188:5365–76.

29. Selby PJ, Courtenay VD, McElwain TJ, Peckham MJ, Steel GG.
Colony growth and clonogenic cell survival in human melanoma
xenografts treated with chemotherapy. Br J Cancer 1980;42:438–47.

30. Zaffaroni N, DeMarco C, Villa R, Riboldi S, Daidone MG, Double JA.
Cell growth inhibition, G2M cell cycle arrest and apoptosis induced by
the imidazoacridinone C1311 in human tumour cell lines. Eur J Cancer
2001;37:1953–62.

31. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the
unknown. J Cell Physiol 2000;182:311–22.

32. Mainwaring PN, Ellis PA, Detre S, Smith IE, Dowsett M. Comparison
of in situmethods to assessDNAcleavage in apoptotic cells in patients
with breast cancer. J Clin Pathol 1998;51:34–7.

33. Babchia N, Calipel A, Mouriaux F, Faussat AM, Mascarelli F. The
PI3K/Akt and mTOR/P70S6K signaling pathways in human uveal
melanoma cells: interaction with B-Raf/ERK. Invest Ophthalmol Vis
Sci 2010;51:421–9.

34. Hsieh AC, Liu Y, Edlind MP, Ingolia NT, Janes MR, Sher A, et al. The
translational landscape ofmTOR signalling steers cancer initiation and
metastasis. Nature 2012;485:55–61.

35. Pervin S, Singh R, Hernandez E, Wu G, Chaudhuri G. Nitric oxide in
physiologic concentrations targets the translational machinery to
increase the proliferation of human breast cancer cells: involvement
of mammalian target of rapamycin/eIF4E pathway. Cancer Res 2007;
67:289–99.

36. Forrester MT, Foster MW,Benhar M, Stamler JS. Detection of protein
S-nitrosylation with the biotin-switch technique. Free Radic Biol Med
2009;46:119–26.

37. Yasukawa T, Tokunaga E, Ota H, Sugita H, Martyn JA, Kaneki M. S-
nitrosylation-dependent inactivation of Akt/protein kinase B in insulin
resistance. J Biol Chem 2005;280:7511–8.

38. Kwak YD, Ma T, Diao S, Zhang X, Chen Y, Hsu J, et al. NO signaling
andS-nitrosylation regulatePTEN inhibition in neurodegeneration.Mol
Neurodegener 2010;5:49.

39. Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson DJ,
Alvarado R, et al. RAF inhibitors prime wild-type RAF to activate the
MAPK pathway and enhance growth. Nature 2010;464:431–5.

40. Bollag G, Hirth P, Tsai J, Zhang J, Ibrahim PN, Cho H, et al. Clinical
efficacy of a RAF inhibitor needs broad target blockade in BRAF-
mutant melanoma. Nature 2010;467:596–9.

41. Johannessen CM, Boehm JS, Kim SY, Thomas SR, Wardwell L,
Johnson LA, et al. COT drives resistance to RAF inhibition through
MAP kinase pathway reactivation. Nature 2010;468:968–72.

42. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, et al.
Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or
N-RAS upregulation. Nature 2010;468:973–7.

43. Singh S, Gupta AK. Nitric oxide: role in tumour biology and iNOS/NO-
based anticancer therapies. Cancer Chemother Pharmacol 2011;67:
1211–24.

44. Kong G, Kim EK, Kim WS, Lee YW, Lee JK, Paik SW, et al. Inducible
nitric oxide synthase (iNOS) immunoreactivity and its relationship to
cell proliferation, apoptosis, angiogenesis, clinicopathologic charac-
teristics, and patient survival in pancreatic cancer. Int J Pancreatol
2001;29:133–40.

Lopez-Rivera et al.

Cancer Res; 74(4) February 15, 2014 Cancer Research1078

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/4/1067/2716425/1067.pdf by guest on 19 M

ay 2023


