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Aberrant expression of the nitric oxide synthases (NOS) is

frequently found in cancer. Nitric oxide (NO) can have both anti-

tumor and pro-tumor effects, depending on its cellular source,

and concentration. Predominantly tumor epithelial derived NO

promotes proliferation, angiogenesis, and metastasis. Recent

advances focus on identifying signal transduction networks

involved in NO signaling, impact on epigenetic regulation,

regulation of cancer stem cells and inflammation mediated

carcinogenesis. The impact of NO on non-epithelial cell within

tumors is more varied. NO signaling regulates the pro-

tumorigenic immunosuppressive effects of myeloid derived

suppressor cells and mesenchymal stromal cells, while NO has

anti-tumorigenic effects when derived from M1-polarized

macrophages and specific T cell subsets. These findings

highlight the complexity of NO/NOS in tumor carcinogenesis

and progression.
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Introduction
Nitric oxide (NO) is generated by three different nitric

oxide synthase (NOS) isoforms, endothelial NOS

(eNOS), neuronal NOS (nNOS) inducible NOS (iNOS),

and plays an important role in the development and

progression of cancer [1]. NO has both pro-tumor and

anti-tumor effects depending on its concentration and

duration of exposure [2]. In this review, we focus on

recent developments investigating the impact of NO

on cancer progression, in the context of carcinogenesis,

metastatic progression, cancer stem cell regulation and

the interactions between different cell types within the

tumor microenvironment (Figure 1).
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NO regulation of carcinogenesis and tumor
progression
Role of NO in inflammation mediated carcinogenesis

Increased NO signaling has been implicated in the path-

ogenesis of human inflammatory bowel diseases includ-

ing Crohn’s disease and ulcerative colitis (UC) which are

strongly associated with increased risk of colon cancer. It

is unclear whether the cellular source of NO has implica-

tions in regulating intestinal inflammation. Wang et al.
investigated the role of iNOS in a RAG2 deficient murine

model of Helicobacter hepaticus (Hh) induced colitis lead-

ing to lower bowel cancer [3]. Hh induced inflammation

resulted in increased colonic epithelial iNOS expression,

increased DNA damage, crypt cell proliferation and dys-

plasia, in an IL-22-STAT3-dependent manner, coupled

with expansion of inflammatory macrophages (MHCII+

Ly6C+) and dysbiosis (increased Proteobacteria and Enter-
obacteriaceae, decreased Bacteriodetes) [3]. Rafa et al. dem-

onstrated elevation of plasma NO and serum TNF-a
levels and increased colonic mucosal TNF-a, TNFR,

and iNOS mRNA in both UC and UC-associated colon

cancer patients via the TLR4-NFkB signaling pathway,

accompanied by increased inflammatory infiltrates and

crypt destruction, reversible with SN-40 NFkB inhibitor

or all-trans retinoic acid [4].

Stettner et al. established an immune competent cell-

specific conditional argininosuccinate lyase (ASL) knock-

out mouse model in combination with genetic and chem-

ical colitis models to assess cell-specific functions of NO

in intestinal inflammation [5��]. ASL is the only enzyme

able to produce arginine, the substrate for NO generation

by NOS isoforms [5��]. The findings convincingly dem-

onstrate complex cell-specific roles for NO. NO derived

from enterocytes alleviates colitis by decreasing macro-

phage infiltration and tissue damage, whereas immune

cell-derived NO is associated with macrophage activa-

tion, resulting in increased severity of inflammation.

These findings are in contrast to that shown by Wang

et al. [3], but further serve to emphasize limitations in

interpretation of data in RAG-deficient mice that lack

functional B and T cells. Rafa’s [4] findings on the other

hand, could be further interpreted by the Stettner study,

that the cellular source of the NO detectable in plasma

levels may be an important predictor of disease severity.

Macrophage produced NO may serve to increase the

severity of inflammation in the intestine.

Su et al. explored the effects of chronic NO exposure on

precancerous HPV-16 and HPV-18 infected Z172 and
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Figure 1
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Z183A cervical cell lines [6]. Chronic NO exposure led to

increased cell proliferation, migration, invasion, and

anchorage-independent growth. Chronic NO exposure

led to protein tyrosine phosphatase receptor-type R hyper-
methylation, which inhibits ERK 1/2 phosphorylation, and

AP1 and HPV oncogenes E6/E7 expression. Approxi-

mately a further 700 genes were hypermethylated and

600 genes hypomethylated after chronic NO exposure

[6], indicating NO may play a role in epigenetic re-

programming of cervical cancer cells. This is further

supported by Vasudevan et al. who showed that NO

can also modulate epigenetic regulatory histone

demethylases [7]. NO treatment of the triple negative

breast cell line MDA-MB-231 altered histone methyla-

tion patterns at key lysine residues of the H3 and H4

histones. Additionally NO altered the distribution of

H3K9me2 and H3K9ac across genomic loci, with

H3K9ac being enriched at sites of genes commonly

upregulated in breast cancer [7].

NO regulation of tumor progression

Further evidence has emerged supporting iNOS as a

mediator of poor outcome in numerous tumor types.

Garrido et al. showed that high levels of iNOS was

associated with increased risk of distant metastasis and

poor survival in triple negative breast cancer (TNBC) [8].

NO increased the activation of the EGFR-MEK-ERK

and NFkB signaling pathways, resulting in increased

cytokine secretion and invasive potential [8]. Basudhar

et al. showed co-expression of COX2 with iNOS in

estrogen negative breast cancer further enhances the
www.sciencedirect.com 
effects of iNOS on poor outcome, augmenting Akt and

TNFa receptor-2 (TRAF2) activation [9]. Co-inhibition

of iNOS and COX2 reduced tumor proliferation in a

murine MDA-MB-231 TNBC xenograft model [9].

Davila-Gonzalez showed L-NMMA NOS inhibition in

combination with docetaxel significantly increased cellu-

lar apoptosis via ATF4 endoplasmic reticulum stress

response, and decreased tumor proliferation in TNBC

patient derived xenograft models [10�]. Collectively,

these studies support a role for iNOS in aggressive

hormone independent breast cancer. In a study of 4T1/

BALBc murine model of breast cancer lung metastasis,

increased pulmonary expression of MMP2, MMP9, and

MMP14, and reduced elastin was seen with the progres-

sive development of pulmonary metastasis. This was

accompanied by reduced pulmonary NO, reduced eNOS

activation and reduced endothelial markers VE-CAD,

CD31, vWF, or VEGFR2, resulting in a weakened endo-

thelial barrier against metastasis [11].

Contrasting results emerged for prostate cancer. While

Erlandsson et al. showed high levels of iNOS protein were

associated with lethal prostate cancer [12], a study by

Nesbitt et al. found that low levels of NO donor NOC-18

increased RUNX2 in LnCAP prostate cancer cells, while

high levels of NO reduced the expression of RUNX2 [13].

L-NAME treatment inhibited the expression of eNOS,

RUNX2, and BCL-2, and sensitized cells to docetaxel, in

a ERK-dependent and PI3K-dependent manner, while

RUNX2 expressing LnCAP xenografts showed increased

tumor growth and metastasis formation [13]. Arora et al.
Current Opinion in Physiology 2019, 9:18–25
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showed that NO donor S-nitrosoglutathione (GSNO)

inhibited tumor progression in a SCID xenograft model

of androgen independent 22Rv1 prostate cancer cells.

GSNO treatment suppressed androgen receptor signaling

and the macrophage M2 polarization cytokines G-CSF

and GM-CSF [14]. GSNO treated tumors showed an

increase in M1 markers (iNOS) and a decrease in M2

markers (F4/80, CD206, Arginase). These results suggest

that studies using low levels of NO donors exert pro-

tumorigenic effects, while high levels of NO donors may

have anti-tumorigenic effects on prostate cancer.

iNOS deletion in the LSL-KrasG12D/+; LSL-Trp53R172H/+;

Pdx-1-Cre (KPC) murine model of pancreatic cancer

resulted in lower grade disease and improved survival.

iNOS knockout KPC cells had reduced invasive capacity.

iNOS deficiency reduced tumor macrophage infiltration,

mir-21 expression and CCL-2 mRNA [15]. In a second

study, reduced expression of endothelial nitric oxide

synthase traffic inducer (NOSTRIN) was a predictor of

worse survival in pancreatic cancer. NOSTRIN binds

eNOS and translocates eNOS to a vesicular compartment

reducing its activity. Forced expression of NOSTRIN in

pancreatic tumor cells, suppressed invasive capacity,

reduced eNOS phosphorylation and increased apoptosis

[16�]. Research by Chakraborty and Rupasri showed that

NOSTRIN interacts with TNF receptor-associated fac-

tor 6 (TRAF6), suppressing NFkB activity and AKT

activation. Other genes of interest downregulated by

NOSTRIN included ADAM17, CCL2, CCL5, IL-6,

MMP2, and MMP9, all of which have previously been

reported to be increased in iNOS related tumors [17].

Papaevengelou examined the effects of iNOS inhibition

on C6 glioma tumor dynamics [18]. iNOS inhibition

reduced tumor growth and angiogenesis including VEGF

secretion and blood vessel maturation (as indicated by

perivascular cell content and fraction of mature vessels

(a-SMA: CD31 stained areas)). Li et al. demonstrated the

importance of iNOS and NO in the promotion of glycoly-

sis in ovarian cancer with low levels of NO equivalent to

that derived from tumor cells, activating EGFR/ERK/

PKM2 signaling resulting in PKM2 translocation to the

nucleus and glycolytic gene expression. iNOS was also

associated with poor outcome in ovarian cancer [19].

NO modulation of cancer stem cells
There has been a renewed focus on NO signaling in the

modulation of cancer stem cell regulation (Figure 2).

Palumbo et al. investigated the relationship between stem

cell markers and iNOS in glioblastoma cell line neuro-

spheres. iNOS mRNA and nitrite production was

increased in all glioblastoma cell lines tested when grown

as 3D neurospheres versus 2D monolayers. This was

accompanied by an increase in SOX2 mRNA. iNOS

and SOX2 levels were also increased surgical glioblas-

toma specimens when grown in 3D versus 2D [20]. Eun
Current Opinion in Physiology 2019, 9:18–25 
et al. [21��] expanded their previous work which had

shown that platelet derived growth factor (PDGF) acti-

vates sustained Notch-mediated glioblastoma stem cell

renewal through NO activation of inhibitor of differenti-

ation 4 (ID4) in glioblastoma [22]. ID4 activation in

glioblastoma cells (A172 and A1207) upregulated PDGFB

and increased iNOS in a PDGF pathway dependent

manner, which could be reversed with the PDGFR

inhibitor sunitinib. This indicates a positive-regulatory

circuit in the PDGF-NO-ID4-signalling axis which aides

in glioblastoma self-renewal and sphere formation [21��].
Similarly, in H460, H23, and H292 lung cancer cell lines,

NO treatment increased spheroid formation and

increased CD133, ABCG2, ALDH1A1, and Oct4 expres-

sion. NO inhibited Oct4 ubiquitination. Additionally NO

increased Akt activation promoting Oct4 expression by

dissociating caveolin 1 (Cav1) from the Oct4-Cav1 com-

plex, preventing Cav1 repression of Oct4 activity [23].

Wang et al. showed that CD133+CD24+ hepatocellular

carcinoma stem cells (HCC) display increased SOX2,

Nanog expression, and iNOS expression, and have

increased hepatosphere and tumor formation capacity,

compared to CD133�CD24� HCC non-stem cells

[24��]. Increased CD133+CD24+ was associated with poor

HCC patient outcomes and elevated iNOS expression.

iNOS shRNA reduced CD133+CD24+ hepatosphere for-

mation and tumor initiation, accompanied by reduced

expression of TACE/ADAM17 which is required for

Notch activation. Similarly iNOS overexpression in

CD133+CD24+ HCC cells promoted hepatosphere for-

mation, and increased ALDH expression and Notch

signaling, in a TACE/ADAM17-dependent manner

[24��]. Furthermore in a Drosophila eye tumor model,

iNOS induction due to PTEN depletion contributed to

Notch-PI3K/Akt-induced tumourigenesis [25]. The pro-

tumorigenic iNOS effects were found to be sGC/cGMP-

dependent [25].

Role of NO in tumor microenvironment
The effects of NO on the tumor microenvironment are far

reaching and cell type dependent (Figure 3). Recent

focus has been on the role of NO in a range of immune

cells including myeloid-derived suppressor cells

(MDSCs), T cells, macrophages, and dendritic cells.

Role of NO in innate immunity tumor responses

Tumor associated macrophages are commonly defined as

M1 or M2 polarized, being anti-tumorigenic or pro-tumor-

igenic. Monteiro et al. investigated the predominance of

M1 versus M2 macrophages in canine mammary tumors

finding M2 macrophages were associated with malignant

tumors while iNOS expressing M1 macrophages were

associated with benign tumors [26]. Sektioglu et al.
explored the role of macrophages in the efficacy of

CD8+ T cell transfer/CpG treatment in a pancreatic

neuroendocrine tumor model [27�]. CpG (to polarize

macrophages to iNOS expressing M1) and CD8+ T cell
www.sciencedirect.com
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Figure 2
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transfer induced strong immune infiltration (CD8+ T

cells, CD4+ T cells, B cells, natural killer (NK) cells,

dendritic cells (DCs), and macrophages) into RT5 mouse

tumors, resulting in increased survival. The effects were

reversed upon macrophage depletion or iNOS inhibition.

iNOS expressing macrophages were required for CD31/

VCAM-1 co-expression and T-cell diapedesis. Macro-

phage depletion or iNOS inhibition decreased CD8+ T

cell/CpG induction of IFN-g, CCL-5, CXCL9 and

CXCL10 tumor expression. Perrotta et al. explored the

role of unique iNOS expressing M2 polarized macro-

phages in glioma [28]. Their results show the presence

of both M1 and M2 polarized iNOS expressing macro-

phages; however, the M2 iNOS expressing macrophages

produced low levels of NO, and were found to induce

resistance to cisplatin treatment, reversible with iNOS

inhibitor L-NAME. Solis-Martinez et al. examined the

effect of PC3 metastatic prostate cancer cell line on

human peripheral derived macrophages [29]. PC3 secre-

tome induced macrophage STAT3 phosphorylation

(reversible with IL-10 blockade) and polarization to a

M2 phenotype, with increased expression of CD206 and

CD163 and loss of M1 associated CD14, TNF-R1, CD86,

and CD11a [29]. Ratnam et al. showed that tumor NFkB
inhibition of macrophage anti-tumor responses is depen-

dent on GDF-15 [30��]. NFkB expressing p65+/+Ras
MEFs, have significantly elevated GDF-15 and are resis-

tant to macrophage mediated killing. GDF-15 knock-

down resulted in decreased tumor proliferation in a
www.sciencedirect.com 
p65+/+Ras MEF subcutaneous SCID model, and

increased macrophage killing of p65+/+Ras MEFs. Similar

results were also seen in murine Panc02 and KPC pan-

creatic models. Tumor derived GDF-15 inhibits macro-

phage anti-tumor responses by inhibition of TAK1

signaling to NFkB, thus blocking TNF-a and NO

production.

MDSCs play a key role in tumor immunosuppression via

secretion of reactive oxygen species and reactive nitrogen

species [31]. MDSCs have the ability to inhibit the FcR

mediated NK cell functions required for monoclonal

antibody (mAb) mediated therapies. NK cells express

low-affinity, activating FcR (FcgRIIIa) allowing them to

identify mAb coated neoplastic cells, and initiate cell

killing. MDSCs (CD33+CD11b+HLA-DRlow) isolated

from melanoma patients, suppressed NK antibody-

dependent cellular cytotoxicity (ADCC), IFNg secretion,

and FcR mediated ERK phosphorylation [32��]. MDSC

iNOS and arginase inhibition rescued NK ADCC func-

tion, highlighting the importance of iNOS/arginase in

MDSC regulation of NK function. Inhibition of MDSC

iNOS also enhanced mAB trastuzumab therapy in vivo
[32��]. Cao et al. showed L-arginine supplementation in

4T1 murine models of breast cancer [33], inhibited tumor

proliferation, and reduced the number of tumor and

spleen associated MDSCs. L-arginine supplementation

promoted Gr-1+CD11b�F4/80+ macrophages and sup-

pressed Gr-1+CD11b+F4/80+ macrophages, while
Current Opinion in Physiology 2019, 9:18–25
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Figure 3
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iNOS/NO levels were significantly elevated in tumors

and spleens of these mice; however, the cellular source of

NO is unclear. L-arginine also promoted the differentia-

tion and activation of DCs and Th1 immune responses

[33]. Redd et al. demonstrated that iNOS in tumor

derived MDSCs is regulated by SETD1B rather than

NFkB Rel or STAT1 [34]. SETD1B increased H3K4me3

(marker of active chromatin and gene activation) locali-

zation to the iNOS promoter region in MDSCs [34]. In

ovarian cancer, Wong et al. reported the importance of

IFNg and TNFa in MDSC-suppressive activity [35].

IFNg and TNFa were key for the induction of IDO1,

iNOS and COX2 in MDSCs, and required intact COX2

signaling for the suppression of type I CD8+ T-cell

proliferation and granzyme B anti-tumor immune

responses. Markowitz et al. reported that patients with

advanced melanoma have an increased number of

MDSCs with high levels of iNOS, which decreased
Current Opinion in Physiology 2019, 9:18–25 
DC antigen presentation to CD4+ T cells in an NO-

dependent manner, via nitration of STAT1 [36].

Role of NO in adaptive tumor immunity responses

Douguet et al. studied the role of iNOS in gd T cells, in

melanoma progression [37]. gd T cells differ from CD4+

and CD8+ T cells by expressing gd T cell receptors

(TCRs), rather than ab TCRs. iNOS/NOS2 KO in the

Ret murine melanoma model, delayed melanoma forma-

tion and dissemination. VEGF, keratinocyte derived fac-

tor, G-CSF levels were reduced in RetNOS2KO mice.

IL-17, IL-1b, and IL-6 levels were higher in RetNOS2

mice. While there were no major changes in DCs, macro-

phages and monocytic MDSCs (M-MDSCs) in the

RetNOS2KO mice, there were significantly less polymor-

phonuclear MDSCs (PMN-MDSCs). RetNOS2KO

tumors had decreased gd T cells (in particular IL-17

expressing), known to recruit PMN-MDSCs.
www.sciencedirect.com
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RetNOS2KO gd T cells displayed enhanced tumor lysis

capacity compared to iNOS expressing gd T cells [37].

Douguet et al. demonstrated that IL-1b and IL-6 drive

iNOS expression in gd T cells, and also regulate IL-17

[38]. Fauskanger investigated the mechanism of tumor

killing initiated by CD4+ T cells in a multiple myeloma

model. They showed that CD4+ T cell recognition of

secreted tumor neoantigen, resulted in macrophage-

induced killing of MOPC315 cells via the intrinsic apo-

ptosis pathway. Macrophage-induced killing was iNOS

driven and spatially limited [39].

Role of NO in stromal cell compartment regulation

NO may play an important role in stromal cell regulation

in cancer. Fibroblasts and mesenchymal stromal cells

(MSCs) promote wound healing, home to tumors and

have immunosuppressive effects [40]. Lisanti et al.
reported that a JNK1 mediated iNOS gene signature in

fibroblasts of women with high breast density which is

associated with increased breast cancer risk [41]. NO was

shown to increase wound healing and actin microfilament

remodeling in keratinocytes and fibroblasts in a cGMP/

cGC-dependent manner [42]. NO/iNOS mediates the

immunosuppressive effects of IFNg primed murine

MSCs. Treatment of MSCs with IFNa, inhibited iNOS

expression and switched MSC effects from pro-tumori-

genic to anti-tumorigenic in the B16 mouse melanoma

model, via Stat1 dysfunction [43]. Langroudi et al.
reported that tumor derived MSCs from a BALBc mam-

mary murine model displayed higher immunosuppressive

potential (iNOS, IDO and COX2 expression) compared

to matching adipose derived MSCs [44]. Similar results

were seen in murine lung cancer models, where MSCs

suppressed the cytotoxicity of NK cells in an iNOS and

IDO-dependent manner [45]. Interestingly Jia et al.
showed that murine MSCs exposed to M1 macrophage

conditioned media, displayed increased iNOS and pro-

moted tumor proliferation [46], by inducing M1–M2

macrophage polarization, indicating that MSCs may play

a role in tumor defense against M1 macrophages infiltra-

tion. A cautionary note is needed relating to murine

model studies on the role of iNOS in MSC mediated

tumor suppression. Human MSCs do not express iNOS,

rather their immunosuppressive properties are driven by

IDO and COX2 as reported by Lohan et al. [47]. While we

have demonstrated that metastatic prostate cancer patient

derived MSCs increase tumor cell migration and invasion

to a greater extent than MSCs from healthy men, iNOS is

not expressed in these cells [48].

Conclusions
Increased NO exposure has a role to play in carcinogene-

sis and tumor progression. This can be due to increased

accumulation of pathological changes such as DNA dam-

age and tissue destruction or more subtly via regulation

cancer stem cell associated genes promoting tumor for-

mation, maintenance and progression. Importantly NO is
www.sciencedirect.com 
emerging as a major regulator of the tumor microenviron-

ment with far reaching effects stromal cells including

fibroblasts and MSCs, in addition to immune cells includ-

ing macrophages, NK cells, MDSCs, and T cells. Murine

models have particularly focused in on the role of iNOS in

these settings. Future directions will need to translate this

to the human setting particularly in the context of several

immune and stromal functions in humans being more

strongly driven by IDO and COX2 than iNOS. Whether

human tumor epithelial derived NO compensates for the

lack of iNOS in human MSCs, remains to be seen.

Conflict of interest statement
Nothing declared.

Acknowledgement
This work was supported by a grant from Science Foundation Ireland (SFI),
Ireland (17/CDA/4638) to SAG.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Burke AJ, Sullivan FJ, Giles FJ, Glynn SA: The Yin and Yang of
nitric oxide in cancer progression. Carcinogenesis 2013,
34:503-512.

2. Thomas DD, Heinecke JL, Ridnour LA, Cheng RY, Kesarwala AH,
Switzer CH, McVicar DW, Roberts DD, Glynn S, Fukuto JM et al.:
Signaling and stress: the redox landscape in NOS2 biology.
Free Radic Biol Med 2015, 87:204-225.

3. Wang C, Gong G, Sheh A, Muthupalani S, Bryant EM, Puglisi DA,
Holcombe H, Conaway EA, Parry NAP, Bakthavatchalu V et al.:
Interleukin-22 drives nitric oxide-dependent DNA damage and
dysplasia in a murine model of colitis-associated cancer.
Mucosal Immunol 2017, 10:1504-1517.

4. Rafa H, Benkhelifa S, AitYounes S, Saoula H, Belhadef S,
Belkhelfa M, Boukercha A, Toumi R, Soufli I, Morales O et al.: All-
trans retinoic acid modulates TLR4/NF-kappaB signaling
pathway targeting TNF-alpha and nitric oxide synthase
2 expression in colonic mucosa during ulcerative colitis and
colitis associated cancer. Mediators Inflamm 2017,
2017:7353252.

5.
��

Stettner N, Rosen C, Bernshtein B, Gur-Cohen S, Frug J,
Silberman A, Sarver A, Carmel-Neiderman NN, Eilam R, Biton I
et al.: Induction of nitric-oxide metabolism in enterocytes
alleviates colitis and inflammation-associated colon cancer.
Cell Rep 2018, 23:1962-1976.

This paper investigated cell-specific ASL knockout and its effect on colitis
severity. It showed that NO derived from enterocytes alleviates colitis,
while NO from macrophages increases severity of colitis. They demon-
strate that metabolic modulation of NO is beneficial for colitis and
associated colon cancer.

6. Su PH, Hsu YW, Huang RL, Weng YC, Wang HC, Chen YC,
Tsai YJ, Yuan CC, Lai HC: Methylomics of nitroxidative stress
on precancerous cells reveals DNA methylation alteration at
the transition from in situ to invasive cervical cancer.
Oncotarget 2017, 8:65281-65291.

7. Vasudevan D, Hickok JR, Bovee RC, Pham V, Mantell LL,
Bahroos N, Kanabar P, Cao XJ, Maienschein-Cline M, Garcia BA
et al.: Nitric oxide regulates gene expression in cancers by
controlling histone posttranslational modifications. Cancer
Res 2015, 75:5299-5308.

8. Garrido P, Shalaby A, Walsh EM, Keane N, Webber M, Keane M,
Sullivan FJ, Kerin MJ, Callagy G, Ryan AE et al.: Impact of
inducible nitric oxide synthase (iNOS) expression on triple
Current Opinion in Physiology 2019, 9:18–25

http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0040


24 Redox regulation
negative breast cancer outcome and activation of EGFR and
ERK signaling pathways. Oncogene 2017. in press.

9. Basudhar D, Glynn SA, Greer M, Somasundaram V, No JH,
Scheiblin DA, Garrido P, Heinz WF, Ryan AE, Weiss JM et al.:
Coexpression of NOS2 and COX2 accelerates tumor growth
and reduces survival in estrogen receptor-negative breast
cancer. Proc Natl Acad Sci U S A 2017, 114:13030-13035.

10.
�

Davila-Gonzalez D, Choi DS, Rosato RR, Granados-Principal SM,
Kuhn JG, Li WF, Qian W, Chen W, Kozielski AJ, Wong H et al.:
Pharmacological inhibition of NOS activates ASK1/JNK
pathway augmenting docetaxel-mediated apoptosis in triple-
negative breast cancer. Clin Cancer Res 2018, 24:1152-1162.

Using patient derived xenograft models of triple negative breast cancer,
the authors demonstrate that NOS inhibition can be used to overcome
docetaxel resistance. This is of major clinical relevance for triple negative
breast cancer, an aggressive breast cancer subtype commonly seen in
younger women and women of African descent.

11. Smeda M, Kieronska A, Adamski MG, Proniewski B, Sternak M,
Mohaissen T, Przyborowski K, Derszniak K, Kaczor D, Stojak M
et al.: Nitric oxide deficiency and endothelial-mesenchymal
transition of pulmonary endothelium in the progression of 4T1
metastatic breast cancer in mice. Breast Cancer Res 2018,
20:86.

12. Erlandsson A, Carlsson J, Andersson SO, Vyas C, Wikstrom P,
Andren O, Davidsson S, Rider JR: High inducible nitric oxide
synthase in prostate tumor epithelium is associated with lethal
prostate cancer. Scand J Urol 2018, 52:129-133.

13. Nesbitt H, Browne G, O’Donovan KM, Byrne NM, Worthington J,
McKeown SR, McKenna DJ: Nitric oxide up-regulates RUNX2 in
LNCaP prostate tumours: implications for tumour growth in
vitro and in vivo. J Cell Physiol 2016, 231:473-482.

14. Arora H, Panara K, Kuchakulla M, Kulandavelu S, Burnstein KL,
Schally AV, Hare JM, Ramasamy R: Alterations of tumor
microenvironment by nitric oxide impedes castration-
resistant prostate cancer growth. Proc Natl Acad Sci U S A
2018, 115:11298-11303.

15. Wang J, He P, Gaida M, Yang S, Schetter AJ, Gaedcke J,
Ghadimi BM, Ried T, Yfantis H, Lee D et al.: Inducible nitric oxide
synthase enhances disease aggressiveness in pancreatic
cancer. Oncotarget 2016, 7:52993-53004.

16.
�

Wang J, Yang S, He P, Schetter AJ, Gaedcke J, Ghadimi BM,
Ried T, Yfantis HG, Lee DH, Gaida MM et al.: Endothelial nitric
oxide synthase traffic inducer (NOSTRIN) is a negative
regulator of disease aggressiveness in pancreatic cancer. Clin
Cancer Res 2016, 22:5992-6001.

Pancreatic ductal adenocarcinoma is highly lethal malignancy and mini-
mally responsive to currently treatments. This paper identified low levels
of NOSTRIN as associated with improved outcomes for pancreatic
cancer. NOSTRIN inhibited eNOS and promoted chemotherapeutic
induced cell death. This points toward NOSTRIN and eNOS as targets
for pancreatic therapy, whether by gene therapy with NOSTRIN, targeting
of mir-221 or inhibition of eNOS.

17. Chakraborty S, Ain R: Nitric-oxide synthase trafficking inducer
is a pleiotropic regulator of endothelial cell function and
signaling. J Biol Chem 2017, 292:6600-6620.

18. Papaevangelou E, Whitley GS, Johnstone AP, Robinson SP,
Howe FA: Investigating the role of tumour cell derived iNOS on
tumour growth and vasculature in vivo using a tetracycline
regulated expression system. Int J Cancer 2016, 138:2678-
2687.

19. Li L, Zhu L, Hao B, Gao W, Wang Q, Li K, Wang M, Huang M, Liu Z,
Yang Q et al.: iNOS-derived nitric oxide promotes glycolysis by
inducing pyruvate kinase M2 nuclear translocation in ovarian
cancer. Oncotarget 2017, 8:33047-33063.

20. Palumbo P, Miconi G, Cinque B, Lombardi F, La Torre C,
Dehcordi SR, Galzio R, Cimini A, Giordano A, Cifone MG: NOS2
expression in glioma cell lines and glioma primary cell
cultures: correlation with neurosphere generation and SOX-2
expression. Oncotarget 2017, 8:25582-25598.

21.
��

Eun K, Jeon HM, Kim SO, Choi SH, Lee SY, Jin X, Kim SC, Kim H: A
cell-autonomous positive-signaling circuit associated with
Current Opinion in Physiology 2019, 9:18–25 
the PDGF-NO-ID4-regulatory axis in glioblastoma cells.
Biochem Biophys Res Commun 2017, 486:564-570.

This paper demonstrates that overexpression of NOS2, PDGFRa, or ID4
increases the protein levels of each other and activate PDGFR signaling,
indicating the existence of a compensatory PDGF-NO-ID4-regulatory
circuit. With each protein individually enhancing the self-renewal of
glioblastoma cells, this points toward a therapeutic approach using
co-treatment to attack each arm simultaneously to eliminate the tumor
stem cell compartment.

22. Jeon HM, Kim SH, Jin X, Park JB, Kim SH, Joshi K, Nakano I,
Kim H: Crosstalk between glioma-initiating cells and
endothelial cells drives tumor progression. Cancer Res 2014,
74:4482-4492.

23. Maiuthed A, Bhummaphan N, Luanpitpong S, Mutirangura A,
Aporntewan C, Meeprasert A, Rungrotmongkol T, Rojanasakul Y,
Chanvorachote P: Nitric oxide promotes cancer cell
dedifferentiation by disrupting an Oct4:caveolin-1 complex: a
new regulatory mechanism for cancer stem cell formation. J
Biol Chem 2018, 293:13534-13552.

24.
��

Wang R, Li Y, Tsung A, Huang H, Du Q, Yang M, Deng M, Xiong S,
Wang X, Zhang L et al.: iNOS promotes CD24(+)CD133(+) liver
cancer stem cell phenotype through a TACE/ADAM17-
dependent Notch signaling pathway. Proc Natl Acad Sci U S A
2018, 115:E10127-E10136.

In this paper, the authors show CD24+CD133+ liver cancer stem cells
express higher levels of iNOS. In hepatocellular carcinoma (HCC), high
levels of iNOS are associated with poor outcomes and activated Notch1
signaling, which is dependent on cGMP/PKG-mediated activation of
TACE and upregulation of iRhom-2. Targeting iNOS could have thera-
peutic benefit in HCC.

25. Villegas SN, Gombos R, Garcia-Lopez L, Gutierrez-Perez I, Garcia-
Castillo J, Vallejo DM, Da Ros VG, Ballesta-Illan E, Mihaly J,
Dominguez M: PI3K/Akt cooperates with oncogenic notch by
inducing nitric oxide-dependent inflammation. Cell Rep 2018,
22:2541-2549.

26. Monteiro LN, Rodrigues MA, Gomes DA, Salgado BS, Cassali GD:
Tumour-associated macrophages: relation with progression
and invasiveness, and assessment of M1/M2 macrophages in
canine mammary tumours. Vet J 2018, 234:119-125.

27.
�

Sektioglu IM, Carretero R, Bender N, Bogdan C, Garbi N,
Umansky V, Umansky L, Urban K, von Knebel-Doberitz M,
Somasundaram V et al.: Macrophage-derived nitric oxide
initiates T-cell diapedesis and tumor rejection.
Oncoimmunology 2016, 5:e1204506.

This paper demonstrates how CpG/CD8+ T cell transfer can induce tumor
regression by increasing M1 macrophage polarization and increasing
tumor immune infiltrate. Their data suggest that macrophage depletion
approaches may not enhance tumor rejection as it would remove both M2
and useful iNOS M1 macrophages. Instead they suggest that therapeutic
M1 polarization approaches may be more beneficial.

28. Perrotta C, Cervia D, Di Renzo I, Moscheni C, Bassi MT,
Campana L, Martelli C, Catalani E, Giovarelli M, Zecchini S et al.:
Nitric oxide generated by tumor-associated macrophages is
responsible for cancer resistance to cisplatin and correlated
with syntaxin 4 and acid sphingomyelinase inhibition. Front
Immunol 2018, 9:1186.

29. Solis-Martinez R, Cancino-Marentes M, Hernandez-Flores G,
Ortiz-Lazareno P, Mandujano-Alvarez G, Cruz-Galvez C, Sierra-
Diaz E, Rodriguez-Padilla C, Jave-Suarez LF, Aguilar-Lemarroy A
et al.: Regulation of immunophenotype modulation of
monocytes-macrophages from M1 into M2 by prostate cancer
cell-culture supernatant via transcription factor STAT3.
Immunol Lett 2018, 196:140-148.

30.
��

Ratnam NM, Peterson JM, Talbert EE, Ladner KJ, Rajasekera PV,
Schmidt CR, Dillhoff ME, Swanson BJ, Haverick E, Kladney RD
et al.: NF-kappaB regulates GDF-15 to suppress macrophage
surveillance during early tumor development. J Clin Invest
2017, 127:3796-3809.

This paper identifies GDF-15 as major mediator of tumor NFkB regulation
of macrophage activity and anti-tumor responses in the pancreatic tumor
microenvironment. Tumor-associated activity of NF-kB was required to
overcome macrophage surveillance, and led to GDF-15 secretion which
then inhibited NF-kB signaling via TAK1 in infiltrating macrophages
blocking their antitumor immune response.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0150


Emerging mechanisms of action of NO in cancer Glynn 25
31. Ohl K, Tenbrock K: Reactive oxygen species as regulators of
MDSC-mediated immune suppression. Front Immunol 2018,
9:2499.

32.
��

Stiff A, Trikha P, Mundy-Bosse B, McMichael E, Mace TA,
Benner B, Kendra K, Campbell A, Gautam S, Abood D et al.: Nitric
oxide production by myeloid-derived suppressor cells plays a
role in impairing Fc receptor-mediated natural killer cell
function. Clin Cancer Res 2018, 24:1891-1904.

mAbs are important for targeted therapy of many solid and hematologic
malignancies. In this paper, the authors report the role of iNOS in MDCS
immunosuppression of NK cell responses against mAb coated cancer
cells, a key mechanism for successful mAb treatment. iNOS inhibition in
MDSCs prevented their ability inhibit NK mediated antibody-dependent
cellular cytotoxicity. This indicates that iNOS inhibition in combination
with mAb therapy may further enhance treatment responses.

33. Cao Y, Feng Y, Zhang Y, Zhu X, Jin F: L-Arginine
supplementation inhibits the growth of breast cancer by
enhancing innate and adaptive immune responses mediated
by suppression of MDSCs in vivo. BMC Cancer 2016, 16:343.

34. Redd PS, Ibrahim ML, Klement JD, Sharman SK, Paschall AV,
Yang D, Nayak-Kapoor A, Liu K: SETD1B activates iNOS
expression in myeloid-derived suppressor cells. Cancer Res
2017, 77:2834-2843.

35. Wong JL, Obermajer N, Odunsi K, Edwards RP, Kalinski P:
Synergistic COX2 induction by IFNgamma and TNFalpha self-
limits type-1 immunity in the human tumor microenvironment.
Cancer Immunol Res 2016, 4:303-311.

36. Markowitz J, Wang J, Vangundy Z, You J, Yildiz V, Yu L, Foote IP,
Branson OE, Stiff AR, Brooks TR et al.: Nitric oxide mediated
inhibition of antigen presentation from DCs to CD4(+) T cells in
cancer and measurement of STAT1 nitration. Sci Rep 2017,
7:15424.

37. Douguet L, Bod L, Lengagne R, Labarthe L, Kato M, Avril MF,
Prevost-Blondel A: Nitric oxide synthase 2 is involved in the pro-
tumorigenic potential of gammadelta17 T cells in melanoma.
Oncoimmunology 2016, 5:e1208878.

38. Douguet L, Bod L, Labarthe L, Lengagne R, Kato M, Couillin I,
Prevost-Blondel A: Inflammation drives nitric oxide synthase
2 expression by gammadelta T cells and affects the balance
between melanoma and vitiligo associated melanoma.
Oncoimmunology 2018, 7:e1484979.

39. Fauskanger M, Haabeth OAW, Skjeldal FM, Bogen B, Tveita AA:
Tumor killing by CD4(+) T cells is mediated via induction of
www.sciencedirect.com 
inducible nitric oxide synthase-dependent macrophage
cytotoxicity. Front Immunol 2018, 9:1684.

40. Ridge SM, Sullivan FJ, Glynn SA: Mesenchymal stem cells: key
players in cancer progression. Mol Cancer 2017, 16:31.

41. Lisanti MP, Tsirigos A, Pavlides S, Reeves KJ, Peiris-Pages M,
Chadwick AL, Sanchez-Alvarez R, Lamb R, Howell A, Martinez-
Outschoorn UE et al.: JNK1 stress signaling is hyper-activated
in high breast density and the tumor stroma: connecting
fibrosis, inflammation, and stemness for cancer prevention.
Cell Cycle 2014, 13:580-599.

42. La Torre C, Cinque B, Lombardi F, Miconi G, Palumbo P, Evtoski Z,
Placidi G, Fanini D, Cimini AM, Benedetti E et al.: Nitric oxide
chemical donor affects the early phases of in vitro wound
healing process. J Cell Physiol 2016, 231:2185-2195.

43. Shou P, Chen Q, Jiang J, Xu C, Zhang J, Zheng C, Jiang M,
Velletri T, Cao W, Huang Y et al.: Type I interferons exert anti-
tumor effect via reversing immunosuppression mediated by
mesenchymal stromal cells. Oncogene 2016, 35:5953-5962.

44. Langroudi L, Hassan ZM, Soleimani M, Hashemi SM: Tumor
associated mesenchymal stromal cells show higher
immunosuppressive and angiogenic properties compared to
adipose derived MSCs. Iran J Immunol 2015, 12:226-239.

45. Gazdic M, Simovic Markovic B, Jovicic N, Misirkic-Marjanovic M,
Djonov V, Jakovljevic V, Arsenijevic N, Lukic ML, Volarevic V:
Mesenchymal stem cells promote metastasis of lung cancer
cells by downregulating systemic antitumor immune
response. Stem Cells Int 2017, 2017:6294717.

46. Jia XH, Feng GW, Wang ZL, Du Y, Shen C, Hui H, Peng D, Li ZJ,
Kong DL, Tian J: Activation of mesenchymal stem cells by
macrophages promotes tumor progression through immune
suppressive effects. Oncotarget 2016, 7:20934-20944.

47. Lohan P, Treacy O, Morcos M, Donohoe E, O’Donoghue Y,
Ryan AE, Elliman SJ, Ritter T, Griffin MD: Interspecies
incompatibilities limit the immunomodulatory effect of human
mesenchymal stromal cells in the rat. Stem Cells 2018, 36:1210-
1215.

48. Ridge SM, Bhattacharyya D, Dervan E, Naicker SD, Burke AJ,
Murphy JM, O’Leary K, Greene J, Ryan AE, Sullivan FJ et al.:
Secreted factors from metastatic prostate cancer cells
stimulate mesenchymal stem cell transition to a pro-
tumourigenic ‘activated’ state that enhances prostate cancer
cell migration. Int J Cancer 2018, 142:2056-2067.
Current Opinion in Physiology 2019, 9:18–25

http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30044-6/sbref0240

	Emerging novel mechanisms of action for nitric oxide in cancer progression
	Introduction
	NO regulation of carcinogenesis and tumor progression
	Role of NO in inflammation mediated carcinogenesis
	NO regulation of tumor progression

	NO modulation of cancer stem cells
	Role of NO in tumor microenvironment
	Role of NO in innate immunity tumor responses
	Role of NO in adaptive tumor immunity responses
	Role of NO in stromal cell compartment regulation

	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgement


